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Parkinson’s disease (PD) is characterized by the progressive loss of select neuronal populations, but the prodeath genes mediating the
neurodegenerative processes remain to be fully elucidated. Trib3 (tribbles pseudokinase 3) is a stress-induced gene with proapoptotic
activity that was previously described as highly activated at the transcriptional level in a 6-hydroxydopamine (6-OHDA) cellular model of
PD. Here, we report that Trib3 immunostaining is elevated in dopaminergic neurons of the substantia nigra pars compacta (SNpc) of
human PD patients. Trib3 protein is also upregulated in cellular models of PD, including neuronal PC12 cells and rat dopaminergic
ventral midbrain neurons treated with 6-OHDA, 1-methyl-4-phenylpyridinium (MPP �), or �-synuclein fibrils (�SYN). In the toxin
models, Trib3 induction is substantially mediated by the transcription factors CHOP and ATF4. Trib3 overexpression is sufficient to
promote neuronal death; conversely, Trib3 knockdown protects neuronal PC12 cells as well as ventral midbrain dopaminergic
neurons from 6-OHDA, MPP �, or �SYN. Mechanism studies revealed that Trib3 physically interacts with Parkin, a prosurvival
protein whose loss of function is associated with PD. Elevated Trib3 reduces Parkin expression in cultured cells; and in the SNpc
of PD patients, Parkin levels are reduced in a subset of dopaminergic neurons expressing high levels of Trib3. Loss of Parkin at least
partially mediates the prodeath actions of Trib3 in that Parkin knockdown in cellular PD models abolishes the protective effect of
Trib3 downregulation. Together, these findings identify Trib3 and its regulatory pathways as potential targets to suppress the
progression of neuron death and degeneration in PD.
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Introduction
Parkinson’s disease (PD), the most common neurodegenerative
movement disorder, is characterized by the progressive loss of

several neuronal populations, including dopaminergic neurons
of the substantia nigra pars compacta (SNpc) (Fahn and Sulzer,
2004; Davie, 2008). The current treatments available for PD tem-
porarily ameliorate some of the clinical symptoms but do not
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Significance Statement

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder. Current treatments ameliorate symptoms,
but not the underlying neuronal death. Understanding the core neurodegenerative processes in PD is a prerequisite for identifying
new therapeutic targets and, ultimately, curing this disease. Here, we describe a novel pathway involving the proapoptotic protein
Trib3 in neuronal death associated with PD. These findings are supported by data from multiple cellular models of PD and by
immunostaining of postmortem PD brains. Upstream, Trib3 is induced by the transcription factors ATF4 and CHOP; and down-
stream, Trib3 interferes with the PD-associated prosurvival protein Parkin to mediate death. These findings establish this new
pathway as a potential and promising therapeutic target for treatment of PD.
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stop or slow down the underlying degenerative processes
(Olanow et al., 2009; Schapira, 2009). Although studies of famil-
ial forms of PD have provided important insights on initiating
causes of the disease, much remains to be learned about the
downstream pathways and effectors of neurodegeneration in this
disorder (Levy et al., 2009; Schapira et al., 2014). Cellular models
of PD represent potentially powerful systems to study such
downstream pathways and effectors, and these have revealed that
neuronal death requires the transcriptional induction of specific
prodeath genes. A previous study identified Trib3 (tribbles pseu-
dokinase 3) transcripts as among the most highly induced in
neuronal PC12 cells treated with the dopaminergic toxin
6-hydroxydopamine (6-OHDA) (Ryu et al., 2005). Converging
evidence indicates that Trib3 is a pseudokinase with scaffold-like
regulatory functions for a number of signaling pathways (Hege-
dus et al., 2006, 2007). Trib3 is induced by a wide variety of
stresses with potential relevance to PD pathophysiology, includ-
ing metabolic stress (Du et al., 2003; Bi et al., 2008; Carraro et al.,
2010; Liu et al., 2010), endoplasmic reticulum stress (Corcoran et
al., 2005; Ohoka et al., 2005; Ord and Ord, 2005; Salazar et al.,
2009; Zou et al., 2009), oxidative stress (Lange et al., 2008), mi-
tochondrial stress (Ishikawa et al., 2009), and neurotrophic factor
deprivation (Mayumi-Matsuda et al., 1999; Kristiansen et al.,
2011; Zareen et al., 2013). Both proapoptotic (Ohoka et al., 2005;
Shang et al., 2009) and antiapoptotic (Ord et al., 2007; Zhou et al.,
2013) actions have been attributed to Trib3. Relatively little is
known about the actions and role of Trib3 in neurons. Trib3 is
upregulated in sympathetic neurons and neuronal PC12 cells fol-
lowing NGF deprivation (Mayumi-Matsuda et al., 1999; Kris-
tiansen et al., 2011; Zareen et al., 2013) and in cortical neurons by
oxidative stress (Lange et al., 2008). Overexpression of Trib3 is
sufficient to promote death of sympathetic neurons and neuronal
PC12 cells, whereas knockdown of Trib3 protects these neuronal
cells from apoptotic death induced by NGF withdrawal (Zareen
et al., 2013).

In the present study, because of Trib3’s high induction in a
PD model and known proapoptotic activity in neuronal cells,
we examined its expression in cellular models of PD and in
postmortem substantia nigrae from human PD patients. We
also used a variety of cellular models of PD to define the role of
Trib3 in neuronal death as well as to identify its upstream
transcriptional regulators and to describe one of its relevant
downstream targets.

Materials and Methods
Cell culture. PC12 cells were cultured as described previously (Greene
and Tischler, 1976). Cells were cultured on plastic cell culture dishes
coated with rat tail collagen (Roche). Nondifferentiated PC12 cells were
grown in RPMI 1640 cell culture medium supplemented with 10% heat
inactivated horse serum (Sigma), 5% FBS, and penicillin/streptomycin.
For neuronal differentiation, cells were grown in RPMI 1640 cell culture
medium supplemented with 1% horse serum, penicillin/streptomycin,
and a 100 ng/ml final concentration of human recombinant NGF (kind
gift of Genentech). Cell culture medium was changed every other day.
HEK293T/17 cells were grown in DMEM supplemented with 10% FBS
and penicillin/streptomycin.

Ventral midbrain dopaminergic neurons from P0-P3 rats and mice
were dissected, dissociated, and plated on a confluent glial monolayer

following the protocol kindly provided by Dr. David Sulzer (Columbia
University) and as described previously (Rayport et al., 1992).

PD toxins and �-synuclein-preformed fibrils. For PC12 cells, 10 mM

stock solutions of 6-OHDA or 1-methyl-4-phenylpyridinium (MPP �)
(Sigma) diluted in water were freshly prepared just before each experi-
ment. 6-OHDA was used at final concentrations ranging from 100 to 150
�M, and MPP � was used at a final concentration of 1 mM, for the indi-
cated times. For ventral midbrain dopaminergic neurons, the 10 mM

stock solution of 6-OHDA was prepared in MEM supplemented with
ascorbic acid (Sigma) to prevent 6-OHDA oxidation and degradation
(Ding et al., 2004). 6-OHDA was used at a final concentration of 40 �M in
0.015% ascorbic acid. MPP � was diluted in water and used at a final
concentration of 40 �M.

�-Synuclein-preformed fibrils were prepared from recombinant hu-
man wild-type �-synuclein as described previously (Volpicelli-Daley et
al., 2011). Briefly, �-synuclein-preformed fibrils were generated by shak-
ing purified �-synuclein (5 mg/ml in PBS) at 1000 rpm and 37°C for 7 d.
�-Synuclein-preformed fibrils were diluted in PBS at 0.1 mg/ml and
sonicated with 65 pulses over 40 s. �-Synuclein-preformed fibrils were
added to ventral midbrain neuron cultures at a final concentration of 5
�g/ml for 10 –14 d.

Plasmids and lentiviral preparations. The DDK-tagged rat parkin
cDNA cloned in a pCMV6-entry vector was obtained from Origene
(#RR212553). The plasmid used for Trib3 and ATF4 overexpression was
pWPI (AddGene; https://www.addgene.org/12254/), a bicistronic lenti-
viral vector allowing the simultaneous expression of the transgene and
EGFP under the control of the EF1-� promoter. Trib3 and ATF4 cDNAs
were generated and cloned into the pWPI vector, as described previously
(Sun et al., 2013; Zareen et al., 2013). The following sequences were used for
shRNA-mediated downregulation of Trib3: shTRIB3#1 5�-CGAGTGAGA
GATGAGCCTG-3� and shTRIB3#2 5�-CCTGGAGGATGCCTGTGTG-3�.
The corresponding scrambled shRNAs with no specific rat targets were used as
control shRNAs for Trib3 (and Parkin) shRNAs: shTRIB3#1 SCRAMBLED
5�-GCGACATGAGACGAGTGGT-3�; shTRIB3#2 SCRAMBLED 5�-GCGGT
CCGGTGCAGATTGT-3�. An shRNA targeted against DSRED 5�-GCAGC
GTCGTTCGATACTA-3� was used as a control in two sets of experiments. The
following sequences were used for shRNA-mediated downregulation of Parkin:
sh-Parkin 5�-GGACACATCAGTAGCTTTG-3� and ATF4: shATF4, 5�-
GCCTGACTCTGCTGCTTATAT-3�. For shRNA-mediated ATF4 downregu-
lation experiments, a mutated version of shATF4 (mutated bases are italicized;
shATF4mutant 5�-GCCAGATTCAGCGGCCTACAT-3�) was used as a
control shRNA. The transfer plasmid used for Trib3, ATF4, and Parkin
shRNA expression was pLVTHM (AddGene; https://www.addgene.org/
12247/) expressing shRNA from the H1 promoter along with GFP from
the EF1-� promoter. The pLL3.7 plasmid was used for Trib3 shRNA and
shDSRED expression in two sets of experiments (AddGene; https://www.
addgene.org/11795/). The pGIPZ lentivector expressing CHOP (DDIT3)
shRNA (shCHOP#1 5�-CGATTTCCTGCTTGAGCCG-3�) and Tur-
boGFP under the control of the hCMV promoter was obtained from
Open Biosystems (#RHS4430-200227707). The empty pGIPZ vec-
tor was use as a control in shRNA-mediated CHOP downregulation
experiments.

