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Progressive accumulation of misfolded SNCA/α-synuclein is key to the pathology of Parkinson’s disease (PD). Drugs aiming at
degrading SNCA may be an efficient therapeutic strategy for PD. Our previous study showed that mesencephalic astrocyte-
derived neurotrophic factor (MANF) facilitated the removal of misfolded SNCA and rescued dopaminergic (DA) neurons, but
the underlying mechanisms remain unknown. In this study, we showed that AAV8-MANF relieved Parkinsonian behavior in
rotenone-induced PD model and reduced SNCA accumulation in the substantia nigra. By establishing wildtype (WT) SNCA
overexpression cellular model, we found that chaperone-mediated-autophagy (CMA) and macroautophagy were both
participated in MANF-mediated degradation of SNCAWT. Nuclear factor erythroid 2-related factor (Nrf2) was activated to
stimulating macroautophagy activity when CMA pathway was impaired. Using A53T mutant SNCA overexpression cellular
model to mimic CMA dysfunction situation, we concluded that macroautophagy rather than CMA was responsible to the
degradation of SNCAA53T, and this degradation was mediated by Nrf2 activation. Hence, our findings suggested that MANF
has potential therapeutic value for PD. Nrf2 and its role in MANF-mediated degradation may provide new sights that target
degradation pathways to counteract SNCA pathology in PD.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disease
characterized by abnormal deposits of SNCA/α-synuclein
aggregates and progressive loss of dopaminergic neurons in
the substantia nigra [1, 2]. The abnormal accumulation of
SNCA could induce neurodegeneration through disrupting
of axonal transport, as well as impairing mitochondrial, lyso-
somal, proteasomal, and endoplasmic reticulum (ER) func-
tions [3]. SNCA exists in a dynamic equilibrium among
different conformations and oligomers [4], and the propen-
sity for its aggregation may be reversed by reduction in

monomeric SNCA levels which results in disaggregation of
soluble oligomers [5]. Considering accumulation and propa-
gation of misfolded SNCA in the brain is integral to the dis-
ease pathogenesis, drugs, or herbs aiming at promoting
SNCA degradation may work as an efficient therapeutic
strategy for PD.

Mesencephalic astrocyte-derived neurotrophic factor
(MANF) has been confirmed to possess a more specific neu-
roprotection for dopaminergic neurons compared to other
neurotrophic factors such as glial cell line-derived neuro-
trophic factor (GDNF) and brain-derived neurotrophic fac-
tor (BDNF) [6]. Knocking out the homologous gene of
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Figure 1: Continued.
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MANF in Drosophila leading to an abnormal development
of dopaminergic (DA) neurons is suggesting a key role of
MANF on the development and functional maintenance of
DA system [7]. Our previous studies also demonstrated that
MANF inhibited the loss of DA neurons in PD rats, mice,
and transgenic nematode models and improve the motor
function of model animals [8–12]. Considering the vital role
of SNCA accumulation in the neurodegeneration of PD, we
established an A53T mutant α-synuclein nematode model
and verified that MANF could regulate the expression of
autophagy-related genes, inhibited the accumulation of
SNCAA53T, and subsequently promote the survival of DA

neurons [11]. However, the specific mechanism that trigger-
ing SNCA clearance by MANF remains unknown.

Autophagy lysosome pathway (ALP) system plays a vital
role in the degradation of SNCA [13]. Inhibiting ALP activ-
ity exacerbates the abnormal aggregation of SNCA [14]. ALP
includes chaperone-mediated autophagy (CMA), macroau-
tophagy, and microautophagy. Among them, CMA and
macroautophagy have been verified to be associated with
the clearance of SNCA [13]. CMA is a selective protein deg-
radation process in which cytosolic proteins bearing a
KFERQ motif are recognized by Hsc70, then delivered to
lysosomal associated membrane protein 2a (Lamp-2A),
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Figure 1: The protective effect of AAV8-MANF on PD model and its role on the expression of lysosome-related genes in substantia nigra.
(a) AAV8-MANF (with His tag) was injected into the substantia nigra of rat brain. The expression of MANF in DA neurons was detected by
double immunofluorescence staining using anti-His tag antibody and anti-TH antibody. Scale bar is 200 μm. (b) The motor function of
AAV8-MANF on rotenone-induced PD mouse models was evaluated by rotarod analysis. Ctrl group: n = 14; rotenone group: n = 14;
rotenone + PBS group: n = 15; rotenone + AAV8 −MANF group: n = 13. (c, d) The effect of AAV8-MANF on rotenone-induced DA
neuron degeneration was determined by TH staining. Scale bar is 500μm. (e, f) The level of SNCA in substantia nigra was detected
using western blot analysis. Rotenone + PBS group and rotenone + AAV8 −MANF group: n = 5. (g, h) RNA-sequence analysis of gene
expression in substantia nigra followed by AAV8-MANF injection. (e) Heatmap analysis. (f) KEGG pathway analysis. Data were
expressed as mean ± SD from three independent experiments. #P < 0:05 and ##P < 0:01 vs. Ctrl group; ∗P < 0:05 vs. rotenone + PBS
-treated group.
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Figure 2: Continued.
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and are eventually transported into the lysosomal lumen for
degradation [15]. In macroautophagy, portions of the cyto-
plasm, including protein aggregates, are sequestered inside
a double membrane structure which, in turn, can fuse
directly with the lysosome [16]. Previous study revealed that
MANF gene mutation in Drosophila inhibited the gene
expression of lysosome-associated membrane protein
(LAMPs), decreased the expression of proton pump V-
ATPase genes, and downregulated the lysosomal hydrolysis
activity, which eventually disrupted protein degradation
process [17]. Thus, we assumed that the degradation of
MANF on SNCA may be mediated by CMA and/or macro-
autophagy pathway.

