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FIG. 4. Retinoid analogs inhibit cell surface expression of CXCR4. Cell surface expression of CD4 and CXCR4 in retinoid
analog-treated HeLa/CD4 cells (A), CCR5 in retinoid analog- or CT-B-treated NP2/CD4/R5 cells (B), and CD4 and CXCR4
in CT-B-treated TE671/CD4 cells (D) were analyzed by flow cytometry. Closed and open areas indicate untreated cells
stained with control serum or with anti-CD4, -CXCR4, or -CCR5 antibody, respectively. Representative results aie shown.
Expression of C-terminally HA-tagged CXCR4 was analyzed by Western immunoblotting using an anti-HA antibody (C). As

a control, actin expression was also analyzed.

Discussion

HAART has dramatically reduced the mortality and mor-
bidity of HIV-l-infected patients in developed countries.
However, due to the high cost of HAART, this therapy is
limited in developing countries. In addition, HIV-1 variants
that are resistant to HAART have emerged. Therefore, de-
velopment of novel low-cost drugs that inhibit HIV-1 repli-
cation is essential. "

In this study, we found that the acyclic retinoid analogs,
GGA and NIK-333, suppress CXCR4-tropic HIV-1 vector in-
fection similarly to 4-HPR* Additionally, retinoids repress
expression of the HIV-1 promoter,®™* suggesting that reti-

noid analogs are possible candidates for a novel anti-HIV-1
therapy. Many reports indicate that vitamin A (retinol) sup-
plementation reduces the mortality of HIV-l-infected pa-

“tents.*™** NIK333, a synthetic acyclic retinoid, is orally

effective against liver cancer without severe side effects.®
GGA also suppresses HIV-1 vector infection and is present in
medicinal herbs. These results suggest that oral intake of a
natural acyclic retinoid analog may be novel low-cost therapy
against AIDS. o :
We also found that CT-B efficiently suppresses CXCR4-
tropic HIV-1 vector infection. Gauthier and Tremblay have
shown that CT-B does not inhibit HIV-1 infection, although
the concentration of CT-B (10ng/ml) used in their study was
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FIG. 5. Retinoid analogs and CT-B do not affect HIV-1
" vector particle binding to target cells. HeLa/CD4 and HeLa
cells were incubated . with the HXB2 Env-containing HIV-1
vector particles at 4°C for 1h and then washed with phos-
phate buffered saline (PBS) (A). HIV-1 particles bound to the
target cells were measured by p24 ELISA. The p24 levels in
untreated HeLa/CD4 cells were set to 1. HIV-1 vector par-
ticles bound to the retinoid analog-treated NP2/CD4/X4 or
HeLa/CD4 cells (B) or to CT-B-treated TE671/CD4 cells (C)
were measured. The p24 levels in untreated cells were set to
1. These experiments were repeated in triplicate, and results
are shown as the mean+5D.
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FIG. 6. Retinoid analogs and CT-B inhibit CXCR4-tropic
HIV-1 Env-induced syncytium formation. Cell fusion activity
of the HXB2 HIV-1 Env protein was meastred in untreated
and retinoid analog- (A) or CT-B-treated (B) cells (see Ma- -
terials and Methods). The f-Gal activities in untreated cells
were set to 1. These experiments were repeated in triplicate,
and results are shown as the mean+SD. Asterisks indicate
statistically significant differehces compared to untreated cells.

too low to inhibit HIV-1 infection.’ Similar to our results with
CT-B, pertussis toxin B subunit also inhibits HIV-1 infec-
tion.** Although the receptor for pertussis toxin B oligomer
has not yet been identified, the receptor appears to belong to a
class of sialylated glycoplotems with likely candidates being
a 43-kDa protein*® and CD11b/CD18 integrin.*® Because the
CT-B receptor GMl is not the pertussis toxin B subunit re-
ceptor, the mechanisms by which these bacterial toxin B
subunits inhibit HIV-1 infection appear to be different.

One route of HIV-1 transmission is thlough anal sex. As
such, if gut bacteria that secrete nontoxic CT-B are present in
the rectum, HIV-1 transmission through this route may be

* suppressed. Gut bacteria- genetically engineered to express

CT-B may be a useful novel low-cost strategy to prevent HIV-
1 transmission th_rough anal sex.

Use of these factors in vivo, however, should be approached
cautiously. First, our study suggests that the acyclic retinoid
analogs modulate cell surface expression of CD4 and CXCR4.
Second, CT-B is used as an adjuvant for vaccination.®*?
Therefore, these agents may induce unexpected effects in vivo
via activation or perturbation of the human immune system.
Further study is required to address this issue.

Other retinoid analogs have been reported to reduce cell
surface expression of CXCR4,”>> similar to the retinoid analogs
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used in this study. This down-regulation of CXCR4 expression
is one of the mechanisms by which retinoid analogs inhibit
CXCR4-tropic HIV-1 infection. HIV-1 infection is suppressed
and influenza virus infection is elevated by 4-HPR through
activation of endocytosis™ without suppression of CXCR4 ex-
pression. In this study, VSV-G-mediated infection, which occurs
via the endosomes, was not affected by the retinoid analogs.
Further study is needed to understand the mechanism of HIV-1
infection inhibition by the retinoid analogs.

The retinoid analogs inhibited CXCR4 expression, while

CT-B did not, suggesting that the mechanism of HIV-1 in-

fection inhibition by CT-B differs from that by the retinoid
analogs. Interestingly, CT-B inhibited CXCR4-tropic HIV-1
infection but not CCR5-tropic infection. Thus, CT-B may in-
hibit CXCR4-tropic HIV-1 entry at some point between virion
binding to host cells and membrane fusion. CD4 and CCR5,
but not CXCR4,*® localize to lipid raft microdomains and
constitutively interact.>* It has been reported that CCR5-
tropic HIV-1 infection is not dependent upon raft localization
of CD4 and CCR5.7° These results, together with our findings,
suggest that CT-B inhibits the HIV-1 Env-induced interaction
of CD4 and CXCR4 in lipid rafts and that raft microdomains
are differentially involved in CXCR4- and CCR5-tropic HIV-1
infections. CT-B may have no effect on CCR5-tropic HIV-1
infection, because CD4 and CCR5 constitutively interact
without binding HIV-1 Env. Recruitment of CXCR4 to CD4-
containing raft microdomains by HIV-1 Env, however, has
been observed in studies using CT-B as the raft marker.>®
Further study is required to understand the mechanism by
which CT-B inhibits HIV-1 infection.

The plant sterol stigmasterol did not suppress HIV-1 vector
infection. Our group prev10usly reported that MFCD inhibits
HIV-1 vector infection and that the addition of cholesterol to
the MPCD-treated cells at 50 ug/ml for 30 min recovers in-
fection, suggesting that cholesterol is incorporated into the
cell membrane by the addition of cholesterol.* Therefore,
treatment of cells with stigmasterol at 80 ug/ml for 24 h likely
induces uptake of the plant sterol to the cell membrane. These
results indicate that this plant sterol does not affect HIV-1
infection. Similar to mammalian cells, plant cells also have
lipid raft mictodomains in their membranes,” and these raft
domains are enriched with plant sterols. Therefore, even upon

" replacement of cholesterol with stigmasterol in mammalian
cells, the lipid raft structure is maintained, and HIV-1 infec-
tion remains unaffected.

In summary, the acyclic retinoid analogs, GGA and NIK-
333, as well as CI-B, efficiently suppress HIV-1 vector infec-
tion. Another retinoid analog, 4-HPR, inhibits HIV-1 infection®
but induces a vitamin A-deficiency syndrome. In contrast,
NIK-333 induces no clinical side effects in patients with liver
cancer.”®** This study suggests that NIK-333 can be used as
a novel anti-HIV-1 agent without severe side effects. Ad-
ditionally, CT-B inhibits CXCR4-tropic, but not CCR5-tropic.

