60

cesses, might interact with synucleinopathy as a
pathologic network thar contributes 1o PD develop-
ment and progression, even ar premotor stages. In
addition to experiments showing that both tau and
AP might direcdy interact with a-synuclein, facili-
tating its aggregation,'”*® this argument is further
supported by recent independent genome-wide asso-
ciation studies indicating that the SNCA and MAPT
genes/regions (encoding a-synuclein and tau, respec-
tively) are consistently associated with an increased
risk of developing P19

Our results, if applicable to sporadic PD, also sug-
gest that A, and tau could potentially be used as
biomarkers for carly PD) diagnosis. However, since
they are not particularly strong predictors of the dis-
ease condition, it is likely that a combination of A,
and tau with other markers will be necessary for f-
fective preclinical diagnosis or monitoring discase
progression. A major limiration in focusing on
LRRK2 mutation carriers is that this approach is lo-
gistically difficult in that it requires recruitment from
a very limited pool of subjects, lengthy and poten-
tially uncomfortable procedures (PET imaging and
lumbar puncrure), and in many instances, interna-
tional travel. Thus, we were only able to study a
modest number of participants, and because this was
an exploratory study we did not perform statistical
correction for multple comparisons. Therefore, the
data need to be interpreted with caution and the
results should be replicated, ideally using a longi-
tudinal design with serial PET scans and CSE

measurements.
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Introduction

PD, one of the most common movement disorders, is
characterized by age-dependent impairments of several nervous
systerns including the midbrain DA systermn. The degeneration of
DA ncurons in the substantia nigra produces the prominent motor
symptoms of PD. Postmortem inspections and studies with
ncurotoxin-based D models suggest a multifactorial ctiology
involving inflammation, mitochondrial dysfunction, iron accumu-
lation and oxidative stress. NO, a free gascous signaling molecule,
has also been implicated in PD [1,2]. The signaling function of
NO is dependent on the dynamic regulation of its synthase, NOS.
There are three types of NOS, neuronal NOS (nNOS), endothelial
NOS (eNOS) and inducible NOS (iNOS), in humans whereas the
Drosophile genome has only a single orthologue, dNOS. High levels
of 1NOS and iNOS have been reported in the substantia nigra of
PD patients [3,4] and animal modcls of PD [5,6]. Overproduction
of NO is suggested to cause DNA damage, protein modifications
and ccll toxicity mainly mediated by the reactive specics
peroxynitrite, which may be generated with dopamine metabolism
m DA neurons. In the ctiology of PD, overproduction of NO could

:@' PLoS ONE | www.plosone.org
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be caused cither by upregulation of INOS in activated glia cells
[3,5] or by an incrcase in intraccilular calcium, for example, afier
glutamate excitotoxicity [7]. .

‘The discovery of genes linked to rare familial forms of PD has
provided vital clues to understanding the cellular and molecular
pathogencsis of the discase. Misscnse mutations in the Lencine-rich
repeal kanase 2 (LRRE2)/Dardarin gene cause autosomal dominant
late onsct familial PD as well as sporadic PD [8,9,10]. The dlinical
symptoms and pathology caused by LRRA2 mutations closcly
resemble those of the sporadic form of PD, suggesting that the
LRRK2 pathogenic pathway may underlic the general PD
ctiology. The LRRA? gene encodes a large protein with multiple
domains including a G'I'Pasc domain and a kinase domain |8,9].
Several amino acid substitutions are identified as pathogenic
mutations linked to PD [11]. Mutations in the kinase domain of
human LRRK2 such as G2019S and 12020T have been reported
to produce enhanced kinasc activity in zitre, suggesting that gain-of-
function mutations of LRRK2 cause ncurodegencration
[12,13,14]. However, how these mutations present in the LRRK2
gene Jead to the progressive loss of DA neurons and other
associated pathologics is still unknown.
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Because various key signaling pathways are conserved between
humans and Drosophila, genetic and functional studies using
Drosophila models for familial PI} have revealed crucial signal
transductions that affect the pathogenesis of PD [15]. We have
previously reported that a Drosophile LRRK?2 orthologue, dLRRK
phosphorylates  Drosgplula FoxO  {dFoxO) at Ser259, which
stimulates the expression of a pro-apoptotic dFoxO targe, kid,
and leads to ncurodegeneration in Drosophila [16]. The event was
further enhanced by transgenic expression of pathogenic dLRRK
protcins such as dLRRK 11915T (corresponding to 120207 in
humans). However, a kinase-dead form of dLRRK (dLRRK 3KD)
did not completely suppress a synergic effect caused by the co-
cxpression of dFoxO with dLRRK, suggesting that some other
factor{s) modulates this pathway. Here, we report that ¢cGKII also
phosphorylates FoxO and activates FoxO-transeriptional activity
in the same manner as LRRK2/dLRRK by using biochemical

“studies of mammalian ¢GKII and FoxO1. Morcover, by using
Drosophila models, our data suggest that NO signaling and its
downstream cffector cGKII/DG2 contribute to DA neurodegen-
cration.

Results

cGK genetically interacts with FoxO and activates FoxO
activity

We previously reported a genetic interaction between FoxQ and
LRRK2/dLRRK in Drosophila [16]. To identify components of the
LRRK2-FoxO signaling pathway, we screened for modifiers (}ig. 1
and Fig. STA). Kinascs reported to affect the activity of FoxO were
expressed with dFoxO in the Drsophila cye. As reported,
transgenic expression of AKT suppressed FoxO-mediated devel
opmental defects in the eye. The cxpression of MST/Hippo
resulted in extensive degencration, which did not appear to be
dependent on FoxO (Fig. 1). Expression of onc of the Drosophila
¢GMP-dependent kinases (¢GKs), DG2, leads 10 strong optic
degencration in conjunction with dFoxQ (Fig. 1 and Fig. S2A),
while the other kinases had little cffect on the developmental
defects caused by FoxO (Fig. 1). Removal of onc copy of the dg?
gene improved the defects, suggesting that endogenous DG2
activity contribute to the dFoxO-mediated neurodegencration
(IFig. 211 compared with B).

S5152-155 S$319
FoxO1
\\/’;/)”‘/{’f:i({/ \ e,
GFP  AKT DG2
GMR-GAL4>
dFoxQ

MST CDK1 CDKZ dLRRK CK1la DYRK1 JNK

Nitric Oxide Signaling Modulates FoxO in Neurons

Next we examined whether DG2 is an upstream kinase of
dI.RRK, or whether DG2 acts independently of dLRRK by
means of a combination of genetic interaction tests, reporter assays
for FoxO and in sitro kinasc assay. Co-cxpression of dLRRK
harboring a PD-rclated mutant I19I5T together with DG2
dramatically cnhanced the toxicity of dFoxQ {Fig. 2D compared
with C). However, expression of dERRK 3KD or removal of the
dLRRK gene did not suppress the cye phenotype caused by
dFoxO-DG2 at all (Fig. 2E and J compared with C). Co-
expression of DG2 and dLRRK 11915T produced a normal cye,
suggesting that the phenotype is dependent on the level of dFoxQ)
protein (Fig. 21 compared with D).

Co-expression of dFoxO with DG2, but not GFP or DG, in
Drosuphila cyes caused appearance of a slower migrated dFoxQ
protcin in western blot analysis (Fig. 3A), which indicates
phosphorylation of dFoxO [16]. Consistent with the result,
knockdown of DG2 decreased a phosphorylated form  of
endogenous dFoxQ in Drosephila brain Gssue (Fig. 3B). In Drosoplala
S2 clls, transient expression of DG2 together with 8-bromogua-
nosine-3', 5'cyclic monophosphate (8-Br<GMP), a membranc
permeable analogue for cGMP, also stimulates phosphorylation of
endogenous dFoxO (Fig. 3G, lane 3).

