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ABSTRACT
The differential diagnosis of Parkinson’s diseases (PD) is challenging, 

especially in the early stages of the disease. We developed a microRNA profiling 
strategy for exosomal miRNAs isolated from cerebrospinal fluid (CSF) in PD and AD. 
Sixteen exosomal miRNAs were up regulated and 11 miRNAs were under regulated 
significantly in PD CSF when compared with those in healthy controls (relative fold 
> 2, p < 0.05). MiR-1 and miR-19b-3p were validated and significantly reduced in 
independent samples. While miR-153, miR-409-3p, miR-10a-5p, and let-7g-3p were 
significantly over expressed in PD CSF exosome. Bioinformatic analysis by DIANA-
mirPath demonstrated that Neurotrophin signaling, mTOR signaling, Ubiquitin 
mediated proteolysis, Dopaminergic synapse, and Glutamatergic synapse were the 
most prominent pathways enriched in quantiles with PD miRNA patterns. Messenger 
RNA (mRNA) transcripts [amyloid precursor protein, APP), α-synuclein (α-syn), Tau, 
neurofilament,light gene (NF-L), DJ-1/PARK7, Fractalkine and Neurosin] and long 
non-coding RNAs (RP11-462G22.1 and PCA3) were differentially expressed in CSF 
exosomes in PD and AD patients. These data demonstrated that CSF exosomal RNA 
molecules are reliable biomarkers with fair robustness in regard to specificity and 
sensitivity in differentiating PD from healthy and diseased (AD) controls.

INTRODUCTION

Parkinson’s disease (PD) is a progressive disorder 
of the nervous system affecting approximately 1-2% 
of individuals over 60 years of age [1]. PD affects the 
nerve cells in the brain that produce dopamine and 
its symptoms include muscle rigidity, tremors, and 
changes in speech and gait [1]. Alzheimer’s disease 
(AD) accounts for 60% to 70% of cases of dementia. It 
is a chronic neurodegenerative disease that usually starts 
slowly and gets worse over time [2]. Histopathologically, 
the AD brain is characterized by deposition of both 
neuritic plaques composed of amyloid-β (Aβ) peptide 
and hyper phosphorylated forms of the microtubule-
associated protein Tau that create neurofibrillary tangles 
[3]. Clinical diagnosis of PD and AD is difficult in 
early stages of disease, with high risk of misdiagnosis. 
Reliable biomarkers are required for diagnosis of these 
neurodegenerative diseases, and tracking the disease 

progression.
As molecular changes in the brain are reflected in 

cerebrospinal fluid (CSF) composition, the CSF represents 
an optimal source of biomarkers of neurodegenerative 
diseases [4]. Studies in PD have highlighted the utility 
of CSF biomarkers in early diagnosis. For example, 
amyloid-β1-42 (Aβ42), total tau (t-tau) and phosphorylated 
tau (p-tau) are known markers of AD disease, in that they 
reliably reflect AD pathology [5]. In addition, α-synuclein 
(α-syn) induces aggregation and polymerization of tau, 
which promotes formation of abundant intracellular 
amyloid-tau inclusions [6]. Moreover, co-occurrence of 
tau and α-syn pathology has been detected in the neurons 
under various neurodegenerative diseases, such as AD and 
PD [7]. In addition, CSF measurement of DJ1/PARK7, 
a multifunctional protein implicated in the response to 
oxidative stress during the process of neurodegeneration, 
was decreased in PD [8]. The sensitivity and specificity, 
however, appear to be only moderate, and no correlation 
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with PD severity or progression has been observed [8, 9]. 
The ability to meaningfully profile cerebrospinal fluid 
would gain insights about the underlying severity of 
central nervous system pathology.

Exosomes are present in most body fluids including 
saliva, plasma, and breast milk [10]. Exosomes can 
transfer genetic material to nearby cells, thereby affecting 
the function of the recipient cell [10-12]. However, 
the importance of exosomes in the pathogenesis of 
neurodegeneration in vivo has yet been established. 
MicroRNAs (miRNAs) are small (22-nt) endogenous 
noncoding RNAs that anneal to the 3’UTR of target 
mRNAs to mediate inhibition of translation [13]. More 
importantly, abnormal expression of miRNAs have been 
detected in AD and PD [14, 15]. However, alterations 
of exosomal miRNA content in CSF from PD and AD 
patients have not yet been described. The primary goal 
of this study was to characterize differential expression 
in exosomal miRNAs in PD and AD, and to explore their 
potential as biomarkers in AD and PD.

RESULTS

FACS characterization of CSF exosomal 
phenotypes

To confirm that the structures studied indeed are 
exosomal phenotyped vesicles, they were examined 
by flow cytometric analysis. CSF was treated with 
Dynabeads to detect surface CD63. Pilot experiments 
showed the identity of CSF vesicles was confirmed as 
exosomes by FACS analysis by specifically binding to 
latex beads coated with anti-CD63 (Figure S1A), which 
demonstrated the presence of the surface protein CD63, 
a commonly used marker of exosomes. Further analysis 
indicated that exosomes from all samples showed the 
presence of MHCII. However, MHC class I, CD54, and 
CD86 were not detected (data not shown). No significant 
differences were seen between groups. We further confirm 

the structures studied indeed are exosomes, they were 
examined by electron microscopy (Figure S1B). The 
electron micrographs of the exosomes revealed rounded 
structures with a size of approximately 50-80 nm, similar 
to previously described exosomes.

