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Mutations in two genes encoding the putative kinases LRRK2
and PINK1 have been associated with inherited variants of Par-
kinson disease. The physiological role of both proteins is not
known at present, but studies in model organisms have linked
their mutants to distinct aspects of mitochondrial dysfunction,
increased vulnerability to oxidative and endoplasmic reticulum
stress, and intracellular protein sorting. Here, we show that a
mutation in the Caenorhabditits elegans homologue of the
PTEN-induced kinase pink-1 gene resulted in reduced mito-
chondrial cristae length and increased paraquat sensitivity of
the nematode. Moreover, the mutants also displayed defects in
axonal outgrowth of a pair of canal-associated neurons. We
demonstrate that in the absence of Irk-1, the C. elegans homo-
logue of human LRRK?2, all phenotypic aspects of pink-1 loss-of-
function mutants were suppressed. Conversely, the hypersensi-
tivity of Irk-1 mutant animals to the endoplasmic reticulum
stressor tunicamycin was reduced in a pink-1 mutant back-
ground. These results provide the first evidence of an antagonis-
tic role of PINK-1 and LRK-1. Due to the similarity of the C. el-
egans proteins to human LRRK2 and PINKI, we suggest a
common role of both factors in cellular functions including
stress response and regulation of neurite outgrowth. This study
might help to link pink-1/PINKI and Irk-1/LRRK2 function to
the pathological processes resulting from Parkinson disease-re-
lated mutants in both genes, the first manifestations of which
are cytoskeletal defects in affected neurons.

Mutations in the Parkinson disease (PD)>-related gene
PINKI have been associated with increased sensitivity to oxida-
tive stress and mitochondrial dysfunction (1-4). Although a
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series of reports support a localization of PINK1 only in mito-
chondria (5-7), recent studies have shown that a portion of
endogenous PINK1 is also distributed to the cytoplasm (8 —11).
Notably, the cytoplasmic kinase activity and not the mitochon-
drial targeting of PINK1 seems to be prerequisite of its protec-
tive effects against mitochondrial stress (12).

The GTPase-regulated kinase LRRK2, another gene associ-
ated with familial PD, has been linked to the biogenesis and
regulation of vesicular transport (13, 14). In support of this
notion, the C. elegans Irk-1, the LRRK2 homologue, has recently
been shown to be involved in synaptobrevin-associated vesicu-
lar transport (15). Moreover, the Dictyostelium homologue of
LRRK2/LRK-1 proteins, GbpC, a cGMP-binding protein is
required for the normal phosphorylation and cytoskeletal
assembly of myosin (16). Based on this data, it had been antic-
ipated that PINK1/PINK-1 and LRRK2/LRK-1 might be
involved in distinct cellular functions, whereas pathological
mutations in both genes, leading either to loss-of-function
(PINK1) or gain-of-function (LRRK2), result in a similar phe-
notype, the loss of dopaminergic neurons.

In the present study, we found a functional connection
between their Caenorhabditits elegans homologues pink-1 and
Irk-1. We demonstrate that loss of C. elegans pink-1 results in
oxidative stress sensitivity and neurite outgrowth defects. All
aspects of pink-1 deficiency were suppressed in the absence of
Irk-1 that, as a single mutant, displayed a profound hypersensi-
tivity to the ER stressor tunicamycin. Because the latter pheno-
type was in turn suppressed by deleting pink-1, our results sup-
port an antagonistic role of pink-1 and Irk-1 in stress response
and neuronal activities.

EXPERIMENTAL PROCEDURES

Strains—All strains used in this study were maintained on
NGM plates (different diameters) seeded with Escherichia coli
OP50 and cultivated at 20 °C as previously described (17). The
C. elegans strains were obtained from Dr. Shohei Mitani
(National Bioresource Project, Japan) and provided by Dr. Erik
Lundquist (University of Kansas) and Dr. Kunihiro Matsumoto
(Nagoya University, Japan). The following mutations and inte-
grated arrays were used in this study: LGL, lrk-1(¢m 1898, km41);
LGIL, pink-1(tm1779); LGX, lqls4 [ceh-10:gfp, lin-15(n765)].
N2 (Bristol) was used as the C. elegans wild type strain.

Molecular Cloning—For the determination of the expression
pattern of pink-1, the translational gfp fusion P, ,::pink-1:gfp
(pBY2101), was generated by cloning the complete genomic

VOLUME 284 +NUMBER 24 +JUNE 12, 2009


http://www.jbc.org/cgi/content/full/M808255200/DC1

fragment of pink-1 (3191 bp) fused to a 6-kb upstream pro-
moter region and to GFP at the C terminus in pPD117.01 (gift of
A Fire, Stanford School of Medicine, Stanford, CA). 10 ng/ul of
the resulting plasmid (pBY2101) was injected into pha-
1(e2123) animals along with the pha-1 rescue plasmid (pBX1)
to yield strain BR3645 (pha-1(e2123);byEx686 [pink-1]) and
BR3646 (pha-1(e2123);byEx687 [pink-1]), respectively. For the
pink-1 rescue experiment, 10 ng/ul pBY2101 was co-injected
with P, ,:mCherry (pBY2550) as injection maker (pBY2550)
and herring sperm DNA into pink-1(tm1779) animals (BR4006:
pink-1(tm1779);byEx655 [pink-1]; BR4007: pink-1(tm1779);
byEx681 [pink-1]). For the Irk-1 expression and rescue experi-
ments, the translational fusion construct, P, :lrk-1:gfp
(pBY2254) was generated by cloning the complete genomic
region of [rk-1 (14 kb) to a 4.5-kb upstream promoter region
and to GFP at the C terminus in pPD117.01 (provided by Dr.
A. Fire, Stanford School of Medicine, Stanford, CA). For gen-
erating byls137 [lrk-1], P, ;:lrk-1:gfp (pBY2254) and
myo-2::mCherry (pBY2109) were co-injected into N2 wild type
and Irk-1(tm1898) animals, UV integrated, and backcrossed
multiple times. Furthermore, 0.1 ng/ul of the cosmid T27C10
as well as 0.1 ng/ul of the plasmid P, ;:lrk-1(G1876S)
(pBY2617) were co-injected with pBY2550 and herring
sperm DNA into lgls4 [ceh-10:gfp, lin-15(n765)] or Irk-
1(tm1898) animals to obtain three independent ex-
trachromosomal lines [lgls4[ceh-10:gfp, lin-15(n765)];
byEx737-739[T27C10] (BR5303-5305), or BR5300-5302:rk-
1(tm1898);byEx734 —736[lrk-1(G1876S)].

