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Abstract

Background: Death-associated protein kinase 1 (DAPK1) is a widely distributed serine/

threonine (Ser/Thr) kinase that is critical for cell death in multiple neurological disorders, 

including Alzheimer’s disease (AD) and stroke. However, little is known about the role of DAPK1 
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in the pathogenesis of Parkinson’s disease (PD), the second most common neurodegenerative 

disorder.

Methods: We used western blot, immunohistochemistry to evaluate the alteration of DAPK1. Q-

PCR and FISH were used to analyze the expression of miRNAs in PD mice and patient. Rotarod, 

open field and pole tests were used to evaluate the locomotor ability. Immunofluorescence, 

western blot and filter trap were used to evaluate synucleinopathy in PD mice.

Results: we find that DAPK1 is post-transcriptionally upregulated by a reduction in miR-26a 

caused by a loss of the C/EBPα transcription factor. The overexpression of DAPK1 in PD mice 

is positively correlated with neuronal synucleinopathy. Suppressing miR-26a or up-regulating 

DAPK1 results in synucleinopathy, DA neuron cell death and motor disabilities in wild-type 

(wt) mice. In contrast, genetic deletion of DAPK1 in DA neurons by crossing the DAT-Cre 

mice with DAPK1 floxed mice effectively rescues the abnormalities in mice with chronic MPTP 

treatment. We further show that DAPK1 overexpression promotes PD-like phenotypes by direct 

phosphorylation of α-synuclein at Ser129 site. Correspondingly, a cell-permeable competing 

peptide that blocks the phosphorylation of α-synuclein prevents motor disorders, synucleiopathy 

and dopaminergic neuron loss in the MPTP mice.

Conclusions: We conclude that miR-26a/DAPK1 signaling cascades are essential in the 

formation of the molecular and cellular pathologies in PD.
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Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease in people 

over 60 years old. In 2015, PD affected 6.2 million people and resulted in approximately 

117,400 deaths globally(1). The most prominent clinical manifestations in PD are the 

motor symptoms, such as tremor, slowed movement (bradykinesia), rigidity, and postural 

instability(2), which result from the chronic loss of dopaminergic (DA) neurons in the basal 

ganglia, mainly in the substantia nigra (SN)(3). Pathologically, PD is also characterized by 

the presence of Lewy bodies (LBs) and Lewy neurites (LNs), which consist of cytoplasmic 

inclusions of aggregated α-synuclein in a hyperphosphorylated state(4).

Death-associated protein kinase 1 (DAPK1) belongs to a family of five serine/threonine 

(Ser/Thr) kinases and is regulated by calcium/calmodulin(5). DAPK1 was originally shown 

to be essential for interferon gamma (IFN-γ)-induced cell death in HeLa cells(6), and it is 

considered a positive mediator of apoptosis. Both internal and external apoptotic stimulants 

lead to activation of DAPK1, which in turn participates in both type I apoptotic (caspase-

dependent) and type II autophagic (caspase-independent) cell death(7). Over expression 

of exogenous DAPK1 in cell cultures results in pronounced death-associated cellular 

changes(8). DAPK1 is also abundant in the brain and has been reported to play important 

roles in neural development and multiple neurological diseases. Importantly, activated 

DAPK1 directly binds to and phosphorylates NMDA receptor GluN2B subunit at Ser1303, 

which is implicated in the excitotoxicity in ischemic stroke via up-regulating NR1/NR2B 
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receptor channel conductance at the extrasynaptic sites(9). Moreover, activated DAPK1 

directly phosphorylates p53 at Ser23 and induces necrotic and apoptotic neuronal death 

in stroke(10). In Alzheimer’s disease (AD), hippocampal DAPK1 expression is markedly 

increased, which enhances tau protein stability via phosphorylation at multiple AD-related 

sites to mediate the pathological toxicity of tau(11). However, whether the expression of 

DAPK1 in PD is dysregulated and how it is involved in the death of DA neurons remain 

unclear.

In the current study, we found that in the brain of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-induced PD mice, the protein amounts but not the mRNA 

levels of DAPK1 were increased. We showed that inhibition of miR-26a caused by 

suppression of the transcription factor C/EBPα was responsible for DAPK1 upregulation 

in PD mice and patients. Downregulation of miR-26a and upregulation of DAPK1 induced 

synucleinopathy and cell death of DA neurons in vivo. DAPK1 induces synucleiopathy by 

direct phosphorylation of α-synuclein at Ser129 site. Genetic deletion of DAPK1 in DA 

neurons rescued synucleinopathy in two PD mice models. Furthermore, the loss of DA 

neurons and the locomotor deficits can also be reversed by DAPK1 deletion in mice of 

chronic MPTP treatment. Finally, generation of a membrane-permeable peptide to directly 

disrupt the association of DAPK1 and α-synuclein ameliorated both the pathological and 

behavioral abnormalities in the MPTP mice. Thus, our findings provide a promising novel 

strategy for the therapeutic intervention of PD.

Methods and Materials

Animals

Adult male C57 BL/6 mice were purchased from the National Resource Center of Model 

Mice (Nanjing, China). The mice with dopaminergic neuron specific knockdown of DAPK1 

were generated by crossing DAPK1-KDloxp/loxp transgenic mice and DAT-cre mice (Jax lab. 