MiRNAs were differentially expressed in CSF 
exosomes in PD and AD patients

In an initial effort to identify differentially expressed 
exosomal miRNA in CSF of PD and AD patients, we 
profiled the expression of 746 miRNAs by using TaqMan 
miRNA arrays. To investigate the relative abundances of 
the exosome miRNAs detected, they were normalized 
in each sample to RNU6B. The data indicated that 132 
miRNAs (17.7%) could be detected (assays giving Ct < 
35, miRNA present in one of three groups was classed as 
detectable). The study revealed differential expression of 
27 exosomal miRNAs in PD CSF compared to those in 
healthy controls. Among them, we found that 16 exosomal 
miRNAs were up regulated and 11 miRNAs were under 
regulated significantly (p < 0.05) in CSF from PD patients 
when compared with healthy controls (Figure 1 and Table 
2). However, only mir-29c, mir-136-3p, mir-16-2, mir-
331-5p, mir-132-5p, and mir-485-5p were significantly 
changed in AD CSF compared to those in healthy controls 
(Table 2). In addition, the plots for disease phenotypes 
(healthy, PD and AD) were performed as principal 
component analysis (PCA) among all samples based on 
miRNA profiles (Figure S2). Healthy and AD was not 
correlated with the first and second principal components. 
PD was correlated with the first PC (p = 0.005), which 
suggested that the statistical results from differential 
miRNA expression profiling would be affected by 
principal components when testing differential exosomal 
miRNAs expression. Taken all together, these data 
indicated that miRNAs were present in CSF exosomes, 
and exosomal miRNAs were differentially expressed in 
PD and AD patients relative to healthy controls.

Table 1: Demographics of study participants and CSF marker levels in diagnostic groups.

Clinical features/Diseases Healthy controls Alzheimer's disease Parkinson's disease

Number of subjects 27 28 47
Age (years) 60±13(42-79) 65±12(40-78) 63±9(45-77)
Gender (F/M) 8/9 13/15 22/25
Duration of disease (months) .. 33±16(15-70) 138±79(29-306)
CSF total protein (µg/µl) 0.88±0.50(0.23-1.98) 0.77±0.21(0.19-1.17) 1.05±0.37(0.55-3.25)
CSF a-synuclein (pg/µl) 0.98±0.49(0.32-2.08) 1.88±1.22(0.45-8.22) 1.22±0.77(0.44-4.55)
CSF tau protein (pg/ml) 177±97(78-305) 877±234(144-1982) 204±102(77-768)
DJ-1 (ng/ml) 44±22(17-88) 40±15(19-81) 31±12(14-55)

Data shown are mean±SD. 
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Comparative pathway analyses

In order to examine which biologic pathways were 
affected by differential exosomal miRNAs, we applied 
DIANA-mirPath on PD related dysregulated exosmal 
miRNA signature for further investigation. Forty-two 
KEGG biological processes were significantly enriched 
(p < 0.05, FDR corrected) among differentially expressed 
exosomal miRNAs in PD CSF when compared with those 
of healthy controls. Among them, Neurotrophin signaling 
pathway (p = 5.70E-13), mTOR signaling pathway (p = 
2.86E-12), Ubiquitin mediated proteolysis (p = 2.86E-12), 
Long-term potentiation (p = 3.68E-12), Axon guidance (p 
= 3.51E-11), Cholinergic synapse (p = 1.75E-10), Gap 
junction (p = 7.09E-10), Dopaminergic synapse (p = 
3.43E-08), Glutamatergic synapse (p = 1.76E-05) were 
the most prominent pathways enriched in quantiles with 
differential exosomal miRNA patterns in PD (Table S1), 
suggesting that these biologic pathways were involved in 
development of PD. The KEGG pathway “Neurotrophin 

signaling pathway” was significantly altered in PD patients 
with 13 miRNAs (miR-1, miR-331-5p, miR-153, miR-
132-5p, miR-485-5p, miR-409-3p, miR-433, miR-370, let-
7g-3p, miR-873-3p, miR-136-3p, miR-19b-3p, and miR-
10a-5p) targeting 42 genes in the pathway map (Figure 
S3). The KEGG pathway “Dopaminergic synapse” was 
also significantly altered in PD patients with 9 miRNAs 
(miR-1, miR-153, miR-485-5p, miR-409-3p, miR-433, 
let-7g-3p, miR-136-3p, miR-19b-3p, and miR-10a-5p) 
targeting 41 genes in the pathway map of Dopaminergic 
synapse (Figure S4). The KEGG pathway “Cholinergic 
synapse” was significantly enriched in PD patients with 
11 miRNAs (miR-1, miR-153, miR-132-5p, miR-485-5p, 
miR-409-3p, miR-433, miR-370, let-7g-3p, miR-873-3p, 
miR-19b-3p, and miR-10a-5p) targeting 40 genes in the 
Cholinergic synapse pathway (Figure S5).

In addition, there were six KEGG biological 
processes significantly enriched (p < 0.05, FDR corrected) 
among differentially expressed exosomal miRNAs in 
AD CSF when compared with those of healthy controls. 

Table 2: Differential exosomal miRNA expression in CSF in AD and PD patients.
PD vs. Control AD vs. Control

has-mirName FC (log2) Adjusted p-value has-mirName FC (log2) Adjusted p-value
hsa-mir-1 -1.56 0.0078 hsa-mir-1 -0.28 0.1189 

hsa-mir-103a 1.02 0.0084 hsa-mir-103a 0.12 0.0920 
hsa-mir-22 -0.97 0.0090 hsa-mir-22 0.70 0.0519 
hsa-mir-29 -0.69 0.0047 hsa-mir-29 -0.60 0.9064 
hsa-mir-30b 1.22 0.0044 hsa-mir-30b 0.79 0.1518 
hsa-mir-16-2 0.77 0.0039 hsa-mir-16-2 -0.83 0.0136 
hsa-mir-26a 1.11 0.0058 hsa-mir-26a 0.41 0.9700 

