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ARTICLE

Identification of BAG2 and Cathepsin D as Plasma 
Biomarkers for Parkinson’s Disease

Juhee Kang1,†, Jae Whan Kim1,†, Hansol Heo1, Jihyun Lee2, Kwan Yong Park1, Jung Han Yoon3,* and Jaerak Chang1,2,*

The current diagnosis of Parkinson’s disease (PD) mostly relies on clinical rating scales related to motor dysfunction. Given 
that clinical symptoms of PD appear after significant neuronal cell death in the brain, it is required to identify accessible, 
objective, and quantifiable biomarkers for early diagnosis of PD. In this study, a total of 20 patients with idiopathic PD 
and 20 age-matched patients with essential tremor according to the UK Brain Bank Criteria were consecutively enrolled to 
identify peripheral blood biomarkers for PD. Clinical data were obtained by clinical survey and assessment. Using albumin-
depleted and immunoglobulin G-depleted plasma samples, we performed immunoblot analysis of seven autophagy-related 
proteins and compared the levels of proteins to those of the control group. We also analyzed the correlation between the 
levels of candidate proteins and clinical characteristics. Finally, we validated our biomarker models using receiver operating 
characteristic curve analysis. We found that the levels of BCL2-associated athanogene 2 (BAG2) and cathepsin D were 
significantly decreased in plasma of patients with PD (P = 0.009 and P = 0.0077, respectively). The level of BAG2 in patients 
with PD was significantly correlated with Cross-Culture Smell Identification Test score, which indicates olfactory dysfunction. 
We found that our biomarker model distinguishes PD with 87.5% diagnostic accuracy (area under the curve (AUC) = 0.875, 
P < 0.0001). Our result suggests BAG2 and cathepsin D as candidates for early-diagnosis plasma biomarkers for PD. We 
provide the possibility of plasma biomarkers related to the autophagy pathway, by which decreased levels of BAG2 and 
cathepsin D might lead to dysfunction of autophagy.

Parkinson’s disease (PD) is the second most common 
neurodegenerative disorder of insidious onset. PD is char-
acterized by the presence of motor symptoms, including 
shaking, rigidity, bradykinesia, and postural disturbances, 
and non-motor symptoms, including gait, speech, and 
swallowing difficulties.1 The motor symptoms of PD are 
caused by a significant decrease in dopamine levels in 
the brain due to the degeneration of dopaminergic (DA) 

neurons.2 Because the motor disturbance symptoms begin 
after a 60 to 80% loss of the DA neurons, it is critical to ini-
tiate the appropriate medical intervention at the early stage 
of disease progression.3 Despite the rapid increase in PD 
prevalence, there are still no effective biological or imag-
ing markers. The current diagnosis method of PD is made 
through the clinical criteria developed by the Brain Bank of 
the Parkinson’s Disease Society in the UK.4 Even though 

1Department of Biomedical Sciences, Ajou University School of Medicine, Suwon, Korea; 2Department of Brain Science, Ajou University School of Medicine, Suwon, 
Korea; 3Department of Neurology,  Ajou University School of Medicine, Suwon, Korea. *Correspondence: Jung Han Yoon (jhyoon@ajou.ac.kr) and Jaerak Chang 
(jaerakchang@ajou.ac.kr)
Received: August 21, 2020; accepted: October 10, 2020. doi:10.1111/cts.12920

†These authors contributed equally to this work.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  Although the current diagnostic method for Parkinson’s 
disease (PD) shows high accuracy, it is frequently 
inefficacious to diagnose early PD or predict PD onset. 
Several studies showed that the autophagy-lysosomal 
pathway is altered in patients with early PD, suggesting 
autophagy-related proteins could be potential biomarkers 
for early PD.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  We aimed to identify plasma biomarkers for PD by 
quantitative analysis of proteins related to the autophagy-
lysosomal pathway.

WHAT DOES THIS STUDY ADD TO OUR KNOW-  
LEDGE?
✔  This study showed that decreased levels of BCL2-
associated athanogene and cathepsin D could be used 
as PD biomarkers with high accuracy.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?
✔  The diagnostic model using biomarkers identified in this 
study can be used for more accurate and convenient PD 
diagnosis. This study also supports that the autophagy-
lysosomal pathway is fundamentally linked to the 
pathogenesis of PD.
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these criteria are with a high degree of accuracy, it is still 
not effective to predict PD onset or diagnose patients with 
early PD without motor symptoms. Thus, the development 
of early PD biomarkers to predict PD is of importance.