‘T'wo groups of cGKs, the soluble type 1 (¢GKI o and ) and the
membrane-bound type 1I (cGKI), have been reported in
vertebrates, In Drosoplala, there are two genes encoding ¢GK,
namely dgl and dg2 [17]. As reported [18], the gene products DG
and DG2 are Jocated in the cytoplasm and at the cytoplasmic
membrane, respectively (Fig. 3E and F). Interestingly, expression
of DG had little cffect on the degencration of the eye mediated by
dFoxQ, suggesting that DG1 and DG2 have different roles i von
(Tig. S1B, 82B and §2C). Although predictions of amino acid
sequence indicate that DG2 s more similar as a ¢cGKI o/
homologuc {19], their subecllular distribution suggests that DG2 is
functionally morc similar to cGKIil (Fig. 3G-)) [18,20,21].
Consistent with the idea, transgenic expression of human ¢GKII
cxaccrbated cye degencration by dFoxO (Fig. 2G compared with
B) whercas cxpression of ¢cGKIl alone did not affect the eye
development (Fig. 2F). Interestingly, ¢cGKII appcared to recruit
FoxOl 1o the cytoplasmic membrane of human cultured cells
(Fig. 3K~M) while there was no evidence that ¢GKI associates
with ¢cGKII in wive (Fig. $3). In addition, we observed that cGKI is

AN

% R

Figure 1. Screening of kinases that affect the eye phenotypes caused by dFoxQ. Drosophila orthologues of reported FoxQ kinases were
expressed with {upper row) or without (lower) dFoxO in Drosophila eyes using the GMR-GAL4 driver. GFP served as a control. The Drosophila DG2 is
presumably functionally equivalent to the vertebrate cGKIl. Reported phosphorylation sites and newly identified sites that are phosphorylated by
¢GKII {§152-155 and $319) in human Fox01 are indicated by black and red lines, respectively. FHD, forkhead domain; NLS, nuclear localization signal;
NES, nuclear export signal; TA, transactivation domain. Ovérexpressing lines used for crosses are: UAS-GFP {GFP), UAS-AKT1 (AKT), UAS-DG2 (DG2),
UAS-hippo (MST), UAS-CDK1-Myc {CDK1), UAS-CDK2-Myc (CDK2), UAS-dLRRK (dLRRK), Ckiz'5%% (CK1m), mnb®'#32% (DYRK?1), UAS-bsk (JNK), UAS-dIKKR
(IKKB). :

doi:10.1371/journal.pone.0030958.g001
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Figure 2. DG2 as well as dLRRK additively enhances FoxO-mediated developmental defects in the Drosophila eye. (A-J) SEM images of
the eye of flies expressing the indicated genes. The genotypes are: GMR-Gal4 {R), GMR-Gal4/UAS-EGFP (B), UAS-DG2; GMR-Gal4, UAS-dFoxO (C), UAS-DG2;
GMR-Gal4, UAS-dFoxO; UAS-dLRRK 11915T (D), UAS-DG2; GMR-Gal4, UAS-dFoxO; UAS-dLRRK 3KD (E), GMR-Gal4; UAS-cGKIl (F), GMR-Gal4, UAS-dFoxO; UAS-
CGKl (G), GMR-Gal4, UAS-dFoxO/DG2°7% (H), UAS-DG2; GMR-Gal4; UAS-ALRRK I1915T {1}, UAS-DG2; GMR-Gal4, UAS-dFox0; e03680/e03680 (J).
doi:10.1371/journal.pone.0030958.g002

+

B . c DG2-Myc : D 8-Br-cGMP : +
8-Br-cGMP : + o+ ¢GKII-Myc : + o+

DG2 RNAI
GFP RNAi

DG2» cGKIl»

dFoxO-P »
dFoxO  *~

Tubulin »

FoxO1 pSer3ig ¢

FoxO1

Figure 3. DG2 modulates FoxO in vivo. (A) dFoxO and the indicated transgenes were expressed in the Drosophila eyes using the GMR-GAL4
driver. Extracts from brain tissues were subjected to western blot analysis. dFoxO-P; a phosphorylated form of dFoxO. (B) DG2 RNAi or GFP RNAi
constructs were expressed in the Drosophila brain using the efav-GAL4 driver. Western blot analysis for endogenous dFoxO was carried out as in (A).
(C) Drosophila S2 cells were transfected with or without C-terminally Myc-tagged DG2 (DG2-Myc). Thirty-six hrs post transfection, cells were treated
with or without 10 1M 8-Br-cGMP for 30 min. Cell lysate were then subjected to western blot analysis. (D) Human 293T cells were transfected with or
without cGKII-Myc, and were treated with 8-Br-cGMP as in (C). Phosphorylation of the 5319 site in endogenous FoxO1 was detected with phospho-
specific antibody. (E, F) S2 cells expressing DG2-Myc (E) or DG1-Myc (F) were visualized with anti-Myc antibody (green), by counterstaining with DAPI
(blue color). (G-J) Hela cells expressing AKT-PH-GFP (green) along with cGKIll-Myc (G, H) or cGKI-Myc (I, J) were visualized with anti-Myc antibody
{red), by counterstaining with DAPI {blue color). AKT-PH-GFP was used for a marker protein of the plasma membrane [62]. (K-M) Flp-In T-REx-293
cells harbaring EGFP-FoxO1 gene were transiently transfected with c¢GKIl-Myc, and EGFP-FoxQ1 was induced with doxycycline. Enlarged views of the
plasma membrane regions in cGKll-positive (Box1) and negative (Box2) cells are also shown in (M). Accumulation of FoxO1 along with cGKll in the
plasma membrane is indicated by arrowheads. Scale bars=5 pm for (E, F), 25 pm for (G-J) and 10 pm for (K-M).
doi:10.1371/journal.pone.0030958.9003
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abundantly expressed in DA neurons in the substantia nigra of
mice (Fig. $4). We then focused on mammalian ¢cGKII as a cGK
that might be associated with the pathology of PD. Reporter assays
for FoxQ transcriptional activity revealed that ¢GKIT stimulated
FoxO activity in culturcd mammalian cclls and that co-cxpression
of hLRRK2 with ¢GKII caused a 3-fold increasce in FoxO activity
~ (Fig. 4A). A kinase-dead form of hLRRK2 (hLRRK2 3KD) did
not suppress the activation of FoxO by ¢GKII to the control level.
Similarly, a kinasc-dead form of ¢GKII (¢GKIT KD} failed to
suppress Fox()’s activation by LRRK2 (Fig. 4B). The results of the
genetic interaction tests and the reporter assays suggested that
¢GKIF and TRRK2 have additive effeets on the regulation of
FoxO activity.

cGK directly phosphorylates FoxO in vitro

Previously, we have demonstrated that LRRK2 phosphory-
lates, and cnhances the neurotoxic activity of, FoxO. Using
vitro kinasc assays, we tested whether cGKII stimulates the kinasc
activity of LRRK?2 through phosphorylation, or whether ¢GKII
directly activates FoxO as shown in a study on LRRK2 [16]. We
transfected HEK 293 cells with a FLAG-tagged ¢GKII or FLAG-
¢GKIT KD plasmid and aflinity-purificd these proteins using
anti-FLAG columns (Fig. 5B). We observed that cGKIL WT but
not KD specifically phosphorylated GS1-FoxO] in the presence
of «GMP (Fig. 5C), and that ¢GKII targeted at least two sites of
FoxO1, which were in FoxO-N and FoxQ-C (Fig. 5A and D). A
previous report has shown that ¢GKla phosphorylates the

Nitric Oxide Signaling Modulates FoxO in Neurons

hurnan FoxOl forkhcad domain mainly at S152-155 and S184,
by which the DNA-binding activity of FoxO] is abolished [22].
We found that ¢GKII also phosphorylates FoxO1l at 8152-155
and that these residucs arc major sites of phosphorylation in
FoxO-N (Fig. S5A and B). However, the replacement of serine
with alaninc at S152-155 had little cffect on the FoxO-
transcriptional stimulation by ¢GKII and the binding to 14-3-
3¢ protein, which regulates the cytosolic localization of FoxO, in
this context (Fig. 85C and D). Next, we determined phosphor-
ylation sites in FoxO-C. Experiments with several truncated
FoxO1l mutants narrowed down the phosphorylation sites in
FoxO-C and identified S319 as a major phospho-residuc
targeted by c¢GKII (Fig. 5E and F). We also confirmed that
overexpression of c¢GKIl in the presence of 8-Br-cGMP
stimulates the phosphorylation of the FoxO1] 8319 site in human
cultured cells (Fig. 3D, lanc 2). Although cGKlx also
phosphorylated GST-tagged full-length FoxOl in witre, the
$319 site did not appcar to be a major phosphorylation site
(Fig. 86). The $319 site was also targeted by LRRK2 as shown
previously (Fig. 5F) and co-incubation of ¢GKIl and LRRK2
enhanced phosphorylation of the FoxO-C fragment in @ wire
kinase assays {lane 5 comparcd with lane 1 in Fig. 5G). In
contrast to the phosphorylation of FoxO at S152 155, the
replacement of serine with alanine at S319 suppressed FoxO-
transcriptional activity and abolished ¢GKIl-mediated stimula-
tion of FoxQ, suggesting that phosphorylation at $319 has a
major cffect on the activity mediated by ¢GKIl as well as