In the present study, we used the rotenone-induced PD
mice model to investigate the effects of MANF on Parkinso-
nian behavior and SNCA pathology. Meanwhile, Lenti-X™
Tet-On® 3G Inducible Expression System and SH-SY5Y
cells were used to realize doxycycline (Dox) induced expres-
sion of SNCAWT and SNCAA53T. We characterized the role
of CMA and macroautophagy pathway in MANF-mediated
degradation of SNCA and investigated the potential interac-
tion between CMA and macroautophagy activation.

2. Results

2.1. AAV8-MANF Relieves Parkinsonian Behavior and
Alleviated the Accumulation of SNCA in the Substantia
Nigra. AAV8-MANF (with His tag) was established to
achieve the continuous supply of MANF. As shown in
Figure 1(a), AAV8-MANF injected into substantia nigra
could effectively infect dopaminergic neurons and express
MANF protein. AAV8-MANF was injected into the bilateral
substantia nigra 1 week before rotenone (3mg/kg) was sub-
cutaneously injected for 5 weeks. Rotarod analysis showed
that AAV8-MANF significantly ameliorated motor impair-
ments of PD mouse (Figure 1(b)). TH staining indicated that

AAV8-MANF inhibited rotenone-induced DA neuron
degeneration (Figures 1(c) and 1(d)). Afterward, as indicated
in Figures 1(e) and 1(f), the increased accumulation of
SNCA in substantia nigra was decreased following AAV8-
MANF treatment. RNA-seq sequencing revealed that
AAV8-MANF could promote the expression of genes
include membrane protein genes (Abcb9), hydrolase genes
(Ppt2, Hexa, Arsa, Nagpa, and Pla2g15), and proton pump
V-ATPase gene (Atp6v0c) related to the lysosomal pathway,
indicating an involved of ALP in MANF-mediated SNCA
degradation (Figures 1(g) and 1(h)).

2.2. MANF Inhibits the Accumulation of SNCAWT in PD
Cellular Model. Lenti-X™ Tet-On® 3G inducible expression
system and SH-SY5Y cells were used to realize Dox-
induced expression of SNCAWT (Figure S1 A-C). MANF
treatment alone did not show any obvious effect on the
viability of SNCAWT SH-SY5Y cells for 48 h (Figure S3).
Whereas MANF treatment for 24h significantly reduced
the accumulation of SNCAWT in a concentration dependent
manner (Figures 2(a)–2(d)). RNA-seq sequencing and
subsequently BP analysis showed that the expression of
genes associated with “Macroautophagy,” “Chaperone-
mediated autophagy (CMA),” “Protein targeting to
lysosome,” and other genes involved in ALP process was
changed after MANF treatment for 24 h (Figures 2(e)–2(g)).

2.3. Involvement of CMA in MANF-Mediated Degradation of
SNCAWT. To identify the role of CMA in MANF-induced
degradation, the expression of SNCAWT, LAMP-2A, and
Hsc70 was detected using western blotting. As shown in
Figures 3(a) and 3(b), MANF markedly attenuated Dox-
induced accumulation of SNCAWT. Meanwhile, the expres-
sion of LAMP-2A and Hsc70 was significantly increased
after MANF treatment (Figures 3(a)–3(d)), indicating the
activation of CMA. In addition, Co-IP assay revealed that
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Figure 2: Effects of MANF on the degradation of SNCAWT in PD cellular model. (a, b) SNCAWT SH-SY5Y cells were treated with MANF (0,
250, 500, 1000, or 2000 ng/ml) and Dox (600 ng/ml) for 24 h, and cell lysates were immunoblotted by anti-SNCA antibody. (c, d) SNCAWT

