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Abstract
The subcellular compartmentalization of kinase activity allows for regulation of distinct cellular
processes involved in cell differentiation or survival. The PTEN-induced kinase-1 (PINK1) is a
neuroprotective kinase localized to cytosolic and mitochondrial compartments. While
mitochondrial targeting of PINK1 is important for its activities regulating mitochondrial
homeostasis, the physiological role of the cytosolic pool of PINK1 remains unknown. Here, we
demonstrate a novel role for cytosolic PINK1 in neuronal differentiation/neurite maintenance.
Overexpression of wild-type PINK1, but not a catalytically inactive form of PINK1(K219M),
promoted neurite outgrowth in SH-SY5Y cells and increased dendritic lengths in primary cortical
and midbrain dopaminergic neurons. To identify the subcellular pools of PINK1 involved in
promoting neurite outgrowth, we transiently transfected cells with PINK1 constructs designed to
target PINK1 to the outer mitochondrial membrane (OMM-PINK1), or restrict PINK1 to the
cytosol (ΔN111-PINK1). Both constructs blocked cell death associated with loss of endogenous
PINK1. However, transient expression of ΔN111-PINK1, but not of OMM-PINK1 or ΔN111-
PINK1(K219M), promoted dendrite outgrowth in primary neurons, and rescued the decreased
dendritic arborization of PINK1-deficient neurons. Mechanistically, the cytosolic pool of PINK1
regulated neurite morphology through enhanced anterograde transport of dendritic mitochondria
and amplification of PKA-related signaling pathways. Our data supports a novel role for PINK1 in
regulating dendritic morphogenesis.
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Introduction
Neuronal differentiation requires the coordinated activation of pathways that mediate
changes in cell shape, metabolism and suppression of apoptosis. Often a single kinase is
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involved in regulating distinct cellular pathways through compartmentalized activity
(Feliciello et al. 2001, Sim & Scott 1999). The PTEN-induced kinase 1 (PINK1) is a ser/thr
kinase with dual mitochondrial and cytosolic localization (Matsuda et al. 2010, Lin & Kang
2008). Mutations in PINK1 cause autosomal recessive Parkinson Disease (PD) (Valente et
al. 2004) associated with neuropsychiatric symptoms (Steinlechner et al. 2007). A large
body of evidence suggests that PINK1 is a cytoprotective ser/thr kinase, conferring
resistance against staurosporine, proteasome inhibitors and the PD toxins MPP+ and 6-
hydroxydopamine (6-OHDA) (Dagda & Chu 2009, Valente et al. 2004, Petit et al. 2005,
Haque et al. 2008). While PINK1 may inhibit cell death through multiple mechanisms (Petit
et al. 2005, Pridgeon et al. 2007, Wang et al. 2007) including activation of the cytosolic Akt/
mTOR pathway (Murata et al.2011), the possible involvement of mitochondrially-anchored
or cytosolic pools of PINK1 remain undefined.

Structural domains of PINK1 include an N-terminal mitochondrial import sequence, a
transmembrane domain that can anchor the protein to the outer mitochondrial membrane
(OMM), a catalytic domain, and a C-terminal regulatory domain that affects its localization
(Cookson 2010, Cookson et al. 2007, Becker et al.2012). Under physiological conditions, a
large fraction of PINK1 is imported into mitochondria for processing by up to four
mitochondrial proteases (Deas et al.2011), with export of lower molecular weight forms of
PINK1 to the cytosol where they may be degraded or stabilized by association with heat
shock protein 90 (Hsp90) (Lin & Kang 2008).

PINK1 regulates mitochondrial morphology (Dagda et al. 2009, Exner et al. 2007, Yang et
al. 2008), mitochondrial calcium buffering, mitochondrial transport and mitochondrial
autophagy (mitophagy) through interactions with the ubiquitin ligase Parkin (Dagda et al.
2009, Gandhi et al. 2009, Wood-Kaczmar et al. 2008, Poole et al. 2008, Marongiu et al.
2009, Matsuda et al.2010, Narendra et al. 2010). However, the mitochondrial import
sequence is not always necessary for neuroprotection in vitro or in vivo (Haque et al. 2008).

Less is known about functions regulated by cytosolic pools of PINK1. At the postsynaptic
compartment, PINK1 positively upregulates the neuroprotective activity of NR2A-
containing NMDA receptors in cortical neurons (Chang et al.2010), regulating
mitochondrial transport by associating with or phosphorylating Milton or Miro (Liu et al.
2012, Matenia et al.2012). PINK1 also regulates vesicular release of dopamine, regulates
long-term potentiation, and modulates calcium activated potassium channels (Shan et al.
2009, Kitada et al. 2007), implicating PINK1 in neuron-specific functions in addition to its
more widely studied role at the OMM of depolarized mitochondria.

Here, we elucidate a novel physiological role for the cytosolic pool of PINK1. Either
transient or stable overexpression of full-length PINK1 (PINK1-FL) promotes neurite
outgrowth in naïve SH-SY5Y cells and enhances dendritic complexity in primary cortical or
midbrain dopaminergic neurons. Conversely, PINK1-deficient SH-SY5Y cells and Pink1−/−
cortical or midbrain neurons show decreased neurite lengths compared to controls. Cytosolic
PINK1 not only blocks cell death induced by chronic loss of PINK1, but exhibits through
functional interactions with PKA a novel neurite-regulatory function distinct from that of
OMM-tethered PINK1.

Materials and Methods
Plasmids

PINK1-GFP and PINK1-3xFlag were purchased from Genecopoeia (Rockville, MD).
OMM-GFP, D-AKAP1-GFP and Mito-PKI-GFP were provided by Dr. Stefan Strack
(University of Iowa) (Cribbs and Strack, 2007). Human PINK1 cDNA lacking the residues
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1–111 was amplified from the full length sequence (Haque et al., 2008) and ligated
downstream of the TOM20 presequence (residues 1–32) in the pEGFP-N1 vector. A
catalytically inactive construct of ΔN111-PINK1(K219M) was generated from ΔN111-
PINK1 in pReceiver M03 using the QuickChange Site Directed Mutagenesis kit
(Stratagene). Wild type and K219M versions of PINK1-V5 were provided by Anurag
Tandon (University of Toronto).