Lentiviruses were prepared in HEK293T/17 cells by cotransfecting
pWPI, pLVTHM, or pGIPZ expression plasmids along with second-
generation lentiviral packaging plasmids (obtained from AddGene) us-
ing the calcium phosphate transfection method. pLL3.7 expression
plasmids were cotransfected with Rsv/Rev, pMDLg/pRRE, and CMV-
VSVG. Lentiviral particles were collected twice (48 and 72 h after trans-
fection) and concentrated using Lenti-X concentrator (Clontech,
#631231) following the manufacturer’s protocol, resuspended in PBS,
and stored at �80°C.

Transfection and lentiviral infection. For the transfection procedure,
after 3 d in vitro, PC12 cells were washed and placed in RPMI 1640
without serum or antibiotics. Cells were transfected with a total of 0.6 �g
of DNA per well of a 48-well plate with Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s instructions. After 3–5 h, the medium
was replaced with fresh RPMI 1640 medium containing 1% horse serum,
penicillin/streptomycin, and 100 ng/ml NGF. The transfected PC12 cells
were analyzed by immunofluorescence after 5–7 d.
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For lentiviral infection, 0.1 up to 5 � 10 7 viral particles were added per
cm 2 of culture area, directly in the medium of PC12 cells or ventral
midbrain dopaminergic neurons. The transduced neurons were analyzed
by qPCR, Western blot, or immunofluorescence after 5–15 d.

qPCR. PC12 cells were lysed and total RNA was extracted using TRI
reagent (Molecular Research Center) following the manufacturer’s pro-
tocol. RNA concentration and purity were assessed by measuring the
optical density at 260 and 280 nm with a NanoDrop (Thermo Scientific).
cDNA was synthesized using the first-strand cDNA synthesis kit (Ori-
gene) with 1 �g of total RNA, following the manufacturer’s instructions.
Quantitative real-time PCR was performed using FastStart SYBR Green
Master Mix (Roche) and an Eppendorf Realplex Mastercyler with the
following settings: 1 cycle at 95°C for 10 min and 40 cycles of amplifica-
tion, 95°C for 15 s, 58 – 60°C for 30 – 60 s, 72°C for 30 – 60 s. The amounts
of Trib3, CHOP, ATF4, and Parkin mRNAs were quantified and normal-
ized to �-tubulin mRNA or 18S rRNA using the following primer pairs:
Trib3 forward 5�-GTTGCGTCGATTTGTCTTCA-3� and reverse 5�-
CGGGAGCTGAGTATCTCTGG-3�; ATF4 forward 5�- CCTTCGACCAGT
CGGGTTTG-3� and reverse 5�-CTGTCCCGGAAAAGGCATCC-3�; CHOP
forward 5�-CTGGAAGCCTGGTATGAGGA-3� and reverse 5�-AGGTGCTT-
GTGACCTCTGCT-3�; Parkin forward 5�-CGGATGAGTGGAGAGTGC-3�
and reverse 5�-TGGCGGTGGTTACATTGG-3�; �-tubulin forward 5�-
TACACCATTGGCAAGGAGAT-3� and reverse 5�-GGCTGGGTAAATG-
GAGAACT-3�; 18S forward 5�- TTGATTAAGTCCCTGCCCTTTGT-3� and
reverse 5�- CGATCCGAGGGCCTCACTA-3�. The threshold cycles were
determined for each gene of interest and normalized to the threshold
cycles of a housekeeping gene. Relative mRNAs levels for our genes of
interest were expressed as a fold induction in an experimental condition
compared with a control condition.

Immunoprecipitation. Neuronal PC12 cells were collected and homog-
enized with IP lysis buffer (Thermo Scientific, #87787) supplemented
with protease and phosphatase inhibitor (Thermo Scientific, #1861281).
Cell extracts were incubated overnight at 4°C on a rotator with 10 �g/ml
of mouse anti-parkin antibody (Cell Signaling Technology, #4211) or
mouse IgG (Cell Signaling Technology, #5415) as a negative control.
Immunocomplexes were incubated with magnetic beads covalently
coated with protein G (Invitrogen, #10007D) on a rotator for 2 h at 4°C.
The beads were then concentrated with a magnet and washed 3 times
with 1� cell lysis buffer (Cell Signaling Technology, #9803) supple-
mented with complete mini protease inhibitor mixture (Roche,
#11836170001). The immunocomplexes were resuspended in cell lysis
buffer, LDS-sample buffer (Invitrogen), 50 mM dithiothreitol, and ana-
lyzed by Western blotting.

Western immunoblotting. Cells and brain tissue were homogenized in
1� cell lysis buffer (Cell Signaling Technology, #9803) supplemented
with complete mini protease inhibitor mixture (Roche, #11836170001).
Samples were sonicated, and protein concentrations were determined by
BCA assay according to the manufacturer’s protocol (Thermo Scientific,
#23225). Protein samples were prepared for loading with LDS-sample
buffer (Invitrogen) supplemented with 50 mM dithiothreitol. A total of
20 �g of proteins was loaded per well of 10% Bis-Tris polyacrylamide gels
(Invitrogen) and separated by electrophoresis for 1 h at 110 V. Proteins
were then transferred onto a PVDF membrane (Bio-Rad) for 1 h 30 min
at 40 V. Membranes were blocked with 5% powdered milk in TBS con-
taining 0.1% of Tween 20 (TBST) and incubated overnight at 4°C with
primary antibodies. The following primary antibodies were used for
Western blotting: rabbit anti-Trib3 (Calbiochem, #ST1032), mouse anti-
Parkin (Santa Cruz Biotechnology, #sc-32282), and rabbit anti-Erk1/2
(Santa Cruz Biotechnology, #sc-93). Membranes were washed 3 times
with TBST and incubated with HRP-conjugated secondary antibodies.
After 3 final washes with TBST, blots were incubated with ECL reagents
(GE Healthcare), and chemiluminescent signals were detected by expo-
sure to autoradiography film. Films were scanned using a desktop scan-
ner, and band intensities were determined using ImageJ.

Immunofluorescence. Cells were fixed for 12–15 min in 4% PFA and
washed 3 times with PBS. Cells were blocked with Superblock (Thermo
Scientific) supplemented with 0.3% Triton-X for 1 h at room tempera-
ture and incubated overnight at 4°C with primary antibodies. The fol-
lowing primary antibodies were used for immunofluorescence: goat

anti-Trib3 (Santa Cruz Biotechnology, #sc-34214), mouse anti-tyrosine
hydroxylase (Millipore, #MAB318), rabbit anti-tyrosine hydroxylase
(Millipore, #AB152), mouse anti-Parkin (Cell Signaling Technology,
#4211), rabbit anti-GFP (Invitrogen, #A11122), chicken anti-GFP (In-
vitrogen, #A10262), and rabbit anti-phosphoS129-�-synuclein (Sigma,
#SAB4300139). Cells were washed 3 times with PBS and incubated with
fluorescent secondary antibodies for 2 h at room temperature:
AlexaFluor-568 anti-mouse, anti-rabbit, or anti-goat, AlexaFluor-488
anti-chicken, anti-mouse, or anti-rabbit, and AlexaFluor-350 anti-
mouse or anti-rabbit (Invitrogen). For PC12 cells grown in multiwell
dishes, Hoechst 33328 was added to the secondary antibody solution,
cells were washed in PBS and observed with an inverted fluorescence
microscope. For ventral midbrain dopaminergic neurons grown on glass
coverslips, after 3 final washes with PBS, coverslips were mounted on
slides with Vectashield mounting medium containing DAPI for nuclear
staining (Vector Laboratories). Images were acquired using a Zeiss epi-
fluorescence microscope equipped with a digital camera and Axiovision
software.

Immunohistochemistry. Two independent sets of paraffin-embedded
postmortem midbrain samples from PD patients and age-matched con-
trols were obtained from the brain bank at Columbia University. The first
set was used for Trib3 staining only (controls: n � 8, 4 males, 4 females;
PD patients: n � 7, 6 males, 1 female). The second set was used for Trib3
and Parkin double immunostaining (controls: n � 5, 2 males, 3 females;
PD patients, n � 6, 5 males, 1 female). The 5 �M sections were deparaf-
finized in xylene and rehydrated in an ethanol series. For antigen re-
trieval, tissue sections were placed in citrate buffer (10 mM, pH 6.0) for 45
min in a rice cooker at 100°C. Sections were stained for Trib3 and Parkin
using Elite Vectastain ABC kits (rabbit IgG, mouse IgG, respectively)
from Vector Laboratories according to the manufacturer’s instructions.
Sections were stained using rabbit anti-Trib3 (human) polyclonal anti-
body (Abcam, # 84174; final concentration of 1.0 �g/ml) and mouse
anti-Parkin (Santa Cruz Biotechnology, #sc-32282; final concentration
0.4 �g/ml) overnight at 4°C. To test the specificity of the Trib3 antibody,
some sections were incubated with the antibody that was mixed with
Trib3-immunizing peptide (Abcam, #93788, lot #941648; final concen-
tration of 1.0 �g/ml). To test the specificity of the Parkin antibody,
gallbladder sections were incubated with or without primary antibody.
Sections were then incubated with biotinylated anti-rabbit and anti-
mouse secondary antibodies. ImmPACT SG Peroxidase HRP (blue/gray,
for Trib3 staining) and ImmPACT VIP Peroxidase HRP (violet/purple,
for Parkin staining) from Vector Laboratories were used as a substrates
and left on the slides for 15 min, after which slides were rinsed for 10 min
under running tap water. Sections with single Trib3 staining were also
counterstained with Nuclear Fast Red (Vector Laboratories) for 5–10
min. Finally, sections were dehydrated and mounted with coverslips with
VectaMount Permanent Mounting Medium (Vector Laboratories) and
examined under light microscopy.