Phenotypic Analysis and Drug Treatment—To determine the
brood size, individual L4 hermaphrodites were placed onto
fresh NGM plates and incubated at 20 °C. To prevent over-
crowding, worms were transferred daily onto new NGM plates
for three consecutive days. The progeny was counted 2—3 days
after removal of the PO generation (18). For oxidative stress
assays (paraquat), seeded NGM plates (@ 3.5 cm) containing
E. coli OP50 and 150 mm paraquat (Sigma) were used. Synchro-
nized L4 animals were analyzed for their survival at 20 °C after
3 days (19). For the ER stress assay (tunicamycin), adult worms
were allowed to lay eggs for 3—4 h at 20 °C on NGM agar plates
(© 3.5 cm) containing 1.5 ug/ml tunicamycin (Sigma). Eggs
were counted and the number of worms at the L4 or young
adult stage was scored 3 days later (20). Tunicamycin, which is
isolated from Streptomyces sp., consists of at least four homol-
ogous antibiotics that differ in their fatty acid composition. As a
consequence, the strength of the inhibitory activity on N-linked
glycosylation varies in each individual batch. Mean values of the
number of progeny that reached the L4 or the young adult stage
(tunicamycin assay) and survivors (paraquat assay) were calcu-
lated from different experimental groups of at least three inde-
pendent assays each. For analyzing canal-associated neurons
(CAN) axon pathfinding, L4 animals, harboring an integrated
ceh-10::gfp transgene (lgls4 kindly provided by Erik Lundquist),
were scored for defects as described (21).

Electron Microscopy—About 20 young adult worms were
transferred into a 100-um deep aluminum platelet/chamber
(Microscopy Services, Flintbek) that was filled with E. coli OP50
suspension and immediately frozen using a BalTec HPM 10.
Freeze substitution was carried out in a Leica EM AFS at
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—90 °C for 100 h in 0.1% tannic acid and another 7 h in 2% OsO,,
(each w/v in dry acetone) as described (22). For electron
microscopy, 40-nm sections were cut using a Leica UC6 ultra-
microtome. Ribbons of sections were transferred on Formvar-
coated copper slot-grids. The grids were placed for 10 min on
drops of 4% (w/v) uranyl acetate in 75% methanol and then
washed in distilled water. After air drying the grids were placed
on lead citrate (23) for 2 min in a CO,-free chamber, and rinsed
in distilled water. Micrographs were taken with a 1024 X 1024
CCD detector (Proscan CCD HSS 512/1024; Proscan Elec-
tronic Systems, Scheuring, Germany) in a Zeiss EM 902A, oper-
ated in the bright field mode. Longitudinal sections of muscle
mitochondria were analyzed as the following: a square of 1 X
0.2 wm was placed longitudinally to the inner face of the mem-
brane surrounding the mitochondrium. The total length of the
apparent cristae in the square was determined manually and
summed. The value for each square was calculated as mem-
brane length/area (um/um?) and 1-4 squares were used per
mitochondrium. The total area of cross-sectioned neuronal
mitochondria in axons in the ventral nerve cord and the length
of all apparent cristae were determined manually and calcu-
lated as membrane length/area (um/wm?).

Northern Blot Analysis—Total RNA was isolated from mixed
staged worm plates (wild type and pink-1(¢tm1779) animals) and
prepared with an RNAeasy kit according to the manufacturer’s
instructions (Qiagen). 10 ug of total RNA was loaded per lane
on the gel. PCR fragments for the probes of interest were
labeled radioactively with [a-**P]dCTP using random hexamer
primers and the Klenow fragment of the DNA polymerase. For
amplification of the pink-1-specific probe the following oligo-
nucleotides were used: GTCTATGAAACGATTCGG and
CATTCTTTCCAGGAACAGCCGTC. Hybridization with the
probes was done in standard hybridization buffer (10% dex-
tran sulfate, 10X Denhart’s, 50 mm Tris/HCI, pH 7.5, 1%
SDS, 0.1% sodium pyrophosphate, 1 M NaCl, 50% formamide
(deionized), 0.2 mg/ml salmon sperm DNA) overnight at
65 °C. After three washing steps (30 min, 2X SSC, 1% SDS at
65 °C; 15 min, 0.2 SSC at 65 °C, 15 min; 0.2 X SSC at room
temperature). The radioactive signal was detected using the
Bio-Rad Molecular Imager FX (Bio-Rad). act-1-specific
probes were used as controls.

Software and Microscopy—The amino acid alignment was
generated using ClustalW. Pictures of GFP expression were
taken using a Zeiss Axiolmager Microscope, the AxioCam
camera, and the AxioVision Rel.4.6 software. For statistical
analyses GraphPad Prism version 4.00 for Windows (GraphPad
Software, San Diego, CA) was used. Statistical methods were
applied as used in previous studies (3, 24).