Cell culture
Parental SH-SY5Y cells, stable vector control (pReceiver), PINK1shRNA line D14 and
shControl line V17 (Dagda et al., 2009) were grown in DMEM (Invitrogen), 2mM
glutamine, HEPES, 10% FBS). In some experiments, cells were differentiated with
dibutyryl-cAMP (250µM, SIGMA, St. Louis, MO) for 24h before analysis as described
below. Due to unique features of post-mitotic neurons, primary neuron cultures from mice
are necessary to fully study the effects of PINK1 on neuron-specific processes. All
experiments involving mice were performed in accord with ARRIVE guidelines. Primary
cortical and midbrain neurons were prepared from wild type C57BL/6 or PINK1 knockout
mice as previously described (Dagda et al., 2011), using procedures to minimize distress that
have been approved by the University of Pittsburgh Institutional Animal Care and Use
Committee (IACUC). The University of Pittsburgh is accredited by the Association for the
Assessment and Accreditation of Laboratory Animal Care, International (AAALAC).
Primary cortical and midbrain neurons were prepared from 14-day C57BL/6 mouse embryos
(Hilltop Laboratory Animals,Scottdale, PA) or from PINK1 knockout mouse and control
littermates. Approximately 16 wells of 200,000 cells/well were obtained from 6–8 embryos
(male and female) per timed pregnant female for midbrain cultures or roughly 10× as many
total cortical cells from 8 embryos plated at 300,000 cells per well for multiple transfection
experiments. After 3 days, two-thirds of the media was exchanged with fresh Neurobasal
(Gibco/Invitrogen, Carlsbad, CA) containing B27 and 0.75mM L-glutamine. Primary
cortical and midbrain neurons were transiently transfected with wild-type or mutant PINK1
at 5 DIV as described (Chu, 2008). The PINK1 genotype of each individual pup was
confirmed by PCR.

Immunofluorescence and live-cell imaging
For studies of neurite length and mitochondrial morphology, cells previously transfected as
indicated were formaldehyde-fixed, immunolabeled using rabbit anti-GFP (1:5000;
Invitrogen, Carlsbad, CA), mouse anti-cytochrome c (1:400;BD Pharmingen, San Jose, CA),
and/or mouse anti-human mitochondrial p60 (Biogenex, 1:1000, Fremont, CA), mouse anti-
neurofilament heavy chain (200kDa) (1:400; Millipore, Billerica, MA), mouse anti-MAP2B
(1:400; Millipore, Billerica, MA), mouse anti-human phospho-CREB (ser 133; 1:1000, Cell
Signaling, Billerica, MA) or rabbit anti-human CREB (1:1000, Cell Signaling, Billerica,
MA), mouse anti-human tyrosine hydroxylase (TH; 1:1000, Millipore, Billerica, MA), rabbit
anti-human tyrosine hydroxylase (TH: 1:1000, Life Technologies, Grand Island, NY), goat
anti-GFP (1:1000,Rockland Immunochemicals, Gibertsville,PA) using Alexa 488
(Molecular Probes, Eugene, CA) or Cy3-conjugated (1:400; Jackson Immuno-Research
Laboratories, West Grove, PA) secondary antibodies, and counterstained with 1.25 µg/ml
DAPI (Molecular Probes, Eugene, CA). Cells were imaged at 25°C using an IDX71
fluorescence microscope with a DP70 camera (Olympus America Inc., Melville, NY) at a
magnification of 20× (0.45NA) or 40× (0.60NA) (excitation/emission filter: 490 nm/520
nm; 541 nm/572 nm).

Primary cortical neurons or cAMP-differentiated SH-SY5Y cells were co-transfected with
mito-RFP and GFP-tagged wild-type, ΔN111-PINK1 or ΔN111-PINK1(K219M).
Mitochondrial movement was analyzed by time-lapse fluorescence imaging every 5 seconds
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for five minutes at 60×. Kymographs were assembled and analyzed using using Image J
version 1.44 (Bethesda, MD) with “Multiple Kymograph” plug-in (J. Rietdorf,A. Seitz,
EMBL, Heidelberg), tracking up to 40 mitochondria per cell.

Neurite lengths and complexities were analyzed in cortical and midbrain neurons using the
NIH Image J plug-in programs “Neuron J” (Erik Meijering, Biomedical Imaging Group
Rotterdam, Netherlands) and “Scholl Analysis” respectively. All neurite length and
complexity studies were scored blindly by an independent participant who was not directly
involved with the experiment.

Western blot analysis and densitometry
Proteins were resolved on precast 5–15% Tris-HCl polyacrylamide gels (Biorad, Hercules,
CA) as previously described (Dagda et al., 2009), immunoblotting for endogenous PINK1
using C8830 rabbit anti-PINK1 (1:2000)(Dagda et al., 2009) or Novus CB100 494 (1:1000),
mouse anti-Flag (1:1000) (Sigma, St. Louis, MO), rabbit anti-GFP (1:1000) (Invitrogen,
Carlsbad, CA), mouse anti-neurofilament heavy chain (200kDa)(1:400; Millipore, Billerica,
MA), mouse anti-MAP2B antibody (1:400; Millipore, Billerica, MA), mouse anti-PSD95
(BD transduction labs, San Jose, CA) respectively, mouse anti-human mitochondrial p60
(1:1000, Biogenex, Fremont, CA), rabbit anti-human TFAM (1:1000, serum, gift of Dr.
Emine Koc, Marshall University, Huntington, WV), rabbit-antihuman TOM20 (1:2000;
Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-GADPH (1:4000), rabbit anti-β-
tubulin (1:10,000; Abcam, Cambridge, MA) or mouse anti-β-actin (1:1000) (Santa Cruz
Biotechnology, Santa Cruz, CA). Following overnight incubation, PVDF membranes were
incubated with the appropriate secondary antibodies conjugated to horseradish peroxidase
(1:5,000; Amersham/GE Healthcare) in 5% milk in PBST, and analyzed by film detection of
chemiluminescence.