LRRK2 (Fig. 4C) [16].
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Figure 4. ¢GKIl stimulates FoxO-transcriptional activity. (A, B) ¢GKIl and LRRK2 additively stimulate FoxO-transcriptional activity, FoxO-
transcriptional activity was measured in extracts prepared from 293T cells transfected with the indicated plasmids and a plasmid for FoxO1, a FoxO
reporter plasmid containing Firefly luciferase, and a plasmid for Renilla luciferase to monitor the transfection efficiency. The relative FoxO-
transcriptional activity (Firefly luciferase activity) normalized to Renilla luciferase activity is presented. Data are presented as the mean =+ SE for three
independent experiments. f-galactosidase (Mock} served as a transfection control. (€) Introduction of the $319A (SA) mutation in FoxO1 reduced
FoxO activity. Data are presented as the mean = SE for three independent experiments. *, p<0.05; **, p<0.01. Co-transfection of kinase-dead forms

of cGKII and LRRK2 also sitmulated FoxQ (%, p<<0.05 vs. Contro! in B).
doi:10.1371/journal.pone.0030958.g004
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Figure 5. <GKIl phosphorylates FoxO1 /n vitro. (A) The recombinant FoxO1 proteins used as substrates. GST, GST-tag. Numbers indicate
corresponding amino acid residues of FoxO1. (B) FLAG-tagged ¢GKIl and FLAG-cGKII KD were immunoprecipitated from FLAG-tagged cGKIl or FLAG-
<GKIl KD-transfected 2937 cells as kinase sources, Westemn blotting confirmed that the amounts of the two proteins obtained were similar. (C, D) In
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(BB staining were difficult to detect in spite of the presence of autophosphorylation signals of cGKII (cGKll in P*?) {E) cGKIl and LRRK2 phosphorylated
the P3 but not P4 or P5 protein. Autophosphorylation signals of ¢GKIl and LRRK2 are also shown (cGKIl and LRRK2 in P*2). The mock
immunoprecipitate (Mock) served as a control. (F} In vitro kinase assay using P3 and a series of P3 mutants where the candidate phosphorylation
residues are replaced with alanine (refer to [16] for information on the mutated residues). The phosphorylation by ¢GKll or LRRK2 was decreased in
the P3 S319A mutant. (G) Co-incubation of cGKil and LRRK2 enhanced GST-FoxO-C phosphorylation, (H) ¢GKl failed to stimulate LRRK2 kinase
activity and LRRK2 failed to stimulate cGKIl kinase activity. His-tagged 4E-BP1 and GST-FoxO-N served as LRRK2-specific and cGKll-specific substrates,

" respectively.
doi:10.1371/journal pone.0030958.g005

cGK phosphorylates LRRK2, but does not affect the
kinase activity of LRRK2 in vitro

To cxamine the possibility that ¢cGKII activates the kinase
activity of LRRK2, or that LRRK2 activated ¢cGKII, we further
performed in vitro kinase assays using 4E-BP] and FoxO-N as
substrates (¥ig. 5H). As rcported [14], LRRK?2 spccifically
phosphorylated 4E-BP1, which is not dependent on ¢cGMP, while
cGKI! failed to do so {lancs 4 and 5 compared with lane 2 in
Fig. 5H). ¢GKII and ¢GKII KD had little cficet on the kinase
activity of LRRK2 toward 4E-BP’] {(lancs 6 and 7 5. lanes 4 and 5
in Fig. 5H). ¢GKIlI but not ¢cGKII KD or LRRK?2 cffcctively
phosphorylated Fox(Q-N (fanc 9 compared with lanes 10 and 11 in
Fig. 5H). Again LRRK2 had little cffect on the kinase activity of
¢GKII toward FoxO-N (anc 12 compared with lanes 9 and 13 in

Fig. 5H). However, ¢GKII also appcarcd to phosphorylate .

LRRK2 without modifying the kinase activity of LRRK2 (lanc 6
os. lancs 5, and lane 12 ws. lane 11 in Fig. 5H and Fig. 87). The i
oitro obsc rmnon that ¢cGKIT and T.RRK2 act independently was
consistent with the results of the genetic test (Fig. 2) and the
reporter assay (Fig. 4).

Phosphorylation of Fox0O by DG2 as well as dLRRK causes
DA neurodegeneration

We next cxamined the pathological conscquence of the
phosphorylation of FoxO by DG2 and dLRRK in Drosophila.
Ubiquitous or pan-ncuronal expression of DG2 or dFoxO ‘using
GAIL4 drivers for constitutive expression caused death. ' We then
cmployed the mifepristone-inducible GAL4 system (GeneSwitch-
GAL4) that drives the tssuc-specific expression of upstream
activating sequence (UAS)-constructs in post-mitotic cells, Pan-
neuronal  co-cxpression of dFoxO with DG2, but not the
cxpression of either dFoxQ or DG2 alone, caused significant
neuronal loss in the PPM1/2 cluster Tyrosine hydroxylase (TH)-
positive ncurons of the adult brain (Fig. 6A). Expression of
dLRRK 11915T exacerbated the ncurotoxicity mediated by
dFoxQ and DG2 co-cxpression (Fig. 6A). In this context, the
mtroduction of the S259A mutation, which corresponds to S319A
in human ¥FoxOl, attcnuated the toxic interaction of dFoxO with
DG2 (Fig. 6B). Consistent with the viability of 'I'H-positive
neurons, the motor activity of the flics expressing dFoxO and DG2
was impaired (Fig. 6C). Co-cxpression of dALRRK 11915T further
worscned the motor dysfunction {Fig. 6C). Treatment with 1 mM
L-3,4-dihydroxyphenylalanine {L-DOPA) significantly improved
the locomotor activity of dFoxQ and DG2-coexpressing {lics
(Fig. 6D), suggesting that the reduction in motor activity reflects
DA degeneration. The expression of only DG2 mildly affected
lifespan (Fig. 6E), whercas the co-expression of DG2 and dFox(
significantly shortened lifespan (Fig. 6E). Howcever, the dFoxO
$5259A mutation failed to suppress the decrease in lifespan caused
by the co-expression of dFoxQO and DG2, suggesting that the toxic
imnteraction of DG2 with dFoxO that affects lifespan is produced by
a different mechanism rather than phosphorylation at 8259 by
DG2 (Fig. 6F). We then examined whether endogenous dFoxO
contributes to DG2-mediated toxicity in Drosophila (Fig. 7A and B).
Pan-ncuronal expression of DG2 alone by the GeneSwitch-GAlL4

@ PLoS ONE | www.ploscne.org

driver caused mild motor defect (Fig. 7A). Removal of one copy of
functional FoxQ allele had litde cffect on the motor function
(Tg. 7A) and lifcspan (Fig. 7B) whereas it partly suppressed DG2-
mediated motor dysfunction (Fig. 7A) and reduction in lif'vﬁpan
(Fig. 7B). These results suggested that endogenous dFoxO is also
involved in neurodegence rdmm by DG2.

NO signal leads to DA neurodegeneration through DG2-
FoxO )

The activation of ¢GK requires cGMP. ¢GMP is gencrated by
the NO-mediated activation of sGCs as well as ligands-mediated
activation of rceeptor GGs [23,24,25]. However, as NO gencerated
by NOS has been implicated in PD, the role of NOS-sGC was
nvestigated via functional assays in Drosophila. We tested whether
the Drosophila NO signal components ANOS and sGG are indeed
mvolved in FoxO and DG2-mediated DA neurodegencration in
Dromphila (Fig. 8). Genetic intcraction tests showed that co-
expression of dNOS enhances the FoxO-mediated degencration in
the eye (Fig. 8B). In contrast, knockdown of sGCG o or B subunits
partially improved the phenotype of dFoxQ expression (Tig. 8C
and D). Morcover, knockdown of sGCet or removal of one copy of
the DG2 genes improved the cye degencration caused by co-
cxpression of dFoxQ with dNOS (Fig. 8E and F compared with B),
In the context of pan-ncuronal expression of FoxO and DG2 in
Drosophila, treatment with a NOS inhibitor, Ne-Nitro-L-Arginine-
Mecthyl-Ester (L-NAME), but not the nactive D-enantiomer D-
NAME, significantly suppressed loss of the PPM1/2 and PPLI
cluster DA neurons (Fig. 9A E). In this setting; L-NAME
treatment  specifically  reduced phosphorylation  of dFoxO
(Fig. 9F). The endogenous function of dNOS-DG2 signaling in

DA nenrodegencration was estimated by survival assays of DG2 or

* dNOS mutant flics administrated with a PD-rclated  toxin,

paraquat, where both mutant lines showed signilicant resistances
10 paraquat (Fig. 9G). These results suggested that DG2/cGKIT
activated by NO signal could affect the survival of DA ncurons
through FoxO.

