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Plasma ATG5 is increased In
Alzheimer’s disease
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Received: 12 June 2018 . Alzheimer's disease (AD) is a major cause of dementia. Growing evidence suggests that dysregulation
Accepted: 7 March 2019 . of autophagy, a cellular mechanism essential for self-digestion of damaged proteins and organelles,
Published online: 18 March 2019 . isinvolved in neurological degenerative diseases including AD. Previously, we reported that

: autophagosomes are increased in the brains of AD mouse model. However, the plasma levels of

. autophagic markers have not yet been investigated in patients with AD. In this study, we investigated

. the expression of autophagy-related genes 5 and 12 (ATG5 and ATG12, respectively) in cells in vitro

. upon amyloid-beta (A3) treatment and in the plasma of AD patients. ATG5-ATG12 complex levels

. were increased in primary rat cortical neurons and human umbilical vein endothelial cells after A3

© treatment. Furthermore, we compared plasma from 69 patients with dementia, 82 patients with mild

. cognitive impairment (MCl), and 127 cognitively normal control participants. Plasma levels of ATG5

. were significantly elevated in patients with dementia (149.3 + 7.5 ng/mL) or MCI (152.9 4- 6.9 ng/mL)

: compared with the control subjects (129.0 & 4.1 ng/mL) (p=0.034, p=0.016, respectively). Our results

. indicate that alterations in the plasma ATG5 levels might be a potential biomarker in patients at risk for
* AD.

. Alzheimer’s disease (AD) is the most common cause of dementia and is pathologically characterized by accu-
. mulation of amyloid-beta (AB) and intracellular neurofibrillary tangles in the brain. AD involves neuronal loss
© in the cerebral cortex and hippocampus leading to impaired cognitive functions'. The studies have reported that
. the endosomal-lysosomal pathway is involved in the processing of amyloid precursor protein (APP) to generate
. AB. Moreover, dysregulated endosomal-lysosomal pathway activity is observed in neurons affected by various
© stress factors. Recently accumulated evidence implicated that autophagy might be involved in neurodegenerative
diseases such as AD and Parkinson’s disease.

: Autophagy is an intracellular mechanism involved in the elimination and recycling of proteins and organelles
. by lysosomes?. Dysregulation of autophagy induces marked accumulation of autophagic vesicles (AVs) in affected
. neurons. Pathological evidence showed the accumulation of AVs in damaged neuritic processes and synaptic ter-
© minals are observed in AD?. Moreover, it is clear that dysfunction in the autophagy-lysosomal degradation likely
- precedes the formation of AD pathological hallmarks*. Genome-wide analysis in AD patients showed that pos-
. itive regulators of autophagy are observed enriched in the entorhinal cortex, suggesting that autophagy-related
: genes are upregulated in the brains of AD patients’. However, in vivo evidence from patients implicating auto-
° phagyin AD pathology is still lacking and thus the role of autophagy in AD needs further investigation.

: ATGS5, encoded by autophagy-related gene 5 (ATG5), a key autophagy gene, is first conjugated to ATG12 by
. ATG?7 and ATG10 and then promotes the lipidation of LC3°. Further, A3 induces the conjugation of ATG5 and
© ATGI12 in cells*”. Beclin-1, ATG12, ATG5, and LC3 immunoreactivities were observed in neurons and endothe-
* lial cells in AD patients®. Moreover, recent studies have shown that increased plasma levels of autophagic markers
. might be associated with coronary total occlusion and childhood cerebral palsy*'°. Given that the increase in
: autophagic markers, such as Beclin-1 and LC3, is observed in the cerebrospinal fluid (CSF) and serum in patients
. with acute ischemic stroke!!, they should be examined as potential fluid biomarkers. Despite the important role
. of autophagy in AD pathogenesis attributed in vitro, data from AD patients involving autophagy is insufficient.