Mitochondrial isolation and trypsin sensitivity
Mitochondria were isolated from 3 × 106 cells per 10-cm tissue culture dish 3d after
transfection as previously described (Dagda et al., 2009), using the Subcell Focus
mitochondrial isolation kit (G-Biosciences, St. Lois, MO). Approximately four equal parts
of mitochondria (20µl of an 80µl total material at 0.50µg/ul) solubilized in working storage
buffer (G-Biosciences, St. Lois, MO) were exposed to increasing concentrations of trypsin
in the presence or absence of 1% Triton-X-100 to lyse mitochondrial pellets. Mitochondrial
pellets were incubated for 30 minutes on ice and the protease reaction was terminated using
ovomucoid trypsin inhibitor (final concentration of 50µg/ml). Mitochondria lysed in 5mM
CaCl2, 10mM Tris acetate at pH 8.0, 0.1mM PMSF, 2µg/ml of leupeptin, 2µg/ml aprotonin
and 0.5% NP40 were analyzed by immunoblot for PINK1 (BC100-494), TOM20, TFAM
and GAPDH.

Cell survival-death, ROS and transmembrane potential assays
Cells seeded on 24 well plates and transfected with GFP tagged forms of PINK1 were fixed
in 3.9% paraformaldehyde 2 days later, permeabilized in 0.1% Triton X-100 for 10 minutes
and counterstained with DAPI (1.25 µg/ml; Molecular Probes, Eugene, CA) for five minutes
prior to washing. 20–30 transfected cells per epifluorescence micrograph were scored for
nuclear fragmentation/pyknosis by an observer blinded to the experimental conditions.

Two days after transfection with PINK1 fusion constructs, the cells were stained with
MitoSOX, (2.5µM, Molecular Probes, Eugene, CA) as previously described (Dagda et al.,
2009). The average intensity of MitoSOX fluorescence per cell in GFP transfected cells was
quantified using NIH Image J as the ratio of the mean intensity of MitoSOX fluorescence to
the mitochondrial area per transfected cell.
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Stable control (V17) and PINK1shRNA cells (clones A4 and A14) were loaded with 100nM
of tetra-methyl rhodamine methyl-esther (TMRM, SIGMA, St. Lois, MO) two days after
transfection, and incubated for 40 min at 37C in a 5% CO2 cell culture incubator, then
washed with pre-warmed complete DMEM media. TMRM fluorescence was visualized in
live cells using an inverted FluoView 1000 laser scanning confocal microscope at a 60×
magnification (1.42 numerical aperture) using the linear, sequential scan mode function
(Olympus America Inc., Melville, NY; excitation/emission filter: 488 nm/510 nm; 561 nm/
592 nm). Mitochondrial membrane potential was quantified by dividing the average pixel
intensity of the mitochondria by the background cytosolic/nuclear fluorescence intensity as
previously described (Dagda et al., 2011).

Statistics
Results are expressed as compiled mean±s.e.m from at least three independent experiments.
Multiple group comparisons were performed using one-way analysis of variance (ANOVA)
followed by Tukey’s test or a Fisher’s LSD t-test to identify paired differences. Values of
p<0.05 were considered significant.

Results
PINK1 modulates neurite morphology in SH-SY5Y cells and primary cortical neurons

Endogenous PINK1 is localized to both cytosolic and mitochondrial compartments
(Supplementary Fig. S1AB) (Dagda et al. 2009, Beilina et al. 2005, Gandhi et al. 2006), yet
few studies have examined the potential role of cytosolic PINK1 in regulating neuronal
health. We previously reported that an amino-truncated version of PINK1 that lacks the
mitochondrial targeting sequence suppresses macroautophagy and blocks neuronal cell death
induced by chronic loss of endogenous PINK1 (Dagda et al. 2009). Immunofluorescence
studies of endogenous PINK1 reveal that it is diffusely present within neurites as well as
colocalizing with mitochondria (Supplementary Fig. S1B). To investigate the possible role
of PINK1 in neurite outgrowth, we studied the effects of PINK1 overexpression in SH-
SY5Y cells, in the absence of neurotrophic factors or other differentiating stimuli, using a
set of previously characterized stable cell lines (Dagda et al. 2009). Whereas the stable
vector control line (pReceiver M14) exhibited stubby-ended pseudopodia that are
characteristic of parental SH-SY5Y cells, increased PINK1 expression elicited elongated,
slender cytoplasmic extensions that resembled neurites (Fig. 1A–B). Moreover, transient
expression of a V5-tagged form of PINK1-FL not only increased the percentage of SH-
SY5Y cells containing elongated cytoplasmic extensions, but also increased the average
length of neurites in primary cortical neurons (Fig. 1C–E). In contrast, an engineered kinase
deficient version of PINK1(K219M) had no such effect (Fig. 1C–E), despite achieving
approximately similar levels of recombinant PINK1 expression compared to wild-type
PINK1 (Fig. 1E, inset), suggesting that intact kinase activity is required for the neurite
elongating effect of PINK1 in both SH-SY5Y cells and primary neurons.

