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Abstract
Degenerating neurons of Parkinson’s disease (PD) patient brains exhibit granules of phosphorylated
extracellular signal-regulated protein kinase 1/2 (ERK1/2) that localize to autophagocytosed mito-
chondria. Here we show that 6-hydroxydopamine (6-OHDA) elicits activity-related localization of
ERK1/2 in mitochondria of SH-SY5Y cells, and these events coincide with induction of autophagy
and precede mitochondrial degradation. Transient transfection of wild-type (WT) ERK2 or
constitutively active MAPK/ERK Kinase 2 (MEK2-CA) was sufficient to induce mitophagy to a
degree comparable with that elicited by 6-OHDA, while constitutively active ERK2 (ERK2-CA) had
a greater effect. We developed green fluorescent protein (GFP) fusion constructs of WT, CA, and
kinase-deficient (KD) ERK2 to study the role of ERK2 localization in regulating mitophagy and cell
death. Under basal conditions, cells transfected with GFP-ERK2-WT or GFP-ERK2-CA, but not
GFP-ERK2-KD, displayed discrete cytoplasmic ERK2 granules of which a significant fraction
colocalized with mitochondria and markers of autophago-lysosomal maturation. The colocalizing
GFP-ERK2/mitochondria granules are further increased by 6-OHDA and undergo autophagic
degradation, as bafilomycin-A, an inhibitor of autolysosomal degradation, robustly increased their
detection. Interestingly, increasing ERK2-WT or ERK2-CA expression was sufficient to promote
comparable levels of macroautophagy as assessed by analysis of the autophagy marker microtubule-
associated protein 1 light chain 3 (LC3). In contrast, the level of mitophagy was more tightly
correlated with ERK activity levels, potentially explained by the greater localization of ERK2-CA
to mitochondria compared to ERK2-WT. These data indicate that mitochondrial localization of ERK2
activity is sufficient to recapitulate the effects of 6-OHDA on mitophagy and autophagic cell death.
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Introduction
Cellular degradation of long-lived proteins and organelles is mediated by two major processes:
ubiquitin-proteasome-mediated degradation and autophagy. A proper balance in cellular
degradation of long-lived proteins and organelles is critical for neuronal survival, and
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alterations in degradation lead to aberrant accumulation of ubiq-uitinated proteins as seen in
Parkinson’s disease (PD).1,2

Autophagy plays important roles in cellular differentiation and survival.3,4 In mammalian
cells, macroautophagy and chaperone-mediated autophagy (CMA) have been most intensively
studied. Macroautophagy, commonly referred to as simply autophagy, is a regulated process
that involves the engulfment of cytoplasmic constituents into autophagosomes or early
autophagic vacuoles (AVs), which then mature into autolysosomes or late AVs for degradation.
The human autophagic machinery is well conserved from yeast and includes conjugating
enzymes, which mediate covalent attachment of Atg12 to Atg5 and of Atg8/microtubule-
associated protein 1 light-chain 3 (LC3) to nascent autophagic membranes.5 The Atg12-Atg5
complex is lost upon completion of the autophago-some, but some LC3 remains associated
with AVs until degraded in lysosomes.6 While upstream signals that regulate bulk degradation
during nutrient deprivation are well established, signals that regulate degradation of unwanted
or damaged organelles are less understood.7,8

A proper balance in catabolic and anabolic activities is critical for survival of neurons. In some
instances, autophagy plays beneficial, homeostatic roles that include clearance of protein
aggregates,9-12 and maintenance of mitochondria,13,14 and axonal-synaptic morphology.15
On the other hand, excessive or imbalanced autophagy creates a condition of “autophagic
stress” that contributes to neurodegeneration and cell death.16 In particular, excessive mito-
chondrial degradation may be detrimental to neurons due to their high dependence on oxidative
phosphorylation.17,18 A dual role for autophagy and ERK signaling has also been described
in C. elegans survival during starvation induced autophagy.19

The extracellular signal-regulated protein kinases 1/2 (ERK1/2) regulate several neuronal
functions including synaptic/neuritic remodeling, differentiation and survival.20-23
Alterations in the kinetics and subcellular localization of ERK1/2 activity promote cell death
during ischemic, traumatic, toxic, and neurodegenerative injuries.24 In human PD brain
tissues, we observed increased cytoplasmic ERK1/2 activity.25 Degenerating substantia nigra
neurons display phosphorylated-ERK1/2 granules, many of which colocalize with
mitochondria and AVs.26 Cytoplasmic granules involving nuclear transcriptional regulators
are also observed in PD neurons, suggesting that altered subcellular function of signaling
proteins contributes to neurodegeneration.27,28 ERK1/2 activity is necessary for autophagy
and mitochondrial degradation induced by MPP+,29 the active metabolite of a parkinsonian
neurotoxin.30,31 However, it is unknown whether elevated ERK activity itself is sufficient to
induce autophagy and mitochondrial turnover.

6-Hydroxydopamine (6-OHDA), a redox cycling dopamine analog, is an oxidative neurotoxin
that recapitulates many features of PD in animal models.32,33 Treatment of dopaminergic cells
with 6-OHDA elicits robust activation of ERK1/2, and pharmacological inhibition of ERK
activation enhances neuronal survival.34,35 Interestingly, 6-OHDA elicits a delayed phase of
mitochondrial ROS production35 that is associated with increased mitochondrial ERK
activation.26,35 The potential function(s) of mitochondrially localized ERK activation during
neuronal injury are still undefined.

In this report, we show that increased expression of ERK2 increases toxin-induced
mitochondrial autophagy in the neuronal cell line SH-SY5Y cells. There is activity-dependent
ERK2 association with mitochondria, autophagosomes and lysosomes that is stimulated by
neurotoxin injury or by expression of a constitutively active ERK2 (ERK2-CA). Moreover,
ERK2-CA expression recapitulates the level of mitophagy elicited by toxin treatment. While
small increases in ERK2 activity induced by transfection with ERK2-WT is sufficient to induce
autophagy and cause lysosomal expansion, the levels of mitochondrial ERK2 localization and
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of mitophagy are dependent upon the degree of increased ERK activity, with ERK2-CA
showing much greater effects than ERK2-WT. Overall, our results suggest that ERK2 is a
modulator of both macroautophagy and mitophagy, but higher levels of kinase activity and/or
mitochondrial ERK2 localization are needed to induce mitophagy and autophagic cell stress.

Results
6-OHDA induces autophagy and ERK phosphorylation

Previous reports showed that MPP+, mutations in the PD gene leucine rich repeat kinase 2, or
neurotoxic doses of dopamine elicit autophagy associated with neurodegeneration.23,29,42
Here, we found that 6-OHDA, another PD neurotoxin induces autophagy, demonstrated by
transmission electron microscopy and alterations in the distribution and electrophoretic
mobility of LC3, a marker for autophagy.43 The effects of 6-OHDA treatment of cells were
analyzed at the ultrastructural level. Cells treated with vehicle exhibited normal mitochondrial
morphology and near absence of AVs (Fig. 1A). However, cells exposed for 4 hrs. to 6-OHDA
showed decreased mitochondrial matrix densities and an increase in the number of degradative
AVs and lysosomes (Fig. 1B). Early AVs were also observed (inset, Fig. 1B).