Discussion

We have previously demonstrated that dLRRK/LRRK2
phosphorylates and stimulates FoxO, which confers neurotoxic
activity to FoxO, activating the cxpression of pro-apoptotic
proteins such as Bim/Hid [16]. Scarching for LRRK2-FoxO
signaling components, we found that Drsephila cGE DG2 also
cxacerbates  FoxO-mediated neurotoxicity. The current study
suggests  that ¢GKII/DG2  activates FoxQ  similar  to, but
mdependently of, TRRK2. However, in spite of the similar
activation mechanism, the genctic results suggested that the Hid-
DIAP-Dronc pathway is not a major cause of the optic
degeneration by DG2-FoxO (Fig. SB8A-D). Supporting this result,
a quantitative RT-PCR analysis showed that DG2 or DG2/
dFoxO docs not cffectively stimulate FoxO-mediated transactiva-
tion of kid as well as 4£-BP (Fig. S8E and F). We attempted to
determine  downstream  effector(s) of DG2-dFoxO  using a
combination of microarrays, real-time PCR and Drosophila genctic
screening, but could not identify any candidate gencs, suggesting
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Figure 6. Neuronal activation of dFoxO by DG2 affects the maintenance of DA neurons in Drosophila. (A) The number of protocerebral
posterior medial (PPM) 1/2 clusters of Tyrosine hydroxylase (TH)-positive DA neurons in 24-day-old adult flies. Neuron-specific expression of dFoxO,
dLRRK 11915T and/or DG2 was induced following the administration of the activator RU486 (25 pg/ml) in the elav-GeneSwitch-GAL4 (elav-GS)
crosses. elav-GS/+ served as a control. Data are presented as the mean * SE for three repeated experiments (*, P<0.05; **, p<<0.01). (B) Co-expression
of the dFoxO 5259A (SA) mutant with DG2 suppressed the loss of PPM 1/2 TH-positive neurons. Flies were treated as in (A). (C) Adult aged flies
expressing dFoxO and DG2 under the control of efav-GS showed motor defects, while the expression of dFoxO alone had little effect. The values
represent means * SE for 20 trials in six independent experiments (*, p<0.05; **¥, p<0.001). (D) Treatment with 1 mM L-DOPA in phosphate-buffered
saline (PBS), but not with PBS alone, for 4 days rescued the loss of climbing ability in dFoxO and DG2-expressing flies. dFoxO served as a control. The
values represent means = SE for 20 trials in six independent experiments {(**, p<<0.01). (E) Flies from each genotype were subjected to survival assays
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at 29.C. elav-GS/+ served as a control. Female adults (n=119-121) were fed yeast paste containing 25 pg/ml_ RU486. Expression of DG2 shortened
lifespan compared with the control {DG2 vs. Control, p<0.01; dFoxO, DG2 vs. Control, p<0.0001). (F) Flies from each genotype (n=119-122) were
subjected to survival assays as in (E). Pan-neuronal expression of dFoxO SA alone had no significant effect on lifespan when compared with that of

dFoxQ. Co-expression of dFoxO SA with DG2 failed to attenuate the effect of dFox0-DG2 combination on lifespan {dFoxO SA, DG2 vs. dFoxO, DG2;

p=0.485).
doi:10.1371/journal.pone.0030958.g006

that DG2 has more complex functions in gene regulation. For
example, DG2 might modulate another transeription regulator
through phosphorylation along with dFoxO.

Activation of the NOS-GC pathway leads to increased ¢cGMP
levels [26], which in turn has physiological consequences by
regulating ¢GMP cffector proteins such as cGMP-regulated ion
channcls, cGMP-regulated phosphodicesterases, and ¢GKs [25,27].
It is widely appreciated that ¢GKs have a varicty of roles in tissucs,
and in the central nervous system. For instance, ¢GKs regulate
neurotransmitter release/uptake and receptor trafficking, neuronal
differentiation and axon guidance, synaptic plasticity and memory
through the phosphorylation of substrates [27,28,29]. There are
two cGK isoforms, cGKI a/B and ¢GKII, in vertcbrates. While
c¢GKl 2/ is cytosolic and mainly found in the cerebellum,
cerebral cortex, hippocampus, hypothalamus, and olfactory bulb
of the brain, ¢GKIT is located in the cellular membranes and
widely distributed in the brain [30,31,32]. Here, we demonstrated
that cGKII is abundantly cxpressed in DA ncurons in the
substantia nigra of the murine midbrain, suggesting that ¢cGKII
has a pathogenic role similar 1o DG2.

What signal mediates stimulation of ¢GMDP synthesis and
subscquent ¢GKIT activadon in PD remains unclear. The
activation of microglia is belicved to be one of the pathological
processes  |33,34], which might begin with the release of
aggregated proteins such as oligomeric ¢-synuclein from neurons
into the extracellular space [35]. Inflammation will be amplificd by
microglial activation and the release of proinflammatory cytokines
and inducible NOS [5]. Similarly, dNOS, the only NOS
orthologue in Drosophila, is involved in an immune response [36].
Thus, inducible NOS responding carly to inflammation could be a
trigger of the ¢GKIEFoxO-mediated ncurotoxic pathway in
humans. In this context, pathogenic LRRK? with increased
kinasc activity might potentiate the above pathogenic mechanism.
We found that ¢GKII physically interacts with LRRK2 (Fig. §9),
and that they are co-localized at the endosomes (Fig. S10)

although our current study suggests LRRK2 and c¢GKII act
independently in the context of FoxQ activaton. However, we
observed that co-expression of ¢GRIl KD and LRRK2 3KD
partially stimulates FoxO {Fig. 4B). These kinascs have been
rcported to form a dimmer when activated [29,37.38]. Thus
overexpression of kinase-dead forms of ¢GKII and LRRK2 may
accidentally recruit and activate the endogenous kinascs in 293T
cells although we could not detect the endogenous expression of
c¢GKII in this cell line.

The involvement of NO signaling in PD has been suggested by
the findings of higher levels of nNOS and iINOS in the
nigrostriatal region and basal ganglia in post mortem PI) brains
[3,4]. The emerging evidence for pathogenic roles of microglia
and astrocytes in PD now supports the idea that glia-induced
inflammation and NO production promote the discase’s devel-
opment. However, most studies with post mortem samples or PD
modcls showed only that NO could be a generator of oxidative
stress since NO is a free radical involved in a wide range of
physiologic events [39]. A very recent study on rodent models of
PD have shown that specific inhibition of sGC-¢GMP signaling
improves basal ganglia  dysfunction and motor symptoms,
suggesting that NO signaling could act specifically on PD ctiology
[40]. Our study here provides the possibility that NO signaling
downstrcam to ¢GK along with FoxO has a pathogenic role in
PD.

