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Abstract
Background  Propagation of neuronal α-synuclein aggregate pathology to the cortex and hippocampus correlates 
with cognitive impairment in Parkinson’s disease (PD) dementia and dementia with Lewy body disease. Previously, 
we showed accumulation of the parkin substrate aminoacyl-tRNA synthetase interacting multifunctional protein-2 
(AIMP2) in the temporal lobe of postmortem brains of patients with advanced PD. However, the potential 
pathological role of AIMP2 accumulation in the cognitive dysfunction of patients with PD remains unknown.

Methods  We performed immunofluorescence imaging to examine cellular distribution and accumulation of AIMP2 
in brains of conditional AIMP2 transgenic mice and postmortem PD patients. The pathological role of AIMP2 was 
investigated in the AIMP2 transgenic mice by assessing Nissl-stained neuron counting in the hippocampal area and 
Barnes maze to determine cognitive functions. Potential secretion and cellular uptake of AIMP2 was monitored by 
dot blot analysis and immunofluorescence. The utility of AIMP2 as a new PD biomarker was evaluated by dot blot and 
ELISA measurement of plasma AIMP2 collected from PD patients and healthy control followed by ROC curve analysis.

Results  We demonstrated that AIMP2 is toxic to the dentate gyrus neurons of the hippocampus and that conditional 
AIMP2 transgenic mice develop progressive cognitive impairment. Moreover, we found that neuronal AIMP2 
expression levels correlated with the brain endothelial expression of AIMP2 in both AIMP2 transgenic mice and in the 
postmortem brains of patients with PD. AIMP2, when accumulated, was released from the neuronal cell line SH-SY5Y 
cells. Secreted AIMP2 was taken up by human umbilical vein endothelial cells. Consistent with the fact that AIMP2 can 
be released into the extracellular space, we showed that AIMP2 transgenic mice have higher levels of plasma AIMP2. 
Finally, ELISA-based assessment of AIMP2 in plasma samples from patients with PD and controls, and subsequent 
ROC curve analysis proved that high plasma AIMP2 expression could serve as a reliable molecular biomarker for PD 
diagnosis.
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Background
Parkinson’s disease (PD) is the most common neuro-
degenerative movement disorder, affecting 1% of those 
aged > 60 years [1]. Age-dependent and progressive 
degeneration of midbrain dopamine-producing neurons 
is responsible for the cardinal clinical motor symptoms in 
patients with PD [2]. As the disease progresses, patients 
also experience a number of non-motor symptoms 
involving several brain subregions other than the ventral 
midbrain [3]. Both PD dementia (PDD) and dementia 
with Lewy bodies (DLB) involve α-synuclein pathologies 
in wide brain regions although the time course of motor 
and cognitive symptoms differ [4]. α-Synuclein aggre-
gation and its propagation through neural connection 
have been implicated as cellular and molecular mecha-
nisms of Braak staging of disease progression [5]. To 
understand PD pathologies more thoroughly, it is criti-
cal to study signaling pathways related to α-synuclein 
aggregation. Notably, we have shown that α-synuclein 
aggregation pathology can be potentiated by recipro-
cal interaction with the parkin substrate aminoacyl-
tRNA synthetase interacting multifunctional protein-2 
(AIMP2) [6]. AIMP2 accumulation has clinical relevance 
since the brains (cortex, striatum, and ventral midbrain) 
of patients with PD have higher AIMP2 expression than 
controls [6–8]. Transgenic mice expressing AIMP2 in 
brain neurons develop age-dependent and selective dopa-
mine neurodegeneration with characteristic motor dys-
function [8]. The transgenic mice express exceptionally 
high levels of AIMP2, especially in the cortex and hippo-
campus subregions, and α-synuclein aggregation pathol-
ogy is observed in whole brain lysates of eight-month-old 
AIMP2 transgenic mice [6, 8]. Although AIMP2 has been 
reported to be elevated and aggregated in the postmor-
tem temporal lobe of the brains of patients with PD, its 
potential pathological role in cognitive dysfunction in 
PDD or DLB has not been investigated.

The diagnosis of PD relies heavily on the semi-
quantitative scoring of PD-associated motor and non-
motor symptoms (unified PD-rating scale, UPDRS) by 
trained physicians. DatScan brain imaging of dopa-
minergic axon terminal loss in the striatum can aid in 
PD diagnosis [9]. However, this brain imaging requires 
systemic injection of a radiolabeled ligand and is not 
easily accessible to patients because only a large hos-
pital can maintain this high-cost imaging instrument. 
It has been shown that the misdiagnosis of PD is up 