Identifying biomarkers is necessary as they can be ad-
ministered in worldwide screening to predict PD progress 
and diagnose early PD. A biomarker should be applicable 
to all sexes and ages, easily accessible, noninvasive, and, 
most importantly, it should be a quantifiable value for clinical 
application. In this regard, using peripheral blood plasma is 
a promising way to develop biomarkers for PD.5 Although 
several studies showed that the level of different types of 
α-synuclein in the plasma of patients with PD could be used 
as a biomarker, it is still controversial whether the α-synuclein 
level is a suitable biomarker for PD prediction or diagnosis, 
due to the inconsistency of the results.6,7 Accordingly, the 
peripheral α-synuclein level does not seem to have potential 
as a biomarker. Nonetheless, a promising finding is that the 
level of DJ-1 decreased in the cerebrospinal fluid of patients 
with PD; however, DJ-1 levels in the sera of patients with PD 
did not differ from those of control patients.6,8 In addition, 
the levels of uric acid in sera and epidermal growth factor in 
plasma are reported to be decreased in patients with PD.6

Thanks to the years of research on PD, it is now well-known 
that several factors, including α-synuclein, parkin, PINK1, 
LRRK2, and DJ-1, are deeply related to the pathogenesis of 
PD. The α-synuclein is a presynaptic neuronal protein, which is 
neuropathologically related to PD.9,10 Several studies showed 
the implication of parkin and PINK1 in mitophagy that is thought 
to be one of the underlying pathogenic mechanisms of PD.10–

12 In addition, LRRK2 and DJ-1 are reported to play important 
roles in autophagy-mediated DA neuronal cell loss.13,14 Most 
recently, Laperle et al. showed that lysosomal membrane pro-
teins, such as LAMP1, were decreased in induced pluripotent 
stem cells of patients with young-onset PD.15 These studies, 
all together, suggest the deep implication of autophagy in PD.

In this study, we aimed to identify autophagy-related pro-
teins as potential biomarkers for PD by quantitative analysis 
with patient plasma samples. In addition, we investigated 
the relationship between the potential biomarkers and clini-
cal characteristics of the patients with PD.

METHODS
Subjects and study approval
A total of 114 consecutive patients with parkinsonism who 
visited the Parkinson Center at Ajou University Hospital from 
March 2017 to June 2018, were prospectively recorded. 
Of these, 32 patients whose [18F] N-(3-fluoropropyl)-
2b-carbon ethoxy-3b-(4-iodophenyl) nortropane photon 
emission tomography scans or 3T brain magnetic resonance 
imaging (MRI) were not checked at baseline assessment, 
and 21 patients who were lost to follow-up within 2 years 
were excluded from the study. We also excluded patients 
who showed signs of atypical parkinsonian syndromes 
(n = 24) or PD dementia (n = 14) during the follow-up pe-
riod. Three patients with evidence of focal brain lesions in 
MRI were also excluded. Finally, a total of 20 patients with 
idiopathic PD were enrolled in this study. The diagnosis of 
PD was made using the United Kingdom PD Society Brain 
Bank clinical diagnostic criteria,16 and parkinsonian motor 

symptoms were assessed using the Unified PD Rating 
Scale Part III (UPDRS-III). Twenty age-matched patients 
with essential tremor, who were diagnosed according to re-
cent consensus statement,17 were also enrolled during the 
same period to serve as the control group. Data on age, 
sex, medication history, smoking history, and lipid profiles 
were obtained for all participants. All enrolled patients with 
PD were subjected to 18F-N-(3-fluoropropyl)-2b-carbon 
ethoxy-3b-(4-iodophenyl) nortropane photon emission to-
mography and 3T brain MRI. This study was approved by the 
Ajou Institutional Review Board (AJIRB-MED-SMP-17-322) 
and was carried out in compliance with the Declaration 
of Helsinki and Korean good clinical practice guidelines. 
Before patients were enrolled, the detailed purpose of the 
study was explained to all patients who provided written in-
formed consent, which followed the procedures authorized 
by the local institutional review board.