No. 006660). The M83 transgenic mice expresses the mutant human A53T alpha-synuclein 

were purchased from the Jackson Laboratory(Jax lab.No.004479).All the mice were housed 

under a 12-h light/12-h dark cycle in a temperature-controlled room (22–24 °C) with 

free access to food and water. All of the experimental procedures were approved by the 

Institutional Animal Care and Use Committee of the Huazhong University of Science and 

Technology followed AALAC, DLAR, ARRIVE, and NIH Animal Care Guidelines on 

IACUC approved protocols.

Generation of a highly infectious virus and the mimics/antagomir

Mmu-miR-26a-5p mimics and the scrambled control were purchased from RiboBio 

(Guangzhou, China) Supplementary Table 2. The mimics and antagomirs to upregulate/

downregulate the level of miR-26a were used as previously reported(12). The AAV2/9-

DAPK1 (1*1013vg/mL) was purchased from Allabio technology (Shanghai, China). We 

injected the particles (1.5 µl at 0.2 µl/min) into each side of the SN (3.0 mm posterior to 

bregma; 1.0 mm lateral to midline; 4.3 mm below the dura). In this study, 28 days after the 

virus injection, mice were used for the phenotyping assays, including miRNA, mRNA and 

protein expression assays, and for the behavioral tests.
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Fluorescence in situ hybridization (FISH)

Multiplexed miRNA fluorescence in situ hybridization (miRNA FISH) is an advanced 

method for visualizing differentially expressed miRNAs, together with other reference 

RNAs in fresh-frozen and archival tissues. Probes were purchased from TSINGKE 
Supplementary Table 2. For in situ hybridization in frozen brain slices, mice were perfused 

with 1xPBS and 4%(v/v) paraformaldehyde solution in PBS. The brain tissues were fixed 

in 4%(v/v) paraformaldehyde solution in PBS overnight at 4°C, subsequently cryoprotected 

in 30%(w/v) sucrose in PBS(DEPC-treated) overnight at 4°C and cryosectioned at 16µm 

thickness. The manufacturer’s protocol was applied in situ hybridization, skipping the 

dehydration/rehydration and proteinase QS treatment steps. Probes were diluted to 1:50. 

After completion of the in situ hybridization, brain slices were blocked for 1h in blocking 

buffer for immunostaining. The slices were stained overnight at 4°C using primary 

antibodies, washed three times with 1xPBS and incubated with secondary antibody for 1h at 

room temperature. DAPI was added to one of the following three washing steps with 1xPBS 

to visualize nuclei. Slices were then mounted for microscopy (14)

Patient population and CSF collection

The PD group consisted of 28 patients with Hoehn and Yahr (H&Y) stage 1 PD(15) who 

attended the Department of Neurology, Union Hospital Affiliated to Tongji Medical College 

(Wuhan, China). Patients with PD were diagnosed according to the United Kingdom Brain 

Bank criteria(16) and staged according to H&Y. The clinical diagnosis of idiopathic PD 

was established based on individual patient’s medical history, physical examination and 

laboratory results. The severity of motor symptoms was assessed in PD patients using 

the Unified Parkinson’s Disease Rating Scale (UPDRS) part 3(17). CSF from the control 

group or the PD group was collected via routine lumbar puncture following confirmation 

of informed consent from each patient and/or a family member. Following centrifugation at 

755×g for 10 min, 3–4 ml CSF samples were aliquoted and stored at −80˚C until analysis. 

Every CSF sample was tested by routine biochemical examination, and the results were 

all within the normal range. The information of PD and control brain for western blot 

and immunohistochemistry studies are list in Supplementary Table 4.The present study was 

approved by the Ethics Committee of Tongji Medical College (Wuhan, China).

Statistical Analysis

All data were shown as mean ± SD and analyzed using SPSS version 16.0 (SPSS 

Inc., Chicago, IL). Normality was tested with Shapiro-Wilk test, and equal variance was 

evaluated before analysis of variance analysis. The difference between two groups was 

assessed using unpaired Student’s t test (two-tailed), and the variance among multiple 

groups was assessed by one- or two-way analysis of variance with/without repeated 

measures followed by Tukey, Dunnett, Newman-Keuls, or Bonferroni post hoc test, as 

indicated in the figure legends. The Mann-Whitney U test (two groups) and Kruskal-Wallis 

H test (three or more groups) were used for nonparametric testing. All experiments were 

repeated three times except those specified, and p <0.05 was considered as statistically 

significant.
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Results

DAPK1 is increased in PD mice and is positively correlated with synucleinopathy

To determine the possible role of DAPK1 in PD, we first examined the expression level of 

DAPK1 in the acute and chronic MPTP-injected mice. We found that in the SN of the acute 

MPTP-injected mice, the expression of DAPK1 was significantly increased compared with 

vehicle-treated control mice (Fig. 1A). By using immunohistochemistry, we found that the 

enhanced staining of DAPK1 was mainly located in the cytoplasm of neurons (Fig. 1B). In 

the chronic MPTP mouse model, DAPK1 protein expression was increased to approximately 