to 35% when confirmed by Lewy body immunohisto-
chemical analysis of postmortem brains [10]. More-
over, UPDRS scoring or brain imaging can diagnose 
PD only when there is degeneration of 4–60% of 
dopaminergic neurons [11]. Consequently, there has 
been tremendous unmet medical need for molecular 
diagnostic biomarkers that can reflect the pathologic 
events relevant to PD, such as α-synuclein aggrega-
tion. α-Synuclein was shown to be detectable in several 
biofluid samples, including cerebrospinal fluid (CSF), 
blood, and saliva, indicating its release into extracel-
lular spaces [12]. CSF α-synuclein levels have been 
reproducibly demonstrated to be decreased in patients 
with PD by several groups [12]. Although studies on 
blood α-synuclein as a PD biomarker remain contro-
versial [12], additional blood biomarkers in combina-
tion with α-synuclein could improve the diagnostic 
accuracy. Several disease-associated proteins, which 
can be misfolded and aggregated, have been shown to 
have cell-to-cell transmission (e.g., α-synuclein and 
tau) [13]. Along with α-synuclein, the parkin substrate 
AIMP2 has the ability to self-oligomerize and form 
amyloid aggregates when its levels increase in mouse 
brains [6]. Similar to α-synuclein, AIMP2 is a potential 
blood biomarker that is pathologically and clinically 
relevant in PD. However, it is largely unknown whether 
AIMP2 can be secreted and transferred between cells, 
and thus whether it can be detected in the blood as a 
biomarker for diagnosing brain pathologies involving 
AIMP2 accumulation that may occur in PD.

In this study, we observed high AIMP2 expression in 
both neurons and brain endothelial cells in the post-
mortem temporal lobes of patients with PD. Neuronal 
AIMP2 overexpression resulted in high endothelial 
AIMP2 accumulation in transgenic mice, with elevated 
blood AIMP2 levels in an age-dependent manner. We 
also showed that AIMP2 can be secreted from a neuro-
nal cell line at high levels and that this secreted AIMP2 
can be taken up by an endothelial cell line. ELISA 
measurements of AIMP2 in human plasma samples 
revealed the potential of AIMP2 as a reliable blood 
biomarker for diagnosing PD. Finally, transgenic mice 
overexpressing neuronal AIMP2 displayed hippocam-
pal neurodegeneration and cognitive impairment, sup-
porting the pathological role of AIMP2 in PDD and 
DLB.

Conclusions  The pathological role in the hippocampus and the cell-to-cell transmissibility of AIMP2 provide new 
therapeutic avenues for PD treatment, and plasma AIMP2 combined with α-synuclein may improve the accuracy of 
PD diagnosis in the early stages.

Keywords  AIMP2, Conditional transgenic mice, Lewy body dementia, Intercellular protein transmission, Blood 
biomarker, Diagnosis
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Materials and methods
Human postmortem brain and plasma samples
Post-mortem brain sections (temporal lobes from 
patients with PD and age-matched healthy controls) 
were obtained from the Brain Body Donation Program. 
Detailed information on the demographic characteris-
tics of the brain samples has been described previously 
[6]. The biospecimens and data used in the dot blot 
analysis of blood AIMP2  were provided by the Biobank 
of Jeonbuk National University Hospital, Inje University 
Paik Hospital, Gyeongsang National University Hospi-
tal, Chungbuk National University Hospital, Keimyung 
University Hospital, and members of the Korea Biobank 
Network, which is supported by the Ministry of Health, 
Welfare, and Family Affairs. All samples derived from the 
Korea Biobank Network were obtained with informed 
consent using institutional review board-approved proto-
cols. The plasma samples used in the ELISA analysis of 
blood AIMP2  were obtained from Hanyang University 
Hospital. The use of human plasma samples for detec-
tion of the blood biomarker AIMP2 was approved by the 
appropriate institutional review board (SKKU 2018-07-
018-001; HY-2021-06-040)).

Antibodies
The following primary antibodies were used: rabbit anti-
body against AIMP2 (Proteintech; #10424-1-AP, 1:5,000), 
mouse antibody against MAP2 (Sigma-Aldrich; #M4403, 
1:5,000), rabbit antibody against MAP2 (Abcam; 
#ab32454, 1:5,000), mouse antibody against CD31 (BD 
Biosciences; #550274, 1:1,000), and rabbit antibody 
against GFP (Cell Signaling Technology; #2555S, 1:5,000). 
The following secondary antibodies were used: horse-
radish peroxidase (HRP)-conjugated goat antibody to 
rabbit IgG (Genetex, #GTX-213110-01, 1:5,000), Alexa 
Fluor 488 donkey anti-mouse IgG (Invitrogen; #A21202, 
1:1,000), Alexa Fluor 568 donkey anti-mouse IgG (Invit-
rogen #A10037, 1:1,000), Alexa Fluor 488 goat anti-rab-
bit IgG (Invitrogen; #A11008, 1:1,000), Alexa Fluor 568 
donkey anti-rabbit IgG (Invitrogen; #A10042, 1:1,000), 
biotin-conjugated goat antibody to rabbit IgG (Vector 
Laboratories; #BA-1000, 1:1,000), and HRP-conjugated 
mouse antibody to β-actin (Sigma-Aldrich; #A3854, 
1:10,000).