By indirect immunofluorescence, we observed that stable overexpression of PINK1-3xFlag
elicited formation of cytoplasmic extensions containing high levels of the neurofilament
heavy chain (200kDa) and the dendritic marker microtubule associated protein 2B
(MAP2B), further supporting the interpretation that PINK1 promotes neuritogenesis in naïve
SH-SY5Y cells in the absence of differentiation factors (Fig. 2A). Western blot analysis
showed that PINK1 overexpression elevated levels of the postsynaptic marker PSD95. In
addition, cell lysates from PINK1-3xFlag cells exhibited a higher molecular weight form of
neurofilament medium chain (70–90kDa), consistent with higher phosphorylation status of
neurofilaments in differentiated axons (Grant & Pant 2000), which was not seen in cell
lysates from the vector control (Fig. 2B–C).
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The cytosolic pool of PINK1 enhances neurite/dendrite lengths
To investigate whether the action of PINK1 on neurite lengths was related to its activity at
mitochondrial or cytosolic subcompartments, we generated OMM-targeted PINK1-GFP by
swapping the first 111 amino acids of PINK1 with a TOM20 mitochondrial targeting
sequence (OMM-PINK1-GFP) for comparison with PINK1 lacking its mitochondrial
targeting sequence (Δ111N-PINK1-GFP), which was previously shown to exhibit cytosolic
localization (Haque et al. 2008). Two days after transfection, the subcellular localization of
the recombinant proteins was verified for appropriate targeting of the construct. In contrast
to wild type PINK1-GFP, which has a dual cytoplasmic and mitochondrial distribution
(Supplementary Fig. S2A; left panel), OMM-PINK1-GFP was exclusively localized to
mitochondria (Supplementary Fig. S2A; middle panel), while Δ111N-PINK1-GFP was
localized to the cytosol (Supplementary Fig. 2A, right panel). Analysis of mitochondrial
fractions isolated from transfected cells confirmed that full-length PINK1 showed a mixed
cytosolic and mitochondrial distribution with the mitochondrial pool accessible to trypsin
(Supplementary Fig. 2B), in agreement with the OMM distribution reported by others (Zhou
et al. 2008, Lin & Kang 2010). The OMM-PINK1 was similarly accessible to trypsin
(Supplementary. Fig. 2C), while ΔN111-PINK1-3XFlag, a construct that lacks both
mitochondrial targeting and transmembrane domains, is almost exclusively localized to the
cytosol (Supplementary. Fig. 2D), as previously reported (Haque et al., 2008).

Chronic loss of endogenous PINK1 leads to a significant increase in basal apoptosis
compared to a control cell line (3% cell death in control cell line vs. 22% in PINK1shRNA
A14 clone). Transient expression of either OMM-PINK1 or ΔN111-PINK1-GFP was able to
significantly suppress cell death induced by loss of endogenous PINK1, suggesting that both
subcellular pools of PINK1 function in pro-survival pathways (Supplementary Fig. 3)

In primary cortical neurons, either PINK1-FL-GFP or ΔN111-PINK1-GFP, but not OMM-
PINK1-GFP, increased neurite lengths (Fig. 3A). Likewise, transient expression of ΔN111-
PINK1-GFP was sufficient to increase neurite lengths in dopamine midbrain neurons
compared to OMM-GFP transfected neurons (Fig. 3F). Using the dendritic marker MAP2B
in transfected primary cortical neurons, we observed that ΔN111-PINK1-GFP
overexpression is sufficient for enhancing dendritic lengths (Figure. 3B), while a similar
degree of overexpression of OMM-PINK1-GFP failed to do so (Fig. 3B, inset).

To examine the possible effects of PINK1 on axons, primary cortical neurons transiently
expressing different PINK1 constructs were immunolabeled for the heavy chain of
neurofilament (200kDa) and analyzed for axonal length in GFP transfected primary cortical
neurons using Neuron J. We found no significant effects of PINK1-GFP on the average axon
length per transfected cell (Fig. 3C). It is unlikely that the increased dendritic lengths
observed in primary neurons expressing PINK1-GFP is a consequence of selectively
transfecting a subpopulation of primary cortical neurons, as analyzed cells showed no
significant differences in the average soma size (Fig. 3D). Our data further indicates that the
kinase deficient mutant of ΔN111-PINK1(K219M)-GFP failed to influence neurite lengths
in SH-SY5Y cells (Fig. 3E) or primary cortical neurons (data not shown). Taken together,
these data indicate that the cytosolic pool of PINK1 is sufficient for enhancing dendritic
arbors in neurons.

Primary cortical and midbrain neurons from Pink1 knockout mice have reduced dendrite
lengths

To further investigate the possible role of endogenous PINK1 in regulating dendrite lengths,
we studied primary cortical neurons derived from Pink1 knockout mice. By measuring the
lengths of MAP2B-immunoreactive dendrites in paraformaldehyde-fixed primary cortical
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neurons, we found that neurons derived from Pink1 knockout mice showed a 60% decrease
in summated dendritic length per neuron compared to primary cortical neurons derived from
wild-type mice (Fig. 4A). Furthermore, transfecting Pink1 knockout neurons with ΔN111-
PINK1-GFP significantly restored dendrite lengths (Fig. 4A–B). In addition, dopamine
neurons in dissociated primary midbrain cultures derived from Pink1 knockout mice also
showed significantly reduced complexity and total length of dendrites compared to wild-
type neurons, with no significant effect on axon lengths (Supplementary Fig. 4). These
results indicate that loss of endogenous PINK1 elicits a similar attenuation of the dendritic
arbor in both midbrain dopaminergic neurons and cortical neurons.

PINK1 enhances mitochondrial anterograde transport and density in dendrites
Achieving the proper density of mitochondria in dendrites is essential for synaptogenesis
and dendritic maintenance in neurons (Li et al. 2004). By quantifying the percentage of the
dendrite length occupied by mitochondria, we found that PINK-FL-GFP increased
mitochondrial density in the dendrites compared to primary cortical neurons expressing
OMM-GFP. This effect could be recapitulated by transfection with ΔN111-PINK1-GFP, but
not OMM-PINK1-GFP (Supplementary Fig. 5).

One mechanism by which either PINK1-FL-GFP or ΔN111-PINK1-GFP could act to
regulate mitochondrial density within dendrites is via mitochondrial transport. Live cell
imaging of mitochondria in cells co-transfected with mito-RFP confirmed previously reports
(Cherra et al.) that only a small fraction of mitochondria is mobile in dendrites of control
DIV8 primary neurons transfected with OMM-GFP (Fig. 5B). Expression of ΔN111-PINK1-
GFP significantly enhanced mitochondrial movement, particularly anterograde velocities,
while expression of the kinase deficient ΔN111-PINK1(K219M)-GFP resulted in cessation
of movement (Fig. 5B–C).