Sample preparation and immunoblotting
Albumin and immunoglobulin G (IgG) were depleted from 
plasma by using Hi-Bind Albumin-IgG depletion beads 
(Biovision Cat #7933). Briefly, beads were washed with 50 mM 
Tris-HCl buffer (pH 8.0) 5 times, followed by applying plasma 
to the bead and rotating for 2  hours at room temperature. 
Then, the supernatant was collected and mixed with 2× so-
dium dodecyl sulfate (SDS)-loading buffer and boiled at 95°C 
for 10 minutes. Immunoblotting was performed as described 
previously.18 Briefly, samples were separated by SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred 
onto a nitrocellulose membrane. The membrane was blocked 
in 3% skim milk in Tris-buffered saline containing 0.05% 
Tween-20 (TBST). Blots were incubated with primary antibod-
ies diluted in TBST with 3% bovine serum albumin, washed 
with TBST, and incubated with secondary antibodies conju-
gated with horseradish peroxidase in TBST containing 3% 
skim milk. Primary antibodies specific to BCL2-associated 
athanogene (BAG2; Bethyl Cat #A304-751A), BAG3 (Bethyl Cat 
#A302-807A), cathepsin B (Abcam Cat #ab58802), cathepsin 
D (Calbiochem Cat #IM-03), LAMP1 (Abcam Cat #ab25630), 
LAMP2 (Proteintech Cat #66301-1-Ig), WDFY3 (Bethyl Cat 
#A301-869A), and α-Tubulin (Abcam Cat #ab18251) were 
purchased. Immunoreactive proteins were detected with a 
ChemiDoc Gel Imaging System (Bio-rad). Band intensities 
were measured using Image Lab software (Bio-rad).

Antibody validation
For gene editing of BAG2 or cathepsin D (CTSD), targets 
were selected from the list recommended by E-CRISP.19 
The target sequences are as follow:

BAG2-CR1: 5′-ACATGAGGCAGATCAGTGA-3′
BAG2-CR2: 5′-CCTCATGTCCTGGCTATTT-3′
CTSD-CR1: 5′-TCCAGGTGGACCTGCCAGT-3′
CTSD-CR2: 5′-GCCTACTGGCAGGTCCACC-3′

After cloning guide RNAs (gRNAs) specific to the tar-
gets in pSpCas9(BB)-2A-Puro (PX459) vector (Addgene, 
#48139), the constructs were transfected into HeLa cells with 
Avalanche-Omni reagents (EZ Biosystems) for 36 hours, and 
then incubated with 2 μg/mL of puromycin for 24 hours. After 
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further growth, cells were lysed and boiled with 1× SDS lysis 
buffer and subjected to immunoblotting.

Statistical analysis
Results are expressed as mean  ±  SD or mean  ±  SEM. 
Logistic regression analysis and receiver operating charac-
teristic (ROC) curve analysis, followed by Pearson’s χ2 test, 
were performed to assess the diagnostic accuracy of the 
biomarkers. GraphPad Prism 7 or Microsoft Excel Office 
365 was used to analyze the statistical data and plot the 
graphs. The levels of significance for comparisons between 
groups were determined by Student’s t-test. P value < 0.05 
was considered significant.

RESULTS
Demography of subjects
Twenty patients who experienced PD onset in the last 
3 years were recruited in the experimental group and corre-
spondingly, 20 age-matched patients with essential tremor 
who were not clinically diagnosed with PD were recruited 
in the control group (Table 1). Based on clinical survey and 
assessment, patients in both groups had similar education 
experiences and displayed similar results from the cogni-
tive function test (Table 1, top panel). Mid-50 years old was 
identified as the age of PD onset for the enrolled patients 
(55.1 ± 8.5 years old) and they experienced PD in the past 
23.2 ± 10 months (Table 1, mid panel). Six of the 20 pa-
tients with PD had olfactory dysfunction and 7 had a history 
of rapid eye movement sleep behavior disorder (RBD), the 
major prodromal non-motor symptoms of PD. MRI scan 
results showed that approximately half of the patients 
had defects in the structure of deep white matter. Cardiac 
metaiodobenzylguanidine (MIBG) scans, which measure 
sympathetic cardiac denervation caused by Lewy bodies,20 
was also performed for 11 patients with PD.