ELISA analysis of blood AIMP2
The capture antibody was diluted in the coating buf-
fer and applied to the plates followed by blocking buffer. 
Standards and samples were prepared in blocking buffer, 
added to wells and incubated at room temperature for 
1  h. The plate was then washed and the detection anti-
body diluted in blocking buffer was added to each well, 
followed by a 2 h incubation. Then, the streptavidin-HRP 
working solution was applied for a 30-minute incubation. 

After washing, 5,5′-Tetramethylbenzidine substrate solu-
tion was added for a 30-minute incubation, followed by 
stop solution. Absorbance was measured at 450 nm. The 
resultant data were analyzed utilizing either a log-log or 
4-parameter curve fitting method.

ROC curve analysis
GraphPad Prism software (GraphPad, ver. 8.4) was used 
for further analysis of optical density values from dot 
blot and ELISA assays. In this process, the OD values or 
actual concentration values for the control group were 
entered in column A, whereas the OD values for the PD 
group were entered in column B. Following data entry, 
the analysis option was selected within the data table 
window; specifically, the ROC curve analysis was chosen. 
Within the ROC dialogue box, columns containing the 
results for both the control and PD groups were speci-
fied. In addition, the desired output format, either a Frac-
tion or Percentage, is designated. This configuration was 
used for the analysis. As a result of this analysis, perti-
nent outcomes were obtained, including the AUC value, 
as well as metrics pertaining to Sensitivity and Specificity. 
The ROC curve itself was also generated.

Statistical analysis
Quantitative data are presented as the mean ± standard 
error of the mean (SEM). The normality of the data was 
tested using the Shapiro–Wilk test. Statistical signifi-
cance was assessed either via nonparametric two-tailed 
Mann–Whitney test for two-group comparisons, or anal-
ysis of variance (ANOVA) with Tukey’s post hoc analysis 
for the comparison of more than three groups. Results 
were considered statistically significant at p < 0.05. Pear-
son’s correlation coefficient analysis was used for the 
correlation studies. Statistical analyses were performed 
using the Prism software (GraphPad, ver. 8.4).

Detailed other methods can be found in the supplemen-
tary information.

Results
Neuronal AIMP2 accumulation correlates with brain 
endothelial AIMP2 accumulation in postmortem brains of 
patients with Parkinson’s disease
Marked elevation of aminoacyl-tRNA synthetase inter-
acting multifunctional protein-2 (AIMP2) in MAP2-
positive cortical neurons was found in the postmortem 
temporal lobes of patients with PD compared with age-
matched control subjects (Fig.  1A, B). While we were 
investigating the expression of AIMP2 in postmortem 
brain sections, we found distinct patterns of AIMP2 
expression that differed from the expression signals 
from MAP2-positive neurons. It turned out that PD 
brains expressed higher levels of AIMP2 in CD31-pos-
itive brain endothelial cells than age-matched control 
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as determined by co-immunofluorescence analysis 
(Fig. 1C and D). Moreover, there was a positive corre-
lation between neuronal AIMP2 and brain endothelial 
AIMP2 expression (Fig. 1E). PD brains with high neu-
ronal AIMP2 accumulation tended to exhibit endothe-
lial AIMP2 accumulation (Fig. 1E).

Conditional transgenic mice expressing neuronal AIMP2 
exhibited hippocampal neurodegeneration and cognitive 
impairment
Based on the neuronal accumulation of AIMP2 in the 
temporal lobes of patients with PD, the potential patho-
logical role of AIMP2 in the hippocampus was exam-
ined. Conditional Tet-Off-transgenic mice expressing 
AIMP2 in the pan-neuronal population especially of 

Fig. 1  AIMP2 accumulation in neurons and endothelium of Parkinson’s disease brains. (A) Expression of AIMP2 in postmortem temporal lobe sections 
from patients with Parkinson’s disease (PD) and age-matched controls monitored by immunofluorescence. Neurons were costained with neuron marker 
microtubule-associated protein 2 (MAP2) and AIMP2 antibodies. Scale bar = 20 μm. (B) Quantification of AIMP2 immunofluorescence signals in MAP2-
positive neurons from brains sections of patients with PD and age-matched control (n = 60 cells from six controls and 60 cells from six PD). (C) Expression 
of AIMP2 in postmortem temporal lobe sections from patients with PD and age-matched controls monitored by immunofluorescence. Endothelial cells 
were costained with CD31 and AIMP2 antibodies. Scale bar = 20 μm. (D) Quantification of AIMP2 immunofluorescence signals in CD31-positive cerebral 
endothelial cells in brain sections of patients with PD and age-matched controls (n = 60 cells from six controls and 60 cells from six PD). (E) Pearson correla-
tion analysis between neuronal and endothelial AIMP2 expression levels in control and PD brain sections. Control samples (n = 6): gray dots; PD samples 
(n = 6): black dots. Quantitative data are expressed as the mean ± standard error of the mean (SEM), and statistical significance was determined using 
nonparametric two-tailed Mann–Whitney test. ***p < 0.001
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forebrains [8] were used to characterize the pathologi-
cal consequences of AIMP2 accumulation in the cortex 
and hippocampus. Consistent with the previous char-
acterization of this AIMP2 transgenic mouse line and 
other conditional transgenic mice using CamKIIα-tTA 
as a driver [8, 14, 15], higher levels of AIMP2 accumula-
tion were observed in the cortex and hippocampal brain 
subregions (CAs and dentate gyrus) of transgenic mice 
than in controls (Fig.  2A). Moreover, AIMP2 transgenic 
mice demonstrated robust AIMP2 expression mainly in 
MAP2-positive neuronal populations in the forebrain 
(Supplementary Fig. 1A, B). The extent of AIMP2 expres-
sion levels in MAP2-positive neurons was maintained at 
both two and six months of age (Supplementary Fig. 1A, 
C). Hippocampal AIMP2 accumulation selectively led 
to the age-dependent progressive degeneration of hip-
pocampal neurons in the dentate gyrus. While there was 
no loss of CA1 neurons in both two- and six-month-old 
AIMP2 transgenic mice, the loss of dentate gyrus neu-
rons in transgenic mice at six months of age was approxi-
mately 71% (Fig.  2B-D). Consistent with our previous 
report [8], there were no changes in the number of neu-
rons in the cortical regions of AIMP2 transgenic mice at 
both two and six months of age (Supplementary Fig. 1D, 
E).