RESULTS

C. elegans pink-1 Is Localized in the Cytoplasm and Mito-
chondria of Multiple Tissues—Sequence analysis of C. elegans,
Drosophila melanogaster, and human PINK-1 revealed a single
C. elegans homologue, which we termed PINK-1 (PTEN-in-
duced kinase-1 homolog) (supplemental Fig. S1A). Like human
PINK]1, PINK-1 consists of two characteristic motifs, an N-ter-
minal mitochondrial targeting sequence and a serine/threonine
kinase domain that shares 36% identity and 54% similarity to
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FIGURE 1. pink-1 is ubiquitously expressed in C. elegans. The expression
pattern of pink-1 was investigated by transgenic expression of a rescuing
P pink-1:pink-1:gfp [pink-1] construct in two independent pha-T lines (BR3645
and BR3646). pink-1 is ubiquitously, but weakly expressed in all body regions
including head and tail neurons (A and E), the pharynx (A), the distal tip cells
(arrowheads), the CAN (open arrowheads), and vulva epithelium (asterisk).
Aand B, head region (head neurons, pharyngeal muscles). Cand D, mid-body
region (vulva epithelium). Eand F, tail region (tail neurons). G and H, mid-body
region (distal tip cell, CAN). The corresponding DIC pictures are shown (B, D, F,
and H). I-K, co-localization of PINK-1-GFP (/) with Mitotracker Red (J) in the
mitochondria (arrows) is shown in a merged image (K). Scale bars represent 20
(A-H) and 10 um (I-K).

human PINKI1 (supplemental Fig. S1B) (1). Due to the absence
of a functional antibody against C. elegans PINK-1, we used a
translational GFP fusion that rescues the pink-1 mutant pheno-
type (see below) to determine the expression pattern of pink-1.
PINK-1::GFP is detected in many cell types and is maintained
throughout all stages of postembryonic development and
adulthood (Fig. 1). GFP staining was observed in head and tail
neurons (Fig. 1, A-B and E-F) and in neurons of the midbody
region, such as the canal-associated neurons (CAN) (Fig. 1, G
and H). Expression was also seen in many non-neuronal cells
including the pharyngeal muscles (Fig. 1, A and B) and the vulva
(Fig. 1, Cand D). We found that a fraction of C. elegans PINK-1
co-localized with the mitochondrial marker Mitotracker Red
(Fig. 1, Iand K), indicating both mitochondrial and cytoplasmic
distribution of the fusion protein. Similarly, endogenous PINK1
in human cells may also be localized both to mitochondria and
the cytoplasm (8-11). The broad distribution of PINK-1 in
many tissues suggests that its function is not limited to the
nervous system.
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TABLE 1
Brood size at 20 °C
Genotype Progeny” (mean % S.E.) n®
Wild type 233 + 8¢ 16
pink-1(tm1779) 179 + 5°¢ 18
Irk-1(tm1898) 208 + 9%/ 17
Irk-1(tm1898);pink-1(tm1779) 249 + 8¢/ 19

“ Number of progeny is presented as mean * S.E.
’ Total number of animals scored.

¢ Significantly different in ¢-test, p < 0.0001.

4 Significantly different in ¢-test, p = 0.0236.

¢ Significantly different in ¢-test, p < 0.0001.
/Significantly different in -test, p = 0.0017.

PINK-1 Functions in Mitochondrial Homeostasis and Oxida-
tive Stress Response—Previous experiments in cultivated mam-
malian cells, mouse, and D. melanogaster have shown that loss
of PINK1 resulted in both an increased vulnerability to oxida-
tive stress and morphological alterations of mitochondrial
structures, indicated by reduced or disrupted mitochondrial
cristae (2—4, 24). To compare the consequences of loss-of-
function of pink-1 in C. elegans with findings from other orga-
nisms, we characterized a deletion mutant of pink-1 (kindly
provided by S. Mitani). The pink-1(tm1779) allele harbors a
350-bp deletion that eliminates part of the promoter region and
the first two exons including the proposed transcriptional and
translational start sites. Northern blot analysis revealed that
pink-1(tm1779) is indeed a null allele (supplemental Fig. S2).
Thus, the deletion most likely results in a complete functional
loss (supplemental Fig. S2). pink-1(tm1779) animals were via-
ble, developed normally, and showed a slightly reduced brood
size at 20 °C (179 £ 5; Table 1). To investigate the role of C. el-
egans pink-1 in oxidative stress response, we exposed pink-
1(tm1779) animals to 150 mm paraquat and measured their
survival rates as previously described (19). Interestingly,
pinkl(tm1779) animals displayed an increased sensitivity to a
3-day exposure to paraquat compared with wild type (71.5 =
3.1% survivors; Fig. 2A4). Expression of transgenic pink-1 in
pink-1(tm1779) mutants was sufficient to partially rescue the
animals against paraquat-induced toxicity (Fig. 2B) and other
defects (see below). This indicates that the phenotype of the
pink-1(tm1779) animals was indeed due to the deletion in the
pink-1locus. Because down-regulation of PINK1I in D. melano-
gaster was accompanied by mitochondrial defects especially of
the wing musculature (2—-3), we examined the morphological
integrity of mitochondria in C. elegans pink-1 mutants using
rapid freeze-electron microscopy (Fig. 3). In longitudinal sec-
tions of C. elegans we determined that the apparent length of
mitochondrial cristae was reduced by 12% in muscle cells
and by more than 30% in the neurons of pink-1(tm1779)
animals compared with wild type (Fig. 3, C and D). Notably,
transgenic expression of a wild type copy of pink-1 was able
to rescue the mitochondrial defects due to loss of pink-1
function in both neuronal and muscle cells (Fig. 3, C and D).
The coincidence of both oxidative stress sensitivity and
mitochondrial phenotypes may support a conserved func-
tion of PINK1/PINK-1 in mitochondrial homeostasis. In
summary, wild type levels of PINK-1 protect C. elegans
against oxidative stress, which is in agreement with reports
from other model organisms (2—4). This suggests a con-
served role of PINK-1/PINK1 among several species.
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progeny (249 * 7; Table 1), suggest-
ing antagonistic activities of the two
genes.

