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A B S T R A C T

DJ-1 is a highly conserved protein that protects neurons against oxidative stress and whose loss of function
mutations are linked to recessively inherited Parkinson's disease (PD). While a number of signaling pathways
have been shown to be regulated by DJ-1, its role in controlling cell survival through non-coding RNAs remains
poorly understood. Here, using a microarray screen, we found that knocking down DJ-1 in human neuro-
blastoma cells results in down-regulation of microRNA-221 (miR-221). This is one of the most abundant miRNAs
in the human brain and promotes neurite outgrowth and neuronal differentiation. Yet the molecular mechanism
linking miR-221 to genetic forms of PD has not been studied. Consistent with the microarray data, miR-221
expression is also decreased in DJ-1-/- mouse brains. Re-introduction of wild-type DJ-1, but not its PD-linked
pathogenic M26I mutant, restores miR-221 expression. Notably, over-expression of miR-221 is protective against
1-methyl-4-phenylpyridinium (MPP+)-induced cell death, while inhibition of endogenous miR-221 sensitizes
cells to this toxin. Additionally, miR-221 down-regulates the expression of several pro-apoptotic proteins at basal
conditions and prevents oxidative stress-induced up-regulation of bcl-2-like protein 11 (BIM). Accordingly, miR-
221 protects differentiated DJ-1 knock-down ReNcell VM human dopaminergic neuronal cells from MPP+-in-
duced neurite retraction and cell death. DJ-1 is a known activator of the mitogen-activated protein kinase
(MAPK)/extracellular-regulated kinase (ERK) pathway and may modulate miR-221 levels in part through this
pathway. We found that inhibiting ERK1/2 decreases miR-221 levels, whereas over-expressing ERK1 in DJ-1
knock-down cells increases miR-221 levels. These findings point to a new cytoprotective mechanism by which
DJ-1 may increase miR-221 expression through the MAPK/ERK pathway, subsequently leading to repression of
apoptotic molecules. The inability of a pathogenic DJ-1 mutant to modulate miR-221 further supports the re-
levance of this mechanism in neuronal health and its failure in DJ-1-linked PD.

1. Introduction

Loss-of-function mutations in DJ-1 (PARK7) are linked to autosomal
recessively inherited Parkinson's disease (PD), and this gene is im-
plicated in sporadic PD as well [1–3]. DJ-1 is a highly conserved
homodimeric protein that is directly cytoprotective in neurons [4] and
astroglia [5] under oxidative stress conditions [6,7]. Additionally, DJ-1
influences the transcriptome and proteome of a cell by regulating
transcription factors and post-transcriptional processes, often inter-
fering with pro-apoptotic processes [8,9] or upregulating antioxidant
proteins [10,11].

microRNAs (miRNA) are short non-coding RNAs of about 22 nu-
cleotides long that negatively regulate the post-transcriptional network

by recognizing target mRNAs through base-pairing, and catalyzing
transcript degradation or inhibiting mRNA translation [12]. Perturba-
tions in miRNA expression have been implicated in a number of nervous
system disorders including PD, suggesting that miRNA dysregulation is
involved in the pathogenesis of these diseases [13].

DJ-1 can act as a direct transcriptional co-activator [14] and can
modulate signal transduction to affect the transcriptome [15,16]. It
may also have a role in direct RNA binding and post-transcriptional
regulation [11]. In order to investigate miRNAs regulated by DJ-1, as
well as their impact on the transcriptome and downstream processes
involved in PD pathogenesis, we profiled miRNA expression in a human
neuroblastoma cell model and found miR-221 to be down-regulated in
DJ-1 knock down (KD) cells compared with controls. miR-221, one of
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the most abundant miRNA species in the human brain [17], has a cri-
tical role in cell survival [18], apoptosis [19–22], and neuritogenesis
[23–25]. Interestingly, two separate miRNA profiling studies in PD
patients have shown that decreased serum miR-221 may serve as a
biomarker for diagnosis and disease stage evaluation [26,27]. In in vitro
PD models, miR-221 was shown to regulate Transferrin receptor type 2
in SH-SY5Y cells challenged with the dopaminergic toxin 1-methyl-4-
phenylpyridinium (MPP+)[28], and to be protective by regulating
PTEN in PC12 cells challenged with 6-hydroxydopamine [29]. Ad-
ditionally, miR-221 is reported to be differentially expressed in the
cingulate gyrus of PD patients and correlated with the downregulation
of the expression of SNCA, PARK2, and LRRK2, genes linked to both
autosomal recessive and dominant forms of PD [30,31].

Here, we report for the first time a mechanistic link between DJ-1
and mir-221. We found that knocking-down DJ-1 in a cellular model
and knocking it out in the mouse brain result in down-regulation of
miR-221. While re-introducing wild-type DJ-1 restores miR-221 ex-
pression, its PD-linked pathogenic M26I mutant fails to do the same.
miR-221 mediates the cytoprotective activity of DJ-1 by repressing the
expression of several pro-apoptotic proteins and protects differentiated
ReNcell VM human dopaminergic neuronal cells from cell death and
neurite retraction induced by MPP+. DJ-1 may modulate miR-221 le-
vels, in part, through the mitogen-activated protein kinase (MAPK)/
extracellular-regulated kinase (ERK) pathway. These findings suggest
that the modulation of miR-221 by DJ-1 is protective in the context of
pathogenic mechanisms of PD including cell death [32] and neurite
degeneration [33].

2. Results

2.1. miR-221 expression is modulated by wild-type DJ-1 but not its
pathogenic mutant

To identify novel RNA transcripts regulated by DJ-1, we performed
an Affymetrix Genechip® Human Gene 2.0 ST RNA expression micro-
array, which covered 40,716 RefSeq transcripts, to identify RNA species
that are differentially expressed in a DJ-1 knock-down (KD) model of
human dopaminergic neuroblastoma SH-SY5Y cells. A pool of four
different small interfering RNAs (siRNAs) directed against DJ-1 was
used to achieve potent and specific knock-down (Fig. 1A). Among the
down-regulated transcripts, microRNA-221 (miR-221) exhibited the
greatest fold reduction, with an expression level of 45% in DJ-1 KD cells
compared to that in control cells.