Moreover, the clinical relevance of ATG5 and ATG12 is still unknown.
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Figure 1. AQ increases the level of conjugation of ATG5 and ATG12 in cells. (a) Primary neurons were treated
with synthetic AB,_,, peptides. Forty-eight hours after treatment, Western blotting was performed with anti-
ATGI2. (b) HUVECs were stimulated with AB3,_,, peptides for 24 h and the levels of conjugation of ATG12 and
ATGS5 were analyzed by immunoblotting. The cropped blot is displayed in the main figure, and its full-length
blot is presented in Supplementary Fig. 1. Tubulin was used as a loading control. (c,d) Bar graph indicates

the relative expression ratio of ATG5-ATG12 normalized to tubulin. Data shown are mean & SEM of three
independent experiments and were analyzed using Student’s ¢-test (*p < 0.05, **p < 0.01).

Here, we investigated the proteins of the autophagic machinery, in particular ATG5 and ATG12 in AD patients
as well as in cells in vitro upon AQ treatment in order to examine the importance of these autophagic markers as
potent biomarkers for AD.

Results

ATG5-ATG12 conjugation is induced in the endothelial cell-conditioned media upon A3 treat-
ment. Several lines of evidence demonstrate that autophagic activation is involved in A8 clearance and might
play a role in the pathogenesis of AD. Since conjugation of ATG5-ATG12 is critical for the formation of autopha-
gosome, we first asked whether conjugation of ATG5 and ATG12 is induced by AB3. Western blot in primary rat
cortical neurons and endothelial cells treated with A3, demonstrated that the conjugation between ATG5-ATG12
was increased (Fig. 1).

Given that the protein levels of ATG5 and ATG12 are not altered in the brains of AD patients'?, we sought to
examine ATG5 and ATG12 mRNA levels in human induced pluripotent stem cell (iPSC)-derived neural progen-
itor stem cells isolated from a patient with AD. The mRNA levels of ATG5 and ATG12 were found unchanged in
iPSC-derived neurons of an AD patient compared with those in iPSC-derived neurons of a healthy control donor
(Fig. 2A,B). However, the mRNA levels of p62 and LC3A were significantly increased in iPSC-derived neurons of
an AD patient compared with those in iPSC-derived neurons of a healthy control donor (Fig. 2C,D).

Furthermore, the immunoreactivity of ATG12 was increased in the cortex of APPsw/PS1AE9 transgenic
(APP Tg) mice as shown by diaminobenzidine staining in Fig. 3. Indeed, some of the ATG12-immunopositive
cells were found at higher densities near the amyloid plaques stained by Congo Red in the brains of APP Tg mice.
Mice lacking ATGS5 develop progressive deficits in motor function. Moreover, the autophagic flux in CA1 hip-
pocampal neurons of AD patients was impaired with neuritic dystrophy!>!*,

Plasma ATG5 levels are elevated in AD patients. Recent studies have shown increased plasma level of
autophagic markers in patients with diseases such as stroke!’. For a more specific indication of the implication
of autophagy in AD pathogenesis, we measured ATG5 and ATG12 levels in the plasma from patients with AD.
Before that, we asked whether ATG5 and ATG12 were secreted into the conditioned medium from cells treated
with AQ. After treatment of A3 in human umbilical vein endothelial cells (HUVECs) with A3, we found that
ATGS levels in the conditioned medium were increased (Fig. 4). This effect was dose dependent. However, we
could not detect ATG12 band in the conditioned medium by western blot analysis.
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Figure 2. ATG5and ATG12 mRNA expression in human iPSC-derived neuronal cells. Relative ATG5, ATG12,
p62, and LC3A mRNA expression levels were analyzed in human iPSC-derived neural progenitor stem cells
isolated from AD patient and healthy control donor (n = 3). Human iPSCs were differentiated into neurons

in neuronal differentiation media. (a,b) ATG5 and ATG12 mRNA expressions were not changed in AD
patient-derived iPSCs. (¢,d) p62 and LC3A mRNA expressions were significantly increased in human iPSC-
derived neurons of an AD patient. Data shown are mean & SEM of three independent experiments (*p < 0.05,
**kp <0.001).