230 164

%%

Kk

168

-

o

o
1

1004

80+

]
o
A

60+

[=2]
(=]
1

40-

»
o
I

20+

Survival relative to wt
N
<

Survival relative to wt

o
o
e

& O PN S P
& @
AN A A
& o &
gt
N
& N 3
\(g\\ Q¢ <

FIGURE 2. The pink-1(tm1779)-induced oxidative stress sensitivity is suppressed by Irk-1 alleles tm1898
and km41 (A) and rescued by a wild type copy of pink-1 (B). Synchronized L4 larval animals were grown at
20 °Con NGM plates containing 150 mm paraquat and the survivors were counted 3 days later. Shown are mean
values = S.E. The percentage of survivors was normalized to wild type (wt). The total numbers of animals
analyzed from individual strains are listed above each column (n). p values were calculated by t test analysis. **,

p < 0.0017; and ***, p < 0.0007.

Irk-1 Mutants Suppress the pink-1(tml779) Phenotype—Hu-
man PINKI has already been linked to DJ-1 and Parkin, the
other two genes associated with autosomal-recessive PD (25—
26). However, no functional connection between PINKI and
the GTPase-regulated kinase LRRK2 has been demonstrated so
far. As it was shown before by a systematic study that disease-
associated genes are functionally connected and genes causing
similar diseases form subnetworks (27), we were encouraged to
investigate whether C. elegans LRK-1 and PINK-1 may contrib-
ute to overlapping biological functions. The C. elegans Irk-1
shares 35% identity (57% similarity) within the GTPase domain,
and 37% identity (57% similarity) within the kinase domain of
human LRRK?2, respectively. We confirmed the widespread
expression pattern of /rk-1 that has been reported earlier (15).
Irk-1is co-expressed with pink-1 in several tissues including the
cells of the nervous system and many non-neuronal tissues,
such as the body wall musculature and the epithelial cells of the
nematode vulva (supplemental Fig. S3). We examined two dele-
tion alleles of Irk-1 and first confirmed the synaptobrevin sort-
ing defect for Irk-1(tm1898) animals (data not shown) that was
previously reported for the allele km41 (15). Similar to Irk-
1(km41), the lrk-1(tm1898) allele harbors an out-of-frame dele-
tion, resulting in loss of both the GTPase and kinase domains.
Thus, both alleles probably represent severe loss-of-function
alleles that express truncated proteins only consisting of the
N-terminal ankyrin repeat. Although pink-1 mutant animals
were sensitive to paraquat treatment, the survival rates of both
Irk-1(tm1898) and Irk-1(km41) animals were not different from
wild type (Fig. 2A4). Surprisingly, both alleles of /rk-1 suppressed
the paraquat sensitivity of pink-1(tm1779) mutants, resulting in
survival levels comparable with wild type (Fig. 24). Although
Irk-1(tm1898) showed a mild reduction in the number of prog-
eny at 20°C (208 = 9; Table 1), the double mutants Irk-
1(tm1898);pink-1(tm1779) produced a wild type number of
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" ' Because oxidative stress sensitiv-

ity is often the consequence of mito-
chondrial dysfunction, we next
tested mitochondrial integrity in
Irk-1 single and Irk-1(tm1898);pink-
1(tm1779) double mutants. In
agreement with a report of D. mela-
nogaster LRRK mutants (28), the
mitochondria of C. elegans Irk-
1(tm1898) single mutants were
indistinguishable from wild type
(Fig. 3). Remarkably, lrk-1(tm1898)
suppressed the cristae defects of
Q‘\“ pink-1(tm1779) animals to wild
type levels (Fig. 3, C and D). Taken
together, our results indicate that
genetic deletion of Irk-1 could com-
pensate for both the oxidative stress
sensitivity and the morphological
defects observed in a pink-1 loss-of-
function allele.