At the single cell level, 6-OHDA increased both the number and size of GFP-LC3 puncta in
SH-SY5Y cells at 4 h compared to untreated cells (Fig. 1C and D). Moreover, the size of GFP-
LC3 puncta in 6-OHDA treated cells was greater than GFP-LC3 puncta in cells treated with
bafilomycin-A (Fig. 1D, right graph), which does not induce autophagy but increases AV
numbers by inhibiting degradation.39,40 The increase in AV size is consistent with AV
induction,39,44 and return of AV numbers to baseline after 24 h of 6-OHDA treatment suggests
that degradation is not impaired. Increased autophagic flux is further supported by observations
that bafilomycin-A prevented the drop in puncta numbers at 24 h (Fig. 1D, left graph). The
unconjugated form of LC3 (LC3-I) resides in the cytosol while the phosphatidylethanolamine-
conjugated form (LC3-II) is localized to autophagosomes and exhibits greater mobility by
SDS-PAGE.6 6-OHDA also promoted increased LC3-II by western blot, indicative of
increased autophagosomes (Fig. 1E, LC3).

As previously observed in a different central nervous system cell line,34 we found that
treatment of SH-SY5Y cells with 6-OHDA resulted in sustained activation of ERK, which
coincided with elevated autophagy (Fig. 1E, P-ERK). Co-treating cells with U0126 suppressed
the induction of GFP-LC3 puncta by 6-OHDA, suggesting the involvement of MEK dependent
ERK phosphorylation (Fig. 1F).

6-OHDA promotes mitochondrial degradation
Autophagy is the primary mechanism by which organelles are targeted for lyso-somal
degradation.45 Given that human PD brain tissues exhibit P-ERK1/2 in autophagocytosed
mitochondria,26 we wished to investigate the effects of 6-OHDA on mitochondrial ERK phos-
phorylation and mitophagy in SH-SY5Y cells. A 4 h exposure to 6-OHDA elicited increased
phospho-ERK1/2 in mitochondrial fractions compared to untreated and vehicle treated controls
(Fig. 2A). To determine whether 6-OHDA induces mitochondrial autophagy, we transfected
cells with GFP-LC3 prior to exposure to 6-OHDA, and quantified the percent colocalization
of GFP-LC3 with mito-chondria as an index of autophagic sequestration. We found that treating
cells with 6-OHDA significantly increased colocalization of GFP-LC3 puncta with
mitochondria compared to vehicle treated cells as analyzed by confocal microscopy (Fig. 2B
and C). Moreover, 6-OHDA-mediated mitophagy requires activation of ERK1/2 since co-
treating cells with the MEK inhibitor U0126 completely abolished the increase in
mitochondrial-LC3 colocalization (Fig. 2C). Next, we studied effects of 6-OHDA on
mitochondrial content in cells. We found that 6-OHDA treatment caused mitochondrial
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fragmentation (Fig. 2D). Quantitative image analysis confirms decreased cellular content of
mitochondria (Fig. 2G) and immunoblotting for human mitochondrial antigen of 110 kDa
(MITO-P110) demonstrated a time-dependent loss of mitochondrial protein relative to β-actin
(Fig. 2E). Co-treating cells with the autolysosomal degradation inhibitor bafilomycin-A or
RNAi mediated knock-down of Atg7 and LC3 all significantly reversed loss of mitochondria
observed at 5 h of 6-OHDA (Fig. 2F and G), demonstrating a role of autophagy in 6-OHDA
induced mitochondrial loss.

These observations indicate that 6-OHDA mediated cell injury involves robust activation of
cytosolic and mitochondrial ERK1/2, accompanied by toxin induced autophagy and
degradation of mito-chondria.

Activation of ERK2 is sufficient to promote autophagy
Given that 6-OHDA induced autophagy and mitophagy requires MEK-ERK signaling, we
wanted to assess whether ERK2 regulates autophagy and/or mitophagy in the absence of toxin-
induced injury. Since ERK2 is the isoform that is phosphorylated in human PD brain tissues
and ERK2 is phosphorylated to a greater extent than ERK1 during 6-OHDA injury in culture,
25,34 we analyzed the impact of transiently transfecting constructs of ERK2 on autophagy.

We found that transient expression of ERK2-WT, which induces a 3–4 fold increase in basal
intracellular ERK activity (Fig. 3D), increased the number of GFP-LC3 puncta per cell
compared to an empty vector (Fig. 3A). Transient expression of an N-terminal GFP fusion of
ERK2-WT (GFP-ERK2-WT) increased the LC3-II/β-actin ratio compared to GFP, indicating
that the N-terminal GFP tag does not inhibit this function of ERK2 (Fig. 3B). Likewise,
transient expression of GFP-ERK2 increased the average number of endogenous LC3 puncta
compared to GFP transfected cells or untransfected cells, as determined by LC3
immunofluorescence (data not shown). We also transfected cells with ERK2-CA, which
promoted an 82-fold increase in cellular ERK activity (Fig. 3D). Interestingly, transient
expression of either ERK2-CA or GFP-ERK2-CA induced no further increases in GFP-LC3
puncta and LC3-II/β-actin ratios compared to cells transiently expressing the corresponding
ERK2-WT plasmid, suggesting that a four-fold increase in cellular ERK2 activity is sufficient
to promote autophagy (Fig. 3A and B).

To determine the importance of ERK2 kinase activity, we used the K52R mutant of ERK2
(ERK2-KD), which shows reduced activity compared to wild type ERK2. Transient expression
of untagged ERK2-KD or GFP-ERK2-KD failed to induce autophagy, suggesting that a basal
level of ERK2 kinase activity is required for its effects on autophagy (Fig. 3A and B). Likewise,
the MEK inhibitor U0126 completely abolished ERK2-WT mediated autophagy and
mitophagy confirming that autophagy/mitophagy induced by ERK2 requires kinase activity
(Fig. S5C and D).

Activation of ERK2 is sufficient to promote mitophagy in the absence of toxin injury
Transient expression of ERK2-WT increased the colocalization of GFP-LC3 to mitochondria
when compared to cells expressing an empty vector (Fig. 3C and D, right graph), indicating
that increased ERK2 activity is sufficient to promote mitophagy. The addition of 6-OHDA to
ERK2-WT expressing cells showed only a trend towards a further increase, suggesting that 6-
OHDA-induced mitophagy is predominantly mediated by ERK2 activation (Fig. S3A).

The effects of ERK2 on mitophagy is more tightly dependent upon the degree of elevated
cellular ERK2 activity than those observed using LC3 measures of general autophagy, since
transient expression of ERK2-CA significantly increased colocalization of GFP-LC3 puncta
with mitochondria even further compared to ERK2-WT expression (Fig. 3D). Transient
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expression of constitutively active MEK2 S222D/S226D (MEK-CA), which elevates ERK-
mediated Elk1 activation reporter activity by 23-fold, also increased mitophagy under basal
conditions (Fig. S3A). On the other hand, we found that the ERK2-KD mutation abolished the
effects of ERK2 on mitophagy (Fig. 3C and D) as did administration of the MEK inhibitor
U0126 (Fig. S5D).

As the autophagic sequestration of mitochondria appears to be dependent upon the degree of
ERK activity, we studied the effects of different ERK2 constructs on mitochondrial content in
the presence or absence of 6-OHDA. Transient expression of GFP-ERK2-CA induced
significantly decreased mitochondrial content under basal conditions (Fig. S3C). Treating cells
with 6-OHDA caused a further decrease in cellular mitochondrial content in both GFP-ERK2-
WT and GFP-ERK2-CA expressing cells compared to GFP transfected cells while GFP-ERK2-
KD blocked the 6-OHDA induced mito-chondrial loss (Fig. S3C). In aggregate, these results
demonstrate that activation of ERK2 is necessary and sufficient for inducing autophagic
sequestration and degradation of mitochondria.