Survival assays. For PC12 cells infected with lentiviral particles (typi-
cally achieving an 80%–90% transduction rate in PC12 cells) and/or
treated with PD toxins, cell survival was assessed on the total cell popu-
lation by incubating the cell cultures with a detergent solution that lyses
the plasma membrane and leaves the nuclei intact (10� counting lysis
buffer: 5 g of cetyldimethyl-ethanolammonium bromide, 0.165 g of
NaCl, 2.8 ml of glacial acetic acid, 50 ml of 10% Triton-X, 2 ml of 1 M
MgCl2, 10 ml of 10 � PBS, 35.2 ml of H2O); 250 �l of 1 � counting lysis
buffer was added per cm 2 of culture dish area, and the suspended nuclei
were counted into a hemacytometer.

For transfected PC12 cells and transduced ventral midbrain dopami-
nergic neurons, cell survival was assessed by performing immuno-
fluorescence and counting GFP � (PC12 cells) or TH � and GFP � cells
(ventral midbrain dopaminergic neurons).

Statistical analysis. All statistical analyses were performed with Graph-
Pad Prism software. Simple comparisons of two experimental groups
were performed using t tests. Multiple comparisons of more than two
experimental groups were performed using one-way ANOVA and
Student-Newman-Keuls or Dunnett’s post hoc tests. The threshold of
significance was set at � � 0.05 for all experiments.
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Results
Trib3 is induced in cellular models of PD
To study the role of Trib3 in neuron death in the context of PD,
we first conducted experiments with two different cellular mod-
els: neuronally differentiated (i.e., NGF-treated) PC12 cells
(Greene and Tischler, 1976), and rat and mouse postnatally de-

rived ventral midbrain dopaminergic neurons (Rayport et al.,
1992). Both culture types have been used extensively for cellular
models of PD (Walkinshaw and Waters, 1994; Mosharov et al.,
2009; Malagelada et al., 2010; Sun et al., 2013). A previous study
with PC12 cells (Ryu et al., 2005) revealed that Trib3 transcripts
were among the most elevated following 8 h of treatment with

Figure 1. Trib3mRNAandproteinareinducedbeforecelldeathincellularmodelsofPD.A,Timecourseofcelldeathelicitedby6-OHDAandMPP�.Survivalassayshowstheremainingviablenuclei inneuronalPC12cell
culturesuntreated(control)ortreatedwith100 –150�M6-OHDA(left)or1000�MMPP�(right)for2,8,16,or24h.Celldeathbecomesevidentby16h.**p�0.005(ANOVAwithStudent-Newman-Keulstests).***p�
0.0005(ANOVAwithStudent-Newman-Keulstests).Valuesaremean�SEMfromfiveindependentexperimentsperformedintriplicate.B,Trib3mRNAisupregulatedincellularPDmodelsbeforecelldeath.qPCRanalysisof
Trib3mRNAlevelsinneuronalPC12cellseitheruntreated(control)ortreatedwith100 –150�M6-OHDA(left)or1000�MMPP�(right)for2,8,16,and24h.6-OHDAinducesanincreaseinTrib3mRNAstartingat8hthatis
maintainedat16and24h.***p�0.0005(ANOVAwithStudent-Newman-Keulstests).Trib3mRNAlevelstartsrisingat8handkeepsincreasingat16and24hwithMPP�.**p�0.005(ANOVAwithStudent-Newman-
Keuls tests). ***p � 0.0005 (ANOVA with Student-Newman-Keuls tests). Trib3 mRNA levels are normalized against those of �-tubulin and are mean � SEM from at least three independent experiments performed in
triplicate.C,Trib3proteinlevelsareelevatedbeforecelldeathincellularmodelsofPD.WesternblotquantificationofTrib3proteinlevelsinneuronalPC12cellsuntreated(control)ortreatedwith100 –150�M6-OHDAor1000
�M MPP� for the indicated times. *p�0.05 (ANOVA with Student-Newman-Keuls tests). Top portion of the panel shows representative Western blots. Trib3 corresponds to the top band; the bottom band noted with an
asterisk isnonspecific.DensitometricquantificationofTrib3proteinlevels isshownatthebottomofthepanel.Trib3valuesarenormalizedagainstERK1andaremean�SEMfromatleastsix independentexperiments.
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6-OHDA, a toxin that mimics PD in vitro and in vivo. We con-
firmed and extended these results by measuring cell death as well
as Trib3 mRNA and protein levels in neuronal PC12 cells treated
with 6-OHDA or MPP�, an additional toxin used to model PD
(Fig. 1). These toxins induced 30%–50% cell death starting at
	16 h (Fig. 1A; ANOVA with Student-Newman-Keuls tests, p �
0.005, p � 0.0005). Under these conditions, Trib3 mRNA was
induced by 	4.5 fold with 6-OHDA after 8 h of treatment, well
before cell death became evident, and Trib3 mRNA levels were
maintained at 16 and 24 h (Fig. 1B; ANOVA with Student-
Newman-Keuls tests, p � 0.0005). In MPP�-treated cells, Trib3
mRNA started rising at 8 h and was significantly upregulated by
	3-fold and 	4-fold at 16 and 24 h, respectively (Fig. 1B;
ANOVA with Student-Newman-Keuls tests, p � 0.005, p �
0.0005). The increase of Trib3 mRNA was paralleled by an eleva-
tion of Trib3 protein: MPP� induced a significant 1.5 fold-
increase at 8 h, and 6-OHDA induced a significant 1.7-fold
increase at 8 h that was maintained at both 16 and 24 h (Fig. 1C;
ANOVA with Student-Newman-Keuls tests, p � 0.05).

To extend the findings obtained with PC12 cells, we also ex-
amined the induction and cellular localization of Trib3 protein in
cultured rat ventral midbrain dopaminergic neurons treated with
either 6-OHDA or MPP�. After exposure for 8 and 24 h, the
cultures were immunostained for the dopaminergic neuron
marker TH and for Trib3 to assess cell death (Fig. 2) and Trib3

protein induction (Fig. 3). Consistent with previous literature
(Gearan et al., 2001; Ding et al., 2004; Ganser et al., 2010), there
was extensive death with only 55% of dopaminergic neurons
(TH�) remaining after 24 h of 6-OHDA treatment, and 44%
after 24 h of MPP� treatment (Fig. 2A,B; t tests, p � 0.05).
Although basal levels of Trib3, as detected by immunostaining,
were extremely low in control cultures, treatment with 6-OHDA
or MPP� triggered an induction of Trib3 protein in dopaminer-
gic neurons detectable mostly in the cytoplasm and proximal
processes (Fig. 3A,B). The toxins also induced Trib3 immuno-
staining in nondopaminergic neurons and other cell types pres-
ent in the mixed cultures. Densitometric quantification in a
random set of TH� neurons in each culture condition revealed a
1.9- or 1.5-fold increase in Trib3 protein immunostaining levels
after 8 h of 6-OHDA or MPP� treatment, respectively (Fig. 3A,B;
t tests, p � 0.005, p � 0.005) (i.e., at a time when cell death was
not yet significant). Although elevated Trib3 protein was no lon-
ger detectable after 24 h of MPP� treatment, Trib3 immuno-
staining was still strongly elevated at 24 h in 6-OHDA-treated
dopaminergic neurons (1.9-fold, t test, p � 0.005). These ob-
servations of an early transient induction of Trib3 protein
immunostaining with MPP � and a sustained elevation with
6-OHDA in dopaminergic neurons are very similar to the re-
sults obtained by Western immunoblotting of PC12 cells
(Fig. 1C).

Figure 2. 6-OHDA, MPP �, and preformed �-synuclein fibrils induce death of cultured postnatally derived ventral midbrain dopaminergic neurons. A–C, Representative overview images of
dopaminergic cells (positive for tyrosine hydroxylase (TH, white, left panels) and quantifications (right panels) show a decrease in the numbers of surviving dopaminergic (TH �) neurons after
treatment with (A) 6-OHDA, (B) MPP �, or (C) preformed �-synuclein fibrils. *p � 0.05 (t tests). **p � 0.005 (t tests). A, B, Cultures were either untreated (control) or treated as indicated with 40
�M 6-OHDA in 0.015% ascorbic acid (AA � 6-OHDA) or 0.015% AA for 8 or 24 h, or with 40 �M MPP � for 8 or 24 h and then immunostained for TH. C, Cultures were treated with PBS or 5 �g/ml
of human WT �-synuclein-preformed fibrils (�-synuclein pffs) for 10 –14 d and then immunostained for TH. Survival assay values are expressed as the mean � SEM of the percentage of remaining
TH � neurons in cultures treated with 6-OHDA, MPP �, or �-synuclein, compared with the corresponding control conditions. Values were analyzed from at least three independent experiments
performed in triplicate.
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Figure 3. 6-OHDA, MPP �, and preformed �-synuclein fibrils induce Trib3 expression in cultured postnatally derived ventral midbrain dopaminergic neurons. A–C, Representative images (left
panels) and corresponding quantification (right panels) show an increase of Trib3 signal in dopaminergic cells (positive for TH) after treatment with (A) 6-OHDA, (B) MPP �, or (C) preformed
�-synuclein fibrils. **p � 0.005 (t tests). ***p � 0.0005 (t tests). A, B, Cultures were either untreated (control) or treated as indicated with 40 �M MPP � for 8 or 24 h; 0.015% ascorbic acid (AA)
or 40 �M 6-OHDA in 0.015% AA (AA�6-OHDA) for 8 or 24 h, and immunostained for TH (green) and Trib3 (red) expression. DAPI staining (blue) is shown as a nuclear marker. C, Cultures were treated
with PBS or 5 �g/ml of human WT �-synuclein-preformed fibrils (�-synuclein pffs) for 10 –14 d and then immunostained for phosphorylated �-synuclein (P-S129 �-syn, green) to show
pathogenic intracellular �-synuclein aggregates, Trib3 (red) and TH (blue). To exemplify the diversity of �-synuclein aggregates induced by �-synuclein pffs treatment, images of two morpho-
logically distinct dopaminergic neurons are shown in the two bottom rows. Trib3 relative protein levels correspond to the mean � SEM of Trib3 densitometric signals measured in 40 – 85 individual
neurons and expressed relative to the corresponding control conditions. Values were analyzed from 2 to 4 independent experiments performed in triplicate.
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To extend our results beyond toxin-based models of PD, we
evaluated cell death (Fig. 2) and Trib3 induction (Fig. 3) in an
�-synuclein-based cellular model. Recent studies have shown
that exogenous preformed fibrils from recombinant human WT
�-synuclein are taken up into cultured cells by endocytosis and
induce endogenous �-synuclein aggregation into Lewy neurite-
and Lewy body-like intracellular inclusions (Luk et al., 2009;
Volpicelli-Daley et al., 2011). �-Synuclein recruited into intracel-
lular synucleinopathy lesions undergoes extensive phosph-
orylation at Ser129 (Fujiwara et al., 2002). The intracellular
accumulation of aggregated �-synuclein leads to synaptic dys-
function, impairments in connectivity and excitability, and,
ultimately, neuron death (Volpicelli-Daley et al., 2011; Luk et
al., 2012). As expected, we found that fibril-treated cultured do-
paminergic neurons were positive for phosphorylated, thus
pathogenic, �-synuclein (P-S129 �SYN) inclusions. Interest-
ingly, these neurons also displayed a marked Trib3 induction
(Fig. 3C). Densitometric quantification of Trib3 protein immu-
nostaining levels revealed that �-synuclein fibril treatment in-
duced a concomitant twofold increase in Trib3 levels in the
cultured midbrain dopaminergic neurons (t test, p � 0.005). The
magnitude of induction and cellular distribution of Trib3 in
the fibril-treated cultures were thus highly similar to that ob-
served with 6-OHDA and MPP�. Under these conditions, we
found that endogenous �-synuclein aggregation induced death
of dopaminergic neurons (Fig. 2C) with loss of 30% of cultured
ventral midbrain dopaminergic neurons after 10 –14 d of treat-
ment with 5 �g/ml �-synuclein fibrils (t test, p � 0.005).