The relationship between the NO signal and FoxO has been
pointed out in a teport on a tail suspension-induced model of
muscle atrophy, where nNOS-NO is suggested to induce muscle
atrophy by uprcgulating the muscle-specific E3 ubiquitin ligascs
MuRF-1 and atrogin-1/MAFbx through FoxQ activation. Since,
the AKT signal is not involved in this mechanism, the molecular
mechanism by which FoxO is regulated by nNOS-NO remains
unknown [41]. Considering our finding regarding neurodegen-
cration, ¢GK may regulate Fox() as a mediator of the NO signal
in the atrophic muscles as well, Studics have shown that ¢GK
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Figure 7. Reduction of endogenous dFoxO activity suppresses DG2-mediated toxicity. (A) The dimbing activity was measured as in
Figure 6C. The values represent means =+ SE for 20 trials in three independent experiments (¥, p<<0.05). (B) Survival assays of female adults (n=105-
106) were performed as in Figure 6E. DG2 vs. DG2, dFoxO (+/-), p<0.01; DG2, dFoxO (+/-) vs. Control, p<0.01. The genotypes are: elav-GS/+
{Control), UAS-DG2: elav-GS (DG2), elav-GS/dFox0*' (dFoxO (+/-)), UAS-DG2; elav-GS/dFox0?' (DG2, dFoxO (+/—)).
doi:10.1371/journal.pone.0030958.g007
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Figure 8. NO signal is involved in FoxO-mediated neurode-
generation. (A-D) SEM images of the eyes of flies expressing the
indicated genes. The genotypes are: GMR-Gal4/UAS-dNOS (A), GMR-
Gal4, UAS-dFoxO/UAS-ANOS (B), GMR-Gal4, UAS-dFoxO; UAS-sGCa99B ™4
(€), GMR-Gal4, UAS-dFox0O; UAS-sGCR1008™* (D), GMR-Gal4, UAS-
dFoxO/UAS-dNOS; UAS-sGCx998™ (E), GMR-Gald, UAS-dFoxO/UAS-
dNOS, DG (F).

doi:10.1371/journal. pone.0030958.g008

indircetly activates FoxO4 through activation of the JNK
pathway [42,43], which provides anti-tumor eflfects in colon
cancer cells. Although the proposed sites of phosphorylation by
JNK do not appear to be conserved in dFoxO, there is
substantial cvidence that JNK-FoxO regulates different cellular
processes including anti-aging and ccll death in Drosophila
[44,45,46]. Thus, DG2 could also stimulatc the JNK pathway
i conjunction with FoxQ, widely affecting a varicty of cellular
mechanisms. This idea could explain why the FoxQ SA mutant
failed to suppress the DG2-mediated decrcase in lifespan. of
Drosoplala (Fig. 6E and F).

Although more studies are needed in mammalian systems, our
finding of a novel link between the NO signal and FoxO in
neurodegeneration suggests that appropriate pharmacological
control of the NO pathway would prevent or diminish
pathological problems in PD.

Materials and Methods

Drosophila genetics

The Drosoplala cultures and crosses were performed on standard fly
food containing yeast, commeal and molasscs, and flics were rased
at 250C unless otherwise stated. General fly stocks and GAL4 lincs
were obtained from the Bloomington Dresophila stock center. These
flics have been deseribed previously: UAS-dFox(Q [47), UAS-dFoxO
52594 |16], UAS-DGI (18], UAS-DGZ 18], UAS-dNOS |48], UAS-
hLRRE? WT [49], UAS-RLRRE? 120207 [49], UAS-ALRRE WT[14],
UAS-dLRRK 119157 [14], UAS-dL.RRK 3KD [14], «03680 (dLRRK
null) [14], elav-GeneSwitch [50], UAS hipo/MST [51], UAS-dIKKB
[52], UAS-CKFx RNAG [53), dFox0”! [54], ANOS™? |55], UAS-AKTI
(Bloomington stock #8191), UAS-CDE1-Myc (#6642), UAS-CDE2-
Mye (H6634), UAS-bsk/FNE (#6407, mnb™ %201 DYRKyF#20
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(#21430), CRIR™™ (17000, [56]), DG2*7%% (#:10389), UAS-
SGOxIIBVE (#98718), UAS-sGCPI100B™™ (4£98786), hid’ (4:631),
DIAF (#618), and UAS-Drone “ (NIG-fly 8091R-2 LLl). U/4S-
hurnan ¢GRII was gencrated in the Davies lab.

Antibodies

The anti-a-Tubulin (DM1A), anti-B-Tubulin (Tub2.1) and and-
FLAG (M2) antibodies were purchased from Sigma-Aldrich. ‘The
anti-FoxO1 (#9454) antibody was obtaincd from Cell Signaling
Technology. The anti-Myc (1A6), anti~Actin (MAB1501) and anti-
phospho-FoxO1 (Scr319, 51136-1) antibodies were purchased
from Millipore, Chemicon and Signalway, respectively. The rabbit
anti-Drosophile TH and anti-dFoxQ polyclonal antibody has been
described previously [16,57]. Anti-cGKII [30] and anti-cGKla
[31] were kindly provided by Drs. M. Hoflincister and P,
Weinmcister, respeetively. The rabbit anti-hLRRK2 polyclonal
antibodics were raised against GST-BLRRK2 (823 1004 aa) and |
(1868-2138 aa) produced in E. coi BL21(DES)pLysS (Novagen).

Plasmids

c¢DNA for human ¢GKlIx and rat ¢GKII, kindly provided by
Drs. S. Lohmann and A. Smolenski, was subcdoned into pcDNA3-
Myc or pcDNA3-FLAG. A plasmid for EGFP-FoxQ] was a kind
gift from Dr. T. Unterman. A plasmid for AKT-PH-GFP was
from Addgene. Plasmids for FLAG-ALRRE? and FLAG-dLRRK
[14], mouse FoxOl, and human 4E-BP] and the luciferase
reporter plasmid for FoxO (TKUIRS3) have been reported
elsewhere [58]. The plasmid for DG2 was also reported previously
|18]. Mutations were introduced using the QuikChange 11 X1,
Site-dirccted mutagenesis kit (Stratagene).  Although we used
mouse FoxO1 ¢DNA as a mammalian FoxO gene, the numbering
is based on the human sequence to avoid confusion. ‘Thus,
Scr149-152, Scrl8] and Ser316 in mouse FoxOl correspond to
Scr152-155, Ser184 and Ser319 in human FoxO1, respectively.
The kinase-dead form of rat cGKI (¢cGKII KD} was generated by
replacing Asp549 with alanine, which corresponds to bavine
¢GKIa D501A mutation described in {59].

in vitro phosphorylation assay

FLAG-cGKI], FLAG-hLRRK2, and mock fractions immuno-
purificd from transfeeted and mock-transfected 293T eclls were
used as kinase sources. The same batches of kinase fractions were
used throughout the experiments, and their quality and quantity
was confirmed by western blot as shown in Fig. 5B and $6. Five
micrograms of GST-FoxOQ1, mutant forms of GST-FoxOl and
His-4E-BP1 were incubated with the kinase sources in a kinase
rcaction buffer containing 20 mM HEPES (pH7.4), 15 mM
MgCly, 5mM EGTA, 0.1% Triton X-100, 0.5 mM DTT,
1 mM  B-glycerolphosphate, and 2.5 pCi [y-"2P}-ATP in the
presence or absence of 30 pM ¢GMY for 30 min at 30uC. The
reaction mixture was then suspended in SDS sample bufler and

subjected to SDS-PAGE and autoradiography.

Cell culture, immunopurification and western blotting
Transfection of human embryonic kidney 2931 and Drosophila
Schnecider 2 (82) cells, immunopurification from the transfected
cell or mouse brain lysate, and western blotting were performed as
described previously [16,60,61]. Flp-In T-REx-293 cell line
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Figure 9. Inhibition of NO signal improves DG2-dFoxO-
mediated DA neurodegeneration. (A) Newly eclosed normal w-
flies {Control) or transgenics harboring elav-GS=>UAS-dFoxO/UAS-DG2
(n=22 in each) were fed a yeast paste containing 50 pg/mlL_ RU486
with or without 10 mM L-NAME or D-NAME every 4 days at 29uC. The
graph presents the number of PPM 1/2 and PPL1 clusters of TH-positive
neurons in 20-day-old adult flies. PPM1 and PPM2 clusters were
counted together. Data are presented as the mean = SE for three
experiments (¥, p<<0.05 vs. Control), PPL, the protocerebral posterior
lateral. Non; RU486 only. (B) A representative image of TH-positive

?@Q: PLoS ONE | www.plosone.org

P

Nitric Oxide Signaling Modulates FoxO in Neurons

PPL1, PPM1, PPM2 (upper circle) and PPM3 (lower circle) neurons of a
wild-type w- adult fly. Arowheads indicate a pair of PPM1 neurons.
Bar=50 um. (C-E) Representative images of TH-positive neurons
treated as in A. (F) Brain tissues of dFoxO transgenic flies treated with
L-NAME or D-NAME were subjected to western blot analysis with anti-
dFoxO. dFoxO SA mutant was also included as a non-phospharylated
control. Transgenes were expressed by the elav-GS driver. (G) Reduction
of dNOS and DG2 activities confers stress resistance against 2 mM
paraquat treatment. dNOS (—/-) vs. Control, p<<0.0001; DG2 (+/—) vs.
Control, p<0.01. The genotypes are: w- (Control), dNOSA¥/dNOS?'®
(dNOS (—/-)), DG2*%11 (DG2 (+/—).

doi:10.1371/journal.pone.0030958.g009

harboring doxycycline-inducible EGFP-FoxQO] genc was gencrat-
ed according to the manufacturer’s instructions (Invitrogen).