This result from microarray analysis was confirmed by real time
quantitative PCR (RT-qPCR) in both DJ-1 KD SH-SY5Y cells (Fig. 1B)
and in the cerebral cortex of DJ-1 knock-out mice (Fig. 1D–E). In ad-
dition to down-regulation of miR-221 expression, DJ-1 KD in SH-SY5Y
cells also decreased the precursor form of miR-221 (pre-miR-221), in-
dicating that DJ-1 may regulate miR-221 prior to its processing to the
mature form (Fig. 1C).

To examine the pathogenic consequence of DJ-1 in modulating miR-
221 expression, the effect of wild-type and a PD-linked mutant DJ-1
were tested next. Over-expression of FLAG-tagged wild-type DJ-1 but
not the empty control vector could re-constitute both mature miR-221
and pre-miR-221 levels in DJ-1 KD cells. However, FLAG-tagged pa-
thogenic M26I mutant DJ-1 [34] could not rescue the down-regulation
of miR-221 or pre-miR-221 caused by DJ-1 knock-down (Fig. 1F–H).
This provides further evidence that DJ-1 may regulate miR-221 ex-
pression whereas PD-causing loss-of-function mutations in DJ-1 nullify
its ability to regulate miR-221. This finding raises the possibility that
miR-221 could be involved in a pathway that mediates a neuropro-
tective function of DJ-1.

2.2. miR-221 promotes cell survival under MPP+ stress

DJ-1 is known to confer protection and increase cell survival against

the dopaminergic neurotoxin MPP+ [4,6,35,36]. To investigate whe-
ther miR-221 mirrors the cytoprotective effect of DJ-1, cells were made
to over-express miR-221 by transfection with the precursor form of
miR-221, pre-miR-221. They were then challenged with MPP+ for 24 h,
and survival was determined by MTS assay. Exogenous over-expression
of miR-221 significantly increased cell survival under MPP+ stress
compared to cells transfected with scrambled pre-miR control (Fig. 2A).
RT-qPCR confirmed increased levels of mature miR-221 in transfected
cells (Fig. 2B). The functionality of miR-221 over-expression in these
cells was verified by down-regulation of a known miR-221 target, fra-
gile X mental retardation 1 (FMR1) mRNA [37] (Fig. 2C).

Conversely, when endogenous miR-221 was inhibited by anti-miR-
221 (a single-stranded oligonucleotide that inhibits mature miR-221 by
complementary binding) [22], cell survival decreased significantly in
response to MPP+(Fig. 2D). The effects of anti-miR-221 in reducing
miR-221 levels (Fig. 2E) and up-regulating FMR1 mRNA levels (Fig. 2F)
were confirmed. These findings show that miR-221 indeed mirrors the
cytoprotective effect of DJ-1 and that a decrease of endogenous miR-
221 renders cells more sensitive to toxic stress. That is, miR-221 at even
endogenous levels is sufficient to be cytoprotective, suggesting that the
modulation of miR-221 by DJ-1 may have physiological significance.

2.3. miR-221 targets transcripts of apoptotic proteins and rescues DJ-1
knock-down cells from cell death

One way by which DJ-1 confers cytoprotection is through inter-
fering with apoptotic cascades and cell death processes [36,38–40]. To
study whether miR-221 may be acting similarly, we used miR target
prediction and database tools, TargetScanHuman [12,41], miRBase
[42], and miRTarBase [43], to identify pro-apoptotic proteins that are
predicted to be regulated by miR-221. Among targets with conserved
sites predicted to pair with miR-221 seed sequence are apoptotic acti-
vators from the BCL2 family that have only the BH3 domain [44]: bcl-2-
like protein 11 (BIM), bcl2 modifying factor (BMF), and bcl2 interacting
protein 3-like (BNIP3L). Also predicted is forkhead box O3 (FOXO3a), a
transcription factor implicated in the expression of genes necessary for
cell death. Over-expression of miR-221 in SH-SY5Y cells significantly
down-regulated the mRNA levels of all four targets implicated in pro-
moting apoptosis, demonstrating that miR-221 may be acting at mul-
tiple levels to inhibit cell death (Fig. 3A). These apoptotic transcripts
have been shown to be down-regulated in multiple cell types as well,
such as BIM in PC12 cells [25], BMF in hepatocellular carcinoma cells
[20], BNIP3L in 293T cells [45], and FOXO3a in human breast cancer
cell lines [46].

Notably, miR-221 over-expression represses the protein expression
of BIM, a pro-apoptotic protein shown to be crucial in neuronal apop-
tosis, particularly in the death of dopaminergic neurons in an N-methyl-
4-phenyl 1,2,3,6-tetrahydropyridine (MPTP) model of PD [47,48]. miR-
221 decreases the levels of all three pro-apoptotic BIM protein isoforms,
BIM-short (BIMS), BIM-long (BIML), and BIM-extra long (BIMEL)
(Fig. 3B), while miR-221 inhibition increases BIM protein levels
(Fig. 3C). Remarkably, accumulation of BIM transcript following hy-
drogen peroxide (H2O2) treatment is completely prevented by miR-221
transfection (Fig. 3D).