@

Figure 3. Immunostaining for ATG12 in the brain of APP transgenic mice. Brain cortex sections from
16-month-old wild type (WT) and APP transgenic (TG) mice were immunostained with anti-ATG12, and
counterstained with Congo Red for amyloid plaques. Congophilic plaque was indicated by an asterisk.

Next, to clarify whether ATG5 and ATG12 levels are related to clinically overt dementia, we examined ATG5
and ATG12 plasma levels in mild cognitive impairment (MCI) and dementia patients as well as in control sub-
jects without dementia. Table 1 presents the characteristics of the participants. The mean ages of patients with
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Figure 4. Secretion of ATG5 and ATG12 in cell-conditioned media and human plasma. Secreted ATG5

and ATG12 levels were analyzed by western blotting. (a) Conditioned media were harvested from HUVECs
treated with 0~10 uM A(;_4 for 24 h. (b) Human plasma was collected from normal control participants and
dementia patients. The cropped blots are displayed in the main figures, and its full-length blots are presented in
Supplementary Fig. 2. (c,d) Bar graph indicates the relative expression ratio of ATG5 to control (not treated with
AQ). Data shown are mean + SEM of three independent experiments and were analyzed using Student’s t-test
(*%p < 0.01, **%p < 0.001).

N (Male/Female) 127(52/75) 82(34/48) 69(17/52)

Age (yr) 720+ 0.4 73.5940.54 7534071 <0.049
Education 9.03+0.44 6.20+0.53 3.71+0.54 <0.001
MMSE 27.25+0.18 24.74+0.35 15.81+0.69 <0.001
CDR 0.043+0.01 0.26+0.02 1.140.09 <0.001
Total CHOL 195.24+3.1 188.7+3.6 2032443 0.074
TG 137.1£6.8 131.0£7.2 152.9+11.0 0.292
HDL 434408 430+13 448411 0.236

Table 1. Baseline characteristics of the population. Values are mean + SEM. Key: MCI, mild cognitive
impairment; MMSE, Mini-Mental State Examination; CDR, clinical dementia rating; SEM, standard error of the
mean.

dementia were 75.3 £ 0.71 and 73.59 £ 0.54 years for patients with MCI and 72.0 4- 0.4 years for normal control
participants; 75.3% of patients with dementia, 58.5% of patients with MCI, and 59% of control subjects were
women.

Western blot analysis indicated that plasma ATGS5 levels were increased in the dementia patients (n =2) com-
pared with controls without dementia (n =2) (Fig. 4). For the analysis of ATG5 and ATG12 levels in the plasma,
we established a sensitive ELISA method. Plasma ATG12 and ATGS levels showed significant group difference
between control and patients with dementia and MCI by Kruskal-Wallis test (p =0.019, p=0.023, respectively;
Table 2). Plasma ATG12 levels were lower in the patients with MCI (17.2 £ 0.61 ng/mL) than the control subjects
(19.85+0.62ng/mL) (p=0.004). Plasma levels of ATG5 were significantly elevated in patients with dementia
(149.3 £7.5ng/mL) or MCI (152.9 + 6.9 ng/mL) compared with the control subjects (129.0 & 4.1 ng/mL) by
Mann-Whitney U-test (p=0.034, p=0.016, respectively).