Wild-type and AIMP2 transgenic mice displayed 
similar open-field exploration activity (Supplementary 
Fig.  1F, G). The transgenic mice, however, developed 
an anxiety phenotype at six months of age, with an 
increased tendency to stay in the border areas com-
pared to the center area of the open field arena (Sup-
plementary Fig. 1H). And consistent with our previous 
study [8], AIMP2 Tg mice displayed marked impair-
ment of motor coordination as evidenced by reduced 
retention time in the accelerating rotarod test (Supple-
mentary Fig. 1I). Spatial learning and memory perfor-
mance were assessed using the Barnes maze behavioral 
test. While control and two-month-old AIMP2 trans-
genic mice had no issues in learning or finding the 
target hole with the underneath hiding cage on the 
Barnes maze circle arena with 20 holes in the bound-
ary, six-month-old AIMP2 transgenic mice showed 
spatial learning and memory deficits with no ability 
to find the target hole during the second and third 
Barnes maze test sessions with increased latency and 
travel distance (Fig.  2E, F, G). Taken together, these 
results indicate that neuronal AIMP2 accumulation in 
mice leads to selective and progressive dentate gyrus 
neurodegeneration in the hippocampus, with associ-
ated behavioral deficits in cognitive function. This in 
vivo finding suggests a potential pathological role of 
AIMP2 in cognitive impairment in PD and DLB with 
AIMP2 accumulation in the brain.

AIMP2 accumulation in a neuronal cell line results in its 
extracellular secretion and uptake by an endothelial cell 
line
AIMP2 accumulation was observed in brain endothelial 
cells and neurons in the postmortem PD temporal lobes 
(Fig.  1). Since AIMP2 aberrant accumulation has been 
implicated in neuronal degeneration and Lewy body for-
mation [6, 8], we hypothesized that neuronal AIMP2 is 
secreted and subsequently transmitted to brain endothe-
lial cells. To test this possibility, AIMP2 transgenic mice 
that expressed exogenous AIMP2 in a neuronal popula-
tion driven by the CamKIIα promoter were examined. 
To examine the endothelial AIMP2 expression, the fluo-
rescence focus was adjusted to the endothelial marker 
CD31. High AIMP2 expression levels were found in 
CD31-positive endothelial cells of AIMP2 transgenic 
mice (Fig. 3A, B). This transfer of AIMP2 from neurons 
to endothelial cells appears to be age-dependent and 
progressive since the buildup of endothelial AIMP2 in 
AIMP2 transgenic mice was not obvious in two-month-
old AIMP2 transgenic mice, and only manifested at six 
months of age (Fig. 3A, B).

To gain mechanistic insights into AIMP2 transfer 
from neurons to the endothelium, the potential release 
of AIMP2 from the neuroblastoma cell line, SH-SY5Y 
cells was examined. SH-SY5Y cells were transiently 
transfected with green fluorescent protein (GFP)-tagged 
AIMP2 (GFP-AIMP2), and its secretion was moni-
tored in the culture media by dot blot analysis using an 
AIMP2 antibody. While no detectable AIMP2 protein 
secretion was observed from GFP-transfected SH-SY5Y 
cells, AIMP2 secretion was readily observed in the cul-
ture media of GFP-AIMP2 transfected SH-SY5Y cells 
(Fig. 3C). The AIMP2 concentration in the medium from 
SH-SY5Y cells transfected with GFP-AIMP2 was approx-
imately 207 pg/mL (Fig.  3C, D), as calculated from the 
recombinant GST-AIMP2 standard calibration curve 
(Supplementary Fig.  2A, B). Dot blot assay using anti-
GFP antibody confirmed secretion of GFP-tagged AIMP2 
from GFP-AIMP2-transfected SH-SY5Y cells and further 
revealed no secretion of GFP alone from GFP-transfected 
SH-SY5Y cells (Fig. 3E, F). Whether AIMP2 secretion is 
associated with AIMP2 cellular accumulation was also 
examined. GFP-AIMP2 expression in SH-SY5Y cells was 
gradually increased by elevated doses of GFP-AIMP2 
constructs when normalized to the endogenous AIMP2 
(Supplementary Fig. 2C, D). When AIMP2 secretion into 
the culture medium of these experimental groups was 
monitored, AIMP2 secretion was found to be influenced 
by the extent of cellular AIMP2 accumulation (Fig.  3G, 
H).