6-OHDA induces the formation of ERK2 granules that are degraded by lysosomal
mechanisms

To begin addressing the potential role of mitochondrial ERK2 localization in regulating
mitophagy, we constructed GFP-tagged derivatives of the different ERK2 plas-mids to study
their subcellular distribution.

Confocal microscopy analysis of individual live cells demonstrated that GFP-ERK2-WT
shows a mixed cytoplasmic and nuclear distribution with only 12% of cells showing an
exclusively cytoplasmic distribution. However, treating cells with 6-OHDA for 4 h increased
the proportion of cells containing exclusive cytoplasmic localization of GFP-ERK2-WT and
decreased the number of cells displaying nuclear localization (Fig. 4A). Transient expression
of GFP-ERK2-WT resulted in discrete GFP granules that were absent in cells transiently
expressing GFP vector alone (data not shown), some of which colocalized to mitochondria as
determined by confocal microscopy (Fig. 4B). Western blot analysis confirmed approximately
equal expression of WT and mutant fusion constructs, and analysis using a pan-ERK antibody
shows that the tagged constructs are expressed at low levels compared to endogenous ERK2,
even after correcting for transfection efficiencies of 24% to 29% (Fig. 4C; Fig. S1A). There is
no evidence of significant protein aggregation in the presence or absence of 6-OHDA, as the
GFP-tagged proteins could be accounted for in Triton X-100-soluble fractions, as assessed by
two independent methods (Fig. S1B and C).

Treating GFP-ERK2-WT transfected cells with 6-OHDA for 4 h significantly increased both
number and mitochondrial localization of GFP-ERK2-WT granules per cell (Fig. 4B, D and
E). Treatment with MPP+, another PD toxin that produces mitochondrial oxidative stress, gave
similar results (Fig. S4). Furthermore, mitochondrial localization of GFP-ERK2 granules was
dependent upon ERK activity levels, since transient expression of GFP-ERK2-CA promoted
both a significant increase in the average number and mitochondrial localization of granules
compared to GFP-ERK2-WT transfected cells, while GFP-ERK2-KD or pharmacological
inhibition of MEK by U0126 blocked these effects (Fig. 4D and E; Fig. S5A and B) in either
the presence and absence of 6-OHDA.

These results suggest that ERK2 forms activity-dependent cytoplasmic granules that are
degraded by autophagy. Indeed, inhibition of autophagolysosomal fusion/degradation resulted
in significantly increased levels of GFP-ERK2-WT granules in the presence or absence of 6-
OHDA (Fig. S2A), indicating that ERK2 granules induced by either 6-OHDA treatment or the
CA mutation are degraded by autophagolysosomal mechanisms.
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Mitochondria colocalized with ERK2 granules undergo autophagic degradation
We had previously reported that endogenous ERK1/2 granules colocalized with mitochondria,
AVs, intracellular filaments, and a small number of early endosomes in degenerating neurons
of PD brain tissue.26 Moreover, ERK1/2 granules localized with aberrant mitochondria were
engulfed by AVs raising the possibility that mitochondria associated with ERK2 granules
undergo autophagic sequestration and degradation.26 To address this, we treated cells
transiently expressing GFP fusion constructs of ERK2 with bafilomycin-A, and analyzed its
effects on GFP-ERK2 puncta number and mitochondrial colocalization as a measure of flux.
43 Inhibiting fusion/degradation with bafilomycin-A significantly increased mitochondria/
GFP-ERK2 colocalizing granules in cells transiently expressing GFP-ERK2-WT compared to
untreated cells, while bafilomycin-A treatment had no effect on cells transiently expressing
GFP (Fig. 4F). The increase in colocalizing mitochondria/ GFP-ERK2 is also observed using
a second independent inhibitor of lysosomal degradation E64-D (data not shown). We also
found that co-treating cells with 6-OHDA and bafilomycin-A for 4 hrs. was sufficient to further
elevate number and mitochondrial colocaliza-tion of GFP-ERK2 granules in cells expressing
GFP-ERK2-WT or GFP-ERK2-CA compared to cells treated with 6-OHDA alone (Fig. S2A
and B). Thus, mitochondria/GFP-ERK2 colocalizing granules are cleared by similar
mechanisms in 6-OHDA treated cells.

Interestingly, while 6-OHDA treatment of GFP-ERK2-WT expressing cells increased even
further the numbers of ERK2-mitochondria colocalizing granules, the numbers of granules
elicited by GFP-ERK2-CA alone were equivalent to those elicited by a combination of ERK2-
WT and toxin (Fig. 4D and E), suggesting that 6-OHDA mediated activation of ERK is the
major mechanism of 6-OHDA-induced mitophagy. Paradoxically, the addition of 6-OHDA to
GFP-ERK2-CA-expressing cells resulted in a non-significant trend of decreased percent of the
GFP-ERK-CA granules showing mitochondrial colocalization (Fig. 4E), but had no effect on
the average number of GFP-ERK2-CA granules per cell (Fig. 4D). One possibility is that the
combination of constitutively active ERK2 and 6-OHDA resulted in more effective degradation
of ERK2-mitochondria colocalizing particles. Indeed, co-treatment of ERK2-CA expressers
with 6-OHDA and bafilomycin-A restored levels of mitochondrial colocalization (data not
shown). Similarly, transfection with MEK-CA in the presence of 6-OHDA also shows reduced
colocalization of GFP-LC3 with mitochondria compared to MEK-CA in the absence of toxin,
and the addition of bafilomycin-A more than reverses this drop (Fig. S3B), suggesting that the
combination of constitutively active kinase and 6-OHDA enhances mitophagic clearance.

GFP-ERK2 granules colocalized with mitochondria, lysosomes and autophagosomes
As ERK2 granules associated with mito-chondria undergo autophagic degradation, we wanted
to determine whether GFP-ERK2 also co-localize with AVs and lysosomes, two components
of the autophagolysosomal axis. Cells transfected with different constructs of GFP-ERK for
two days were analyzed by confocal microscopy for colocalization of ERK2 with mitochondria
and lysosomes. A fraction of ERK2 granules were associated with AVs, as observed by
colocalization of GFP-ERK2 puncta with cherry-LC3 puncta under basal conditions (Fig. 5A).
This was not due to nonspecific GFP aggregation, as cells expressing GFP showed mostly
diffuse distribution of cherry-LC3. Conversely, transient transfec-tion of a N-terminal RFP
fusion of wild-type ERK2 (RFP-ERK2) demonstrated partial colocalization of RFP-ERK2
granules with either GFP-LC3 (Fig. 5B) or endogenous LC3 puncta (Fig. 5C).

Confocal microscopy analyses also revealed that a fraction of ERK2 granules colocalized with
lysosomes in cells transiently expressing GFP-ERK2-WT. Low levels of increased ERK2
activity were sufficient to induce colocalization of ERK2 granules with lysosomes since GFP-
ERK2-CA did not elicit further increases in colocalization (Fig. 5D and F). However, some
basal level of ERK2 activity is necessary for colocalization of GFP-ERK2 granules with

Dagda et al. Page 6

Autophagy. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lysosomes as transient expression of GFP-ERK-KD gave similar colocalization levels as GFP
transfection alone (Fig. 5D and E). Lysosomal expansion is another indicator of
macroautophagy upregulation in eukaryotes.44 Transient expression of either GFP-ERK2-WT
or GFP-ERK2-CA increased the average number of lysosomes per cell compared to cells
transiently expressing GFP or GFP-ERK2-KD (Fig. 5F).

