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PAF are mediated through a specific G-protein-coupled
receptor, PAFR (Honda et al., 1991: Nakamura et al., 1991).
A single amino acid substiition (A224D) in the third
cytoplasmic loop of human PAFR that modifies its function
has been reported, with the variant being relatively common
in Japanese, with 13.8% heterozygous and 0.9% homozy-
gous (Fukunaga et al., 2001). Fukunaga et al. also found that
Chinese hamster ovary cells expressing A224D mutant
PAFR displayed a partial but significant reduction of PAF-
induced intracellular signaling, and that the variant
exhibited impaired coupling to G-proteins.

The present study aimed to elucidate the effect of the
PAFR polymorphism on the development of MS in
Japanese; thus, we investigated the PAFR gene polymor-
phism (A224D) in MS patients, and correlated the findings
with clinical parameters.

2. Patients and methods
2.1. Patients

A total of 162 paticnts (59 men and 103 women) with
MS, according to the recommended diagnostic crileria
(McDonald et al., 2001), were recruited from the Depart-
ment of Neurology, Kyushu University Hospital, the
Department of Neurology, Hokkaido University Hospital,
and the Hokuyukai Neurological Hospital. Hematological
and biochemical studies and serologic tests for syphilis were
performed in all patients and the results were not contrib-
utory. None of the patients was scropositive for hunian T-
cell leukemia virus type 1. Age at examination was
38.2411.3 years (mean+ S.D.) and at discase onset 27.1%
9.9 years (meanxS.D.). Subjects were “conventional” MS
patients as described previously (Fukazawa ot al. 1992)
(i.e., clinical features were similar o those of MS patients in
Western countries). Patients with opticospinal MS (OS-MS)
whose lesions were clinically confined to the optic nerve
and spinal cord were excluded from this study because this
group of patients scems to constitute a distinct subgroup
(Kira ¢t al., 1996: Yamasaki et al.. 1999: Kira. 2003). After
at least a I-year observation period, 120 were diagnosed as
relapsing-—remitting type MS and 42 as secondary progres-
sive type MS, in which the onset of progressive discase was
defined as continual worsening of symptoms and signs for a
period at least 6 months, with or without superimposed
relapses (Lublin and Reingold, 1996: Confavreux ot al.
2000). Primary progressive MS was not included in the
present study. MS severity was evaluated by Kurtzke's
Expanded Disability Status Scale (EDSS) scores (Kurizke.
1983} and progression index (P1) (Mivagishi ct al., 2003). Pl
was calculated as a measure of accumulated disability over
time (PI=EDSS/discase duration in years). EDSS score was
3.342.6 (mecan+S.D.)y and Pl was (0.40+0.42 (mcan+S.D.)
at the time of cxamination. The control group was
composed of 107 unrelated healthy men and 138 unrelated

healthy women (mean age+S.D.= 34.0+£10.1 years). Sub-
jects” informed consent was obtained in accord with the
declaration of Helsinki, and the ethical committees of the
institutions in which the work was performed gave their
approval.

2.2. Genotvping of PAFR

Total blood genomic DNA was extracted from leukocytes
with a QlAamp DNA Blood Midi Kit (QIAGEN, Tokyo,
Japan) following the manufacturer's instructions. The
genotype of human PAFR was determined by polymerase
chain reaction restriction fragment length polymorphism
(PCR-RFLP) according to the method of Fukunaga et al.
(2001) without knowledge of the samples” clinical diag-
nosis. The sense primer used was (5'-CCACAGCGCCC-
GGCGCTTGACTGCA-3) and the antisense primer was
(5-ATCGTGTTCAGCTTCTTCCTGGTCT-3"). Reactions
were performed in a total volume of 50 pl containing 0.5
ig of genomic DNA, 20 pmol of cach primer, 0.4 mmol/l
each of dATP, dGTP, dCTP, and dTTP, 1 U Tag DNA
polymerase (Takara, Otsu, Japan), 100 pmol/l KC1, and 20
nmol/l Tris hydrochloride (pH 8.0). The thermocycling
procedure consisted of an initial denaturation at 94 “C for 10
min, 30 cycles of 94 “C for | min, 58 “C for | min, and 72
“C for 1 min. PCR-amplified DNA was digested with Ps/l
(Fukunaga et al., 2001) at 37 "C overnight. PCR products
were analyzed by agarose gel (0.7% agarose+2.5%
NuSieve) electrophoresis and visualized by ethidium bro-
mide staining. This genetic variant results in the loss of a
Psil restriction site; thus, the wild-type allele yielded 105-bp
and 24-bp fragments, while the mutant allele remained
undigested (129-bp).

2.3. Statistical analvsts

Allele and genotype frequencies of the PAFR were
compared between MS patients and controls, using chi-
square and Fisher’s exact tests. Statistical analysis between
the genotype PAFR polymorphism (AA vs. AD/DD) and
clinical parameters were tested in MS patients, using Mann-
Whitney U and chi-square tests. Values of p<0.05 were
considered statistically significant. Statistical analyses were
performed with StatView/Mac software.

3. Results
3.1. PAFR genotvpe and allele frequencies in MS

The proportions of PAFR genotypes (AA, AD, and DD)
and alleles (A allele, D allele) in MS patients and healthy
controls are shown in Table 1. The frequency of the AD/DD
genotypes was significantly higher in MS patients (21.0%)
than in healthy controls (13.5%) (p=0.045: odds ratio (OR),
1.71: 95% confidence interval {C1), 1.01-2.89). In control
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Table |
Genotype and allele frequency of the PAFR polymorphism in patients with
MS and healthy controls

MS (n=162)

Healthy controls (1=245)

Gennpvpe fiequencies

AA 128 (79.0)° 212 (86.5)"
AD 30 (18.5) 32.(13.0)
DD 4(2.5) 1(0.4)

AD/DD 342000 Baasy

Allele firequencies
A allele
D alleie
MS=multiple sclerosis. Percentages are in parentheses.
T p=0.045: OR. 1.71: 95% CL. 1.01-2.89.
P p=0.019; OR, 1.78: 95% C1 1.10-2.89.

456 (93.1)°
34 (6.9)"

286 (88.3)°
8L

subjects, the genotype frequencies are similar to those found
in other Japanese studies (Fukunaga ct al.. 2001). Moreover,
the frequency of D allele in MS patients (11.7%) was also
significantly higher than those in healthy controls (6.9%)
(p=0.019: OR, 1.78: 95% CI, 1.10-2.89).

3.2. The relation henveen PAFR polymorphism and clinical
parameters

There was no association between the PAFR poly-
morphism and clinical parameters such as age at onset,
sex, clinical phenotype, EDSS, and P] (data not shown).

4. Discussion

In the present study, we disclosed a significant associ-
ation between susceptibility for MS and the PAFR poly-
morphism that has a partial but significant reduction of PAF-
induced intracellular signaling.

PAF is a proinflammatory mediator produced early in
response to several immunological stimuli, including
immune complexes and proinflammatory cytokines
(Camussi ct al., 1981: Valone and Epstein, 1988). Moreover,
PAF itself mediates some of the biological effects exerted by
cytokines, such as tumor necrosis factor-alpha (TNF-a),
interleukin (IL)-1, and 1L-8 (Dubois ct al.. 1989: Poubelle et
al.. 1991: Denault et al., 1997). Considering the proin-
flammatory nature of PAF, it is rather unexpected that a
missense mutation partially disrupting PAFR signaling is a
susceptibility factor for MS. There are two possible
explanations for this. First, not all the biological effects of
PAF are proinflammatory. It has been shown that PAF is
involved in the inhibition of proinflammatory cytokine
production during macrophage phagocytosis of apoptotic
cells, possibly through the synthesis of transforming growth
factor-beta (TGF-p) (Fadok ¢t al.. 1998)., PAF also
suppresses the induction of delayed-type hypersensitivity
(DTH) and enhances the transcription of COX-2 and 1L-
10—-wo important mediators of systemic immune suppres-

sion (Walierscheid et al., 2002). Thus, the missense
mutation of PAFR may downmodulate immunosuppressive
actions, which then enhance susceptibility for MS in some
patients.

Second, PAF preferentially enhances Th2-mediated
immune responses (Harada ¢t al., 1996:; Kusuhara et al..
2000). Huang et al. (1996) reported that PAF activates Th2
cells to produce 1L-4, which is completely inhibited by PAF
receplor antagonist. Since activation of Th2 cells inhibit
Thl-related cellular immunity, the missense mutation of
PAFR may enhance susceptibility for MS, in which Thl
cells are supposed to play a major role, through down-
regulation of Th2 cells.

In summary, we analyzed the PAFR polymorphism in
Japanese patients, and found that the PAFR AD/DD
genotype seems to confer a risk for the development of
MS. Further studies on PAF/PAFR signal transduction in
MS patients will be necessary to determine whether the
PAFR polymorphism is involved in the pathogenesis of MS.
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Abstiract

TNF-related apoptosis inducing ligand (TRAIL) has been reported to induce apoptosis of autoreactive T cells and other inflammatory
cells. and thus, it is a strong candidate gene for involvement in the development of autoimmune diseases. We investigated single nucleotide
polymorphisms (SNPs) in the coding region of the gene at position 1595 in exon 5 in 128 Japanese patients with conventional/classical
multiple sclerosis (MS) and 158 healthy controls. Patients with optico-spinal MS (OSMS) or atypical clinical attacks were excluded from the
study. The frequency of CC genotype at position 1595 was significantly different between patients and controls ( p =0.0027), and the C allele
was more prevalent in the patients than in the controls { p=0.0138. OR=1.546. 95% CI=1.092--2.188). Logistic analysis. adjusted for HLA-
DRB1*1501-positivity. revealed the independent association of the CC genotype with susceptibility to MS (p=0.0006, OR=2.393. 95%
C1=1.453-3.943). There were no significant associations between + 1595 polymorphism and the clinical features of MS. The results indicate

that the presence of the CC genotype at position 1595 in exon 5 represents a higher risk of MS.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Multiple sclerosis (MS) is an autoimmune disease
mediated by T-lymphocytes secreting proinflammatory T
helper type ! (Thl) cylokines, and it is contolled by
multiple genes and environmental factors (Vyse and Todd,
1996: Compston and Coles, 2002). Recent genome wide
linkage studies demonstrated that MS follows a polygenetic
trait with multipfe loci being relevant (Ebers et al., 1996:
Dumat ct al.. 2004). The genes involved in polygenic
diseases such as MS are not easily identified because
clinical manifestation requires several diseasc-associated
alleles of several genes rather than one specific mutation.

