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Parkin Potentiates ATP-Induced Currents Due to
Activation of P2X Receptors in PC12 Cells
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Loss-of-function mutations of the parkin gene causes an autosomal recessive juvenile-onset form of Parkinson's disease (AR-JP).
Parkin was shown to function as a RING-type E3 ubiquitin protein ligase. However, the function of parkin in neuronal cells remains
elusive. Here, we show that expression of parkin-patentiated adenosine triphosphate (ATP)-induced currents that result from
activation of the P2X receptors which are widely distributed in the brain and involved in neurotransmission. ATP-induced inward
currents were measured in mock-, wild-type or mutant (T415N)-parkin-transfected PC12 cells under the conventional whole-cell
patch clamp configuration. The amplitude of ATP-induced currents was significantly greater in wild-type parkin-transfected cells.
However, the immunocylochemical study showed no apparent increase in the number of P2X receplors or in ubiquitin levels. The
increased currents were attenuated by inhibition of cAMP-dependent protein kinase (PKA) but not protein kinase C (PKC) or Ca**
and calmodulin-dependent protein kinase (CaMKIIl). ATP-induced currents were also regulated by phosphatases and cyclin-
dependent protein kinase 5 (CDK5) via dopamine and cyclic AMP-regulated phosphoprotein (DARPP-32), though the
phosphorylation at Thr-34 and Thr-75 were unchanged or rather attenuated. We also tried to investigate the effect of z-synuclein,
a substrate of parkin and also forming Lysine 63-linked multiubiquitin chains. Expression of a-synuclein did not affect the amplitude
of ATP-induced currents. Our finding provides the evidence for a relationship between parkin and a neurotransmitter receptor,

suggesting that parkin may play an important role in synaptic activity.

|. Cell. Physiol. 209: 172182, 2006. © 2006 Wiley-Liss. Inc.

Recessive juvenile-onset form of Parkinson's disease
(AR-JP) is the most frequent form of familial Parkin-
son’s disease (PD). Mutations in the parkin gene were
originally discovered from the linkage study of Japanese
AR-JP families (Kitada et al., 1998). Thereafter its
mutations have been found worldwide and parkin gene
is now accepted as one of eight genes responsible for
Parkinson’s disease (see review hy Cookson, 2005).

It has been demonstrated that parkin is associated
with the ubiquitin—proteasome system. Wild-type par-
kin encodes for a protein-ubiquitin E3 ligase, which
ubiqutinates many substrate proteins to enhance their
dcgradamon by the 268 proteasomes (Imai et al., 2000,

himura et nf 2000; Zhang et al., 2000). As parkin
mut.atlons lose their E3 ligase activity, it is thought
that accumulation of parkin substrate may lead to the
selective death of catecholaminergic cell death (Koetal.,
2005) and familial-associated mutations differentially
disrupt the solubility, localization, binding, and uni-
biquitination properties of parkin (Sriram et al.,
2005).

It is reported that parkin is localized on surface
of synaptic vesicle membranes (Kubo et al., 2001).
As substrates of parkin, some synaptic proteins were
reported, such assynaptotagmin XI (Huynh et al, 2003),
septin CDCrel-1 (Zhang et al., 2000), and synphylinl
(Lim et al., 2005), suggesting that parkin may have a
neuronal function. However, the nature of this function
is unknown, Therefore, we have investigated the effect
of parkin on one of receptor channels that affect neuro-
transmitter secretion.

© 2006 WILEY-LISS, INC.

Adenosine triphosphate (ATP) and related nucleo-
tides induce a release of catecholamines, including
dopamine, in PC12 pheochromocytoma cells, a fre-
quently used model for sympathetic neurons (Sela
et al., 1991; Nakazawa and Inoue, 1992). ATP receptors
are divided into two subtypes, P2X and P2Y receptors.
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PARKIN POTENTIATES P2X RECEPTOR CHANNELS

P2X receptors are ionotropic receptors and form cationic
channels, while P2Y receptors are G-protein-coupled
receptors. Recently, we have reported that P2X recep-
tor-induced membrane currents were augmented by
ubiquitin carboxy-terminal hydrolase L1 (UCH-L1),
presumably due to upregulation of mono-ubiquitin level
(Manago et al., 2005). Therefore, the ubiquitin—protea-
some pathway is also implicated in the function of ATP
receptors.

In the present study, we analyzed relationships
between parkin and P2X receptors by expressing parkin
or a familial-linked mutant parkin (T415N-parkin)
which lacks ubiquitin E3 ligase activity in PCI12 cells.
This is the first evidence to show the relationship
between physiological function of parkin and receptor
channels involved in neurotransmitter secretion. These
findings may help to understand the function of parkin
in the nervous system and the mechanism of Parkin-
son’s disease caused by dysfunction of parkin.

MATERIALS AND METHODS
Chemicals

RPMI-1640 medium, ATP-2Na, H-89 (N.[2-(p-bromoocina-
mylamino)ethyl]-5-isoquinolinesulfonamide), H-85, cheler-
ythrine, roscovitine (2-(R)-(1-Ethyl-2-hydroxyethylamino)-6-
benzylamino-9-isopropylpurine), and PD88059 (2'-Amino-3'-
methoxyflavone) were from Sigma (St. Louis, MO). Nerve
growth factor (NGF) and Lipofectamine 2000 were from
Invitrogen (Carlsbad, CA), KN-83 (2-[N-(2-hydroxyethyl)]-N-
(4-methoxybenzenesulfonyl)lamino-N-(4-chlarocinnamyl)-N-
methylbenzylamine) and okadaic acid was from Calbiochem
(San Diego, CA).

Cell culture

PC12 Tet-off cells were grown in RPMI-1640 medium
containing 5% fetal bovine serum (FBS) (Cell Culture
Technologies, Lugano, Switzerland), 10% horse serum (HS)
(Invitrogen), 100 units/ml penicillin (Life Technologies, Rock-
ville, MD), and 100 pg/ml streptomycin (Life Technologies) in a
humidified atmosphere with 10% CO; at 37 C. To differentiate
cells, 100 ng/ml of NGF was added to the RFM 1640 medium
with 0.1% HS, 0.05% FBS, 50 unit/ml penicillin, and 100 pg/ml
streptomyein for 4 days.

Transfection

Plasmids used for transfection were constructed using
pIRES-EYFP wvector (Clontech, Nottinghamshire, UK). For
electrophysiological recording, PC12 Tet-OfT cells were trans-
fected with mock, Flag-tagged wild-type or mutant (T415N)
parkin cDNA, using Lipofectamine 2000, The engineered PC12
cells are constructed to have higher transfection efficiency
than wild-type PC12 cells (unpublished data). After 24 h of
transfection, cells were treated with NGF and differentiated
for 4-5 days. More precisely, 3.0 x 10° cells were seeded in 35-
mm dishes in RPMI with 10% HS and 5% FBS. Twenty-four
hours after seeding, the medium was replaced with 500 ul of
serum-free RPMI 1640 medium, Then, the transfection
mixture containing 4 pg of ¢eDNA and 10 pl of Lipofectamine
2000 in 500 pl of RPMI-1640 was added to each dish and
incubated for 6 h in a humidified atmosﬁhere with 10% CO, at
37°C. One milliliter of complete RPMI-1640 supplemented
with an additional 10% HS and 5% FBS was then added to each
dish. The solution for transfection was discarded 18 h later and
replaced with RPMI-1640 medium for differentiation with
added 100 ng/ml NGF. For transfection of #-synuclein, plas-
mids were constructed using pIRES-EGFP vector (Clontech)
and the same protocol was used as for parkin. For protein
analysis, cells (7.5 x 10%well, Clontech) were transfected in
the same way. After 24 h, cells were subjected to Western blot
analysis,

Western blot analysis
After 48 h of transfection of pIRES-EYFP-mock, pIRES-
EYFP-Flag-wild-type parkin, or -T415N parkin with Lipofec-
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tamine 2000 (Invitrogen), cells were lysed with TBS buffer
(25 mM Tris/150 mM NaCl, PH 7.4) containing 1% Triton X-100
and centrifuged at 15,000 rpm for 30 min at 4°C. Thirty
micrograms of each protein was subjected to SDS-PAGE
on a 15% gel and transferred to PYDF membranes (Bio Rad,
CA) and immunoblotted with anti-Flag M2 (1:200, Sigma,
monoclonal) or anti-Actin (1:200, Chemicon, Temecula, CA,
monoclonal).