" HIV-1 infection, suggesting that host cell lipid raft micro-

~ domains are differentially mvolved in CXCR4- and CCR5-
tropic HIV-1 infections.
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Serum Starvation Activates NF-xB Through G Protein
B2 Subunit- Medlated Signaﬂ

Tomoko Kohno, Yoshinao ‘Kubo, Kiyoshi Yasui, Megumi Haraguchi, Sayuri Shigematsu,
Koon Jiew Chua, Toshifumi Matsuyama, and Hideki Hayashi

Several cell stresses induce nuclear factor-kappaB (NF-xB) activation, which include irradiation, oxidation, and
UV. Interestingly, serum-starving stress-induced INF-kB activation in COS cells, but not in COS-A717 cells. COS-
A717 is a mutant cell line of COS cells that is defective of the NF-«B signaling pathway. We isolated genes with
compensating activity for the NF-xB pathway and one gene encoded the G plotem B2 (GB2). GB2 is one of the G
protein-coupled receptor signaling effectors. In COS-A717 cells, GP2 expression is significantly reduced. In G2
cDNA-transfected COS-A717 cells, the NF-«B activity was increased along with the recovery of GB2 expression.
Furthermore, serum-starving stress induced the NF-«B activity in GB2-transfected COS-A717 cells. Consistently,
the serum-starved COS cells with siRNA-reduced G2 protein expression showed decreased NF-kB activity.
These results indicate that GP2 is required for starvation-induced NF-xB activation and constitutive NF-«xB

activity. We propose that serum contains some molecule(s) that strongly inhibits NF-xB activation mediated

through G2 signaling.

Introduction

NUCLEAR FACTOR-KAPPAB (NF-xB) is a ubiquitously ex-
pressed transcription factor with “critical roles in cell
survival, proliferation, apoptosis, immune response, and in-
flammation. NF-xB usually exists as a heterodimer of p50
and p65 (Rel A), and is kept in the cytoplasm through an
association with inhibitor of kappaB. (IxB) inhibitory pro-
teins. After various stimulations, the serine residues at po-
sitions 32 (832) and 36 (S36) in the IxB proteinare
phosphmylated (Brown et al., 1995) by the IxB kinase (IKK)

complex (Zandi ef al., 1997), and the IxB protein is degraded-

by the ub1qu1tm—proteasome pathway (Chen et 4l., 1995). The
IKK complex consists of two catalytic subunits, IKK1 and
IKK2 (also referred to as IKKa and IKKB), and a regulatory
subunit, NEMO (Yamaoka ef al., 1998). Cytokines and vari-
ous cell stresses, including irradiation (Criswell et al., 2003),
oxidation (Marshall et al., 2000), and UV (Kato et al., 2003),
induce NF-kB activation. Serum starvation also activates NF-
kB in various cell lines (Ryter and Gomer, 1993; Grimm et al.,
1996), indicating that serum contains unknown inhibitor(s)
of NF-¢B.

On the other hand, constitutively active NF-xB exists in
certain normal cells (Pagliari et al., 2000; Lilienbaum and Is-
rael, 2003) and several tumor cells without stimulation (Mori
et al., 1999; Lind et al., 2001). However, the mechanism by
which NF-«B is constitutively activated in these cells is not

known. COS cells have a relatively high level of basal NF-xB
activity. We established a mutant cell line, COS-A717, with a
defective NF-xB signaling pathway (Kohno et al., 2008). The
basal level of NF-«B activity in the COS-A717 cells was re-
duced by as much as sevenfold, as compared with that in the
parental COS cells. Serum starvation induced NF-«B acti-.
vation in the parental COS cell line, but not in the COS-A717
cell clone. Since the COS-A717 cell clone was constructed by
the treatment of COS cells with a frameshift-inducing agent,

it is most likely that the NF-xB activating factor(s) expressed

in the parental COS cells is not functional in the COS-A717
cells. We previously isolated the B cell activating factor of the
TNF family (BAFF) receptor as an NF-xB activator in COS-
A717 cells (Kohno et al., 2008). However, the original COS -
cells do not express BAFE-R, indicating that BAFF-R is not
responsible for the defective NF-«B signaling in the COS-
A717 cells, and activates NF-«xB through a salvage pathway.

In this study, we isolated the guanine nucleotide-binding
protein B2 subunit (GB2) ¢cDNA as another NF-«B activator
by screening a human spleen cDNA expression library. The

-guanine nucleotide-binding proteins (G proteins) are signal

transducers required for various G protein coupled receptor
(GPCR)-effector networks (Xie et al., 2000; Wu et al., 2001;
Albert and Robillard, 2002). GPCRs ‘transduce signals
through heteromeric G proteins, and several of them activate
NF-«B (Xie ef al., 2000; Grabiner et al., 2007; Sun ef al., 2009)-
The heteromeric G proteins consist of «, B, and y subunits,
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and the o subunit has GTPase activity. When GPCRSs interact
with their ligands, the active GTP-bound o subunit is re-
leased from the heteromeric G protein complex, and Go. and
Gpy induce downstream signalirig (Stephens et al., 1994). The
Gp2 expression level in the parental COS cells is much higher
than that in the mutant COS-A717 cells. Transfection of a
GP2 expression plasmid activated NF-«xB in COS-A717 cells.
The knockdown of GB2 expression by siRNA in COS and
HT1080 cells reduced the basal NF-kB activity. These resulis
indicate that the activation of the GPCR signal pathway by
G2 results in constitutive NF-xB activation in the trans-
formed cells, and the defect of GB2 expression is one of the
determinants for reduced NF-kB activity in the COS-A717
mutant cells. '

Serum starvation activates NF-xB in COS cells, but not in
COS-A717 cells. Transfection of COS-A717 cells with GB2
restored the starvation-induced NF-xB activation. These re-
sults show that NF-xB activation by serum starvation occurs
through the GB2 signaling pathway, and the inhibitor(s)
present in serum sppress the GB2 signal. Taken together, our
findings suggest that the constitutive NF-xB activation in
transformed cells is induced by the GPCR signaling pathway

.through Gp2, and that serum contains factor(s) reducing NF-
_xB activity by suppressing the GPCR signaling.

Materials and Methods
Plasmids and reagenz‘s _
The human spleen cDNA library was purchased from Life

Technologles The five-tandem «B luciferase reporter vector

(5% B luciferase) was purchased from Stratagene. The IxBo
stperrepressor (IkBu-SR) expression pl‘asmid was described
previously (Sugita et al., 2002). The expression vectors for the
dominant negative forms of IKKlI (IKK1.DN), IKK2
(IKK2.DN), and NEMO (NEMO.DN) were kind gifts from
Dr. Yamaoka (Tokyo Medical and Dental University, Tokyo,
]apan) (Hironaka et al., 2004). The expression vector for the
dominant negative mutant of Akt (Akt.DN) was generously
" provided by Dr. V. Stambolic (Ontario Cancer Institute,
Toronto, Canada). Wortmannin was purchased from Sigma.

Cells

The mutant cell lines COS-A717 and COS-A717-GS were
described previously (Kohno et al., 2008). The mouse spleen
cells were obtained from a C57BL/6 mouse. COS (Kohno
et al., 2008), HT1080 (Jones et al., 1975), and HEK293T cells
were maintained in the Dulbecco’s modified Eagle’s me-
dium, and ST1 cells (Yamada, 1996) were maintained in the
RPMI1640 medium containing 10% heat-inactivated fetal
bovine serum (FBS) at 37°C in a humidified 5% CO,
atmosphere.