The analysis of multifactorial diseases such as MS is further

* Corresponding author. Tel: 481 11 642 4121 fax: 481 11 642 429,
Lanail address: miyagisi@med.hokudai.ac.jp (R, Miyagishi).
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doi: 10.1016/) neuroim. 2005.06.021

complicated by the fact that functional differences of known
polymorphisms have not yet been identified.

Apoptosis signaling-related genes are strong candidate
genes for involvement in MS because apoptosis is a
common regulatory mechanism for normal development
and homeostasis of the immune systeni, and the elimination
of autoreactive T cells via apoplosis appears to be impaired
in MS (Zipp et al.. 1999). Tumor necrosis factor (TNF)-
related apoptosis-inducing factor (TRAIL) is a newly
identified member of the TNF/nerve growth factor super-
family (Wiley et al.. 1995), and preferentially induces
apoptosis of various normal cells, such as hepatocytes (Jo ¢t
al., 2000), thymocytes (Lambamedi-Cherradi ot al.. 2003),
neural cells (Nitsch ct al.. 2000) and oligodendrocytes
(Matvsiak ot al.. 2002) as well as tumor cells. TRAIL and its
receplors are constitutively expressed in lymphocyles.
TRAIL expression in lymphocytes can markedly increase
afier cell activation (Jeremias et al. 1998 Mariant and
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Krammer, 1998), and the mRNA levels of Fas, Fas ligand
and TRAIL are elevated in the peripheral blood mono-
nuclear cells (PBMC) of relapsing-remitting MS patients,
while T cell lines established from these patients show a
functional defect in the Fas signaling pathway (Comi et al.,
2000: fuang ct al, 2000: Gomes ct al., 2003). Recently,
microarray analysis identified a downregulation of TRAIL
in MS in Japanese patients (Satoh et al., 2004). Furthermore,
TRAIL expression was reported to be a candidate for
pretreatment assessment and might be used as a prognostic
marker of treatment response to interferon-beta (1FN-b) in
MS (Wandinger et al,, 2003). IFN-b responders could be
distinguished from non-responders by early and sustained
induction of TRAIL mRNA, and high concentrations of
soluble TRAIL in the sera before teatment may allow the
prediction of reatment response.

TRAIL is mapped to the long arm of chromosome 3q26
in humans (Wiley et al. 1995) and is composed of five
exons. It encodes approximately 1.77 kb mRNA. Four
single nucleotide polymorphisms (SNPs) in the 5 -regula-
tory region (Wang ct al., 2000) as well as four SNPs in the
3’ -untranslated region (Unoki et al.. 20002 Gray ct al., 2001)
have been published so far. However, the potential role of
the SNPs of the TRAIL gene in susceptibility to MS is not
well defined.

The aim of the present study was to analyze the
relationships between TRAIL gene polymorphism in the
3 -untranslated region of exon 5 at position 1595 on the
mRNA and disease onsel, age at disease onset and prognosis
in 128 Japanese patients with MS. We chose this particular
polymorphism because we could use Rsal restriction
enzyme alone, The study also investigaled the role of
TRAIL gene polymorphism-HLA-DRB1-1501 interaction
in the development of MS. This is the furst study to
investigate possible relationships between MS and TRAIL
gene polymorphisms in Japanese patients. Patients with
optico-spinal MS (OSMS) were excluded from the present
study. Patients with atypical clinical or paraclinical findings
(Fukazawa et al., 2003, 2004) were also excluded, and thus,
the clinical features of the selected patients were identical to
those in Western countries. All subjects studied were
residents of Hokkaido, the northernmost island of Japan.

2. Paticnts and methods
2.1, Patients and healthy individuals

The subjects of this study were 128 unrelated Japanese
patients with conventional/classical MS (CMS) who met the
inclusion and exclusion criteria described below, and had
been observed for at least one year. All patents had
experienced two or more clinical attacks and had objective
evidence of multiple lesions with no evidence of other
disorders. They also fulfilled the diagnostic criteria for MS
(McDonald et al.. 2001). All patients showed a relapsing-

remitting (7=92) or secondary progressive course (17=30).
Patients with neuromyelitis optica (NMO) or optico-spinal
MS (OSMS) were excluded. Patients with climcally or
paraclinically atypical attacks were also excluded because
they have been reported to be a clinically and immunoge-
netically distinct subtype among patients with a diagnosis of
MS (Fukazawa ct al.. 2003, 2004). The definitions of OSMS
and atypical attacks have been described previously
(Yamasaki ct al.. 1999: Fukazawa ct al.. 2003. 2004).
Therefore, all patients in the present study were classified as
having conventional/classical MS with involvement of
multiple sites in the central ncrvous system (CNS),
including the cerebrum, cerebellum or brainstem, with
clinical features similar to those observed in Western
countries (Fukazawa et al., 2003, 2004. Weinshenker,
2003).

The female/male ratio was 2.5:]. The mean age at blood
sampling was 34.8%10.6 years (+SD, range: 16-58). The
mean age at disease onset was 26.4£9.2 years (range: 4-
54). Each subject was assessed clinically by the Expanded
Disability Status Scale (EDSS) (Kurtzke. 1983) using the
latest data available. Among the 128 patients, 33 patients
were under the treatment of IFN-b at the evaluation of
EDSS, and EDSS was evaluated during remitting or slowly
progressive phase. The mean age at evaluation of the EDSS
was 38.0+11.4 years (range: 18-68). The mean latency
between disease onset and EDSS evaluation was 11.6£9.0
years (range: 1-36). The EDSS/discase duration (ycars)
served as an index of disease progression (P1). The mean
EDSS was 3.3+£2.8 (range: 0-9.5) and the mean P} was
0.46+0.76 (range: 0-7.0). The control group comprised 53
unrelated healthy men and 105 unrelated healthy women
(age: 32.849.1 years). Both patients and controls were
Japanese and were residents of Hokkaido, the northernmost
island of Japan. The differences in the sex ratio and age
between the patients and the controls were not significant

(p>0.05).
2.2, Analvsis of TRAIL polvmorphisin

Aftler obtaining written informed consent from each
participant, a blood sample was obtained and high molec-
ular weight DNA was extracted from the peripheral blood
cells. We examined SNP in the coding region of the gene, a
C to T substitution at position 1595 in exon 5, by
polymerase chain reaction (PCR)}-RFLP. A primer pair of
forward (5'-tgagca ctacagcaaa catga-3') and reverse (5'-
geaccaclaaaagalegeagt-3') primers generated a 391-bp frag-
ment. This site was recognized by Rsal restriction enzyme
(New England Biolabs, Beverly, MA). PCR was performed
in a total volume of 20 pl, containing 50 ng of genomic
DNA, 10 pmol of cach primer, 250 M dNTP, 10 mM KC1,
20 mM Tris - HCl (pH 8.2), 1.5 mM MgCl, and 0.15 U Taq
polymerase (AmpliTaq DNA polymerase: Applicd Biosys-
tems, Foster City, CA). The PCR reaction mixtures were
then denatured at 95 °C for 5 min, followed by 30 cycles of
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denaturation at 94 °C for 1 min, annealing for 1 min at 56
°C, extension at 72 °C for ] min and final elongation at 72
°C for 10 min. Afier digesting the PCR products with Rsal
for 1 h at 37 °C, alleles of each polymorphic site were
determined by 3% agarose gel electrophoresis. The Rsal
restriction enzyme detected a dimorphism with bands at 59
and 332 bp (allele C) or at 59, 146 and 186 bp (allele T).
DNA typing of DRB] and DPB] alleles was analyzed by a
non-isotopic oligo-typing method using reverse dot blot
hybridization. When the discrimination was not clear using
this method, we also used the slandard PCR-specific
oligonucleotide probe (PCR-SSOP) method (Fukazawa et
al.. 2000).

2.3, Stutistical analvsis

Using univariate analyses, allele frequencies and genotype
frequencies of the TRAIL gene were compared between MS
patients and the controls, using the chi-square test or Fisher’s
exact test. Relative risks for MS, estimated as the odds ratios
[ORs] and 95% confidence intervals (95% Cl), were
calculated. Then, if we found that candidate alleles at position
1595 may contribute to the risk of MS, confounding
influences were assessed in a multiple logistic model.
DRB1#*1501 positivity was corrected for in the model since
DRBI*1501 is arisk factor for conventional MS in Japanese
(Fukazawa ¢t al., 2000). We also analyzed the association
between TRAIL-polymorphism and age at onset using
ANOVA followed by Fisher's protected least significance
difference (PLSD). Differences in Pl were analysed by the
Kruskal- Wallis test. A P value less than 0.05 denoted the
presence of a statistically significant difference.