Trib3 expression is elevated in the substantia nigra of
PD patients
The results obtained in vitro prompted us to compare the levels
and cellular localization of Trib3 protein in postmortem mid-
brains of PD and age-matched control patients (control: 81.9 �
2.9 years, PD: 79.4 � 1.1 years, t test, p 
 0.05; N � 8 for controls
and 7 for PD patients). At low magnification, Trib3 staining
(blue) was evident in the substantia nigra of both PD and control
patients (Fig. 4A). Staining of the substantia nigra was completely
absent when the Trib3 antiserum was preincubated with the cor-
responding Trib3 peptide immunogen, thus supporting the spec-
ificity of the antibody and staining. At higher magnification (Fig.
4B), Trib3 staining was found in the neuropil of both control and
PD patients. Examination of the dopaminergic neurons, identi-
fied by the presence of the brown pigment neuromelanin, re-
vealed an intracytoplasmic granular Trib3 staining pattern in a
subset of the population. A proportion of nearby neuromelanin-
negative neurons also displayed a similar pattern of Trib3
staining. On a random set of sections, the proportions of dopa-
minergic neurons positive for Trib3 in the substantia nigra were
quantified in a blinded manner for each group. Consistent with
the considerable loss of dopaminergic neurons classically de-
scribed to occur in the substantia nigra of PD patients (Braak et
al., 2006), we found that the PD brains were massively depleted of
dopaminergic neurons compared with control brains. Signifi-
cantly, in the remaining dopaminergic neurons of PD patients,
there was on average a 
2-fold increase in the proportion of
nigral dopaminergic neuron cell bodies that were positive for
Trib3 immunostaining compared with control patients (Fig. 4C;
t test, p � 0.0005).

Together, these results show that Trib3 is induced in multiple
cellular models of PD, that this induction consistently precedes
cell death, and that there is an increase in the proportion of Trib3-
immunostained dopaminergic neurons in PD patients. Because

Trib3 has proapoptotic activity, we next conducted a series of
gain- and loss-of-function experiments to assess its potential role
in PD-associated neuron degeneration and death.

Trib3 overexpression is sufficient to induce death of cultured
neuronal PC12 cells and ventral midbrain dopaminergic
neurons
We recently reported that Trib3 overexpression induces death of
cultured neuronal PC12 cells and superior cervical ganglion neu-
rons (Zareen et al., 2013). To confirm and extend these results, we
evaluated the effect of lentiviral-mediated Trib3 overexpression
on survival of neuronal PC12 cells and ventral midbrain dopami-
nergic neurons (Fig. 5). Trib3 overexpression was sufficient to
induce death of neuronal PC12 cells: 1 and 3 d after transduction,
there was loss of 16% of cells and significant 42% loss by 7 d (Fig.
5A; ANOVA with Dunnett’s test, p � 0.0005). Similarly, by 6 –9 d
of Trib3 overexpression, there was loss of 57% of cultured ventral
midbrain dopaminergic neurons (Fig. 5B; t tests, p � 0.0005).

Trib3 downregulation and Trib3 knock-out protect from cell
death in PD cellular models
We next assessed whether Trib3 was not only sufficient, but also
necessary, for the death of neuronal PC12 cells and ventral mid-
brain dopaminergic neurons in cellular models of PD. To achieve
this, we first used two sets of shRNAs targeted against different
regions of Trib3 mRNA that have been shown to effectively and
specifically knock down Trib3 protein expression (Zareen et al.,
2013). Figure 6A shows a representative Western immunoblot
demonstrating the efficacy of shTrib3#1 in knocking down en-
dogenous Trib3 in control and 6-OHDA-treated neuronal PC12
cells. Comparable results were achieved with shTrib3#2 (data not
shown). We analyzed the effects of Trib3 knockdown on the sur-
vival of neuronal PC12 cells and rat ventral midbrain dopaminer-
gic neurons treated with 6-OHDA, MPP�, or �-synuclein fibrils
(Fig. 6B,C). In cultures of neuronal PC12 cells, lentivirus carry-
ing shTrib#1 completely blocked 6-OHDA-induced cell death
and significantly reduced MPP�-induced cell death in compari-
son with control shRNAs (Fig. 6B; ANOVA with Student-
Newman-Keuls tests, p � 0.05, p � 0.0005). Similar results were
obtained with shTrib3#2 (data not shown). In rat ventral mid-
brain dopaminergic neuron cultures, Trib3 knockdown also pro-
vided significant protection from 6-OHDA and MPP�, as
reflected by the percentage of TH� neurons (Fig. 6C; ANOVA
with Student-Newman-Keuls tests, p � 0.05, p � 0.005). As an
alternative to the toxin models, we further examined cultured
ventral midbrain dopaminergic neurons exposed to �-synuclein
fibrils after treatment with virus expressing either scrambled or
shTrib3#1 (Fig. 6C). Only approximately half of the dopaminer-
gic neurons survived 10 d of fibril treatment (ANOVA with
Student-Newman-Keuls tests, p � 0.0005), and there was signif-
icant protection by Trib3 knockdown (ANOVA with Student-
Newman-Keuls tests, p � 0.005).

To extend these results and to assess the effect of a complete
deletion of the Trib3 gene in cellular models of PD, we evalu-
ated the survival of dopaminergic neurons cultured from the
midbrains of wild-type as well as Trib3-null mice after treat-
ment with 6-OHDA or MPP � (Fig. 6 D, E). Consistent with
reports that Trib3 deletion has no metabolic or behavioral
effects under basal conditions (Okamoto et al., 2007; Örd et
al., 2014), we did not observe an obvious altered phenotype in
Trib3-null animals, nor did examination of the anatomy and
cellular content of cortical and subcortical regions, including
the ventral midbrain, reveal any evident anomalies or defects
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(data not shown). Also, under basal conditions, cultured
Trib3-null ventral midbrain dopaminergic neurons appeared
healthy and were morphologically indistinguishable from
wild-type ventral midbrain dopaminergic neurons. However,
we found that the Trib3-null neurons were significantly more
resistant than wild-type neurons to 6-OHDA and MPP � (Fig.
6D; ANOVA with Student-Newman-Keuls tests, p � 0.05, p �
0.005). In addition, microscopic examination of the cultures
revealed that TH � neurites of Trib3-null neurons consistently
appeared more robust and with more elaborate neuritic trees
than those of their wild-type counterparts after 24 h of neuro-
toxin treatment (Fig. 6E).

The data presented thus far demonstrate that Trib3 mediates,
at least in part, death and degeneration in multiple cellular mod-
els of PD. We next undertook characterization of the upstream
regulators and downstream effectors of Trib3 to better under-

stand the molecular pathways in which it is involved and poten-
tially to identify means to target its induction or proapoptotic
actions.