2.3-fold of the control (Fig. 1C, D), which was more apparent than the increase in the acute 

group. We also examined DAPK1 expression at different time points (1 month, 2 months, 

3 months) after MPTP injection in a chronic model and found that the elevation of DAPK1 

protein was peaked at 1 month (Supplementary Figure 1). These results show that DAPK1 

is upregulated in the MPTP mouse model. As the chronic MPTP mice displayed more 

obvious PD-like behavioral features and pathological changes(20) and apparent DAPK1 

upregulation, we utilized the model of chronic MPTP administration for 1 month in the 

following experiments. We then examined the potential role of DAPK1 upregulation in the 

pathological changes, especially in neuronal synucleinopathy, in PD mice. By using double-

immunofluorescence labeling with anti-DAPK1 and anti-phospho-Ser129-α-synuclein (anti-

p-syn) or anti-α-synuclein (anti-t-syn) antibodies, we found that in the chronic MPTP 

mice, the immunoreactivity of DAPK1, p-syn, and t-syn was much higher than that in 

the vehicle-treated mice. Particularly, the neurons with stronger staining of DAPK1 also 

displayed enhanced immunosignals for p-syn and t-syn, and quantitative analysis suggests 

positive correlations between DAPK1 and p-syn and between DAPK1 and t-syn in the PD 

mouse model (Fig. 1E-H). In addition, we found that the α-synuclein inclusions were more 

prominent in neurons with higher DAPK1 expression (Fig. 1I). In addition, upregulation of 

DAPK1 was detected mainly in the dopaminergic neurons (Supplementary Figure 2). These 

findings suggest that DAPK1 upregulation is positively correlated with the progression DA 

neuron synucleinopathy in PD mice. We also examined the changes of DAKP1 in the 

substantia nigra of PD patients. While western blot and immunohistochemical analysis 

did not reveal any significant changes in the expression of DAPK1 between PD and 

age-matched healthy control patients, Lewy bodies, the hallmark pathology of PD, were 

occasionally stained positive for DAPK1 (Supplementary Figure 3). Given that the extent of 

DAPK1 upregulation declined over time in the chronic MPTP mice (Supplementary Figure 

1), and the PD samples were obtained from patients at their end stage of disease, these 

results likely suggest that upregulation of DAPK1 in the dopaminergic neurons occurred at 

the early stage of PD.

Reduction in miR-26a in the PD model induces DAPK1 overexpression by post-
transcriptional regulation

We next explored the mechanisms underlying DAPK1 upregulation in PD mice. We found 

that there was no difference in dapk1 mRNA levels in both acute and chronic MPTP mouse 

models (Fig. 2A), suggesting that the upregulation of DAPK1 in PD mice is not caused 

by enhanced gene transcription. Recently, the post-transcriptional regulation of genes by 

microRNA (miRNA) has been well studied. We hypothesized that DAPK1 upregulation 
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is mediated by the loss of specific miRNAs. We first analyzed the 3’ untranslated region 

(3’UTR) of the dapk1 gene via TargetScan7.0 and miRNA.org and found that miR-124, 

let-7/miR-98, miR-26a/b and miR-141 were scored the highest in both predicted outputs 
Supplementary Table 3. Using qPCR, we examined alterations of those miRNAs in the SN 

of the chronic MPTP mice. We found that the levels of miR-141 and miR-26a/b were 

dramatically decreased, the level of let-7e was increased, while the other members of the 

let-7 family, miR-98 and miR-124 showed no change (Fig. 2B). We further examined 

the levels of miR-141 and miR-26a/b in the CSF of PD patients, and found that only 

miR-26a was significantly decreased when compared to that of age-matched healthy 

subjects (Fig. 2C). To verify the post-transcriptional regulation of DAPK1 by miR-26a, 

we constructed the wild-type (wt) 3’UTR of dapk1, which contains the binding site to 

miR-26a, and a mutated version to the luciferase reporter vector, which were co-transfected 

into HEK293 cells with miR-26a mimics or a scrambled control (Fig. 2D). We found that 

miR-26a mimics suppressed the luciferase activity in the wt constructs but not in the mut 

constructs (Fig. 2E). Moreover, overexpression of miR-26a reduced, whereas the miR-26a 

inhibitor elevated DAPK1 protein expression in the N2a cells without changes in the dapk1 
mRNA levels (Fig. 2F-H). Importantly, although the 3’UTR of DAPK1 has two predicted 

binding sites for miR-141, none of them displayed significant responses in the luciferase 

experiment. Neither the mRNA nor the protein of DAPK1 was altered upon the treatment 

of miR-141 mimics, which further ruled out the potential regulation of DAPK1 by miR-141 

(Supplementary Figure 4). miR-26a expression and DAPK1 protein expression displayed a 

negative correlation in the MPTP mice (Fig. 2I). Furthermore, both the miR-26a transcript 

and the DAPK1 protein could be detected in the dopaminergic neurons of SN (Fig. 2J). 

These results suggest that miR-26a regulates DAPK1 expression at a post-transcriptional 

level in the DA neurons, and the loss of miR-26a mediates DAPK1 upregulation in PD mice.