Persistent ERK2 activation promotes autophagic stress
Given that transient expression of active forms of ERK2 promotes not only mitophagy, but
also macroautophagy, both of which are central features of 6-OHDA toxicity (Fig. 3), we
hypothesized that persistent autophagic cell stress mediated by sustained ERK2 activation is
detrimental to cells. The percentages of GFP transfected cells that were labeled with propidium
iodide (PI) as a marker of cell death were determined following an overnight exposure to
vehicle or 6-OHDA (85 μM). Transient expression of GFP-ERK2-WT significantly increased
both basal and 6-OHDA induced cell death compared to cells transfected with the GFP control
plasmid (Fig 6). Interestingly, transient expression of GFP-ERK2-CA potentiated basal cell
death to levels comparable with that of combined GFP-ERK2-WT and 6-OHDA exposure,
suggesting that sustained ERK2 activation induced by either toxin treatment or mutation is
toxic to cells (Fig. 6). Not surprisingly, GFP-ERK2-KD, which shows dominant inhibitory
effects on endogenous ERK activity,38 also increased cell death compared to cells expressing
GFP alone, indicating that a basal level of ERK2 activity is required for survival. On the other
hand, ERK2 activity contributes to 6-OHDA induced cell death since expression of GFP-
ERK2-KD had a partial, but significant, protective effect against 6-OHDA compared to GFP-
ERK-WT transfected cells (Fig. 6), in accord with previous studies using MEK inhibitors.34
The dual effects of basal versus injury-induced ERK activation have also been reported with
MPP+ toxicity.47

Discussion
ERK1/2 has been implicated in critical neuronal functions including differentiation, plasticity
and survival. On the other hand, sustained ERK1/2 activation plays a detrimental role in several
central nervous system diseases.24 ERK phosphorylation is observed in PD and Lewy Body
dementia 25, epilepsy 48, Alzheimer’s disease 49,50, and the penumbra region of ischemic
strokes in patients and in rat models.51-53 ERK activation is also observed in 6-OHDA and
MPP+ models of parkinsonian injury, and pharmacological MEK inhibitors confer
neuroprotection in several neuronal cell lines and in primary midbrain dopaminergic neurons
29,34,47 (Fig. S6).

The disparate effects of ERK1/2 signaling on neuronal survival are likely explained by
alterations in the subcellular compartmentalization, and therefore downstream targets, of
ERK1/2 activity.24 Early transient ERK1/2 activation accompanied by nuclear translocation
is associated with enhanced neuronal survival,21,22,54,55 while cytoplasmic ERK1/2 without
evidence of nuclear localization is typical of degenerating neurons of Alzheimer’s disease,
50 and in PD and related models.25,35 While it is not possible to tell from human autopsy
studies whether ERK1/2 regulates mitochondrial turnover or is passively localized to
mitochondria and AVs, the current study indicates that activity level-dependent localization
of ERK2 to mitochondria is sufficient to induce mitophagy. Moreover, dominant interfering
ERK2-KD expression and the MEK inhibitor U0126 prevented both generation and
colocalization of ERK2 granules with mitochondria, suppressing 6-OHDA induced mitophagy
(Fig. 4B, D and E; Fig. S5). Subsets of ERK2 granules also colo-calized with autophagosome
and lysosome markers (Fig. 5), and bafilomycin experiments suggest that ERK2 granules are
degraded with colocalizing mitochondria in these compartments (Fig. 4F and Fig. S2). These
data support a model whereby mitophagy is induced by elevated mitochondrial ERK2 activity,
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and suggest that persistently dysregulated ERK2 signaling leads to autophagic/mitophagic
stress (Fig. 7).

The mechanism by which activated ERK2 is enriched in mito-chondria is still unknown. While
the involvement of mitochondrial reactive oxygen species in redox activation of ERK1/2
suggests a role for in situ phosphorylation,35,56 the GFP-ERK2 data supports a mechanism
involving mitochondrial translocation. Given that phospho-activated ERK represents only a
few percent of total cellular ERK,57 trafficking of this component to a subset of mitochondria
may not be detected by standard biochemical fractionation methods. Thus, it is possible that
both mechanisms contribute to altered distribution of activated ERK1/2, in analogy with
nuclear translocation in which individual proteins shuttle in and out with enhanced nuclear
retention of the activated subset.58

In addition to being carried to lysosomes in association with autophagocytosed mitochondrial
cargo, ERK1/2 has been reported to bind lysosomal scaffold proteins in non-neuronal cells.
59 A C-terminal truncation in MEK1 is proposed to unmask a cryptic lysosomal targeting
signal, resulting in lysosomal MEK/ERK signaling and decreased viability in Hela cells.60
Thus, ERK2 could conceivably contribute to autophagic stress through multiple mechanisms
involving either induction or delayed lysosomal maturation, as suggested for the carcinogen
lindane.61 In other systems, however, several lines of evidence suggest that ERK promotes
rather than inhibits lysosomal degradation. In colon carcinoma cells, ERK activity is necessary
for starvation-induced increases in both sequestration and degradation of [14C] valine-labeled
long-lived proteins.62 In MPP+ treated neuronal cells, inhibition of MEK/ERK signaling
blocks toxin-induced mitochondrial degradation assessed by EM, immunofluorescence, and
western blot analysis.29 In 6-OHDA-treated cells, inhibition of either autophagy induction or
lysosomal fusion/degradation significantly restored cellular mitochondrial content, as detected
by antibodies to several mitochondrial proteins (Fig. 2F and G). While we cannot completely
exclude the possibility that 6-OHDA may also reduce immunoreactivity to mitochondrial
proteins through other mechanisms such as oxidative damage, the GFP-ERK2 bafilomycin
studies indicate effective lysosomal degradation of ERK2-mitochondria colocalizing particles
(Fig. 4F and Fig. S2B). Whether or not direct targeting of ERK to lysosomes occurs during
parkinsonian neurodegeneration, and potential effects of ERK activity on lysosomal function,
remain to be discovered.

What are the mechanisms by which ERK2 regulates mitophagy and macroautophagy? It is
interesting to note that both ERK2 localization to mitochondria and its ability to stimulate mito-
chondria-LC3 colocalization is highly dependent on the degree of increased ERK2 activity,
with ERK-CA constructs showing much greater effects than ERK-WT (Figs. 3D, 4E and F).
In contrast, the modest increase in total ERK activity afforded by transfection with ERK2-WT
is sufficient to promote macroautophagy as evidenced by LC3-II shift, LC3 puncta numbers
and lysosomal expansion, with no further increases induced by the CA mutation (Fig. 3A and
B; Fig. 5E and F). ERK activity is required for both general macroau-tophagy and mitophagy,
as transient transfection of GFP-ERK2-KD fails to increase basal autophagy while inhibiting
6-OHDA-induced autophagy, and the MEK inhibitor U0126 reduces both toxin- and ERK2
overexpression-induced macroautophagy and mitophagy (Figs. 1F, 2C, 3; Fig. S5C and D).
The exact mechanism by which ERK activation promotes autophagy or mitophagy remain to
be discovered, and may include phosphorylation of protein targets or activation-related
alterations in conformation or binding partners. In either case, activation of ERK1/2 is
necessary and sufficient to induce macroautophagy, mitochondrial localization and mitophagy.

Future studies are required to determine if mitochondrially localized ERK signaling functions
upstream or downstream of mitochondrial injury and dysfunction. Neither pharmacological
inhibition of MEK nor transient expression of GFP-ERK2-KD expression protects against the
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mitochondrial fragmentation and swelling induced by 6-OHDA (Fig. 4B; GFP-ERK2-KD/6-
OHDA vs. GFP-ERK2-WT/6-OHDA). MEK inhibitors also do not reduce 6-OHDA-induced
mitochondrial superoxide production35 or mito-chondrial swelling in the acute MPP+ model.
29 Thus, we hypothesize that increased mitochondrial ERK activity may serve as a sensor of
mitochondrial injury to initiate mitophagy. Given that mitochon-drial ERK signaling can
promote mitochondrial dysfunction and decreased respiration in renal cells,63 however, it is
also possible that ERK signaling promotes mitochondrial damage in other contexts.