As DJ-1 KD cells exhibit increased susceptibility to MPP+ neuro-
toxicity compared to control cells [36], whether miR-221 could rescue
this susceptibility was investigated next. First, cells were made to stably
express non-targeting control (Ctrl) short hairpin RNA (shRNA) or
pooled DJ-1 shRNA. Cells were then transduced with either lentiviral
control miR (Ctrl miR) or miR-221 for 24 h. Stable DJ-1 KD led to de-
creased levels of mature miR-221, while transduction with lentiviral
miR-221 robustly increased its levels (Fig. 3E). Next, cells were chal-
lenged with MPP+ for 24 h, and cell death was assessed using lactate
dehydrogenase (LDH) release. Stable DJ-1 KD cells, which exhibit a
marked decrease in miR-221 levels, showed increased cell death in
response to MPP+ treatment. However, transduction with lenti-miR-
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221 completely rescued DJ-1 KD cells to levels seen with control KD
conditions, indicating that miR-221 may play a significant role in DJ-1
mediated cytoprotection (Fig. 3F).

2.4. miR-221 protects human neurons from MPP+-induced toxicity

To extend the findings obtained with SH-SY5Y cells, we also ex-
amined the impact of miR-221 in ReNcell VM cells, which are human
ventral mesencephalic neural progenitor cells (NPCs) that can be
terminally differentiated to tyrosine hydroxylase positive dopaminergic
neuronal subtype with clearly defined cell bodies and extensive neurite
outgrowths through an established pre-aggregation method [49]
(Fig. 4A). First, ReNcell VM NPCs were terminally differentiated to non-
proliferative dopaminergic neurons and transduced with either lenti-
viral vector over-expressing miR-221 (lenti-miR-221) or its scrambled
control vector (lenti-Ctrl miR) at a multiplicity of infection (MOI) of 10
to achieve high transduction efficiency (Fig. 4B). These lentiviral con-
structs contain Green Fluorescent Protein (GFP) in a bicistronic tran-
script so that transduction efficiency can be easily verified. Upon ex-
posure of Ctrl miR-transduced cells to MPP+, loss of neurite
morphology and resultant retraction were observed, which are some of

the earliest signs of neurotoxin-induced degeneration in cultured neu-
ronal cells [50,51]. This toxic effect was mitigated in cells over-ex-
pressing lentiviral miR-221 (Fig. 4C).

Next, to assess the effect of miR-221 on DJ-1 KD cells, NPCs were
made to stably express DJ-1 shRNA or non-targeting control shRNA
prior to differentiation (Fig. 5A, B). A pool of three different shRNAs
targeting DJ-1 were used to achieve specific and potent knock-down.
When terminally differentiated, DJ-1 KD post-mitotic ReNcell VM
neurons exhibited decreased miR-221 expression compared to control
KD cells (Fig. 5C), replicating the finding in SH-SY5Y cells above
(Fig. 1B). DJ-1 KD or control differentiated neurons were then trans-
duced with either lenti-miR-221 or lenti-Ctrl miR, and subjected to
MPP+ challenge for 24 h. Following fixation and imaging, neurotoxi-
city was assessed by measuring neurite length and cell count. While
MPP+ caused significant shortening of neurites in all cells that were
transduced with Ctrl miR, DJ-1 KD cells transduced with lenti-miR-221
were protected from neuritic retraction (Fig. 5D, E).

As expected from the loss of DJ-1's protective effects, DJ-1 KD cells
transduced with lenti-Ctrl miR and treated with MPP+ exhibited de-
creased preservation of its long neurites (defined as being longer than
75th percentile of all neurites, or greater than or equal to 80 µm)

Fig. 1. miR-221 expression is modulated by wild-type DJ-1 but not its pathogenic mutant. SH-SY5Y cells were transfected with either pooled DJ-1 siRNA (si-DJ-1) or
non-targeting control siRNA (si-NT). (A) Immunoblotting shows that DJ-1 is knocked down effectively by pooled DJ-1 siRNA. (B) DJ-1 knock-down (KD) decreases
mature miR-221 and (C) precursor pre-miR-221. (D) DJ-1 knockout mouse brains have lower levels of mature miR-221 compared to wild-type mice. (E) DJ-1
knockout mice lack DJ-1 expression. (F) SH-SY5Y cells were transfected with either si-NT or si-DJ-1 for 24 h, followed by transfection with either empty control
vector, FLAG-tagged wild-type DJ-1, or FLAG-tagged pathogenic M26I mutant DJ-1. Immunoblotting shows expression of FLAG-tagged wild-type and mutant DJ-1
protein, and the downregulation of endogenous DJ-1 protein in DJ-1 KD cells. (G) Transfection of wild-type DJ-1 but not its pathogenic M26I mutant in DJ-1 KD cells
rescued mature miR-221 expression and (H) precursor pre-mir-221 levels. Data are presented as means ± S.E.M. Asterisks denote statistically significant differences
(*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001) relative to control. (B–D) analyzed using two-tailed student's t-test. (G, H) analyzed using one-way ANOVA with Bonferroni
post-hoc multiple comparisons test.
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compared to control KD cells transduced with lenti-Ctrl-miR and
treated with MPP+, with only 5% of total measured neurites exceeding
80 µm in DJ-1 KD cells compared to 12% in control KD cells. Notably,
this effect on neuritic retraction brought about with MPP+ in DJ-1 KD
cells was mitigated by over-expressing miR-221, with 21% of MPP+

treated neurites exceeding 80 µm in length (Fig. 5F). Finally, while
MPP+ treatment significantly decreased the number of neurons in
plates transduced with lenti-Ctrl miR, cells over-expressing miR-221
showed a smaller, non-significant decrease in cell count, suggesting that
miR-221 provides protection for DJ-1 KD cells from MPP+-induced
neurotoxicity (Fig. 5G).