SH-SY5Y cells were treated with MANF (500 ng/ml) and Dox (600 ng/ml) for 24 h, and the level of SNCAWT was detected by
immunofluorescence staining. Scale bar is 50 μm. (e)–(g) SNCAWT H-SY5Y cells were treated with MANF (500 ng/ml) and Dox (600 ng/
ml) for 24 h, followed by RNA-sequence analysis. (e) Heatmap analysis. (f) KEGG pathway analysis. (g) Target genes involved in
lysosomal-related degradation pathway. Data were expressed as mean ± SD from three independent experiments. ###P < 0:001 vs. control
group; ∗P < 0:05 and ∗∗P < 0:01 vs. Dox-treated group.
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the combination of SNCAWT and Hsc70 was enhanced, sug-
gesting a convenient transportation for SNCAWT to bind
LAMP-2A on lysosome (Figures 3(e) and 3(f)). However,
MANF-mediated degradation of SNCAWT was almost
completely reversed when CMA pathway was blocked using
RNAi-based approach (Figures 3(g)–3(j)). Together, these
results point to the association of MANF-mediated CMA
activation in reducing SNCAWT accumulation.

2.4. Macroautophagy Was Involved in MANF-Mediated
Degradation of SNCAWT. Macroautophagy was reported to
be activated to promote SNCA clearance when CMA system
is impaired caused by SNCA overaccumulation [13]. Here,
we tested whether MANF-mediated degradation of
SNCAWT was modulated by macroautophagy. As shown in
Figures 4(a) and 4(b), when cells were incubated with Dox
and MANF for 24h, the content of SNCAWT was signifi-
cantly reduced, but the expression of macroautophagy
markers such as light chain 3 (LC3), Beclin-1, and P62 were
not changed, indicating that macroautophagy system was
not activated in the early stagy. However, when cells were
incubated with Dox and MANF for 48 h, the conversion of
LC3-I/II and the expression of Beclin-1 were increased,
and simultaneously, the expression of P62 was decreased
by MANF treatment, suggesting macroautophagy was acti-
vated during SNCA accumulation (Figures 4(c) and 4(d)).
By using Lenti-mCherry-eGFP-LC3B plasmid and macroau-
tophagic inhibitor CQ to detect autophagic flux, we found
that MANF could partly inhibit the decreased ratio of
mCherry/eGFP fluorescence intensity caused by CQ, indi-
cating an activation of macroautophagy (Figures 4(e)–
4(h)). More importantly, the clearance of MANF on
SNCAWT was partially abolished by the treatment of macro-
autophagic inhibitor CQ (Figures 4(i)–4(j)). These findings

indicated that, besides CMA, macroautophagy system was
also involved in MANF-mediated degradation on SNCAWT.

2.5. Nrf2 Was Involved in the Early Activation of
Macroautophagy by MANF when CMA System Was
Blocked. To evaluate the crosstalk or compensatory interac-
tion between CMA and macroautophagy, CMA activation
was suppressed by RNAi-mediated LAMP-2A inhibition.
As shown in Figures 5(a) and 5(b), the conversion of LC3-
I/II and the expression of Beclin-1 were increased, while
the expression of P62 was decreased when CMA system
was blocked, indicating a beforehand activation of macroau-
tophagy by MANF.

Both CMA and macroautophagy pathway could be reg-
ulated by Nrf2 [18, 19]. Upregulating Nrf2 reduced the
abnormal accumulation of SNCA by promoting CMA and
macroautophagy activity [20]. Besides, when macroautoph-
agy was blocked, P62 could activate Nrf2 by binding to
keap1 [21] that may trigger other degradation pathway, such
as CMA. We reported that MANF increased Nrf2 expression
and promoted its nuclear translocation to exerting antiapop-
totic effects [9]. Hence, we speculated that Nrf2 may be
involved in the crosstalk between CMA and macroautoph-
agy on MANF-induced clearance of SNCAWT. As shown
in Figures 5(c) and 5(d), MANF promoted the expression
of Nrf2. ML385, a widely used inhibitor of Nrf2, significantly
reversed the MANF-induced activation of macroautophagy
in CMA impaired condition (Figures 5(e) and 5(f)).

Cuervo et.al reported that SNCAA53T could block CMA
due to the strongly bound to LAMP-2A and disrupt the
degradation of substrate proteins [22]. Hence, SNCAA53T

overexpression cellular model was used to mimic CMA dys-
function situation, and Nrf2 mediated activation of macroau-
tophagy was investigated. Lenti-X™ Tet-On® 3G inducible
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Figure 3: MANF inhibited the accumulation of SNCAWT in PD cellular model by CMA activation. (a)–(d) Effects of MANF on the levels of
SNCAWT, Lamp-2A, and Hsc70. SNCAWT SH-SY5Y cells were treated with MANF (250, 500 ng/ml) and Dox (600 ng/ml) for 24 h (a, b) or
48 h (c, d), respectively; then, the protein levels were detected by western blot analysis. (e, f) Effects of MANF on the interaction between
SNCAWT and Hsc70. SNCAWT SH-SY5Y cells were treated with MANF (500 ng/ml) and Dox (600 ng/ml) for 24 h. Cell lysates were
immunoprecipitated with anti-SNCA, and the precipitated proteins were analyzed by immunoblotting with anti-Hsc70. (g, h) SNCAWT