hsa-mir-331-5p 0.77 0.0082 hsa-mir-331-5p -0.61 0.0404 
hsa-mir-153 1.33 0.0057 hsa-mir-153 0.47 0.5501 
hsa-mir-374 -0.56 0.0095 hsa-mir-374 -0.04 0.5982 

hsa-mir-132-5p 0.89 0.0023 hsa-mir-132-5p 0.12 0.0188 
hsa-mir-119a -0.39 0.0061 hsa-mir-119a -0.56 0.6787 

hsa-mir-485-5p 1.22 0.0025 hsa-mir-485-5p 1.39 0.0269 
hsa-mir-127-3p 2.33 0.0035 hsa-mir-127-3p -0.27 0.6164 

hsa-mir-126 -1.13 0.0038 hsa-mir-126 -0.76 0.2083 
hsa-mir-409-3p 1.52 0.0039 hsa-mir-409-3p 0.37 0.0558 

hsa-mir-433 2.05 0.0043 hsa-mir-433 0.06 0.8512 
hsa-mir-370 2.73 0.0069 hsa-mir-370 0.31 0.0824 
hsa-let-7g-3p 0.63 0.0068 hsa-let-7g-3p 0.42 0.8608 
hsa-mir-151 -0.88 0.0073 hsa-mir-151 0.51 0.0063 
hsa-mir-28 -0.17 0.0035 hsa-mir-28 -0.42 0.6606 

hsa-mir-301a -0.48 0.0054 hsa-mir-301a -0.51 0.0650 
hsa-mir-873-3p 1.63 0.0052 hsa-mir-873-3p 0.70 0.6384 
hsa-mir-136-3p 0.74 0.0068 hsa-mir-136-3p -0.12 0.0133 
hsa-mir-19b-3p -0.93 0.0109 hsa-mir-19b-3p 0.38 0.9713 
hsa-mir-10a-5p 0.65 0.0017 hsa-mir-10a-5p 0.14 0.3582 

hsa-mir-29c -0.44 0.0013 hsa-mir-29c -0.47 0.0436 
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Among them, Taurine and hypotaurine metabolism (p = 
0.0076), B cell receptor signaling pathway (p = 0.0076), 
Neurotrophin signaling pathway (p = 0.0172), VEGF 
signaling pathway (p = 0.0182), p53 signaling pathway 
(p = 0.0351), Adipocytokine signaling pathway (p = 
0.0355) were the most prominent pathways enriched in 
quantiles with differential exosomal miRNA patterns in 
AD (Table S2), suggesting that these biologic pathways 
were dysregulated by miRNAs and further involved in 
development of AD.

Validation of miRNA array expression using 
independent samples

We employed TaqMan Real-Time PCR to validate 
the expression levels of the dysregulated miRNAs from 
microRNA assay. The miRNAs were chosen for validation 
based on the significance of the difference (fold change, 

p-value), previous observations and biological plausibility 
(according to putative miRNA targets and/or Pubmed 
hits when particular miRNA is combined with keywords 
as neurodegeneration). Six miRNAs (miR-1, miR-153, 
miR-409-3p, miR-19b-3p, miR-10a-5p, and let-7g-3p) in 
Neurotrophin signaling pathway were selected for further 
validation using an independent cohort of 78 PD patients, 
53 AD patients, and 35 healthy controls. In agreement with 
the preliminary data from microRNA assay, miR-1 and 
miR-19b-3p were significantly reduced in CSF exosome 
samples in PD when compared with healthy controls. 
While miR-153, miR-409-3p, miR-10a-5p, and let-7g-
3p were significantly over expressed in CSF exosome 
samples (Figure 2A). In addition, we investigated another 
two miRNAs (miR-136-3p and miR-433) in Dopaminergic 
synapse pathway using individual CSF exosome samples. 
MiR-136-3p and miR-433 was significantly increased 
in PD patients (Figure 2B). Taken together, these 
data confirmed the validity of differentially expressed 

Figure 1: Heatmap of CSF exosomal differential miRNA profiles in PD and AD. Heatmap representation of the mean fold 
change in PD and AD related differential miRNA signature. Two-dimensional grid matrix displaying 27 exosomal miRNAs in CSF was 
obtained by the functional heat-map in R. Columns refer to time course comparison: 27 healthy controls, 28 AD patients and 47 PD patients. 
Rows stand for the 27 differential miRNAs. Each entry of the grid refers to relative fold (log2) between the expression level of a given 
miRNA in exosome relative to RNU6B in healthy controls. The color of each entry is determined by the value of that fold difference, 
ranging from green (negative values) to red (positive values).
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exosomal miRNAs in CSF and our results defined a profile 
of dysregulated CSF exosomal miRNA signature related 
to PD, which revealed that these miRNAs may have a 
functional role in the pathogenesis of PD.

Messenger RNA transcripts and long non-coding 
RNAs were differentially expressed in CSF 
exosomes in PD and AD patients

In order to analyze the other components in the 
exosomes isolated from CSF, we tried to examine the 
presence of messenger RNAs (mRNAs) in exosome and 
elucidate their roles during development of PD and AD. 
The CSF exosomal RNA was heterogeneous in size. 
We then employed quantitative RT-PCR to detect the 
expression of mRNA transcripts isolated from exosome. 
Seven potential CSF biomarkers in PD, including 
amyloid precursor protein (APP), α-synuclein (α-syn), 

Tau, neurofilament, light gene (NF-L), DJ-1/PARK7, 
Fractalkine and Neurosin, were selected for quantitative 
RT-PCR experiments using CSF exosomal RNA from 28 
AD, 47 PD, and 27 healthy controls. APP, α-syn, DJ-1, 
and Fractalkine were found to be present and significantly 
under expressed in PD and AD CSF exosome compared 
to healthy controls (Figure 3A). However, NF-L mRNA 
levels were over expressed in AD and PD CSF exosome 
compared to healthy controls. In addition, there were no 
significant changes in tau mRNA expression in PD CSF 
exosome, while Tau expression was significantly down 
regulated in AD CSF exosomes compared to healthy 
controls (Figure 3A).