Trib3 induction in Parkinson’s cellular models is regulated in
part by ATF4 and CHOP
Multiple transcription factors have been implicated in activation
of Trib3 in response to stress. Among these are the forkhead box,
class O (FoxO) transcription factors, activating transcription fac-
tor 4 (ATF4), and C/EBP homologous protein (CHOP; product
of the Ddit3 gene), all of which have been shown to activate
and/or bind the Trib3 promoter under stress conditions in a
variety of cellular models (Ohoka et al., 2005; Ord and Ord, 2005;
Carraro et al., 2010; Bromati et al., 2011; Han et al., 2013; Zareen
et al., 2013). To investigate the potential roles of these factors in
the context of PD, we used lentiviral-delivery of commercially

Figure 4. The proportion of Trib3 � dopaminergic neurons is increased in the substantia nigra of PD patients. A, Representative low-magnification images (4�) of postmortem midbrains from
age-matched human control and PD patients immunostained for Trib3 (blue) and counterstained with Fast Red (pink) show basal expression of Trib3 in the substantia nigra (black dashed lines).
Specificity of the Trib3 antibody was verified by a competition experiment performed by incubating the antibody with the corresponding immunizing peptide. Virtually no staining was observed in
this control experiment. B, Representative high-magnification (40�) images of sections from the substantia nigra of a control and a PD patient brain. Dopaminergic neurons are identified by the
presence of neuromelanin (NM) inclusions (brown). Examples of neurons with granular cytoplasmic Trib3 immunostaining are shown in the right panel (including insets). Black bar represents 25 �M.
C, Quantification shows an increase in the percentage of NM � neurons with Trib3 immunostaining in the substantia nigra of PD patients compared with control cases. ***p � 0.0005 (t test). These
data are based on the observation of 8 control and 7 PD patients’ brains. A total of 3923 NM � neurons were scored in controls, and 1489 NM � neurons were scored in PD cases.
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available (shCHOP) or previously validated shRNAs (shFoxO)
(Zareen et al., 2013) or shATF4 (Sun et al., 2013) to knock each of
them down in toxin-treated neuronal PC12 cells and then as-
sessed induction of Trib3 mRNA by qPCR (Fig. 7). A previous
study showed that dephosphorylated FoxO transcription factors
are required for induction of Trib3 in neuronal PC12 cells and
sympathetic neurons in response to NGF deprivation and that
knockdown of either FoxO or Trib3 protects these cells from
death caused by such treatment (Zareen et al., 2013). In contrast,
however, we found that shRNA-mediated knockdown of FoxO
family proteins failed to protect neuronal PC12 cells in PD cellu-
lar models (data not shown) or to block Trib3 mRNA induction
by 6-OHDA (Fig. 7E; ANOVA with Student-Newman-Keuls
tests, p 
 0.05). Next, we assessed ATF4 and CHOP; these pro-
teins and their corresponding transcripts are highly upregulated
in cellular models of PD, and ATF4 protein expression is elevated
in SN dopaminergic neurons in a significant proportion of PD
patients (Ryu et al., 2002, 2005; Holtz and O’Malley, 2003; Sun et
al., 2013). We confirmed that 6-OHDA and MPP� induce ATF4
and CHOP transcripts in our models and that this was effectively
reduced by the corresponding shRNAs (Fig. 7A–C). Knockdown
of ATF4 (Fig. 7A) or CHOP (Fig. 7B) significantly blocked induc-
tion of Trib3 mRNA in both the 6-OHDA and MPP� models
(ANOVA with Student-Newman-Keuls tests, p � 0.05, p �
0.005, p � 0.0005). Moreover, CHOP knockdown conferred sig-
nificant protection in both of these toxin models (Fig. 7D;
ANOVA with Student-Newman-Keuls tests, p � 0.05, p �
0.005). We also tested concurrent knockdown of both ATF4
and CHOP in the MPP � model, and this provided no greater
reduction of Trib3 induction than achieved with ATF4 or
CHOP alone (Fig. 7C; ANOVA with Student-Newman-Keuls
tests, p � 0.005, p � 0.0005). Together, these findings identify

ATF4 and CHOP as major regulators of Trib3 induction in
cellular toxin models of PD.

Trib3 interacts with and decreases in vitro and in vivo
expression of Parkin
Trib3 appears to have scaffold-like properties and interacts with a
number of protein partners (Hegedus et al., 2006, 2007). One
example is Akt; Trib3 binds Akt and inhibits its activation (Du et
al., 2003). However, we were unable to find consistent effects of
Trib3 manipulation on levels of activated Akt in the context of
our PD models (data not shown). Trib3 also binds the E3
ubiquitin-protein ligases Smurf1 and Smurf2 and promotes their
degradation (Chan et al., 2007; Hua et al., 2011). Parkin (product
of the PARK2 gene) is an E3 ubiquitin-protein ligase that plays a
key role in pathogenic substrate clearance and mitochondrial ho-
meostasis and that appears to be involved in both familial and
sporadic forms of PD (Dawson and Dawson, 2014). Mutations
leading to Parkin loss of function cause an autosomal recessive
form of juvenile parkinsonism (Kitada et al., 1998). Decreases in
Parkin protein levels have been reported in in vitro and in vivo
toxin-based models of PD (Kühn et al., 2003; Sonia Angeline et
al., 2012; Sun et al., 2013). We therefore explored whether Trib3
might bind to and affect Parkin expression in the context of our
cellular PD models. First, we assessed whether Trib3 interacts
with Parkin (Fig. 8). Because Trib3 protein levels are low in un-
stressed cells, we used Trib3 overexpression in these experiments.
After 48 h of lentivirus-mediated expression of Trib3 in neuronal
PC12 cells, immunoprecipitation with an anti-Parkin antibody
specifically coimmunoprecipitated Trib3, indicating that Trib3
and Parkin physically interact in this context.

Next, we assessed whether Trib3 overexpression is sufficient
to affect Parkin levels. In neuronal PC12 cells, Trib3 overexpres-

Figure 5. Trib3 induces death of neuronal PC12 cells and postnatally derived ventral midbrain dopaminergic neurons. A, Left, Survival assay shows a decrease in the proportion of surviving
neuronal PC12 cells after infection with a lentivirus carrying a Trib3-expressing vector (pWPI Trib3) for the indicated times (1, 3, or 7 d), compared with cells transduced with an empty control vector
(pWPI empty). ***p � 0.005 (ANOVA with Dunnett’s test). Right, Representative Western blot images show the level of Trib3 expression typically obtained during such experiments. B, Trib3
overexpression decreases survival of cultured postnatally derived ventral midbrain dopaminergic neurons. Left, Representative images of cultures infected with lentivirus expressing Trib3 and GFP
(pWPI Trib3) or GFP alone (pWPI empty) and immunostained for TH (red) or GFP (green, lentiviral-infected cells) and stained with DAPI (blue, nuclear marker). Right, Corresponding quantifications
of TH �-infected cells showing a decrease in the number of dopaminergic neurons (TH �/GFP �) infected with lentivirus carrying Trib3 for 6 –9 d compared with dopaminergic neurons transduced
with an empty control vector. ***p � 0.0005 (t test). Values are mean � SEM and were obtained from at least three independent experiments done in triplicate.
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sion led to an 	40% fall in Parkin levels within 24 h (Fig. 9A,B;
ANOVA with Student-Newman-Keuls tests, p � 0.005). At that
time, Trib3 overexpression was 	2-fold to 3-fold, similar to what
occurs with toxin and �-synuclein treatment. Interestingly, there
was only a minor additional decrease in parkin expression beyond
1 d at times when Trib3 overexpression reaches
10-fold, suggesting

a possible threshold effect. Similarly, a densitometric quantification
of Parkin immunostaining signal in dopaminergic neurons infected
with a Trib3-expressing lentivirus revealed a 33% decrease in Parkin
protein levels compared with neurons infected with control empty
virus (Fig. 9D,E; t test, p � 0.0005). To analyze a possible transcrip-
tional effect of Trib3 overexpression on Parkin levels, a similar ex-

Figure 6. Trib3 downregulation and Trib3 knock-out protect from cell death in PD cellular models. A, Representative Western blot images showing the extent of Trib3 knockdown obtained in
neuronal PC12 cells treated with 150 �M 6-OHDA. Top band represents Trib3. Bottom band noted with an asterisk is nonspecific. B, Trib3 knockdown protects neuronal PC12 cells from death elicited
by 6-OHDA and MPP �. Survival assay shows the proportion of surviving cells after treatment with 125–150 �M 6-OHDA (left) or 1000 �M MPP � (right) for 24 h. Cells were infected as indicated
with a control shRNA (against either DSRED, shDSRED) or a scrambled version of the shTRIB3 sequence (shSCR) or with an shRNA targeted against Trib3 (shTRIB3). C, Trib3 knockdown protects
cultured rat ventral midbrain dopaminergic neurons from death elicited by 6-OHDA, MPP �, or preformed �-synuclein fibrils. Survival assays show the proportion of remaining rat dopaminergic
(TH �) ventral midbrain neurons after treatment with 40 �M 6-OHDA for 24 h (left), 40 �M MPP � for 24 h (middle), or 5 �g/ml of �-synuclein fibrils for 10 d (right). D, E, Dopaminergic (TH �)
neurons cultured from Trib3 �/� mouse ventral midbrain show decreased sensitivity to 6-OHDA and MPP �. D, Survival assays show the proportion of surviving wild-type (WT) and Trib3 �/�

mouse dopaminergic (TH �) ventral midbrain neurons after treatment for 24 h with 40 �M 6-OHDA (left) or 40 �M MPP � (right). E, Representative images of TH � neurons in cultures of WT and
Trib3 �/� ventral midbrain show that the absence of Trib3 protects processes from degeneration elicited by 6-OHDA and MPP �. A–D, Values are mean � SEM from three or four independent
experiments performed in triplicate. Multiple comparisons were performed using ANOVA with Student-Newman-Keuls post hoc tests: #Compared with untreated cells expressing a control shRNA or
wild-type cells. *Compared with toxin-treated cells expressing a control shRNA or wild-type cells. *p � 0.05; **p � 0.005; ***p � 0.0005; ###p � 0.0005.
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periment was conducted by qPCR to
measure both Trib3 and Parkin mRNA lev-
els after 1–2 d of Trib3 overexpression in
neuronal PC12 cells (Fig. 9C). Although
lentiviral-mediated Trib3 overexpression
led to a massive increase in Trib3 mRNA
level (	70 fold, t test, p � 0.0005), Parkin
mRNA levels remained unaffected, thus rul-
ing out a transcriptional regulation of Par-
kin by Trib3.