We conducted similar studies in the neurites of cyclic AMP-differentiated SH-SY5Y cells
(Supplementary Fig. 6). In contrast to primary cortical neurons, mitochondria of SH-SY5Y
cells predominantly moved in a retrograde manner. Like primary cortical neurons, however,
differentiated SH-SY5Y cells exhibited enhanced anterograde velocities when transfected
with ΔN111-PINK1-GFP, while mobility was stalled by expression of ΔN111-
PINK1(K219M)-GFP (Supplementary Fig. 6B–C).

PINK1shRNA cells are impaired for cyclic AMP-mediated neurite outgrowth
To elucidate mechanism(s) underlying the regulation of neurite outgrowth by PINK1, we
utilized two previously characterized PINK1shRNA cell lines that stably reduce full length
(51% and 81% for PINK1shRNA A14 and clone D14 respectively) and lower molecular
weight forms of endogenous PINK1 compared to a stable vector control line (for 45kDa
band: 58% and 60% for PINK1shRNA A14 and clone D14 respectively and more than 60%
for PINK1 bands less than 36kDa) (Fig. 6A), with resultant mitochondrial dysfunction
(Dagda et al. 2009). Neither of these lines responded well to cAMP-induced neuronal
differentiation (Fig. 6B–C). Complementation studies show that transient expression of
ΔN111-PINK1-GFP but not ΔN111-PINK1(K219M)-GFP was sufficient to stimulate neurite
outgrowth in both control and PINK1-deficient SH-SY5Y cells, while OMM-PINK1 failed
to do so (Fig. 6D). These data indicate divergent roles for cytosolic and OMM-tethered
forms of PINK1.

Mitochondrially localized PINK1 modulates mitochondrial homeostasis
We next wanted to verify that the OMM-PINK1 construct was functional by examining its
ability to complement known phenotypes induced by loss of endogenous PINK1 (Dagda et
al.2011, Lazarou et al. 2012, Greene et al.2012). As indicated above, both OMM- and
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cytosolic PINK1 retained the ability to protect against apoptosis (Supplementary Fig. 3).
Moreover, OMM-PINK1, but not ΔN111-PINK1, reversed previously described
mitochondrial effects of PINK1-deficiency on transmembrane potential, mitochondrial
superoxide levels, and mitochondrial morphology (Supplementary Fig. 7). Thus, the failure
of OMM-PINK1 to affect neurite morphology was not due to loss of biological activity
induced by addition of the TOM20 targeting sequence. In addition to confirming a role for
OMM-tethered PINK1 in regulating mitochondrial homeostasis, these data further support
the concept of distinct biological roles for OMM- versus cytosolic pools of PINK1.

PINK1 enhances neurite length through activation of PKA-regulated signaling pathways
The selective effects of PINK1 knockdown on neuronal differentiation elicited by cAMP,
but not by retinoic acid (data not shown), implicated possible involvement of PKA, which
regulates synaptogenesis, long term potentiation and survival through activation of CREB
(Grewal et al. 2000, Merrill et al. 2011, Tominaga-Yoshino et al. 2002, Dickey & Strack
2011, Xu et al.2012). PINK1shRNA lines showed significant decreases in phosphorylated
nuclear CREB (ser 133) compared to the stable control line, suggesting decreased activation
or translocation of phospho-CREB (Fig. 8A). Transfection of PINK1shRNA cells with a
CRE-luciferase reporter plasmid also supported a decrease in intracellular PKA activity
(Fig. 7B). Conversely, transient overexpression of PINK1-FL significantly enhanced CRE-
luciferase activity (Fig. 7C), indicating that PINK1 modulates cAMP-dependent signaling
pathways in SH-SY5Y cells.

To determine the role of PKA signaling in PINK1-mediated neurite outgrowth, we treated
the PINK1-3xFlag line with the PKA inhibitor H89, using conditions that do not elicit
mitochondrial fragmentation or cell injury (Dagda et al. 2011). H89 significantly inhibited
neurite outgrowth induced by PINK1 overexpression in SH-SY5Y cells (Fig. 7D) and in
primary neurons transfected with Δ111-PINK1-GFP (Fig. 7E). In control experiments, we
found that H89 had no effect on PINK1 autophosphorylation (Cherra & Chu, unpublished
data). Taken together, these data suggest a functional interaction of cytosolic PINK1 and
PKA signaling.

PKA activities are compartmentalized to specific subcellular compartments by binding to A-
kinase anchoring proteins (AKAP). Transient expression of D-AKAP1 increases dendritic
length and complexity in hippocampal neurons while suppressing premature synaptogenesis,
suggesting that PKA exerts its effects on dendrite morphogenesis at the mitochondrion in
neurons (Dickey & Strack, 2011). To determine whether mitochondrial PKA was similarly
implicated in PINK1-dependent neurite outgrowth, cells were co-transfected with PINK1
and a GFP-tagged protein kinase A inhibitor peptide (PKI) targeted to the OMM (mito-PKI).
Transient expression of mito-PKI for two days resulted in a 40% decrease in intracellular
PKA activity (Fig. 7G). Mito-PKI blocked the ability of overexpressed PINK1 to promote
neurite outgrowth (Fig.7F), while expression of a constitutively active mitochondrial PKA
further amplified the effects of PINK1 (data not shown).

Overall, the requirement for PINK1 in cAMP-mediated differentiation combined with the
ability of PINK1 to positively regulate PKA/CREB activities indicates functional interaction
between cytosolic PINK1 and PKA in neuritic/dendritic formation and maintenance.