Interestingly, our data show that localization of ERK2 granules to mitochondria plays a more
essential role in increasing mitochondrial-LC3 colocalization than in inducing generalized
measures of LC3 lipidation. As mitochondrial ROS production is temporally correlated with
mitochondrial ERK activation,35 and antioxidants can prevent 6-OHDA-mediated ERK
activation,25,35,56 candidate signals to trigger damage-induced mitophagy include oxidation
of mitochondrial proteins or lipids,64 decreased mitochon-drial membrane potential65,66 and/
or altered phosphorylation targets on mitochondria.18

Neurons are particularly vulnerable to autophagic stress,4,16 and factors that promote
autophagic stress lead to the aberrant accumulations of AVs and lysosomes.18,67 As
mitochondrial dysfunction plays a prominent role in PD pathogenesis,68,69 ROS mediated
mitophagy may initially represent an adaptive response to “sequester” damaged mitochondria.
However, excessive mitochondrial autophagy may commit neurons to cell death.70
Autophagy-induced neuritic remodeling would also be expected to play both physiologic71
and pathologic roles, as observed in a mutant leucine rich repeat kinase 2 model of PD.23 In
both toxin and genetic models of PD, ERK1/2 serves a pivotal role in regulating autophagic
stress (Fig. 7). Understanding the mechanisms by which activated ERK1/2 regulates autophagy
and mitochondrial homeostasis will offer important insights for PD and other neurological
diseases. In particular, identification of mito-chondrial signals that trigger ERK1/2-dependent
mitophagy may be beneficial for developing future therapies to combat harmful levels of
mitophagic stress in PD.16

Materials and Methods
DNA constructs

Wild-type ERK2, the matched constitutively active (CA) plasmid that has the dual activating
mutations L73P and S151D36 and kinase deficient (KD) ERK2 (K52R) mutation in pCMV5.0
were obtained from Natalie Ahn (University of Colorado at Boulder). The construct for ERK2-
WT in pEGFP-C1,37 was provided by Rony Seger (Weizmann Institute of Science). To
generate constitutively active GFP tagged ERK2 (GFP-ERK2-CA), a BamHI-ApaI fragment
of pCMV5-ERK2 (L73P, S151D) and a novel SspI site, was subcloned into the corresponding
sites in GFP-ERK2-WT. Colonies were screened for the novel SspI site and SspI positive
colonies were sequenced to confirm the introduction of mutations. To generate kinase-deficient
GFP tagged ERK2 (GFP-ERK2-KD), pCEP4-ERK2 (K52R), a gift of Melanie Cobb
(University of Texas Southwestern, Dallas, Texas),38 was digested with BamHI-ApaI and
subcloned into the corresponding sites in GFP-ERK2-CA. Colonies were screened for the loss
of the SspI site and sequenced to confirm the introduction of the kinase dead (KD) mutation.
To generate pCMV5.0 empty vector, the DNA insert coding for ERK2-CA in pCMV5.0 was
excised by digesting with EcoRI and XbaI. The empty vector was gel purified and religated
following treatment with Klenow fragment of DNA polymerase I (Promega, Madison,
Wisconsin).

Other DNA plasmids used in these studies include FLAG-tagged wild-type ERK2 in
pCDNA3.1 from Scott T. Eblen (Medical University of South Carolina, Charleston, South
Carolina), untar-geted RFP provided by Dr. Yongjian Liu (University of Pittsburgh,
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Pennsylvania), the mitochondrial targeting sequence of human cytochrome oxidase subunit
VIII fused to the N-terminus of RFP (Mito-RFP) from Ian Reynolds (Merck Research
Laboratories, West Point, Pennsylvania), RFP-ERK2 from Robert Lefkowitz (Duke
University, Durham, North Carolina), cherry-LC3 from Dr. Jayanta Debnath (University of
California, San Francisco) and LC3 fused to red (RFP-LC3) or green (GFP-LC3) fluorescent
proteins from Tamotsu Yoshimori, (National Institute of Genetics, Japan). Constitutively
active MEK2 (S222D/S226D) was purchased from Upstate Biotechnology, Lake Placid, New
York).

Tissue culture
The SH-SY5Y cell line (American Type Culture Collection, Rockville, Maryland), a human
neuroblastoma cell line that expresses tyrosine hydroxylase (TH) and dopamine transporter,
was maintained in antibiotic-free Dulbecco’s modified Eagle’s medium (BioWhittaker,
Walkerville, Maryland) supplemented with 10% fetal bovine serum (Gibco/Invitrogen,
Carlsbad, California), 15 mmol/L HEPES, and 2 mmol/L glutamine (BioWhittaker), in at 37°
C. SH-SY5Y cells were a humidified incubator with 5% CO2 treated with dH2O (vehicle) or
freshly dissolved 6-hydroxydopamine concentration (85 μM) that (Sigma, St. Louis, Missouri)
at the LD50 we determined for this cell line using the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) assay (Promega,
Madison, Wisconsin) at 18 h, or with a higher dose (120 μM). Some cultures also received
media control, 1-methyl-4-phenylpyridinium (MPP+) at 2.5 mM (Sigma, St. Louis, Missouri),
the MAPK/ERK kinase (MEK) inhibitor U0126 (10 μM; Cell Signaling, Beverly,
Massachusetts), or bafi-lomycin-A (10 nM, Calbiochem, San Diego, California), which
inhibits autolysosomal degradation through effects on fusion and/or lysosomal acidification.
39,40

Generation of GFP-LC3 stable cell line
SH-SY5Y cells at a density of 20% to 30% confluency were transduced with moloney mouse
leukemia virus (MoMLV) particles pseudotyped with vesicular stomatits virus G (VSV-G)
protein and packaged with a puro-BABE vector containing the cDNA encoding a N-terminal
GFP fusion of LC3 (GFP-LC3). At the time of transduction, conditioned media containing 8
ug/ml polybrene (Hexadimethrine bromide, Sigma) was used to dilute MoMLV particles to
the desired MOI. Twenty-four hours following transduction, GFP-LC3 expressing cells were
selected in media containing 2 μg/ml puromycin for three days followed by a recovery period
in regular media. The GFP-LC3 line was amplified and seeded in larger tissue culture plates
and tested for proper expression of GFP-LC3 and autophagic responsiveness.

Transmission electron microscopy
Cells grown in 6-well tissue culture dishes were rinsed with PBS, fixed in 2.5% gluteraldehyde
overnight at 4°C, and processed as previously described29 for imaging on a JEOL JEM 1210
transmission electron microscope.

Liposome-mediated transfection
SH-SY5Y cells were trans-fected with the above DNA plasmids using LipofectAMINE 2000
(Invitrogen). For cells grown in 2-well chambered coverslips or twelve well plates, 1 μg of
DNA diluted in OPTIMEM was mixed with liposomes at a final concentration of 0.10%. These
transfection conditions do not induce LC3 gel shift or GFP-LC3 puncta.

Confocal microscopy
Two days following transfection, cells were stained with 100 nM of MitoTracker Red dye 580
or LysoTracker Red DND-99 (Molecular Probes, Eugene, Oregon) to analyze for
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colocalization of GFP-ERK2 with mitochondria and lysosomes, respectively, or for
colocalization of GFP-LC3 with mitochondria as a measure of mitophagy. For some
experiments, cells were treated with vehicle control or with 6-hydroxydopamine to induce
injury, and live cells imaged using a FluoView 1000 laser scanning confocal microscope.