3. Results

3.1. TRALL genotvpe and allele frequencies

We successfully determined the type of TRAIL 1595C/T
polymorphism in all patients and the controls. The

Table 1
Genotype and allele frequencies of 1595C/T polymorphism in MS patients
and controls

Controls

MS patients
=158 (%)

n=128 (%)

Genonpe freguency”

cC

S1(32.3%) 66 (51.6%)
CT 85 (53.8%) 45 (35.2%)
T 22 (13.9%) 17 (13.3%)

Allele fieguenc®
¢
T

187 (59.2%)
129 (40.8%)

177469.1%)
79 (30.9%)

" =0.0027.

p 2=0.0138 ORs (odds ratio)= 1,546, 95% Cl (conhidence inter-
valy=1.092 to 2188,

Table 2
Odds ratios and 95% C1 from multiple logistic analysis
P value OR 95% Cl
CC genotype (+ vs. —) 0.0006 2393 1.453 10 3.943
DRBI1*1501 allele (+ vs. —) 0.0025 2435 1.363 t0 4.331

After adjusting for the DRBI*1501 allele, the CC genotype and the
DRBI1*1501 allele were mdependent risk factors in the logistic regression
model.

frequencies of the three 1595C/T genotypes are listed in
Table J. We found that the frequency of the CC homozygote
in MS patients (51.6%) was significantly higher than in the
control (32.3%, p=0.0027). The C allele at position 1595
was excessively represented in MS patients (85.3%)
compared with the control. (69.4%, p<0.000], ORs=2.57,
95% Cl=1.65-4.00). The frequency of the C allele in MS
patients (69.1%) was significantly higher than the control
(59.2%, p=0.0138). In the controls, each genotype fie-
quency of 1595C/T polymorphism conformed to Hardy-
Weinberg expectations.

3.2, Mulriple logistic analvsis

CC allele frequencies at position 1595 in exon 5 were
considered as possible contributors to the risk for MS, and
confounding influences were assessed in a logistic regres-
sion model. After adjusting for DRB1*150] positivity, the
CC genotype provided an independent risk factor for
conventional MS (Table 2).

3.3. Clinical characteristics according to TRAIL genoiype
status

Among the 128 MS patients, there was no association
between position 1595 polymorphism of the TRAIL gene
and clinical course (relapsing-remitting course or secondary
progressive course). The ages at onset of patients with CC,
CT and TT genotypes were 26.419.2, 26.4+9.4 and
28.2+11.4 years, respectively. The Pl values of patients
with CC, CT and TT genotypes were 0.37120.392,
0.354£0.412 and 0.414£0.517, respectively. There were
no associations between genotypes of these genes and the
age at disease onset or the PL

4. Discussion

The major finding of the present study was that the
presence of the CC genotype at position 1595 in exon 5
indicated a higher risk of MS, but it was not associated with
the clinical course, age at discase onsct or disability index.

A previous study using reverse transcription-PCR (RT-
PCRY) analysis showed clevated TRAIL mRNA levels in
peripheral blood fymphoeytes in MS (Huang et al.. 2000),
while a recent study showed low serum levels of solubie
TRAIL in relapsing-remitting MS (Wandinger et al., 2003).
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It remains to be determined whether TRAIL expression
represents a disease-promoting autoimmune process or
merely the effect of a secondary compensatory mechanism
that downregulates the inflammatory response. Indeed,
blockade of TRAIL expressed in CD4+ myelin-specific T
cells reduced caspase-dependent neuronal cell death and
markedly ameliorated clinical severity in experimental
autoimmune encephalomyelitis (EAE) (Aktas ¢t al., 2001).
Adult human oligodendrocytes were reported lo have
TRAIL receptors and TRAIL-induced oligodendrocyte
apoptosis (Matysiak ct al., 2002). In contrast, blocking
endogenous TRAIL with soluble TRAIL receptor exacer-
bated EAE (Hilliard et al., 2001). These findings suggest a
two-edged role for TRAIL in MS by promoting both
destructive and anti-inflammatory properties.

As stated above, our results showed that the presence of
the CC genotype at position 1595 in exon 5 indicated a
higher risk of MS. However, the mechanism by which
TRAIL polymorphism in the 3" UTR region influences the
pathogenesis of MS is not clear at present. Recently, a
highly polymorphic region in the TRAIL promoter was
demonstrated but it did not influence TRAIL expression,
MS susceptibility or the clinical disease pattern (Weber ot
al.. 2004). Investigation into whether and how 3" UTR
polymorphism influences the expression of TRAIL mRNA
is desired for assessing the relevance of our results.
Furthermore, other SNPs of TRAIL gene rather than SNP
al position 1395 should be investigated for possible
association with MS.

IFN-b has demonstrated benefits in the treatment of
patients with MS. It is reported that TRAIL expression
might be used as a prognostic marker of treatment response
to IFN-b in MS (Wandinger ct al., 2003). Diug-responders
could be distinguished from non-responders by carly and
sustained induction of TRAIL. Among the 128 patients in
the current study, 33 patients were under the treatment of
IFN-b. Although our sample size was small, no association
was detected between +1595 polymorphism and the
efficacy of IFN-b (data not shown).

. The prevalence rates of MS in Japan and Asian
countries are significantly lower than those in European
and North American countries. In a series of our recent
studies, we reported the association of various gene
polymorphisms in Japanese patients with MS (Fukazawa
et al., 1999: Niino et al., 2000, 2002, 2003: Kikuchi ot al..
2002: Miyagishi ct al., 2003). Some of our results were not
consistent with those of Western countries, and this
inconsistency may be due, in part, to differences in the
polymorphisms derived from different ethnic backgrounds.
Regarding TRAIL gene polymorphism, the frequency of
the C allele at position 1595 was 0.592 in the Japancse
population, compared with 0.712 in American Caucasians
(Gray ct al.. 2001). Further analysis in other ethnic
populations should provide important insights and clues
about the genetic and clinical heterogeneity of MS (Oksen-
berg ct al., 2001).

-

In summary, the present study shows that polymorphism at
position 1595 of the TRAIL gene is associated with MS
susceptibility in Japanese patients. Our sample size was
relatively small, and thus further studies of a large number of
subjects are necessary to determine the role of TRAIL
polymorphism in the pathogenesis of MS. Moreover, it is
warranted to resolve the mechanism by which TRAIL
polymorphism in 3' UTR region influences MS pathogenesis.
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“OSMS is NMO, but not MS": confirmed by NMO-1gG?

The debate continues about whether opticospinal
multiple sclerosis (OSMS) is MS or not. Lennon and
colleagues®  recently reported the biomarker for
neuromyelitis optica (NMO), NMO-IgG, and concluded
that it is specific to NMO. The researchers assert that this
is proof that "NMO is not MS”, that the antibody can
distinguish NMO from MS, and that Asian OSMS seems
to be the same as NMO.

Lennon and colleagues’ tested serum samples of 102
North American patients with NMO or with syndromes
that suggest high risk of the disorder and 12 Japanese
patients with OSMS. In a recent report by Cree and co-
workers,? most African and European American patients
with OSMS did not meet criteria for NMO and had brain
lesions on MRI. The 12 Japanese patients with OSMS in
Lennon’s study fulfilled the criteria for NMO set by
Wingerchuck and colleagues.® Therefore, Lennon and
colleagues elucidated the existence of NMO in japan;
and it is important of course that the presence of NMO-
IgG is viewed with the same importance in both Japan
and the USA. The patients said to have Japanese OSMS
in Lennon and colleagues’ study do not actually have
Japanese OSMS.

Clinical definitions of 0SMS, MS, and NMO complicated by overlap of signs

— 181 —

Lennon and colleagues emphasised that NMO-igG can
definitely discriminate NMQ from MS. If so, what is the
key feature that produces different results of NMO-IgG
positivity? NMO-IgG positivity tends to increase from MS
high-risk syndrome to NMO. This continuity suggests
that NMO-IgG positivity is part of variation within the MS
spectrum and that NMO-IgG-positive patients comprise
a unique subgroup of patients with MS. Patients with
high-risk syndrome can develop either NMO or MS in the
future, and most of them have atypical MS in the Lennon
and colleagues classification, because they have
extensive spinal-cord lesions or have recurrent optic
neuritis. Lennon and colleagues did not mention the
clinical features of MS, nor did they mention the presence
of extensive spinal-cord lesion on MRI in MS. ht will be
crucial to check NMO-1gG in typical patients with MS who
have extensive spinal-cord lesions. NMO-IgG positivity
may be a biological marker indicating the tendency of
lesion expansion rather than unique lesion distribution.
Furthermore, whether or not recurrent optic neuritis is
positive for NMO-IgG is unknown.

The relation between observational characteristics
(NMO-IgG in this case) and definition of disorders is
determined in a mutually dependent manner. When
patients positive for NMO-IgG alone are collected and
designated as NMO, both the sensitivity and specificity
approach 100% by tautology. After such a procedure,
we do not know how to classify NMO-lgG-negative
NMO: is this atypical NMO or is this another clinical
entity? Actually, Wingerchuk and colleagues made
amendments to the NMO criteria at this year's American
Academy of Neurology meeting, in which they removed
the requirement for no clinical evidence of neurological
disease outside the optic nerves and spinal cord from the
diagnostic criteria.