Preparation of patient plasma samples for SDS-PAGE
Although enzyme-linked immunosorbent assay is a powerful 
method for quantifying proteins in body fluids, there are still 
some issues about their antigen specificity. Accordingly, we 
decided to analyze the levels of biomarker candidate pro-
teins by immunoblot analysis, which is an easy and reliable 
quantitative measurement method. Blood plasma contains 
several components, such as dissolved salts, circulating 

RNAs, and proteins. Thus, before analyzing protein levels in 
plasma, we first depleted albumin, which is the major pro-
tein in plasma, and IgG from plasma samples to properly 
resolve selected proteins in the polyacrylamide gel. The al-
bumin/IgG-depleted plasma samples from 40 subjects were 
successfully resolved and separated in the gel (Figure 1a).

Screening of biomarker candidate proteins implicated 
in the autophagy-lysosome system
To identify PD-specific biomarkers in plasma, we selected 
30 proteins that were implicated in the autophagy path-
way. We analyzed the levels of 30 proteins using pooled 
plasma samples that contain the same amount of plasma 
from each subject. Among 30 proteins, 7 proteins; BAG2, 
BAG3, cathepsin B, cathepsin D, LAMP1, LAMP2, and 
WDFY3 were detected as the levels of being able to quan-
tify (Figure 1b–i; list of total proteins in Table S1).

By comparing the level of 7 candidate proteins, the aver-
age levels of BAG2 and CTSD in the pooled sample from the 
PD group were decreased > 20% relative to the control group 
(Figure 1j,k). Even though the levels of the other proteins also 
differ from those of control, we ruled out the proteins with a 
percent lower than 20% relative to control, for the purpose of 
our study was to develop novel biomarkers that had signifi-
cant quantitative differences in the plasma of patients with PD.

BAG2 levels are decreased in the plasma of patients 
with PD
One advantage of using immunoblot analysis to relatively 
compare protein levels is that we can directly examine the 
quality of the antibody, which is important for precise quan-
tification of interesting protein levels. To validate the BAG2 
antibody that we used for immunoblot analysis, we exam-
ined the specificity of the antibody to confirm the different 
levels of the proteins between control and PD groups in 
individual samples. First, we transfected BAG2 gene-spe-
cific gRNAs, which induce knock-out of the gene by the 
CRISPR-Cas9 system into HeLa cells, and performed 
immunoblot analysis to confirm whether BAG2 antibody 
could detect specific BAG2 band that would be decreased 
by the transfection. The antibody could detect a specific 
band (~  25  kDa), which was significantly reduced by the 
transfection (Figure 2a). Although residual BAG2 proteins 
were still detected in the gRNA-transfected cells due to 

Table 1 Demographic and clinical characteristics of subjects

Age, years Sex, male/female Duration of education, years MMSE

Control (n = 20) 59.3 ± 6.4 7/13 12.2 ± 4.3 28.5 ± 3.2

PD (n = 20) 56.6 ± 8.2 11/9 11.7 ± 5.5 26.1 ± 5.1

Age of onset, years
Disease duration, 

months UPDRS-III MIBG (n = 11)

PD (n = 20) 55.1 ± 8.5 23.2 ± 10.0 18.3 ± 6.2 1.8 ± 0.4

CC-SIT, normosmia/ hyposmia History of RBD Abnormal deep white matter

PD (n = 20) 14/6 7 9

CC-SIT, Cross-Cultural Smell Identification Test; MIBG, metaiodobenzylguanidine; MMSE, Mini-Mental State Examination; PD, Parkinson’s disease; RBD, 
rapid eye movement sleep behavior disorder; UPDRS-III, Unified Parkinson’s Disease Rating Scale.
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genetic heterogenicity of the cells, this result indicates that 
the BAG2 antibody used in this study is adequately reliable 
and specific.