Immunofluorescence microscopy
For counting endogenous AVs in cells, SH-SY5Y cells co-transfected with GFP vector and
untagged ERK2 constructs in four well-chambered coverglasses (Nunc) were washed once in
PBS, fixed with 3.7% paraformaldehyde with 0.1% Triton X-100/PBS and then blocked in 5%
normal donkey serum for at least 35 minutes, then stained with rabbit anti-LC3 (1:2000)41
overnight at 4°C. To analyze the effects of 6-OHDA on mitochon-dria, cells were incubated
with mouse anti-mitochondrial antigen 60KD (clone 113–1; 1:100; BioGenex, San Ramon,
California) overnight at 4°C. Cells were then washed in PBS 3 to 5 times for 5 minutes per
washed followed by incubation with Alexa 568 conjugated donkey anti-rabbit antibodies
(Molecular Probes, Eugene, Oregon) or with Cy3-conjugated donkey anti-mouse (1:400;
Jackson Immuno-Research Laboratories, West Grove, Pennsylvania). Cells were
counterstained with 1.25 μg/ml DAPI to visualize nuclei, and imaged for LC3 puncta and
mitochondrial morphology using an IDX71 Olympus fluorescence microscope (Olympus
America Inc., Melville, New York) equipped with FITC and rhodamine specific filters,
excitation wavelength/emission filter (490 nm/520 nm; 541 nm/572 nm, respectively).

Mitochondrial isolation assay
Mitochondria were isolated from SH-SY5Y cells using an isolation kit for cultured cells
(Pierce) as described previously.35

Western Blot analysis and densitometry
Following treatments, cells were washed with PBS, lysed in 0.1% Triton X-100 and a protease/
phosphatase inhibitor cocktail, and 30 μg of protein loaded, as determined by Coomassie Plus
Protein Assay (Pierce, Rockford, Illinois), for electrophoresis through 5% to 15% gradient
polyacryl-amide gels. For sequential detergent extraction, the Triton X-100 pellet was further
extracted by incubation in SDS loading buffer (4.0% SDS, 40% glycerol, 0.33 M Ammediol
buffer, 0.1% bromo-phenol blue) followed by sonication for 10 min using a 60 Sonic
Dismembrenator (Fisher Scientific, Waltham, Massachusetts). In other experiments, the cells
were lysed directly in SDS loading buffer. Protein bands were transferred to Immobilon-PDVF
membranes (Millipore, Bedford, Massachusetts) as previously described.29 The membranes
were blocked for 1 hour in 5% non-fat dry milk mixed in PBST (20 mmol/L potassium
phosphate, and 150 mmol/L potassium chloride, pH 7.4 containing 0.3% (w/v) Tween 20) and
probed for endogenous LC3, transfected GFP or ERK1/2 by incubating membranes overnight
at 4°C in rabbit anti-MAP-LC3 (1:4000),41 rabbit anti-GFP polyclonal antibody (1:1000)
(Invitrogen, Carlsbad, California), mouse anti-phospho-ERK1/2 (1:1000 in phosphate-
buffered saline/Tween 20; Cell Signaling) or rabbit anti-total ERK1/2 (1:30,000, Upstate
Biotechnology, Lake Placid, New York) followed by incubation with horseradish peroxidase-
conjugated sheep-anti-mouse or rabbit IgG (Amersham, Piscataway, NJ) at a (1:5000) dilution.
For mitochondrial preparations, immunoblots were also probed with antibodies for lactate
dehydrogenase (Santa Cruz Biotechnology, Santa Cruz, California), human mitochondrial
antigen of 110 kDa (MITO-P110) (1:500, Oncogene, Boston, Massachusetts) and superoxide
dismutase 2 (1:100, SOD2) (Upstate Biotechnology, Lake Placid, NY) to confirm the purity
of the preparations as described previously.35 Immunoreactivity was detected using an ECL
detection kit (Amersham, Piscataway, New Jersey). The membranes were stripped using 10%
SDS, glycine, pH 2.0 for 30 minutes prior to PBST washes, and followed by incubation with
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mouse anti-β-actin monoclonal antibody (Sigma; 1:10,000). Densitometry was performed
using NIH Image J software (NIH, USA).

ERK signaling reporter assay
The effects of different constructs of ERK2 on intracellular ERK activity levels were measured
using the PathDetect Elk1 trans-Reporting System (Stratagene, La Jolla, California). In brief,
cells cultured on 24 well plates were transfected with 0.25 μg/well of empty vector, wild-type,
and mutant ERK2 cDNAs in pCMV5.0 vector, and constitutively active MEK1 (MEK-CA) as
a control, and co-transfected with 0.25 μg/well of a cocktail mix (20:1 ratio) of an Elk-1-specific
fusion trans-activator plasmid, which consists of the activation domain of Elk-1 transcription
factor fused to the DNA binding domain of the yeast transcriptional activator GAL4, and a
pFR-Luc reporter plasmid that expresses the Photinus pyralis (firefly) luciferase gene regulated
by a promoter containing yeast GAL4 binding sites. These constructs measure ERK-dependent
phosphorylation and transactivation of Elk-1 in living cells, which drives expression of
luciferase. Two days following transfection, cells were prepared and measured for luciferase
activity as described with some modifications.27 In brief, cells were washed with phosphate-
buffered saline (PBS) with high glucose, followed by gentle agitation for 20 min in mammalian
passive lysis buffer. Cell lysates were microcentrifuged at 20,000 x g for 15 minutes and light
emitted from 20 μl of cell lysate was monitored for 20 s in a Lumat LB9507 luminometer.

Cell death assay
Transiently transfected SH-SY5Y cells were seeded on 24 well plates for 48 h prior to exposure
with LD50 doses of 6-hydroxydopamine (85 μM) to induce cell injury. Cell death was
quantified by staining cells with propidium iodide (PI) (Molecular Probes, Eugene, Oregon)
at a final concentration of (1 μg/ml) and incubated for 5–10 minutes at 37°C. Cells were washed
two times in PBS and immediately imaged for GFP and PI specific fluorescence using an
inverted Olympus IDX71 microscope fitted with FITC and Rhodamine filters. Green and red
channels were assembled and merged into RGB images using a built-in macro function of the
MicroSuite software. Merged images were randomized and scored blindly to the experimental
condition for the percentage of GFP transfected cells that colocalized with PI stain.

RNA interference (RNAi)
Small interfering RNA (siRNA) for human Atg proteins using published sequences (5 -
GCCAGUGGGUUUGGAUCAA- 3 for Atg7, and 5-GAAGGCGCUUACAGCUCAA-3 for
LC3)23,29 were synthesized by Invitrogen (Austin, Texas). Efficacy of transfection, Atg
protein knockdown and suppressive effects on induced autophagy have been previously
validated in our laboratory.23,29 In brief, cells were trans-fected at 30% confluence with 40
nmol/L LC3, 20 nmol/L Atg7 siRNA, or with siControl Nontargeting (scrambled) siRNA Pool
(Dharmacon, Lafayette, Colorado) 72 hours before treating cells with 6-OHDA for 5 hours.