There are some other important issues to be resolved in
Lennon and colleagues’ study. NMO-1gG does not explain
the characteristic lesion distribution in NMO, because
NMO-1gG reacts in cerebellum and midbrain slices as well
as spinal cord. NMO-IgG may be a reflection of the
tendancy for European patients with NMO to have high
titres autoantibodies. Severe perivascular inflammation
in NMO may release aquaporin-4 (which was recently
shown to be a possible target antigen of NMO-IgG) from
tissues and secondarily induce aquaporin-4 antibody.”

httpeimeurology thelancel.com Vol 4 October 2005
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Lennon and colleagues® insisted that NMO is not MS
and that OSMS is identical to NMO, inferring that OSMS
is not MS. However, in Japan, OSMS is designated as a
variant of MS. The justifications of both opinions are not
made a priori. Our position that OSMS is a variant of MS,
however, has some advantages in investigation of Asian
MS, because in the MS Forum Asia held in Bangkok and
Ho Chi Minh 2 years ago, it was confirmed that there are
many cases labelled as OSMS in Asia. We believe that the
designation of OSMS is useful until we can obtain
sufficient data about the epidemiology, natural history,
and treatment of this disorder. Recently, Cree and co-
workers® and Saida and colleagues’ demonstrated the
effectiveness of rituximab for refractory NMO, and
interferon beta-1h for OSMS, respectively. At present, it
is too early to conclude that interferon beta is ineffective
in preventing relapses in NMO or OSMS, and large scale
randomised controlied trials are warranted.
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Abstract

Brain capillary endothelial cells (BCECs) play an important role in blood-brain barrier (BBB) functions and pathophysiologic mech-
anisms in brain ischemia and inflammation. We try to suppress gene expression in BCECs by intravenous application of small interfering
RNA (siRNA). After injection of large dose siRNA with hydrodynamic technique to mouse. suppression of endogenous protein and the
BBB function of BCECs was investigated. The brain-to-blood transport function of organic anion transporter 3 (OAT3) that expressed
in BCECs was evaluated by Brain Effiux Index method in mouse. The siRNA could be delivered to BCECs and efficiently inhibited
endogenously expressed protein of BCECs. The suppression eflect of siRNA to OAT3 is enough to reduce the brain-to-blood transport
of OAT3 substrate. benzylpenicillin at BBB. The in vivo siRNA-silencing method with hydrodynamic technique may be useful for the

study of BBB function and gene therapy targeting BCECs.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Small interfering RNA: Blood-brain barrier; Organic anion transporter 3; Brain ischemia: Brain inflammation; Drug delivery system

In brain ischemia and inflammation, the brain capillary
endothelial cells (BCECs) have no longer been regarded
as an inert vascular lining that is injured and morpholog-
ically changed, but actively play many important roles of
these pathophysiologic mechanisms. The inhibition of sig-
naling molecule in BCECs of vascular endothelial growth
factor (VEGF)-induced vasogenic edema can reduce an
ischemic lesion [1]. The inflammatory cell adhesion mole-
cules expressed in BCECs induced by ischemia, such as
intercellular adhesion molecule (ICAM) and E-selectin,
can be a target molecule [2.3] for the therapy of these dis-
eases. Because leukocytes activation and adhesion to
BCECs are believed to contribute to additional, secondary
neuronal injury after reperfusion [4] and initiate immune-

* Corresponding author. Fax: +81 3 5803 0169.
E-mail address: tuk-yokotanurofeumd.acjp (T. Yokota).
! 215t century COE Program on Brain Integration and it's Disorders.

0006-291X/$ - see front matter © 2005 Elsevier Inc. Al rights reserved.
doi:10.1016/j.bbrc.2005.11.173

mediated encephalopathy such as multiple sclerosis [5].
Endothelial nitric oxide synthases expressed in BCECs
are also a possible target molecule. In cerebral ischemia,
nitric oxide is increased and works as a prooxidant via
peroxynitrite |6]. Therefore, BCECs are an important
platform in the cerebral ischemia and inflammation, and
express many constitutively or transiently expressed mole-
cules which might be a therapeutic target for these
pathologies.

RNA interference is a powerful tool for post-transcrip-
tional gene silencing. Recently, we showed an in vitro mod-
el whose function of the transporter protein expressed in
BCECs is inhibited by siRNA |7]. Here, we try to introduce
siRNA by hydrodynamic, intravenous injection method
from mouse tail vein and investigate the siIRNA effect on
brain-to-blood transport function by inhibiting organic
anion transporter 3 (OAT3) with Brain Efflux Index
method.

—183 —



264 T. Hino et al. | Biochemical and Biophysical Research Commiunications 340 (2006) 263-267

Materials and methods

Effect of siRNA on expression of recombinant OAT3 in culture cells. The
mOAT3cDNA was subcloned from pGEM-HEN/Roct (OAT3) 78] into
the Renilla luciferase expression vector, psiCHECK-1 {(Promega).

Human embryonic kidney 293 (HEK?293) cells were transfected with
80 ng of Renillu luciferase-fused OAT3 expression vector, 20 ng of firefly
fuciferase expression vector (pGL3; Promega). and 25 nM siRNA in each
well of 24-well plates. Renilla luciferase activity was normalized with firefly
luciferase activity. The luciferase activities were analyzed after 24 h after
transfection using the Dual Luciferase System (Promega).

Effect of siRNA on uptake of OAT3 substrate in culture cells. The
mOAT3 ¢cDNA was subcloned into the pcDNA3 vector. HEK293 cells in
6-well plates were transfected by 0.5 pg of pcDNA3/OAT3 or vector alone
with 100 nM siRNA using the Lipofectamine 2000 (Invitrogen). Twenty-
four hours after transfection, the cells were passaged into the 24-well
plates, and after another 24 h the cells were washed with phosphate-buf-
fered saline (PBS). The uptake study was initiated at 37 °C by applying
200 i PBS containing 0.5 pCi [*H]benzylpenicillin to estimate the volume
of adherent water. After incubation for 2 min, the radioactivities of *H in
the cells were measured. The uptake of [*H]benzylpenicillin was expressed
as the ratio to control siRNA (shuffle sequence).

Animals. Adult male of Institute of Cancer Research (ICR) mice,
weighing 35-42 g and age 9-10 weeks, were purchased from Charles River
Laboratories. All experiments were approved by the Animal Experiment
Committee of Tokyo Medical and Dental University.

In vivo transduction of siRNA with hyvdrodynamic injection method.
Hydrodynamic injection method has been performed according to a pre-
viously reported method in mice 9). The 50 pg siRNA in a volume
equivalent to 5-10% of the body weight was rapidly injected in 3-5 s into
the mouse tail vein. For comparison, the same amount of siRNA in 0.2 ml
PBS was injected slowly in more than 60 s into the mouse tail vein as a
regular intravenous injection method.

Brain small vascular fractionation and Western blot analysis. Mice
brains were harvested 24 h after application of 50 pg siRNA SODI! with
the hydrodynamic or regular injection method. The total brain homoge-
nate “10] and the brain vascular fraction of small vessels were prepared
using a modified method reported previously 11| Briefly, brains were
homogenized in Dulbecco’s modified Eagle’s medium (DMEM). The
homogenates were dissociated further with 0.005% (wt/vol) dispase (grade
1; Roche Diagnostic) at 37 °C for 2 h. After centrifugation (800g, 5 min).
the pellets were suspended with a dextran solution (A, 70,000: 15% wt/
vol; Sigma) and centrifuged (4 °C. 4500g for 10 min). The pellets were
resuspended with 0.05M PBS for 10min. After centrifugation (800g,
5min), the final pellets of small vessels were resuspended in lysis buffer
(20 mM Tris—HCI, 0.1% SDS, and [% Triton).

Fractionated mouse brain tissues and mouse brain capillary endothe-
lial cell line ~12] cells were homogenized in buffer containing 10 mM Tris—
HC! (pH 7.4). | mM EDTA, 150 mM NaCl, 4% Chaps, | mM phenyl-
methylsulfonyl fluoride (PMSF), and a protease-inhibitor cocktail
{Complete-Mini; Roche Diagnostic). The 2.5 ug samples were separated
with 7.5% SDS-polyacrylamide mini-ge! {Bio-Rad) and transferred to a
polyvinylidene difluoride membrane. The membrane was probed with
anti-glucose-transporter-1 antibodies (Alpha Diagnostic International) or
anti-SOD1 antibodies (Stressgen Biotechnologies) and visualized by using
an ECL Western blot system (Amersham-Pharmacia).

Assay for efflux function of OAT3 in vivo. Fifty micrograms of siRNA
OATS3 or control siRNA was delivered to brain capillary endothelial cells
with hydrodynamic injection via the tail vein. After 36 h. the in vivo brain
efflux experiments were carried out using Brain Efflux Index (BEI) method
as described previously '13). Each mouse was anesthetized intramuscularly
with a mixture of ketamine (125 mg/kg) and xylazine (1.22 mg/kg). then
mounted on a stereotaxic frame (SRS-6; Narishige). to hold the head in
position. Using a dental drill. a bore hole was made 3.8 mm lateral to the
bregma. Then, extracellular flnd buffer (122 mM NaCl, 25 mM NaHCO;,
3ImM KL, 1.4mM CaCly, 1.2mM MgS04, 0.4 mM K;HPO,4, 10 mM
p-glucose, and 10 mM Hepes, pH 7.4) containing 96 nCi *H]benzylpeni-

cillin and 4.8 nCi ["*Clinulin was injected over a period 1 min using a 5.0-
pl microsyringe (Hamilton Reno) fitted with a fine needle at a depth of
2.5 mm from the surface of the scalp, i.e., the secondary somatosensory
cortex 2 (S2) region. The needle was left in this configuration for an
additional 4 min to prevent reflux of the injected solution along the
injection track, before being slowly retracted. After 40 min, the whole
brain was subsequently removed and the left cerebrum was isolated. After
weighing each of these, tissue samples were solubilized in 2 N NaOH at
60 °C for | h and then mixed with Hionic-fluor (Packard). The radioac-
tivity in each sample was assayed in 4 liquid scintillation counter equipped
with an appropriate crossover correction for *H and MC (LS-6500;
Beckman).

The BEI was defined by Eq. (1) and the percentage of substrate
remaining in the ipsilateral cerebrum was determined from Eq. (2).

BEI(%) = test substrate undergoing efflux at the BBB % 100 8
v test substrate injected into the brain (

100-BEIL(%)
(amount of test substrate in the brain/amount of reference in the brain)
- (concentration of test substrate injected /concentration of reference injected)
+100. (2

The percentage of [*H]benzylpenicillin remaining in the brain is given
by (100-BEI).