Discussion
While the role of PINK1 in regulating mitochondrial structure and function have been
heavily studied over the past decade, there is less knowledge with regards to the effects of
PINK1 in other subcellular compartments, particularly in neurons. At the mitochondrial
level, PINK1 regulates mitochondrial transport, morphology, biogenesis, function, calcium
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buffering capacity and mitophagy (Wood-Kaczmar et al. 2008, Gegg et al. 2009, Dagda &
Chu 2009, Van Laar & Berman 2009, Gandhi et al. 2009, Petit et al. 2005, Narendra et al.
2010, Matsuda et al. 2010, Sun et al. 2012). However, an N-terminal truncation mutant of
PINK1 that lacks the transmembrane and mitochondrial targeting domain is sufficient for
neuroprotection against MPTP toxicity in vivo (Haque et al. 2008), suggesting that
mitochondrial targeting is not essential for all PINK1 activities. Here, we present data for a
novel role for cytosolic PINK1 in regulating neurite morphogenesis, enhancing anterograde
mitochondrial transport and density of mitochondria in dendrites and upregulating
expression of neuronal differentiation proteins (Fig. 2, 3, and Supplementary Fig. 5 and 6).
Furthermore, loss of PINK1 function is not only associated with impaired mitochondrial
function, but also shortening and simplification of dendritic arbors and decreased PKA
signaling (Fig. 4 and 7). Given that synaptic dysfunction and dendritic pathology may
contribute to the earliest stages of neurodegeneration (Bywood & Johnson 2000, Cherra et
al. 2010, Bendiske et al. 2002), these findings may offer additional insight for mechanisms
contributing to the development of PD.

Mechanistically, we found that PINK1 is required for cAMP-induced neurite extension and
promotes PKA activation, implicating an amplifying interaction between these pathways in
dendrite maintenance. (Fig. 3–5, 7). PKA is critical for several neuronal functions including
dendrite extension, spine formation and modulation of mitochondrial fission (Dickey &
Strack, 2011 Merrill et al.2011, Dagda et al.2011). The effects of PKA are regulated by
AKAPs, which confer selectivity to its actions at distinct subcellular sites (Feliciello et al.
2001). Although the mechanism by which PINK1 is targeted to the mitochondria is distinct
from that of PKA, (Becker et al.2012, Lin & Kang 2010, Zhou et al. 2008), emerging data
suggest functional interactions of PINK1 and PKA at multiple subcellular compartments.
Like mitochondrial PKA, expression of PINK1 promotes mitochondrial fusion in
mammalian cells (Sandebring et al. 2009, Exner et al. 2007, Dagda et al. 2009). Moreover,
mitochondrial PKA can reverse multiple parameters of mitochondrial dysfunction induced
by chronic deficiency in endogenous PINK1 (Dagda et al.2011). In the cytosolic
compartment, PKA phosphorylates the autophagy protein LC3 to protect against MPP+ and
G2019S LRRK2-mediated dendrite retraction (Cherra et al. 2010). Likewise, cytosolic
Δ111-PINK1 is sufficient to inhibit autophagy induced by loss of endogenous PINK1
(Dagda et al. 2009). Interestingly, PINK1 promotes PKA-mediated phosphorylation of both
Drp1 (Sandebring et al. 2009) and LC3 (Cherra & Chu, unpublished data). The current data
showing that cytosolic PINK1 affects dendritogenesis through effects on PKA add further
support to an important functional relationship between these pathways.

Future studies are required to elucidate the mechanisms by which PINK1 activates
downstream PKA signaling for promoting dendritic outgrowth. It is conceivable that more
than one signaling mechanism may contribute to the ability of PINK1 to elicit dendritic
outgrowth in neurons. Given that MAP2 is a neuronal-specific AKAP (Harada et al. 2002),
and PINK1 elicited increased levels of MAP2 (Fig. 2 and 3), it is possible that MAP2-
tethered PKA holoenzymes are also increased at the dendrites to promote dendritic
outgrowth. (Huang et al. 2013). Alternatively, cytosolic PINK1 may promote
phosphorylation of the RIIβ subunit, a substrate of many ser/thr kinases including PKA
(Braun et al. 1991), to release the catalytic subunits of PKA holoenzymes. This may occur
either directly or indirectly, as the increased mitochondrial density in observed in dendrites
may lead to increased levels of OMM-localized PKA, setting up an amplifying mechanism
by which phosphorylation of cytoskeletal-associated MAP2A/B results in destabilization of
MAP2-tethered RIIβ subunits to liberate active PKA.

Prior studies have also suggested that PINK1 may play a role in regulating cytoskeletal
dynamics. PINK1 promotes lamellopodia extension and cellular motility in non-neuronal
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cells (Murata et al.2011). Transient expression of PINK1 opposes the effects of LRRK2 in
modulating axonal morphology in C. elegans. (Samann et al. 2009). Furthermore, PINK1
may play a developmental role for the proper patterning, migration and contact of
dopaminergic axons in zebrafish (Samann et al.2009). In human hippocampal neurons,
overexpression of full length PINK1 is correlated with mitochondrial fragmentation,
increased mitochondrial number, and decreased density at dendritic spines (Yu et al.2011),
raising the possibility of differences based on neuron type. The current data showing that
transient or stable overexpression of PINK1 enhanced neurite outgrowth in SH-SY5Y cells
in the absence of added neurotrophic/differentiation factors, combined with the effects on
dendrite morphology observed in cortical and dopaminergic midbrain neurons, suggest that
cytosolic PINK1 is a bona fide regulator of dendritogenesis in neurons (Fig. 1, 3).

Interestingly, the regulation of dendritic versus axonal outgrowth exhibits distinct as well as
shared mechanisms (Dickey & Strack 2011, Xu et al.2012, Goshima et al. 1993). PD-
associated mutations in LRRK2 engage different mechanisms to regulate presynaptic/axonal
versus postsynaptic/dendritic compartments (Lin et al. 2010, Lee et al. 2010, and Cherra et
al. 2013) Transient overexpression of PINK1 in Drosophila motor neurons or mouse
hippocampal neurons reduces axonal mitochondrial velocities, leading to decreased
mitochondrial occupancy in presynaptic terminals (Liu et al. 2012, Wang et al. 2011, Yu et
al.2011). The mechanism by which PINK1 reduces mitochondrial delivery to axon terminals
is through to involve phosphorylation of microtubule adaptor proteins Milton and Miro
(Weihofen et al. 2009), and the subsequent Parkin-mediated autophagic clearance of
mitochondria (Liu et al.2012). In contrast, our study suggests cytosolic PINK1 promotes
anterograde mitochondrial transport into dendrites. These findings may relate to the ability
of different TRAK family adaptor proteins to engage different transport machineries to steer
mitochondria into axons versus dendrites (van Spronsen et al.2013).