Table 3 shows that the plasma ATG12 levels were correlated with ATG5 plasma levels (r=0.24, p < 0.001).
Moreover, the overall clinical dementia rating (CDR) scores were correlated with ATG5 plasma levels (r=0.124,
p=0.03). Interestingly, ATG5 and ATG12 levels were correlated with total cholesterol (TC) (r=—0.146, p=0.015
and r=—0.17, p=10.005, respectively).
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Features Control MCI Dementia | p-value
N (Male/Female) | 127(52/75) | 82(34/48) 69(17/52)
ATG12 (ng/ml) 19.85+0.62 | 17.2+0.61* | 18.73+£0.83 | 0.019
ATGS5 (ng/ml) 129.044.1 | 152.9+£6.9° | 149.34+7.5¢ | 0.023

Table 2. Analysis of plasma ATG5 and ATG12 levels. Values are mean & SEM. *Compared with control;
p=0.004, bcompared with control; p=0.016, ‘compared with control; p =0.034.

ATGI12 ATG5
Features rho p-value rho p-value
MMSE 0.05 0.35 —0.06 0.32
CDR —0.03 0.57 0.124 0.03
ATGI12 0.24 <0.001
ATG5 0.24 <0.001
TC —0.17 0.005 —0.146 0.015
TG —0.022 0.71 0 1
HDL —0.125 0.038 —0.06 0.25

Table 3. Correlation between plasma biomarkers and clinical rating scales. Spearman rank correlation
coefficient test was used for assessment of correlation.

Discussion

It has been well demonstrated that autophagy is linked to neuronal apoptosis and is impaired in neurodegenera-
tive diseases including AD, Parkinson’s disease, and Huntington’s disease®'®. Here, we showed that plasma ATG5
levels were increased both in APP Tg mice and human patients with dementia or MCI compared to healthy con-
trol subjects. To the best of our knowledge, this is the first study to determine the autophagic markers ATG5 and
ATGI2 in plasma from patients with AD.

Increasing evidences have shown that autophagy dysfunction is a common feature in AD. During AD pro-
gression, one of the earliest pathological features is the accumulation of autophagosomes?®. It is well established
that in neurodegenerative diseases, abnormal protein degradation through dysregulation of autophagic flux
may result in neuronal loss. Indeed, fronto-temporal dementia and amyotrophic lateral sclerosis (ALS) have
been linked to mutations in the charged multivesicular body protein-2B'. Moreover, polyglutamine aggre-
gates in Huntington’s disease have been demonstrated to disrupt autophagy'” and decreased Beclin-1 levels
were observed in sporadic AD'®. However, the levels of protein components of the autophagy pathway such as
ATG5, ATG12 and ATG? in the brain were not significantly different between controls and AD patients'%. On the
other hand, ATG12-immunoreactive endothelial cells were found spatially associated with AB3-positive plaques®.
Consistently, our previous study showed that colocalization of ATG12 and small ubiquitin-related modifier 1
(SUMOL1) was increased in the brain of an AD mouse model'®. Furthermore, A( treatment increased conjugation
of ATG5-ATG12 in human brain neuroglioma H4 cells and microglia®”. In congruence with these observations,
in our current study increased conjugation of ATG5-ATG12 induced by A(3 was also observed in primary rat
neurons and endothelial cells, suggesting critical roles of autophagy in AD.

This is the first study to determine the levels of autophagic markers ATG5 and ATG12 in endothelial cell
medium and in plasma from patients with AD. During disease progression, several proteins are released in the
cerebrospinal fluid (CSF) and blood due of brain damage. In the central nervous system (CNS), autophagy can be
activated by aging, nutrient deprivation and cerebral ischemia®. Recently, a study reported increase in autophagic
markers such as LC3B and Beclin-1 in the CSF and peripheral blood in patients with acute ischemic stroke!!.
Moreover, plasma ATGS5 levels were higher in the patients with coronary artery disease compared with healthy
controls’. However, plasma ATG5 levels were lower in cerebral palsy patients compared with controls™. Yet, little
is known about the regulation of autophagy pathways including autophagosome synthesis and autophagic flux
in the blood of patients with AD. In the present study, we investigated alterations in ATG12 and ATGS5 in the
plasma of AD patients, triggered by the observed increased ATG5-ATG12 conjugation upon AJ treatments in
vitro (Fig. 1).