Expression cloning of G2

Isolation of genes with compensating activity for the INF-
'kB activation pathway was performed according to the
previously described method (Kohno et al, 2008). Briefly,
COS-A717-GS cells were transfected with a human spleen

¢DNA library (Life Technologies) using the FuGene 6 re-

agent. After 48h ‘of transfection, the top 0.5% fraction of
fluorescent cells was collected using a FACStar Plus (Becton,
Dickinson and Co.). Plasmids were extracted from sorted
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_cells (Hirt, 1967), émph'fied in bacteria, and used in three
subsequent rounds of flow cytometry-based enrichment. -

Individual bacterial colonies obtained from the third sorting

" were grouped into podls of 50 colonies. Positive pools were

subdivided further into subpools with half the number of
colonies, and were subjected to repeated screening. This
process finally yielded independent clones that conferred
compensation for the NF-xB activation pathway in COS-
A717 cells.

Transfection and luciferase assay

_ Cells were transfected with a 5x kB-luciferase reporter and
a GP2 expression plasmid, as indicated in the text and figure
legends. Transient transfections were performed using the
FuGene 6 reagent (Roche). When necessary, additional DNA
(pcDNA3.1) was added to equalize the amount of transfected
DNA in each sample. At 48h post-transfection, the «B-
directed expression of firefly luciferase was determined, using
luciferase assay reagents (Promega), and the luciferase activ-
ities were meastired with a BioOrbit 1254 luminometer. The
relative transfection efficiency in each sample was determined
by measuring the Renilla luciferase activity. The data were
normalized per transfection efficiency. Data shown are aver-
ages and SD from three independent experiments.

Western blot analysis

Cell extracts were prepared from the cells transfected

for the luciferase assay. Cell lysates were resolved by
12.5% SDS PAGE, transferred onto an Immobilon-P
membrane (Millipore),. and blocked with 5% nonfat dry
milk in TBS with 0.5% Tween 20. The blots were incubated
with anti-GB2, anti-IKK1, anti-IKK2, anti-NEMO, anti-
Aktl, anti- IxBe, and anti-phosho 532, and S36-containing
peptide of IxBu antibodies (Santa Cruz Biotechnology;
refer to Tables 1 and 2), or an anti-B-actin antibody
{Chemicon), followed by an incubation with a horseradish
peroxidase-conjugated goat anti-mouse or anti-rabbit Ig
(Amersham Pharmacia Biotech). The blots were visualized
with the ECL detection system (Amersham Pharmacia
Blotech)

Electrophoretlo mobility shift assay

Preparation of nuclear exiracts for electrophoretic moblhty :

shift assays (EMSAs) was performed as described previously
(Sugita et al., 2002). The consensus kB site 5-AGTTGAGG
GGACTTTCCCAGGC-3" and mutant 5-AGTTGAGGCGAC
TITCCCAGGC-3" oligonucleotides were obtained from
Santa Cruz Biotechnology. The double stranded oligonucle-
otides were end-labeled with [y-**P] ATP, using T4 polynu-
cleotide kinase (Takara). The reaction was conducted in a
total volume of 10 uL, using 10 pg of nuclear extract, 1 pg of
poly(dl-dC), 20 mM HEPES-NaOH (pH 7.6), 100mM NaCl,
1mM DTT, 1mM PMSE, and 2% glycerol..The binding re-
action mixture was incubated with 10,000 cpni of radi-
olabeled probe for 15 min. For the competition and supershift
assays, a 20-fold excess of unlabeled or mutant oligonucle-
otide, and the antibodies to p65 or p50 (Santa Cruz Bio-
technology) were added to the reaction, respectively.
The samples were loaded onto a 5% nondenaturing poly-
acrylamide gel, which was run in a 0.5xTBE buffer. After
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FIG. 1. Serum-starving stress-induced nuclear factor-kappaB (INF-xB) activation. The nuclear extracts were incubated with a
92P-labeled NF-«B consensus oligonucleotide, and analyzed by an electrophoretic mobility shift assay. Nuclear cell extracts from
ST1 cells, which were cultured without fetal bovine serum (FBS) for 0, 6, 12, 24 h (STI panel). The mouse spleen cells were cultured
with 10% FBS or 0% FBS for 24 h (Spleen cells panel). Nuclear cell extracts from COS (COS panel) and COS-A717 (COS-A717 panel)
cells, which were cultured with 10% FBS or 0% EBS for 24 h. The arrowhead indicates the NF-kB-containing complex.

electrophoresis, the gel was dried and processed for auto-
radiography.

SiRNA

The nucleotide sequences of the two siRNAs for GB2 are
as follows: -

#1 sense 5-CAUCUGCUCCAUCUACAGCATAT-3,

anti-sense 5-GCUGUAGAUGGAGCAGAUGATAT-3";

#2 sense 5-AGACCUUCAUCGGCCAUGAJATAT-3,

anti-sense5’-UCAUGGCCGAUGAAGGUCUAGAT;

and sense 5-GGCUACGUCCAGGAGCGCAdTAT-3, anti-
sense 5-UGCGCUCCUGGACGUAGCCATAT-3" for GFP. The
annealed oligonucleotides were transfected by using Lipo-
fectamine 2000 (Invitrogen). Cells were maintained in the
Dulbecco’s modified Eagle’s medium without FBS at the
transfection. Cells were harvested after 24 and 48h after
the transfection for COS and HT1080 cells, respectively. For the
luciferase assay, cells were transfected with the 5x xB-luciferase
reporter using the FuGene 6 reagent, at 6h after the siRNA
transfection. g

Resulis ‘
Serum-starving stress induces NF-xB activation

“Cell sfresses, such as irradiation, UV, and oxidation (Sup-
plementary Fig. S1; Supplementary Data are available online at
www liebertpub.com/dna), induce NF-«B activation. Cells are
usually cultured with 10% FBS in medium i vitro. Serum in-
cludes various factors and nutrients for cell survival and pro-
liferation, and thus serum starvation ceases cell proliferation,
and then induces cell death. Serum may include factors af-
fecting NF-«B signaling. To address this issue, we analyzed the
effects of serum starvation on NF-xB binding to the target se-
quence by EMSA of nuclear extracts from several cell lines (ST1,

COS, and COS-A717). and mouse primary spleen cells. The
binding of NF-xB to the target sequence was enhanced by se-
rum starvation in all examined cells, except for the mutant
COS-A717 cells, which exhibit defective NF-xB signaling (Fig.
1). These results indicate that serum starvation induces NF-«xB
activation, suggesting that serum contains unknown factor(s)
inhibiting NF-xB activity.

Expression cloning of an NF-xB activating molecule
using COS-A717 cells

Many transformed cell lines containing the COS cell line
have constitutively activated NF-xB signaling. To identify
INF-kB activators in the COS cells, a COS-A717 cell derivative
containing the GFP gene under the control of the Spl site-
deleted HIV-1 LTR was constructed, and the cells were
designated as COS-A717-GS. The GFP is expressed by NF-«xB
activation in the COS-A717-GS cells, because the expression
from the Spl site-deleted HIV-1 LTR is NF-xB dependent.
The COS-A717-GS cells were transfected with a human
spleen cDNA expression library, and GFP-expressing cells
were selected (Fig. 2A). The sequence analysis of the cDNA
expressed in the GFP-positive COS-A717-GS cells revealed
that it perfectly matched the Gp2. The expression level of the
Gp2 protein in COS-A717 cells was much lower than that in
the parental COS cells (Fig. 2B).