2.5. DJ-1 regulates miR-221 levels through the MAPK/ERK pathway

The above findings showing that knocking-down DJ-1 decreases
miR-221 levels whereas the re-introduction of DJ-1 rescues miR-221
levels, and that miR-221 mirrors much of DJ-1's cytoprotective effects
in both SH-SY5Y and ReNcell VM cells, suggested that miR-221 may be
modulated downstream of DJ-1 to mediate some of DJ-1's

cytoprotective effects. Accordingly, we set out to investigate the me-
chanism by which DJ-1 could regulate miR-221 expression. As miR-221
is induced by ERK signaling activated by nerve growth factor (NGF)
[25], and DJ-1 positively modulates mitogen-activated protein kinase
(MAPK)/extracellular-regulated kinase (ERK) signaling [52,53], we
hypothesized that DJ-1 could regulate miR-221 levels through its effect
on the MAPK/ERK pathway. To test this possibility, SH-SY5Y cells were
treated with the MEK1/2 inhibitor, U0126 for 24 h, which decreased
the levels of phospho-ERK1/2 without impacting the levels of total
ERK1/2 or DJ-1 (Fig. 6A). This inhibition of ERK1/2 phosphorylation
led to a robust down-regulation of miR-221 (Fig. 6B), confirming that
miR-221 levels are indeed affected by the activation status of the
MAPK/ERK pathway. Next, to determine whether the down-regulation
of miR-221 levels seen in DJ-1 KD cells could be rescued by increasing
the activation of the ERK pathway, DJ-1 KD cells were transfected with
FLAG-tagged human ERK1 (hERK1) or control plasmid for 48 h. hERK1
over-expressing cells exhibited increased phospho-ERK without im-
pacting the levels of DJ-1 (Fig. 6C). Notably, hERK1 overexpression was
able to partially rescue the decreased miR-221 levels in DJ-1 KD cells

Fig. 2. miR-221 is cytoprotective under MPP+ insult. (A) SH-SY5Y cells were transfected with either pre-miR negative control (pre-miR-NC) or pre-miR-221.
Transfected cells were treated with indicated concentrations of MPP+ for 24 h before assessing cell survival using MTS assay. Over-expression of miR-221 resulted in
significantly higher cell viability following MPP+ treatment. (B) Transfected cells showed robust increase in mature miR-221 levels and (C) down-regulation of
known miR-221 mRNA target, fragile X mental retardation 1 transcript (FMR1). (D) SH-SY5Y cells were transfected with either anti-miR negative control (anti-miR-
NC) or anti-miR-221 that binds to endogenous mature miR-221. Cell survival of transfected cells was assessed after MPP+ treatment at the indicated concentrations
for 24 h, and showed that inhibition of endogenous miR-221 resulted in a significant decrease of cell viability. (E) Anti-miR-221 transfected cells showed a decrease in
mature miR-221 levels and (F) up-regulation of FMR1. Data are presented as means ± S.E.M. Asterisks denote statistically significant differences (**p≤ 0.01,
***p≤ 0.001, ****p≤ 0.0001) relative to control. (B, C, E, F) analyzed using two-tailed student's t-test. (A, D) analyzed using two-way ANOVA with Bonferroni post-
hoc multiple comparisons test.
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(Fig. 6D). Together, these results show that DJ-1 may in part regulate
miR-221 levels through ERK activation.

3. Discussion

Advances in our understanding of genomic architecture have re-
vealed that 60% of the transcriptome consists of transcripts without
protein coding capacity, known as non-coding RNA (ncRNA) [54]. One
prominent class of ncRNA is miRNAs, which has become increasingly
recognized as a critical contributor to gene expression and maintenance
in the brain, especially in neural cells, which are highly active tran-
scriptionally [55]. The role of miRNAs is well-established in neurode-
generative disorders, and their therapeutic potential is recognized in PD
[13,56,57]. For example, miR-7 targets the mRNA encoding the key PD-
associated protein α-synuclein, repressing its expression and protecting

cells against oxidative stress [58–60]. In addition, microRNAs have also
been shown to modulate other key proteins that are dysregulated in PD,
such as LRRK2, and LRRK2 in turn, has been shown to modulate mi-
croRNA, indicating that regulation can be bidirectional [61–64].

Though DJ-1 has been shown to regulate cellular RNA composition
through its effect on signal transduction, transcription, and post-tran-
scriptional processes, microRNAs modulated by DJ-1 have not yet been
extensively examined. miR-221 is one of the top 20 most abundant
microRNA species in the human brain [17] and found to be highly
expressed in the brains of rat and mouse models [65,66]. Identified in
our microarray screen as being down-regulated when DJ-1 is knocked
down, miR-221 re-capitulates many of the varied functionalities of DJ-1
in cancer [67] and neuroprotection [68,69], including its ability to
facilitate oncogenesis [19,21] as well as its ability to support neuronal
outgrowth and differentiation in PC12 cells [23].

Fig. 3. miR-221 Down-Regulates transcripts involved in apoptosis, including Pro-Apoptotic protein BIM, and protects DJ-1 knock-down cells from cell death. (A)
Compared to cells transfected with negative control pre-miR (pre-miR-NC), SH-SY5Y cells transfected with pre-miR-221 showed a decrease of mRNA transcripts
implicated in apoptosis, including BIM, BMF, BNIP3L, and FOXO3A. (B) All three isoforms of BIM protein (BIMEL, BIML, BIMS) were decreased by over-expression of
miR-221 and (C) increased by the inhibition of miR-221 using anti-miR-221. (D) Pre-miR-221 transfected cells were treated with 250 uM H2O2 for 24 h. Compared to
control, over-expression of miR-221 prevented the oxidative stress mediated induction of pro-apoptotic BIM transcript. (E) Cells were made to stably express non-
targeting control (Ctrl) short hairpin RNA (shRNA) or pooled DJ-1 shRNA. Cells were then transduced with either lentiviral control miR (Ctrl miR) or miR-221 for
24 h. Stable DJ-1 KD decreases the levels of mature miR-221, while transduction with lentiviral miR-221 robustly increases its levels. (F) Cells were then treated with
the indicated concentrations of MPP+ for 24 h, and cell death was assessed using LDH assay. Compared to control KD cells, stable DJ-1 KD leads to increased cell
death, which is rescued when miR-221 is over-expressed. Data are presented as means ± S.E.M. Asterisks denote statistically significant differences (*p≤ 0.05,
**p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001) relative to control. ns = not significant. (A, D, F) analyzed using two-way ANOVA with Bonferroni post-hoc multiple
comparisons test. (B, C) analyzed using two-tailed student's t-test. (E) Analyzed using one-way ANOVA with Bonferroni post-hoc multiple comparisons test.
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In the present study, we provide evidence that wild-type DJ-1, but
not its pathogenic M26I mutant, is able to modulate miR-221 levels,
adding relevance to the role of miR-221 in DJ-1 linked PD pathogenesis.
Indeed, similarly to DJ-1 [36], a simple decrease in endogenous levels