pink-1(tml779) Suppresses the ER Stress Sensitivity of Mutant
Irk-1—In addition to alterations in the oxidative stress
response, defects in protein trafficking as well as impaired
protein degradation have been reported to contribute to PD
pathology (29). To investigate whether /rk-1 and pink-1 are
involved in the ER stress response, we exposed pink-1 and
Irk-1 single and double mutants to 1.5 ug/ml tunicamycin.
This toxin functions as a specific inhibitor of N-linked gly-
cosylation, thus leading to the accumulation of unfolded
proteins in the ER (30). C. elegans Irk-1(tm1898) single
mutants displayed an increased sensitivity to ER stress, indi-
cated by the developmental arrest of the majority of animals
(22.7 £ 1% survival relative to wild type; Fig. 44). Similar
levels of lethality were observed in Irk-1(km4I1) animals
(31.7 £ 4.3% survival; Fig. 4B). To test whether the ER stress
sensitivity observed in [rk-1 mutants was indeed caused by
loss of Irk-1 function, we tried to rescue the phenotype by
generating transgenic animals expressing a genomic copy of
Irk-1 fused to GFP. Transgenic expression of wild type
LRK-1 resulted in an early larval arrest at 20 °C (57.9 * 3.4%;
Table 2), the penetrance of which was further increased
upon treatment with tunicamycin. Larval arrest could have
been caused either by toxicity of the LRK-1 fusion protein or
by a dose-dependent increase of LRK-1 activity expressed
from the multicopy transgene. To distinguish both models,
we analyzed transgenic animals expressing the G1876S
mutant of LRK-1 that corresponds to the prominent G2019S
mutation in human LRRK2 from a C. elegans pan-neuronal
promoter. This variant of LRRK2 is supposed to have increased
kinase activity (31). Because both wild type and also the G1876S
variant caused embryonic lethality (data not shown), we con-
clude that expression levels of [rk-1 have to be tightly con-
trolled, and that the phenotype is not caused by tagging LRK-1
with GFP. In contrast to the hypersensitivity of lrk-1 mutant
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FIGURE 3. Irk-1(tm1898) suppresses mitochondrial cristae defects of pink-1(tm1779). A, cross (top) and longitudinal (below) sections of mitochondria in
C. elegans muscle cells. B, cross-sections of mitochondria in C. elegans neurons. C, quantitative analysis of cristae membrane length in muscle cells with respect
to total mitochondrial area (um?). D, cristae membrane length in neurons/um? mitochondrium area. Shown are mean * S.E. The number of analyzed
mitochondrial profiles from at least 19 (in muscle cells) and 17 (in neurons), derived from at least two independent animals is listed above each column (n). p
values were calculated by analysis of variance. **, p < 0.0050 and ***, p < 0.0001.

animals, pink-1(tm1779) did not show an altered response to
tunicamycin (Fig. 4). Notably, the ER stress sensitivity of both
Irk-1 alleles tested (km41 and tm1898) was suppressed in a
pink-1(tm1779) mutant background (Fig. 4, A and B). These
results further substantiate our observation that /rk-1 and
pink-1 have opposing activities, affecting both C. elegans ER
and oxidative stress responses.
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Down-regulation of lrk-1 Suppresses pink-1(tml779)-medi-
ated Axon Guidance Defects—PD-associated dominant muta-
tions in LRRK2 result in a progressive reduction in neurite
length and branching in mammalian cell culture (31). A func-
tion for C. elegans Irk-1 in neurite outgrowth has not been
described so far. Because lrk-1 and pink-1 were co-expressed in
many neurons, we investigated their role in the positioning and
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FIGURE 4. Loss of pink-1 suppresses the tunicamycin sensitivity of Irk-1 mutants. The sensitivity of two Irk-1
alleles, tm1898 (A) and km41 (B) to treatment with 1.5 pg/ml tunicamycin resulted in a reduced survival rate of
the animals that is suppressed by pink-1(tm1779). The total numbers of animals analyzed from individual
strains are listed above each column (n). The percentage of survivors was normalized to wild type (wt). Shown
are mean = S.E. The distinct survival rate of pink-1(tm1779) animals between (A) and (B) is caused by the use of
different tunicamycin batches for each set of experiments. Data of experiments obtained for Bwere carried out
with strains harboring an additional integrated transgene ceh-10:gfp (indicated, for simplicity, as wild type

(wt*)). **, p = 0.0030 and ***, p < 0.0003.

TABLE 2
Lethality of animals expressing Irk-1
Lethality/arrest” »
Genotype (mean = S.E.) "
%
OP50
Wild type 0.4 * 0.4° 205
Irk-1(tm1898) 10.3 + 5.9¢ 234
Irk-1(tm1898);byls137P[lrk-1] 57.9 = 3.4%4 530
1.5 pg/ml tunicamycin
Wild type 62.5 * 4.0% 527
Irk-1(tm1898) 82.0 £ 3.4° 406
Irk-1(tm1898);byls137P[lrk-1] 100.0 = 0/ 317

“ Number of lethal/arrested progeny is presented as mean = S.E.
? Total number of animals scored.

¢ Significantly different in ¢ test, p < 0.0001.

4 Significantly different in ¢ test, p < 0.0001.

¢ Significantly different in ¢ test, p = 0.0009.

/Significantly different in £ test, p < 0.0001.

morphology of neurons in vivo. Several previous reports have
provided mechanistic insights into the control of cell migration
and neurite integrity in C. elegans, involving the CAN (32).
Hence, we used a previously described integrated GFP reporter
strain, carrying the lgls4[ceh-10:gfp] transgene to monitor the
morphological integrity of these neurons (21). The somata of
the bilateral CAN neurons are generated in the anterior body
region during embryogenesis and migrate posteriorly to the
midbody to localize closely to the vulva. Their unbranched,
linear processes extend anteriorly to the head and posteriorly to
the tail (33). Wild type animals exhibited occasional defects in
axon pathfinding (Fig. 54), which had already been observed.?
Although the frequency of defects in CAN axon pathfinding in
Irk-1(tm1898) animals (21.0 = 2.9%; Fig. 5A) was comparable

3 E. Lundquist, personal communication.
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(20.2 = 4.7% in the double mutant;
Fig. 5A). Similar to tm1898, Irk-
1(km41) suppressed CAN neurite
defects in pink-1(tm1779) animals
to a level comparable with that of
the [Irk-1(km4I) single mutant
(31.2 = 6.1% in the double mutant;
Fig. 5A4). These results are consist-
ent with the opposing activity of LRK-1 to PINK-1 in oxidative
stress response (Fig. 2).