To confirm that GB2 activates NF-xB activity, COS and COS-
AT717 cells were transfected with the GB2 expression plasmid,
and the NF-xB promoter activity was measured using the
5xwB-luciferase plasmid. GB2 activated the NF-«kB promoter
activity in both COS and COS-A717 cells, in a dose-dependent
manner (Fig. 2C). Transfection of the COS-A717 mutant cells
with the GB2 expression plasmid (0.5ug) resored the NFE-xB
activity comparable to the parental COS cells (sevenfold).
When 0.5png of the GP2 expression plasmid was transfected
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into the COS cells, the NF-«xB activity was also increased by
threefold. The DNA-binding activity of NF-xB was elevated by
GB2 by about 1.7- and 6.2-fold in COS and COS-A717 cells,
respectively (Fig. 3D). The complex formation was inhibited by
a wild-type kB oligonucleotide competitor, but not by a mutant
B oligonucleotide. The complex was supershifted by both anti-
p65 and -p50 antibodies, indicating that the complex consisted
of p65 and p50 (Fig. 3D). The GP2 transfection activated the
NF-«B signal more efficiently in the mutant COS-A717 cells
than in the COS cells that originally express GB2. These results
indicate that GB2 activates NF-kB signaling and the defect of
GB2 expression is one of the determinants for the reduced NF-
kB activity in the COS-A717 cells. '

Gp2 is required for NF-xB activation induced
by serum starvation

Serum starvation activated NF-xB by 10-fold in COS cells,
but had no effect in COS-A717 cells (Fig. 3A). Since the level of
the GB2 protein is much lower in the COS-A717 cells than in
the parental COS cells, we examined whether GB2 was in-
volved in the NF-«B activation by serum starvation. Serum
starvation elevated the NF-kB activity by fourfold in the GB2-
transfected COS-A717 cells, indicating that GB2 is required for
the serum starvation-induced NF-xB activation and that the
GR2-activated signal is inhibited by the unknown factor(s)
present in serum. However, because the level of NF-«B activity
in the starved Gp2-expressing COS-A717 cells was lower than
that in the starved COS cells, the COS-A717 cells have addi-
tional defect(s) in the NF-xB signal activation.

<

<

FIG. 2. G protein B2 (GP2) activates NF-xB. (A) Identifica-
tion of GP2 by expression cloning. (A-1) COS-A717-GS cells
were transfected with plasmids obtaineéd from a positive
pool of 50 bacterial transformants (pool 1) following four
rounds of FACS enrichment. (A-2) COS-A717-GS cells were
transfected with plasmids from a positive pool (1-4), con-
taining 20 bacteria colonies. (A-3) COS-A717-GS cells were
transfected with plasmids from a positive pool (1-4-10),
containing 10 bacterial colonies. (A-4) COS-A717 GS cells
were transfected with a GB2-encoding clone. '(B) Western
blot analysis of GB2 in COS and COS-A717 cells. Proteins
were analyzed by immunoblotting with an anti-GB2 Ab (fop)
and an anti-B-actin Ab (bottom). (C) Gp2-mediated NF-«B
activation in COS-A717 cells. COS and COS-A717 cells were
transiently transfected with 0.25ug of the 5xB-luciferase
reporter and the GB2 expression construct (0.05, 0.1, 0.25,
and 0.5 pg), and then additional DNA (pcDNA3) was added
to make the total amount of DNA 1pg/well. At 48h post-
transfection, the cells were harvested and the luciferase ac-
tivity was measured. The relative transfection efficiency in
each sample was determined by the measurement of the
Renilla luciferase activity. The relative luciferase activity in

" control COS cells (without GB2) was set to 1.0. Data shown

are averages +SD from three independent experiments. (D)
Gp2 induced the NF-xB-binding ability in COS-A717 cells
and COS cells. Nuclear proteins from untransfected (lanes 1,
7) or GB2 transfected (lanes 2-6, 8-12) COS-A717 cells or COS
cells were isolated. The unlabeled consensus xB oligonucle-
otide (lanes 3, 9) or the mutant kB oligonucleotide (lanes 4, 10)
was added as a competitor in a 20-fold molar excess to the
binding reaction. Abs against p65 (lanes 5, 11) and p50 (lares
6, 12) were added to the reaction for a supershift assay. The
arrow indicates the NF-xB-containing complex.
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FIG.3. GP2isrequired for serum starvation-induced NF-«B activation and for constitutive NF-kB activation in transformed

cells. (A) The serum-starving stress-induced NF-kB activation was analyzed by a luciferase assay. COS, COS-A717, and Gp2-
transfected COS-A717 cells were transiently transfected with the 5xxB-luciferase reporter. Six hours after transfection, the
cells were washed with phosphate buffered saline (PBS) and incubated with (10%) or without FBS (0%) for 36h for the
luciferase assay. The luciferase activities in COS cells incubated with 10% FBS were set as 1.0. The activations were significant
(*p<0.05). (B) The G2 siRNA reduced the NF-«B activity in COS and HT1080 cells. The NF-xB activity was determined by
transfection with the 5xxB-luciferase reporter together with the GEP or GB2 siRNA, and shown as the % of that in cells
transfected with the GFP siRINA. Western blot analyses of GB2 (fop) and p-actin (bottom) in cells transfected with the GFP or
GP2 siRNA#1 were performed. The inhibitions were significant (*p<0.05). (C) Nuclear cell extracts were isolated from COS

and HT1080 cells transfected with the GFP or GB2 siRNA. The arrowhead indicates the NF-xB-containing complex.

Gf2 is involved in NF-xB in HT1080 human
fibrosarcoma cell line

HT1080 cells also have a relatively high level of basal NF-
kB activity. We examined whether GB2 contributes to the
constitutive activation of NF-xB in HT1080 cells. Knockdown
of GP2 expression by siRNA reduced the basal NF-«B ac-
tivity not only in COS cells, but also in HT1080 cells (Fig. 3B).
The siRNA against GP2 indeed reduced the Gp2 protein le-
vel. Consistent with the kB promoter activity, the knock-
down of GB2 inhibited the NF-xB-binding capability to the
target sequence (Fig. 3C). These results indicate that GB2 is
required for the constitutive activation of NF-«B in COS and
HT1080 cells, suggesting that GB2-mediated signaling contrib-
utes to the constitutive NF-xB activation. The serum-deprived
GB2-mediated NF-kB activation in COS cell was also confirmed
using another siRNA (Supplementary Fig. 52).

Impact of IKKs, NEMO, and lcB in GB2-induced NF-xB
activation

To determine whether the Gp2 induced NF-kB activation
“requires IxB phosphorylation, a IxBo-SR with mutations at
the inducible phosphorylation sites, 532G and S36A, was
coexpressed with Gp2 in COS-A717 cells. The IxB-SR abol-
ished the GB2-induced NF-xB activation in a dose-dependent
fashion (Fig. 4A). This result suggests that the phosphoryla-
tion of kB at 532 and 536 is necessary for the Gp2-induced
NF-«B activation. An important regulator of phosphorylation
in the IkB pathway is the IKK complex, which comprises
multiple kinases, including IKK1 (IKKe), IKK2 (IKKB), and
NEMO (IKKy). We examined whether IKK1, IKK2, and/or

NEMO were involved in the Gp2-induced NF-xB activation.
Dominant negative forms of IKKl (IKK1.DN), IKK2
(IKK2.DN), and NEMO (NEMO.DN) were each coexpressed
in the Gp2-transfected COS-A717 cells. As shown in Figure
4B-D, IKK1.DN, IKK2.DN, and NEMO.DN were each able to
reduce the GB2-induced NF-xB activation in COS-A717 cells
in a dose-dependent fashion, indicating that IKK1, IKK2, and
NEMO are involved in the GB2-induced NF-xB activation.
Especially, the IKK2.DN more efficiently suppressed the GB2-
mediated NF-xB activation than IKK1.DN and NEMO.DN.
This result suggests that IKK2 plays an important role in the
Gp2-induced NF-«B activation, like the bradykinin-induced
NE-«B activation through Geaq and Gy (Xie et al., 2000). To
confirm the expressions of the dominant negative and en-
dogenous IKK1, IKK2, NEMO, IxBe, and Akt, COS cells were
transfected with the mutant expressing plasmids, and the cell
lysates were subjected to Western blotting analysis using their
specific antibodies. The descriptions of the dominant negative
mutants and their specific antibodies used here are summa-
rized in the Tables 1 and 2, respectively. As shown in Figure
5A, we have confirmed that the anti-IKK1, NEMO, and Aktl
antibodies were able to detect the simian endogenous pro-
teins as well as their human and mouse dominant negative
mutants. On the other hand, the antibodies against IKK2 and
TicBa: reacted to their human dominant negative mutants and
the human endogenous proteins in HEK293T cells, but not to
the simian endogenous proteins. Considering the different
affinities of the antibodies between endogenous simian pro-
teins and their human or mouse counterparts, we could not
assess precisely the relative amounts of dominant negative
mutants to endogenous proteins in COS cells. However, each
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FIG. 4. Involvement of [kB,
IxB kinase 1 (IKK1), IKK2,
and NEMO in Gf2-induced
NF-xB activation. COS-A717
cells were transfected with ~ ~
0.25 pg of the 5 xxB-luciferase
and the mutant expression
plasmid of IxBa super-
repressor (IkBa-SR) (A), IKK1
(IKK1.DN) (B), IKK2
(IKK2.DN) (C), NEMO (NE-
MO.DN) (D), or Akt
(Akt.DN) (E), together with
the G2 construct (0.25 pg) or
pcDNA3.1. The pcDNA3.1
plasmid was added to make
the total amount of DNA
1ug/well. COS-A717 cells
were cotransfected with