of miR-221 negatively affects cell survival, while over-expression of
mir-221 protects DJ-1 KD cells from cell death under MPP+ stress. One
way miR-221 protects cells may be through interfering with apoptotic
mechanisms triggered under pathophysiological conditions. We show

Fig. 4. miR-221 mitigates the loss of neuron morphology in terminally differentiated, human ReNcell VM dopaminergic neurons treated with MPP+. To investigate
the role of miR-221 in terminally differentiated human neuronal cells, (A) neural progenitor cells (NPCs) derived from the ventral mesencephalon (ReNcell VM) were
terminally differentiated to dopaminergic neurons using an established pre-aggregation protocol. (B) Differentiated ReNcell VM cells were transduced with lentivirus
containing control (lenti-Ctrl miR) or miR-221 (lenti-miR-221). Cells transduced with lenti-miR-221 showed robust up-regulation of mature miR-221. (C) These cells
were treated with 0.5 mMMPP+ or vehicle (DMEM) for 24 h. Differentiated ReNcell VM cells exhibited GFP expression from viral transduction, stained positively for
the dopaminergic neuron marker tyrosine hydroxylase (TH). Following MPP+ exposure, cells exhibited loss of neurite morphology, which was mitigated by miR-221
over-expression (Scale bar: 100 µm). Data are presented as means ± S.E.M. Asterisks denote statistically significant differences (****p≤ 0.0001) relative to control.
(B) analyzed using two-tailed student's t-test.
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Fig. 5. miR-221 prevents MPP+-induced neurite retraction and cell loss in DJ-1 KD ReNcell VM dopaminergic neurons. ReNcell NPCs were made to stably express
either control non-targeting shRNA or pooled DJ-1 shRNA, then differentiated into post-mitotic dopaminergic neurons. (A) Immunoblotting shows that DJ-1 is
knocked down effectively by DJ-1 shRNA. (B) Quantification of (A). (C) As seen previously in SH-SY5Y cells, DJ-1 KD decreases miR-221 levels in differentiated
ReNcell VM neurons. (D) Control KD (Ctrl KD) or DJ-1 KD cells were transduced with either lenti-Ctrl miR or lenti-miR-221 and exposed to 0.5 mM MPP+ or vehicle
(DMEM) for 24 h. MPP+ exposure resulted in cell loss and neuritic retraction (Scale bar: 100 µm). (E) Measurements of neurite length indicated that miR-221 protects
DJ-1 KD neurites from MPP+. (F) Compared to control KD cells, long neurites (≥ 80 µm, longer than 75th percentile of all neurites) were less preserved among DJ-1
KD cells treated with MPP+. This effect was reversed when DJ-1 KD cells were made to over-express miR-221. (G) MPP+ treatment significantly decreased the cell
count in Ctrl miR transduced neurons, whereas miR-221 transduced neurons showed a smaller, non-significant decrease in cell count. For (E, G), n= 450 neurites per
group, representative of length measurements taken from 15 microscopic fields per experimental group across three biological replicates. For (F), mean values of
percent neurites ≥ 80 µm long were generated with bootstrap resampling, where each sample run contained n= 100 neurites per group. Resampling runs were
repeated 500 times to generate confidence intervals for mean values of percent neurites ≥ 80 µm. For (G), Average cell count was assessed by counting DAPI-positive
nuclei in these fields. For (B, C, E, G), data are presented as means ± S.E.M. For (F), data are presented as means ± Confidence Interval. Asterisks denote
statistically significant differences (*p≤ 0.05, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001) relative to control. ns = not significant. (B, C) analyzed using two-tailed
student's t-test. (E, F, G) Analyzed using one-way ANOVA with Bonferroni post-hoc multiple comparisons test.
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that miR-221 suppresses the transcription of many pro-apoptotic BH-3
only transcripts including bcl-2-like protein 11 (BIM), bcl2 modifying
factor (BMF), and bcl2 interacting protein 3-like (BNIP3L). BNIP3L
[70,71] and BMF [72] have both been implicated in apoptotic neuronal
death, and BIM in particular has been closely investigated in the context
of neurodegenerative diseases. BIM is up-regulated in the MPTP model
of PD and affects the degeneration of dopaminergic neurons [48,73]. It
is also reportedly elevated in Alzheimer's disease neurons and is re-
quired for β-Amyloid-induced neuronal apoptosis [74]. In addition,
BIM is increased in neurons expressing mutant huntingtin protein as
well as in Huntington's disease mouse models [75]. miR-221 effectively
down-regulates the major BIM protein isoforms BIMS, BIML, BIMEL,
which are produced by alternative splicing, and all contain 3’-UTRs that
harbor the putative miR-221 seed sequence binding site. Of these iso-
forms, BIMEL is considered the predominant pro-apoptotic species in
neuronal cells [48].

We also found that miR-221 down-regulates FOXO3a, a transcrip-
tion factor that induces BIM expression [76] and is implicated in the
positive regulation of BMF [77] and BNIP3L [78]. Additionally,
FOXO3a-mediated induction of BIM is implicated in neurodegeneration
brought about by β-Amyloid-treatment [79]. All these observations
suggest that miR-221 may function to antagonize apoptosis at many
levels to protect cells.