Quantification of number and size of GFP-LC3 puncta and of mitochondrial area
RGB images captured at a magnification of at least 40X were processed for algorithmic
quantification of GFP-LC3 puncta per cell using a custom-written ImageJ macro containing
plug-ins. (Chu et al., Autophagy in neurite and neuro-degeneration: in vitro and in vivo models.
Methods in Enzymology: Autophagy, in press). In brief, the green channel of RGB images was
extracted and converted to binary (grayscale) images by auto-thresholding, and GFP-LC3
granules were analyzed for number and for size (radius = sqrt (Area/π)) using the “Analyze
Particles” function of the software. The macro-assisted algorithm was set to measure all particle
sizes larger than background pixelation, but smaller than the average nuclear size. Cells
containing apoptotic nuclei or necrotic cell bodies were excluded from the analyses.
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To measure cellular mitochondrial area, RGB images were processed using another custom
Image J macro that calculates total area occupied by mitochondrial particles in the cell of
interest using the outlines algorithm of the “Analyze particles” function. The macro then
computes the percentage of cellular area occupied by mitochondria using the formula: ((total
mitochondrial area/cellular area) x 100).

Statistics
Unless otherwise indicated, results are expressed as mean ± SEM from at least three
independent experiments. Two group comparisons were performed using a Student’s t-test
(www.graphpad.com). Multiple group comparisons were performed using one-way analysis
of variance and Fisher’s LSD. Values of p < 0.05 were defined as statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
6-OHDA induces autophagy and ERK phosphorylation. Representative electron micrographs
of cells treated with vehicle control (A) or 6-OHDA (B) for 4 hrs. Note that 6-OHDA increases
the number of AVs and lysosomes (ly) and reduces mitochondria (m) content, while the
integrity of the nucleus (n) is unaffected. Inset demonstrates an early AV containing distinct
cytoplasmic material (scale bars: 1 μm). (C) Representative cells stably expressing GFP-LC3
in the presence or absence of 6-OHDA. The green channel was extracted to grayscale and
inverted. (D) Effects of 6-OHDA treatment on GFP-LC3 puncta number (left bar graph) and
size (right bar graph) were determined by using the NIH Image J macro described in Methods.
For comparative purposes, the dotted line indicates the average number and size of GFP-LC3
puncta that accumulate due to bafilomycin-A treatment. Bar graphs show compiled means ±
s.e.m. of at least 3 independent experiments (ø:p < 0.05 vs. untreated, ⊕:p < 0.001 vs. 6-
OHDA). (E) SH-SY5Y cells were treated with 6-OHDA or with vehicle for the indicated time
points. Following treatment with toxin, cells were immunoblotted for total and phospho-
ERK1/2 and for LC3. (F) Quantification of the average number of GFP-LC3 puncta of
transiently transfected cells co-treated with 6-OHDA for 4 h with or without the MEK inhibitor
U0126. Bar graph shows means ± s.e.m. (30–40 cells analyzed per condition) and is
representative of at least 3 independent experiments (ø: p < 0.0001 vs. basal, ⊗: p < 0.001 vs.
6-OHDA). Note that inhibition of MEK with U0126 suppresses 6-OHDA induction of GFP-
LC3 puncta but has little effect on baseline autophagy.