Immunocytochemical analysis

After transfection, cells were fixed with 4% paraformalde-
hyde. Immunocytochemistry on PC12 Tet-Off cells was
performed as previously described (Osaka et al., 2003) using
antibodies against parkin (5 pg/ml, Zymed, San Francisco, CA;
manoclonal), P2X,, P2X,, or P2Xg receptor (1:200, Alomone
labs, Jerusalem, Israel; polyclonal), ubiquitin that is predomi-
nantly reactive to free ubiquitin in immunohistochemistry
(1:100, Sigma; polyclonal), «-synuclein (1:500, BD Biosciences,
San Jose, CA), and dopamine and cyclic AMP-regulated
phosphoprotein (DARPP-32) (phosphor Thr-34 and phospho
Thr-75) (1:500, Abcam, Cambridge, UK). For immunofuores-
cence studies, anti-rabbit [gG conjugated with Cy3 antibodies
(1:200, Jackson Immuno Research, West Grove, PA) or Alexa
Fluor 568 goat anti-mouse (1:250, Molecular Probes, Invitro-
gen) was used as secondary antibodies. The same strength of
the laser wavelength or fluorescence was applied in the series
of images, for the quantification of the fluorescence under
the confocal laser microscope system (LSM510, Carl Zeiss,
Oberkochen, Germany),

Electrophysiological measurements

Cells expressing EYFP were selected under the fluorescence
microscope. A patch pipette was then applied to the cell to
obtain a giga-chm seal under phase-bright mode. Whole-cell
membrane current recordings were made under voltage-clamp
at a holding potential of ~70 mV as reported previously (Noda
et al., 2000, Manago et al., 2005), using an Axopatch-200B
amplifier (Axon Instruments, Foster City, CA). The patch
pipette was filled with a solution containing (in mM): CsCl, 120,
Mg, ATP;, 3; HEPES, 20; CaCly, 1; MgCly, 1; EGTA, 5. The pH
of the solution was adjusted to 7.2 with 1 N CsOH. The pipette
resistance was 59 M(). The external solution contained (mM):
NaCl, 132; KCl, 5; CaCly, 2; MgCly, 1; glucose, 10; and HEPES,
10. The pH was adjusted to 7.4 with | N NaOH, External ATP
or drugs were applied rapidly using the Y tube’ technique
(Min et al., 1996}, which allows the complete exchange of the
external solution surrounding a cell within 20 msec. Tempera-
ture monitored in the recording dishes was 33-34'C.

In the experiments using inhibitors (except PD98059), ATP
was applied twice {v ensure reproducibility of the ATP-induced
current in control experiments. The inhibitor solution was
applied after first application of ATP for a period appropriate to
the inhibitor until the end of second application of ATP. The
current amplitude obtained at the second application of ATP
with or without inhibitors was normalized to that of the
first ATF-induced current. All values were presented as
mean + SEM. Statistical analysis was done using ANOVA.
A value of P < 0.05 was considered to be the minimum level of
significance. Curve fitting was performed using the standard
Hill Equation (Igor Pro 4.07; Wavemetrics, Lake Oswego, OR),

RESULTS
Transfection of parkin in PC12 Tet-Off cells

Expression of plasmid constructs was first examined
in PC12 Tet-Off cells. Western blot analysis showed
immunoreactive bands by anti-Flag antibodies in cells
transfected with pIRES-EYFP-wild type parkin or
T415N parkin, but not with mock plasmids (Fig. 1A),
The efficiency of the transfection was ahout 10% in PC12
Tet-Off cells. To test endogenous expression of parkin,
cells were immunostained using specific antibodies for
parkin. The strong expression of parkin (red) was
observed in wild-type parkin-transfected cell (yellow)
but not in non-transfected cells in the same field (shown
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mock parkin™!*

parkin™?

IB; anti-Flag

IB; anti-Actin
B

anti-Parkin EYFP-Parkin

Fig. 1. Transfection of parkin and potentintion of ATP-induced
currents in PC12 cells. A: Western blot analyzis of PC12 Tet-OfT cells,
Cells were transfected with either pIRES-EYFP-mock, wild-type (WT)
parkin, or T415N parkin. Each protein was subjected to SDS-PAGE
and immunoblotted with anti-Flag or anti-Actin antibody. B: Confocal
image of PC12 Tet-Off cells transfected with pIRES-EYFP-wild-type
parkin (yellow) showed strong expression level of parkin (red) while

with white arrows in Fig. 1B), suggesting little endo-
genous parkin was expressed in PC12 Tet-OfT cells,

Effects of expression of parkin on
ATP-induced currents

ATP-activated inward currents due to the activation
of P2X receptors at negative holding potentials in PC12
cells or PC12 Tet-Off cells have been reported previously
(Nakazawa et al., 1994; Manago et al., 2005). In our
experiments, PC12 Tet-Off cells were voltage-clamped
at —~70 mV and | mM ATP were applied to see whether or
not overexpression ol parkin affected maximum inward
currents. In parkin-transfected cells, ATP-induced
inward currents were nearly threefold larger than those
in mock- or mutant (T415N) parkin-transfected cells
(Fig. 1C). The amplitudes of the peak inward currents in
mock-, wild-type parkin-, and T415N parkin-trans-
fected PC12 Tet-Off cells were 24.8 + 1.6 pA/pF (n=9),
71.3+8.4 pA/pF (n=5), and 26.1 =3.4 pA/pF (n=7),
respectively (Fig. 1D).

The current—voltage relationships of the ATP-
induced inward currents were determined by applying
50 msec voltage steps in 10 mV increments between
—~100 mV and +50 mV at 50 msec interval from the
holding potential of —70 mV before and during the
application of ATP (Fig. 2A). Current traces obtained
before and after application of ATP in wild-type parkin-
transfected cells are shown in Figure 2B. The current
levels at the end of each pulse before and during ATP
application were measured in mock-, wild-type parkin-,
or T415N parkin-transfected cells. The amplitudes of
the ATP-induced currents at each voltage were obtained
by subtracting the one before application of ATP from
the one during application of ATP. The current—voltage
relationships obtained at the time point alter 40 msec
from the beginning of each pulse were plotted as in

Journal of Cellular Physiology DOI 10.1002/cp
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non-transfected cells (white arrows) showed little expression of
parkin. C: Inward membrane currents induced by | mM ATP at the
holding potential of =70 mV in mock-, wild-type parkin-, and T416N
parkin-transfected PC12 Tet-Of cells. D. Amplitudes of peak inward
currents induced by | mM ATP in mock-, wild-type parkin-, and
T415N parkin-transfected PC12 Tet.Off cells, The bars represent the
mean £ SEM, *"P < 0.01.

Figure 2C. To allow for possible desensitization, the
current—voltage relationships were also obtained by
applying voltage steps in the opposite direction, that is,
from 450 to — 100 mV, but there was little change (data
not shown). The reversal potential was about 0 mV,
suggesting that these currents were due to non-specific
cationic channels,

ATP-induced inward currents were concentration-
dependent. Mock- and T415N parkin-transfected cells
showed visible ATP-induced inward currents at 0.03 nM
and a maximum response at 1 mM ATP (Fig. 3A). The
maximum response was almost three times bigger in
wild-type parkin-transfected cells (Fig. 3B). The sensi-
tivity to ATP was not significantly changed by over-
expression of either mock, wild-type, or T415N parkin.
ECs, wvalues (half maximum concentration) were
187 £45 M, 127 + 13 uM, and 177 £ 124 uM with Hill
coefficients (ny) of 1.05+0.314, 0.97 40,12, and 2.00 +
2.26 in mock-, wild-type, and T415N parkin-transfected
cells, respectively.

Expression of P2X,, P2X,, and P2X, receptors
in parkin-transfected cells

In PC12 cells, P2X; and P2X, receptors (Hur et al,
2001) with lower level of P2X; receptor are expressed
(our unpublished data). It was possible that the expres-
sion of PZX receptors was enhanced by overexpression
of parkin, To define the changes in the expression level
of P2X receptors semi-quantitatively, P2X, P2X,, and
P2Xg receptors were immunostained using specific
antibodies for each receptor subtype. The subcellular
localization of P2X,, P2X,, and P2X; receptors showed
no obvious difference in wild-type parkin-transfected
cells compared with non-transfected cells in the same
field (Fig. 4), suggesting that the potentiation of the
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A

(1) (u)

vV H= -T0mV
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O w.t. parkin
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-160
-180 *
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Fig. 2. Voltage-dependency of ATP-induced currents in mock-, wild-
type parkin-, and T4156N parkin-transfected PC12 Tet-Off cells. A: The
voltage protocol shown in the upper part was applied before and
during application of 1 mM ATP at the time indicated by (i) and (ii) in
the lower part. B: Cumulated current traces obtained in wild-type
parkin-tranefected cells before (i) and during (ii) application of ATP

ATP-induced currents was not due to an increase in the
total number of P2X receptors,

Expression of mono-ubiquitin in
parkin-transfected cells

It has previously been reported that a de-ubiquitinat-
ing isozyme, ubiquitin carboxy-terminal hydrolase L1
(UCH-L1), also potentiated ATP-induced currents
{(Manago et al., 2005). However, hydrolase activity was
not involved in the potentiation of ATP-induced cur-
rents because a mutant form lacking hydrolase activity
also potentiated the current. Instead, UCH-L1 upregu-
lated ubiquitin levels (Osaka et al, 2003) and over-
expression of UCH-L1 in PC12 cells increased the mono-

A B

ATP 003 mM 0.3mM 1 mM

~

?"rr

?
_| 200pA
10s

Fig. 3. Concentration-dependent curve of ATP-induced currents in
mock-, wild-type parkin-, and T415N parkin-transfected PC12 Tet-Off
cells. A: Inward membrane currents induced by 0.03, 0.1, and 1 mM
ATP at the holding potential of =70 mV in mock-, wild-type (w.t.)
parkin-, and T415g1 parkin-transfected PC12 Tet-Off cells. B: The
peak inward current induced by ATP at the holding potential of
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The subtracted currents [(ii) - (i)] show the ATP-induced currents
C: The current—voltage relationships of ATP-induced currents. The
amplitudes of subtracted currents [(ii) — (i}] in (B} at the end of 50 msec
pulses were plotted against the pulse potentials in mock (O)-, wild-
type (w.t,) parkin ((])-, and T415N parkin (A )-transfected cells.

ubiquitin level (Manago et al., 2005). To test whether
or not parkin also upregulate mono-ubiquitin levels,
ubiquitin was stained using anti-mono-ubiquitin IgG.
Unlike the effect of UCH-L1, immunoreactivity for
ubiquitin in wild-type parkin-transfected cells was
unchanged compared to that in mock-transfected cells
or non-transfected cells in the same field (Fig. 5). These
results indicated that parkin did not upregulate mono-
ubiquitin.
Little effects of a-synuclein on
ATP-induced currents

Since it has recently been shown that UCH-L1,
parkin, and g-synuclein form lysine 63-linked multi-
ubiquitin chains (Doss-Pepe et al., 2005; Lim et al.,

o mock
o w.L parkin
A T415N parkin

asiil
0.1

[ATPJo (mM)

=70 mV was plotted against the ATP concentration at several
points between 0.01 and 3 mM in mock (Q)-, wild-type parkin ([J}-,
and T415N parkin (A )-transfected PC12 Tet-Off cells. Each
point re;reaem.s the mean of 5-13 cells and the bar shows the
mean + SEM. The curve shows the least squares ft.