Accordingly, we show that when miR-221 is over-expressed in
terminally differentiated ReNcell VM dopaminergic neurons, it protects
DJ-1 KD cells from toxin-induced loss of neurite morphology and re-
traction, a process that precedes apoptosis in cultured neurons [50]. In
fact, retrograde axonal degeneration of dopaminergic neurons and loss

of striatal terminals is a predominant early feature of PD that precedes
cell body loss [80]. Dopaminergic neurons of the substantia nigra pars
compacta (SNpc) extend impressively long axonal projections to the
striatum, and the soma of these neurons often makes up less than 1% of
the total cell volume as one neuron may give rise to over 150,000
presynaptic terminals in the striatum [81,82]. This fact underscores the
importance of the neuritic complexity of SN neurons and may underlie
the observation that long, unmyelinated or poorly myelinated dopa-
minergic neuronal projections are particularly vulnerable to neurode-
generative pathologies due to higher energy demand [83]. Interest-
ingly, neurons lacking DJ-1 have been shown to have reduced
microtubule dynamics, and striatal medium spiny neurons (MSNs) from
DJ-1-deficient mice have been shown to display impaired dendritic
complexity and reduced dendritic spine densities, suggesting that DJ-1
may be necessary to maintain the integrity of the synaptic network
[69]. Similarly, DJ-1 may regulate miR-221 to contribute to the
maintenance of long neuritic projections, and increase neuronal func-
tionality and target innervation. This may be especially significant in
the early stages of PD and provides feasible therapeutic avenues in
manipulating miR-221 levels for the neurorestoration of dopaminergic
projections.

Finally, DJ-1 may regulate miR-221 in part through its actions on
the MAPK/ERK pathway. We show that pharmacologic inhibition of
ERK1/2 down-regulates miR-221 levels, whereas ERK1 over-expression
in DJ-1 KD cells partially rescues miR-221 levels, suggesting that miR-
221 may be modulated by additional pathways that are regulated by
DJ-1. For example, c-Jun N-terminal kinase (JNK) activation leading to
increased activity of c-Jun (AP1) transcription factor has been reported

Fig. 6. DJ-1 modulates miR-221 expression through the
MAPK/ERK1/2 pathway. To investigate whether DJ-1
could modulate miR-221 levels through its effect on the
MAPK/ERK pathway, (A) SH-SY5Y cells were treated with
MEK1/2 inhibitor, U0126 (50 µM), or vehicle (DMSO) for
24 h. This led to a decrease in levels of active, phos-
phorylated ERK1/2 without impacting the levels of total
ERK1/2 or DJ-1 protein. (B) The inhibition of ERK1/2
phosphorylation led to down-regulation of miR-221 levels.
(C) DJ-1 KD cells were transfected with FLAG-tagged
hERK1 or vector-only control for 48 h. hERK1 over-
expression increased phosphorylation of ERK1 in DJ-1 KD
cells (D) and partially rescued the decrease in miR-221
levels. Data are presented as means ± S.E.M. Asterisks
denote statistically significant differences (**p≤ 0.01,
****p≤ 0.0001) relative to control. (B) analyzed using
two-tailed student's t-test. (D) analyzed using one-way
ANOVA with Bonferroni post-hoc multiple comparisons
test. Veh = vehicle. Vec = vector-only control.
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to regulate miR-221 expression in a non-small cell lung cancer model,
and miR-221 has also been reported to be substantially induced by JNK
inhibition in mesenchymal cells [84,85]. DJ-1 negatively regulates JNK
activation through its inhibitory effect on apoptosis signal-regulating
kinase 1 (ASK1) [36,38,86], a mitogen-activated protein kinase kinase
kinase 5 (MAP3K5) that activates the MKK4/MKK7-JNK apoptotic axis
[87]. Therefore, it would be interesting to study whether DJ-1 regulates
miR-221 through multiple alternative signaling pathways, including
MAPK/ERK signaling and ASK1/MKK4/MKK7-JNK signaling.

In conclusion, we provide evidence for the first time that DJ-1, but
not its pathogenic mutant, modulates miR-221 expression in part
through the MAPK/ERK pathway. This further elucidates how DJ-1 may
regulate the transcriptome to provide cytoprotection in the context of
pathogenic mechanisms of PD. Future investigations into the role of
miR-221 and its target genes in in vivo models are needed to further
elucidate its potential as a disease biomarker and its therapeutic ap-
plicability.

4. Materials and methods

4.1. Materials

Expression vectors encoding FLAG-tagged wild-type or M26I DJ-1
were previously described [10,36]. DJ-1 null mice were a kind gift from
Ted Dawson (Johns Hopkins University), and all mouse brain samples
used in this study were collected from 3-month old males. A mixture of
four different DJ-1 silencing RNA (SMARTpool siGENOME siRNA; si-
DJ1) as well as scrambled control siRNA (siRNA-NT) was purchased
from GE Healthcare/Dharmacon. Pre-miR-221 and scrambled miRNA
control (miR-SC) was purchased from Ambion. Custom anti-miR-221
[22] was synthesized by Integrated DNA Technologies (IDT). MPP+

was purchased from Sigma. U0126 was purchased from Millipore.
pFLAG-CMV-hERK1 was a gift from Melanie Cobb (Addgene, plasmid #
49328).

4.2. Cell culture, ReNcell VM differentiation, and chemicals

HEK293T (ATCC) and human neuroblastoma SH-SY5Y (ATCC) cells
were cultured in Dulbecco's Modified Eagle's Medium/Ham's F-12 1:1
Mix (DMEM/F12; GE Healthcare/Hyclone) supplemented with 10%
fetal bovine serum (Atlanta Biologicals).