A previous study identified that miR-26a transcription was positively regulated by the 

transcription factor CCAAT enhancer-binding protein α (C/EBPα)(21); therefore, we 

examined the protein levels of C/EBPα in the SN of MPTP mice and found that it decreased 

to ~40% of the level in the vehicle-treated mice (Supplementary Figure 5), indicating 

potential involvements of C/EBPα reduction in the loss of miR-26a in PD mice.

Loss of miR-26a or DAPK1 upregulation induces PD-like pathological and behavioral 
changes

We then asked whether the dysfunction of the miR-26a/DAPK1 signaling pathway plays 

an important role in the pathogenesis of PD. We injected the miR-26a antagomir (A-

miR-26a) or adeno-associated virus-packaged full-length mouse DAPK1 cDNA (AAV-

DAPK1) into the SN of wt mice (Fig. 3A). We found that both the A-miR-26a treatment 

and the AAV-DAPK1 treatment led to not only activation of DAPK1 (indicated by the 

intensity of pMLC according to previous studies (9)) but also hyperphosphorylation of α-

synuclein at Ser129 and enhanced α-synuclein expression (Fig. 3B, C). Because abnormally 

hyperphosphorylated α-synuclein usually aggregates to form insoluble fibrils in LBs, a 

dominant pathological change in PD, we examined the solubility of α-synuclein. We 

found that the level of phosphorylated α-synuclein was dramatically increased in the 

radioimmunoprecipitation assay (RIPA) buffer fraction (soluble) and in the 70% fatty acid 
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(FA) fraction (insoluble; Fig. 3D, E). Likewise, by using a filter trap assay, we found that 

α-synuclein oligomers were significantly increased in either miR-26a-inhibited or DAPK1-

overexpressed mice (Fig. 3F, G). These findings suggest that the loss of miR-26a or the 

upregulation of DAPK1 plays an important role in DA neuron synucleinopathy in PD mice.

As α-synuclein aggregates are known to be cytotoxic, causing cell death of DA neurons 

in the SN and the striatum of PD patients, we then examined the loss of DA neurons 

by immunostaining with anti-tyrosine hydroxylase (TH). We found that the total number 

of TH-positive neurons in the SN was dramatically reduced in the A-miR-26a- and AAV-

DAPK1-treated mice (Fig. 4A-D). Because the loss of neurons in the SN is known to 

result in the motor symptoms in PD, we employed an open field arena test to observe 

spontaneous movements and a rotarod test to analyze motor coordination. In the rotarod 

tasks, the mice treated with A-miR-26a or AAV-DAPK1 demonstrated a significant decrease 

in the time spent on an accelerating rotarod and the overall rotarod performance (ORP) 

compared with those outcomes in the controls (P<0.05)(22, 23) (Fig. 4E-H). This locomotor 

abnormality was also manifested in the open field experiments. The total distance traveled, 

mean velocity and rearing time were all significantly decreased upon A-miR-26a or AAV-

DAPK1 treatment (Fig. 4I-N). These findings suggest that the loss of miR-26a or DAPK1 

overexpression not only leads to DA neuron death but also causes impairments in locomotor 

functions.

Activation of DAPK1 induces synucleinopathy by directly phosphorylating α-synuclein

We then wanted to determine whether DAPK1 activation promotes DA neuron 

synucleinopathy. Given the important role of DAPK1 in mediating autophagy(24), we 

first examined the degradation of α-synuclein. Cycloheximide (CHX) chase analysis 

demonstrated that overexpression of DAPK1 did not extend the α-synuclein half-life 

(2 h) compared to that of the pcDNA control (Fig. 5A, B), excluding the potential 

involvement of protein degradation by DAPK1 activation. DAPK1 is a Ser/Thr kinase 

and phosphorylates multiple substrates under different pathological conditions and the 

phosphorylation of α-synuclein is increased in mice exhibiting DAPK1 overexpression via 

miR-26a inhibition, AAV-DAPK1 infection or MPTP treatment. Therefore, we hypothesized 

that DAPK1 could phosphorylate α-synuclein directly. We then transfected the wt DAPK1 

plasmid (wtDAPK1) or the wt α-synuclein vector into HEK293 cells, and found that 

DAPK1 overexpression dramatically increased the levels of p-syn (Fig. 5C). This effect 

is specific because mutating this serine residue to alanine diminished the phosphorylation 

and the elevation in total α-synuclein (Fig. 5D). Further, we examined the temporal 

sequence of changes in phospho-synuclein and total-synuclein. We found that upon the 

DAPK1 overexpression, the increment in the phospho-Ser129 of α-synuclein began at 

12 h, but the increment of total α-synuclein began at 18 h (Fig. 5E-F), suggesting that 

DAPK1 inducedα-synuclein phosphorylation occurred prior to the aggregation. In cell free 

system, co-incubation of purified DAPK1 and α-synuclein protein for 30 minutes resulted 

in the hyperphosphorylation of α-synuclein at Ser129 site. Application of TC-DAPK 

6, a specific DAPK1 inhibitor, blocked the hyperphosphorylation of α-synuclein (Fig. 