0.01
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w.t. parkin P2X, receptor

P2X, receptor

P2X receptor

Fig. 4. Parkin has no clear effect on the expression of P2X,, P2ZX,, and P2X, receptors. Confocal images
of PC12 Tet-Off cells transfected with pIRES-EYFP-wild-type (w.t.) parkin that were douhle stained with
PZX, (upper part), P2X, (middle part), and P2ZX; receptors (lower part). EYFP (yellow)-positive cells
were parkin-transfected cells, showing similar expression level of PZX receptors (red) to those in non-
transfected cells

2005), a-synuclein also might have a similar effect on  30%) and the protein expression was confirmed by
P2X receptor. Transfection of z-synuclein was per- Western blotting (not shown). The strong expression
formed in the same way as parkin and the transfection  of a-synuclein (red) was observed in transfected cell
efficiency was much greater than that of parkin (up to  (green) but not in non-transfected cells in the same field

EYFP mono-Ub merge

mock
N =
w.l. parkin
p .!

Fig. 5. Parkin had no clear effect on mono- ul:u:ultm expression. Confocal images of PC12 cells
transfected with I’[R mock or wild-type (w.t.) parkin that were double stained with mono ubiquitin
(red) and EYFP (yellow)
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(shown with white arrows in Fig. 6A), suggesting little
endogenous x-synuclein was expressed in PC12 Tet-Off
cells.

ATP-induced currents in a-synuclein-transfected
cells were not significantly different from those in
mock-transfected cells (Fig. 6B). The relative amplitude
of ATP-induced currents were 28.6 = 4.1 pA/pF (n =9)in
mock-transfected cells and 21.5 + 5.4 pA/pF (n=10) in
a-synuclein-transfected cells, respectively.

Effects of kinase inhibitors on ATP-induced
currents in parkin-transfected cells

The mechanism by which ATP-induced currents were
augmented in parkin-transfected cells was investigated.
It was reported that in Aplysia UCH activated PKA as a
result of degradation of the regulatory subunit of PKA,
and that this contributed to the long-term potentiation
(Hegde et al., 1997). The increase of the ATP-induced
inward currents in UCH-L1-transfected cells has also
been attributed to activation of PKA (Manago et al.,
2005). Therefore, it was tested whether PKA might be
activated in parkin-transfected cells by using H-89,
a PKA inhibitor. After obtaining large ATP-induced
currents in parkin-transfected cells, 10 pM H-89 was
applied for 10 min. The amplitude of the ATP-induced
currents in the presence of H-89 was 64.6 £ 3.5% (n=17)
of that of the first ATP-induced current in the same cell
(control without H-89; 85.3 +4.0% (n=4)) (Fig. TA),
implying an inhibition of about 25%. An inactive analog
of H-89, H-85, did not have this inhibitory effect (current
amplitude in the presence of H-85 was 843+ 1.6%
(n=23) of the first current). To confirm the effect of
parkin, the effect of PKA inhibitor on ATP-induced
currents were tested in mock-transfected cells as well,
In mock-transfected cells, application of 10 pM H-89 for
10 min had no effect on the ATP-induced inward current
(H-89, 79.8 + 1.4% (n=3); control; 77.6 £ 5.2% (n=3))
(Fig. 7B).

The intracellular carboxyl terminus of P2X receptor
contains several consensus phosphorylation sites for
protein kinase C (PKC) as well as PKA, suggesting that
the function of the P2X receptors might be regulated
by PKC-mediated phosphorylation (Chow and Wang,
1998). Hence, the effect of chelerythrine, a PKC inhi-
bitor, on ATP-induced currents in parkin-transfected

A

a-Synucleln
-EGFP

Anti-a-Synuclein

Fig 6
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cells was tested. Application of 5 pM chelerythrine for
10 min had no effect on the ATP-induced inward current
in wild-type parkin-transfected cells (Fig. 7A). The
normalized amplitude of second ATP-induced inward
currents in the presence of chelerythrine was
88.4 + 3.3% (n=>5). The possible involvement of calmo-
dulin-dependent protein kinase (CaMKII) was also
tested by using KN-93, a CaMKII inhibitor. Application
of 10 uM KN-93 for 20 min had no effect on the ATP-
induced inward current in wild-type parkin-transfected
cell (90.4+5.1% (n=4); control, 81.24+4.6% (n=4))
(Fig. 7C).

In PC12 cells and hippocampal neurons, activation
of PKA has been reported to cause activation of
extracellular signal-regulated kinase (ERK), with sub-
sequent phosphorylation of Ca®“-stimulated cAMP
response element binding protein (CREB) and stimu-
lated transcription (Impey et al., 1998), Likewise, the
augmentation of ATP response in parkin-transfected
cell might be due to the stimulation of transeription.
To test this possibility, we examined whether mitogen-
activated protein kinase (MAPK), including ERK, was
activated following the activation of PKA in PC12 Tet-
Off cells. However, ATP-induced currents in parkin-
transfected cells were unaffected even after application
of 5 uM PD98059, (one of the MAPK kinase inhibitors)
for 4 days: the amplitude of the ATP-induced current
after the application of PD98059 was 82.1 +9.9 pA/pF
(n=4) compared with 74.6 3.4 pA/pF (n=18) in
controls treated with vehicle (Fig. 7D).

Involvement of DARPP-32 in parkin-transfected
PC12 Tet-Off cells

It was previously reported that the dopamine and
cAMP-regulated phosphoprotein with molecular weight
of about 32,000 (DARPP-32) was expressed in PC12 Tet-
Off cells and that the expression level tended to increase
after differentiation of the cells with NGF (Manago
etal., 2005). Since phosphorylation of DARPP-32 at Thr-
75 by cyclin-dependent kinase 5 (CDKS5) had a negative
feedback regulatory effect on PKA activity (Nishiet al.,
2000), the effect of roscovitine, a CDK5 inhibitor, was
tested. The application of 10 pM roscovitine to wild-type
parkin-expressing cells for 10 min enhanced the normal-
ized amplitude of ATP-induced currents to the one

B
ImM ATP
/_ /_-__I 200 pA
10s
_ 3
T30
< 25
Sy
< 20
; 15
=W
E 5
“ 0
mock-  a-synuclein-
transfected transfected

The wild-type s-synuclein-transfection had no effect on ATP-induced currents. A s-synuclein-
transfected cells (EGFP; green) were strongly stained with anti-s-synuclein (red), while non-tra

fected

cells (with arrows) were not. B: The amplitude of ATP-induced inward currents in mock and 7-synuclein-

transfected cells
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Fig. 7. Effects of kinase inhibitors on ATP-induced currents. A: In
wild-type parkin-transfected cells, ATP-induced currents were atte-
nuated by pre-application of 10 uM H-89, a PKA inhibitar, but not
either by 10 yM H-85, an inactive analog of H-89, or 6§ uM
chielerythring, a PKC inhibitor, for 10 min. B: H-89 had no effect on

before application of roscovitine (102.1 +3.5% (n=4);
control  without roscovitine; 85.3+4.0% (n=4)
(Fig. 8A). The result suggested that PKA activity in
parkin-transfected cells was negatively regulated by the
phosphorylation of DARPP-32 at Thr-75 by CDK5.