SH-SY5Y cells were treated with Lamp-2A RNAi 1-3 for 48 h. The level of LAMP-2A was detected by western blot analysis. (i, j) Lamp-
2A knocked down partly abolished MANF-induced SNCAWT clearance. SNCAWT SH-SY5Y cells were treated with Lamp-2A RNAi 2 for
24 h, followed by the incubation of MANF (500 ng/ml) and Dox (600 ng/ml) for another 24 h. The levels of LAMP-2A and SNCAWT

were detected by western blot analysis. Data were expressed as mean ± SD from three independent experiments. ##P < 0:01 vs. control
group; $P < 0:05 vs. NC group; ∗P < 0:05 and ∗∗P < 0:01 vs. Dox-treated group; &P < 0:05 vs. combined treatment with negative control
Lamp-2A RNAi plasmid, MANF, and Dox group.
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Figure 4: Continued.
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Figure 4: Continued.
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expression system and SH-SY5Y cells were used to realize
Dox induced expression of SNCAA53T (Figure S2A-C). We
showed that MANF treatment significantly reduced the
accumulation of SNCA53T in a concentration dependent
manner (Figures 6(a)–6(d)). As expected, CMA was not
activated in MANF-mediated clearance of SNCAA53T due
to impaired CMA system (Figures 6(e)–6(h)), while
macroautophagy was confirmed to be participated in the
degradation of SNCAA53T by MANF (Figures 7(a)–7(h)).
Noticeably, Nrf2 inhibitor ML385 could partially abrogate
MANF-mediated activation of macroautophagy and the
subsequent clearance of SNCAA53T (Figures 8(a)–8(f)).

Accordingly, these findings suggest that Nrf2 was involved
in the early activation of macroautophagy by MANF
when CMA system was impaired.

3. Discussion

SNCA plays a central role in the aetiology and pathophysiol-
ogy of PD [23]. Drugs or herbs that own SNCA clearance
properties may be potential candidates for PD treatment.
MANF, as a newly identified neurotrophic factor, has been
confirmed to possess neuroprotective effects on PD [24].
Our previous study further demonstrated that MANF could
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Figure 4: MANF inhibits the accumulation of SNCAWT in PD cellular model by macroautophagy activation. (a)–(d) Effects of MANF on
the levels of SNCAWT and macroautophagic-related protein expression. SNCAWT SH-SY5Y cells were treated with MANF (250 and 500 ng/
ml) and Dox (600 ng/ml) for 24 h (a, b) or 48 h (c, d), respectively; then, the protein levels of SNCA, LC3-I/II, Beclin-1, and P62 were
detected by western blot analysis. (e, f) SNCAWT SH-SY5Y cells were treated with autophagy inhibition CQ (10 μM) for 48 h, and cell
lysates were immunoblotted by anti-LC3 and anti-Beclin-1 antibodies. (g, h) After SNCAWT SH-SY5Y cells were treated with Lenti-
mCherry-eGFP-LC3B plasmid for 48 h, MANF (500 ng/ml), Dox (600 ng/ml), and CQ (10 μM) were added, respectively, for another
48 h. The fluorescence of mCherry and eGFP was observed using fluorescence microscopy and quantified by Image Pro Plus software.
Scale bar is 50μm. (i, j) SNCAWT SH-SY5Y cells were treated with MANF (500 ng/ml), Dox (600 ng/ml), and CQ (10 μM) for 48 h. The
protein level of SNCAWT was detected by western blot analysis. Data were expressed as mean ± SD from three independent experiments.
#P < 0:05, ##P < 0:01, and $P < 0:05 vs. control group; ∗P < 0:05 and ∗∗P < 0:01 vs. Dox-treated group; &P < 0:05 vs. combined treatment
with MANF and Dox group.