Dagda et al. Page 18

Autophagy. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
6-OHDA promotes mitochondrial ERK1/2 phosphorylation and mitophagy. (A)
Representative Western blot showing p-ERK1/2 in cytosolic (C) and in mitochondrial fractions
(M) of SH-SY5Y cells treated with 6-OHDA for 4 hrs. compared to vehicle treated cells (V).
(B) Representative confocal images of MitoTracker Red-stained (MTR) SH-SY5Y cells stably
expressing GFP-LC3, treated with vehicle control or with 6-OHDA for 4 hrs. The insets, which
have been enlarged by 50%, show the merged and separate channels for GFP-LC3 (1) and
MTR (2) from a second 6-OHDA treated cell. (C) Quantification of the percent of GFP-LC3
puncta colocalizing with mitochondria. Bar graph shows means ± s.e.m. (25–30 cells analyzed
per condition) and is representative of at least 3 independent experiments ø:p < 0.005 vs. vehicle
⊕:p < 0.005 vs. 6-OHDA). (D) Representative epifluorescence images of cells treated with
vehicle control or with 4 hours of 6-OHDA, then immunolabeled using an antibody specific
for human mitochondrial antigen of 60 kDa (MITO-P60). Note that 6-OHDA induces
mitochondrial fragmentation. Scale bars: 20 μm. (E) SH-SY5Y cells were treated with 6-
OHDA or with vehicle control for different time points. Cells were analyzed for total protein
levels of mitochondria by immunoblotting for mitochondrial human antigen of 110 kDa
(MITO-P110) and reprobed for β-actin as a loading control. (F) SH-SY5Y cells were treated
with vehicle or 6-OHDA in the absence and presence of bafilomycin-A, and analyzed by
Western blot for levels of the 60 kDa mitochondrial membrane protein (p60), and the matrix
protein pyruvate dehydrogenase (PDH). (G, left) SH-SY5Y cells transiently transfected with
GFP were treated with 6-OHDA for 5 h in the presence or absence of balilomycin-A. Cells
were fixed, and immunostained for mitochondrial human antigen of 60 kDa. The effects of 6-
OHDA on mitochondrial content was analyzed by measuring the percent cellular area occupied
by mitochondria in GFP transfected cells using a custom made NIH Image J algorithm. Data
was normalized to basal mitochondria content exhibited by non-treated cells. The
representative bar graph shows means ± s.e.m. (22–50 cells analyzed per condition) (ø:p <
0.0001 vs. untreated, ⊕:p < 0.005 vs. 6-OHDA). (G, right) After 3 days, cells co-transfected
with GFP and with siRNA targeting human Atg7 or LC3 were treated with 6-OHDA for 5 h
and analyzed using Image J as described above. Data was normalized to basal mitochondria
content exhibited by cells treated with each respective siRNA and not receiving toxin. The
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representative bar graph shows means ± s.e.m. (22–50 cells analyzed per condition) (ø:p <
0.0005 vs. untreated, ⊕:p < 0.0005 vs. scrambled siRNA with 6-OHDA, ⊗:p < 0.05 vs.
scrambled siRNA with 6-OHDA).
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Figure 3.
Activation of ERK2 is sufficient to promote macroautophagy and mitophagy. (A)
Quantification of the average number of GFP-LC3 puncta per cell in SH-SY5Y cells transiently
co-transfected with GFP-LC3 and either vector, wild-type ERK2, constitutively active ERK2
(ERK2-CA), or kinase deficient ERK2 (ERK2-KD). ⊘:p < 0.005 vs. Vector.+:p < 0.0001 vs.
ERK2-WT). The bar graph shows means ± s.e.m. (25–30 cells analyzed per condition) and is
representative of >3 independent experiments. Supplementary Figure S5C and D shows that
pharmacologic inhibition of MEK inhibits ERK2-WT-induced GFP-LC3 puncta. (B)
Representative LC3 Western blot of SH-SY5Y cells transfected with GFP control or the
indicated N-terminal GFP fusion constructs of ERK2 and re-probed for β-actin. The bar graph
demonstrates LC3-II/β-actin ratios for three replicates of each transfection condition analyzed
on the same Western blot (ø:p < 0.014 vs GFP, ⊕:p < 0.05 vs.GFP-ERK2-WT). (C)
Representative confocal microscopy images of cells transiently co-expressing GFP-LC3 and
vector, wild-type or the indicated mutant plasmids of ERK2. To image mitochondria, cells
were loaded with MitoTracker Red (MTR) dye for 30 minutes prior to imaging by confocal
microscopy (scale bar: 20 μm). (D, left) Intracellular ERK activities measured using the Elk1
trans-Reporting System in SH-SY5Y cells expressing different forms of ERK2. The Elk-1
luciferase reporter plasmid was co-transfected with the indicated ERK2 plasmids and activity
was measured 48 hrs. following transfection. Bar graph shows means ± s.e.m of the fold
increase relative to vector control (4–8 wells per transfection condition) and is representative
of 3 independent experiments. (⊗:p < 0.0001 vs Vector, ⊕:p < 0.0001 vs ERK2-WT, ø:p <
0.009 vs. ERK2-WT). (D, right) Representative bar graph showing the percent of GFP-LC3
puncta colocalizing with mitochondria in cells expressing the indicated plasmids in the
presence or absence of 6-OHDA. Bar graph show means ± s.e.m. (25–30 cells analyzed per
condition) and are representative of at least 3 independent experiments (⊗:p < 0.003 vs. vector,
⊕:p < 0.0005 vs ERK2-WT, ø:p < 0.01 vs. ERK2-WT). Supplementary Figure S3 shows that
transient expression of active ERK or MEK elevates mitophagy to levels similar to 6-OHDA
as measured by GFP-LC3/colocalization and loss of cellular mitochondrial content.
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Figure 4.
GFP-ERK2 exhibits activity dependent colocalization with mitochondria. (A) Quantification
of the percentage of cells expressing GFP-ERK2-WT demonstrating the specified subcellular
distribution of ERK2 for the indicated time points of 6-OHDA treatment. Note that 6-OHDA
induces a time-dependent redistribution of GFP-ERK2-WT from the nucleus to the cytosol.
The distribution bar graphs are representative of at least 3 independent experiments. (B)
Representative confocal images of cells transiently expressing the indicated N-terminal GFP
fusion constructs of ERK2 treated with vehicle control (left) or with 6-OHDA for 4 hrs. in the
presence (right) or absence (middle) of bafilomycin-A. Mitochondria were imaged by loading
cells with MitoTracker Red dye 30 min prior to imaging with the confocal microscope (scale
bar: 20 μm). For some experiments mitochondria were visualized by co-transfecting cells with
mito-RFP and GFP-ERK2 constructs, yielding similar colocalization results (not shown).
White arrows point to ERK2-GFP puncta colocalizing with mitochondria. Note that 6-OHDA
(top middle), but not vehicle control (top left), induces mitochondrial fragmentation and loss.
Expression of ERK2-KD reduced mitochondrial loss, but not fragmentation (bottom middle).
Supplementary Figure S1B and C shows that 6-OHDA does not induce any increase in triton-
insoluble GFP or GFP-ERK2, and that comparable levels of GFP-ERK-WT and -CA are
solubilized by triton X-100 versus SDS sample buffer, indicating that there is no aggregation
occurring. (C) Representative Western blot of cells transfected with GFP or the indicated N-
terminal GFP fusion constructs of ERK2 and immunoblotted for GFP and for total ERK1/2.
Arrows heads point to immunoreactive bands corresponding to GFP-ERK2 constructs
containing a predicted molecular weight of 73 kDa. Transfection efficiencies of all four GFP
containing plasmids were ~25% across all experiments (Suppl. Fig. S1A). (D) Quantification
of the average number of GFP-ERK2 granules per cell in untreated or 6-OHDA treated SH-
SY5Y cells transiently transfected with GFP as a control or the indicated GFP fusion constructs
of ERK2. Summary bar graph means ± s.e.m. of n = 3–7 experiments with 25–30 cells each
(ø:p < 0.05 vs. GFP untreated, ⊕:p < 0.01 vs. untreated GFP-ERK2-WT, ⊗:p < 0.05 vs. GFP-
ERK2-WT treated with 6-OHDA). (E) Summary quantification of the percent of GFP-ERK2
granules showing mitochondrial colocalization in the presence or absence of 6-OHDA (means
± s.e.m. of n = 3–7 experiments with 25–30 cells each; ø:p < 0.05 vs.GFP, ⊕:p < 0.005 vs
untreated GFP-ERK2-WT, Φ:p < 0.05 vs. untreated GFP-ERK2-WT). Supplementary Figure
S4 shows that the different plasmids show the same responses to MPP+, and Supplementary
Figure S5A and B show that MEK activation of ERK2-WT is required for increase in number
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and mitochondrial colocalization of GFP-ERK2-WT granules. (F) Summary quantification of
the percent of GFP-ERK2 granules colocalizing with mitochondria in the presence or absence
of bafilomycin-A (means ± s.e.m. of n = 3–7 experiments with 25–30 cells each; ø:p < 0.02
vs. untreated GFP, ⊕:p < 0.01 vs. untreated GFP-ERK2-WT, ⊗:p < 0.05 vs. GFP-ERK2-WT
with bafilomycin-A). Supplementary Figure S2 shows that bafilomycin-A also significantly
increases numbers and mitochondrial colocalization of GFP-ERK2 granules in the presence of
6-OHDA.
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Figure 5.
GFP-ERK2 granules colocalize with autophagosomes and lysosomes. (A) Representative
confocal sections of 6-OHDA treated cells transiently co-expressing GFP vector or GFP-ERK2
and an N-terminal RFP fusion of LC3 (Cherry-LC3), or (B) co-expressing an N-terminal RFP
fusion of ERK2 (RFP-ERK2) and GFP-LC3, or (C) expressing RFP-ERK2 and stained for
endogenous LC3 by immunofluorescence with blue nuclear counterstain (scale bar: 20 μm).
Arrows point to LC3 puncta colocalizing with ERK2 granules. (D) Representative confocal
sections of LysoTracker Red (LTR) stained cells expressing with GFP vector control or the
indicated N-terminal GFP fusion constructs of ERK2 (scale bar: 20 μm). Arrows point to GFP-
ERK2 granules colocalizing with lysosomes (E) Summary quantification of the percent of
GFP-ERK2 granules colocalizing with lysosomes per cell (means ± s.e.m. of n = 3–5
experiments with 25–30 cells each; ⊕:p < 0.05 vs GFP, ø: p < 0.05 vs GFP-ERK2-WT. (F)
Summary quantification of the average number of lysosomes per cell (means ± s.e.m. of n =
3–5 experiments with 25–30 cells each; ø:p < 0.05 vs. GFP, ⊗:p < 0.05 vs. GFP-ERK2-WT).
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Figure 6.
Autophagic cell stress induced by ERK2 expression promotes basal and 6-OHDA induced cell
death. Cells transiently expressing GFP as a control or the indicated N-terminal GFP fusion
constructs of ERK2 were analyzed for cell death by quantifying the percentage of GFP positive
cells permeable to propidium iodide (PI) per epifluorescence micrograph field. The
representative bar graph shows means ± s.e.m. (150–200 cells analyzed per condition collected
from 7–10 random microscopic fields) and is representative of at least 3 independent
experiments (ø:p < 0.005 vs. GFP, ⊗:p < 0.001 vs untreated GFP-ERK2-WT, ⊕:p < 0.05 vs.
GFP with 6-OHDA, Φ:p < 0.05 vs. GFP-ERK2-WT with 6-OHDA).
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Figure 7.
Schematic depicting a proposed role for ERK2 in mediating autophagic cell stress. The PD
toxin 6-OHDA induces cytosolic and mitochondrial ROS, inducing robust phosphorylation of
ERK2 and the formation of granules of ERK2 that colocalize with mitochondria, AVs and
lysosomes (red ovals). Persistent activation of ERK2 induced by oxidative stress or by
activating mutations promotes autophagy and mitophagy leading to autophagic cell stress and
neurodegeneration. Although persistent ERK2 activation by toxin or experimental mutations
induces lysosomal colocalization of ERK2 granules and lysosomal expansion, more evidence
is needed to determine whether ERK2 might also be directly targeted to lysosomes and what
role this signaling may play (hatched arrow).
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