Immunoblot analysis of the albumin/IgG-depleted 
patient plasma showed that the level of BAG2 signifi-
cantly decreased in the plasma from patients with PD 
(Figure  2b,c). Although the samples were loaded in four 
separate gels because of the limited number of lanes, all 
SDS-PAGE and immunoblot analyses were performed at 

the same time and under the same conditions, including 
exposure time. The most intense BAG2 signal detected in 
plasma samples was 30 kDa, the intensity of the band was 
highly correlated with the 25 kDa band. Thus, we conclude 
that both bands are likely to be BAG2 present in plasma. 
Intriguingly, the BAG2 levels of control subjects were het-
erogeneous whereas those of PD subjects were relatively 
homogenous and significantly low. As a result, the relative 
mean value of BAG2 levels in the PD group was only 14% 

Figure 1 Average protein levels of BAG2 and cathepsin D are decreased in the plasma of PD patients. (a) Preparation of the albumin/
IgG-depleted plasma samples from control and PD patients (20 subjects each) was verified by SDS-PAGE. The plasma samples from 
the 20 control and patients with PD were each pooled for the quantitative analysis of the average levels of autophagy-related proteins. 
The pooled samples were immunoblotted with antibodies specific to BAG2 (b), BAG3 (c), cathepsin B (d), cathepsin D (e), LAMP1 
(f), LAMP2 (g), and WDFY3 (h). Each analysis was repeated as necessary. Arrows and asterisks indicate specific and cross-reacting 
bands, respectively. (i) Intensities of specific bands of b–h were quantitatively analyzed, and the level of changes in the PD group was 
compared to that in the control group. Each blue dot indicates the result from each blot, and the grey bars represent mean values. (j) 
The fold change in BAG2 levels of the PD group. Values represent mean ± SEM of three independent experiments. (k) The fold change 
in cathepsin D levels of the PD group. Values represent mean ± SEM of two independent experiments. Molecular weight standards 
(in kDa) are shown to the left. **P < 0.01 (Student t-test). BAG, BCL2-associated athanogene; CBB, Coomassie Brilliant Blue; PD, 
Parkinson’s disease; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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of those in the control group. This result indicates that the 
amount of plasma BAG2 proteins is possibly related to the 
onset or progression of PD.

BAG2 levels are decreased in patients with PD with hyposmia
To specify the relation between BAG2 level and clinical 
characteristics, we analyzed the correlation between BAG2 

Figure 2 BAG2 levels are decreased in the plasma of patients with PD. (a) Validation of the BAG2 antibody for immunoblot analysis. 
HeLa cells were transfected with an empty vector (Vector) or vectors with gRNAs specific to BAG2 gene (BAG2-gRNA1, BAG2-gRNA2). 
Cell lysates were subjected to immunoblot with the indicated antibodies. (b, c) Analysis of the BAG2 level in the plasma of control 
and patients with PD. (b) Albumin/IgG-depleted plasma samples were immunoblotted with a BAG2 antibody. Ponceau S staining was 
performed after SDS-PAGE to show that equal amounts of plasma proteins were loaded in each lane. (c) Intensities of the specific 
bands (b, red box) of each lane were quantitatively analyzed, and the level of fold changes in the PD group was compared with that 
of the control group. Each blue and red open circle indicates the BAG2 level in the plasma from each control and patient with PD, 
respectively. Mean ± SD is displayed as a horizontal line in each group. Arrows and asterisks indicate specific and cross-reacting bands, 
respectively. Molecular weight standards (in kDa) are shown to the left. **P < 0.01 (Student t-test). BAG, BCL2-associated athanogene; 
IgG, immunoglobulin G; PD, Parkinson’s disease; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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level and demographic characteristics of the study partici-
pants. As shown in Figure 3a–d, levels of BAG2 in plasma 
from patients with PD did not correlate with age, sex, du-
ration of education, and Mini-Mental State Examination 
scores. In addition, it did not have any correlation with the 
other clinical characteristics; age of onset, disease duration, 
UPDRS-III scores, history of RBD, presence of abnormal 
deep white matter, and MIBG scores (Figure  3e–g,i–k). 
Cross-Culture Smell Identification Test scores indicate the 
impairment of olfactory function that is a critical non-mo-
tor symptom of the prodromal stages of PD. Based on the 
original study by Doty et al., we classified patients with PD 
into hyposmia if the Cross-Culture Smell Identification Test 
score was 5 or less, and into normosmia if the score was 6 
or higher.21 Interestingly, the plasma BAG2 level of patients 
with PD with hyposmia was significantly lower (P = 0.045) 
than that of patients with PD with normosmia (Figure 3h).