The data were used when the remaining amount of ['*Clinulin in the
brain was more than 15% of the injected amount. No significant difference
was observed in the remaining percentage of ["*Clinulin. which is a non-
permeable marker, among all samples (#1, 39.7 & 3.5%: #2, 27.5 &+ 3.4%;
#3, 31.4 & 2.9%: #2 shuffle, 28.9 &+ 2.2%) (ANOVA), showing that the
hydrodynamic injection of siRNA did not damage the integrity of BBB.

Data analysis. All data represent means = SEM. An unpaired. two-
tailed Student’s 7 test was used to determine the significance of differences
between two group means. { The difference is certified when P < 0.05.)

Results
SIRNA directed against the OAT3 and SODI genes

Sense sequences of the siRNA designed to OAT3 and
SOD1 genes are described as follows. The siRNA of shuffle
sequence of siRNA OAT3 #2 and siRNA against unrelated
gene, GBV-B virus, were used as negative controls. Upper-
case letters at 3’ end indicate deoxyribonucleotides.

siRNA OAT3 #1:
siRNA OAT3 #2:
siRNA OAT3 #3:
siRNA-shuffle sequence:
siRNA-unrelated control:
siRNA SODI:

5'-ucuacaacagcaccagagaTT-3’
5’-ccauuaucuugaauguggaTT-3’
5'-aaacaaagcaggagecagaTT-3
5'-agugguaaugucuauauccTT-3’
5'-agugguaaugucuaunauccTT-3
5'-gguggaaaugaagaaaguaTT-3’

Effect of siRNA on expression and function of recombinant
OAT3 in culture cells

siRNA OAT3 #2 most effectively reduced the expression
of OAT3 in HEK?293 cells by 86.2% on luciferase activity
compared with control siRNA with shuttle sequence of siR-
NA OAT3 #2 (Fig. 1). siRNA OAT3 #1 and #3 were
moderately effective.

To investigate the inhibition effect of siRNA OAT3 to
its efflux function in vitro. we measured uptake of OAT3
substrate, [*H]benzylpenicillin. After expression of OAT3
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Fig. 1. Effect of siRNAs directed against the OATS3 in vitro. HEK293 cells
were {ransfected with Renillu tuciferase-fused OAT3 expression vector,
Sfirefly luciferase expression vector, and 25 nM siRNA. Reduction effect of
Renilla luciferase activity relative to firefl luciferase activity was analyzed,
Negative controls were the siRNA with randomized sequence of siRNA
OAT3 #2 (siRNA-shufile) and the siRNA against unrelated gene. Data
were averaged from three experiments with SEM indicated.
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Fig. 2. Effect of siRNAs on uptake of OAT3 substrate in culture cells.
Effect of siRNAs OAT3 on the OAT-3-mediated [*Hbenzylpenicillin
uptake in HEK?293 cells. After expression of OAT3 to the cells,
[*H]benzylpenicillin uptake was performed at 2 min. reflecting the initial
uptake phase. All siRNAs were used at a concentration of 100 nM. Each
value represents the mean + SEM (n=4). The increased uptake by
expression of OAT3 was significantly reduced by siRNA OAT3 compared
to siRNA-shuffie and siRNA-unrelated control. (p < 0.0001).

265

to HEK293 cells, the uptake mediated OAT3 was
increased, and siRNA OAT3 #2 significantly inhibited
the increased uptake of the substrate in HEK293 cells,
compared with siRNA-shuffle and siRNA-unrelated con-
trol (Fig. 2).

In vivo delivery of siRNA to brain endothelial cells

We biochemically investigated an inhibitory effect of
siRNA on expression of endogenous protein in BCECs
using brain vascular fraction of small vessels from mouse
brain.

For detection of endogenous protein in BCECs, we used
SODI and siRNA to SODI1, because we have confirmed
the efficient in vivo effect of this siRNA to endogenous
mouse SODI in the siRNA-overexpressed transgenic
mouse {14].

Western blot of the mouse brain small vascular fraction
showed a reduction of endogenous mouse SODI level after
hydrodynamic injection of siRNA SODI1 (Fig. 3A, left),
whereas SODI level in the total homogenate of brain did
not change (data not shown). There was a potentially more
significant level of reduction on a per-BCEC basis, because
the brain small vascular fraction contained proteins from
cells other than BCECs such as pericytes and astrocytes
|15} We roughly estimated the content of BCECs in the
brain small vascular fraction by performing a Western blot
analysis with antibody to glucose-transporter-1 (GLUT-1)
which specifically expressed in BCECs (I'ig. 3B). The band
intensity of GLUT-1 in the brain small vascular fraction
was 4.1 (£ 0.58) times more than that in mouse brain cap-
illary endothelial cell lines which we previously established
[12] (Fig. 3B). Since the cell line contains more than 1/8 of
GLUT-1[12], around 50% protein of the brain small vascu-
lar fraction that we made was supposed to come from brain
endothelial cells.

In contrast, there was not obvious reduction of SODI
level in the small vascular fraction after a regular intrave-

A Hydrodynamic Regular B
injection injection Small
vascular BCEC
Cont,  sIRNA SIRNA fraction
SOD1 e :
GLUT-1 e cokn
B -tubulin
%]
i
100 !
¥ %0 i
260 i
7} |
g % !
£ 20 |
o . L. 2. o .
*P<o.()|C0m' SIRNA Cont. siRNA

Fig. 3. Western blot analysis of mouse brain capillary-rich fraction. (A) The mouse brain small vascular fraction was examined on Western blot analysis
after hydrodynamic (left) and regular (right) injection of 50 pg siRNA SODI. The lower panels indicate percentages of signal intensities of SODI
normalized with that of tubulin. (B) Western blot analysis with 2.5 ug protein of anti-GLUT-1 antibody of the mouse brain small vascular fraction (left)
and mouse brain capillary endothelial cell lines (right). Signal intensity of GLUT-1 in the mouse brain small vascular fraction is 4.1 (4 0.58) times more
than that in mouse brain capillary endothelial cell lines. BCEC, brain capillary endothelial cell line cells.
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Fig. 4. Effect of siRNA on transport function of OAT3 by BEI The 50 ug
siRNA dissotved in the 5-10% volume PBS of mouse body weight was
rapidly injected into the tail vein 36 h before the BEI assay. The residual
radioactivity of OAT3 substrate, ["H]benzylpenicillin in the brain, was
measured at 40 min after intracerebral injection.

nous injection (Fig. 3A, right). These results indicate that
hydrodynamic injection method is effective for delivery of
siRNA to brain capillary endothelial cells.

In vivo effect of sSiIRNA on transporter function of OAT3
in vivo

The in vivo inhibitory effect of siRNA OAT3 on the
brain-to-blood efftux transport was examined with BEI
method with intracerebral injection of OAT3 substrate,
[PH]benzylpenicillin. We intravenously injected siRNA
OAT3 #2 to 11 mice, siRNA OAT3 #1 and #3 to 3 mice
each, and siRNA-shuffle (control) to 7 mice with hydrody-
namic method. Transport function of OAT3 was evaluated
by BEl method at 36 h after the injection of siRNA. The
results of 100-BEI, percentage of OAT3 substrate remain-
ing in the brain after injection, are shown in Fig. 4. The val-
ue of 100-BEI of siRNA OAT3 #2 is significantly higher
than that of siRNA-shuffle by 26.4%. Those of siRNA
OAT3 #1 and #3 were also similarly higher than that of
control. The results that plural different siRNAs to the
OAT3 gene similarly increased 100-BEI value indicated
that these siRINA influences were not “off-target effect”
on molecules other than OAT3 in the brain. Taken togeth-
er, these results suggested that in vivo applied-siRNA to
OAT3 could suppress the brain-to-blood efflux function
of OAT3.

Discussion

This is the first report of successful in vivo inhibition of
endogenous gene in BCECs by systemic intravenous injec-
tion of siRNA. Furthermore, we demonstrated that our
gene silencing effect was enough to suppress the transport
function of OAT3 endogenously expressed in BCECs at
BBB. We could deliver siRNA to BCECs by hydrodynamic

injection method, but not by regular intravenous injection
from the mouse tail vein. It has been thought that a rapid
injection of a large bolus of solution develops a high pres-
sure in the inferior vena cava, causing retrograde move-
ment of the solution to the abdominal organs including
liver and kidneys. Such a sharp increase in venous pressure
enlarges the liver fenestrae and promotes membrane per-
meability of the hepatocytes, making siRNA enter the cells
[16]. Since BCECs are circulated from the tail vein via lung
capillary, the phasic hydrodynamic pressure in the inferior
vena cava should decrease in the lung. However, rapid
loading of extremely large volume of solution, 40-80% of
circulating plasma volume should considerably increase
hydrostatic pressure in the carotid artery due to volume
overload. In addition, the rapid injection of large volume
solution prevents the solution from being mixed with the
serum containing RNase and keeps the concentration of
siRNA extremely high when it is delivered to BCECs.

This in vivo knockdown method with siRNA to BCECs
is expected to be a powerful tool for investigating function
of BBB. The BBB is formed by the tight intercellular junc-
tions of BCECs and regulates CNS homeostasis and drug
delivery by restricting the transfer of substances between
the circulating blood and the brain [17]. We have developed
Brain Efflux Index as a reliable in vivo method of analyzing
efflux transport at the BBB [18]. The efflux function of a
transporter protein expressed in BCECs, such as OATS3,
can be well evaluated by combining in vivo knockdown
method with siRNA and BEI method.