Activation of PKA also influenced on protein phos-
phatases relating to DARPP-32 (Nishi et al., 2000). The
phosphorylation of DARPP-32 at Thr-34 has been
reported to inhibit protein phosphatase-1 (PP-1), lead-
ing to an apparent increase in substrate-phosphory-
lation. On the other hand, PKA activates protein
phosphatase-2A (PP-2A), causing dephosphorylation of
DARPP-32 at Thr-75, activating PKA in turn. To
investigate the role of PP-1 and PP-2A in parkin-
transfected cells, we applied 100 nM okadaic acid, an
inhibitor for both PP-1 and PP-2A, for 20 min. The
normalized currents were augmented to 98.7+4.5%
(n=5) (control without ckadaic acid: 81 2 -+ 4.6% (n=4)
(Fig. 8B). These results suggested that the function of
PP-1 was superior to that of PP-2A in parkin-transfected
cells

The effects of CDKS inhibitor and okadaic acid on
ATP-induced currents were tested in mock-transfected
cells as well. In mock-transfected cells, application of
10 uM roscovitine for 10 min had no effect on the ATP-
induced inward current (roscovitine, 82.5+ 5.2% (n = 3):
control; 77.6 £ 5.2% (n=3)) (Fig. 8C). Similarly, appli-
cation of 100 nM okadaic acid for 20 min did not affect
the ATP-induced currents in mock-transfected cells,
(76.5+3.5% (n=3); control; 80.0+4.7% (n=3)

(Fig. 8D).
Journal of Cellular Physiology DO1 10,1002/jcp

control PD98059

(w.t. parkin)
ATP-currents in control (mock-transfected) cells. C, I): In wild-type
parkin-transfected cells, ATP-induced currents were not affected by
application of 10 yM KN-93, a CaMKII inhibitor, for 20 min (C), or hy
treatment with 5 uM PD88059, a MAPKK inhibitor, for 4 days during
differentiation (D). **P < 0.01

Phosphorylation of DARPP-32 in
parkin-transfected PC12 Tet-Off cells

To investigate whether or not the phosphorylation of
DARPP-32 at Thr-34 or Thr-75 was modified by parkin,
cells were immunostained using specific antibodies for
DARPP-32 (phospho Thr-34 or phospho Thr-75). The
staining of phospho Thr-34 in parkin-transfected cells
were not enhanced as expected from the activation of
PKA (Nishi et al., 2000) but rather attenuated (Fig. 9A).
While phospho Thr-75 looked similar between parkin-
transfected cell and non-transfected cells in the same
field (Fig. 9B).

DISCUSSION

To understand the functional role of parkin in the
central nervous system (CNS), it is important to know
whether parkin has any effects on ion channels and
receptors that are the basic elements of neurotransmis-
sion. To test this, we used PCI12 cells and overexpressed
parkin protein (Fig. 1A). These show well-developed
inward current response to stimulation of P2X receptors
by ATP (Nakazawa et al., 1994) and we recently reported
enhancement of these currents by ubiquitin C-terminal
hydrolase L1 (UCH-L1) (Manago et al., 2005). In the
present experiments, we have studied the effects of
overexpressing of parkin on these currents.

Parkin produced a very substantial increase in the
maximum ATP-induced current without significant
change in sensitivity to ATP (Figs. 1 and 3). This did
not appear to be due to an increased number of P2X,,
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Fig. 8. Involvement of DARPP-32-relating protein kinase and protein phosphatase on ATP-induced
currents. In wild-type parkin-transfected cells, ATP-induced currents were augmented by pre-application
of roscovitine, a CDK5 inhihitor, for 10 min (A) or 100 nM okadaic acid, a protein phosphatase inhibitor,
for 20 min (B). In mock-transfected cells, ATP-induced currents were not affected by 10 pM roscovitine
(C) or 100 nM okadaic acid (D). **P < 0.05

Parkin Phospho Thr-34 merge

Phospho Thr-75

. - 20 pm

Fig Parkin did not increase the phosphorylation of DARPP-32. A: Immunostaining of phospho Thr-34
fledl looked rather smaller in parkin-transfected cell (yellow-green, white arrow). B: Immunestaining of
phospho Thr-75 (red) looked similar between parkin-transfected cell (white arrow) and non-transfected
cells. The merged images also include differential interference contrast images
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P2X,, or P2Xs receptors, as judged by immunocyto-
chemistry (Fig. 4). Therefore, the mechanism seems to
involve an increase in gating of the receptors, rather
than increased affinity or receptor number. Enhance-
ment of P2X receptor at presynaptic terminal could
increase neurotransmitter release; it was reported that
ischemia-induced facilitation of glutamate release was
due to the activation of P2X receptors in spiny neuron in
neostriatum (Zhang et al., 2006) and our preliminary
result showed that ATP increased the frequency of
miniature inhibitory postsynaptic potential (mIPSP) in
acutely isolated neuron from substantia nigra, suggest-
ing increased release of GABA from presynaptic term-
inal (unpublished data).

Theenhancement of ATP-induced currents seemed to
be associated with the ubiquitin ligase activity of parkin
since it was not reproduced by a ligase-deficient mutant
(Figs. 2C and 3). Involvement of the ubiquitin—protea-
some system would accord with our previous observa-
tions with the ubiquitin hydrolase UCH-LI, though in
this case hydrolase activity itself was not required since
the effect of UCH-LI was replicated by a hydrolase-
deficient construct. Instead, upregulation of mono-
ubiquitin (Osaka et al., 2003) and ubiquitin ligase
activity of UCH-L1 (Liu et al., 2002) might be respon-
sible for the potentiation of ATP-induced currents.

Though the precise mechanism how ubiquitin ligase
activity of parkin is involved is not known yet, possible
signaling leading to enhancement of the ATP-induced
currents is summarized in Fig. 10. It is only a part of the
mechanism revealed in the present investigation,
because inhibition of PKA, CDK5 or phosphatases
resulted in only partial (+20%) inhibition of the
parkin-potentiated currents which showed threefold
increase in amplitude compared to control,

Fig 10. Predicted signaling induced by expression of parkin. Parkin
may activate PKA, subsequently phosphorylating P2X receptors.
Parkin also may activate protein phosphatase-1 (PP-1) via inhibiting
phosphorylation of DARPP-32 at Thr-34. On the other hand,
phosphorylation and dephosphorylation of DARPP-32 at Thr-75 hy
CDKS and PP-2A could compete with each other, keeping the level of
phosphe Thr-75 unchanged. As additional information, ubiquitin
C-terminal hydrolase (UCH-L1) also activates PKA, which is
independent on hydrolase activity but presumably due to the increase
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At least, part of the increase in ATP-induced currents
appeared to result from activation of PKA directly or
indirectly, because PKA inhibitor partially attenuated
parkin-induced potentiaion of ATP-currents (Fig. TA).
In a reverse way, activation of PKA by forskolin aug-
mented the ATP-induced currents in mock-transfected
cells (Manago et al., 2005). One possible mechanism
would be phosphorylation of P2X receptors by PKA. Tt
was reported that activation of PKA potentiated ATP-
evoked current in P2X -transfected HEK293 cells
(Brown et al., 2004), while there was an opposite result
in P2X,-transfected HEK293 cells (Chow and Wang,
1998). CaMKII could be activated by PKA indirectly via
an inhibition of PP-1 (Winder and Sweatt, 2001), but
KN-93 did not have any effect on ATP-induced currents
in parkin-transfected cells (Fig. 7C), suggesting that
CaMKII was not significantly activated by parkin.

Since the enhancement was not completely reversed
by inhibition of PKA, other mechanisms must be
involved. One such mechanism might be through
modification of DARPP-32. In rat striatum, it has been
suggested that there is positive and negative feedback
regulation of DARPP-32 via activation of PKA and
CDKS, respectively (Nishi et al., 2000). Since DARPP-32
was expressed in PC12 cells (Manago et al., 2005), its
possible involvement was tested using roscovitine, a
CDKS5 inhibitor, and okadaic acid, a protein phospha-
tase (PP-1 and PP-2A) inhibitor. Roscovitine further
enhanced the ATP-induced currents in parkin-trans-
fected cells (Fig. 8A), suggesting a negative-feedback
role for CDK5. It seemed likely that parkin stimulated
CDKS5 since roscovitine did not have significant effect
on mock-transfected cells (Fig. 8C). On the other hand,
a role for phosphatases was suggested by the fact
that okadaic acid further enhanced the ATP-induced

in mono-ubiquitin level (Manago et al, 2005) or ubiquitin ligase
actin")tg (Liu et al., 2002). Unlike parkin, UCH-L1 activates Ca®' and
calmodulin-dependent protein kinase (CaMKID, which could be
indirectly activated by FKA and dephosphorylated by PP-1 (Winder
and Sweatt, 2001). The effect of w-synuclein, a substrate for both
parkin and UCH-L1 (dotted line), was not clear, because transfection
of 7-synuclein did not affect ATP-induced currents. Reported signaling
but not confirmed in the present study was shown by dotted line

— T3 —
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currents in parkin-transfected cells (Fig. 8B). Since
inhibition of PP-2A was supposed to inhibit PKA activity
(Nishi et al., 2000, Manago et al., 2005), it seemed likely
that this enhancement resulted mainly from inhibition
of PP-1. In mock-transfected cells, okadaic acid did not
have significant effect (Fig. 8D).

As for the phosphorylation of DARPP-32, activation of
PKA would phosphorylate DARPP-32 at Thr-34 (Nishi
et al., 2000). However, the staining of phospho Thr-34
was rather attenuated in parkin-transfected cells
(Fig. 9A), suggesting that parkin may have inhibitory
effect on the phosphorylation site at Thr-34. Therefore,
parkin might indirectly activate PP-1, canceling the
negative feedback from phospho Thr-34. Concerning the
phosphorylation of DARPP-32 at Thr-75, CDK5, and
PP-2A were supposed to have opposite effects, keeping
the same level of phospho Thr-75 (Fig. 9B).