In summary, we found that cytosolic PINK1 exhibited distinct activities from OMM-
tethered PINK1. In particular, cytosolic PINK1 was involved in regulating neurite outgrowth
and dendritic extensions in SH-SY5Y cells and primary cortical neurons through
mechanisms involving dendritic mitochondrial transport and amplification of PKA
signaling. PINK1 is widely expressed throughout the body, and has been implicated in
mitochondrial dysfunction in a growing number of tissues (Billia et al. 2011, Rakovic et al.
2010). Despite this, patients with homozygous or compound heterozygous mutations in
PINK1 exhibit neurodegeneration as the primary manifestation of disease. Thus, the effects
of PINK1 in promoting or maintaining neuronal differentiation may be of particular
relevance to Parkinson’s disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

OMM Outer mitochondrial membrane

PINK1 PTEN-induced kinase-1

PKA Protein kinase A

PKI Inhibitor of protein kinase A

MAP2B Microtubule associate protein 2 B
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Figure 1. Overexpression of PINK1 promotes neurite outgrowth
(A–C). (A) previously characterized SH-SY5Y stable cell line (#24) that overexpresses a C-
terminally 3xFlag-tagged version of PINK1 (Dagda et al. 2009), was analyzed by bright
field microscopy for morphological differences (B) Compiled quantification of the average
neurite length per cell shows that stable expression of PINK1 in two different clones induces
a 33% increase in neurite length (Means ± S.EM, three independent experiments, *:p<0.05
vs. control cell line). (C) SH-SY5Y cells were transiently transfected with GFP and co-
transfected with full-length or catalytically inactive PINK1(K219M) and analyzed for the
average neurite length per cell. Representative epifluorescence images show an increase in
elongated cytoplasmic extensions (white arrows) not observed with PINK1(K219M).
(Means ± SEM, n=20–40 cells from two independent experiments, *:p<0.05 vs. vector
transfected cells; **:p<0.05 vs. PINK1-WT-V5). (D–E) Primary cortical neurons were co-
transfected with GFP and the indicated plasmids for three days. Dendritic arbors were
visualized by epifluorescence microscopy of GFP-expressing neurons, revealing more
complex dendritic arbors with PINK1-WT, with a 33% increase in summated neurite lengths
€, Means ± SEM, n= 5–7 independent experiments. *:p<0.05 vs. vector; **:p<0.05 vs.
PINK1-WT-V5). Inset shows a representative Western blot of the indicated V5 tagged
PINK1 constructs of PINK1 showing similar recombinant PINK1 expression levels (full-
length PINK1; black arrows) as determined by immunoblotting for PINK1 (C8830; Dagda
et al., 2009) in SH-SY5Y cells transiently expressing the indicated constructs. Black
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arrowhead points to full-length PINK1 (66kDa) while the white arrowhead points to
processed PINK1).
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Figure 2. Stable overexpression of PINK1 upregulates proteins associated with neuronal
differentiation
(A) The stable PINK1-3xFlag cell line (#24) was fixed in 4% paraformaldehyde and
immunolabeled for the heavy chain of neurofilament (200kDa) and MAP2B to label axons
and dendrites respectively and analyzed for morphology by epifluorescence microscopy.
Representative epifluorescence micrographs demonstrates that stable expression of PINK1
increases the expression levels and induces a redistribution of neurofilament heavy chain
subunit and MAP2B from the soma to the neurites compared to a stable control cell line
(pReceiverM14). White arrows point to the presence of elongated neurites in PINK1-3X
Flag cells. (B) Cell lysates derived from control (pReceiver M14) and PINK1
overexpressing cell lines were immunoprobed for total levels of neurofilament proteins, and
the post-synaptic marker PSD95. Arrowhead indicates a higher molecular weight form of
neurofilament medium chain, consistent with phosphorylation observed in differentiated
axons (Grant & Pant 2000). (C). The integrated intensities of immunoreactive bands for the
medium chain of neurofilament and PSD95 were quantified using the Image J software and
normalized to β-actin (Means ± S.EM, n=10 plates compiled from three independent
experiments, *:p<0.05 vs. control cell line).
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Figure 3. Cytosolic localized PINK1 increases dendritic complexity/length in primary cortical
neurons and midbrain neurons
(A) Primary cortical neurons (DIV14) were transiently transfected with the indicated PINK1
fusion constructs for three days, fixed in paraformaldehyde and immunolabeled for GFP and
MAP2B to label dendrites. Representative epifluorescence micrographs show that transient
expression of ΔN111-PINK1-GFP qualitatively increases the complexity and length of
neurites while OMM-PINK1transient expression has no effect. (B) Compiled quantification
derived from five to seven experiments show that transient expression of ΔN111-PINK1-
GFP enhances neurite length in primary cortical neurons. (Means ± SEM, n= five to seven
independent experiments *:p<0.05 vs. OMM-GFP). (C) Quantification of axonal lengths as
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analyzed by immunolabeling for the neurofilament heavy chain subunit in transiently
transfected primary cortical neurons. (Means± S.EM n=20 transfected neurons from two
experiments, no significant changes found across groups). (D) Quantification of the soma
area of primary cortical neurons transfected with the indicated plasmids showing no
differences (Means ± S.EM, n=20 transfected neurons from two experiments, no significant
changes found across groups). (E) Quantification of neurite lengths in transfected SH-SY5Y
cells not exposed to any other differentiating stimuli (naïve). (F) Representative
epifluorescence micrographs of DIV9 midbrain dopamine neurons transfected with GFP or
ΔN111-PINK1-GFP for two days prior to immunolabeling for tyrosine hydroxylase to
identify dopamine neurons (the TH channel is shown). Quantification of neurite lengths
derived from three experiments show that transient expression of ΔN111-PINK1-GFP
enhances neurite length in dopamine neurons (For E, means ± S.EM, n=20 transfected SH-