10 Oxidative Medicine and Cellular Longevity



Beclin-1

P62

LC3-I

LC3-II

GAPDH

DOX + MANFDOX
LAMP-2A-RNAi

–18

–16

–60

–62

–36

(a)

1

0

3

2

LC3-II/LC3-I Beclin-1
1 2 1 2 1 2

P62

1: DOX 2: DOX + MANF

Re
lat

iv
e p

ro
te

in
 ex

pr
es

sio
n

(N
or

m
al

iz
ed

 to
 co

nt
ro

l)

⁎
⁎

⁎

(b)

Nrf2

GAPDH

Nrf2

GAPDH

MANF (ng/ml)
DOX (ng/ml)

0 0 250
0 600 600 600

500

24 h

48 h

–100

–36

–100

–36

(c)

0.5

0

1.5

1.0

1: Ctrl
2: DOX

3: DOX + MANF (250)
4: DOX + MANF (500)

1 2 3 4 1 2 3 4
24 h 48 h

#

#

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

(N
or

m
al

iz
ed

 to
 co

nt
ro

l)

⁎
⁎

⁎

⁎

(d)

LAMP-2A-RNAi

Nrf2

GAPDH

MANF
DOX

ML385

Beclin-1

P62

LC3-I
LC3-II

GAPDH

LAMP-2A

GAPDH

+
– + – +

+––

+ + +

+

–105

–36

–100

–36

–18
–16

–60

–62

–36

(e)

Beclin-1 P62LC3-II/LC3-I
1 2 3 4

Nrf2

1

0

3

2

1: DOX 2: DOX + MANF 3: DOX + ML385 4: DOX + ML385 + MANF

1 2 3 4 1 2 3 4 1 2 3 4

&

&

& &

Re
la

tiv
e p

ro
te

in
 ex

pr
es

sio
n

(N
or

m
al

iz
ed

 to
 co

nt
ro

l)

⁎ ⁎ ⁎

⁎

(f)

Figure 5: Effects of Nrf2 on the early activation ofmacroautophagy byMANF. (a, b) SNCAWT SH-SY5Y cells were treated with Lamp-2A-RNAi
2 plasmid for 24 h, followed by incubation with MANF (500 ng/ml) and Dox (600 ng/ml) for another 24h. The levels of LC3, Beclin-1, and P62
were detected by western blot analysis. (c, d) SNCAWT SH-SY5Y cells were treated withMANF (500 ng/ml) andDox (600 ng/ml) for another 24h
or 48 h, respectively; cell lysates were immunoblotted by anti-Nrf2 antibody. (e, f) SNCAWT SH-SY5Y cells were treated with Lamp-2A-RNAi 2
plasmid for 24 h, followed by incubation withMANF (500 ng/ml), ML385 (5 μM), and Dox (600 ng/ml) for another 24 h. The levels of LAMP-
2A, Nrf2, LC3, Beclin-1, and P62 were detected by western blot analysis. Data were expressed as mean ± SD from three independent
experiments. #P < 0:05 vs. control group; ∗P < 0:05 vs. Dox-treated group; &P < 0:05 vs. combined treatment with MANF and Dox group.
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Figure 6: Continued.
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activate autophagy-related genes and alleviate the aggrega-
tion of SNCAA53T11, but the exact mechanisms remain
unknown. In the current study, we firstly confirmed that
CMA and macroautophagy, the two main subtypes of ALP,
were both involved in MANF-induced degradation of
SNCAWT. In addition, we found that MANF could activate
macroautophagy in a Nrf2-dependent manner when CMA
system was impaired.

CMA is a selective degradative process for cytosolic pro-
teins that contributes to the maintenance of proteostasis
[25]. Reduced levels of CMA markers have been observed
in postmortem brain samples from PD patients [26], indi-
cating that CMA dysfunction was associated with the patho-
genesis of PD. In addition, SNCA, the neuropathological
hallmark, also contains KFERQ sequence, which was verified
as a natural substrate of CMA [26]. Increasing evidence con-
firmed that CMA represents a major pathway for SNCAWT

degradation [27]. CMA inhibition was accompanied by for-
mation of detergent-insoluble or high molecular-weight
(HMW) oligomeric SNCA conformations, leading to dopa-
minergic neurodegeneration and parkinsonian behavior
[28]. Our observations revealed that MANF could upregu-
late the expression of HSC70 and LAMP-2A, the main
components of CMA, and promote the combination
between HSC70 and SNCAWT, indicating an activation of
CMA system, which eventually contributed to the degrada-
tion of SNCAWT.

Only SNCA monomers and dimers, but not oligomers,
could be degraded by CMA [29]. Excess levels and/or abnor-
mal aggregated of SNCA impaired CMA, and then, macro-
autophagy system will be activated to participate in the
clearance of oligomer SNCA [30]. Using a Dox-induced cel-
lular model of SNCAWT, we also found that macroautoph-
agy system would be activated by MANF due to the
continuously accumulation of SNCAWT, which suggested
that CMA could participate in the degradation of SNCAWT

in the early stagy and macroautophagy system may act as a
subsequent compensation mechanism. Interestingly, we
revealed that when CMA was blocked by using a LAMP-
2A targeting siRNA-based approach, or using Dox-induced
SNCAA53T overexpression cell model to mimic CMA dys-
functional condition, macroautophagy could be early acti-
vated by MANF to eliminate the accumulation of
SNCAWT. These results indicated that MANF could pro-
mote the degradation of SNCAWTfrom SNCA accumulation
to aggregation. Meanwhile, even when CMA was blocked
due to uncontrolled accumulation of SNCA, MANF still
could opportunely activate macroautophagy to further
degrade SNCA, which is important for inhibiting SNCA-
induced neurotoxicity.