Since synthetic siRNA does not work in the cells for no
more than six days [19], long-term silencing of the target
gene is necessary for investigating other functions of
BCECs in the pathophysiology of atherosclerosis and Alz-
heimer's disease. Long-standing gene suppression can be
achieved in vivo with adenovirus and adeno-associated
virus (AAV) vectors expressing short hairpin RNA
(shRNA) [20.21]. Actually, with the adenovirus expressing
shRNA to SODI gene (2.0 x 10° pfu), we could efficiently
suppress the endogenous SOD1 level of brain capillary-rich
fraction by regular intravenous injection into mouse tail
vein (unpublished data). For the evaluation of BCEC func-
tion, however, the AAV may be better than adenovirus,
because BBB function should be less affected due to limited
local immune response to the AAYV capsid [22].

The hydrodynamic injection does not cause marked
injury to organs in the animals | 23], but it is hard to be clin-
ically applied to patients because of its extremely high
hydrostatic pressure and volume overload. Possible alter-
nate is a regional delivery of large dose siRNA into carotid
artery, but development of less invasive systemic delivery
system In vivo is necessary for a therapeutic application
of siRNA. Novel cationic liposomes have been reported
to transduce efficiently siRNA into the liver [24] as well
as tumor tissue [25]. These siRNAs formulated with cation-
ic liposomes also induce interferons and cytokines in vivo
through toll-like receptors {26.27] which should change
the BBB function. Recently, the lipid-conjugated siRNA
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at the 5'-end of the sense strand enhanced cellular uptake
and gene silencing |28). Combined with chemical modifica-
tion of 2’-O-methylation and phosphorothioate to stabilize
siRNA, substantial gene silencing in the liver and jejunum
was achieved by a regular intravenous injection into the
mouse tail vein [29]. Now, we are trying to use these new
siRINA delivery methods to achieve more effective, stable,
and safe gene suppression in BCECs for a clinical
application.
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Abstract

The 14-3-3 protein family consists of acidic 30-kDa proteins composed of seven isofonns in mammalian cells, expressed abundantly in neurons
and glial cells of the central nervous system (CNS). The 14-3-3 isoforms form a dimer that acts as a molecular adaptor interacting with key signaling
components involved in cell proliferation, transformation, and apoptosis. Until present, more than 300 proteins have been identified as 14-3-3-
binding partners, although most of previous studies focused on a limited range of 14-3-3-interacting proteins. Here, we studied a comprehensive
profile of 14-3-3-binding proteins by analyzing a high-density protein microarray using recombinant human 14-3-3 epsilon protein as a probe.
Among 1752 proteins immobilized on the microarray, 20 were identified as 14-3-3 interactors, most of which were previously unreported 14-3-
3-binding partners. However, 11 known 14-3-3-binding proteins, including keratin 18 (KRT18) and mitogen-activated protein kinase-activated
protein kinase 2 (MAPKAPK2), were not identified as a 14-3-3-binding protein. The specific binding to 14-3-3 of EAP30 subunit of ELL complex
(EAP30), dead box polypeptide 54 (DDX54), and src homology three (SH3) and cysteine rich domain (STAC) was verified by immmunoprecipitation
analysis of the recombinant proteins expressed in HEK293 cells. These results suggest that protein microarray is a powerful tool for rapid and

comprehensive profiling of 14-3-3-binding proteins.
© 2005 Published by Elsevier B.V.

Keywords: 14-3-3-Binding protein; Immunoprecipitation; Protein microarray; Protein—protein inferaction; STAC

1. Introduction

The 14-3-3 protein family consists of evolutionarily con-
served, acidic 30-kDa proteins composed of seven isoforms
named B,, €, {, M, 8, and o in mammalian cells. A homodimeric
or heterodimeric complex composed of the same or distinct iso-
forms constitutes a large cup-like structure possessing an amphi-
pathic groove with two ligand-binding capacity (Fu et al., 2000;
van Hemert et al., 2001). The dimeric complex acts as a molecu-
lar adaptor that interacts with key signaling molecules involved
in cell differentiation, proliferation, transformation, and apop-
tosis. It regulates the function of target proteins by restricting
their subcellular location, bridging them to modulate catalytic
activity, and protecting them from dephosphorylation or pro-
teolysis (Dougherty and Morrison, 2004; MacKintosh, 2004),
Although 14-3-3 is widely distributed in neural and non-neural
tissues, it is expressed most abundantly in neurons in the central

* Corresponding author. Tel.: +81 42 341 2711, fax: +81 42 346 1753,
E-mail address: satoj@ncnp.go.jp (1.-1. Satoh).

0165-0270/% - sce {ront matter € 2005 Published by Elsevier B.V.
doi:10.1016/) jneumeth.2005.09.015

nervous system (CNS), where it represents 1% of total cytosolic
proteins (Berg et al,, 2002). Aberrant expression and impaired
function of 14-3-3 in the CNS are associated with pathogenetic
mechanisms of Creutzfeldit-Jacob disease, Alzheimer disease,
Parkinson disease, spinocerebellar ataxia, amyotrophic lateral
sclerosis, and multiple sclerosis (Chen et al., 2003; Kawamoto
et al,, 2002; Layfield et al., 1996, Malaspina et al., 2000; Satoh
et al,, 2004: Zerr et al., 1998).

In general, the 14-3-3 protein interacts with phosphoserine-
containing motifs of the ligands such as RSXpSXP (mode
I) and RXXXpSXP (mode II) in a sequence-specific manner
(Dougherty and Morrison, 2004; MacKintosh, 2004). Previ-
ously, more than 300 proteins have been identified as being
14-3-3-binding partners. They include key signaling compo-
nents, such as Raf-1 kinase, Bcl-2 antagonist of cell death
(BAD), protein kinase C (PKC), phophatidylinositol 3-kinase
(PI3K), and cdc25 phosphatase (Fu et al., 2000: van Hemert
et al., 2001). Binding of 14-3-3 to Raf-1 is indispensable for
its kinase activity in the Ras-MAPK signaling pathway, and
the interaction of 14-3-3 with BAD, when phosphorylated by
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a serine/threonine kinase Akt, inhibits apoptosis. Recent studies
indicate that the 14-3-3 protein could interact with a set of tar-
get proteins in a phosphorylation-independent manner (Dai and
Murakami, 2003; Henriksson et al., 2002; Zhai et al,, 2001).
Increasing knowledge of interactions between 14-3-3 and inter-
acting molecules would help us to understand the biological
function and pathological implication of the 14-3-3 protein net-
warks.

The yeast two-hybrid (Y2H) system is a powerful approach
to identify novel protein-protein interactions. However, Y2H
screening requires a lot of time and effort, and is often criticized
for detecting the interactions unrelated to the physiological set-
ting and obtaining high rates of false positive interactors caused
by spontaneous activation of reporter genes and self-activating
bait proteins (Vidalain et al., 2004; Zhang et al., 2004). Affin-
ity purification coupled with mass spectrometry (APMS) is an
alternative approach to identify the components of protein com-
plexes on a large scale. This approach has been taken to identify
a wide variety of 14-3-3-interacting proteins involved in cell
proliferation, metabolism, and survival (Benzinger et al., 2005;
Tin et al., 2004; Meek et al., 2004; Pozuelo Rubio et al., 2004).
Although the APMS procedure detects binding partners of phys-
iological significance, it is laborious and has a difficulty in
detecting transmembrane proteins and loosely associated com-
ponents that might be lost during purification (von Mering et
al,, 2002). Recently, protein microarray technology has been
established for rapid, systematic, and less expensive screening of
thousands of protein—protein, protein—lipid, and protein—nucleic
acid interactions in a high-throughput fashion. This approach has
important applications in the areas not only of basic biological
research but also of drug discovery research, including identifi-
cation of the substrates of protein kinases and the protein targets
of small molecules (Chan et al., 2004; MacBeath and Schreiber,
2000; Michaud et al,, 2003; Zhu et al., 2001).

The present study was designed for the first time to identify
a comprehensive profile of human 14-3-3-binding proteins by
analyzing a high-density protein microarray.

2. Materials and methods
2.1. Preparation of a probe for microarray analysis

Human embryenic kidney cells HEK293 whose genome was
modified for the Flp-In system (Flp-In 293) were obtained from
Invitrogen, Carlsbad, CA. Flp-In 293 cells contain a single Flp
recombination target (FRT) site targeted for the site-specific
recombination, integrated in a transcriptionally active locus of
the genome, where it stably expresses the lacZ-Zeocin fusion
gene driven from the pFRT/lacZeo plasmid under the control
of SV40 early promoter. Flp-In 293 cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 U/ml of penicillin, and
100 pg/ml of streptomycin (feeding medium) with inclusion of
100 pg/ml of Zeocin (Invitrogen) as described previously (Satoh
and Yamamura, 2004).

To prepare the probe for protein microarray analysis, the open
reading frame (ORF) of the human 14-3-3¢ gene (YWHAE) was

amplified from ¢cDNA of NTera2-N cells (Satoh and Kureda,
2000) by PCR using PfuTurbo DNA polymerase (Stratagene,
La Jolla, CA, USA) and the primer sets listed in Table 1. The
PCR product was then cloned into a mammalian expression
vector pSecTag/FRT/V5-His TOPO (Invitrogen) to produce a
fusion protein with a C-terminal V5 (GKPIPNPLLGLDST) tag,
a C-terminal polyhistidine (6 x His) tag, and an N-terminal Ig k-
chain secretion signal. This vector, together with the Flp recom-
binase expression vector pOG44 (Invitrogen), was transfected
in Flp-In 293 cells by Lipofectamine 2000 reagent (Invitrogen).
A stable cell line was established after incubating the trans-
fected cells for approximately 1 month in the feeding medium
with inclusion of 100 pg/ml of Hygromycin B (Invitrogen). It
was named 293 eV5. The recombinant protein was secreted into
the culture medium of 293 eV5 cells after the Ig k-chain secre-
tion signal sequence was processed by an endogenous signal
peptidase-mediated cleavage.