Cathepsin D levels are decreased in the plasma of 
patients with PD
As shown in Figure 1i,k, the level of CTSD in plasma was 
also lower than that of the control group. CTSD is a soluble 
lysosomal aspartic endopeptidase, which is processed to 
mature form within endolysosomal compartments and im-
plicated in neurodegenerative diseases.22 Pro-CTSD with 
molecular weight 52 kDa undergoes proteolysis that leads 
to the generation of an active intermediate pro-CTSD and 
pre-CTSD (~ 42 kDa). Active intermediate CTSD further pro-
cesses into mature form.23,24

To investigate the level of CTSD in individual plasma 
samples, we first validated the antibody specific to CTSD 
by CRISPR-Cas9 system. The levels of pro-CTSD and pre-
CTSD and processed CTSD heavy chain were decreased 
by transfection of CTSD-gRNAs (Figure  4a, upper arrow, 
pro-CTSD; middle arrow, pre-CTSD; bottom arrow, CTSD 
heavy chain). However, given that CTSD that we detected 
in plasma sample was the secreted form, we needed to 
confirm whether the antibody could also detect secreted 
CTSD. We performed immunoblot analysis using HeLa cells 
or HEK293T cells conditioned media and found that the 
secreted CTSD had slightly high molecular weight, around 
50 kDa, in comparison (Figure 4b). These results indicate 
that the antibody is also available for secreted CTSD and 
that the detected band around 50 kDa in plasma samples is 
secreted form of CTSD (Figure 1e and Figure 4c).

Next, we analyzed the individual plasma samples by 
immunoblot analysis. The level of CTSD was significantly 
lower in the plasma samples of patients with PD than the 
control group (Figure  4c,d). The level of plasma CTSD 
was not correlated with age, sex, duration of education, or 
Mini-Mental State Examination scores (Figure S1a-d). In 

addition, there were no significant correlations between the 
level of plasma CTSD and analyzed clinical characteristics, 
such as age of onset, disease duration, UPDRS-Ⅲ scores, 
presence of hyposmia, history of RBD, presence of abnor-
mal deep white matter, and MIBG scores (Figure S1e–k). 
These results might indicate that decreased level of CTSD 
in patients with PD would be related to the general patho-
genesis of PD rather than the clinically specific type of PD.

ROC curve analysis identified plasma BAG2 and CTSD 
levels as potential biomarkers of PD
Next, we evaluated the possibility of our biomarker can-
didates; BAG2 and CTSD, using a statistical prediction 
model, ROC curve. The ROC curve represents the sensi-
tivity as a function of the specificity, and the area under the 
curve (AUC) indicates the accuracy of a model to discrim-
inate between the two groups. The AUC of plasma BAG2 
levels was 0.840 with 85% sensitivity and 55% specificity 
(P  =  0.0002) and that of plasma CTSD levels was 0.760 
with 65% sensitivity and 60% specificity (P  =  0.0049; 
Figure 5 and Table 2). The integrated multivariate model 
using BAG2 and CTSD levels also showed high diagnostic 
accuracy (AUC = 0.875, P < 0.0001; Figure 5 and Table 2). 
These results indicate that the combination of plasma 
levels of BAG2 and CTSD shows high performance in dis-
tinguishing PD from the healthy subjects. Taken together, 
the above results suggest that plasma levels of BAG2 and 
CTSD could be novel diagnostic biomarkers for PD.

DISCUSSION

In this study, we suggest the possibility of two autopha-
gy-related proteins, BAG2 and CTSD, as biomarkers for PD 
using plasma samples. Concerning that neurodegenerative 
diseases have characteristic protein aggregation as a part 
of pathogenesis, maintaining and regulating autophagy to 
promote the degradation of the aggregates is important to 
prevent diseases and to delay the progression.25 In addition, 
several studies suggest the implication of proteins genetically 
linked to PD, such as LRRK2 and α-synuclein in the autophagy 
pathway.26–28 The degradation of α-synuclein is dependent on 
macro-autophagy and chaperon-mediated autophagy.29–31 
Accordingly, impaired lysosomal function results in the ac-
cumulation of α-synuclein, which has cytotoxicity.32 A study 
showed that the downregulation of ATG5, which is important 
for autophagy initiation, led to the increase of PD-associated 
proteins and the loss of DA neurons in zebrafish.33 In addition, 
a mutation in the recessive PD gene, DJ-1, is implicated in 
the decreased autophagy activity.34 LRRK2 is known to be 
degraded by chaperon-mediated autophagy and the G2019S 
mutation in LRRK2 causes the accumulation of autophagic 