SY5Y cells from two experiments, *:p<0.05 vs. OMM-GFP. For F, compiled means ±
S.EM, N=3 experiments, n=15–22 neurons per condition, *p<0.05 vs. GFP). Insets show
expression levels of GFP-tagged PINK1 in transiently transfected cells.
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Figure 4. PINK1 knockout primary cortical neurons showed decreased dendritic lengths
(A) DIV5 primary cortical neurons from PINK1 +/+ and PINK1 −/− littermates were
transfected with GFP or ΔN111-PINK1-GFP, fixed three days post-transfection and
immunolabeled for MAP2B to visualize dendrites. Representative images demonstrate that
PINK1 deficient (−/−) primary cortical neurons exhibited reduced dendritic lengths as
visualized by immunolabeling for MAP2B (white arrows in bottom left panel) compared to
wild-type neurons (top left panel). Dendritic lengths are restored in PINK1 −/− neurons by
transiently expressing ΔN111-PINK1-GFP. White arrowheads points to GFP positive axons
that were MAP2B negative and that were excluded from dendritic length quantification. (B)
Quantification of total dendritic lengths in primary cortical neurons transiently expressing
the indicated plasmids (Means ± S.EM., n=30–50 primary cortical neurons pooled from 3–5
prenatal mouse pups per genotype, *:p<0.05 vs. PINK1 (+/+)/ GFP; **:p<0.05 vs. PINK1
(−/−) / GFP).
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Figure 5. The cytosolic pool of PINK1 enhances anterograde movement of mitochondria to
neurites
(A) Representative epifluorescence micrographs of dendrites from DIV9 primary cortical
neurons transiently expressing either GFP, ΔN111-PINK1-GFP or kinase deficient ΔN111-
PINK1-K219M-GFP along with mito-RFP to analyze for mitochondrial movement and
distribution in dendrites. (B) DIV9 primary cortical neurons transiently expressing the
indicated PINK1 fusion constructs and mito-RFP were visualized for mitochondrial
movement by time lapse epifluorescence microscopy in live cells for 5 minutes with 5
second intervals per image capture. Image sequences were assembled into kymographs to
visualize mitochondrial movement. The representative kymographs show bidirectional
movement of mitochondria at the dendrites across time for the indicated transfection
conditions. (C) Total displacement (left graph), average anterograde velocity (right graph)
and retrograde velocity (middle graph) were quantified by using the line scan tool of Image J
for up to eight kymographs per condition. Note that transient expression of the kinase
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deficient mutant K219M stalls mitochondria movement while ΔN111-PINK1-GFP enhances
anterograde movement towards the distal end of the dendrites (right graph) compared to
GFP control cells. (Means ± S.EM, n=120 mitochondria from 5–8 transfected primary
cortical neurons *:p<0.05 vs. GFP **:p<0.05 vs. ΔN111-PINK1).
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Figure 6. PINK1 deficient cells are impaired for cyclic AMP mediated neurite outgrowth
(A) PINK1 knockdown SH-SY5Y clonal cell lines (clone A14 and D14) exhibit reduced
expression of full length (black arrow) and processed forms of PINK1 (white arrows),
relative to the stable shRNA control (clone V17). (B) Representative bright field images of
control cells show that a single dose of cAMP (24 hr) elicits neurite outgrowth in control
cells, while PINK1shRNA cells remain unresponsive. (C) Bar graph showing that
PINK1shRNA cells are unresponsive to cyclic-AMP-mediated neurite extension (Means ±
S.EM, n=30–40 cells analyzed from two experiments, *:p<0.05 vs. control cell line/water).
(D) Control and PINK1shRNA SH-SY5Y cells were transiently transfected with the
indicated PINK1 fusion constructs and neurite length was quantified using Image J. (Means
± S.EM, n=30–40 cells analyzed from two experiments, *:p<0.05 vs. control cell line/
OMM-GFP, **:p<0.05 vs. PINK1shRNA/OMM-GFP, ***:p<0.05 vs. control/ΔN111-
PINK1 -GFP or PINK1shRNA / ΔN111- PINK1 -GFP).
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Figure 7. Mitochondrially localized PKA is required for PINK1’s ability to promote neurite
outgrowth
(A)Representative epifluorescence micrographs of control and PINK1shRNA SH-SY5Y
cells showing that stable knock down of endogenous PINK1 leads to decreased nuclear
localization of p-CREB (ser 133), as quantified by the mean intensity of nuclear p-CREB
immunofluorescence normalized to total CREB immunoreactivity. (Means ± S.EM, n=30
cells per cell line from two experiments, *:p<0.05 vs. control).
(B–C) Knockdown of endogenous PINK1 decreases the CRE-luciferase activity/protein
level ratios compared to control cells (clone V17), an indirect measure of intracellular PKA
activity in two PINK1shRNA cell lines (A14 and D14), while PKA activity is increased in
cells stably expressing PINK1-3X Flag (C) (Means ± S.EM, n= 3–4 experiments, *:p<0.05
vs. vector or control).
(D) Total neurite length per cell was measured in PINK1 overexpressing cells (clones #24)
in the presence or absence of H89 (means ± SEM, n = 30 cells/cell line from one a
representative experiment of three *:p<0.05 vs. control/DMSO, **:p<0.05 vs. PINK1-3X
Flag/DMSO). (E) Primary cortical neurons were transiently transfected with OMM-GFP and
ΔN111-PINK1-GFP constructs in the presence or absence of H89 (0.5 µM) and analyzed for
neurite length via image analysis. (Means ± S.E.M, n = 30 cells/cell line from one
representative experiment of two, *:p<0.05 vs. control/DMSO, **:p<0.05 vs. ΔN111-
PINK1-GFP /DMSO) (F) SH-SY5Y cells were transiently transfected cells with V5 tagged
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PINK1 Flag and co-transfected with GFP-tagged mitochondrially targeted PKA inhibitor
(mito-PKI) or GFP as a control and analyzed for neurite length via image analysis (Means ±
S.E.M, n = 30 cells/line from two experiments, *:p<0.05 vs. vector/GFP, **:p<0.05 vs.
PINK1-V5/GFP). (G) Representative quantification showing that transient expression of
mito-PKI decreases CRE-luciferase activity by 40% in parental SH-SY5Y cells. (Means ±
S.E.M, n=6 transfected wells per condition, *:p<0.05 vs. vector/GFP).
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