Next, we determined whether Trib3
deletion affects Parkin levels in vivo. By
comparing Parkin levels in whole-brain
extracts of Trib3-null and wild-type mice,
we found that complete suppression of
Trib3 led to a significant increase (by
	50%) of basal Parkin protein expres-
sion (Fig. 10 A, B; t test, p � 0.05). We
then studied the potential role of Trib3
induction in the fall in Parkin levels that
occurs in response to 6-OHDA (Fig.
10C,D). As anticipated, for neuronal
PC12 cells expressing a control shRNA,
6-OHDA elevated Trib3 protein levels
and concomitantly decreased Parkin
protein expression. However, when
Trib3 induction was blocked by infec-
tion with shTrib3 lentivirus, there was a
partial rescue of Parkin protein levels in
the presence of toxin (Fig. 10C,D;
ANOVA with Student-Newman-Keuls
tests, p � 0.05, p � 0.005, p � 0.0005).

Parkin overexpression protects from
Trib3 overexpression and Parkin
knockdown reverses the protective effects of Trib3
knockdown in a cellular toxin model
Converging evidence indicates a protective role for Parkin over-
expression in multiple in vitro (Jiang et al., 2004; Sun et al., 2013)

and in vivo (Haque et al., 2012) models of PD. We therefore
assessed whether Parkin overexpression could prevent death in-
duced by Trib3 overexpression. As shown in Figure 11A, Parkin
significantly protected neuronal PC12 cells from death caused by
Trib3 overexpression (ANOVA with Student-Newman-Keuls
tests, p � 0.0005). Next, to ascertain the extent to which the
protective actions of Trib3 knockdown are mediated through
maintenance of Parkin levels, we examined whether Trib3 silenc-
ing would still be protective when Parkin was also knocked
down (Fig. 11B,C). Indeed, knocking down Parkin completely
abolished the protective effect of Trib3 knockdown on 6-OHDA-
treated neuronal PC12 cells (Fig. 11B; ANOVA with Student-
Newman-Keuls tests, p � 0.0005).

Costaining of Parkin and Trib3 in SNpc reveals a large
increase in proportion of dopaminergic neurons expressing
high levels of Trib3 and low levels of Parkin in PD patients
We next analyzed the potential PD-associated relevance of the
effects of Trib3 on Parkin levels by assessing double immuno-
staining of Trib3 and Parkin proteins in dopaminergic neurons of
postmortem midbrains of PD and age-matched control patients
(control: 82.8 � 6.3 years, PD: 75.8 � 4.5 years, t test, p 
 0.05;
N � 5 for controls and 6 for PD patients). As a positive control for
Parkin expression, we immunostained gallbladder sections, a tis-
sue known to contain high levels of Parkin protein (the human
protein atlas; http://www.proteinatlas.org) (Uhlén et al., 2015).
This revealed strong Parkin cytoplasmic immunoreactivity in
glandular cells lining the gallbladder lumen, which was absent

4

Figure 7. ATF4 and CHOP contribute to Trib3 induction by 6-OHDA and MPP � in neuronal
PC12 cells. A, ATF4 knockdown reduces induction of Trib3 mRNA in response to 6-OHDA and
MPP �. Real-time qPCR analyses show the effects of lentivirally delivered ATF4 shRNA on levels
of ATF4 mRNA (left) and Trib3 mRNA (right) after treatment with 150 �M 6-OHDA or 1000 �M

MPP � for 8 h. Control cultures were infected with a control shRNA (sh-MUTANT). B, CHOP
knockdown reduces induction of Trib3 mRNA in response to 6-OHDA and MPP �. Real-time
qPCR analyses show the effects of lentivirally delivered CHOP shRNA on levels of CHOP mRNA
(left) and Trib3 mRNA (right) after treatment with 150 �M 6-OHDA or 1000 �M MPP � for 8 h.
Control cultures were infected with a control empty vector (empty). C, Combined knockdown of
both ATF4 and CHOP does not enhance suppression of Trib3 mRNA induction by MPP � over that
achieved with knockdown of either alone. Experimental details are given in A and B, except that
cells were infected with a mixture of both control vectors (control, empty vector, and sh-
MUTANT), sh-ATF4, shCHOP, or both shRNAs (shATF4/shCHOP) as indicated. D, CHOP knock-
down protects neuronal PC12 cells from 6-OHDA and MPP �. E, Knockdown of FOXO
transcription factors does not significantly block Trib3 induction in PC12 cells treated with
6-OHDA. Neuronal PC12 cells were transduced with lentiviruses expressing either a control
shRNA (shDSRED) or an shRNA targeted against FOXO family transcription factors (shFOXO) and
treated with 6-OHDA. A–C, E, mRNA levels are normalized against �-tubulin or 18S rRNA.
Values are mean � SEM and were analyzed from at least three independent experiments done
in duplicate or triplicate. Comparisons were performed using ANOVA with Student-Newman-
Keuls post hoc tests: #Compared with untreated cells expressing a control shRNA. *Compared
with toxin-treated cells expressing a control shRNA. *p � 0.05; **p � 0.005; ##p � 0.005;
***p � 0.0005; ###p � 0.0005.

Figure 8. Trib3 and Parkin physically interact in neuronal PC12 cells. Top, Short exposures. Bottom, Long exposures. Left panels,
Western immunoblot images showing Trib3. Right panels, Parkin and ERK protein levels. Neuronal PC12 cells were transduced with
an empty control vector (pWPI empty) or a Trib3-expressing vector (pWPI Trib3) for 48 h, and an immunoprecipitation (IP)
experiment was performed with anti-Parkin antibody or control IgG.
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when primary antibody was omitted (data not shown). We
then proceeded to assess, in a blinded manner, the coexpres-
sion of Trib3 and Parkin in a random set of neuromelanin
neurons in postmortem substantia nigrae. Images of single
neurons were presented to the blinded observer so that PD and
control brains could not be distinguished on the basis of neu-
ronal density.

For each neuron examined, expression of each protein was
scored as either high or low (Fig. 12A,B). In agreement with the
findings in Figure 4, for this new set of midbrains, we found a
subset of neuromelanin-positive neurons highly positive for
Trib3 granular cytoplasmic immunostaining (blue staining, Fig.
12A, arrows, B) and confirmed that the proportion of these was
substantially increased in the midbrain of PD patients (Fig.
12C,D). In this sample set, the mean proportion of neur-
omelanin-positive neurons with high Trib3 immunostaining was
elevated by 	5-fold in PD brains compared with controls (Fig.
12D; t test, p � 0.05). The higher proportion of highly Trib3-

positive neurons detected in the PD brains (compared with that
in Fig. 4) might be attributable to a great interindividual variabil-
ity seen in this new sample set as well as technical variations and
independent experimental conditions.

We also observed a subset of dopaminergic neurons display-
ing high Parkin levels (homogeneous purple staining, Fig. 12A,
arrowheads, B). The proportion of dopaminergic neurons with
substantial levels of Parkin was decreased in the midbrain of PD
patients (Fig. 12C,D). The mean proportion of neuromelanin-
positive neurons with high levels of Parkin corresponded to 64%
of neuromelanin-positive neurons in controls, and to 50% of
neuromelanin-positive neurons in PD patients. However, this
difference did not reach statistical significance (Fig. 12D; t test,
p � 0.29).

Finally, analysis of Parkin and Trib3 costaining revealed a
marked distinction between neuromelanin-positive neurons in
control and PD midbrains (Fig. 12C,D). The most prominent
neuronal population in control cases was that with high Parkin

Figure 9. Trib3 overexpression decreases Parkin levels. A, B, Trib3 overexpression decreases Parkin protein levels in neuronal PC12 cells. Representative Western blot images (A) and correspond-
ing quantifications (B) of Trib3 (top) and Parkin (bottom) protein levels in neuronal PC12 cells transduced with an empty control vector (pWPI empty) or a Trib3-expressing vector (pWPI Trib3) for
the indicated times (1, 3, or 7 d). Protein levels were quantified and normalized to ERK protein levels, and values are mean � SEM from five independent experiments. Multiple comparisons were
performed using ANOVA with Student-Newman-Keuls post hoc tests: **p � 0.005; ***p � 0.0005. C, qPCR analyses of Trib3 (left) and Parkin (right) mRNA levels in neuronal PC12 cells, transduced
with pWPI empty or pWPI Trib3 for 1–2 d, shows that Trib3 overexpression does not affect Parkin mRNA levels. Trib3 and Parkin mRNA levels are normalized against 18S rRNA, and values are mean�
SEM and were analyzed from three independent experiments performed in triplicate. ***p � 0.0005 (t test). D, E, Trib3 overexpression reduces Parkin expression in cultured postnatally derived
ventral midbrain dopaminergic neurons. D, Representative immunofluorescence images of cultured postnatally derived ventral midbrain dopaminergic neurons immunostained for TH (blue), GFP
(green, lentiviral-infected cells), and Parkin (red) after 2 d of infection with pWPI empty or pWPI Trib3. E, Quantification of relative Parkin immunostaining signals in dopaminergic neurons
expressing pWPI Trib3 for 1– 4 d, compared with dopaminergic neurons expressing pWPI-empty. ***p � 0.0005 (t test). Trib3 relative protein levels correspond to the mean � SEM of Trib3
densitometric signals measured in 45–58 individual neurons and normalized to the corresponding control conditions. Values were analyzed from three independent experiments done in triplicate.
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and low Trib3 levels; and, by contrast, the most prominent neu-
ronal population in PD cases was that with high Trib3 and low
Parkin levels (Fig. 12C). The mean proportion of neuromelanin-
positive neurons with high Trib3 and low Parkin staining was
elevated by approximately sevenfold in PD brains compared with
controls (Fig. 12D; t test, p � 0.05). By contrast, the mean pro-
portion of dopaminergic neurons with high Parkin and low Trib3
staining was decreased by approximately twofold in PD brains
compared with controls (Fig. 12D; t test, p � 0.005).