In addition, we also observed that two PD associated 
long non-coding RNAs [16], RP11-462G22.1 and PCA3, 
were present in CSF exosome using quantitative RT-PCR 
assay. Both RP11-462G22.1 and PCA3 were up regulated 
in CSF exosome extracted from PD and AD compared to 
those in healthy controls (Figure 3B).

Figure 2: Validation of miRNA array expression using independent samples. TaqMan real-time RT-PCR to validate the 
expression levels of A. Six miRNAs (miR-1, miR-153, miR-409-3p, miR-19b-3p, miR-10a-5p, and let-7g-3p) in Neurotrophin signaling 
pathway were selected for further validation using an independent cohort of 78 PD patients, 53AD patients, and 35 healthy controls. B. 
two miRNAs (miR-136-3p and miR-433) in Dopaminergic synapse pathway using individual CSF exosome samples. Data shown are as 
mean ± SEM.
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Evaluation of CSF exosomal miRNAs as PD 
diagnostic biomarkers

To evaluate the utility of CSF miRNAs levels 
in discriminating cases of PD from healthy controls, 
ROC curve analysis was performed. We confirmed that 
the six miRNAs found in the primary analyses highly 
discriminated PD patients with healthy control (Figure 
4): miR-1, AUC = 0.920, CI95% = (0.845-1.014), miR-
153, AUC = 0.780, CI95% = (0.673-0.967), miR-409-
3p, AUC = 0.970, CI95% = (0.905-1.002), miR-19b-3p 
(AUC = 0.705, CI95% = (0.643-0.917), and miR-10a-5p, 
AUC = 0.900, CI95% = (0.772-1.063) (p < 0.0001 for 
all comparisons). The sensitivity and specificity for 
distinguishing Parkinson’s disease from control were 94% 
for miR-1, 93% for miR-153, 90% for miR-409-3p, 94% 
for miR-19b-3p, 95% for miR-10a-5p, and 95% for let-
7g-3p. Highest area under the curve (AUC) for a single 

miRNA could be achieved with miR-409-3p. Further the 
combination of miR-153 and miR-409-3p in CSF could 
enhance the performance of discrimination significantly 
(AUC = 0.990, CI95% = (0.934-1.090)). These data 
demonstrated that exosomal miRNAs in CSF are reliable 
diagnostic markers for PD. 

DISCUSSION

Among several subtypes of PD defined on the 
basis of clinical characteristics as well as underlying 
neuropathology and cognitive impairment with wide 
variations in duration from onset of PD to the emergence 
of dementia onset [17, 18]. Biomarkers in CSF have 
also been actively investigated [8, 9, 19-22]. The most 
extensively studied candidate in CSF is probably α-syn, 
the major protein component of Lewy bodies [23]. The 
current consensus is that CSF α-synuclein concentrations 

Figure 3: Messenger RNA transcripts and long non-coding RNAs were differentially expressed in CSF exosomes in 
PD and AD patients. A. APP, α-synuclein, Tau, NF-L, DJ-1/PARK7, Fractalkine, and Neurosin, were selected for quantitative RT-PCR 
experiments using CSF exosomal RNA from 28 AD, 47 PD, and 27 healthy controls. B. Two long non-coding RNAs, RP11-462G22.1 and 
PCA3, were tested in CSF exosomes using quantitative RT-PCR assay. Data shown are as mean ± SEM.
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are generally lower in PD; the sensitivity and specificity, 
however, appear to be only moderate, and no correlation 
with PD severity or progression has been observed [8, 9]. 
Burgos et al. provided a comprehensive examination of 
miRNAs detected in CSF and serum in the same patients 
and a comparison to reported miRNAs deregulated 
in AD and PD [14]. In this study we have, for the first 
time, verified the presence of miRNAs in CSF exosomes 
of PD and AD patients. Further, a substantial profile 
of miRNAs was differentially expressed in PD CSF 
exosomes. In addition, we found that aberrantly expressed 
messenger RNAs and long non-coding RNAs discovered 
in CSF exosomes may participate in the pathogenesis 
of PD. These results demonstrated that exosomal RNAs 
could discriminate PD and AD as novel cerebrospinal 
fluid biomarkers. Although the identified panels of CSF 
miRNAs could differentiate PD and AD, to fully confirm 
disease specificity of these potential markers, a larger 
cohort including related disease controls (e.g., those with 
multiple system atrophy or progressive supranuclear palsy) 
will be needed to further test their usage in PD differential 
diagnosis. These results, if validated independent studies, 
particularly those with samples collected prospectively, 
could be used to assist in clinical diagnosis of PD and 
have the potential to help monitoring or predicting disease 
progression.

A link between miRNAs, PD and AD is becoming 
increasingly evident. Dysregulated miRNAs in AD 
patients have been revealed using post-mortem brain 
samples. Profiling miRNAs from CSF in AD could lead 

to the identification of miRNA markers [24]. However, it 
should be noticed that it is far from being evident how 
cytoplasmic changes of miRNAs in neurons correlate with 
changes in the extracellular CSF. Similarly, miRNAs have 
been demonstrated to be associated with the dopaminergic 
phenotype in PD. The dysfunctional α-Synuclein has been 
implicated in a major mechanism in PD pathogenesis, 
oxidative stress might influence α-Synuclein levels via 
miR-7 or miR-153 inhibition [25]. Cho HJ et al., had 
showed that introduction of miR-205 in the neurons 
expressing a PD-related LRKK2 R1441G mutant 
prevented the neural outgrowth defects [26]. Bioinformatic 
methods based on sequence similarities between targets 
and miRNAs were used to predict the potential target 
genes. In the present study, we utilized DIANA-mirPath to 
demonstrate that Neurotrophin signaling pathway, mTOR 
signaling pathway, Ubiquitin mediated proteolysis, Long-
term potentiation, Axon guidance, Cholinergic synapse, 
Gap junction, Dopaminergic synapse, Glutamatergic 
synapse were the most prominent pathways enriched in 
quantiles with differential exosomal miRNA patterns 
related to development of PD and AD.