Scanning Electron Microscopy (SEM)

Adult flics were processed as deseribed previously [14]. SEM
images were obtained at The Biomedical Rescarch Core of
Tohoku University Graduate School of Medicine.

Lifespan and survival assays

Twenty female adult flies per vial were maintained at 29UC,
transferred to fresh fly food vials containing 250 pl of yeast paste
and 25 pg/ml of RU486, and scored for survival every 4 days. To
control for isogeny, all fly lines were backerossed to the w™ wild-
type background for six gencrations or were generated on the w™
background, and thus have matched genctic backgrounds.
Survival assays of flies treated with 2 mM paraquat were
performed as described previously [14].

Climbing assay

The climbing assay was performed as described previously [14].
Bricfly, twenty flics were placed in a plastic vial (18.6 cm in
heigh® 8.5 cm® in arca) and gently tapped o bring them down to
the bottom of the vial. Flics were given 18 s to climb and the
nurmber of flics more than 6 cm from the bottom was counted.
Twenty trials were performed for the same st of lics. Flics at 20
days of age were Ieft untreated or treated with | mM L-DOPA for
4 days, then subjected to climbing assays.

Whole-mount immunostaining

Total number of TH-positive ncurons were calculated following
whole-mount immunostaining of brain samples as described
previously [57). All immunohistochemical analyses were per-
formed using a Carl Zeiss Jaser scanning microscope system.

Statistical analysis

The onc-way repeated mceasures ANOVA was used to
determine significant diflerences between multiple groups unless
otherwise indicated. If a significant result was achieved ($<<0.05),
the means of the control and the specific test group were analyzed
using the Tukey-Kramer test. For lifespan assays, a Kaplan-Meier
analysis with the log-rank test was performed.

Supporting Information

Figure S1 Evaluation of mnb and dgl expression in
m nbEY120 4 nd UAS-DGL fly lines in the presence of the
GAL4 driver. Total RNA was cxtracted from the Da-Gal¢
crosses. The mnb, an orthologue of mammalian DYRKI, dgt and
7949 wanseript Ievels were measured by real-tine PCR. mnb (A) or
dgl (B} transcript levels normalized to those of 7549 are presented.
(I
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Figure 52 DG1 does not exacerbate dFoxO-mediated
eve degeneration. Transgenic expression of DG2 alonc did not
produce cye degeneration, and DG had litde cffect on the eye
phenotype caused by expression of dFoxO (when compared to
Figure 2B). (C) The numbers of ommatidia per fly eve (from 5 flics)
were quantified. ¥, p<<0.05; N.8., non-significant. The genotypes
are: UAS-DG2; GMR-Gal4 (A), GMR-Gald, UAS-dFox0; UAS-DGI
(B), GMR-Gait/ UAS-EGFP (EGFP), GMR-Galt, UAS-dFox0/UAS-
EGFP (dFoxO, RGTP), GMR-Gal4, UAS-dlex0; UAS-DG1 (dFoxO,
DG (C).

(TTF)

Figure §3 ¢GKII does not form a stable complex with
cGKIa or FoxOl. Lysate from 293T cells transfected with
cGKII-FLAG together with or without FoxOl-Myc or ¢GKla-
Myc was immunoprecipitated with anti-FLAG antibody (FLAG-
IP). Immunoprecipitates and total soluble lysates (Lysatc) were
analyzed by western blotting.

(TIF)

Figure $S4 cGKIl is expressed in DA neurons of the
murine midbrain. Immunolocalizaton of ¢cGKIa (green in A,
C), ¢GKII {green in B, D} and TH {red) in coronal scctions of the
substantia nigra (A, B) and striatum (C, D) of the brain. Ycllow in
B indicates the expression of ¢GKIT in TH-positive ncuronal
processes {arrow heads) as well as cell bodies (arrows). The right
columns of cach panel show high-magnification images of the
boxcs in the lkeft columns. Scale bars= 20 pm.

(TIF)

Fipure S5 Mutations of ¢GKII phosphorylation sites
localized in FoxO1-N do not affect the FoxO-ranserip-
tional activity. (3) Reported phosphorylation sites in FoxO1 by
c¢GKI arc depicted [22). Phospho-resistant mutants, where the
indicated Ser or Thr residues arc replaced with alanine, are also
shown. (B) The phospho-signal by ¢GKII was decreased in GST-
FoxO-4M compared with GST-FoxO-N WT (lane 3 zs. lanc 2),
but was no longer decreased in GST-FoxO-5M (data not shown),

suggesting that 8184 is not a major phosphorylation site by ¢cGKIL. -

(C) The FoxOl 4M mutation had little effect on FoxO-
transcriptional activity stimulated by ¢cGKII and/or LRRK2, (D)
Effects of the 4M mutation on physical interaction between FoxOl
and 14-3-3& were cstimated in 2937 cells. FoxO1-Myc-6x His was
pulled down with Ni-NTA beads from the lysate of cells expressing
the indicated transgenes. )

(TIF)

Figure S6 The Ser319 site of FoxOlis not a major target
of eGKI in vitro. /n vitre kinasc assay was performed as in Fig. 5.
P3 SA; a P3 mutant in which the Ser319 residuce is replaced with
alanine. Autophosphorylation signals of ¢GKIT and ¢GKI are also
shown in the upper pancl. :

(TIF)

Figure ST ¢GRIl phosphoryvlates LRRK2. (A) ¢cGKII WT
but not ¢GKII KD phosphorylates LRRK2 3KD (lanc 9) as well
as LRRK2 WT (lanc 6} in in vitro kinase assay. In vilro kinase assay
was performed as in Fig. 5. (B) Western blot analysis with ant-
FLAG indicates similar amounts of FLAG-LRRK2 WT and
FLAG-LRRK?2 3KD were used in the kinase assay.

(TIF)

Figure S8 Hid is not a m ajor gene responsible for FoxO-
DG2-m ediated optic degeneration. Introduction of loss-of
function alleles of a pro-apoptotic gence Jid (B) or anti-apoplotic

@: PLoS ONE | www.plosone.org
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DIAP (C), or knockdown of Drong, a caspasc downstream of Hid
(D}, had little effects on the eye phenotype by co-expression of
dFoxO and DG2 (A). The genotypes are: UAS-DG2; GMR-Gald,
UAS-dFox0 (8), UAS-DG2; GMR-Gald, UAS-dFoxO; hid' (B), UAS-
DG2; GMR-Gal4, UAS-dFax0; DIAP' (C), UAS-DG2; GMR-Gal4,
UAS-dFox0; UAS-Drond™™ (D). (E) Real-time RT-PCR analysis
for fud and 4E-BP was performed using total RNA from 82 cells
expressing the indicated gene combinatons. Values are presented
as the mean & SE for three repeated experiments. ¥, p<<0.05 as.
Control.

(T

Figure §9 ¢GRIl is associated with LRRK2. {A) Lysate
from 293T cells transfected with FLAG-tagged LRRK?2 with or
without Myc-¢GKII was immunoprecipitated with ant-FLAG
antibody (FLLAG-TP). Immunoprecipitates and total soluble lysates
(lysate) werc analyzed by western blotting. (B) The diagram
represents LRRK2 and the mutants used to determine the ¢GKII-
binding domain. Numbers in parentheses indicate corresponding
amino acid residucs of LRRK2. LRR, leucine-rich repeat; ROGC,
Ras in complex proteins; COR, C-ierminal of Roc; Kinase,
protein kinase domain; WD40, WD40 domain. (C) Immunopre-
cipitation-western blot analysis as in {&) revealed ¢GKIT to be
associated with LRRK2-C. (D} ¢GKII associates strongly with
LRRK9-C;, and weakly with LRRK2-C,; and —C,. (E) Endog-
enous interaction of ¢GKII but not ¢cGKla with LRRK2 in brain
tissue. Mouse brain tissucs were Jysed as described [60], then the
supcrnatant fractions were immunoprecipitated (IP) with ant-
¢GKII or anti-cGKIx antibodies. The co-precipitated LRRK2
was detected by western blotting using ant-LRRK2 antibody.
2931 lysate expressing FLAG-LRRK2 or FLAG~<GKII servéd as
a positive control.