Rescue of the suppressor activity of [rk-1 by transgenic copies
of Irk-1 further corroborate this finding. As described above,
transgenic expression of [rk-1::gfp resulted in larval arrest of
more than half of the transgenic animals, but the animals escap-
ing lethality showed restoration of the pink-1 mutant pheno-
type (Fig. 5C). In addition, transgenic animals expressing a
genomic copy of [rk-1 (cosmid T27C10) or the G1876S variant
(see “Experimental Procedures”) resulted in significant CAN
axon guidance defects in a wild type or Irk-1(¢m1898) mutant
background (Fig. 5D). We conclude that both reduced and
enhanced /rk-1 expression and activity cause a phenotype, and
may either result in suppression of pink-1(tm1779) neurite out-
growth defects or may induce pathfinding defects on its own.
This is in accordance with other studies showing that slight
changes in the expression level or activity of human LRRK2
could either result in extension (small interfering RNA against
LRRK?2) or reduction (point mutations in the kinase domain,
e.g. 12020T or G2019S) of neurite processes (31). Therefore,
correct levels of activity of LRK-1/LRRK?2 are critical for the
cell.

Axon Guidance Control by pink-1 and Irk-1 Is Not Affected by
Oxidative Stress—We wondered whether the neurite defects of
pink-1(tm1779) mutants were simply the result of their
increased oxidative stress sensitivity or whether they might
resemble a phenotypic aspect not related to stress sensitivity.
Therefore, we tested neurite outgrowth of CAN neurons after
pre-exposure to a variety of stressors in both wild type and
mutant backgrounds. An increase of the growth temperature
from 20 to 23 °C resulted in mild CAN axon pathfinding defect
of Irk-1(tm1898) animals (33.3 * 6.3%; Table 3) that were
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FIGURE 5. The CAN axon pathfinding defects of pink-1 mutants are suppressed by loss of Irk-1 function. CAN axon pathfinding was visualized using the
integrated transgene Igls4[ceh-10:gfp] (20). Shown is the percentage (mean = S.E.) of posterior CAN axons that terminated prematurely, were misguided, or
branched inappropriately. A, both Irk-1 alleles tm 1898 and km41 suppress CAN axon pathfinding defects of pink-1(tm1779). B, the CAN axon pathfinding defects
of pink-1(tm1779) is rescued by transgenic expression of extrachromosomal pink-1::gfp. C, a genomic copy of Irk-1:gfp restores CAN axon pathfinding defects
in Irk-1(tm1898);pink-1(tm1779) double mutants and, thus, suppresses the Irk-1(tm1898) phenotype. D, a genomic copy of Irk-1 (cosmid T27C10; byEx737-739)
as well as a dominant version of LRK-1(G1876S) (Irk-1(tm1898);byEx734-736) leads to CAN axon pathfinding defects in both Irk-1(tm1898) mutant and in a wild
type (wt) background. Dotted line in B-D, the mean value of pathfinding defects in wild type (wt) animals carrying the Igls4-integrated ceh-10:gfp transgene is

shown. The total numbers of animals analyzed from individual strains are listed above each column (n). *, p = 0.0295; **, p < 0.0064; and ***, p < 0.0007.

TABLE 3

Summary of CAN axon pathfinding defects at different stress
conditions

Posterior CAN axon »

Genotype outgrowth defects” = S.E.

%
Temperature stress: 23 °C

the cause of neurite defects and that both phenotypic aspects
are independently suppressed by loss of lrk-1 function.

ER Stress Prevents Antagonistic Function of lrk-1—We have
shown that elimination of /rk-1 results in increased ER stress
sensitivity, we wanted to know whether the suppressive
effect of loss of Irk-1 function on the CAN pathfinding defect

+° 247 + 0.3% 144 caused by deletion of pink-1 is modulated after tunicamycin
pink-1(tm1779) 53.6 = 4.0% 251 - . .
Irk-1(tm1898) 333+ 6.3 598 treatment. Exposure of mutant combinations to this toxin
lrk-1(tm1898)spink-1(tm1779) 415 + 3.6 163 resulted in elevated levels of CAN axon pathfinding defects
Oxidative stress: 2 mM paraquat of Irk-1(¢m1898) mutants (42.0 * 4.6%; Table 3). Strikingly,
. e 4 17 tuni in treatment abolished the irk-I-mediated
pink-1(m1779) 305 + 4,485 173 unicamycin treatment abolishe e lrk-1-mediated sup-
Irk-1(tm1898) 164 +29 112 pression of pink-1(tm1779), yet it did not affect axonal out-
lrk'l(tm1898);p‘”k'l(tf”1779)‘ 205+ 54 108 growth of pink-1 single mutants (38.8 * 3.1% in the Irk-
ERfctreSS: 1.5 pg/ml tunicamycin 281491 140 1(tm1898);pink-1(tm1779) double mutant; Table 3). We
pink-1(tm1779) 41.8 =22 167 conclude that /rk-1 mutants are hypersensitive to ER stress
Irk-1(tm1898) 42.0 + 4.6 149 . g
Irk-1(tm 1898 ) pink-1(tm1779) 388+ 31 115 and that, in turn, ER stress prevents /rk-I mutants from

“ The percentage of posterior CAN neurites that terminated prematurely, branched,
or were misguided (20).

? Total number of animals scored.

¢CAN axon pathfinding was determined using the integrated transgene
Iqls4[ceh-10::gfp] (20).

4 Significantly different in ¢ test, p = 0.0009.

¢ Significantly different in ¢ test, p = 0.0047.

/Significantly different in £ test, p = 0.0421.

¢ Significantly different in ¢ test, p = 0.0381.