Exosomes are released from the cell when 
multivesicular bodies fuse with the plasma membrane 
[27]. The origin of the exosome is the way to evaluate 
the importance and function of the altered miRNAs in 
pathogenesis of PD and AD. However, specific markers 
of cellular origin are not yet available. Known exosomal 
surface markers, such as CD63, CD81, and CD9, are 
primarily used for evaluating the exosomal content of the 

Figure 4: ROC curves for miRNAs that are significantly different in PD patients as compared to healthy controls. ROC 
curve with AUC for miR-1, miR-153, miR-409-3p, miR-19b-3p, and miR-10a-5p was performed using SPSS.
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preparation. The presence of CD63 was detected in all 
samples in the current study, and previous investigations 
demonstrated the purity of exosomes isolated by using 
the presence of CD63 by means of FACS. It would be 
important to study the origin of exosomes in CSF of PD 
and AD patients. Numerous investigations on the role that 
exosome may play in cell-to-cell signaling, hypothesizing 
that because exosomes can merge with and release their 
contents into cells that are distant from their cell of origin, 
they may influence processes in the recipient cell [11, 
28]. Conversely, exosome production and content may 
be influenced by molecular signals received by the cell 
of origin. Currently, there are no proven mechanisms by 
which exosomes trigger intercellular communication in 
the process of neurodegeneration.

There are some limitations in our study. First, a 
major limitation of this study is the normalization. It is 
not clear for reference control small RNAs in exosome 
study, and RNU6B or RNU44 should be used with 
caution, because in some circumstances normalizing 
by RNU6B or RNU44 in miRNA expression studies 
may produce misleading results. Secondly, microRNAs 
abundance and stability in human brain have short half-
lives - many of them have half-lives of 2-3 hours or less 
[29]. Thus questions on the ‘down-regulated’ microRNAs 
we demonstrated correlated with a strong ‘degenerative’ 
pathology as well as drug medications effect on the 
exosomic microRNA profiles should be further studied.

To conclude, our study revealed a substantial 
abundance of miRNAs, mRNA transcripts and long 
non-coding RNAs present in CSF exosome of PD and 
AD patients. These RNA molecules were differentially 
expressed in CSF exosome in PD patients, and exosomal 
miRNAs in CSF could be evaluated as PD reliable 
diagnostic biomarkers. These results provide evidence 
for the potential value of these CSF biomarkers for the 
diagnosis and assessment of heterogeneous disease 
progression in PD and suggest dysregulation of exosome 
RNAs abundance for the possible recognition of 
prodromal PD.

MATERIALS AND METHODS

Participants and CSF sample collection

Written informed consent for participation in 
the study was obtained from either directly or from his 
or her guardian in all subjects and the work received 
approval from the institution ethics committee of Sir Run 
Run Shaw Hospital Affiliated with School of Medicine, 
Zhejiang University and in accordance with the tenets 
of the Declaration of Helsinki. All individuals provided 
informed consent, and underwent an evaluation that 
consisted of medical history, physical and neurological 

examinations, laboratory tests, and neuropsychological 
assessments. For discovery, 27 healthy controls, 28 
AD, and 47 PD patients (a total of 102 subjects) were 
included in this investigation. Healthy control subjects 
were community volunteers in good health. They had no 
signs or symptoms suggesting cognitive impairment or 
neurological disease. All AD and PD subjects received a 
standard neurological examination as well as a psychiatric 
interview. AD patients were diagnosed with probable AD 
according to NINDS-ADRDA criteria [30]. The clinical 
diagnosis of PD was confirmed by the senior neurologist 
specializing in movement disorders according to UK 
Parkinson’s disease society brain bank clinical diagnostic 
criteria [31]. Demographic information is listed in Table 1 
for all subjects.

Another validation group of 78 patients with 
sporadic PD was collected from Henan province, Central 
China. There were 41 male and 37 female sporadic 
patients with mean age of 64±12 years. All PD patients 
underwent a standardized neurological examination 
by two movement disorder specialists. Fifty-three AD 
patients were recruited and diagnosed with probable AD 
according to NINDS-ADRDA criteria. A control group 
of 35 healthy controls from the same geographic areas 
was obtained. All healthy controls were free of symptoms 
suggestive of AD and PD, and with a negative family 
history of movement disorders. Informed consent was 
obtained before participation into our study and the work 
received approval from the institution ethics committee 
from Zhengzhou University School of Medicine in Henan 
province and conformed to the tenets of the Declaration 
of Helsinki.

CSF samples collection

All CSF samples were obtained by lumbar 
puncture in the morning as described [32, 33]. Similar 
CSF collection protocols and quality control procedures 
were followed at two participating centers, in particular, 
use of polypropylene collection and storage tubes, rapid 
separation into single use aliquots, and freezing of CSF 
samples, to minimize potential site variations. Alpha-
synuclein protein, tau protein, DJ-1 protein levels in 
CSF of all subjects were examined using Luminex assay 
according to previous studies [32, 33].

Isolation of exosomes

Exosomes were isolated as described before [34]. 
In brief, CSF was subjected to successive centrifugations 
of 3,000 × g (15 min) and 10,000 × g (30 min). Exosomes 
were then pelleted at 50,000 × g for 1 hour, using an 
SW28 rotor (Beckman, Brea, CA). Exosomes pellets were 
resuspended in 0.32 M sucrose and centrifuged at 100,000 
× g for 1 h (SW60Ti rotor; Beckman Coulter Instruments), 
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and then resuspended in PBS for -80 °C storage.