0.5 pg of the 5xB-luciferase
reporter without (control) or
with 0.5 pg of the GB2 con-
struct. Wortmannin was ad-
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ded 1h before transfection
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TaBLE 1. CHARACTERISTICS OF THE DOMINANT
: » NEGATIVE MUTANTS
e i R W L 20 2 CHAR ¥ “OF THE ANTIBODIES
Molecule  Species Structure MW (kDa)  Tag o B O RGO R (R TTBOe
‘ Anti "088-reactivit
IxBo Human 532G, S36A mutant 40 — s : Cross-reactivity
IKK1 Human N145D mutant 85 V5V Human IxBo, C-terminal peptide Human/mouse/rat
IKK2 Human N145D mutant‘ 87 V&V Human IKK1 full-length Human/mouse/rat
NEMO  Mouse  97-412 C-terminal 37 V5V Human IKK2 C-terminal peptide Human/canine
fragment Human NEMO full-length Human/mouse/rat
Akt Mouse  K179A, T308A, 69 ~  Human Aktl 345480 peptide Human/mouse/rat
S5473A mutant Human phospho-532 and Human/mouse

MW, molecular weight.

S36-containing peptide
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FIG. 5. (A) Expressions of the
dominant negative and endogenous
IKK1, IKK2, NEMO, IxBa, and Akt.-
COS cells were transfected with 1 g
of the mutant expressing plasmids of
IKK1.DN, IKK2.DN, NEMO.DN,
superrepressor of IkB (IxB-SR), and
AktDN (refer to Table 1) in a six-
well plate, and the cell lysates were
prepared using 100 pL. Glo lysis buf-
fer (Promega) after 48h incubation.
HEK293T cells were also transfected
with the same plasmids, and pre-
pared for Western blot. The descrip-
tion of antibodies is shown in Table
1. The arrows indicate the described
proteins. N.D: not done. (B) COS,
COS-A717, and COS-A717-GR2 cells
were washed with PBS and incu-
bated with (10%) without FBS (0%)
for 24, and lysed with Glo lysis
buffer. The positions of total IxBe,

NEMO
kBo

Akt d

o-IxBo

KOHNO ET AL.

g Y e |

t 444

DN
L 11 |

293T

o-p-IxBo.

and phospho-IxBo were indicated - i

with arrowhead and arrow, respec-
tively. ) l

] [ e |

10% 0%
] : 3l

10% 0%

10% 0% 10% 0% 10% 0% 10% 0%
it } L= jL J1 J

COs

dominant negative mutant is likely to be expressed enough .

to suppress its endogenous protein.To evaluate the phos-
phorylation and degradation of IkBa in COS, COSA717,
and COSA717-Gp2 cells by serum deprivation, we carried
out Western blotting analysis using their specific antibodies.
There were no significant changes in the phosphorylation of
TxBa of COS, COSA717, and COSA717-GP2 cells by serum
deprivation, using a phosphorylation-specific antibody
(right panel of Fig. 5B). We could not assess the degradation
of TxBa, because the anti-IxkBo antibody was actually able to
detect the human IxBo protein, but not simian COS IxBe, or
because the IxBea expression in COS cell is too low to be
detected by this antibody (Fig. 5A and left panel of Fig. 5B).
The NF-xB activation by serum deprivation was dependent
on IKK1, IKK2, NEMO, and IxBe, and this unique charac-
teristic was not related to the IxBo phosphorylations at 532
and S36. ' ’ '

Because PI3K and Akt are upstream factors of IKKs in the
NF-kB activation pathway (Ozes et al., 1999; Romashkova
and Makarov, 1999; Xie ef al., 2000), we examined whether
the Gp2-induced NF-kB activation occurs through PI3K and
Akt activation. However, the PI3K inhibitor,Wortmannin,
and a dominant negative mutant of Akt did not affect the
GP2-induced NF-«B activation in COS5-A717 cells (Fig. 4E, F).
This result suggests that PI3K and Akt is not involved in the
Gp2-induced NF-«xB activation.

COS§-A717 COS-A717

COS  CQOS-A717 COS-A717

+GP2 +GB2

Discussion

Many cell stresses activate NF-kB. We have shown here
that serum starvation activates NF-«B signal, indicating that
serum contains unknown inhibitor(s) of NF-«B signal. Cell
stresses, such as radiation (Criswell et al., 2003), oxidation
(Marshall ef al., 2000), and UV (Kato et al., 2003) positively
control the NF-xB signaling. Interestingly, serum negatively
regulates the NF-kB signaling, and starvation stress induces
NEF-«B activation by exclusion of the negative factor of serum.

Serum starvation activated NF-xB signaling in COS cells,

* but not in COS-A717 cells. The transfection of COS-A717

cells with GB2 partially restored the serum starvation-
induced NF-kB activation. This result indicates that G2 is
required for the starvation-induced NF-«B activation, and
the serum inhibitor suppresses the Gp2-induced signaling-
pathway (Fig. 6). :

Serum starvation of cells is frequently used in many bio-
logical experiments, including cell cycle synchronization and
induction of apoptosis and autophagy. These biological
events induced by starvation unexpectedly include the acti-
vation of GB2 and NF-«B signals. Therefore, these signaling
might affect the synchronization of the cell cycle and the
induction of apoptosis and authophagy by starvation, and
scientists should consider the effects of the G2 and NF-«xB
signals in the biological experiments using serum starvation.



STARVATION ACTIVATES NF-«xB VIA Gp2 SIGNAL

PI3K

Gp2

inhibitor

in serum IKKs

NF-«B

COS cell

FIG. 6. Signaling pathway of NF-xB activation by GB2 or
serum starvation. .

We are trying to identify the serum inhibitor, and it will

provide great impacts into many biological research fields.

" NF-«B is constitutively activated in several transformed:cell
lines, suggesting that NF-xB signaling is involved in cellular
transformation. However, the mechanism has not been elu-
cidated yet. COS-A717 cells are mutant cells in which the
basal NF-xB activity is much lower compared with the pa-
rental COS cells: Here, we showed that COS-A717 cells ex-
pressed a lower level of GP2 than COS cells, and the
" transfection of COS-A717 cells with GB2 restored the basal
NF-«B activity, suggesting that the reduced expression level of

G2 is responsible for the defective NF-«B signaling in COS- .