Next, whether the secreted AIMP2 could penetrate 
endothelial cells was investigated. To determine this 
possibility, human umbilical vein endothelial cells 
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Fig. 2  Transgenic mice expressing AIMP2 in brain develop age-dependent cognitive dysfunction. (A) Representative immunohistochemistry images 
showing robust expression of AIMP2 in the cortex and hippocampus (CA1, and dentate gyrus (DG)) of AIMP2 transgenic mice (two months old) as 
compared to the age-matched control littermate. Scale bar = 50 μm. (B) Nissl-stained hippocampal coronal sections from two- and six-month-old AIMP2 
transgenic mice and age-matched control littermates. Representative images show CA1 and DG. Scale bar = 100 μm. (C) Quantification of relative number 
of Nissl-positive neurons in the CA1 regions of hippocampus from two- and six-month-old AIMP2 transgenic mice and littermate controls (n = 7 each 
group). (D) Quantification of relative number of Nissl-positive neurons in the DG regions of hippocampus from two- and six-month-old AIMP2 transgenic 
mice and littermate controls (n = 7 each group). (E) Representative trace of mice finding the hiding cage (indicated as red circle) located underneath of 
the circular arena of the Barnes maze in repetitive trials (1 = the first training, 2 = on 3 days since the first training, 3 = 5 days since the second training) for 
AIMP2 transgenic mice and littermate controls of two and six months of age. (F, G) Assessment of spatial learning and memory, using the Barnes maze, as 
determined by the time and travel distance taken to find the hiding cage in the repeated trials (n = two-month-old Con: 5 male, 4 female; two-month-old 
Tg: 6 male, 3 female; six-month-old Con: 6 male, 6 female; six-month-old Tg: 5 male, 7 female). Quantitative data are expressed as the mean ± SEM, and 
statistical significance was determined using ANOVA with Tukey’s post hoc test. *p < 0.05, ***p < 0.001, and ****p < 0.0001
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Fig. 3 (See legend on next page.)
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(HUVECs), were treated with conditioned media from 
either GFP transfected or GFP-AIMP2 transfected SH-
SY5Y cells. The GFP signal was only detected in the 
cytoplasm of HUVECs treated with conditioned media 
from SH-SY5Y cells transiently transfected with GFP-
AIMP2 (Fig. 3I-K). In contrast, there was no GFP signal 
in HUVECs that were treated with conditioned media 
from SH-SY5Y cells transfected with the control vector 
GFP (Fig. 3I-K). We obtained the same result of AIMP2 
secretion from SH-SY5Y cells and uptake by HUVECs for 
FLAG-tagged AIMP2 (Supplementary Fig.  2E-K). This 
result suggests that AIMP2 can be released from cells 
when AIMP2 is accumulated, and this secreted AIMP2 
can be taken up by an endothelial cell line.

Blood AIMP2 is increased in patients with PD and serves as 
a potential diagnostic biomarker
We showed AIMP2 accumulation in both neurons and 
brain endothelial cells of the postmortem PD patients’ 
brains. Moreover, transgenic mice overexpressing robust 
AIMP2 mainly in the forebrain neurons exhibited a high 
AIMP2 signal in the brain endothelial cells at 6 months of 
age. Because these findings of this study suggest the abil-
ity of AIMP2 to be secreted and transmitted across cells, 
we reasoned that AIMP2 could be released into the blood 
stream when AIMP2 is accumulated in the brain neu-
rons. To test this hypothesis, we sought to determine the 
AIMP2 concentrations in plasma samples from AIMP2 
transgenic mice and age-matched littermate controls. 
First, an enzyme-linked immunosorbent assay (ELISA) 
was established for measuring plasma AIMP2 concentra-
tion and generating a calibration curve (Supplementary 
Fig.  3A, B). ELISA revealed an approximately 2.5-fold 
increase in plasma AIMP2 concentration in six-month-
old AIMP2 transgenic mice compared to age-matched 
controls (Fig.  4A). While plasma AIMP2 concentration 
was approximately 2 pg/μL in wild-type control mice, it 

increased up to 5 pg/μL in six-month-old AIMP2 trans-
genic mice (Fig. 4A). Two-month-old AIMP2 transgenic 
mice showed plasma AIMP2 levels comparable with age-
matched controls (Fig. 4A), indicating that AIMP2 secre-
tion and elevation in the blood are age-dependent and 
progressive.