" Significantly different in ¢ test, p = 0.044.1.

inconspicuous at the low temperature (Fig. 54). Moreover, at
23 °C Irk-1(tm1898) showed a less pronounced suppression of
the pink-1 mutant phenotype (53.6 = 4.0% compared with
41.5 * 3.6% in the Irk-1(tm1898);pink-1(tm1779); Table 3).
This indicates that [rk-1(tm1898) suppression of pink-
1(tm1779) is affected by increased temperature. To investigate
whether sublethal doses of paraquat are sufficient to induce or
enhance neurite outgrowth defects, we tested mutant combi-
nations of Irk-1 and pink-1 in the background of low doses of
this toxin (2 mm paraquat). Paraquat pre-treatment did not
affect the CAN axon guidance defects in pink-1(tmi1779)
mutant animals (32.5 * 4.4%) or the suppressive effect of Irk-
1(tm1898) (20.5 * 5.4%; Table 3). This result suggests that the
increased oxidative stress sensitivity of pink-1(tm1779) is not
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antagonizing pink-1 function.

In summary, the putative C. elegans kinases LRK-1 and
PINK-1 have opposing roles both in the regulation of axon
guidance and stress response and are, thus, mechanistically
connected. This is to our knowledge the first report of such a
functional relationship between both proteins.

DISCUSSION

Our results presented here suggest a functional linkage
between Irk-1 and pink-1, whose human homologues LRRK2
and PINK1 segregate with familial cases of PD. We show that in
C. elegans Irk-1 and pink-1 have opposing activities, and muta-
tions in both genes suppress the phenotypic aspects observed in
the respective single mutants.

First of all, we demonstrate that loss of C. elegans pink-1
function results in an increased paraquat sensitivity of the ani-
mals. This suggests that the function of PINK-1 helps to protect
C. elegans from reactive oxygen species, as reported earlier for
its homologues in D. melanogaster and vertebrate models
(2—4). The mitochondria are the initial site of action of the
herbicide and toxin paraquat, indicating that the increased oxi-
dative stress sensitivity mediated by loss of pink-1 function
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could be linked to mitochondrial dysfunction also in the nem-
atode. The source of paraquat-induced reactive oxygen species
has not been determined in detail, however, recent findings
suggest that they require the presence of respiratory substrates,
in particular complexes of the electron transport chain III. Con-
sistent with an increased paraquat sensitivity of C. elegans pink-
1(tm1779) animals, recent studies have shown that PINKI
knock-out mice have defects in the electron transport chain
complexes Iand II-IV of the inner membrane (34). Thus, our
data support a role of PINK-1 for the functional integrity of
the inner mitochondrial membrane that harbors the respira-
tory chain complexes. Indeed, rapid freeze-electron micros-
copy studies on C. elegans muscular and neuronal mitochon-
dria revealed that the cristae of the inner membrane show
low, but significant alterations of length. PINK1I has recently
been found to encode a protein inserted into the mitochon-
drial outer membrane, with its C-terminal kinase tail facing
into the cytosol (35). The details of its localization have not
been figured out so far, and it is not known at present how a
protein inserted in the outer membrane can affect the respi-
ratory chain situated in the inner membrane. Similar to
mouse models, the defects linked to putative mitochondrial
functions of pink-1(tm1779) are rather subtle, although the
deletion represents a null allele. We therefore suggest that
PINK-1 may have additional roles in other subcellular com-
partments. This notion is supported by the broad intracellu-
lar distribution pattern of PINK-1::GFP.

Both putative kinases LRK-1 and PINK-1 are expressed in
many tissues of C. elegans (and other organisms) from embryo
to adulthood, and the lack of additional, profound phenotypic
aspects of both mutants was, therefore, somewhat surprising. A
possible reason for this could be the existence of related pro-
teins with overlapping functions to both kinases, or could indi-
cate very specific functions of both proteins. The former notion
is not very likely, given the profound level of suppression of
both paraquat and tunicamycin sensitivity, general fecundity,
and axonal outgrowth defects observed in the Irk-1(tm1898);
pink-1(tm1779) double mutant.

The pink-1(tm1779) mutation resulted in defective out-
growth of the CAN neurons, a pair of migratory neurons in
the midbody region of the worm that are frequently used as
an indicator for axonal guidance and cell migration defects
(21). We demonstrate for the first time that PINK-1 may
contribute to the control of neurite outgrowth. Previous
studies suggested a role of human LRKK2 in the regulation of
actin cytoskeleton-related processes, such as neurite out-
growth and synaptic plasticity (36, 37). However, in C. el-
egans, we did not detect a respective defect in the two Irk-1
loss-of-function alleles that we used in this study. However,
transgenic expression of P, ,:irk-1:gfp [Irk-1] as well as a
dominant-active version or LRK-1 [P, ;:lrk-1(G1876S)] in
a wild type or Irk-1(tm1898) mutant background was suffi-
cient to cause aberrant CAN axon pathfinding in those ani-
mals that escaped early larval arrest/lethality, a hallmark
observed in all Irk-1 variants expressed in multiple copies.
This data implicates that the expression and activity of [rk-1
needs to be tightly regulated in C. elegans, as it has been
suggested in other studies (31).
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Strikingly, both loss-of-function alleles of lrk-1 suppressed
the CAN axon outgrowth defects of pink-1 mutant animals,
indicating that, in addition to an antagonistic activity of PINK-1
and LRK-1 upon oxidative and ER stress, lrk-1 deficiency can
also suppress the lack of pink-1 in these neurons. This suppres-
sion is temperature-sensitive, because it is reduced already at
slightly elevated temperatures (23 °C), at which I[rk-
1(tm1898) animals on their own displayed mild defects in
CAN morphology. This could indicate that either /rk-1 sin-
gle mutants are sensitive to the elevated temperature or that
the suppression mechanism by loss of lrk-1 in the pink-
1(tm1779) is affected by additional stress. A general temper-
ature sensitivity of Irk-1(¢tm1898) animals is unlikely,
because we observed no difference in the phenotype of lrk-1
single mutants at altered temperature or after heat shock
induction (data not shown).