(L1F)

Figure 510 c¢GKII is codocalized with LRRKZ2 at the
endosom es. (A) Immunolocalization of ¢GKII and LRRK? in
293T cclls expressing FLAG-LRRK2 and Myc-cGKIL <GKII
and LRRK2 were visualized with anti-Myc (green) or anti-
LRRK2 antibody (red). LRRK2 is localized at the Rab-positive
endosomces (data not shown). ¢cGKIT is localized at the cytoplasmic
membrane and partly in the cytoplasmic compartments. ¢GKII
and LRRK?2 were co-ocalized at the Rab-positive endosomes
{ycllow). Seale bar =10 pm. (B-E) Immunolocalization of ¢GKII
(red) in 293T cells expressing Myc-cGKII and EGFP-tagged Rabs
(green). Cytosolic ¢GKII is located mainly at Rab4- and Rah5-
positive endosomes, and partially at Rab7- or Rabll-positive
endosomes.

(TIF)
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Hyperpolarization-activated cyclic nucleotide
gated channels: a potential molecular link
between epileptic seizures and AB generation in
Alzheimer’s disease
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Abstract

Background: One of the best-characterized causative factors of Alzheimer’s disease (AD) is the generation of
amyloid-B peptide (AB). AD subjects are at high risk of epileptic seizures accompanied by aberrant neuronal
excitability, which in itself enhances AR generation. However, the molecular linkage between epileptic seizures and
AR generation in AD remains unclear.

Results: X11 and X11-like (X11L) gene knockout mice suffered from epileptic seizures, along with a malfunction of
hyperpolarization-activated cyclic nucleotide gated (HCN) channels. Genetic ablation of HCN1 in mice and HCN1
channel blockage in cultured Neuro2a (N2a) cells enhanced A generation. Interestingly, HCN1 levels dramatically
decreased in the temporal lobe of cynomolgus monkeys (Macaca fascicularisy during aging and were significantly
diminished in the temporal lobe of sporadic AD patients.

aggravation of sporadic AD.

Conclusion: Because HCN1 associates with amyloid-§ precursor protein (APP) and X11/X11L in the brain, genetic
deficiency of X11/X11L may induce aberrant HCNT distribution along with epilepsy. Moreover, the reduction in
HCNT1 levels in aged primates may contribute to augmented A generation. Taken together, HCN1 is proposed to
play an important role in the molecular linkage between epileptic seizures and AR generation, and in the

Background

Alzheimer's disease (AD) is characterized by progressive
memory impairment, which accompanies aging. Genetic
and biochemical studies show that the production of
amyloid-p peptide (AB) largely contributes to the etiology
of AD [1]. AB is generated from amyloid-B precursor pro-
tein (APP) by B- and y-cleavage of the latter.

The risk of seizure activity is particularly high in AD
patients, with an 87-fold increase in subjects with early-
onset dementia compared with an age-matched refer-
ence population [2-7]. Factors linking seizure activity to
AP generation in AD patients remain unclear, although
epilepsy is believed to result from abnormal regulation
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of neuronal excitability, which favors hypersynchrony. In
addition, increased neuronal activity enhances AB pro-
duction from APP [8-10].

Hyperpolarization-activated cyclic nucleotide gated HCN
channels 1-4 (HCN1-4) conduct inward, depolarizing
mixed Na*/K* currents and thereby control resting mem-
brane potential, dendritic integration, synaptic transmis-
sion, and rhythmic activity in cardiac pacemaker cells
and spontaneous firing neurons [11]. Dysregulation of
these channels and their hyperpolarization-activated (Ih)
currents is strongly implicated in various experimental
animal models of epilepsy, as well as in human epilepsy
patients [12]. Furthermore, HCN2 co-assembles with the
X11-like (X11L) protein [13], which is a metabolic regula-
tor of APP processing [14].

X11 proteins (X11s) comprise a family of three evolu-
tionarily conserved molecules (X11/X11a/Mintl, X11L/

© 2012 Saito et al; licensee BioMed Central Lid, This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/ny/2.0}, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is propery cited.
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X11/Mint2, and X11L2/X11y/Mint3). These proteins
bind to the cytoplasmic region of APP in cultured cells
and suppress its metabolism [15,16]. Moreover, the me-
tabolism of overexpressed human APP (hAPP) is sup-
pressed in X11 and X11L transgenic mice, along with the
generation of AB [17-19]. On the other hand, mutant mice
lacking X11L (X11**/X11L”" mice) or both X11 and
X11L (X117"/X11L" mice) facilitate amyloidogenic metab-
olism of endogenous murine APP and exogenous hAPP,
including AP generation [20-22]. Therefore, inactivation of
X11/X11L clearly increases the production of Af, poten-
tially contributing to the pathology of AD.

Here, we report that i) X117/X11L”" mice suffer from
spontaneous epileptic seizures along with malfunction of
HCN channel activity; ii) HCN1 can form a complex with
APP and X11 or X11L in the murine brain; iii) HCN17/
gene knockout mice show enhanced AP generation;
iv) overexpression of HCN1 in Neuro2a (N2a) cells
decreases AP generation, whereas blockage of HCNI1
channel activity in N2a cells restores the level of A pro-
duction; v) the level of HCN1 diminishes significantly in
the temporal cortex of cynomolgus monkeys (Macaca
Jfascicularis) during aging; and vi) HCN1 levels are signifi-
cantly reduced in the brains of sporadic AD patients com-
pared with the brains of age-matched healthy subjects.
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Given the previous reports and our current observa-
tions, we hypothesize that X11 and X11L play an import-
ant role in the modulation of HCN channel function, the
dysregulation of which correlates with epilepsy. We fur-
ther hypothesize that the impairment of HCN channels,
and in particular HCN1, accompanies with the aberrant
production of A, which manifests as neurotoxicity. Thus,
HCN1 together with X11 and X11L may provide a mo-
lecular link between seizure activity and AB generation in
AD patients.

Results

Spontaneous epileptic seizures caused by X11 and X11L
gene deficiency

Electrocorticograms were recorded in X11%/*/X11L*/*
(wild type), X11*#/X11L7", X117/X11L*"*, and X117/
X11L”" mice. We found that X11”"/X11L”" mice suffered
from spontaneous epileptic seizures at the age of 13 weeks
and over (detailed results are provided in Additional file 1:
Figure S1 and Additional file 2: Movies S1, Additional
file 3: Movies S2 and Additional file 4: Movies S$3). Three
out of four X117/X11L”" mice showed an abnormal elec-
trocorticogram recording within 48 h, namely, the pres-
ence of epileptic discharge, which were never observed
in X11*/7/X11L*"*, X11%#/X11L7", or X1177/X11L**

A AV
8es
B
Belzure {-) Seizure {-) Beizure {+)

X1

XX

cFos

Egr-1/2if268

and at 90 min after an epileptic episode (¢, ). Scale bar, 200 pm.

Figure 1 Electrocorticogram recording and histological changes associated with epileptic seizures in X1 T#/X11L7 mice. (4) An
electrocorticogram recorded in 13-week-old X117/X11L”" mice {n = 4). Epileptic discharges are underlined. (B} c-Fos (g, b, ¢} and Egr-1/zif268
(d, ¢ f immunoreactivity in the hippocampus of X11"*/X11L* (g, d) and X117 /X11L7 (b, ¢, &, A mice under steady-state conditions (g, b, d, €)
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mice (Figure 1, Additional file 1: Figure S1 and Additional
file 4: Movie $3). Subsets of X117/X11L"" mice went into
status epilepticus and died.

Seizures are often associated with the augmented ex-
pression of immediate-early genes in neurons [23]. We
first asked whether such gene activation was observed in
X117 /X11L7" mice following epileptic seizures and inves-
tigated the involvement of specific brain regions in seizure
activity. Brain tissue sections from X1177/X11L”" mice
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were immunostained for c-Fos, a calcium-dependent im-
mediate-early gene product, and Egr-1/Zif268, an early
growth response transcription factor, within 90 min of
a seizure event. The brains of these mice showed
enhanced expression of both c-Fos and Egr-1/Zif268 in
the dentate gyrus (DG) granule cells compared with the
brains of X11"*/X11L*/* and X1177/X11L” mice
(Figure 1B). However, we cannot rule out a possibility that
subclinical discharges without aberrant behavior may

Merge

Entorhinal cortex and
hippocampus

us and hilus

]

Denfate ¢

_CA1, CA2, CA3

Entorhinal cortex

XL

-~

X1

Figure 2 Expression of X11 and X11L in the 13-week-old mouse brain. Representative images of horizontal brain sections from 13-week-old
X1T*/X11L** mice were stained for X11 (G, F, I, L) and X11L (8, E, H, K). Immunohistochemistry was performed with anti-X11 polyclonal rabbit
IgG followed by donkey anti-mouse IgG conjugated to Alexa Fluor 488, and anti-X11L monoclonal mouse IgG followed by donkey anti-rabbit IgG
conjugated to Cy3. Merged images are shown in the left panels (8, D, G, J). Blue signals indicate nuclei counter-stained with DAPI. Scale bars,
300 pm (A-C), 50 um (D-L).
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cause the enhanced expression of c-Fos and Egr-1/Zif268.
Thus, a deficiency in both X11 and X11L may cause
abnormal, seizure-associated neuronal activity and subse-
quent alterations in protein expression in the hippocampal
formation.