Dot blot analyses were performed to determine AIMP2 
concentrations in plasma samples collected from 24 patients 
with PD and 24 age-matched controls with musculo-skeletal 
diseases (Supplementary Fig.  3D and Fig.  4B). When nor-
malized to Ponceau-stained total plasma proteins, a marked 
elevation of AIMP2 was observed in most of the plasma 
samples from patients with PD, while detectable AIMP2 
was observed in plasma samples from only three controls 
(Fig.  4B, C). Quantification of normalized AIMP2 levels 
in the plasma revealed a significant elevation of AIMP2 in 
patients with PD (Fig. 4C). The potential of AIMP2 as a bio-
marker for PD diagnosis was evaluated using the receiver 
operating characteristic (ROC) curve analysis. The ROC 
curve analysis of the dot blot results showed that plasma 
AIMP2 can serve as an excellent diagnostic biomarker 
with high sensitivity and specificity (70.8% and 87.5% at 
1.75 cutoff value, respectively) (Fig.  4D). To further vali-
date plasma AIMP2 as a PD diagnostic biomarker, plasma 
samples from 42 patients with PD and age-matched healthy 
control subject (Supplementary Fig. 3E) were collected and 
analyzed using ELISA to determine the AIMP2 concentra-
tion (Fig. 4E). Consistent with the preliminary small group 
dot blot analysis, more than 1.62-fold elevation in plasma 
AIMP2 concentration was observed in patients with PD 
when compared to healthy controls (Fig.  4E). The AIMP2 
plasma concentration was approximately 6.38 pg/μL in 
controls and this was elevated to an average of 10.44 pg/μL 
in patients with PD patients (Fig. 4E). AIMP2 plasma con-
centration in humans was slightly higher than that in mice. 
The AIMP2 as a diagnostic biomarker of PD was further 
evaluated using ELISA data from PD and control plasma 

(See figure on previous page.)
Fig. 3  Intracellular AIMP2 accumulation leads to AIMP2 secretion and intercellular transmission. (A) Representative immunofluorescence images of 
endothelial marker CD31 and AIMP2 in the cortical brain subregions from two- and six-month-old AIMP2 transgenic mice and age-matched littermate 
controls. The nucleus was counterstained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). Scale bar = 10 μm. (B) Quantification of AIMP2 
signal intensities in CD31-positive brain endothelium in the indicated mouse groups (n = 5 in two-month-age group, n = 5 in control six-month-age 
group, and n = 8 in AIMP2 Tg six-month-age group). (C) Anti-AIMP2 dot blot assessment of GFP-AIMP2 protein in the culture media from SH-SY5Y cells 
transiently transfected with either GFP or GFP-AIMP2 constructs. Ponceau staining was used to visualize the proteins in the culture media. Complete 
media was changed to serum-deprived media 24 h before analysis of AIMP2 secretion. (D) Quantification of secreted AIMP2 in the media from SH-SY5Y 
cells transfected with GFP or GFP-AIMP2 based on the dot blot result in the panel C (n = 3 separate experiments per group). (E) Anti-GFP dot blot assess-
ment of GFP-AIMP2 protein in the culture media from SH-SY5Y cells transiently transfected with either GFP or GFP-AIMP2 constructs. Ponceau staining 
was used to visualize the proteins in the culture media. Complete media was changed to serum-deprived media 24 h before analysis of AIMP2 secretion. 
(F) Quantification of relative anti-GFP dot blot optical densities for experimental groups in the panel E (n = 3 separate experiments per group). (G) Dot blot 
assessment of AIMP2 protein in the culture media from SH-SY5Y cells transiently transfected with GFP-AIMP2 construct (0, 1, 2 μg). Ponceau staining was 
used to visualize the proteins in the culture media. Complete media was changed to serum-deprived media 24 h before analysis of AIMP2 secretion. (H) 
Quantification of secreted AIMP2 in the media from SH-SY5Y cells transfected with the indicated combination of GFP and GFP-AIMP2 (n = 3 separate ex-
periments per group). (I) Representative immunofluorescence images showing GFP-AIMP2 uptake into HUVECs. HUVECs were treated with conditioned 
media (48 h) from GFP or GFP-AIMP2 transfected SH-SY5Y cells. Scale bar = 50 μm. (J) Percentage GFP-positive HUVECs in the indicated experimental 
groups (n = 3 separate experiments per group). (K) Quantification of GFP-AIMP2 immunofluorescence signals in HUVECs in the indicated experimental 
groups (n = 3 separate experiments per group). Quantitative data are expressed as the mean ± SEM, and statistical significance was determined by ANOVA 
with Tukey’s post hoc test. *p < 0.05, **p < 0.01 and ***p < 0.001. ns, non-significant
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samples. Consistent with the previous preliminary analysis 
(Fig. 4D), ROC curve analysis revealed that plasma AIMP2 
levels served as a reliable biomarker for PD diagnosis, with 
an area under the curve (AUC) of 0.855 (Fig. 4F). The sensi-
tivity and specificity of PD diagnosis were 78.57%, and 80.95 
at 7.46 a cutoff AIMP2 plasma value, respectively (Fig. 4F). 
These results together strongly suggest that PD can be reli-
ably diagnosed using plasma AIMP2 concentration, which 

can be efficiently measured by antibody-based dot blot or 
ELISA analysis.