Discussion
Together, the present results indicate that Trib3 is a potential
mediator of neuronal death and degeneration in PD. We found
that Trib3 is induced in multiple cellular models of PD, including
those using PD-mimetic toxins and �-synuclein fibrils and that
the SNpc of PD patients contains a significantly higher number of
dopaminergic neurons with detectable or high Trib3 expression
compared with non-PD patients. Trib3 induction in cellular
models occurred before cell death was detectable, consistent with
it being a cause of, rather than consequence of, cell degeneration.
These results establish Trib3 as an early mediator of cell death,
and its potential as a therapeutic target is of particular interest in
an effort to intervene in early events of neurodegeneration. In line
with this, Trib3 overexpression was sufficient to promote neuro-
nal death. Moreover, knockdown or knock-out of Trib3 re-
pressed death of neuronal PC12 cells and dopaminergic ventral
midbrain neurons evoked by either PD-mimicking toxins or
�-synuclein fibrils. In addition, Trib3-null neurons were pro-

tected from neurite degeneration induced by 6-OHDA and
MPP�.

Trib3 is a member of a small family consisting of Tribs 1–3
(Hegedus et al., 2006, 2007; Dobens and Bouyain, 2012; Lohan
and Keeshan, 2013). Among their multiple activities, Trib1 and
Trib2 have been described as having either context-dependent
proapoptotic or antiapoptotic activities in non-neuronal cells
(Jin et al., 2007; Gilby et al., 2010; Rishi et al., 2014). It remains to
be determined whether these proteins play roles in neurons or in
PD. We have reported that Trib1 and 2 are upregulated in brains
and superior cervical sympathetic ganglia of Trib3-null mice (Za-
reen et al., 2013). Compensation by these proteins could explain
why dopaminergic neurons from Trib3-null mice, although re-
sistant to 6-OHDA and MPP�, were less protected compared
with those in which Trib3 was acutely knocked down with
shRNA. Such a consideration would also suggest that mice null
only for Trib3 may not be optimal for testing the role of this gene
in PD-associated neuron death.

Numerous transcription factors have been implicated in
stress-induced Trib3 induction, including ATF4 (Ohoka et al.,
2005; Ord and Ord, 2005; Rzymski et al., 2008), CHOP (product
of the Ddit3 gene) (Ohoka et al., 2005; Shang et al., 2010), NFkB
(Rzymski et al., 2008), FOXO family genes (Zareen et al., 2013),
Nrf2 (Juknat et al., 2013), C/EBP� (Ishikawa et al., 2009), and
myb and c-Jun (Kristiansen et al., 2011; Zareen et al., 2013). In
contrast to the induction of Trib3 that occurs in response to
NGF-deprivation, Trib3 induction in the 6-OHDA model was

Figure 10. Trib3 downregulation or deletion increases Parkin levels. A, B, Parkin level is increased in brains of Trib3-null mice. Representative Western immunoblot images (A) and corresponding
quantifications (B) of Parkin protein levels in whole-brain lysates from postnatal day 1 (P1) wild-type and P1 Trib3-null mice. Values are normalized to ERK and expressed as mean � SEM from 3
animals of each genotype. *p �0.05 (t test). C, D, Trib3 knockdown suppresses the fall in Parkin levels that occurs in neuronal PC12 cells in response to 6-OHDA. C, Representative Western blot image
showing Parkin and Trib3 protein levels in cells infected with lentivirus expressing either a control shRNA (shSCR) or shTrib3 and then treated for 8 h with 150 �M 6-OHDA. Top band represents Trib3.
Bottom band noted with an asterisk is nonspecific. D, Quantification of relative Trib3 (left) and Parkin (right) protein levels under the conditions corresponding to those in C. Values are normalized
to ERK and expressed as mean � SEM from five independent experiments. #Compared with untreated cells expressing shControl. *Compared with cells treated with 6-OHDA and expressing
shControl. ANOVA with Student-Newman-Keuls tests: *p � 0.05; ##p � 0.005; *** p � 0.0005; ###p � 0.0005.

10744 • J. Neurosci., July 29, 2015 • 35(30):10731–10749 Aimé et al. • Trib3 Mediates Death in Parkinson’s Disease Models



not significantly affected by FoxO knockdown. Instead, we found
that knocking down CHOP or ATF4 reduced induction of Trib3
mRNA in response to 6-OHDA or MPP� by approximately half.
We found that CHOP and ATF4 were strongly induced by
6-OHDA and MPP� in neuronal PC12 cells. This is consistent
with previous studies that have shown induction of ATF4 and
CHOP in in vitro and in vivo toxin models of PD (Ryu et al., 2002;
Holtz and O’Malley, 2003; Silva et al., 2005) and of ATF4 in
dopaminergic neurons of PD patients (Sun et al., 2013). We also
observed that combined silencing of ATF4 and CHOP did not
lead to additional blockade of Trib3 induction. This suggests that
the two work in the same pathway and is consistent with the
report that ATF4 and CHOP form heterodimers that synergisti-

cally cooperate to activate the Trib3 promoter (Ohoka et al.,
2005). The importance of CHOP in regulating Trib3 and death in
PD models is supported by our observation that CHOP knock-
down was protective in both the MPP� and 6-OHDA models
and the report that dopaminergic neurons in CHOP null mice are
resistant to 6-OHDA (Silva et al., 2005). Although our studies
identify CHOP and ATF4 as major upstream regulators of Trib3
in cellular PD models, our data also indicate that additional tran-
scription factors remain to be identified that participate in Trib3
expression in the context of PD. Several reports point to p8 (also
known as Nupr1) as a major upstream activator of the ATF4/
CHOP-TRIB3 pathway leading to the apoptosis of cancer cells
(Carracedo et al., 2006; Salazar et al., 2009). Because p8 is present

Figure 11. Parkin overexpression protects from death caused by Trib3 overexpression, and Parkin knockdown abolishes the protective effect of Trib3 knockdown. A, Parkin overexpression
protects neuronal PC12 cells from death caused by Trib3 overexpression. Data show the proportion of surviving GFP � neuronal PC12 cells cotransfected with a Trib3-expressing vector (pWPI Trib3)
and either a Parkin-expressing vector (pCMV6 Parkin) or an empty control vector (pWPI empty, pCMV6 entry). Values are mean � SEM and were obtained from two independent experiments
performed in quadruplicate. Multiple comparisons were performed using ANOVA with Student-Newman-Keuls post hoc tests. #Compared with cells cotransfected with pCMV6 entry and pWPI
empty. *Compared with cells cotransfected with pCMV6 entry and pWPI TRIB3. ***p � 0.0005. ###p � 0.0005. B, Parkin knockdown abolishes the protective effect of Trib3 knockdown on
6-OHDA-treated neuronal PC12 cells. Replicate cultures of neuronal PC12 cells were infected with lentiviruses expressing a control shRNA (shControl), shTrib3, shParkin, or both shTrib3 and shParkin
(shTrib3/shParkin) and then treated with 150 �M 6-OHDA for 24 h. Values show the relative proportion of viable cell nuclei after treatment for each condition and are mean � SEM and were derived
from three independent experiments performed in triplicate. Multiple comparisons were performed using ANOVA with Student-Newman-Keuls post hoc tests. #Compared with untreated cells
expressing shControl. *Compared with cells treated with 6-OHDA and expressing shControl. &Compared with cells treated with 6-OHDA and expressing shTrib3. ***p � 0.0005. ###p � 0.0005.
&&&p � 0.0005. C, Representative Western blot images showing the efficiency of Parkin knockdown in neuronal PC12 cells typically achieved by lentiviral-mediated delivery of shParkin used for
these experiments. Parkin corresponds to the bottom band; the top band noted with an asterisk is nonspecific.
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Figure 12. Trib3 and Parkin coexpression in the substantia nigra of control and PD patients. A, Representative images of dopaminergic neurons in postmortem midbrains from age-matched
human control and PD patients immunostained for Trib3 (blue) and Parkin (violet). Dopaminergic neurons are identified by the presence of neuromelanin (NM) inclusions (brown). Arrows indicate
NM � neurons highly positive for Trib3 staining. Arrowheads indicate NM � neurons highly positive for Parkin immunostaining. B, High-magnification images of two examples of dopaminergic
neurons displaying high Parkin and low Trib3 levels (left) and low Parkin and high Trib3 levels (right). C, Pie charts showing the proportion of NM � neurons with low Parkin/low Trib3, high
Parkin/low Trib3, low Parkin/high Trib3, and high Parkin/high Trib3 staining observed in controls (left) and PD cases (right). D, Scatter plots showing, from left to right: the proportion of NM �

neurons with high Trib3, high Parkin, high Trib3/low Parkin, high Parkin/low Trib3 staining in controls and PD patients. *p � 0.05 (t tests). **p � 0.005 (t tests). These data are based on the blinded
scoring of 5 control and 6 PD patients’ brains. A total of 225 NM � neurons were scored in controls, and 233 NM � neurons were scored in PD cases.
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in the nervous system (Khalyfa et al., 2007; Sárvári et al., 2010), it
would be interesting to test in the future whether p8 knockdown
prevents induction of ATF4, CHOP, and Trib3 and cell death in
PD cellular models.

Although ATF4 plays a major role in induction of proapop-
totic Trib3, several studies indicate that this transcription factor
has a net protective function in PD models, at least in part by
maintaining levels of the antiapoptotic protein Parkin (Sun et al.,
2013; Wu et al., 2014). Thus, knocking down ATF4 sensitizes
neuronal cells to PD-mimicking toxins while overexpressing it
provides partial protection (Sun et al., 2013). It therefore appears
that ATF4 may activate both proapoptotic and antiapoptotic
genes in the context of PD. Trib3 has been shown to bind to and
inactivate ATF4 (Ord and Ord, 2003, 2005; Jousse et al., 2007;
Liew et al., 2010). Once Trib3 has been sufficiently induced, this
negative feedback might shut down the protective pathway or-
chestrated by ATF4 upon sustained stress, therefore participating
in the prodeath action of Trib3. This suggests that reducing Trib3
expression may not only relieve the proapoptotic activities of this
protein in PD but also enhance the protective actions of ATF4.