Both UCH-L1 and parkin can operate via a-synuclein
as a target substrate (Shimura et al., 2001; Snyder and
Wolozin, 2004). It has recently been shown that UCH-
L1, parkin, and a-synuclein form lysine 63-linked
multiubiquitin chains, which induce proteasomal-inde-
pendent ubiquitination (Doss-Pepe et al., 2005; Lim
et al., 2005). Therefore, it was possible that x-synuclein
also had potentiating effect on P2X receptorsiflysine 63-
linked multiubiquitin was involved. However, a-synu-
clein did not have such effect (Fig. 6). It will be great
interest Lo investigate the relationship between these
three proteins and it may help tounderstand why parkin
deficient-mice are not a robust model of parkinsonism
(Perez and Palmiter, 2005), though there were altera-
tions in energy melabolism, protein handling, and
synaptic function (Periquet et al., 2005).

Another interesting point is that the signaling
between activation of PKA and potentiation of P2X
receptors induced by either UCH-L1 or parkin was not
the same. For example, UCH-L1 but not parkin
activated CaMKII and PP-2A whereas parkin but not
UCH-L1 seemed to activate CDKS5, producing a negative
feedback effect on PKA (Fig. 10). In addition, we found
that DARPP-32 (phospho Thr-34) was rather attenu-
ated in spite of the report that activation of PKA
increased the phosphorylation at Thr-34 (Nishi et al.,
2000). The difference between UCH-L1 and parkin
might due to the different substrate specificity as
ubiquitin ligases.

Unfortunately, the low transfection efficiency pre-
cluded direct biochemical studies on the phosphoryla-
tion or dephosphorylation of specific proteins by parkin
or UCH-L1. As a result, we have been restricted to
pharmacological and immunocytochemical analyses.
Nevertheless, the important point we have established
is that enzymes working in the ubiquitin—proteasome
system have clear and substantial effects on a neuro-
trasmitter receptor and hence subsequently may affect
neurotransmission in vivo. It is widely accepted that
there are number of diseases related to aberrations in
the ubiquitin system (Ciechanover and Schwartz, 2004),
but how aberrations in the ubiquitin system cause
neurodegenrative diseases such as Parkinson's disease
(PD)is Iar%el_y unknown. In the present study, one of the
ubiquitin ligases, parkin, potentiated the function of
P2X receptors, as well as another enzyme working in the
ubiquitin—proteasome system, UCH-L1. Presynaptic
P2X receptors triggers Ca” -dependent glutamate
release in the brainstem (Shigetomi and Kato, 2004),
though ATP-mediated inhibition of dopamine release
was reported in rat neostriatum (Trendelenburg and
Bultmann, 2000). It is of great interest how endogenous
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parkin or UCH-L1 modulates neurotransmitter release
by stimulating P2X receptors in vivo, which is now
under investigation.
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ARTICLE
Genomewide Association Analysis of Human Narcolepsy

and a New Resistance Gene

Minae Kawashima, Gen Tamiya, Akira Oka, Hirohiko Hohjoh," Takeo Juji, Takashi Ebisawa,
Yutaka Honda, Hidetoshi Inoko, and Katsushi Tokunaga

Human narcolepsy is a hypersomnia that s affected by multiple genetic and environmental factors. One genetic factor
strongly associated with narcalepsy is the HLA-DRB1*1501-DQB 1 *0602 haplotype in the human leukocyte antigen reglon
on chromosome 6, whereas the other genetic factors are not clear. To discover additional candidate regions for suscep-
tibility or resistance to human narcolepsy, we performed a genomewide association study, using 23,244 microsatellite
markers. Two rounds of screening with the use of pooled DNAs yielded 96 microsatellite markers (including 16 markers
on chromosome 6) with significantly different estimated frequencies in case and control pools. Markers not located on
chromosome 6 were evaluated by the individual typing of 95 cases and 95 controls; 30 markers still showed significant
associations. A strong association was displayed by a marker on chromosome 21 (21g22.3). The surrounding region was
subjected to high-density association mapping with 14 additional microsatellite markers and 74 SNPs. One microsatellite
marker (D2150012m) and two SNPs (rs 13048981 and rs13046884) showed strong associations (P < .0005; odds ratios 0.19-
0.33). These polymorphisms were in a strong linkage disequilibrium, and no other polymorphism in the region showed
a stronger association with narcolepsy. The region contains rhree predicted genes—NLC1-A. NLCI-B, and NLC1.C—
tentatively named “narcolepsy candidate-region 1 genes,” and NLCI-4 and NLCI-C were expressed in human hypo-
thalamus. Reporter-gene assays showed that the marker D2150012m in the promoter region and the SNP rs 13046884 in
the intron of NLC1-A significantly affected expression levels. Therefore, NLCI-A is considered to be a new resistance

gene for human narcolepsy.

Narcolepsy (MIM 161400) typically appears, without sex-
ual difference, in early adulthood and affects 0.16%-
0.18% of the general population of Japan.'* The disorder
is characterized by excessive daytime sleepiness, cataplexy,
and pathological manifestation of rapid eye movement
(REM) sleep, including hypnagogic hallucinations, sleep
paralysis, or sleep-onset REM sleep. Most cases are spo-
radic, but the risk of the disorder for first-degree relatives
of patients with narcolepsy Is 1%—2%, ~10 times greater
than the general risk of developing narcolepsy. Only about
a third of MZ twins are concordant for narcolepsy.” There-
fore, human narcolepsy is considered to be a multifactorial
disorder, involving multiple genetic and environmental
factors,

A genetic susceptibility factor associated with the dis-
order has been found In the human leukocyte antigen
(HLA) class I1 region: the HLA-DRBI*1501-DQB1*0602
haplotype (HLA-DRB1 [MIM 142857| and HLA-DQBI
[MIM 604305]). Although almost all Japanese patients
with narcolepsy carry this haplotype, ~10% of the general
Japanese population also carries it, suggesting that this
haplotype Is neither necessary nor sufficient for the de-
velopment of narcolepsy,"** This conclusion is also sup-
ported by another line of reasoning. The penetrance and
population frequency of HLA-DRB1*1501 were estimated

with the formula described by Ohashi et al.," based on the
prevalence of narcolepsy In the Japanese population
(0.16%-0.18%)"* and the results of a case-control associ-
ation study of this haplotype.” On the basis of these values
and with the formula described by James” and by Risch,"™
the expected As value for HLA of Japanese patients with
narcolepsy was calculated to be 5.15, much less than the
As of 12 reported for narcolepsy.® Therefore, genes other
than HLA are also expected to contribute to the disease
susceptibility.

Several candidate regions'"""" and genes'' " other than
HLA have been investigated for association with human
narcolepsy involving cataplexy (narcolepsy-cataplexy)
and daytime sleepiness, Nevertheless, replicated associa-
tions are few, except for tumor necrosis factor-a (TNFA
[MIM 191160]) and TNF-receptor 2 (TNFR2 [MIM
191191])."*" In autosomal recessive canine models that
develop narcolepsy-cataplexy with full penetrance, an in-
sertion in the hypocretin (orexin)-receptor type 2 gene
(HCRTR2 |[MIM 602393]) was found to be responsible for
the disorder,” and preprohypocretin-knockout mice ex-
hibit a phenotype similar to narcolepsy-cataplexy.™ For
human narcolepsy, which shows multifactorial inheri-
tance, as described above, the hypocretin concentration
in cerebrospinal fluid was reduced or undetectable in spo-
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radic narcolepsy,™ and the number of hypothalamic hy-
pocretin neurons was decreased in postiortem narco-
leptic brains.”** Although the preprohypocretin (MIM
602358) and hypocretin-receptor genes have been ex-
amined for possible association with human narcolepsy,
variants in these genes were not detected in most human
patients with narcolepsy.”* Therefore, human narco-
lepsy cannot be explained by mutations in preprohypo-
cretin and hypocretin-receptor genes.

There is evidence for a role of autoantibodies in nar-
colepsy. Recently, mice were injected with purified im-
munoglobulin G (IgG) fraction from the serum of nine
patients who have narcolepsy-cataplexy with the HLA-
DQB1*0602 haplotype. These mice exhibited stresslike be-
haviors, such as crouching posture and piloerection, and
narcoleptic-like behavior, such as brief behavioral pauses
lasting from a few seconds to a minute during periods of
activity.®” Another group revealed that IgG In the cere-
brospinal fluid of HLA-DQBI *0602-positive patients with
narcolepsy-cataplexy binds to rat hypothalamic pro-
teins." These two reports suggested that cerebrospinal
fluid and serum from patients with narcolepsy contain
functional autoantibodies that contribute to the patho-
genesis of narcolepsy. However, the pathophysiological
mechanism and genetic factors underlying human nar-
colepsy remain unknowrn.

For this study, we performed a genomewide association
study, using 23,244 microsatellite markers for the detec-
tion of susceptibility/resistance regions to narcolepsy.
This strategy is expected to be effective in the search for
candidate regions throughout the whole genome, because
of the high detection power of case-control association
studies.'"** Microsatellite markers are abundant and in-
terspersed throughout the human genome. Compared
with SNPs, microsatellite markers display higher degrees
of polymorphisms: multiple alleles exhibit high levels of
heterozygosity, so a smaller number of microsatellite
markers may provide a reasonable statistical power in as-
sociation analyses." " Moreover, to reduce the genotyping
cost and labor, genomic DNA samples were pooled”" in
the first and second screenings. We demonstrated else-
where that this strategy can detect the known association
with the HLA region; using 1,265 microsatellite markers
on chromosome 6, we detected strong associations be-
tween multiple microsatellite markers In the HLA region
and human narcolepsy.” Here, we extend the strategy to
the other chromosomes, using 21,979 additional micro-
satellite markers.