A717 cells. Furthermore, the knockdown of Gp2 expression by
siRNA reduced the basal NF-«B activity not only in the COS
cells, but also in the HT1080 cells, another transformed cell
line with constitutively activated NF-xB signaling. These re-
sults indicate that GB2 is required for the constitutive activa-

1643

tion of NF-«B in these transformed cells. This conclusion is
strongly supported by previous reports showing that certain
GPCR signals or the GP1y2 complex activate NF-kB signaling
(Xie et al, 2000; Grabiner et al., 2007; Sun et al, 2009). Fur-
thermore, the Tax oncoprotein of HTLV-1 activates NF-«B
(Mori et al., 1999; Gohda et al., 2007) as well as the signals of
CXCR4, a GPCR, by binding to the G subunit (Twizere ef al.,
2007), consistent with our conclusion. Although the Gy
complex activates NF-kB through PI3K (Stephens et al., 1994;
Xie et al., 2000), a PI3K inhibitor did not affect the Gf2-
induced NF-«B activation, suggesting that GB2 activates in-
dependently of PI3K in the NF-xB activation pathway (Fig. 6).

In summary, this study found that GB2-induced signaling
activates NF-kB independently of PI3K and Akt'in COS cells
(Fig. 6). Unknown factor(s) present in serum inhibit the Gp2-
induced signaling. Therefore, serwm starvation activates NF-
B by removing the serum inhibitor(s). The GB2-induced
signaling is the target of the serum inhibitor, because ex-
clusion of the serum inhibitor by starvation elevates NF-«B
activity in GP2-expressing COS cells, but does not affect in
Gp2-defective COS-A717 cells. N
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ADORA2A polymorphism predisposes

children to encephalopathy with febnle

status epilepticus

ABSTRACT |

Objective: Acute encephalopathy with biphasic seizures and late reduced diffusion (AESD) is a
childhood encephalopathy following severe febrile seizures, leaving neurologic sequelae in many
patients. However, its pathogenesis remains unclear. In this study, we clarified that genetic var-
jation in the adenosine A2A receptor (ADORAZ2A), whose activation is involved in excitotoxicity,

‘may be a pred!sposmg factor of AESD.

Methods: We analyzed 4 ADORA2A single nucleotide polymorphisms in 85 patients with AESD.
The mRNA expression in brain samples, mRNA and protein expression in lymphoblasts, as well as
the production of cyclic adenosine monophosphate {cAMP) by lymphoblasts in resporse to aden-
osine were compared among ADORAZ2A diplotypes.

Results: Four single nucleotide polymorphisms were completely linked, which resulted in 2 haplo-
types, A and B. Haplotype A (C atrs2298383, T atrs5751876, deletion at rs35320474, and C
at rs4822492) frequency in patients was significantly higher than in controls (p = 0.005). Homo-
zygous haplotype A (AA diplotype) had a higher risk of developing AESD (odds ratic 2.32, 95%
confidence interval 1.32-4.08; p = 0.003) via a recessive model. mRNA expression was signif-
icantly higher in AA than AB and BB diplotypes, both in the brain {p = 0.003 and 0.002, respec-
tively) and lymphoblasts (p = 0.035 and 0.003, respectively). In lymphoblasts, ADORAZ2A protein
expression [p = 0.024), as well as cellular cAMP production ([p = 0.0006), was significantly
higher in AA than BB diplotype. _
Conclusions: AA diplotype of ADORAZA is associated with AESD and may alter the intracellular.
adenosine/cAMP cascade, thereby promoting seizures and excitotoxic brain damage in patients. -
Neurology® 2013;80:1571-1576

GLOSSARY ) :
ADORAL = adenosine Al receptor; ADORAZA = adenosine A2A receptor; AEIMSE = acute encephalopathy with
inflammation-mediated status epilepticus; AESD = acute encephalopathy with biphasic seizures and late reduced diffusion;
cAMP = cyclic adenosine monophosphate; Cl = confidence interval; CPT2 = carnitine palmitoyltransferase Il; GEPDH =
glucose-6-phosphate dehydrogenase; OR = odds ratio; SMRI = Stanley Medical Research Institute; SNP = single nucleo-
tide polymorphism. )

During the course of acute febrile diseases, such as influenza and exanthema subitum, some
children develop repetitive or prolonged seizures, followed by sustained impairment of con-
sciousness. These conditions are collectively termed acute encephalopathy with inflamma-
tion-mediated status epilepticus (AEIMSE).! Among AEIMSE, acute encephalopathy with
biphasic seizures and late reduced diffusion (AESD)? is the most common in Japan, affecting
hundreds of children every year.> Hemiconvulsion-hemiplegia syndrome, a condition encoun-
tered worldwide, often occurs during an infectious disease, and is regarded as a subgroup of
AESD.* AESD typically shows a biphasic clinical course, consisting of a prolonged febrile seizure
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on the first day and a cluster of complex partial
seizures several days later (late seizure), each fol-
lowed by postictal ‘coma. Cranial MRI reveals

high signal intensity lesions in the cerebral’

subcortical white matter on diffusion-weighted
images, which appear around the occurrence of

late seizure (figure 1).>¢ Excitotoxicity is consid-

ered to be the main pathologic mechanism of
AESD.?* The genetic background of AESD re-
mains to be elucidated. Recently, polymorphism
of a gene encoding a mitochondrial enzyme,
carnitine palmitoyltransferase II (CPT2), was
identified as a genetic predisposition for AESDY;
however, some patients with AESD have no
such polymorphism, suggesting the involvement
of genes other than CPT2.

We hypothesized that the adenosine-mediated
signal pathway is altered in AESD because theo-
phylline, a nonselective adenosine receptor antag-
onist, aggravates AESD.* To test this hypothesis,
we studied the haplotype frequency of 4 single
nucleotide polymorphisms (SINPs) located in the
linkage disequilibrium block of the adenosine
A2A receptor (ADORA2A) gene, and then exam-
ined the effects of ADORA2A diplotypes on their
mRNA and protein expression, and those on
cyclic adenosine monophosphate (cAMP) pro-
duction in response to adenosine.

METHODS Subjects: We recruited patients with AESD from
hospitals in Japan during 20082011 based on the diagnostic cri-
teria.® Eighty-five Japanese patients, 39 male and 46 female aged
from 6 months 1o 10 years and 3 months (median, 1 year and 10
months), participatéd in this study. Detailed clinical data are shown
in table e-1 on the Neurology® Web site at www.neurology.org. All
patients had their first convulsion, mostly status epilepticus, within

Figure 1 k

Typical MRI findings of a patient with écute encephalopathy with
biphasic seizures and late reduced diffusion

Magnetic resonance study of a 1-year-old boy onday 8 demonstrated lesions in the subcortical
white matter that showed high signal intensity on diffusion-weighted (A) and T2-weighted
(B) images. The lesions were prominent along the U-fibers with sparing of the peri-Rolandic

region.
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24 hours from the onset of fever, followed by impairment of
consciousness that improved on the second day in most cases.
On the fourth 1o sixth day of illness, there was a recurrence of
convulsions or a cluster of partial seizures, followed again by
impairment of consciousness. Cranial MRI was normal on the
first o 'second day of illness, but showed high signal intensity
lesions in the cerebral subcortical white matter on the third to

. ninth day (figure 1). Pathogens of antecedent infections included

hiiman herpesvirus 6 (28 cases), influenza virus (5 cases), respiratory
syncytial virus, rotavirus, adenovirus, mumps virus, and Mycoplasma

preumoniae.

Standard protocol approvals, registrations, and patient
consents. The procedures in this study were approved by the
University of Tokyo Ethics Commirtee. Written informed con-
sent was obtained from all guardians of participants in the study.

Controls. We analyzed the ADORA2A genotypes of control '
subjects, consisting of 100 healthy Japanese adults, 50 men and
50 women, 20 to 69 years of age, using DNA extracted from
Pharma SNP Consortium B cell lines obtained from the Human -
Science Research Resources Bank (Osaka, Japan). We searched
the dbSNP database (htrp://www.ncbi.nlm.nih.gov/projects/
SNP/) in the National Center for Biotechnology Information
for the variation frequencies of ADORA2A SNPs and combined
the darta of 100 controls from the Pharma SNP Consortium and
those of 84 Japanese in the National Center for Biotechnology
Information dbSNP database.