ReNcell VM (ventral mesencephalic/midbrain) human neural pro-
genitor cell line (NPC) was purchased from EMD Millipore. The pro-
liferative ReNcell NPCs were plated onto laminin (Sigma) coated plates
and maintained in DMEM/F12 supplemented with 2% B27 neural
supplement (Life Technologies/Thermo Fisher Scientific), Glutamax
(Thermo Fisher Scientific), 10 U/mL heparin (Sigma), 50 μg/mL gen-
tamycin (Thermo Fisher Scientific), 20 ng/mL basic fibroblast growth
factor (bFGF; Peprotech), and 20 ng/mL epidermal growth factor (EGF;
Peprotech). To promote terminal differentiation into dopaminergic
neurons, pre-aggregation protocol [49] was employed. In short, ReNcell
NPCs were propagated in a monolayer on laminin-coated plates in
media supplemented with bFGF and EGF. When the plate reached 80%
confluence, cells were gently removed from the plate using 1× Accu-
tase cell detachment solution (Sigma), then cultured in non-coated
flasks for 7 days until neurosphere formation was observed. These
neurospheres were collected, triturated, seeded on laminin-coated
plates or slides, and incubated in media without bFGF or EGF, but
supplemented instead with 1mM dibutyryl-cAMP (Santa Cruz Bio-
technologies) and 2 ng/mL glial cell derived neurotropic factor (GDNF;
Peprotech). Viral transductions were conducted after 10 days of dif-
ferentiation when neuronal morphology could be observed. MPP+

treatments and other experiments were carried out 2–3 days after
transduction. Differentiated cells were verified to stain with the mature
neuronal marker, Microtubule Associated Protein 2 (MAP2) and the
dopaminergic marker, Tyrosine Hydroxylase (TH). No staining could be

observed with the glial cell marker, Glial Fibrillary Acidic Protein
(GFAP), indicating that all ReNcell VM neurons derived from the pre-
aggregation protocol were indeed dopaminergic neuronal subtypes.

4.3. Transfections

Cells were transfected with siRNA (40 nM), pre-miR (50 nM), and
anti-miR (300 nM) using lipofectamine RNAiMAX (Thermo Fisher
Scientific/Invitrogen). Reverse transfections with RNAiMAX were per-
formed as follows: siRNA/pre-miR/anti-miR were mixed with
RNAiMAX in Opti-MEM (Thermo Fisher) inside the wells, and in-
cubated at room temperature for 10–20min to allow for the formation
of RNA-lipid complexes. Then cells were added to the wells containing
the complexes so that they would be 50–60% confluent on the following
day. Plasmid DNA transfections using expression vector containing
FLAG-tagged DJ-1, or FLAG-tagged M26I mutant DJ-1, or empty ex-
pression vector were performed using Lipofectamine 3000 (Thermo
Fisher Scientific/Invitrogen). Briefly, cells were plated to be 70–90%
confluent in 12-well plates at the time of transfection. One ug of DNA
plasmid was mixed with lipofectamine 3000 in Opti-MEM and in-
cubated at room temperature for 10–15min. The DNA-lipid complexes
were then added to cells in a drop-wise fashion. Cells were visually
analyzed 4–6 h post-transfection to assess for any reagent toxicity.

4.4. RNA microarray and databases

RNA from DJ-1 knock-down and control knock-down SH-SY5Y cells
was harvested for microarray analysis (Affymetrix GeneChip® Human
Gene 2.0 ST RNA expression microarray) to identify RNA species that
were differentially expressed. TargetScanHuman [12,41], miRBase
[42], and miRTarBase [43] were used to predict potential microRNA
targets, and miRTarBase [43] was used to identify experimentally
verified microRNA targets.

4.5. RNA extraction, purification, and quantitative RT-PCR

RNA was extracted from cells and male mouse brain tissue using the
miRNeasy mini kit (Qiagen). Brain samples were collected and flash
frozen on dry ice (− 78.5 °C). Up to 50mg of tissue was used per
sample, and the tissue was disrupted and homogenized using a mo-
torized pellet pestle (Kimble), followed by shearing through a 26 G
needle and then vortexing. RNA was quantified using NanoDrop 2000
UV–Vis Spectrophotometer. cDNA was synthesized using miscript II RT
kit (Qiagen) and SuperScript III RT kit (Thermo Fisher Scientific/Life
Technologies) according to manufacturer's protocols. qPCR was per-
formed using miScript SYBR Green PCR kit (Qiagen) and iTaq Universal
SYBR Green Supermix (Bio-Rad) in an Applied Biosystems 7500 real-
time PCR system. U6 small nuclear 6 (RNU6-6P) and Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were used as endogenous control
for the normalization of miRNA qPCRs and mRNA qPCRs, respectively.
The relative levels of RNA was compared and expressed as fold of
control levels (ΔΔCT value). The following QuantiTect primer assays
from Qiagen were used: human GAPDH, PARK7, BIM, FMR1, FOXO3,
BNIP3L, and BMF. The following miScript primer assays from Qiagen
were used: human RNU6-6P, human mature mir-221-3p, human pre-
cursor miR-221, mouse mature miR-221-3p.

4.6. Cell viability and cell death assays

Forty-eight hours after transfection, cells were incubated with the
indicated concentrations of toxin (H2O2 or MPP+) in serum-free media
for 24 h. Four to six technical replicates were performed for each con-
centration. CellTiter 96 Aqueous MTS reagent (Promega) was used to
measure cell viability. Lactate dehydrogenase (LDH) Cytotoxicity
Detection Kit (Takara/Clontech) was used to measure cell death. DMEM
without cells was used as a background control, and 2mM H2O2 was
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used to induce maximal LDH release conditions and used as a high
control.