Discussion
Pathological role of AIMP2 in hippocampal degeneration 
and cognitive deficits
In this study, the pathological causal role of aminoacyl-
tRNA synthetase interacting multifunctional protein-2 

Fig. 4  Blood AIMP2 as a potential biomarker for Parkinson’s disease diagnosis. (A) ELISA analysis of plasma AIMP2 levels in two- and six-month-old AIMP2 
transgenic mice and age-matched littermate controls (n = 6 per group). (B) Dot blot analysis of AIMP2 in plasma samples collected from patients with 
PD and age matched subjects with musculo-skeletal diseases (Control). Recombinant AIMP2 was used for standard generation and quantification. (C) 
Quantification of plasma AIMP2 levels in PD (n = 24) and age-matched musculo-skeletal disease controls (n = 24) determined by dot blot analysis. (D) 
Receiver operating characteristic (ROC) curve analysis of the data set in the panel C obtained from dot blot analysis. AUC, cut off value, specificity, and 
sensitivity were calculated and presented in the graph. (E) ELISA quantification of plasma AIMP2 in the additional plasma samples collected from patients 
with PD (n = 42) and age matched healthy control subjects (n = 42). (F) ROC curve analysis of the data set in the panel E obtained from ELISA analysis. AUC, 
cut-off value, specificity, and sensitivity are presented in the graph. Quantitative data are expressed as the mean ± SEM, and statistical significance was 
determined by ANOVA with Tukey’s post hoc test. ***p < 0.001
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(AIMP2) in hippocampal dentate gyrus neurodegen-
eration and cognitive impairment in mice was demon-
strated. AIMP2 is a pathological substrate of the recessive 
PD gene parkin [16, 17]. AIMP2 accumulation in post-
mortem brains has been reported not only in autoso-
mal recessive juvenile PD with parkin loss, but also in 
sporadic PD with inactivation of parkin E3 ligase activ-
ity [7, 17, 18]. Recent studies have shown that AIMP2 
is coaggregated with α-synuclein in Lewy bodies in the 
brains of patients with advanced PD [6]. Moreover, the 
accumulation and aggregation of AIMP2 was also present 
in the temporal lobe subregions of postmortem brains 
of patients with advanced PD [6]. However, to date, the 
potential pathological role of AIMP2 in the hippocampus 
and cognitive dysfunction in PDD has not been investi-
gated. Previously, conditional AIMP2 transgenic mice 
were characterized mainly by PD-related motor impair-
ments [8]. However, potential cognitive deficits were not 
further explored, partly due to the lack of cortical neu-
ron loss, although the potential functional decline of 
cortical neurons with AIMP2 accumulation cannot be 
excluded. The current study revealed that AIMP2 accu-
mulation in the mouse brain induces spatial learning and 
memory deficits. Given that AIMP2 accumulation has 
been reported in the cortex of the postmortem brains 
of patients with advanced PD, AIMP2 may contribute to 
the dementia phenotypes of patients with PDD or DLB. 
The differential vulnerability of cortical and hippocam-
pal neurons to AIMP2 accumulation was also identified. 
Consistent with our previous report [8], it was confirmed 
that cortical neurons were resistant to AIMP2-induced 
neurodegeneration at eight months of age. Even in the 
hippocampus, dentate gyrus neurons showed exten-
sive degeneration in eight-month-old AIMP2 transgenic 
mice, while neurons in the CA1 (Fig.  3B, C) and CA2 
(data not shown) regions were relatively spared. Although 
functional decline of spared cortical or CA neurons is 
possible in AIMP2 transgenic mice, cognitive decline in 
eight-month-old AIMP2 transgenic mice is likely due to 
the substantial loss of dentate gyrus neurons, because 
this hippocampal region is thought to be involved in epi-
sodic and spatial memory [19]. Since α-synuclein pathol-
ogy was reported to be concentrated in CA2 regions of 
the hippocampus of patients with PDD and DLB [20], 
further histopathological characterization of AIMP2 
aggregation or accumulation is necessary to explore the 
clinical relevance of AIMP2 in diverse neurodegenerative 
diseases with cognitive decline.

We showed that 6-month-old AIMP2 Tg mice dis-
played anxiety-like behavior in the open field test. It is, 
however, necessary to further evaluate this anxiety phe-
notype in AIMP2 Tg mice with more mice in each group 
to convincingly demonstrate this behavioral abnormal-
ity. In addition, considering the influence of gender 

difference on anxiety [21], it would be informative to 
include behavior tests performed with the same gender 
in each experimental group.