To purify the recombinant 14-3-3¢ protein, the culture super-
natant of 293 eVS5 cells incubated for 48h in the serum-free
DMEM/F-12 medium was harvested and concentrated at an 1/40
volume by centrifugation on an Amicon Ultra-15 filter (Milli-
pore, Bedford, MA). It was then purified by the HIS-select spin
column (Sigma, St. Louis, MO) and concentrated at an 1/10 vol-
ume by centrifugation on a Centricon-10 filter (Millipore). The
protein concentration was determined by a Bradford assay kit
(BioRad, Hercules, CA). The purity and specificity of the probe
were verified by Western blot analysis using mouse monoclonal
anti-V5 antibody (Invitrogen) and rabbit polyclonal antibedy
specific for the 14-3-3¢ isoform (IBL, Gumma, Japan).

2.2. Protein microarray analysis

ProtoArray human protein microarray (v1.0) commercially
available from Invitrogen was utilized in the present study. I
contains 1752 human proteins of various functional classes
spofted in duplicate on a nitrocellulose-coated glass slide. To
prepare target proteins immobilized on the microarray, an N-
terminal glutathione-S transferase (GST)-6x His fusion protein
derived from the genes selected from the human ultimate ORF
clone collection (Invitrogen) was expressed in Sf9 insect cells
by using the baculovirus expression system (Invitrogen). Either
the full-length or the partial fragment of recombinant proteins,
was purified under native conditions by glutathione affinity
chromatography in the presence of protease inhibitors, then pro-
cessed for spotting on the slides. The proteins were printed in
an arrangement composed of 4 x 12 subarrays equally spaced
in vertical and horizontal directions (Fig. 1a). Each subarray
included 16 x 16 spots, composed of 48 control spots (C), 80
human proteins (H), and 128 blanks (B) (Fig. 1¢). The control
proteins (C) were composed of 14 positive control spots and
34 negative control spots. The former includes four spots of an
Alexa Fluor 647-1abeled antibody (rows 1, 8; colurrms 1, 2), six
spots of a concentration gradient of a biotinlyated anti-mouse
antiboedy with a capacity to bind to mouse monoclonal anti-V5
antibody conjugated with Alexa Fluor 647 (row §; columns 3-8),
and four spots of a concentration gradient of V5 protein (row
8: columns 13-16). The latter includes six spots of a concentra-
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Table 1

Primers utilized for PCR-based cloning and site-directed mutagenesis

Cloning vector

Antisense primers

Sense primers

GenBank accession no.

Proteins (amino acid residues)
14-3-3¢ Isoform (2-255)

Genes

pSecTag/FRT/V5-His TOPO
pcDNA4/HisMax-TOPO

S’'gatgatcpagaggatetggtgtac3’ 5’ctgattttegtettccacgtectg3d’

NM.006761

YWHAE
EAP30
DDX54
STAC

S'teaggggagggctictetggected’
S'teacatcctettcegeatettgeed’
S'tcagatgttttctagtacatcaag3’

Fcaccgeegegpegtgagagetgged
5'gegpecpacaagggeccggegget3’
Satcceteegageagececegegap3’

NM_007241

EAP30 subunit of ELL compiex (2-258)
Dead box polypeptide 54 (2-881)

pcDNA4/HisMax-TOPO

NM_024072

pcDNA4/HisMax-TOPO

NM_003149

src homology three and cysteine rich domain (2-

402. full length)

pcDNA4/HisMax-TOPO

S'paatgageaagpgprapocotagtaa-

cgecgaaac3’

NM_003149 Y gtttcggegttactacgecteecectt-

src homology three and cysteine rich domain (2-

402 with S172A; SMT)

STAC

modified by site-directed

mutagenesis

geteatted’

pcDNA4/HisMax-TOPO

S'atgaatgagcaaggggpcggept-

agtaacgeegd’

Y cggegttactacgecgeceectt-

gcteatteat3’

NM.003149

src homology three and cysteine rich domain (2-

402 with S172A and S173A: DMT)

STAC

modified by site-directed

mutagenesis
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pcDNA4/HisMax-TOPO

$atccctecgageagecceegegagy 5'tcaaagatctgaagtagaggttct3’

NM_003149

src homology three and cysteine rich domain (2-

233. N-terminal half: NTF)

STAC

pcDNA4/HisMax-TOPO

5'tcagecacctggatgeagaccage3’

src homology three and eysteine rich domain (234- NM_003149 gtggagpttcetgaggaagecaatd’
402. C-terminal half: CTF)

STAC

pcDNA4/HisMax-TOPO

S'atccetecgageagecceegegagl S'tcatggeagetigeccatgeacegd’

NM_003149

src homology three and cysteine rich domain (2-

164. truncated form A: TR-A)

STAC

pcDNA4/HisMax-TOPO

S’atcectcegageagecceegegagd’ S’tcagecacctggatgeagaccage3’

NM.003149

src homology three and cysteine rich domain (2-

105. truncated form B; TR-B)

STAC

The PCR product was cloned into a vector pSecTag/FRT/V5-His TOPOQ to express a fusion protein with a V5 tag or into a vector pcDNA4/HisMax-TOPO to express a fusion protein with a Xpress tag in HEK293

cells.

tion gradient of bovine serumn albumin (BSA) (row 1; columns
3-8), four spots of a concentration gradient of a rabbit anti-GST
antibody (row 1; columns 9-12), four spots of a concentration
gradient of calmodulin (row 1; columns 13-16), 16 spots of a
concentration gradient of GST (row 2; columns 1-16), two spots
of buffer only (row 8; columns 9,10), and two spots of an anti-
biotin antibody (row 8; columns 11,12). The complete list of
1752 farget proteins immobilized on the microarary is shown in
Supplementary Table 1 online.

Non-specific binding was blocked by incubating the microar-
ray for 90 min in the PBST blocking buffer composed of' 1% BSA
and 0.1% Tween 20 in phosphate-buffered saline (PBS). Then,
it was incubated for 30min at 4°C with the probe described
above at a concentration of 50 pg/ml in the probing buffer
composed of 1% BSA, SmM MgCly, 0.5mM dithiothreitol
(DTT), 0.05% Triton X-100, and 5% glycerol in PBS. The
array was washed three times with the probing buffer, fol-
lowed by incubation for 30 min at 4 °C with mouse monoclonal
anti-V5 antibody conjugated with Alexa Fluor 647 (Invitro-
gen) at a concentration of 260 ng/ml in the probing buffer. The
array was washed three times with the probing buffer, and then
scanned by the GenePix 4200A scanner (Axon Instruments,
Union City, CA) at a wavelength of 635nm. The data were

analyzed by using the ProtoArray Prospector software v2.0°

(Invitrogen) following acquisition of the microarray lot-specific
information online, including inter-lot variations in protein con-
centrations (hitp:/www.invitrogen.com/protoarray). According
to the default setting of the software, the spots showing the
background-subtracted signal intensity value greater than the
median plus three standard deviations of all the fluorescence
intensities were considered as having a significant binding.
The Z-score, an indicator for statistical evaluation of binding
specificity, was calculated as the background-subtracted sig-
nal intensity value of the target protein minus the average of
the background-subtracted signal intensity value from the neg-
ative control distribution, divided by the standard deviation of
the negative control distribution. All the procedure described
above could be accomplished within 5. The 14-3-3-binding
consensus motif mode I (RSXpSXP) sequence located in tar-
get proteins was surveyed by the Scansite Motif Scanner, which
assesses the probability of a site matching the candidate motif
under high, medium, or low stringent conditions (Obenaver
et al., 2003). The information on known 14-3-3 interactors
was obtained from Biomolecular Interaction Network Database
(BIND; http://www.bind.ca) and PubMed database search.

2.3. Transient expression of 14-3-3-binding proteins in
HEK293 cells

To verify the results of microarray analysis, the ORF of the
genes encoding EAP30 subunit of ELL complex (EAP30), dead
box polypeptide 54 (DDX54), and src homology three (SH3) and
cysteine rich domain (STAC) were amplified by PCR using Pfu-
Turbo DNA polymerase and the primer sets listed in Table 1.
They were then cloned into a mammalian expression vector
pcDNA4/HisMax-TOPO (Invitrogen) to produce a fusion pro-
tein with an N-terminal Xpress tag. To express the STAC mutant
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(a) Human protein microarray
{h) 14-3-3e-V5

vertical

(c) subarruy

(1) EAP30 (e) DDX54 () STAC

verticat

subnrray 3, row 7 snborray 27, row 1 subnrray 39, row §
cohnnus 11,12 columns 15,16 columins 3. 2

horizontal

Fig. 1. Protein microarray analysis. (a) Human protein microarray. The microarray contains 1752 distinet human proteins of various functional classes spotted
in duplicate on a nitrocellulose-coated glass slide. They are printed in an airangement of 4 > 12 subarrays equally spaced in vertical and horizontal directions. A
representative subarray is indicated by an enclosed yellow line. (b) Recombinant human 14-3-3¢ protein tagged with V5. One microgram of the protein was processed
for Western blot analysis using anti-V5 antibody (lane 1) or anti-14-3-3¢ antibody (lane 2). (c) Layout of the subarray. Each subarray includes 16 > 16 spots composed
of 48 contro} spots (C), 80 human proteins (H), and 128 blanks (B). The positive control spots include an Alexa Fluor 647-labeled antibody (rows 1, 8; columns 1, 2;
strong signals), a concentration gradient of a biotinlyated anti-mouse antibody with a capacity to bind to mouse monoclonal anti-VS5 antibody conjugated with Alexa
Fluor 647 {row 8; columns 3-8; signals visible on the higher concentration), and 2 concentration gradient of V5 protein (row 8; columns 13-16; signals visible on
the higher concentration). (d) EAP30. (¢) DDX54. (f) STAC. The three proteins indicated by an enclosed yellow line located on different subarrays (d, f) represent
an example identified as showing significant binding to the probe.