5G). By using double-immunofluorescence staining, we verified the hyperphosphorylation 

of pS129-synuclein in wtDAPK1-overexpressed cells (Fig. 5H). The colocalization and 
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correlation analysis indicated that the expression of DAPK1 was positively correlated with 

the phosphorylation levels of pS129-synuclein, suggesting a direct interaction of DAPK1 

with α-synuclein (Fig. 5I, J). These findings demonstrated that DAPK1 activation promotes 

DA neuron synucleinopathy via enhancing the phosphorylation of α-synuclein.

Genetic deletion of DAPK1 in DA neurons rescues the PD-like pathological and behavioral 
changes

We then wanted to know whether deletion of DAPK1 in DA neurons could rescue the 

PD-like pathological and behavioral changes in the chronic MPTP mice. We found that mice 

with DAPK1 knockout in the DA neurons (DD-KO/MPTP) displayed restored locomotor 

abilities in both the rotarod tests (increased time on the rod, the overall rod performance), 

the open field tasks (restored total distance, velocity and mobility time) and the pole test 

(shorter time to orient down (t-turn) and total time to descend the pole (t-total)) (Fig. 

6A-H). Meanwhile, the enhanced phosphorylation and aggregation of α-synuclein were also 

attenuated in the SN of DD-KO/MPTP mice (Fig. 6I-J). In the aged (18 month) A53T 

α-synuclein mutant mice, injected of lentivirus that contains the effective siRNA for DAPK1 

also repressed the hyperphosphorylation and aggregation of α-synuclein (Supplementary 

Fig. 6). Furthermore, deletion of DAPK1 reduced the loss of DA neurons in the SN (Fig. 

6K-L) induced by MPTP.

Beneficial effects of the siP-Syn peptide in PD mice

Finally, we disrupted the DAPK1 activation-induced hyperphosphorylation of α-synuclein 

by using a cell-permeable peptide and evaluated its effect on PD-like pathological and 

locomotor abnormalities. The peptide was generated by fusion of an HIV Tat (trans-activator 

of transcription) signal (YGRKKRRQRRR)(25) to the competing peptide(26, 27) that spans 

amino acids 125–135 (YEMPSEEGYQD) and contains the phosphorylation site (Ser129) 

of α-synuclein (siP-Syn; Fig. 7A). We first examined the phosphorylation of α-synuclein 

with different concentrations of siP-Syn peptide delivery to N2a cells. We found that 

application of 10 µM siP-Syn reduced the phosphorylation of α-synuclein, as well as the 

aggregation of α-synuclein caused by DAPK1 overexpression in N2a cells (Fig. 7B, C). 

We then injected siP-Syn once every three days at a dose of 10 mg/kg for 6 weeks. As 

expected, the siP-Syn peptide not only rescued the locomotor abnormalities in the MPTP 

mice (Fig. 7D-H) but also reduced the hyperphosphorylation and aggregation of α-synuclein 

(Fig. 7I, J). In addition, siP-Syn injection significantly promoted the survival of DA neurons 

in the brain (Fig. 7K). Thus, blocking DAPK1-dependent phosphorylation of α-synuclein 

effectively rescues the PD-like pathological and behavioral changes.

Discussion

In the present study, we report that the DAPK1 protein is abnormally upregulated, a change 

which is positively correlated with DA neuron synucleinopathy in PD mice. We demonstrate 

that the loss of miR-26a caused by a reduction in the transcription factor C/EBPα in PD 

mice and patients leads to an elevation in DAPK1 expression post-transcriptionally. We 

have also revealed that both the loss of miR-26a and overexpression of DAPK1 induces α-

synuclein hyperphosphorylation, aggregation and inclusion formation, which further result 
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in the death of DA neurons and locomotor abnormalities. Finally, by deletion of DAPK1 

in DA neurons or administering siP-Syn, a specific competing peptide, to MPTP mice, we 

found that neuronal synucleinopathy, DA neuron death, and the locomotor disabilities were 

dramatically attenuated or recovered. Thus, our study has not only uncovered a novel role 

for miR-26a and DAPK1 in the pathological and behavioral abnormalities related to PD, but 

also identified their potential application in the treatment for PD.

MiRNAs are endogenous and short, non-coding RNA molecules, 21–24 nucleotides 

in length, which play an important function in post-transcriptional regulation of gene 

expression through sequence-specific binding of the 3’UTR of target messenger RNA 

during neuronal development, differentiation and maturation(28). Dysregulation of miRNAs 

has been implicated in the pathogenesis of multiple neurodegenerative diseases, including 

PD(29). As such, miR-7 and miR-153 have been shown to regulate α-synuclein levels 

synergistically, and depletion of these two miRNAs results in a concomitant increase in 

α-synuclein levels in a PD brain. Moreover, miR-7 has a protective role by preventing 

oxidative stress, and miR-7 inhibition causes cell death(30, 31). In addition to miR-7 

and miR-153, miR-26a has also been reported to be abnormally downregulated in PD 

patients(32) and cell lines(33). Here, we revealed that the expression of miR-26a was 

decreased both in the MPTP-induced PD mice and in the CSF of PD patients. We 

also showed that the transcriptional factor C/EBPα, which was reported to control the 

transcription of miR-26a, was significantly reduced in the MPTP-treated mice. We therefore 

propose that the loss of C/EBPα causes a reduction in the transcription of miR-26a, leading 

to a reduced expression of miR-26a in PD. Furthermore, we find that miR-26a specifically 

binds to the 3’UTR of DAPK1 and represses DAPK1 translation. Inhibition of miR-26a 

expression in vivo resulted in synucleinopathy and DA neuron loss, as well as locomotor 

disabilities, whereas an increase in miR-26a effectively ameliorates those abnormalities in 

PD mice. These findings strongly suggest a critical role for miR-26a in the pathological and 

behavioral changes in PD.