Figure 3 Plasma BAG2 levels are decreased in patients with PD with hyposmia. Correlation of plasma BAG2 levels with age (a), sex (b), 
duration of education (c), and MMSE scores (d). Correlation of plasma BAG2 levels with the age of onset (e), disease duration (f), UPDRS-
III scores (g), presence of hyposmia (h), history of RBD (i), presence of abnormal deep white matter (j), and MIBG scores (k). Each open 
circle indicates the BAG2 level in plasma from each patient. a, c–g, k Pearson correlation coefficient (r) and P value (P, Student t-test) 
of linear regression are shown in each panel. b, h–j Mean ± SD is displayed as a horizontal line in each group. The number of analyzed 
control and PD subjects are 20 and 20, respectively a–d, 20 patients with PD e–j, and 11 patients with PD (k). *P < 0.05 (Student t-test). 
BAG, BCL2-associated athanogene; CC-SIT, Cross-Culture Smell Identification Test; MIBG, metaiodobenzylguanidine; MMSE, Mini-
Mental State Examination; RBD, rapid eye movement sleep behavior disorder; UPDRS, Unified PD Rating Scale Part III.
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vacuoles in the cell.35 Taken together, these studies suggest 
the importance of autophagic regulation in PD pathogenesis 
and even suggest the possibility of the development of drugs 
for PD prevention and management.

BAG2, a member of the BAG family, is an Hsp70/Hsc70 
molecular chaperone-interacting protein.36,37 Although no di-
rect association between BAG2 and PD has been revealed, 

BAG2 has been reported to stabilize PINK1 by decreasing 
its ubiquitination.38 In addition, BAG2 inhibits CHIP E3 ligase 
activity by interacting with Hsp70.39,40 Intriguingly, the CHIP 
E3 ligase is known to ubiquitinate PINK1 and promote deg-
radation.41 Another study showed that BAG2 plays a role as 
an upstream regulator of the PINK/parkin pathway.42 These 
results indicate that BAG2 might play an important role in 

Figure 4 Cathepsin D levels are decreased in the plasma of patients with PD. Validation of the cathepsin D antibody for immunoblot 
analysis. (a) HeLa cells were transfected with an empty vector (Vector) or vectors with gRNAs specific to CTSD gene (CTSD-gRNA1, 
CTSD-gRNA2). Cell lysates were subjected to immunoblot with the indicated antibodies. Arrows indicate specific cathepsin D bands. 
(b) Intracellular and secreted proteins were prepared from cell lysates or the culture media of the indicated cell lines, respectively. 
Samples were immunoblotted with a cathepsin D antibody. Ponceau S staining was performed after SDS-PAGE. Blue arrow (~ 50 kDa) 
indicates a secreted cathepsin D band and black arrows indicate the cathepsin D present in various forms within the cell. Analysis 
of the cathepsin D level in the plasma of control and patients with PD. (c) Albumin/IgG-depleted plasma samples were analyzed by 
immunoblot with a cathepsin D antibody. Ponceau S staining was performed after SDS-PAGE to demonstrate that equal amounts of 
plasma proteins were loaded in each lane. (d) Intensities of the cathepsin D bands of c were quantitatively analyzed, and the level of fold 
changes in the PD group was compared with that in the control group. Each blue and red open circle indicates the cathepsin D level 
in the plasma of each control and patient with PD, respectively. Mean ± SD is displayed as a horizontal line in each group. Molecular 
weight standards (in kDa) are shown to the left. **P < 0.01 (Student t-test). BAG, BCL2-associated athanogene; IgG, immunoglobulin 
G; PD, Parkinson’s disease; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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the mitochondria-related pathogenesis of PD. As shown in 
Figure  2b, we observed a significant decrease in plasma 
BAG2 level in the PD group; however, we could also detect 
seven control subjects, especially three subjects, having rel-
atively high levels of plasma BAG2 compared with the other 
control subjects. The BAG2 level decrease in the PD group 
was still statistically significant (30.8% of control, P = 0.0068) 
in the analysis excluding the top three control subjects, sug-
gesting that our findings might not be a false positive result 
due to a small number of patients. The reduction in BAG2 
levels in the plasma of patients with PD that we found in this 
study suggests that the decrease in the level of intracellular 
BAG2 of patients with PD might be systematically reflected.