Nrf2, as a leucine zipper transcription factor, controls
the basal and stress-inducible expression of over 250 genes
[31]. A majority of these genes are involved in the different
phases of the macroautophagy process, from cargo recogni-
tion to autolysosome clearance [32–36]. Nrf2 can also
activate macroautophagy through the Nrf2-p62-keap1 feed-
back loop [19]. Besides, Nrf2 could recognize and bind to the
ARE functional region in the LAMP-2A gene, thereby regu-
lating the expression of LAMP-2A and eventually upregulat-
ing CMA activity [18]. Thus, the Nrf2 pathway could serve
as an upstream signal to regulate the activities of both
CMA and macroautophagy [18, 20]. Genetic increase of
astrocyte-specific Nrf2 could attenuate the functional defi-
ciency of macroautophagy and CMA, which promoted the
degradation of SNCAA53T in SNCAA53T mouse model [20].
Hence, Nrf2 might act as a regulatory node in the proteolytic
network represented by macroautophagy and CMA in PD
and may serve as a link whereby one reacts in a compensa-
tory manner to the loss of activity in the other [19–21]. In
this study, we found that MANF upregulated Nrf2 expres-
sion while stimulating CMA or macroautophagy system.
Blockage of Nrf2 using ML385 (a specific inhibitor) could
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Figure 6: MANF inhibited the accumulation of SNCAA53T in PD cellular model. (a, b) SNCAA53T SH-SY5Y cells were treated with MANF
(0, 250, 500, 1000, or 2000 ng/ml) and Dox (600 ng/ml) for 24 h, and cell lysates were immunoblotted by anti-SNCA antibody. (c, d)
SNCAA53T SH-SY5Y cells were treated with MANF (500 ng/ml) and Dox (600 ng/ml) for 24 h, and the level of SNCA was detected by
immunofluorescence staining. Scale bar is 50μm. (e)–(h) Effects of MANF on the levels of SNCA, Lamp-2A, and Hsc70. SNCAA53T SH-
SY5Y cells were treated with MANF (250 and 500 ng/ml) and Dox (600 ng/ml) for 24 h (a, b) or 48 h (c, d), respectively; then, the
protein levels were detected by western blot analysis. Data were expressed as mean ± SD from three independent experiments. ##P < 0:01
vs. control group; ∗P < 0:05, ∗∗P < 0:01 vs. Dox-treated group.
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Figure 7: Continued.

14 Oxidative Medicine and Cellular Longevity



almost completely counteract the early activation of macro-
autophagy induced by MANF. These results revealed that
Nrf2 was involved in the functional compensatory between
CMA and macroautophagy by mediating macroautophagy
activation in CMA dysfunction situation.

4. Conclusions

Our results demonstrated that CMA and macroautophagy
system are involved in MANF-induced degradation of
SNCAWT. Meanwhile, Nrf2 was confirmed to be a regulator
to activate macroautophagy in CMA dysfunctional situation.
There might be some limitations in the present study. (I)
Ubiquitin-proteasome system (ULP) is also involved in the
regulation of SNCA. Monoubiquitinated SNCA is targeted
for degradation by the proteasomal system [37]. Whether
MANF-mediated degradation of SNCA is associated with
ULP needs further exploration. (II) The exact mechanisms
of Nrf2 on MANF-induced regulation of CMA and macro-
autophagy still need to be clarified. (III) Considering the
multiple mechanisms involved in the activation of CMA
and macroautophagy, besides Nrf2, other signaling path-
ways need to be further figured out. Despite some limita-
tions, the findings from our investigation indicated MANF
may be a candidate for the treatment of PD. Meanwhile,
Nrf2 and its role in MANF-mediated degradation may pro-
vide new therapeutic strategies that target degradation path-
ways to counteract SNCA pathology in PD.

5. Materials and Methods

5.1. Animals and Treatment. In previous studies, adult male
rats and mice have been widely used in the study of PD
[38–41]. In this study, adult male Sprague-Dawley rats (used
for detecting the expression of AAV8-MANF and RNA-seq)
and male C57/BL6 mice (used for exploring the protection
of AAV8-MANF on Rotenone-induced PD models) were
obtained from Shanghai SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China) and used following the National

Institutes of Health Guide for the Care and Use of Laboratory
Animals and approved by the Animal Use and Care Commit-
tee of Shanghai Tongji Hospital. Rotenone (Sigma, St. Louis,
USA) was dissolved in dimethyl sulfoxide (Sigma, St. Louis,
USA). C57/BL6 mouse received subcutaneous injections of
Rotenone (3mg/kg) for 5 weeks to establish PD model. Mice
that received formulation buffer were regarded as control.