As an important mediator of cell death in response to ceramide, ischemia and glutamate 

toxicity, DAPK1 is implicated in the pathogenesis of multiple neurological diseases, such 

as epilepsy, AD and ischemic brain injury. In AD, overexpression of DAPK1 promotes tau 

phosphorylation at multiple AD-related sites and increases its stability(11). Additionally, 

DAPK1 activation enhances tau phosphorylation at Ser262 and results in tau insolubility 

and accumulation in dendritic spines, leading to synaptic dysfunction in ischemic stroke(34). 

Here, we report that activated DAPK1 in PD promotes the phosphorylation of α-synuclein at 

the Ser129, a site related to the neurotoxicity of α-synuclein. In LBs, a key pathological 

hallmark in PD brains, approximately 90% of α-synuclein is hyperphosphorylated at 

Ser129(35). Both in Drosophila and rat PD models(36, 37), p-syn has been well studied 

for its participation in neuronal toxicity especially in DA neuronal death. In this study, the 

phosphorylation level of p-syn was enhanced by DAPK1, resulting in the loss of DA neurons 

in the SN region. Thus, reduction in the phosphorylation level of p-syn could be a potential 

therapeutic approach for alleviating the pathological changes in PD. To this end, we 

generated the DD-KO mice to inhibit DAPK1-induced α-synuclein hyperphosphorylation, 

and demonstrated that both strategies mitigate the previously observed synucleinopathy 

and DA neuron death, as well as locomotor disabilities. Moreover, intravenous delivery of 

Su et al. Page 9

Biol Psychiatry. Author manuscript; available in PMC 2022 February 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a membrane-permeable competing peptide also attenuated the synucleinopathy pathology 

and locomotor abnormalities. As one of the cell-penetrating peptides (CPP), Tat has been 

used to introduce multiple neuroprotective proteins to reduce cerebral ischemic damage 

and protect against ischemia in brain injury(38). In addition to the application in animal 

models, CPP-mediated drug delivery has also been clinically investigated. For example, 

KAI-9803, a specific inhibitor of δPKC, and KAI-1678, a specific inhibitor of εPKC, were 

fused with Tat. These reagents exhibited acceptable safety and tolerability profiles(39) and 

were currently under phase II clinical trials for myocardial infarction and pain, respectively. 

Therefore, the competing peptide used in this study may provide a possible treatment 

strategy for PD.

Overall, our study demonstrates an important role of the miR-26a/DAPK1 signaling 

pathway in neuronal synucleinopathy, DA neuron loss and locomotor disability in PD (Fig. 

8). Findings from this work indicate novel therapeutic targets and treatment strategies for 

PD.
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Figure 1. DAPK1 is increased in the MPTP mice and is positively correlated with 
synucleinopathy
(A-B) Lysates from the SN of acute (A) and chronic (B) MPTP mice were examined 

by western blot with anti-DAPK1 and anti-DM1A antibodies. Representative images were 

shown. The quantitative analysis was performed with Student’s t-test. **P<0.01 vs vehicle-

injected mice; N=3 independent experiments by using 6 mice per group.

(C-D) Immunohistochemical staining with anti-DAPK1 was performed in coronal slices 

from the acute (C) and chronic (D) MPTP-injected mice. The black rectangle regions in the 

left panels were shown in higher magnification at the right panels. Bar=50 µm; Student’s 

t-test; N=3 independent experiments by using 6 mice per group.

(E-F) Double immunofluorescence was performed in coronal slices from the chronic 

MPTP-injected mice by using the DAPK1 (green) and total α-synuclein (red) antibodies 

(E), and the correlation analysis (F) was performed via SigmaPlot after the fluorescent 
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intensity measurements were acquired via ImageJ. Bar=50 µm; red and black circles are the 

fluorescent intensities from the MPTP- and vehicle-treated mice; R2=0.3401; P<0.001.
(G-H) Double immunofluorescence staining was performed in coronal slices from the 

chronic MPTP-injected mice using DAPK1 (green) and p-syn (red) antibodies (G), and 

the correlation analysis (H) was performed via SigmaPlot after the fluorescent intensity 

measurements were acquired via ImageJ. Bar=50 µm, red and black circles are the 

fluorescent intensities from MPTP- and vehicle-treated mice; R2=0.3728; P<0.001.
(I) Neurons with high magnification showing α-synuclein (red) inclusions (white arrow) 

and strong DAPK1 staining (green). The cell on the left side displays more intense DAPK1 

staining. Bar=10 µm.
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Figure 2. Abnormal downregulation of miR-26 is responsible for DAPK1 elevation in PD
(A) DAPK1 mRNA expression showed no change in the MPTP models.