Are the CAN defects observed in pink-1(tm1779) simply the
cause of increased oxidative stress sensitivity and mitochon-
drial dysfunction, or do they represent the involvement of
pink-1 in functions distinct from cellular stress control? If the
former were the case, then preincubation of pink-1(tm1779)
animals with lower doses of paraquat should increase the
axonal defects observed in this mutant. This was not the case.
Moreover, paraquat treatment also did not affect [rk-1 nor the
Irk-1-mediated suppression of pink-1(tm1779) CAN axon
guidance defects. We currently have no evidence that axonal
guidance control mediated by antagonistic activities of PINK-1
and LRK-1 is linked to the response of oxidative stress. Our data
would also be consistent with an up-regulation of /rk-1 activity
as a consequence of loss of pink-1 function, the former, as we
have shown, being indeed sufficient to result in defective CAN
axon guidance.

Is the Irk-1 sensitivity to tunicamycin related to its role in
suppressing pink-1(tm1779) neurite defects? A toxic effect
of tunicamycin on axon outgrowth has been suggested pre-
viously (38). We indeed found that exposure of [rk-1 mutant
animals to this toxin resulted in an observable CAN axon
guidance defect compared with wild type and a loss of pink-1
suppression. This data supports the hypothesis that axon
guidance in the /rk-1(¢m1898) mutant is modulated by heat
and ER stress, but not by oxidative stress. Given that a local-
ization of LRRK2/LRK-1 at or in the ER has not been shown
convincingly, it is currently unclear how the mutant could
affect ER stress sensitivity.

Noteworthy, a not thoroughly investigated role of tunicamy-
cin to induce growth cone collapse has been suggested (39).
Moreover, Hess et al. (40) provided evidence that functional
Golgi contributes to axon growth, because inhibition of ADP-
ribosylation factor, a protein involved in ER to Golgi and intra-
Golgi transport, caused rapid retraction of growth cones. Based
on its sequence homology, LRRK2 has been associated with the
family of Rab-GTPases that are involved in ER to Golgi traffick-
ing and the docking of ER-derived transport vesicles at the
Golgi membrane (41). Tunicamycin has been shown to disturb
the ER to Golgi transport, resulting in increased Golgi fragmen-
tation (42). Furthermore, defects in Golgi function and traffick-
ing have been shown to affect the ER system by causing a traffic
jam in the early secretory system. Strikingly, C. elegans Irk-1
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mutants displayed abnormalities in the secretory apparatus,
namely Golgi fragmentation and aberrant distribution of the
endosomes and other vesicular structures.* In agreement with
this, LRK-1 has been shown to localize to the Golgi system and
affect sorting of synaptic vesicle proteins at the Golgi level (15).
This phenotypic aspect of loss of /rk-1 was also observed in the
Irk-1(tm1898) mutant allele used in this study (data not shown).
Consistent with a role of LRK-1 in modulating synaptic func-
tion, a physical interaction between human LRRK2 and Rab5, a
key regulator of endocytotic vesicular transport was demon-
strated recently (43). This is supported by the localization of
LRRK?2 in lipid rafts that have been shown to be important for
axon guidance during development (13). Future studies will be
required to understand the biochemical consequences of the
pink-1 and Irk-1 interaction and the guidance of axons under
activated stress response.

Three models might help to describe the antagonistic
activities of LRK-1 and PINK-1: (i) LRK-1 could act as a
negative regulator of PINK-1. However, because we have
shown that pink-1(tm1779) is a null allele, it is difficult to
imagine how in such case lrk-1 loss-of-function could
directly suppress pink-1(tm1779). (ii) LRK-1 could be a
downstream factor that is negatively regulated by PINK-1.
Loss of pink-1 should consequently lead to an activation of
Irk-1 manifested by increased oxidative stress sensitivity.
Additional deletion of /rk-1 would then restore the basal
level of the downstream signal and thus suppress the pink-
1(tm1779) phenotype. This should be phenocopied by lrk-1
overexpression in a wild type background. This is indeed the
case for neurite outgrowth, but not for the ER stress
response, because transgenic expression of [rk-1 resulted in
increased lethality upon exposure to tunicamycin (Table 2).
(iii) Both genes act in parallel on antagonistic pathways con-
trolling neurite outgrowth and stress sensitivity. Further
investigations are required to distinguish between the latter
two models.

In summary, the genetic data we present here strongly
indicate antagonistic roles of PINK-1 and LRK-1 in C. el-
egans. Based on mutant analyses and pharmacological stud-
ies, we suggest that the response to reactive oxygen species
and the control of neurite outgrowth are two independent
phenotypic aspects controlled by opposing activities of
pink-1and Irk-1. The functional connection of both genes in
a genetic network provides the basis for further studies to
help uncover the detailed functions of both kinases. In par-
ticular, it will be interesting to determine how PINK-1 and
LRK-1 link mitochondrial and cytoplasmic functions and
what the substrates of their respective enzymatic activities
are. Our data support a model that perturbations of the intri-
cate cross-talk between membrane-associated, cytoplasmic
functions, and mitochondrial activities may contribute to
the onset of PD. Mechanistic links between mitochondrial
(dys-) function and cytoplasmic signaling pathways have also
been considered to account for cellular aging. Analyzing

4J. Samann, J. Hegermann, E. von Gromoff, S. Eimer, R. Baumeister, and E.
Schmidt, unpublished results.

16490 JOURNAL OF BIOLOGICAL CHEMISTRY

these intracellular cross-talks may, therefore, provide the
basis for understanding the age dependence of PD.
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