Olfactory dysfunction is one of the clinical features of 
PD and it may precede motor symptoms for several years. 
Olfactory dysfunction is, however, limited as an indepen-
dent predictive diagnostic feature for PD because it can also 
occur in other diseases, such as Alzheimer’s disease and 
idiopathic RBD.43,44 In the present study, we revealed that 
the levels of plasma BAG2 in patients with PD with olfac-
tory dysfunction are significantly lower than those in patients 
with normosmia, suggesting that plasma BAG2 levels could 
be associated with olfactory impairment (Figure 3h). Overall, 
these results suggest that an olfactory examination accom-
panied by plasma BAG2 measurement is worthy of further 
development for the early diagnosis of PD.

CTSD is a principle lysosomal protease involved in the in-
tracellular degradation of unfolded or nonfunctional proteins, 
including α-synuclein.45,46 CTSD deficiency exacerbates 
α-synuclein accumulation whereas its overexpression re-
duces α-synuclein aggregation and is neuroprotective 
against α-synuclein toxicity.47,48 It is uncertain whether the 
reduced level of plasma CTSD in patients with PD reflects a 
reduction in lysosomal CTSD (Figure 4d). Because CTSD is 
known to be secreted by secretory granules,49 it still needs 
to be further examined whether the cellular level and activity 
of CTSD in patients with PD are also altered as secreted 
CTSD decreased in patients with PD (Figure 4).

Although we suggest the possibility of BAG2 and CTSD in 
plasma as PD biomarkers, there are two limitations in our study. 
First, the number of subjects was not enough. If there were 
more subjects, we could have got more significant changes 
in the other proteins. Nonetheless, we could still suggest two 
proteins with significant changes that should be further tested 
with more patients. Thus, investigating more patients with PD 
is necessary to find more significance in our results and to 
even understand the underlying mechanism of PD. Second, 
as previously mentioned, it should be examined that changes 
in levels of BAG2 and CTSD, which are involved in autophagy, 
actually do affect the autophagic activity in patients with PD.

In a clinical perspective, however, our study has several 
strengths. First, all patients with PD were subjected to a 

Figure 5 Analysis of plasma biomarker performance in distinguishing PD from control subjects. (a) AUC was calculated for PD and 
control groups to determine the significance of plasma levels of BAG2 and cathepsin D in predicting PD. (b) Comparison of ROC curve 
among combinations of biomarkers. Details are described in Table 2. AUC, area under the curve; BAG, BCL2-associated athanogene; 
PD, Parkinson’s disease; ROC, receiver operating characteristic.
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Table 2 ROC curve analysis of plasma BAG2 and cathepsin D

Control vs. PD AUC Sensitivity % Specificity % P valuea 95% CI of AUC

BAG2 0.840 85.00 55.00 0.0002 0.717 to 0.963

Cathepsin D 0.760 65.00 60.00 0.0049 0.609 to 0.911

BAG2 + cathepsin D 0.875 85.00 75.00 < 0.0001 0.763 to 0.987

Control, n = 20; PD, n = 20.
AUC, area under the curve; BAG, BCL2-associated athanogene; CI, confidence interval; ROC, receiver operating characteristic.
aP value by Pearson’s χ2 test.
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DaTscan and brain MRI to clearly distinguish this disorder from 
other neurodegenerative diseases. Second, the disease dura-
tion was relatively short (23.2 ± 10.0 months). It means that the 
patients are relatively homogeneous in the progression of PD, 
which can be an advantage that helps overcome limitations 
of a small number of patients. Third, most patients with PD 
were drug naïve. This means that our results correspond to 
the purpose of our study, the discovery of early diagnosis bio-
markers, and that the biochemical response by taking drugs 
was not reflected in the results. Finally, the quality of all plasma 
samples used in this study was consistent and reliable as they 
were prepared within 3 hours after blood collection.

Nonetheless, further study should be followed to validate 
our results and demonstrate whether decreased levels of 
BAG2 and CTSD are causal factors or results of PD pro-
gression. We hope that our study provides an insight into 
further integrative research to develop clinically applicable 
biomarkers for PD.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).
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