Material and Methods
Patients and Unaffected Individuals

All patients and unaffected individuals were unrelated Japanese
adults living in Tokyo or neighboring areas, Genomic DNAs were
obtained from 370 patients given a diagnosis of narcolepsy-cat-
aplexy at the Sleep Disorders Clinic of Seiwa Hospital. All patients
with narcolepsy carried the HLA-DRB1*1501-DQ8 10602 haplo-
type. These 370 genomic DNAs were divided randomly into three

sets (the first and second sets with 110 samples each and the third
set with the remaining 150 samples). The control group com-
prised 610 unrelated unatfected individuals and an additional 125
individuals positive for HLA-DRB1*1501. The 610 control samples
were also divided into three sets (210 samples each in the first
and second sets and the remaining 190 samples in the third set).
Genomic DNAs were purified from peripheral blood, with the use
of a commercial kit (QlAamp Blood Kit [Qiagen]). This study was
approved by the research ethics review committees of the Uni-
versity of Tokyo and the Neuropsychiatric Research Institute,
which runs Seiwa Hospital

Preparation of Pooled DNA Samples

Genomic DNA concentration was measured in triplicate, in ac-
cordance with the methods of Collins et al.," with the use of a
double-stranded DNA quantification kit (PicoGreen [Molecular
Probes]) with a microtiter plate reader (SF600 Corona Electric,
Genomic DNAs were adjusted to 8 ng/ul. DNAs from 110 patients
with narcolepsy and from 210 controls were then mixed, for the
first set of case and control pools, named “case-1" and “contral-
1,” respectively.*™ The second set of pooled DNA (case-2 and con-
trol-2) was also prepared from another 110 cases and 210 controls.

Analyses of Microsatellite Polymorphisms for Genomewide
Screening

All microsatellite markers and the methods for microsatellite
analysis used in this study are described by Tamiya et al."’ In brief,
PCR primers were designed for amplifying fragments that include
the microsatellite polymorphisms. All PCR primers were designed
to have an annealing temperature of 57°C. Forward primers were
labeled at the §' end with Auorescent reagent (6-FAM or HEX
[Applied Biosystems]). PCR on pooled DNAs was performed in
20-u! reactions containing 48 ng of pooled DNA, 0.5 units of DNA
polymerase (AmpliTag [Applied Biosystems]), 1 = reaction buffer
with 1.5 mM MgCl, provided by the manufacturer (Applied Bio-
systems), 5 uM of each primer, and 0.25 mM of each deoxyri-
bonucleotide triphosphate (dNTT) in 96- or 384-well plates. The
amplification condition consisted of initial denaturation at 96°C
for 5 min (hot start), annealing at 37°C for 1 min, and extension
at 72°C for 1 min, followed by 40 cycles of denaturation at 96°C
for 45 5, annealing at 57°C for 45 35, and extension at 72°C for 1
min, with use of a thermal cycler (GeneAmp PCR system 9700
[Applied Biosystems]).

For microsatellite typing of individual samples, PCR was per-
formed in 12-gl reactions containing 2 ng of genomic DNA, 0.25
units of DNA polymerase (AmpliTaq Gold [Applied Blosystems]).
1 = reaction buffer with 1.5 mM MgCl, provided by the manu-
facturer, 5 uM of each primer, and 0.2 mM of each dNTP in 96-
or 384-well plates. The amplification conditions were essentially
the same as described above.

The PCR products were denatured in formamide (Hi-Di [Ap-
plied Biosystems]) at 95°C for 3 min and were separated by elec-
trophoresis, with the use of an automated DNA sequencer with
size standards (ABI Prism 3700 Genetic Analyzer, ROX size stan-
dard [Applied Biosystems]). The fragment size and the electro-
phoretograms were analyzed by GeneScan and Genotyper soft-
ware (Applied Blosystems).
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Additional Microsatellite Markers for High-Density
Association Mapping

To obtain additional microsatellite markers in the narcolepsy can-
didate—region 1 (NLC1), the sequence ol the candidate region
was obtained from the University of Californla-Santa Cruz
{UCSC) Genome Browser database (November 2002 version,
based on NCBI Build 31). Then, the sequence was searched for
repeated clements with the RepeatMasker program. Dinucleotide
repeats with repeat number >12, trinucleotide repeats >8, and
tetranucleotide to hexanucleotide repeats »5 were chosen. PCR
primers were designed as described above, and we evaluated the
polymorphism of each microsatellite with pooled DNA, searching
for multiple peaks in the electrophoresis.

SNP Analyses

SNPs within the candidate region were selected from the Celera
database at average intervals of ~5 kb, and specific PCR primers
were designed. To confirm the polymorphisms of these SNP sites
in the Japanese population, we examined 16 samples from pa-
tients with narcolepsy by direct sequencing, using a PCR cycle-
sequencing kit and an automated DNA sequencer (BigDve Ter-
minator v.3.1 Cycle Sequencing Kit and ABI PRISM 3730 DNA
sequencer [Applied Biosystems]). The association analyses with
these palymaorphic sites were performed by direct sequencing of
case and control samples.

The sequence of the entire region of NLCI1-A, NLCI-B. and
NLC1-C genes (based on NCBI Build 35 chromosome 21:
45234058-45250151) was also screened for polymorphisms with
16 samples, and polymorphic sites were subjected to association
analyses by direct sequencing of case and control samples. Newly
detected polymorphisms have been registered in the dbSNP
database.

Expression Analysis by RT-PCR

The expression of the predicted genes in candidate region NLC1
was examined by RT-PCR, with the use of poly(A)" RNA from the
human brain, hypothalamus, peripheral blood, sperm, and sev-
cral organs (i.e., heart, liver, spleen, pancreas, lung, kidney, and
skeletal muscle [Bio Chain]). To discriminate PCR products de-
rived from reverse-transcribed mRNA from those derived from
genomic DNA, we designed specific forward and reverse primers
in the predicted exon 1 and 2 reglons, respectively. The primer
sets for the predicted genes were as follows: 5-CTAGGAGGGGAA-
ACTGAGTCC-3 and 5-CAGCACAGTTGGAGACATCACT-Y for
NLCI-A, 5-CCTCACAGCATCCCACATT-3 and 5-TTTCTGGAAA-
CAGCCAGGAG-3 for NLCI-B, and $-GCTGAACTGCCTGGACT-
TTC-3 and 5-ACATGTGCTCCCCACCTAAG-3 for NLCI-C. The
thermal cycling profile consisted of initial denaturation at 96°C
for 10 min, followed by 35 cycles of denaturation at 96°C for 45
s, annealing at 57°C for 45 s, extension at 72°C for 1 min, and a
final extension at 72°C for § min, with the use of AmpliTag Gold
polymerase (Applied Blosystems), The PCR products were sepa-
rated by electrophoresis on 2% agarose gels and were stained with
ethidium bromide. The sequences of the amplified products were
confirmed by direct sequencing.

Reporter-Gene Assay

Reporter-gene assays were performed using constructs containing
microsatellite marker D2150012im and SNP rs 13046884 alleles. For
D2150012m, genomic DNAs were obtained from four homozy-

gotes for alleles with AC repeat numbers 8, 9, 10, and 12. A 908.
bp fragment within the promoter region including D2150012m
was amplified by PCR, with use of the specific primers 5-CAAAG-
GTACCTCCAGTCCACACCCACC-3 and 5“GTTTGAGCTCTTTG-
GCCTGTCCATCAG-3. Genomic DNA for SNP 313046884 alleles
was obtained from one 1513046884 heterozygote. A 297-bp frag-
ment within NLCI-A intron 1, which includes rs 13046884, was
amplified using primers 5-CAAAGGTACCAGGGTTGGACTCC-
AAAGGGA-3 and §-GTTTGAGCTCGGGTGACTTCTTCACA-
CCCA-3', PCR was performed (TaKaRa LA Tag [TaKaRa|) with the
following thermal cycling profile: denaturation at 96°C for 5 min,
followed by 35 cycles at 96°C far 30 5, 60°C for 30 5, and 72°C
for 1.5 min. PCR products were digested with Sacl and Kpnl re-
striction endonucleases and then were inserted upstream of a
firefly luciferase gene in the pGL3-control vector (Promega), with
the use of T4 DNA ligase (TaKaRa), Inserted sequences were con-
firmed by direct sequencing with primers specific to the pGL3-
control vector (5-CATACGCTCTCCATCAAAACAA-3 and 5
AAGCCTCCTCACTACTTCIGGA-3). The neuroblastoma cell line
NB-1 and Hela cells were malntained in accordance with pub-
lished recommendations (Human Science Hesearch Resources
Bank). Then, 0.2 ug of each construct was introduced into the
cells by a lipofection method (Effectene Transfection Reagent
[Qiagen]), along with 0.02 pg of pRL-SV30 (Promega) as an in-
temal control. Luciferase levels were determined using the DUAL-
Luciferase Reporter Assay System (Promega), and firefly luciferase
levels were normalized to the levels of renilla luciferase from pRL-
SV40

Statistical Analyses

Disease associations with polymorphisms were assessed by
Fisher's exact test, with the use of 2= 2 contingency tables for
each allele. The smallest P value for each marker was selected.
Allele frequencies in pooled-DNA typing were estimated from the
height of peaks: each allele frequency was determined by dividing
the height of each allele by the summed height of all alleles. In
individual typing, the significance was evaluated by Fisher’s exact
test, with the use of 2 x m (where m is the number of alleles) and
2= 2 contingency tables. The significance level was set at .08
throughout this study, except tor homogeneity among samples
used in the first, second, and third set, which was tested by means
of the Q statistic and was considered significant far P< 10"

To assess the extent of pairwise linkage disequilibrium (LD)
berween polymorphisms, Lewontin's® ¥ and r* were calculated
using a commercial software package (SNFAlyze-3.2 pro [Dyna-
com]) based on the expectation-maximation algorithm. Ly and
were calculated only for polymorphisms with a minor-allele fre-
quency (MAF) >6%. Pairwise [¥ and r* were plorted at the Car-
tesian coordinate corresponding to the polymorphism location
on the physical map with the use of the GOLD program, as de-
scribed by Abecasis and Cookson.*!