(B) Alterations in predicted miRNAs that target DAPK1 in the SN of chronic MPTP-

injected mice models. **P<0.01 vs vehicle; Student’s t-test; N=8 from 3 independent 

experiments.

(C) Alterations in miR-26a, miR-26b and miR-141 in the CSF of PD patients and aged-

matched healthy subjects. **P<0.01 vs vehicle; Student’s t-test.

(D) The binding sites of miR-26a with DAPK1 3’UTR are conserved in mammalians. Mmu, 

mouse; Rno, rat; Rmk, Rhesus monkey; Hsa, human; Pig, pig.

(E) The wt and mut 3’UTR of DAPK1 were sub-cloned into the psi-CHECK vector and 

transfected into HEK293 cells, together with miR-26a mimics or its scrambled control. The 

luciferase intensity was measured. Unpaired Student’s t-test was used; **P<0.01 compared 

to the scrambled control-treated group; N=6 for each group.
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(F-H) The N2a cells were treated with miR-26a mimics and its scrambled control or with 

the A-miR-26a and its scrambled control for 24 h. The cell lysates were collected for the 

detection of DAPK1 protein and mRNA expression. Representative blots (F), quantitative 

analysis (G), and the relative expression level of DAPK1 mRNA (H) are shown. **P<0.01 
compared to the respective Con; N=6; Student’s t-test.

(I) Analysis of the correlation between the miR-26 level and DAPK1 protein levels in the 

brain tissue of chronic MPTP-injected mice.

(J) A representative image of localization of miR-26 and DAPK1 in the dopaminergic 

neurons. Bar=20µm.
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Figure 3. Overexpression of DAPK1 or inhibition of miR-26a induces synucleinopathy
(A) Diagram of the virus injection site (upper panel) and a representative fluorescence image 

(lower panel).

(B-C) Effects of DAPK1 overexpression (B) and miR-26a inhibition (C) on the 

phosphorylation level and expression of α-synuclein in wt mice. The upper panels are 

representative blots, and the lower panels are the quantified data. Vector: AAV-EGFP virus; 

DAPK1: AAV-DAPK1-IRES-EGFP virus; Scramble: the scrambled control for miR-26a 

antagomer; A-miR-26a: miR-26a antagomer. **P<0.01 vs vector (B) or scramble (C); 

Student’s t-test; N=8 from 3 independent experiments.

(D-E) Effects of DAPK1 overexpression (D) and miR-26a inhibition (E) on the solubility of 

α-synuclein. The left panels are representative blots, and the right panels are the quantified 

data (left side of the blue dash for the 70% FA, right side for RIPA). **P<0.01 vs vector (D) 

or scramble (E); Student’s t-test; N=8 from 3 independent experiments.
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(F-G) The filter trap experiments were used to detect α-synuclein oligomer formation with 

DAPK1 overexpression (F) or miR-26a inhibition (G).
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Figure 4. Overexpression of DAPK1 or inhibition of miR-26a induces DA neuron death and 
locomotor disabilities
(A-B) Immunohistochemistry of TH staining in the SN of mice treated with A-miR-26a 

or the Con (scrambled control). (A) Representative image and (B) the quantification of 

TH-positive neurons. Bar=100 µm; **P<0.01 vs Con.

(C-D) Immunohistochemistry of TH staining in the SN of mice treated with AAV-DAPK1 or 

the vector control. Vector: AAV-EGFP virus; DAPK1: AAV-DAPK1-IRES-EGFP virus. (C) 

A representative image and (D) the quantification of TH-positive neurons. Bar=100 µm; ** 

P<0.01 vs vector; Student’s t-test.

(E-F) Mice were injected with A-miR-26a or the Con, and the rotarod test was performed. 

(E) Time spent on the rod by mice in each group at different rotation speeds. (F) ORP scores 

in two groups. **P<0.01 vs Con; N=10; one-way ANOVA with Bonferroni post hoc test was 

used.

(G-H) Mice were injected with AAV-DAPK1 or the control virus (vector), and the rotarod 

test was performed. (G) Time spent on the rod by mice in each group at different rotation 

speeds. (H) ORP scores in two groups. ** P<0.01 vs Con; N=10–11; one-way ANOVA with 

Bonferroni post hoc test was used.
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(I-K) The total distance traveled (I), mean velocity (J) and percentage of time spent mobile 

(K) in the open field test of mice treated with A-miR-26a or a control. ** P<0.01 vs Con; 

N=10; Student’s t-test.

(L-N) The total distance traveled (L), mean velocity (M) and percentage of time spent 

mobile (N) in the open field test of mice treated with AAV-DAPK1 or the control virus 

(vector). **P<0.01 vs vector; N=10–11; Student’s t-test.
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Figure 5. DAPK1 directly promotes the phosphorylation of α-synuclein at Ser129
(A-B) A representative western blot image (A) of total α-synuclein protein levels during the 

CHX chase experiment. HEK293 cells were transfected with the wt α-synuclein plasmids 

with either wtDAPK1 or pcDNA. Twenty-four hours after transfection, cells were treated 

with CHX for the indicated time periods. Quantification of the data is shown (B). N=3 

independent experiments; Student’s t-test.