{a) {c)

i
1433 WY e
STAC | e s NTF WT
T CTF
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PP PN
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(+PPY) LR WY _ _— ) )myj‘ \ '\/V\N)
(+PP1)

Fig. 2. Immunoprecipitation analysis of 14-3-3-binding proteins. (a) Binding of STAC fo 14-3-3. Total protein extract of HEK293 cells expressing Xpress-tagged
recombinant STAC was processed for immunoprecipitation (IP) with rabbit polyclonal antibody reacting with all 14-3-3 isoforms (X-19) or with normal rabbit IgG.
The immunoprecipitaies were then processed for Western blot analysis using mouse monoclonal antibody reacting with all 14-3-3 isoforms (H-8) (upper panel} or
mouse monoclonal anti-Xpress antibody (lower panel). Lanes (1-3) represent (1) the input control, and IP with (2) K-19 and (3) normal rabbit IgG. (b) Binding
of EAP30 and DDX54 to 14-3-3. Total protem of HEK293 cells expressing Xpress-tagged recombinani EAP30 or DDX54 extracted by using the lysis buffer with
inclusion of phosphatase inhibitors or with inclusion of protein phosphatase-1 (PP1) instead of phosphatase inhibitors (+PP1) was processed for IP with K-19 or with
normal rabbit IgG, The immunoprecipitates were then processed for Western blot analysis using anti-Xpress antibedy. Lanes (1-3) represent (1) the input control, and
IP with (2) K-19 and (3) normal rabbit IgG. (c) Binding of muiant and truncated STAC 1o 14-3-3. Total protein was extracted from HEK293 cells expressing a pane]
of Xpress-tagged recombinant STAC proteins. They include the full-length wild-type (WT) STAC, e N-ferminal half (NTF), the C-terminal half (CTF), the S172A
mutant (SMT), the S172A and S173A double mutant (DMT), the truncated form lacking the 14-3-3-binding consensus motif RY'YSSP (TR-A), the truncated form
lacking the cysteine-rich domain {CRD) (TR-B), and WT STAC isolated by using the lysis bufler with inclusion of PP1 instead of phosphatase inhibitors (WT +PP1).
Primers utilized for PCR-based cloning and sife-direcied mutagenesis are listed in Table 1. The lysate was processed for IP with K-19 or with normal rabbit 1gG. The
immunoprecipitales were then processed for Western blof analysis using anti-Xpress antibody. Lanes (1-3) represent (1) the input confrol, and IP with (2) K-19 and
(3) normal rabbit IgG. (d) The sequence of the 14-3-3-binding consensus motif located in amino acid residues 169-174 in expression vectors of STAC. The panels
indicate WT (nucleotide sequence CGT-TAC-TAC-AGC-TCC-CCC: the corresponding amino acid sequence RYYSSP), SMT (CGT-TAC-TAC-GCC-TCC-CCC:
RYYASP), and DMT (CGT-TAC-TAC-GCC-GCC-CCC: RYYAAP).
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with a single amino acid substitution S172A (the single mutant;
SMT) or with double amino acid substitutions S172A and
S173 A (the double mutant; DMT), the pcDNA4/HisMax-TOPO
vector containing the wild-type (WT) STAC gene was modified
by consecutive site-directed mutagenesis using QuikChange Il
site-directed mutagenesis kit (Stratagene) and the primer sets
listed in Table 1. The mutations introduced in the vector were
verified by sequencing analysis (Fig. 2d). All these vectors were
transfected in HEK293 cells by Lipofectamine 2000 reagent.

2.4. Immunoprecipitation analysis

To prepare total protein extract, the cells were homoge-
nized and incubated at room temperature for 30 min in M-PER
lysis buffer (Pierce, Rockford, IL) supplemented with a cocktail
of protease inhibitors (Sigma), with inclusion of phosphatase
inhibitors (Sigma) to maintain the protein phosphorylation sta-
tus or with inclusion of recombinant protein phosphatase-1
(PP1) catalytic subunit a-isoform (5 U/ml; Sigma) instead of
phosphatase inhibitors to induce the protein dephosphorylation
reaction (Ichimura et al., 2005), followed by centrifugation at
12,0001pm at 4°C for 20min. After preclearance, the super-
natant was incubated at 4 °C for 3 h with 30 jg/ml rabbit poly-
clonal anti-14-3-3 protein antibody (K19)-conjugated agarose
(Santa Cruz Biotechnology, Santa Cruz, CA) or the same amount
of normal rabbit IgG-conjugated agarose (Santa Cruz Biotech-
nology). After several washes, the immunoprecipitates were
processed for Western blot analysis using mouse monoclonal
anti-14-3-3 protein antibody (H-8, Santa Cruz Biotechnology)
and mouse monoclonal anti-Xpress antibody (Invitrogen). K-19
and H-8 antibodies recognize all 14-3-3 isoforms. The spe-
cific reaction was visnalized using a chemiluminescent substrate
(Pierce).

3. Results

3.1. Protein microarray analysis identified 20 distinct
14-3-3-binding partners

To analyze a high-density human protein microarray, the
recombinant 14-3-3¢ protein tagged with V5 was purified form
the supernatant of 293 eV5 cells secreting the recombinant pro-
tein in the culture medium. Western blot analysis verified the
purity and specificity of the probe (Fig. 1b). Among 1752 pro-
teins on the microarray, 20 were identified as the proteins show-
ing significant binding to the probe (Table 2). All of these were
previously unreported 14-3-3-binding partners by the BIND
search. Seven were hypothetical clones of uncharacterized func-
tion, derived from the mammalian genome collection IMGC) or
the full-length long Japan (FLIT). Thirteen annotated proteins
included EAP30 subunit of ELL complex (EAP30) (Fig. 1d),
lymphocyte cytosolic protein 2 (LCP2), methionine aminopep-
tidase 2 (METAP2), melanoma antigen family B, 4 MAGEB4),
chondroitin 4 sulfotransferase 11 (CHST11), nuclear inleracting
partner of anaplastic lymphoma kinase (ZC3HC1), minichromo-
some maintenance deficient 10 (MCM10), DEAD box polypep-
tide 54 (DDX54) (Fig. 1e), heterogeneous nuclear ribonucleo-

protein C (HNPRC), fibroblast growth factor 12 (FGF12), glu-
tathione S-transferase M3 (GSTM3), src homology three (SH3)
and cysteine rich domain (STAC) (Fig. 1f), and ATPase, H+
transporting, lysosomal, 21 kDa, VO subunit C” (ATP6V0B).
The 14-3-3-binding consensus motif mode I (RSXpSXP) was
found only in STAC (pS172) and HNRPC (pS125) by the Scan-
site Motif Scanner search under the high stringent condition,
while 15 of 20 proteins have one or several motifs when a query
with the medium or low stringency was performed (Table 2).

3.2. Immunoprecipitation analysis validated the specific
binding to 14-3-3

EAP30, DDX54, and STAC were selected to verify theresults
of microarray analysis, in view of their higher Z-scores. The
recombinant proteins were expressed in HEK293 cells, which
constitutively express a substantial amount of endogenous 14-
3-3 protein. Total protein was extracted by using the lysis buffer
with inclusion of phosphatase inhibitors to maintain the protein
phosphorylation status or with inclusion of recombinant protein
phosphatase-1 (PP1) instead of phosphatase inhibitors to induce
the protein dephosphorylation reaction, followed by processing
for immunoprecipitation (IP) with rabbit polyclonal antibody
reacting with all 14-3-3 isoforms (K-19) or with normal rab-
bit IgG. K19 coimmunoprecipitated 14-3-3 and STAC from the
lysate of HEK293 cells expressing the recombinant STAC pro-
tein, whereas normal rabbit IgG did not pull down these proteins
(Fig. 2a). K-19 immunoprecipitated EAP30 and DDX54 from
the lysate of HEK 293 cells expressing the recombinant EAP30
or DDX54 protein, respectively, under both phosphorylated and
dephosphorylated conditions (Fig. 2b). These results indicate
that EAP30, DDX54, and STAC could interact with the endoge-
nous 14-3-3 protein in HEK293 cells where the corresponding
recombinant proteins were expressed.

STAC has the highly stringent 14-3-3-binding consensus
motif RYYSSP in amino acid residues 169-174 (pS172), as sug-
gested by the Scansite Motif Scanner (Table 2). Therefore, a
possible invelvement of this motif in binding to 14-3-3 was
investigated by IP analysis of a series of mutant and truncated
STAC proteins (Table 1). K-19 immunoprecipitated the full-
length wild-type (WT) STAC comprised of amino acid residues
2-402 (Fig. 2a and c). K-19 also pulled down the S172A mutant
(SMT), and the S172A and S173A double mutant (DMT), and
the N-terminal half (NTF; amino acid residues 2-233) from the
lysate of HEK293 cells expressing the corresponding recombi-
nant proteins (Fig. 2¢). Inn confrast, K-19 did not pull down the
C-terminal half (CTF; amine acid residues 234-402) (Fig. 2¢).
These observations indicate that the RYYSSP motif'is not essen-
tial for binding of STAC to 14-3-3. This was confirmed by the
observations that K-19 immunoprecipitated the truncated form
lacking the RYYSSP sequence (TR-A; amino acid residues 2-
164) and the shortest form lacking both the RY'Y SSP sequence
and the cysteine-rich domain (CRD) (TR-B; amino acidresidues
2-105) from the lysate of HEK293 cells expressing the corre-
sponding recombinant proteins (Fig. 2¢). Finally, the full-length
WT STAC interacted with 14-3-3 under the dephosphorylated
condition (Fig. 2c¢). These observalions indicate that the 14-
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