Our results showed that both LC3 and p62 mRNA levels were increased in human iPSC-derived neuronal
cells (Fig. 2C,D). In addition, we confirmed that the levels of LC3 and p62 proteins in endothelial cells cultured
in the presence of AB, pretreated with bafilomycin A, were even more increased (data not shown). These results
imply that AB treatment caused accumulation of autophagosomes and increased functional autophagic activity. In
consistency with our paradoxical results, a previous study reported that the expression levels of p62 do not always
inversely correlate with autophagic activity?!. Indeed, until now there is no single “gold standard” in measuring
autophagic flux. The p62 protein levels correlates with both activation and suppression of autophagy*. The auto-
phagic system is highly dynamic and consists of a sequence of steps, each characterized by its own rate?*. In this
study, A3 was demonstrated to increase autophagic activity and could also affect the autophagic steps, altering the
rate of protein degradation through the entire autophagic pathway.
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In addition, ATGS5 levels after A(3 treatment were increased in the endothelial cell medium (Fig. 4). Plasma
ATG5 levels were also increased in patients with AD (Table 2). This is a very interesting observation because an
autophagic biomarker, ATG5, may be a potent candidate as a blood biomarker to reflect autophagy alterations in
AD.

In conclusion, our data confirmed that the autophagic marker ATGS5 is associated with AD pathophysiology.
Additionally, we observed that plasma ATG5 levels in patients with AD were increased and associated with CDR,
suggesting ATGS5 as a potential biomarker in those at risk for AD.

Methods

Subjects. The obtained subjects used in this study were selected from the population-based Ansan Geriatric
(AGE) cohort, Korea**-2%. Dementia and MCI diagnoses were established by a Korean version of Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD-K) neuropsychological battery”. All participants were clin-
ically assessed according to published guidelines, and each dementia patient met the criteria for the Diagnostic
and Statistical Manual of Mental Disorders, fourth edition?. All dementia patients met the criteria for proba-
ble AD established by the National Institute of Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA)?. Diagnosis of MCI was based on
the Mayo Clinic criteria® as described previously***!. In total, blood samples from 278 subjects were collected,
and the distribution on each of the subjects are shown in Table 1. Global clinical dementia rating (CDR) scores are
0 for normal, 2 and 3 for moderate to severe dementia®>. All participants provided written informed consent and
the study has been approved by the Institutional Review Board (IRB) of the Korea Centers for Disease Control
and Prevention (KCDC). All experiments were conducted in accordance with relevant guidelines and regulations.

Cell cultures. Human umbilical vein endothelial cells (HUVECs) purchased from Lonza (Walkersville, MD,
USA) and cultured in Endothelial Growth Medium-2 (EGM-2)-MV BulletKit (Lonza). HUVECs were used at
passages 5 to 9 for experimentation. Human iPSC-derived neural progenitor stem cells were purchased from
Axol Bioscience (Little Chesterford, UK) and were differentiated to cerebral cortical neurons following the rec-
ommended manufacturer’s protocol®. Primary cortical neuronal cells obtained from cortexes of embryonic rat
brains were maintained in neurobasal medium supplemented with B27 (Invitrogen) as described previously™.

Antibodies and Reagents. Anti-ATG5 and anti-ATG12 were purchased from Cell Signaling Technology
(MA, USA) and anti-tubulin was from Millipore (MA, USA). Synthetic AB3,_4, peptides (Invitrogen, Camarillo,
CA, USA) were dissolved in 1, 1, 1, 3, 3, 3-hexafluoro-2-propanol (Sigma, Saint Louis, MO, USA) and sequentially
lyophilized. Lyophilized peptide was redissolved in dimethylsulfoxide (DMSO).

Animals. APPsw/PS1AE9 transgenic mice were used for present study, as previously reported'®. All animal
experiments were performed in compliance with the guidelines for the care and use of laboratory animals by the
Korea Centers for Disease Control and Prevention (KCDC) and approved by the Institutional Animal Care and
Use Committee (IACUC) of the KCDC.