Exosome characterization by FACS analyses

CSF was added directly to Dynabeads (2 mL/mL 
beads) coated with anti-CD63 antibody as previously 
described [35]. Beads were labeled with fluorescein 
isothiocyanate-labeled anti- CD63, MHC class I, anti-
MHC class II, CD86 and phycoerythrin-labeled anti-CD54 
or isotype-matched controls (BioLegend, San Diego, 
CA). Samples were analyzed in a FACS Calibur (BD 
Biosciences, San Jose, CA) by using forward scatter/side 
scatter bead gating, and mean fluorescence intensity (MFI) 
ratios were calculated as the geometric mean of the marker 
divided by the geometric mean of the isotype control.

Electron microscopy

Exosomes from CSF were loaded onto formwar 
carbon-coated grids, fixed in 2% paraformaldehyde, 
washed and immunolabelled with anti-CD63 antibody 
followed by 10 nm gold-labelled secondary antibody 
(Sigma Aldrich). The exosomes were post-fixed in 
2.5% glutaraldehyde, washed, contrasted in 2% uranyl 
acetate, embedded in a mixture of uranyl acetate (0.4%) 
and methyl cellulose (0.13%), and examined by electron 
microscope (Carl Zeiss NTS).

RNA processing and miRNA profiling

Exosomal RNA was extracted using the Qiagen 
miRNeasy Serum/Plasma Kit (Qiagen, Valencia, CA) 
according to the manufacturer’s instructions. RNA 
quality was assessed by using UV 260/280 and 230/260 
absorbance ratios. RNA size distribution was examined 
on RNA Pico LabChips (Agilent Technologies, Palo Alto, 
CA) processed on the Bioanalyzer (Agilent). TaqMan 
Low-Density Array Human miRNA Panels (Applied 
Biosystems, Foster City, CA) were utilized for global 
miRNA profiling. The panel includes two 384-well 
microfluidic cards (human miRNA pool A and pool B) 
that contain primers and probes for 746 different human 
miRNAs in addition to six small nucleolar RNAs that 
function as endogenous controls for data normalization. 
25 ng RNA was reverse transcribed for cDNA synthesis 
using the TaqMan Multiplex RT set (Applied Biosystems) 
for TaqMan Array Human MicroRNA Panels. Quantitative 
PCR was performed on an Applied BioSystems 
7900HT thermocycler (Applied Biosystems) using 
the manufacturer’s recommended cycling conditions. 
The relative expression levels between samples were 
calculated using the comparative delta Ct (threshold cycle 
number) method [36].

MiRNA target prediction and pathway analysis

DIANA-mirPath [37] was used to perform target 
prediction and pathway analysis based on two algorithms, 
microT-CDS [38, 39] and miRTarBase [40]. The 
software performs an enrichment analysis of multiple 
miRNA target genes to Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways. The graphical output 
of the program provides an overview of the parts of the 
pathway modulated by selected miRNAs. The statistical 
significance value associated with the identified biological 
pathways was calculated by mirPath.

TaqMan miRNA Assay for Individual miRNAs

Independent sets of exosome samples from 
CSF were used for qPCR confirmation. The selected 
differentially expressed miRNAs from miRNA array 
discovery panels were further quantitated by TaqMan 
miRNA assays (Applied Biosystems).

Quantitative real-time PCR (QPCR)

Candidate mRNA transcripts levels were measured 
by real-time PCR (SYBR Green Supermix; Applied 
Biosystem) using the thermo-cycler (Bio-Rad, Hercules, 
CA). Melting curve analysis was done at the end of the 
reaction to assess the quality of the final PCR products. 
The threshold cycle C(t) values were calculated by fixing 
the basal fluorescence at 0.05 units. The N-fold increase or 
decrease in expression was calculated by the ΔΔCt method 
using the C(t) controls value as the reference point.

Statistical analysis

Data analysis on miRNA expression levels from 
TaqMan Low-Density Array was performed by SDS 
software version 2.2.2 (Applied Biosystems). Assays 
that had Ct values >35 were removed from the analysis. 
The delta Ct values were calculated by using RNU44 
and RNU6B as the endogenous controls. A univariate 
test to screen for differentially expressed miRNAs since 
we initially designed the experiments to minimize the 
impact of covariates by matching the samples for key 
confounding factors. Bonferroni procedure was used to 
calculate adjusted p values to control false discovery rate 
(FDR) among groups and different normalizers. Heatmap 
of differentially expressed miRNAs and between-group 
statistic analysis were performed by R software. A receiver 
operating characteristic (ROC) curve was performed 
to calculate the relationship between sensitivity and 
specificity for disease group versus healthy controls. 
Data analysis and ROC curve analysis was performed 
using SPSS version and GraphPad Prism. All data were 
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expressed as mean ± SEM. P values less than 0.05 were 
considered statistically significant.

ACKNOWLEDGMENTS

This research was supported by Zhejiang Provincial 
Natural Science Foundation of China under Grant 
No.Q14H090011 and Zhejiang Province Medicine 
Health General Research Program (2013KYA114) and 
Project 81401038 supported by National Natural Science 
Foundation of China.

CONFLICTS OF INTEREST

The authors declare no competing financial interests.

REFERENCES

1. Lang AE and Lozano AM. Parkinson’s disease. First of two 
parts. N Engl J Med. 1998; 339:1044-1053.

2. Nowrangi MA and Rosenberg PB. The fornix in mild 
cognitive impairment and Alzheimer’s disease. Front Aging 
Neurosci. 2015; 7:1.