Reduction of Ih currents in entorhinal cortex (EC) layer Il
of X117/X11L”" mice

Spontaneous epileptic seizures were observed in mice
when both X11 and X11L genes were deficient (Figure 1A,
Additional file 1: Figure S1 and additional movies). Because
the DG granule cells of X1177/X11L7" mice showed aug-
mented expression of c-Fos and Egr-1/Zif268 following
seizure activity, we next performed a detailed examination
of the expression of both proteins in hippocampal neurons
in 13-week-old murine brains (Figure 2).

Distinct expression patterns of X11 and X11L were
observed in the hippocampus of wild type mice. X11L
was expressed mainly in the pyramidal neurons of the
CA1-3 region (Figure 2B, E, H), whereas X11 was
expressed in other types of interneurons (Figure 2C, F, I).
These observations coincide with our previous report of
X11s expression in aged wild type mice [21]. Unlike c-Fos
and Egr-1/Zif268 in the double mutant mouse, X11 and
X11L were not expressed in DG granule cells (Figure 2D-F).
However, both X11 and X11L were strongly co-
expressed in EC layer Il (Figure 2J-1), which projects
axons primarily to the granule cells of the DG [24].
Furthermore, both HCN1 and HCN2 are expressed in
EC layer II [25]. Given that HCN1”" mice show
enhanced seizure susceptibility and that HCN2™" mice
suffer from absence seizures [26,27], we next focused
our investigations on the alteration of Ih currents asso-
ciated with HCN channels in EC layer II in X117/
X11L7" mice.

Horizontal brain slices that included the EC and the
hippocampus were prepared from 12-14-week-old
X117#/X110"*,  X11*7#/X11L7,  X117/X11L*", and
X117 /X11L7" mice. EC layer Il neurons were then sub-
jected to electrophysiological analysis, and Ih currents from
HCN channels were recorded (Figure 3 and Additional
file 1: Figure $2). The mice used in the electrophysiological
study were seizure-naive, at least without over behavioral
manifestations, and showed comparable levels of HCN1
channels in the EC (Additional file 1: Figure S3). Simi-
lar to a previous report [28], hyperpolarizing voltage
steps activated a large Th current in EC layer II cells of
X11*"*/X11L*'* mice (Figure 3A and C). By contrast, the
Th current was dramatically reduced in X1177/X11L™
mice relative to that in X11**/X11L** mice (Figure 3B
and D); however, no significant alterations were observed
for the V1/2 (mean + SEM, X11*/*/X11L*"*: -81.1+1.1
mV; X117/X11L*" -80.3+13 mV; X11"*/X11L7:
-835+14 mV; X117/X11L™" -81.3£09 mV) (Figure 3E) or
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the series resistance (mean + SEM, X11*/*/X11L"*: 83102
MO; X1177/X1IL™*: 8905 MQ; X1177/X11L7: 92104
MQ; X117/X11L7: 8.0+02 MQ) (Figure 3F). Quantitative
analysis (Figure 3G) revealed that the density of the Ih
current was also significantly reduced in X117/X11L"" mice
(1.12+0.15 pA/pE n = 9; p < 0.01) compared with that in
X11*#/X11L*"* mice (2.18+0.27 pA/pE, n = 10), but did not
change significantly in X117/X11L*"* mice (241025
pA/pE n = 9, p > 0.05) or in X11**/X11L"" mice (2.05+0.29
PA/PE n = 9, p > 0.05). Thus, genetic ablation of X11 and
X11L together had a profound impact on the Ih current in
the EC layer I of the double knockout mice. These results
correlate with the observation that X117/X11L™ mice, but
not X11*/*/X11L**, X11**/X11L", or X117/X11L*'* mice,
are susceptible to spontaneous epileptic seizures.

In EC layer II, the dominant HCN subtype is HCN1
[28]. We found that HCN1, X11, and X11L were coloca-
lized in EC layer II neurons (Figure 3H) and apparently
formed a complex in the brain (Figure 3I-K). The colo-
calization of these molecules was observed in a region
surrounding the neuronal nucleus (Figure 3H), consist-
ent with the location of the Golgi apparatus. Because
X11 and X11L are largely localized in the Golgi appar-
atus and function in the trafficking of membrane pro-
teins [29,30], the deletion of X11 and X11L may disturb
intracellular localization of HCN channels (Additional
file 1: Figure S4). While the localization of the channel
likely affects its function, we cannot rule out the possi-
bility that X11 and X11L directly regulate HCN1 func-
tion as well.

Enhanced Af generation according to HCN1 dysfunction
The EC is one of the most vulnerable brain regions in
AD [31], and it is well-known that synaptic activity such
as that mediated by HCN channels can regulate A gen-
eration [8-10]. Therefore, we examined whether HCN
channel impairment involved in the aberrant production
of AP. We first quantified the levels of endogenous
AB40 and AP42 in HCN1”" mouse brains. AB40 and
AB42 were both significantly increased in the cortex of
HCN17" mice compared with HCN1*"* mice (average +
SEM, AB40: n = 5, p = 0.0037; AB42: n = 5, p = 0.0055)
(Figure 4A). The magnitude of the increase in AB40 and
AP42 was inversely proportional to the level of HCN1
gene expression (Figure 4A, left panel), while APP pro-
tein levels were comparable in HCN1**, HCN1*", and
HCN1™" mice (Figure 4A, right panel).

To confirm whether the increase in AB generation in
HCN17" mice depends on the decrease in HCN channel
activity, we used N2a cells that transiently overexpressed
FLAG-APP and HCN1 (Figure 4B). Overexpression of
HCN1 significantly reduced the generation of AB40 and
APB42 (compare column 2 with column 3 for each AP pep-
tide). The AP levels were restored by adding ZD7288, a
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Figure 3 Reduction of Ih currents in entorhinal cortex fayer I neurons of X117/X11L7 mice. {4, B} Representative electrophysiclogical
recordings of th currents from EC fayer If nieurons in X11%7/X11L** (A) and X117/X11L7" (B) mice. (C, D) Taif currents of X11**/X11L*"* (Q) and
X117/X11L7" (D) mice. (B} Quantitative data of the voliage, whereby the current is half-activated (V1/2). Statistical analysis was performed using
one-way analysis of variance followed by Tukey’s multiple comparison test (mean = SEM (mV); five slices from two X11¥%/X11L** mice,

n = 10; four slices from two X117/XTILY*, X117/X11L7, and X117/X11L7 mice, n = ). (F) Quantitative data of series resistance. Statistical
analysis was performed as described (mean + SEM (MOY); five slices from two X11**/X11L** mice, n = 10; four slices from two Xi17/X11L**,
X1TH4/X11L7, and X117/X11L7" mice, n = 9). (G} Summary of the current density of the tail currents, Statistical analysis was performed as
described (mean + SEM (pA/pF); five slices from two X11**/X11L¥* mice, n = 10; four slices from two X117/X11L™%, X11*#/X11L7, and X117/
X11L7 mice, n = 9; **p < 0.01). (H) Representative images of the HCN1-X11-X11L complex in EC layer I neurons of 13-week-old X11¥*/X11L*/*
mice (3, merge; b HCNT (green); ¢, X11L {red); d, X11(blue}). Scale bar, 20 um. {—K) Co-immunoprecipitation of HCN1-X11s complexes from the
13-week-old X11**/X11L** murine cortex. HONT™ (), X117 (4}, or X111 {K) mice were used as controls. Brain lysates were immunoprecipitated
with anti-HCNT (8}, anti-X11 {J), and anti-X11L/Mint2 (K} antibodies. Immunocomplexes were detected by immunoblotting.
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