4.7. Lentiviral production and transduction

DJ-1 short hairpin RNA (shRNA) and control non-silencing shRNA
expressing plasmids (pGIPZ) and corresponding lentiviral packaging
systems were purchased from GE Healthcare/Dharmacon. These
shRNAs were: Clone ID V2LHS_207558 targeting DJ-1 3’-UTR (se-
quence TATAGACACAATTTGTAGG), Clone ID V3LHS_331989 tar-
geting DJ-1 ORF (sequence TTAAGAACAAGTGGAGCCT), Clone ID
V3LHS_331991 targeting DJ-1 ORF (sequence TTCATGAGCCAACAGA
GCA).

Hsa-miR-221-3p overexpressing lentiviral vector (lenti-miR-221)
and its scrambled control (lenti-miR-SC) were purchased from Applied
Biological Materials (ABM) Inc. Lentiviral constructs contain GFP in a
bicistronic transcript so that transduction efficiency can be visually
verified.

Lentiviral particles were produced using HEK293T cells (ATCC) and
purified using Lenti-X Concentrator (Takara/Clontech) according to
manufacturer's protocols. Lentiviral particles were incubated with 1 μg/
mL polybrene (EMD Millipore) prior to cell infection to increase
transduction efficiency, and concentrated virus (1× 109 TU/mL) was
used to transduce differentiated ReNcell VM at a multiplicity of infec-
tion (MOI) of 10.

As the pGIPZ system contains puromycin resistance, SH-SY5Y cells
with stable expression/integration of DJ-1 shRNA were selected using
4 μg/mL puromycin (Sigma) and stable DJ-1 shRNA expressing ReNcell
VM NPCs were selected using 2 μg/mL puromycin.

4.8. Western blotting

Cultured cells and brain tissue were rinsed with ice-cold PBS and
lysed in 2% sodium dodecyl sulfate buffer with protease inhibitor
cocktail and phosphatase inhibitors (Roche). Cell lysates were sonicated
for 10 s three times and quantified using BCA Protein assay reagent
(Thermo Fisher Scientific). Depending on the probing antibody used,
between 20 μg and 60 μg of total protein were loaded per well at equal
amount across all wells for each blot. Western blots were quantified by
densitometry using ImageJ software (NIH), and band intensity was
normalized to β-actin. Primary antibodies from the following suppliers
were used for Western blot analyses: anti-DJ-1 (#A300-744A) from
Bethyl; anti-p44/42 MAPK (anti-Erk1/2) (#9102), anti-phospho-p44/
42 MAPK (Anti-phospho-Erk1/2) (Thr202/Tyr204) (#9101) from Cell
Signaling; anti-Bim (#AB17003) from EMD Millipore; anti-β-Actin
(#A2228) from Sigma. The following secondary antibodies from R&D
Systems were used: horseradish peroxidase-conjugated anti-rabbit
(#HAF008) or anti-mouse antibody (#HAF007).

4.9. Immunocytochemistry

Cells on glass coverslips were washed with PBS, fixed with 4%
paraformaldehyde (Sigma), then permeabilized with 0.5% Triton X-
100. After blocking with 5% donkey serum, cells were incubated with
the dopaminergic marker primary anti-Tyrosine Hydroxylase (TH;
#T2928; Sigma) monoclonal antibody diluted in blocking buffer over-
night at 4 °C. The following day, the cells were washed with PBS and
then incubated with secondary Rhodamine Red Donkey Anti-Mouse
(#715-296-150; Jackson Immuno Research) antibody diluted in
blocking buffer at room temperature for 1 h. After another PBS wash,
cells were incubated with 1 μg/mL 4′,6′-diamidino-2-phenylindole di-
hydrochloride (DAPI; Sigma) in PBS for 5min. Subsequently, cells were
washed, mounted on glass slides with Permafluor mounting media
(Thermo Scientific), and allowed to set overnight at room temperature.
Cells were imaged using a Carl Zeiss Axiovert 2000 fluorescence mi-
croscope.

4.10. ReNcell VM neurotoxicity assay, neurite length and cell count
measurement

ReNcell VM NPCs stably expressing DJ-1 or control shRNA were
differentiated using the previously described pre-aggregation method
into terminal, TH-positive, dopaminergic neurons [49]. Neurite out-
growth was observed after 10 days of differentiation, and the neurons
were transduced with lenti-miR-221 or lenti-miR-SC. After 48 h to allow
for the expression of lenti-miR, cells were incubated with 0.5 mMMPP+

in serum-free media for 24 h. Cells were prepared for im-
munocytochemistry as described above, and imaged on a Zeiss fluor-
escence microscope at 20×. Five microscopic fields from the center of
the slide were imaged from each of the six treatment groups (n=3
biological replicates). This yielded an average of 150 neurites per ex-
perimental sample. Neurite length was measured from the tip of the
neurite to the edge of the soma using ImageJ (NIH) software with
NeuronJ plug-in [88]. Neurites that extended beyond the microscopic
field were not included in measurements. Cell numbers were de-
termined by counting DAPI positive nuclei. In order to reduce bias, both
the imaging and measuring neurite length and cell numbers were per-
formed under blind conditions.

4.11. Experimental design and statistical analyses

Statistical analyses were performed with Graph Pad Prism 5.0.4.
Data are expressed as the mean ± SEM of at least 3 independent ex-
periments. qPCR data were analyzed with two-tailed student's t-test or
one-way ANOVA with Bonferroni multiple comparison test. Neurite
length data were analyzed with one-way ANOVA with Bonferroni
multiple comparison test. For Fig. 5F, mean values of percent neurites
≥ 80 µm long were generated with bootstrap resampling, where each
sample run contained n=100 neurites per group. Resampling runs
were repeated 500 times to generate confidence intervals for mean
values of percent neurites ≥ 80 µm. The data from bootstrap resam-
pling runs were analyzed using one-way ANOVA with Bonferroni
multiple comparison test. Cell survival and cell death data were ana-
lyzed with two-way ANOVA with Bonferroni multiple comparison test.
All experiments with cells and animal tissue use at least 3 independent
biological samples.
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