Results
Genomewide Association Study

The 23,244 microsatellite markers used in the genome-
wide assoctation study are summarized in table 1. To re-
duce the cost and the technical burden of genomewide
assoclation analysis, the DNA-pooling method was ap-
plied in the first and second screenings (fig. 14). Allele
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Mumbers and Mean Intervals
of Microsatellite Markers on Each
Chromosome

Table 1.

The table is available in its entirety in the onling
edition of The American Journal of Human Genetics.

frequencies were estimated from the height of individual
peaks. To avoid false-negative associations, we performed
no correction for multiple comparisons. Figure 18 shows
the results of the association analyses in the first screening;
the results for the 1,265 microsatellite markers on chro-
mosome 6, which includes the HLA region, were described
elsewhere.’* A total of 2,686 markers (202 of which were
on chromosome 6) showed significantly different fre-
quencies between cases and controls. These 2,686 markers
were further analyzed in the second screening with pooled
DNA samples from different sets of cases and controls, and
96 markers (16 on chromosome 6) remained significantly
different between cases and controls and had similar peak
patterns between first and second case pools and between
first and second control pools.

To confirm the assoclations observed, we subjected the
80 microsatellite markers located outside of chromosome
6 to individual tvping with 95 case and 95 control sam-
ples, which were randomly chosen from the samples used
in the first and second pools. Thirty markers still showed
statistically significant differences by Fisher's exact test,
with the use of 2 x 2 contingency tables (fig. 14 and 1B
and table 2), In particular, 11 microsatellite markers also
showed differences in allele frequencies with the use of
2= m contingency tables. The remaining samples that
were used in the fust and second screenings (125 cases
and 325 controls) were also genotyped tor those 11 mark-
ers, and all the markers still reached a significant level. In
addition, the smallest P values calculated by Fisher's exact
test, with the use of 2 x 2 contingency tables in the pooled-
DNA genotyping (first and second screenings), were re-
flected by the smallest P values in the individual geno-
typing with 220 cases and 420 controls.

One of the strong associations with narcolepsy was dis-
played by the microsatellite marker D2150241i, located
on 21q22.3 (based on NCBI Build 35 chromosome 21:
45169766-45169825; [AAGG]..,,). The trequency of the
(AAGG),, allele was 8,6% among cases and 4.0% among
controls (P = .0012; odds ratio [OR] 2.24; 95% CI 1.40-
3.58). To further confirm the association, we tested
D2150241i for association in a third set of individuals not
used in either of the pools (150 cases and 190 controls),
Significant association was not observed in this set (P =
.12; OR 2.11; 95% C1 0.88-5.06), but no heterogeneity was
detected among the three sets of cases or controls by the
Q statistic (P = ,92), and the allele frequencies in the third
set displayed the same general pattern among cases com-
pared with controls as they did in the first and second
sets. Moreover, the significant association was still ob-
served when the association analysis was performed by

individual genotyping of the three sets of case and control
samples (P = .00064; OR 2.08; 95% CI 1.38-3.13) (table
3). Taken together, these observations indicate that marker
D2150241i s associated with human narcolepsy.

High-Density Association Mapping with Additional
Microsatellite Markers and SNPs

We analyzed the region surrounding the marker
D2150241i by high-density association mapping with
additional microsatellite markers. To develop additional
markers, we searched the surrounding genomic sequence
for microsatellites, Polymorphisms of individual micro-
satellites were detected using pooled DNA samples, and
14 new microsatellite markers were established within
652 kb around marker D2150241i (hg. 24). These markers
were analyzed in 220 case and 440 control samples (ta-
ble 4). The new marker, D2150012m (chromosome 21:
45238835-45238862), which is 70 kb from D2150241i,
showed a stronger association than D2150241i (frequen-
cies of the |AC|,, allele: cases 0.9%, controls 4.6%; P =
00023; OR 0.19; 95% CI 0.074-0.48),

Next, to further define the candidate region, we per-
formed high-density mapping with SNPs (listed in appen-
dix A [online only]). To cover a 171-kb region around the
markers D2150241i and D2150012m, we selected, from
databases, SNPs at =5-kb intervals. Direct sequencing on 16
cases (8 homozygotes and 8 heterozygotes of D2150012m
allele |AC|,,) was performed to screen for the SNPs. In
total, 64 registered SNPs and 10 novel ones were identified
and were subjected to association analyses with 190 cases
and 190 controls (fig. 2B). Of the SNIP's near D21502411,
only one (rs12483718) showed a significant difference be-
tween cases and controls, whereas eight SNPs located close
to D2150012m showed significant differences. The stron-
gest association with narcolepsy was exhibited by SNPs
rs13048981 and rs13046884, both located close to
D2150012m (for rs 13048981, P = 0016, OR0.17, and 95%
CI 0.057-0.51; for 1513046884, P = .0010, OR 0.16, and
95% C1 0.055-0.48) (see fig. 3). The SNPs rs13048981 and
1513046884 were further typed for all the available samples
1370 cases and 610 controls). The results for 1s13048981
were P = 00039, OR 0.31, and 95% Cl 0.16-0.60; the re-
sults for 1513046884 were P = .00036, OR 0.33, and 95%
C10.18-0.62 (table 3). The two SNPs were further analyzed
in 125 independently collected HLA-DRB1 *1501-positive
unaffected controls. Both SNPs again exhibited significant
associations in the 370 cases compared with these controls
(for rs13048981, P = .017, OR0.33, and 95% C10.14-0.77;
for rs 13046884, P = .023, OR 0.36, and 95% Cl 0.16-0.83)
(table 3). Therefore, we considered this region to be a can-
didate region for susceptibility/resistance to human nar-
colepsy and tentatively named the region “narcolepsy
candidate-region 1 (NLC1)."

The LD structure in this region was analyzed using the
SNPs with MAFs >6%, and one large LD block was found
(fig. 34 and 3B). SNPs rs13048981 and rs13046884 and
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Association analyss using 23,244 MSs* with 1st set pooled DNAs
(cases: 110, controls: 210)

Assessment of reproducibility using 2,686 MSs with 2nd set pooled DNAs
(cases: 110. controls: 210)

Confirmation of association by individual genotyping for B0 MSs®
(cases: 85, controls: 95)

Significant associations for 30 MSs

Association analyses for 11 MSs¢
(cases: 220, controls: 420)*

'
D2180241i was further examined with the 3rd set
(cases. 150, controls: 190)

High-density mapping around D2150241i
using 14 additional MSs and 74 SNPs
(cases: 190, controis: 180)°

D2150012m, rs13046884, and rs13048981 were examined in all samples
(cases: 370, controls: 610)

Association analyses for newly detected polymerphisms in NLC1 region
(cases: 180, controls: 180)°

Expression analyses of NLC1-A -8 and -C by RT-PCR
and reporter-gene assay

Figure 1. Genomewide association analyses with 23,244 microsatellite markers. A, Flow chart of this study, g, MS = microsatellite
marker. b, Sixteen MSs on chromosome 6 and 80 MSs on other chromosames showing reproducible peak pattems and remaining significantly
different between cases and controls. ¢, Selected randomly from the samples used in the first and second screenings. d, Eleven MSs
reaching significance in both 2x 2 and 2 xm contingency tables. e, All samples used in first and second screenings. B, Results of
genomewide screening. The figure shows P values by Fisher's exact test based on 2 x 2 contingency tables (green ling) or on 2% m
contingency tables (red line) in the first screening. Yellow circles indicate 30 MSs that showed significant associations in both first
and second screenings and in individual typing.