5.2. Cell Culture and Treatment. SNCAWT SH-SY5Y cells
and SNCAA53T SH-SY5Y cells were established using
Lenti-X™ Tet-On® 3G inducible expression system and
SH-SY5Y cells according to user manual. Doxycycline
(Dox; Clontech Laboratories, CA, USA) was used to induce
the expression of SNCAWT and SNCAA53T. Cells were rou-
tinely grown in Dulbecco’s Modified Eagle’s Medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% tetracycline-free fetal bovine serum (Clontech
Laboratories, CA, USA) and cultured at 37°C under humid-
ified 5% CO2 atmosphere. When cells were subcultured
once attaining 70-80% confluency, MANF (PeproTech, State
of NJ, USA) and Dox were added for 24 or 48 h, respectively.

5.3. Construction of AAV8-MANF-His and AAV8-NULL.
The coding regions of the MANF with His tagged to its C-
terminal were synthesized by Genewiz bio (South Plainfield,
NJ, USA). The synthesized genes were digested with the rel-
evant restriction enzymes, and DNA fragments were ligated
into the Stratagene CMV AAV expression vector yielding
the vector pAAV-MANF-His was cloned into the Stratagene
CMV AAV expression vector to generate the control virus.
Constructs were verified by sequencing and packaged into
AAV8 viral particles with the Rep2/Cap8 AAV encapsula-
tion construct. AAV8-NULL was packaged as the negative
control of AAV8-MANF-His. These two viral vectors were
purified by a 2-step chromatographic step.

5.4. Intrastriatal Injection of AAV8-MANF-His. Anesthetized
mouse received injection of AAV8-MANF-His (1 × 1013 v.g/
ml) to the bilateral substantia nigra (SN) according to the
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Figure 7: MANF inhibits the accumulation of SNCAA53T in PD cellular model by activating macroautophagy. (a)–(d) Effects of MANF on
the levels of SNCAA53T and macroautophagic-related protein expression. SNCAA53T SH-SY5Y cells were treated with MANF (250 and
500 ng/ml) and Dox (600 ng/ml) for 24 h (a, b) or 48 h (c, d), respectively; then, the protein levels of SNCAA53T, LC3-I/II, Beclin-1, and
P62 were detected by western blot analysis. (e, f) SNCAA53T SH-SY5Y cells were treated with autophagy inhibition CQ (10 μM) for 24 h,
and cell lysates were immunoblotted by anti-LC3 and anti-Beclin-1 antibodies. (g, h) SNCAA53T SH-SY5Y cells were treated with MANF
(500 ng/ml), Dox (600 ng/ml), and CQ (10 μM) for 48 h, and the protein level of SNCAA53T was detected by western blot analysis. Data
were expressed as mean ± SD from three independent experiments. #P < 0:01, ##P < 0:01, and $P < 0:05 vs. control group; ∗P < 0:05 vs.
Dox-treated group; &P < 0:05 vs. combined treatment with MANF and Dox group.
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following stereotaxic coordinates: AP, -3.0mm;ML, -/+1.3mm;
DV, -4.7mm; at a continuous flow rate of 0.5μl/min using
standard stereotaxic surgical procedures. The injection vol-
ume was 1μl. The rats received injection of AAV8-MANF-
His and AAV8-NULL into the unilateral SN according to
the following stereotaxic coordinates: AP, -5.5mm; ML,
-2.2mm; DV, -8.2mm; at a continuous flow rate of 0.5μl/
min. The injection volume was 3μl.

5.5. Rotarod Test. Rotarod analysis (Harvard apparatus, Hol-
liston, MA, USA) was performed by placing the animals on

an accelerating rod (4-40 r.p.m. over the course of a 5min
trial, 30min intertrial interval). All animals were trained 3
days before rotarod test. Latency to fall was recorded for 3
days (3 trials/day). Motor test data were presented as the
percentage of the mean duration on the rotarod compared
to the control.