3. Hachiya NS, Kozuka Y and Kaneko K. Mechanical stress 
and formation of protein aggregates in neurodegenerative 
disorders. Med Hypotheses. 2008; 70:1034-1037.

4. van Dijk KD, Teunissen CE, Drukarch B, Jimenez CR, 
Groenewegen HJ, Berendse HW and van de Berg WD. 
Diagnostic cerebrospinal fluid biomarkers for Parkinson’s 
disease: a pathogenetically based approach. Neurobiol Dis. 
2010; 39:229-241.

5. Dubois B, Feldman HH, Jacova C, Cummings JL, Dekosky 
ST, Barberger-Gateau P, Delacourte A, Frisoni G, Fox 
NC, Galasko D, Gauthier S, Hampel H, Jicha GA, Meguro 
K, O’Brien J, Pasquier F, et al. Revising the definition of 
Alzheimer’s disease: a new lexicon. Lancet Neurol. 2010; 
9:1118-1127.

6. Waxman EA and Giasson BI. Induction of intracellular 
tau aggregation is promoted by alpha-synuclein seeds and 
provides novel insights into the hyperphosphorylation of 
tau. J Neurosci. 2011; 31:7604-7618.

7. Vekrellis K, Xilouri M, Emmanouilidou E, Rideout HJ 
and Stefanis L. Pathological roles of alpha-synuclein in 
neurological disorders. Lancet Neurol. 2011; 10:1015-1025.

8. Hong Z, Shi M, Chung KA, Quinn JF, Peskind ER, Galasko 
D, Jankovic J, Zabetian CP, Leverenz JB, Baird G, Montine 
TJ, Hancock AM, Hwang H, Pan C, Bradner J, Kang UJ, et 
al. DJ-1 and alpha-synuclein in human cerebrospinal fluid 
as biomarkers of Parkinson’s disease. Brain. 2010; 133:713-
726.

9. Mollenhauer B, Locascio JJ, Schulz-Schaeffer W, Sixel-
Doring F, Trenkwalder C and Schlossmacher MG. alpha-
Synuclein and tau concentrations in cerebrospinal fluid 
of patients presenting with parkinsonism: a cohort study. 

Lancet Neurol. 2011; 10:230-240.
10. Lasser C, Alikhani VS, Ekstrom K, Eldh M, Paredes PT, 

Bossios A, Sjostrand M, Gabrielsson S, Lotvall J and 
Valadi H. Human saliva, plasma and breast milk exosomes 
contain RNA: uptake by macrophages. J Transl Med. 2011; 
9:9.

11. Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ and 
Lotvall JO. Exosome-mediated transfer of mRNAs and 
microRNAs is a novel mechanism of genetic exchange 
between cells. Nat Cell Biol. 2007; 9:654-659.

12. Yuan A, Farber EL, Rapoport AL, Tejada D, Deniskin R, 
Akhmedov NB and Farber DB. Transfer of microRNAs 
by embryonic stem cell microvesicles. PLoS One. 2009; 
4:e4722.

13. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, 
and function. Cell. 2004; 116:281-297.

14. Burgos K, Malenica I, Metpally R, Courtright A, Rakela B, 
Beach T, Shill H, Adler C, Sabbagh M, Villa S, Tembe W, 
Craig D and Van Keuren-Jensen K. Profiles of extracellular 
miRNA in cerebrospinal fluid and serum from patients 
with Alzheimer’s and Parkinson’s diseases correlate with 
disease status and features of pathology. PLoS One. 2014; 
9:e94839.

15. Delay C, Mandemakers W and Hebert SS. MicroRNAs in 
Alzheimer’s disease. Neurobiol Dis. 2012; 46:285-290.

16. Soreq L, Guffanti A, Salomonis N, Simchovitz A, Israel 
Z, Bergman H and Soreq H. Long non-coding RNA and 
alternative splicing modulations in Parkinson’s leukocytes 
identified by RNA sequencing. PLoS Comput Biol. 2014; 
10:e1003517.

17. Cummings JL. Intellectual impairment in Parkinson’s 
disease: clinical, pathologic, and biochemical correlates. J 
Geriatr Psychiatry Neurol. 1988; 1:24-36.

18. Hughes TA, Ross HF, Musa S, Bhattacherjee S, Nathan 
RN, Mindham RH and Spokes EG. A 10-year study of the 
incidence of and factors predicting dementia in Parkinson’s 
disease. Neurology. 2000; 54:1596-1602.

19. Schapira AH. Recent developments in biomarkers in 
Parkinson disease. Curr Opin Neurol. 2013; 26:395-400.

20. Kang JH, Irwin DJ, Chen-Plotkin AS, Siderowf A, Caspell 
C, Coffey CS, Waligorska T, Taylor P, Pan S, Frasier M, 
Marek K, Kieburtz K, Jennings D, Simuni T, Tanner CM, 
Singleton A, et al. Association of cerebrospinal fluid beta-
amyloid 1-42, T-tau, P-tau181, and alpha-synuclein levels 
with clinical features of drug-naive patients with early 
Parkinson disease. JAMA Neurol. 2013; 70:1277-1287.

21. Shi M, Bradner J, Hancock AM, Chung KA, Quinn JF, 
Peskind ER, Galasko D, Jankovic J, Zabetian CP, Kim 
HM, Leverenz JB, Montine TJ, Ginghina C, Kang UJ, Cain 
KC, Wang Y, et al. Cerebrospinal fluid biomarkers for 
Parkinson disease diagnosis and progression. Ann Neurol. 
2011; 69:570-580.