Brain samples. To examine ADORA2A gene expression levels in
the brain, 100 human brain DNA and RNA samples were obrained
from Stanley Medical Research Institute (SMRI) (Bethesda, MD).
DNA and RNA were extracted from the occipital and anterior cin-
gulate cortex, respectively. In this experiment, the erthnic back-
ground was Caucasian in the vast majority (at least 98 samples).

Lymphoblasts. For expression studies and ﬁmctionél assays, we
used 15 lymphoblast cell lines from control Japanese adults, ob-
tained from control subjects at the University of Tokyo Hospiral.

Procedures. Peripheral blood samples were collected from the
patients. Genomic DNA was extracted from the blood using stan-
dard protocols. All 5 exons of ADORA2A were PCR amplified
with flanking intronic primers and standard PCR conditions
(primer sequences are described in table e-2). PCR products of
ADORA2A were sequenced on a 310 Genetic Analyzer, 3100
Genetic Analyzer, or 3130xl Genetic Analyzer (Life Technolo-
gies, Carlsbad, CA). To identify rs5751876 and £s2298383
SNPs, the PCR-restriction fragment length polymorphism
method was adopted.® For quantitative PCR, total RNA was
isolated from control lymphoblasts using TRIzol reagent (Life
Technologies) according to the manufacturer’s protocol. Total
RNA was reversely transcribed to ¢DNA by a Ready-To-Go
You-Prime First-Stand Beads ¢cDNA synthesis kit (GE Health-

~ care, Uppsala, Sweden) according to the manufacturer’s protocol.

Random Primer (Takara Bio, Otsu, Japan) was used. Gene
expression was evaluared by the relative Quantification ABI
PRISM 7000 Sequence Detection System (Life Technologies)
with FastStart Universal SYBR Green' Master [ROX] (Roche,
Basel, Switzerland) reagent. The relative ADORA2A mRNA
expression level was calculated using glucose-6-phosphate dehy-
drogenase (G6PDH) as the internal standard. Primer sequences
of real-time PCR for ADORA2A and G6PDH are described in
table e-3. Each value is shown as the mean value of 2 independent

experiments in tiplicate. For SMRI brain samples, genoryping
and the gene expression study of ADORA2A were perforimed by
the same methods as for ARSD parient samples. Western blorting




of the cell lysate from control lymphoblasts was performed by the
standard protocol using a rabbit polyclonal antibody to human
ADORA2A (Abcam, Cambridge, UK) ata dilution of 1:500. The
relative ADORA2A protein expression level was calculated using
B-actin as the internal standard. Each value is shown as the' mean
value of 3 independent experiments in duplicate. The cAMP
concentration in lymphoblasts was measured after stimulation
by adenosine (10 nM) and 8-cyclopentyl-1,3-dipropylxanthine
(10 nM), a selective adenosine Al recepror (ADORAI) antago-
nis:,‘using the cAMP-Screen Direct System (Life Technologies)
according to the manufacturer’s protocol. Cellular cAMP levels
were determined using SpectraMax Pro 5.3 software (Molecular
Devices, Sunnyvale, CA). Each value is shown as the mean value
of 2 indepehdcnt experiments in wiplicate.

Statistical analysis. Differences in the demographic character-
istics of the genotypes between patients (85 cases) and controls
were assessed by Pearson x* test and Fisher exact test for categor-
ical dara. Goodness-of-fit t the Hardy-Weinberg equilibrium
and differences in genotype and allele frequencies between AESD
and control groups were examined by x* analysis. Significant
differences were defined as p < 0.05 in conditional analysis.
We estimated the odds ratio (OR) together with the 95% confi-
~ dence interval (CI) for each allele haplotype frequency with
AESD using Microsoft Office Excel 2010. Patients with AESD
were compared with the controls under dominant, recessive, and
additive models using a likelihood ratio x* test. These genetic
models were also assessed using the Cochran-Armitage test for
wend. The differences in mRNA and protein expression levels
and cellular cAMP accumulation, expressed as the mean * SEM,
were calculated using analysis of variance followed by the Tukey-
Kramer test in the case of multiple comparisons. p < 0.05 was

considered a significant difference.

RESULTS ADORA2A haplotype frequency. First, we
analyzed the entire coding region of ADORA2A in
patients with AESD and found no mutations. Second,
we analyzed genetic variations of ADORA2A in patients
with AESD and control subjects. Distribution of the
ADORA2A polymorphisms in both AESD and controls
met the Hardy-Weinberg equilibrium (p = 0.15 and
0.806, respectively). Four SNPs (figure e-1) in this gene,
152298383, 155751876, 1535320474, and 154822492,
had previously been reported to show complete linkage
disequilibrium in 84 Japanese (human HapMap pro-
ject, http://Apr2011.archive.ensemble.org). The present
’study also supported their complete linkage in both
85 AESD cases and 100 controls. Thus, there were

only 2 haplotypes, haplotype A (C at 152298383,
T at rs5751876, deletion at rs35320474, and C at
rs4822492) and haplotype B (T at rs2298383, C at
155751876, T at 1535320474, and G at rs4822492).
Table 1 shows haplotype frequency for the ADORA2A
SNPs in AESD and control groups. Haplotype A was
significantly more frequent in AESD than in controls
(p = 0.005). The frequency of homozygous haplotype A
(AA diplotype) in AESD and controls was 37.6% and”
20.6%, respectively. There was a significant association
between AA. diplotype and increased risk of developing
JAESD for recessive model comparison (OR 2.32,
95% CI 1.32-4.08; p = 0.003) and additive model
comparison (OR 2.62, 95% CI 1.29-5.32; p = 0.007),
but not for the dominant model comparison (OR 1.63,
95% CI 0.89-2.99; p = 0.142) (table 2). The most
significant p value was obtained under the recessive
model using x? test, as well as Cochran-Armitage test
for trend.

‘ADORA2A mRNA expression in the brain. Second, to
evaluate the association of ADORA2A diplotypes with
gene expression in the CNS tissue, we measured the
amount of ADORA2A mRNA in SMRI samples after
genotyping. Because the 4 SNPs were completely
linked in 95 of 100 subjects (diplotype AA, 19 sub-

. jects; AB, 38 subjects; and BB, 38 subjects), we used
these 95 samples. The relative expression level of
ADORA2A mRNA (mean = SEM) in AA, AB, and
BB diplotypes was 0.246 = 0.025, 0.179 = 0.009,
and 0.177 * 0.009, respectively (figure 2). The
expression level was 1.4-fold higher in the AA diplo-
type than in AB and BB, showing a significant differ-
ence (p = 0.003 and 0.002, respectively).

ADORA24 mRNA and protein exp.ression and production
of cAMP in lymphoblasts. ADORA2A is highly expressed
in brain, heart, kidney, and lymphocytes.®'? Because
protein samples from the brain were unavailable, we
used lymphoblast cell lines to determine the effect of
ADORA24 diplotypes on ADORA2A protein expres-
sion. We again showed that the expression of ADOR-
A24° mRNA in lymphoblasts with AA diplotype
was higher than in those with AB and BB (figure 3A,

[ Table 1 Comparison of ADORA2A haplotypé frequency between patients with AESD and controls® ‘l
b
Genotype AESD Control Test for allele haplotype
frequency
Haplotype rs2298383 rs5751876 rs35320474 rs4822492 n % n "% OR (95% ClI)
A (o} T del Cc L] 582 166 451 1.70(1.17-2.45)
B T C T G 71 41.8 202 549
Total 170 368 -

Abbreviations: AESD = acute encephalopathy with biphasic seizures and late reduced diffusion; Cl = confidence interval;

OR = odds ratio.