5.6. Bioinformatic Analysis. After AAV8-MANF was
injected into the right SN of rats for 4 weeks or SNCAWT

SH-SY5Y cells were treated with MANF and Dox for 24 h.
Total RNA of samples was extracted by RNAiso Plus
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Figure 8: Effects of Nrf2 on the activation of macroautophagy by MANF in SNCAA53T SH-SY5Y cells. (a, b) SNCAA53T SH-SY5Y cells were
treated with MANF (500 ng/ml) and Dox (600 ng/ml) for 24 h, and cell lysates were immunoblotted by anti-Nrf2 antibody. (c)–(f)
SNCAA53T SH-SY5Y cells were treated with MANF (500 ng/ml), Dox (600 ng/ml), and ML385 (5 μM) for 24 h, and the protein levels of
LC3-I/II, Beclin-1, P62, and SNCAA53T were detected by western blot analysis. Data were expressed as mean ± SD from three
independent experiments. ##P < 0:01 vs. control group; ∗P < 0:05 vs. Dox-treated group; $P < 0:05 vs. combined treatment with MANF
and Dox group.
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(Thermo Fisher Scientific, MA, USA) following the prod-
uct’s descriptions for RNA-seq. RNA-seq libraries were con-
structed by Novogene (Beijing, China) and sequenced by
Hiseq-4000 system (Illumina). Reads of RNA-seq were
aligned to human reference genome (hg19) or mouse refer-
ence genome (mm10) by the spliced read aligner Hisat2
(vision 2.1.0). Then, gene abundances were estimated and
normalized to fragments per kilobase of transcript per mil-
lion fragments mapped (FPKM) by StringTie (version
2.2.1), and read counts of genes were summarized by HTSeq
(vision 0.7.2). Differential expression analysis of genes in this
study was identified by “DESeq2” package, and genes with
adjusted P value < 0.05 were considered as differentially
expressed. GO and KEGG term gene function enrichment
analysis and visualization are by “Cluster Profiler” package.

5.7. Immunohistochemistry. Frozen section of brain contain-
ing SN or cells was fixed and blocked by blocking solution
(Beyotime Biotechnology, Nantong, China) for 1 h at RT
and then incubated overnight with primary antibodies
(anti-His antibody from Cell Signaling Technology, Beverly,
USA; anti-SNCA antibody from Abcam, MA, USA; anti-TH
antibody from Millipore, Bedford, MA, USA) at 4°C. The
slices or cells were washed three times in PBS and then incu-
bation with Alexa Fluor® 488 or Alexa Fluor® 594-
conjugated goat antirabbit antibodies (both from Abcam,
MA, USA) for 60min at 37°C. After the slices or cells were
washed three times in PBS, the fluorescence was observed
using fluorescence microscopy.

5.8. Western Blot. After treating under various conditions,
the tissues or cells were harvested, the total proteins were
extracted, and the total protein concentrations were
detected by BCA Protein Assay Kit (Beyotime Biotechnol-
ogy, Nantong, China). Equivalent amounts of protein of
each sample were electrophoresed on SDS-polyacrylamide
gels and transferred to polyvinylidene difluoride mem-
branes (Millipore, Bedford, MA, USA). After the mem-
branes were blocked for 1 h at RT, primary antibodies (in
TBST-5% BSA) against SNCA, LAMP-2A, Hsc70, LC3,
Beclin-1, P62, and Nrf2 (anti-SNCA, anti-LAMP-2A, anti-
Hsc70, and anti-Nrf2 antibodies are obtained from Abcam,
MA, USA; anti-LC3, anti-Beclin-1, and anti-P62 antibodies
are obtained from Cell Signaling Technology, Beverly,
USA) were added and incubated overnight at 4°C. After
being washed 3 times in TBST, the membranes were incu-
bated with HRP-conjugated secondary antibodies (KPL,
Gaithersburg, MD, USA) for 1 h at 37°C. An ECL kit
(Millipore, Bedford, MA, USA) was used to visualize mem-
brane immunoreactivity.

5.9. Coimmunoprecipitation. The cell samples were lysed in
lysis buffer (Beyotime Biotechnology, Nantong, China) and
centrifuged for 15min at 16,000 g. The supernatant was
incubated with anti-SNCA antibody and Protein A/G–aga-
rose (Beyotime Biotechnology, Nantong, China) overnight
at 4°C. After extensive washing with lysis buffer, the bound
proteins were eluted from the beads by boiling in loading
buffer and were subjected to western blot analyses.

5.10. RNA Interference and Gene Transfection. The transfec-
tion of short hairpin RNA (ShRNA) was used to downregu-
late the expression of LAMP-2A (TargetSeq: GCAGCATCT
ACTTATTCAATT). Lenti-mCherry-eGFP-LC3B plasmid
was used to determine autophagic flux. The human
SNCAWT SH-SY5Ycells were plated into 12-well plates at
the density of 2 × 105 cells/well and then transfected with
LAMP-2A ShRNA or Lenti-mCherry-eGFP-LC3B plasmid
(both from Genechem, Shanghai, China) using transfection
reagent lipofectamine 3000 (Invitrogen, Shanghai, China),
according to the manufacturer’s protocol.

5.11. Statistical Analysis. Data visualization and analysis
were performed with GraphPad Prism 8 (GraphPad Soft-
ware Inc., La Jolla, CA, USA). And a one-way analysis of
variance (ANOVA) followed either student’s t-test by was
used to compare each experiment. For all statistical analyses,
P < 0:05 was considered significant.
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