Our studies revealed at least one potential mechanism by
which Trib3 mediates neuronal death in cellular models of PD,
namely, by regulating levels of the prosurvival Parkin protein. In
humans, Parkin loss of function via mutation is associated with
autosomal recessive early-onset PD (Kitada et al., 1998). Loss of
Parkin activity also has been suggested to play a role in sporadic
PD (Dawson and Dawson, 2014). As confirmed here, Parkin pro-
tein levels fall by 	50% in response to 6-OHDA and MPP�, and
this decrease appears to sensitize cells to these toxins (Kühn et al.,
2003; Sonia Angeline et al., 2012; Sun et al., 2013). In our studies,
we found that Trib3 physically interacts with Parkin and that
Trib3 overexpression was sufficient to decrease Parkin levels by
	40%. This decrease in Parkin protein was near maximal after
just one day of Trib3 overexpression, when levels of Trib3 protein
were increased by approximately twofold, an elevation compara-
ble with that achieved with 6-OHDA, MPP�, or �SYN treat-
ments. Conversely, Parkin levels were elevated in brains of Trib3
knock-out animals and Trib3 knockdown in culture substantially
protected Parkin levels during treatment with 6-OHDA. Signifi-
cantly, the protective effect of Trib3 knockdown was abolished
when Parkin was also downregulated.

Our findings indicate that Trib3 overexpression does not
change Parkin mRNA levels. Therefore, it seems unlikely that
Trib3 regulates Parkin transcription, thus suggesting that Trib3
rather affects Parkin turnover. This is consistent with findings
that Trib3 can target other proteins for degradation (Chan et al.,
2007; Hua et al., 2011; Aynaud et al., 2012). Parkin has been
reported to be degraded by both proteasomal (Yu and Zhou,
2008; Sun et al., 2013) and autophagic (Durcan and Fon, 2011)
pathways as well as by caspases (Kahns et al., 2002, 2003), so the
exact means by which Trib3 might affect Parkin stability remains
to be established.

In agreement with previous studies in human postmortem
substantia nigra, we found that Parkin is localized in the cyto-
plasm and the neurites of dopaminergic neurons (Shimura et al.,
1999; Huynh et al., 2000; Zarate-Lagunes et al., 2001). In addi-
tion, we found substantial heterogeneity of Parkin staining
in both control and PD patients. This is consistent with
Zarate-Lagunes et al. (2001), who reported observing some
neuromelanin-positive substantia nigral neurons without detect-
able Parkin immunostaining. By evaluating costaining of Trib3
and Parkin in dopaminergic neurons, we found that high Parkin
and low Trib3 levels were the most highly represented in control

cases. Conversely, high Trib3 and low Parkin levels were the most
frequent in PD cases. These findings demonstrate a clear redistri-
bution of Parkin and Trib3 coexpression in PD. Although these
data do not show a strictly inverse relationship between high
Trib3 and low Parkin expression (neurons with low Parkin and
low Trib3 expression were observed in both control and PD pa-
tients; as were those with high Trib3 and high Parkin), they do
suggest that, in a substantial number of neurons, increased Trib3
correlates with a decrease in Parkin protein levels. Thus, these
findings suggest that Trib3 may influence Parkin levels in PD and
that additional factors also contribute to regulation of Parkin
expression.

Together, our observations support the idea that Trib3 ex-
pression is elevated in both PD and in PD models and that this
contributes to neuron degeneration and death, at least in part, by
diminishing the expression of Parkin protein. Targeting Trib3
and/or the pathways that lead to its induction in PD (such as
CHOP) may therefore represent a novel means to delay or pre-
vent the progressive degeneration and loss of neurons that occurs
in this and potentially additional neurodegenerative diseases as-
sociated with activation of cellular stress pathways.
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Aimé et al. • Trib3 Mediates Death in Parkinson’s Disease Models J. Neurosci., July 29, 2015 • 35(30):10731–10749 • 10747

http://dx.doi.org/10.1074/jbc.M112.372722
http://www.ncbi.nlm.nih.gov/pubmed/22977230
http://dx.doi.org/10.1507/endocrj.K08E-049
http://www.ncbi.nlm.nih.gov/pubmed/18497449
http://dx.doi.org/10.1002/mds.21065
http://www.ncbi.nlm.nih.gov/pubmed/17078043
http://dx.doi.org/10.1152/ajpregu.00169.2010
http://www.ncbi.nlm.nih.gov/pubmed/21068199
http://dx.doi.org/10.1158/0008-5472.CAN-06-0169
http://www.ncbi.nlm.nih.gov/pubmed/16818650
http://dx.doi.org/10.1371/journal.pone.0015716
http://www.ncbi.nlm.nih.gov/pubmed/21203563
http://dx.doi.org/10.1128/MCB.00218-07
http://www.ncbi.nlm.nih.gov/pubmed/17576816
http://dx.doi.org/10.4161/cbt.4.10.2205
http://www.ncbi.nlm.nih.gov/pubmed/16294033
http://dx.doi.org/10.1093/bmb/ldn013
http://www.ncbi.nlm.nih.gov/pubmed/18398010
http://dx.doi.org/10.1159/000354307
http://www.ncbi.nlm.nih.gov/pubmed/24029689
http://dx.doi.org/10.1111/j.1471-4159.2004.02415.x
http://www.ncbi.nlm.nih.gov/pubmed/15086533
http://dx.doi.org/10.1002/dvdy.23822
http://www.ncbi.nlm.nih.gov/pubmed/22711497
http://dx.doi.org/10.1126/science.1079817
http://www.ncbi.nlm.nih.gov/pubmed/12791994


Durcan TM, Fon EA (2011) Mutant ataxin-3 promotes the autophagic deg-
radation of parkin. Autophagy 7:233–234. CrossRef Medline

Fahn S, Sulzer D (2004) Neurodegeneration and neuroprotection in Par-
kinson disease. NeuroRx 1:139 –154. CrossRef Medline

Fujiwara H, Hasegawa M, Dohmae N, Kawashima A, Masliah E, Goldberg
MS, Shen J, Takio K, Iwatsubo T (2002) �-Synuclein is phosphorylated
in synucleinopathy lesions. Nat Cell Biol 4:160 –164. CrossRef Medline

Ganser C, Papazoglou A, Just L, Nikkhah G (2010) Neuroprotective effects
of erythropoietin on 6-hydroxydopamine-treated ventral mesencephalic
dopamine-rich cultures. Exp Cell Res 316:737–746. CrossRef Medline

Gearan T, Castillo OA, Schwarzschild MA (2001) The parkinsonian neuro-
toxin, MPP � induces phosphorylated c-Jun in dopaminergric neurons of
mesencephalic cultures. Parkinsonism Relat Disord 8:19 –22. CrossRef
Medline

Gilby DC, Sung HY, Winship PR, Goodeve AC, Reilly JT, Kiss-Toth E (2010)
Tribbles-1 and -2 are tumour suppressors, down-regulated in human
acute myeloid leukaemia. Immunol Lett 130:115–124. CrossRef Medline

Greene LA, Tischler AS (1976) Establishment of a noradrenergic clonal line
of rat adrenal pheochromocytoma cells which respond to nerve growth
factor. Proc Natl Acad Sci U S A 73:2424 –2428. CrossRef Medline

Han J, Back SH, Hur J, Lin YH, Gildersleeve R, Shan J, Yuan CL, Krokowski D,
Wang S, Hatzoglou M, Kilberg MS, Sartor MA, Kaufman RJ (2013) ER-
stress-induced transcriptional regulation increases protein synthesis lead-
ing to cell death. Nat Cell Biol 15:481– 490. CrossRef Medline

Haque ME, Mount MP, Safarpour F, Abdel-Messih E, Callaghan S, Mazerolle
C, Kitada T, Slack RS, Wallace V, Shen J, Anisman H, Park DS (2012)
Inactivation of Pink1 gene in vivo sensitizes dopamine-producing neu-
rons to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and can
be rescued by autosomal recessive Parkinson disease genes, Parkin or
DJ-1. J Biol Chem 287:23162–23170. CrossRef Medline

Hegedus Z, Czibula A, Kiss-Toth E (2006) Tribbles: novel regulators of cell
function; evolutionary aspects. Cell Mol Life Sci 63:1632–1641. CrossRef
Medline

Hegedus Z, Czibula A, Kiss-Toth E (2007) Tribbles: a family of kinase-like
proteins with potent signalling regulatory function. Cell Signal 19:238 –
250. CrossRef Medline

Holtz WA, O’Malley KL (2003) Parkinsonian mimetics induce aspects of
unfolded protein response in death of dopaminergic neurons. J Biol
Chem 278:19367–19377. CrossRef Medline

Hua F, Mu R, Liu J, Xue J, Wang Z, Lin H, Yang H, Chen X, Hu Z (2011)
TRB3 interacts with SMAD3 promoting tumor cell migration and inva-
sion. J Cell Sci 124:3235–3246. CrossRef Medline

Huynh DP, Scoles DR, Ho TH, Del Bigio MR, Pulst SM (2000) Parkin is
associated with actin filaments in neuronal and nonneural cells. Ann
Neurol 48:737–744. CrossRef Medline

Ishikawa F, Akimoto T, Yamamoto H, Araki Y, Yoshie T, Mori K, Hayashi H,
Nose K, Shibanuma M (2009) Gene expression profiling identifies a role
for CHOP during inhibition of the mitochondrial respiratory chain.
J Biochem 146:123–132. CrossRef Medline

Jiang H, Ren Y, Zhao J, Feng J (2004) Parkin protects human dopaminergic
neuroblastoma cells against dopamine-induced apoptosis. Hum Mol
Genet 13:1745–1754. CrossRef Medline

Jin G, Yamazaki Y, Takuwa M, Takahara T, Kaneko K, Kuwata T, Miyata S,
Nakamura T (2007) Trib1 and Evi1 cooperate with Hoxa and Meis1 in
myeloid leukemogenesis. Blood 109:3998 – 4005. CrossRef Medline

Jousse C, Deval C, Maurin AC, Parry L, Chérasse Y, Chaveroux C, Lefloch R,
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