Table 2. Thirty Microsatellite Markers Showing Significant Association

in the First and Second Screenings and in the Subsequent Individual

Genotyping
95 Cases and 220 Cases and

Pooled DNA 95 Controls 420 Controls
Marker Chromosome First Second 2x2* 2xm" 2x2 2xnt
01505000 1g23.1 J046 00024 017 .28
D1505831 1q32.2 038 049 018 11 o
D1512081 1g3z2.2 045 045 029 034 0010 0027
D151148i 1q31.2 025 047 .018 073 wia
D25303 2pla 045 .017 .021 .19
D250878i 2pl16.2 .0011 .02% 0023 0020 .0010 00073
03505021 3pz2.2 019 [036 .037 A5
03509718 3q22.2 037 016 031 23
03509781 3q24 L0031 0047 L0044 041 .oog1 13
D3511741 aplat 04l 027 022 J00B4 0021 A0013
G08391 4pls.1 041 047 044 16
04501401 4p15.1 0027 037 0023 L0067 0020 0070
Das0426 4p16.3 .038 036 049 .63
D550022i 5q32 .012 0084 0040 016 011 L0017
D5505651 5p13.3 0051 013 L0031 052
D7504861 7pl5.2 036 0020 049 68
07507601 7p11.2 0044 L0040 016 086 .
D7510667 Tqi1.22 .008s J028 011 095
DBS0068! 8 018 034 011 .30
DBS05847 Bg24.21 ) 012 018 J1
D1450284i 14q31.3 L0030 049 .0058 .018 027 .38
0155150 15q21.3 .020 049 024 .21
015501571 15g21.3 019 0088 010 16 s
D1751300 17q24.3 022 0071 036 A3 -
017501791 17 0044 050 018 .00%0  .0016 J0060
017503061 17pil.2 L0060 021 011 014 0069 076
D2osooz7i 20p11.21 0055 014 J024 A8
021500981 21g21.1 023 L0044 00029 .0051 .0o031 011
p2150241 21g22.3 018 00043 .0098 .D18 0012 [048
DXS06601 Xp22.13 00061  .008O L0025 .06%

* P values calculated by Fisher's exact test, based on 2 x 2 contingency tables with
estimated allele frequencies. The smallest P value was selected. The alleles that showed
the smallest P values in the pooled DNA genotypings were reflected in the individual

genotyping.

* P ovalues calculated by Fisher's exact test, based on 2 x 2 contingency tables. The

smallest P value was selected.

" P values calculated by Fisher's exact test, based on 2 = m contingency tables.

microsatellite marker D2150012m were in the same LD
block, whereas D2150241i was not. In addition, the
rs13046884 g allele, the rs13048981 t allele, and the
D2150012m (AC),, allele were found to be in strong LD
(r'>0.94), and the estimated haplotype frequency was
4.5% In the controls.

The region around the three polymorphisms contains
three predicted genes registered in the UCSC Genome
Browser, each of which is supported by between two
and five mRNAs or ESTs (fig. 2C). These predicted genes
are on the reverse strand on chromosome 21¢22.3,
with positions as follows: NLCI-A 45234209-4523842,
NLC1-B 45238709-45239923, and NLCI-C 45243550-
45249070 (Genome Browser accession numbers BCO36902,
BC009635, and BCO27456, respectively). According to the

UCSC Genome Browser, NLC1-A produces two alterna-
tively spliced transcripts encoding different protein iso-
forms; the position of the short isoform is 45235619~
45238383. The functions of these predicted genes are
currently unknowrn.

We performed further variation screening on the three
genes by direct sequencing with 16 samples, and 26 poly-
morphisms were observed. Fourteen of the polymor-
phisms were new: eight SNPs in NLCI-A, two in NLCI-B,
and four in NLC1-C. Next, these new polymorphisms were
subjected to association analysis with 190 cases and 190
controls (fig. 2C). Four SNPs reached significance in the
analysis, but none was stronger than rs13048981 or
rs13046884, indicating that these two SNPs, as well as
D2150012m, are associated primarily in this region.
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Table 3. Association Analyses of D2150241i, D2150012m, rs13048981, and
rs13046884 with 370 Patients with Narcolepsy and 610 Unaffected Controls

No. (") of Individuals

Patients with Contral DRB1*1501-Positive
Narcolepsy Individuals Control Individuals
Marker or SNF and Allele {n = 370) (n = 610) {n = 125)
DZ21502411
(AAGE), 0(.0) 1(.1)
(AAGG), 0 (.0) 1(.1)
(AAGG), 1(.1) 0(.0)
(AAGG),.* 51 (6.9) 42 (3.4)
(AAGG),, 65 (8.8) 90 (7.4)
(AAGG),, 155 (20.9) 258 (21.1)
(AAGG),, 154 (20.8) 249 (20.4)
(AAGG),, 195 (26.4) 359 (29.4)
(AAGG),, 94 (12.7) 180 (14.8)
{AAGG),, 24 (3.2) 35 (2.9)
(AAGG), . 1(.1} 5 (.4)
02150012
(AC), 127 (17.2) 168 (13.8)
(AC), 447 (60.4) 762 (62.5)
(ALY, 12 (1.6) 54 (4.4)
(AC),, 36 (4.9) 48 (3.9)
(AC),, 117 (15.8) 188 (15.4)
(AC)y, 1(.1) 0(.0)
rs13048981;
Genotype" *:
(s 160 (97.3) 561 (92.0) 115 (92.0)
cr 10 (2.7) 47 (1.7) 10 (8.0)
m 0(.0) 2 (3) 0(.0)
Allete™'":
C 730 (98.6) 1,169 (95.8) 240 (96.0)
1 10 (1.4) 51 (4.2) 10 (4.0)
rs13046884:
Genotype® "
AA 159 (97.0) 559 (91.6) 115 (92.0)
AG 11 (3.0) 49 (8.0) 10 (8.0)
GG 0 (.0) 203 0 (.0)
Allele't:
A 729 (98.5) 1,167 (95.7) 240 (96.0)
G 11 (1.5) 53 (&.3) 10 (4.0)

* OR 2.08; 95% CI 1.4-3.1; P = 00064,

* OR 0.36; 95% (1 0.2-0.7; P = .00068,

' P = 00095 (patients with narcolepsy compared with controls, by Fisher's exact test based
on a 2 x 3 contingency table).

‘P =016 (patients with narcolepsy compared with DRB1°1501-positive controls, by
Fisher's exact test based on a 2 = 3 contingency table).

* OR0.31; 95% C10.16~0.60; P = .00039 {patients with narcolepsy compared with controls,
by Fisher's exact test based on a 2 x 2 contingency table).

"OR 0.33; 95% I 0.14-0.77: P = .017 (patients with narcolepsy compared with
DRB1*1501-positive controls, by Fisher's exact test based an a 2 % 2 contingency table).

' P = .0011 (patients with narcolepsy compared with controls, by Fisher's exact test based
on a 2 = 3 contingency table).

" P = 022 (patients with narcolepsy compared with DRB1°*1501-positive controls, by
Fisher's exact test based on a 2 x 3 contingency table).

' OR0.33; 95% C10.18-0.62: P = ,00036 (patients with narcolepsy compared with controls,
by Fisher's exact test based on a 2 x 2 contingency table)

}'OR 0.36; 95% (I 0.16-0.83; P = .021 (patients with narcolepsy compared with
DRB1*1501-positive controls, by Fisher's exact test based on a 2 x 2 contingency table).
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Expression Analyses

We assessed the expression of these three predicted genes
in the human brain, hypothalamus, and other organs by
RT-PCR, using specific primers (fig. 44). Products with the
expected size were amplified for NLCI-A and NLC1-C in
whole brain and hypothalamus {fig. 48 and 4C). Moreover,
direct sequencing of the products confirmed that the cor-
rect sequence was amplified. However, for NLCI-B, the
amplified band was from genomic DNA, not from ¢cDNA.
These observations indicate that NLCI-A and NLCI-C
were expressed in human whole brain and hypothalamus,
whereas NLCI-B was not. Notably, NLCI-A was also ex-
pressed in human spleen, lung, kidney, and skeletal mus-

Table 4. Association Analyses with High-
Density Microsatellite Markers around
Marker D2150241i

The table is available in its entirety in the onling
edition of The American Journal of Human Genetics,

in NLCI-A intron 1, and D2150012mn is 424 bp upstream
of the transcriptional start site of NLC1-A, which suggests
that NLCI1-A may be a susceptibility/resistance gene for
human narcolepsy. SNP 1513048981 is located 2,602 bp
upstream of NLCI-B, which was not expressed in human
brain, and its position, 4,164 bp upstream of NLC1-A, sug-
gests that its association with narcolepsy resulted merely

cle, and NLC1-C was also expressed in human spleen, pan-  from the LD with 513046884 and D2150012m. Thus, it
creas, lung, and sperm (fig. 4C), but neither was expressed  is unlikely that NLC1-B is a susceptibility/resistance gene
in peripheral blood (data not shown). SNI' 1513046884 15 for human narcolepsy,
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Figure 2. High-density mapping with additional microsatellite markers and SNPs. A, Association analyses using high-density micro-
satellite markers with 220 cases and 420 controls. Unblackened circles indicate microsatellite markers used in the first and second
screenings. Blackened circles indicate microsatellite markers newly developed for the high-density mapping. The dark line shows the
F values calculated by Fisher's exact test based on 2 x 2 contingency tables, whereas the lighter line shows those from 2 « m contingency
tables. 8, Association analyses using SNPs with 190 cases and 190 controls. The X-axis indicates the distance from D2150012m. SNP
rs12483718 is located near D2150241i. The Y-axis shows the P values calculated by Fisher's exact test based on 2= 2 contingency
tables, Two SNPs, rs13048981 and rs13046884, showed the strongest associations in the NLC1 region. C, Variation screening and high-
density association analyses in the NLC1 region. Top, Exon-intron structures of NLC21-A, NLC1-B, and NLCI-C. Boxes indicate exons, with
unblackened hoxes indicating untranslated regions and blackened boxes indicating coding regions. Predicted gene regions and 1 kb of
upstream region were screened for sequence variations, Fourteen additional polymorphisms, including two nonsynonymous substitutions,
were detected and were examined for possible assotiations, but no polymorphisms showed stronger association than D2150012m,
313048981, and rs13046884. Bottom, P values for individual SNPs.
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