(C-D) HEK293 cells were co-transfected with the wt α-synuclein (C) or mut (D), together 

with either wtDAPK1 or pcDNA. The cell lysates were collected 48 h later for western 

blotting. ** P<0.01 vs pcDNA; N=4; Student’s t-test.

(E-F) The N2a cells were transfected with wild type DAPK1 and the cell lysates were 

collected at 0, 6, 12, 18, 24, 48 h for examination of pSer129-α-Synuclein (p-Syn) and 

total α-Synuclein (t-Syn). The representative blots were shown in (E) and the quantitative 
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analysis were shown in (F). ** P<0.01 vs 0h. N=6; Bonferroni post hoc test after Repeated 

two-way ANOVA.

(G) The recombinant α-synulcein (human) and DAPK1 (human) were incubated in 30°C for 

30 minutes, and the inhibitor at 69nM was added, which were then subjected to western blot. 

The pSer129-α-Synuclein (p-Syn), total α-Synuclein (t-Syn) and DAPK1 were detected.

(H-J) The N2a cells were transfected with Flag-DAPK1 plasmid and then double-

immunostained with anti-p-syn (green) and anti-DAPK1 (red) antibodies. The nuclei were 

visualized by DAPI staining (H). A colocalization analysis (I) and correlation analysis 

(J) were performed. Arrowhead, cell with higher DAPK1 level; arrow, cell with moderate 

DAPK1 expression; triangle, cell without DAPK1 expression; bar=10 µm.
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Figure 6. Genetic deletion of DAPK1 rescues the PD-like behaviors and pathologies of MPTP 
mice
(A) A diagram for the generation of DD-KO mice and DD-KO/MPTP mice.

(B-H) The wild type mice (con) and the DD-KO mice (DD-KO) received a total of 10 doses 

of MPTP hydrochloride (25 mg/kg in saline, s.c.) on a 5-week schedule. The mice were then 

subjected to rotarod test (B-C), open field test (D-F) and pole test. Time spent on the rod 

(B) and ORP (C) were measured. The total distance traveled (D), mean velocity (E) and 

mobility time (F) were evaluated in the open field test. The time to orient down (G, T-turn) 

and total time to descend the pole (H, T-total) were evaluated in the pole test. **P<0.01 vs 
Con; ##P<0.01 vs MPTP; one-way ANOVA with Bonferroni post hoc test was used.

(I-J) The mice were treated as described in (b-h), and the homogenates from the SN were 

extracted for western blotting (upper four blots) and the filter trap analysis (bottom dot blot). 

The representative blots (I) and the quantitative analysis for p-syn and t-syn (J) are shown. 
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**P<0.01 vs Con; ##P<0.01 vs MPTP; N=6; one-way ANOVA with Bonferroni post hoc test 

was used.

(K-L) Mice were treated as described in (B-H), and the coronal slices from those mice were 

prepared for TH staining. Representative images of the SN of different groups (K) and the 

quantitative analysis (L). **P<0.01 vs Con; ##P<0.01 vs MPTP; N=6; one-way ANOVA 

with Bonferroni post hoc test was used.
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Figure 7. siP-Syn attenuates the behavioral and pathological abnormalities in PD mice
(A) A diagram of the siP-Syn design. Blue words, Tat sequence.

(B) The siP-Syn peptide blocked the phosphorylation of α-synuclein in vitro. The N2a 

cells were transfected with α-synuclein and DAPK1, and the siP-Syn peptide was applied 

at different doses as indicated. At 24 h later, the cell lysates were collected for western 

blotting.

(C-I) The siP-syn peptide and its Con peptide were injected into MPTP mice, and the mice 

were subjected to the rotarod test, the open field test and the pole test. The time on the rod 

(C) and ORP (D) were evaluated in the rotarod test. The total distance traveled (E), mean 

velocity (F) and mobility time (G) were evaluated in the open field test. The time to orient 

down (H, T-turn) and total time to descend the pole (I, T-total) were evaluated in the pole 

test. **P<0.01 vs Con; ##P<0.01 vs MPTP; N=9, one-way ANOVA with Bonferroni post 

hoc test was used.
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(J-K) The mice were treated as described in (C-I), and the homogenates from the SN were 

extracted for western blotting (upper three blots) and the filter trap analysis (lower dot blot). 

The representative blots (J) and the quantitative analysis for p-syn and t-syn (K) are shown. 

**P<0.01 vs Con; ##P<0.01 vs MPTP; N=6; one-way ANOVA with Bonferroni post hoc test 

was used.

(L-M) The mice were treated as described in (C-I), and the coronal slices from those mice 

were prepared for TH staining. Representative images of the SN of different groups (L) 

and the quantitative analysis (M). **P<0.01 vs Con; ##P<0.01; vs MPTP; N=6; one-way 

ANOVA with Bonferroni post hoc test was used.
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Figure 8. Schematic illustration of the effects of miR-26a
In the PD brain, the C/EBPα transcription factor is suppressed, and the transcription and 

expression of miR-26a is decreased. The loss of miR-26a induces post-transcriptional 

DAPK1 overexpression, resulting in the hyperphosphorylation of α-synuclein and α-

synuclein aggregation. The toxic synucleinopathy finally causes DA neuron death and 

locomotor disabilities in PD.
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