AIMP2 accumulation overactivates PARP1 and kills 
dopaminergic neurons via parthanatos [20]. More-
over, AIMP2 misfolding and aggregation can induce 
α-synuclein coaggregation and neuronal loss [6]. Since 
this is the first report demonstrating that AIMP2 accu-
mulation is responsible for dentate gyrus neuron loss 
and cognitive decline, it would be instructive to evalu-
ate pharmacological inhibitors that block PARP1 activa-
tion or the AIMP2 aggregation process to determine if 
AIMP2-mediated hippocampal neurodegeneration can 
be prevented. This AIMP2-targeted therapeutic strategy 
might supplement current therapeutic trials targeting 
α-synuclein for PDD and DLB, and thus enhance thera-
peutic efficacy especially for those patients with AIMP2 
accumulation in the brain.

Cell to cell transmission of AIMP2
Several disease-associated protein aggregates, such 
as α-synuclein and tau, have been shown to spread to 
the entire brain regions through cell-to-cell transmis-
sion [13]. Similarly, the current study revealed that the 
PD disease protein AIMP2 was secreted from SH-SY5Y 
cells when overexpressed. Secreted AIMP2 can penetrate 
endothelial cell lines. The findings suggest an underly-
ing mechanism for the high AIMP2 expression observed 
in the neurons and endothelial cells of postmortem 
brains from patients with PD, and in the brains of trans-
genic mice expressing AIMP2 in neurons. It is, however, 
important to note that AIMP2 signal in CD31 cells could 
be originated from endogenous expression of endothelial 
AIMP2 under pathological conditions of PD. Moreover, 
additional validation using primary neuron culture sys-
tem would be required to confirm neuronal secretion of 
AIMP2. To exclude potential interference of other pro-
teins in conditioned media, it would be informative to 
use in vitro-prepared AIMP2 monomer or aggregate to 
evaluate potential transfer of different AIMP2 species to 
diverse cell types. Preformed α-synuclein fibrils can pen-
etrate brain endothelial cells and influence their func-
tions [22]. Examining the potential pathological effects of 
AIMP2 uptake on brain endothelial cell function would 
be informative. In addition, pathological extracellular 
α-synuclein has been shown to interact with neurons or 
surrounding microglia through specific interaction with 
a cognate receptor for α-synuclein aggregates [23, 24]. 
Pharmacological, immunological, or genetic intervention 
in receptor and α-synuclein interaction has been shown 
to be effective in the prevention of neuroinflammation 
and Lewy-like pathology propagation [24]. Since AIMP2 
can be secreted into the extracellular space of the brain, it 
would be interesting to investigate the potential adverse 
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effects of AIMP2 on adjacent neurons and microglia. 
Given the presence of extracellular AIMP2 and its poten-
tial pathological role, specific antibodies against AIMP2 
could be beneficial for blocking the interaction of AIMP2 
with unidentified receptors on various cell types.

AIMP2 as a reliable biomarker for PD diagnosis
It is a novel finding that AIMP2 can be detected and that 
its levels are elevated in blood samples from patients 
with PD. PD brains showed correlation between AIMP2 
expression in neurons and endothelial cells. Neuro-
nal AIMP2 overexpression in mice also leads to AIMP2 
accumulation in brain endothelial cells. Since only aged 
AIMP2 transgenic mice presented with elevated AIMP2 
secretion in the plasma, it is highly likely that blood 
AIMP2 partly reflects the pathological and potentially 
neuronal accumulation of AIMP2 in the brain of patients 
with PD. The validity of AIMP2 as a reliable diagnostic 
tool for PD was confirmed using antibody-based dot 
blotting and ELISA. Plasma AIMP2 measurements in 
two separate and independent cohorts of patients with 
PD and controls from different institutions provided con-
sistent and comparable specificity and sensitivity for PD 
diagnosis.

There is a tremendous need for reliable molecular bio-
markers for PD diagnosis. Ideally, biomarkers should be 
assessed in relatively easily accessible biofluids such as 
blood. In addition, pathologically relevant biomarkers 
have advantages because disease onset can be detected 
years before substantial irreversible neurodegenera-
tion occurs. Therefore, α-synuclein has been extensively 
studied as a potential biofluid-derived biomarker for PD 
diagnosis. While α-synuclein present in erythrocytes can 
hamper accurate measurement of plasma α-synuclein, 
a recent study of plasma exosomal α-synuclein, poten-
tially derived from brain CSF, showed 70% diagnostic 
sensitivity and 52% specificity for PD [25]. Since plasma 
AIMP2 alone showed approximately 80% diagnostic 
sensitivity and specificity, application of a multi-marker 
panel, combining AIMP2, α-synuclein, and other plasma 
marker candidates, might further enhance the diagnostic 
accuracy. The establishment of a combined marker panel 
would also determine a precision therapeutic strategy, 
since both AIMP2 and α-synuclein are pathologically rel-
evant disease proteins in the brain.
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