22. Hall S, Ohrfelt A, Constantinescu R, Andreasson U, Surova 
Y, Bostrom F, Nilsson C, Hakan W, Decraemer H, Nagga 



Oncotarget37053www.impactjournals.com/oncotarget

K, Minthon L, Londos E, Vanmechelen E, Holmberg B, 
Zetterberg H, Blennow K, et al. Accuracy of a panel of 5 
cerebrospinal fluid biomarkers in the differential diagnosis 
of patients with dementia and/or parkinsonian disorders. 
Arch Neurol. 2012; 69:1445-1452.

23. Thomas B and Beal MF. Parkinson’s disease. Hum Mol 
Genet. 2007; 16 Spec No. 2:R183-194.

24. Hebert SS, Horre K, Nicolai L, Papadopoulou AS, 
Mandemakers W, Silahtaroglu AN, Kauppinen S, 
Delacourte A and De Strooper B. Loss of microRNA cluster 
miR-29a/b-1 in sporadic Alzheimer’s disease correlates 
with increased BACE1/beta-secretase expression. Proc Natl 
Acad Sci U S A. 2008; 105:6415-6420.

25. Junn E, Lee KW, Jeong BS, Chan TW, Im JY and 
Mouradian MM. Repression of alpha-synuclein expression 
and toxicity by microRNA-7. Proc Natl Acad Sci U S A. 
2009; 106:13052-13057.

26. Cho HJ, Liu G, Jin SM, Parisiadou L, Xie C, Yu J, Sun 
L, Ma B, Ding J, Vancraenenbroeck R, Lobbestael E, 
Baekelandt V, Taymans JM, He P, Troncoso JC, Shen Y, et 
al. MicroRNA-205 regulates the expression of Parkinson’s 
disease-related leucine-rich repeat kinase 2 protein. Hum 
Mol Genet. 2013; 22:608-620.

27. Booth AM, Fang Y, Fallon JK, Yang JM, Hildreth JE and 
Gould SJ. Exosomes and HIV Gag bud from endosome-like 
domains of the T cell plasma membrane. J Cell Biol. 2006; 
172:923-935.

28. Balaj L, Lessard R, Dai L, Cho YJ, Pomeroy SL, 
Breakefield XO and Skog J. Tumour microvesicles 
contain retrotransposon elements and amplified oncogene 
sequences. Nat Commun. 2011; 2:180.

29. Sethi P and Lukiw WJ. Micro-RNA abundance and stability 
in human brain: specific alterations in Alzheimer’s disease 
temporal lobe neocortex. Neurosci Lett. 2009; 459:100-104.

30. McKhann G, Drachman D, Folstein M, Katzman R, Price D 
and Stadlan EM. Clinical diagnosis of Alzheimer’s disease: 
report of the NINCDS-ADRDA Work Group under the 
auspices of Department of Health and Human Services Task 
Force on Alzheimer’s Disease. Neurology. 1984; 34:939-
944.

31. Hughes AJ, Daniel SE, Kilford L and Lees AJ. Accuracy 
of clinical diagnosis of idiopathic Parkinson’s disease: a 
clinico-pathological study of 100 cases. J Neurol Neurosurg 
Psychiatry. 1992; 55:181-184.

32. Tateno F, Sakakibara R, Kawai T, Kishi M and Murano 
T. Alpha-synuclein in the cerebrospinal fluid differentiates 
synucleinopathies (Parkinson Disease, dementia with Lewy 
bodies, multiple system atrophy) from Alzheimer disease. 
Alzheimer Dis Assoc Disord. 2012; 26:213-216.

33. Zhang Y, Londos E, Minthon L, Wattmo C, Blennow 
K, Liu HJ, Bronge L, Aspelin P and Wahlund LO. 
Medial temporal lobe atrophy increases the specificity of 
cerebrospinal fluid biomarkers in Alzheimer disease with 
minor cerebrovascular changes. Acta Radiol. 2009; 50:674-

681.
34. Jansen FH, Krijgsveld J, van Rijswijk A, van den Bemd 

GJ, van den Berg MS, van Weerden WM, Willemsen R, 
Dekker LJ, Luider TM and Jenster G. Exosomal secretion 
of cytoplasmic prostate cancer xenograft-derived proteins. 
Mol Cell Proteomics. 2009; 8:1192-1205.

35. Johansson SM, Admyre C, Scheynius A and Gabrielsson 
S. Different types of in vitro generated human monocyte-
derived dendritic cells release exosomes with distinct 
phenotypes. Immunology. 2008; 123:491-499.

36. Anglicheau D, Sharma VK, Ding R, Hummel A, 
Snopkowski C, Dadhania D, Seshan SV and Suthanthiran 
M. MicroRNA expression profiles predictive of human 
renal allograft status. Proc Natl Acad Sci U S A. 2009; 
106:5330-5335.

37. Papadopoulos GL, Alexiou P, Maragkakis M, Reczko 
M and Hatzigeorgiou AG. DIANA-mirPath: Integrating 
human and mouse microRNAs in pathways. Bioinformatics. 
2009; 25:1991-1993.

38. Reczko M, Maragkakis M, Alexiou P, Grosse I and 
Hatzigeorgiou AG. Functional microRNA targets in protein 
coding sequences. Bioinformatics. 2012; 28:771-776.

39. Paraskevopoulou MD, Georgakilas G, Kostoulas N, 
Vlachos IS, Vergoulis T, Reczko M, Filippidis C, 
Dalamagas T and Hatzigeorgiou AG. DIANA-microT web 
server v5.0: service integration into miRNA functional 
analysis workflows. Nucleic Acids Res. 2013; 41:W169-
173.

40. Hsu SD, Lin FM, Wu WY, Liang C, Huang WC, Chan 
WL, Tsai WT, Chen GZ, Lee CJ, Chiu CM, Chien CH, Wu 
MC, Huang CY, Tsou AP and Huang HD. miRTarBase: a 
database curates experimentally validated microRNA-target 
interactions. Nucleic Acids Res. 2011; 39:D163-169.