2Djfference in haplotype frequency between patients and controls was statistically significant {p = 0.005).
bData of Pharma SNP Consortium B cell samples and those of HapMap (JPT) were combined.
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[ Table 2 Comparison of ADORAZ2A diplotype distribution between patients with AESD and controls }

Diplotype AESD (n = 85), n (%) Control (n = 184)2n{%) OR (95% Cl), p value
AA 32(37.6) 38 (20.6) ' 2.62 (1.29-5.32), 0.007
AB 35 (41.2) 90 (49.0) 121 (0.62-2.34), 0.612
BB 18 (21.2) 56 (30.4) 1.00 (reference)

Genetic model

Recessive AAvs AB + BB
Dominant AA + ABvs BB
Additive AA vs BB

. p Value for trend test
2.32(1.32-4.08),0.003  0.003
163(0.89-2.89), 0.142 0114
2.62(1.29-5.32), 0:007 0.006

Abbreviations: AESD = acute encephalopathy with biphasic seizures and late reduced diffusion; Cl = confidence interval;

. OR = odds ratio. .

2Data of Pharma SNP Consortium B cell samples and those of HapMap (JPT) were combined.

p = 0.035 and 0.003, respectively). By Western blot-
ting, the relative ADORA2A protein level (mean =
SEM) was evaluated as 0.611 * 0.045, 0.439 =+
0.022, and 0.443 = 0.044 for AA, AB, and BB, respec-
tively (figure 3B). The protein expressyion was signifi-
cantly higher in AA diplotype than in AB and BB (p =

0.021 and 0.024, respectively). Next, to elucidate the -

difference of intracellular signal transduction among 3

ADORA2A diplotypes, cAMP assay was performed.

The cellular ¢AMP accumuladon level (mean =*
SEM) for AA, AB, and BB diplotypes was 2.016 *
0.207, 1.421 % 0.186, and 0.953 = 0.118 pmol,
respectively (figure 3C). As the number of haplotype
A alleles increased, so did the ‘adenosine-stimulated

cAMP prodﬁction. The cAMP level was significantly
higher in the AA diplotype than in BB (» = 0.0006).

DISCUSSION Previous studies have shown the com-
plex roles of adenosine in the brain, deriving from the

Figure 2 ADORAZ2A mRNA éxpression in the
’ brain with different ADORA2A

diplotypes
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Relative ADORA2A mRNA expression level (ADORA2A/G6PDH)
in the brain was higher in the AA diplotype (n = 19) than in AB
(n = 38,"p = 0.003) and BB (n = 38, “p = 0.002).
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diversity of receptor subtypes. In the CNS, ADORA2A
competes with ADORAL in various neural functions.
For synaptic transmission, ADORA2A enhances excita-
tory neurotransmitter release, whereas ADORA1 exerts
an inhibitory effect.!’ The role of adenosine as an
endogenous anticonvulsant is mediated via ADORAT.'2
Inhibition of ADORAT function has been shown to
cause status epilepticus.' In a rat model of seizure kind-
ling, ADORAL in the hippocampal CA1 region reduces
seizures, whereas ADORA2A promotes them.!® Adora2a
knockout mice show a reduction of ethanol-induced
seizures,'® whereas activation of ADORA2A renders rat
pups susceptible to hyperthermia-induced seizures.'®
Despite these findings, the association of ADORA2A
variations with a seizure disorder has never been
reported. They are known to be associated with anx-

ety induced by caffeiz}e, an antagonist of ADORA1

and ADORA2A.V-P - )

The present study showed for the first time the
association between an ADORA2A genetic variant.
and AESD, a typical syndrome of AEIMSE during
early childhood. The results suggest that ADORA2A

“AA diplotype predisposes children to AESD by alter-

ing the intracellular adenosine/cAMP signal cascade. -
We demonstrated that the frequency of ADOR-
A2A AA diplotype was significantly higher in patients
with AESD than in controls (table 2). These data
show an apparent association between AA diplotype
and AESD, although whether the recessive or additive

model most accurately describes this association is

unclear at this time. Haplotype A consists of 4 SNPs,
152298383, rs5751876, 135320474, and 154822492,
which show complete linkage disequilibrium with
one another in Japanese. ,The 1s2298383 SNP is
located in a potential promoter region upstream of
the recently identified exon variant,® with a regulatory
element predicted from alignment of human and
other mammalian genes.?® Further evidence of its
importance in gene expression regulation is provided

by in silico analyses,*! which indicated the position




Figure 3 ADORA2A mRNA expression, ADORA2A protein expression, and cAMP production in lymphoblasts with different ADORA2A

diplotypes
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(A) Relative ADORA2A mRNA expression level (ADORA2A/GEPDH) is higher in AA diplotype thanin AB ("p = 0.035) and BB (*p = 0.003) (n = 5 for each
diplotype). (B) Relative ADORA2A protein expression level (ADORA2A/B-actin) was higher in AA than in AB ("p = 0.021) and BB ("p = 0.024) (n = 5 for
each diplotype). Lower panel shows results of a representative Western blot, showing increasing band intensity with the number of haplotype A. (C)
Cyclic adenosine monophosphate (cAMP) production in response to adenosine was higher in diplotype AA than in BB (**p = 0.00086) (n = 5 for each

diplotype).

of 152298383 SNP within a triplex-forming oligonu-
cleotide target sequence. The 35320474 SNP is
located in the 3" untranslated region including U-rich
motifs. U-rich motifs are conserved across species and
provide active sites for interaction with RNA-binding
proteins. Thus, any of these SNPs may possibly alter
the expression level of mRNA. '

In fact, we found that the ADORA24 AA diplo-
type causes a high expression of ADORA2A mRNA in
the brain and lymphoblasts, and a high expression of
ADORAZ2A protein in lymphoblasts. Given its excit-
atory function, increased expression of ADORA2A
may cause a functional imbalance between ADORA1
and ADORA2A, resuitiﬁg in hyperexcitation of cere-
bral neurons.

In the present study, cellular cAMP accumulation in
response to adenosine was high in lymphoblasts with
ADORA2A AA diplotype. ADORA2A, together with
coupled Gs proteins, activates adenylate cyclase and
increases the cellular cAMP level. In this study, we
observed high cellular cAMP in the AA diplotype,
which supports our hypothesis that the signal cascade
downstream of ADORA2A is excessively activated in
AESD. cAMP promotes protein kinase A, which in
turn enhances Ca** influx through the L-type Ca**
channel in the basal ganglia, hippocampus, and stria-

tum. Ca** then enhances glutamate efflux from the

endoplasmic reticulum to the extracellular space, lead-

23-2

ing to excitotoxicity.?** An increase of extracellular
glutamate in the brain lesion of AESD has recently been
demonstrated by magnetic resonance spectrometry.’
Involvement of ADORA2A in the pathogenesis of
AESD may have therapeutic implications. Experimental

studies have previously shown that an ADORA2A antag-
onist, but not an ADORALI agonist, can terminate or

2627 Pharmacologic blockade or genetic

suppress seizures.
disruption of ADORA2A may protect neurons from
seizures by reducing glutamate release and excitotoxic-
ity.”” Thus, ADORA2A antagonists are promising can-
didate drugs to ameliorate seizure-induced brain damage.
Because this study showed alteration of the ADORA2A
signal cascade in AESD, these drugs may also be partic-
ularly useful in the treatment of AESD. However, our
data showed that 20% of patients with AESD have the
BB diplotype, suggesting the involvement of factors other
than ADORA2A in the etiology of AESD.

In conclusion, the present study demonstrated that
polymorphisms of the ADORA2A, or AA diplotype,
are risk factors of AESD, an acute encephalopathy
with febrile status epilepticus. This diplotype showed
a high ADORA2A expression level and high cAMP
accumulation in response to adenosine, suggesting the
involvement of the adenosine/cAMP signal cascade in
the pathogenesis of AESD. Pharmacologic interven-
tion in this pathway may improve the treatment of
children with this devastating encephalopathy.
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