Measurement of autophagic markers by ELISA.  All the cell-free plasma samples were aliquoted and
stored at —80 °C until assayed collectively for ATG5 and ATG12 by an investigator who was blinded to patient
assignment. The levels of ATG5 and ATG12 were determined by the enzyme-linked immunosorbent assays kit
following the manufacturer’s instructions (USCN, Wuhan, China).

Western blotting. Cells and mouse cortex regions were lysed in radio-immunoprecipitation assay buffer
(RIPA buffer; 20 mM Tris, pH 7.4, 150 mM NaCl, I mM Na;VO,, 10mM NaF, | mM EDTA, 1 mM EGTA, 0.2mM
PMSE, 1% Triton X-100, 0.1% SDS, 0.5% deoxycholate), protein concentrations were determined using a Bradford
protein assay'®. Equal amounts of lysates were separated by SDS-PAGE with bolt 4~12% Bis-Tris gradient gel in
MES SDS buffer (Life technology, NY, USA). Proteins were transferred onto polyvinylidene difluoride mem-
branes (Millipore, Billerica, MA) and blocked for 1h at room temperature in 5% nonfat dry milk. Membranes
were incubated with the anti-ATGS5 (1:1,000), anti-ATG12 (1:1,000), and anti-tubulin (1:10,000).

Real-time reverse transcription polymerase chain reaction. Real-time quantitative RT-PCR
analysis was performed using SYBR Green two-step qRT-PCR kit (Applied Biosystems, Warrington, UK).
PCR fragments were amplified for 10 min at 95 °C, followed by 40 cycles for 15seconds at 95°C and 1 min at
58°C. The following primers were used: ATG5 sense 5'-GGCCATCAATCGGAAACTCA-3’ and antisense
5'-ACAGGACGAAACAGCTTCTG-3’; ATG12 sense 5'-TGTGTTGCAGCTTCCTACTTCA-3' and antisense
5'-TCAATGAGTCCTTGGATGGTTC-3'; p62 sense 5'-TCCAGTCCCTACAGATGCCA-3' and antisense
5'-GAGAGGGACTCAATCAGCCG-3'; LC3A sense 5'-CGCTACAAGGGTGAGAAGCA-3’ and antisense
5-TTCACCAGCAGGAAGAAGGC-3'. RT-qPCR analysis were performed on QuantStudio 6 Felx Real-Time
PCR System (Applied Biosystems, Warrington, UK). Ct values of the control and stimulated sample were calcu-
lated and the transcript levels were analyzed 2-22® method and normalized to the reference gene levels. All the
RT-qPCR reaction were performed as triplicates.

Immunohistochemistry and Congo Red Staining. Brains from 16-month-old APP Swedish/PS1dE9
transgenic (Tg) mice together with their wild-type controls were fixed in 4% (w/v) paraformaldehyde. Cryostat
sagital sections were cut on a sliding microtome into 10 um slices at —20°C and placed on a microslide for immu-
nostaining. The cortex sections were immunostained with rabbit monoclonal antibodies against ATG12 (1:100,
Cell Signaling Technology, 4180). When required, immunolabeled sections were then incubated for 3min in a
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solution of 20% Congo Red (Sigma, C6277). Axiolab Pol Polarizing microscope (Carl Zeiss, Jena, Germany) with
AxioVision Release 4.8 software was used for analysis of 3, 3/-diaminobenzidine photomicrographs.

Statistical analyses. The results were presented as mean + standard error of the mean (SEM).
Kruskal-Wallis test and Mann-Whitney U-test were performed to analyze demographic and plasma levels of tar-
get proteins between dementia, MCI and control groups. Correlation between factors was checked by Spearman’s
method. Statistical analyses of the present study were performed using SPSS 12.0 (IBM, NY, USA). Values of
P <0.05 were regarded as statistically significant.
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