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HMGB1 is involved in autophagy inhibition caused
by SNCA/a-synuclein overexpression

A process modulated by the natural autophagy
inducer corynoxine B
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SNCA/a-synuclein and its rare mutations are considered as the culprit proteins in Parkinson disease (PD). Wild-type
(WT) SNCA has been shown to impair macroautophagy in mammalian cells and in transgenic mice. In this study, we
monitored the dynamic changes in autophagy process and confirmed that overexpression of both WT and SNCAA>3T
inhibits autophagy in PC12 cells in a time-dependent manner. Furthermore, we showed that SNCA binds to both
cytosolic and nuclear high mobility group box 1 (HMGB1), impairs the cytosolic translocation of HMGB1, blocks HMGB1-
BECN1 binding, and strengthens BECN1-BCL2 binding. Deregulation of these molecular events by SNCA overexpression
leads to autophagy inhibition. Overexpression of BECN1 restores autophagy and promotes the clearance of SNCA.
siRNA knockdown of Hmgb1 inhibits basal autophagy and abolishes the inhibitory effect of SNCA on autophagy while
overexpression of HMGB1 restores autophagy. Corynoxine B, a natural autophagy inducer, restores the deficient cytosolic
translocation of HMGB1 and autophagy in cells overexpressing SNCA, which may be attributed to its ability to block
SNCA-HMGB1 interaction. Based on these findings, we propose that SNCA-induced impairment of autophagy occurs, in
part, through HMGB1, which may provide a potential therapeutic target for PD.

Introduction

Parkinson disease is characterized by the formation of
SNCA-containing inclusions termed Lewy bodies and the
degeneration of dopaminergic neurons in the midbrain.! Protein
degradation pathways remove damaged or abnormally modified
proteins in neurons, and thus play central roles in maintaining
proper neuronal function.! Current literature provides evidence
that the ubiquitin-proteasome system (UPS) and autophagy-
lysosomal pathway (ALP) are primary mechanisms for the
degradation of wild-type SNCA and its mutant variants
(A53T and A30P)."? It is generally accepted that under normal
conditions unmodified soluble SNCA is recognized by the UPS
and chaperone-mediated autophagy (CMA) and subsequently
degraded. However, for the more insoluble oligomeric and

aggregated SNCA, macroautophagy is the only mechanism for
their clearance.®”

The initiation of macroautophagy (here referred to as
autophagy) is regulated by multiple signaling pathways involving
2 macromolecular complexes: the MTOR -ULKI-ATGI3-
RBICCI-C120rf44/ATG101 complex (the latter gene product,
Cl2orf44, is also known as RGDI1359310 in the rat and
9430023L20Rik in mice), and the BECNI-PIK3C3 (ortholog
of yeast Vps34) complex.® BECNI plays an essential role in
autophagy initiation by interacting with various cofactors,” one
of which is high mobility group box 1.5 Autophagic stimuli
trigger HMGBI translocation from the nucleus into the
cytosol, where it binds to BECNI and results in dissociation
of BECNI1-BCL2, and subsequent induction of autophagy.®
Autophagy is very important for preventing the accumulation of
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abnormal proteins, as evidenced by the neuronal accumulation
of inclusion bodies in mice deficient for ATG5 or ATG7°" In
contrast, overexpression of BECNI1 (ortholog of yeast Vps30/
Atg6)"? or ATG7" activates autophagy, reduces accumulation of
SNCA and attenuates associated neurodegeneration in SNCA-
transgenic mice. Pharmacological induction of autophagy by a
range of small molecules promotes the clearance of aggregate-
prone proteins including SNCA species.'*'¢

SNCA forms a reciprocal relationship with protein
degradation pathways.” Both UPS and ALP activity decline
with aging, which may result in SNCA accumulation due to
impaired clearance. Conversely, increased SNCA burden and
generation of aberrant species may further impair UPS and
ALP functions.” However, conflicting results exist regarding
whether SNCA inhibits or overactivates autophagy.” Some
studies have reported that autophagic vacuoles are increased in
cultured cells and transgenic mice overexpressing mutant or, in
some cases, WT SNCA.">"*" Conversely, other studies showed
that overexpression of WT SNCA inhibited autophagy while
the mutant SNCA*»T had no effect.”” Variability in the findings
might be a result of different experimental settings.!

In this study, we set out to monitor the time-course changes
in autophagy process affected by SNCA overexpression and
to determine whether, and at what time points, WT and/or
SNCA*T inhibit autophagy in PC12 cells. Based on a previous
report showing SNCA filaments bind to HMGBLI in brain tissues
from PD patients,” we further determined the role of HMGBI
in SNCA overexpression-induced autophagy impairment and
tested the effect of autophagy inducers during this process.

Results

Both WT and the A53T mutant SNCA inhibit autophagy
in PC12 cells

In a time-course study using a stable inducible PCI12 cell
(iPC12) model* where the expression of hemagglutinin (HA)-
tagged-SNCA (-20 kDa) can be induced by doxycycline
(Dox), we found that the endogenous LC3-II (which correlates
with autophagosome number) and BECNI levels decreased
significantly in cells overexpressing both WT and SNCA*3T at
24 h (Fig. 1A-C). The decrease in LC3-II was more significant
in cells overexpressing WT than that of SNCA*3T. Notably,
LC3-1II levels increased at the earlier time points (1 to 6 h)
and then decreased at 24 h in SNCA*®T-overexpressing cells,
compared with controls (Fig. 1A-C). Since the decrease in
LC3-1II levels can be attributed to deficient LC3-II generation
or excessive lysosomal degradation, the change in LC3-II
and BECNI levels induced by SNCA was also determined in
the presence of chloroquine (CQ), which blocks lysosomal
degradation. The decreased level of LC3-II, but not BECNI,
could be restored by CQ treatment (Fig. 1D-F), indicating
that overexpressed SNCA may negatively regulate BECNI1
homeostatic levels.

After confirming that SNCA overexpression inhibits basal
autophagy at 24 h, we extended the time course and determined
whether SNCA inhibits starvation-activated autophagy. iPC12
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cells were treated with Dox for 24, 48, and 72 h respectively
to induce SNCA expression and then starved by treatment
with Earle’s balanced salt solution (EBSS) for another 2 h.
Overexpression of WT and SNCA***T also inhibited starvation-
activated autophagy at 24 h, evidenced by the decrease in
LC3-II levels and the increase in SQSTMI (formerly known as
p62, a specific autophagy substrate) by Dox treatment for 24 h
(Fig. 2A-C). Interestingly, no significant changes in the levels of
LC3-IT or SQSTM1 were observed after 48 and 72 h induction
of SNCA, in comparison with the uninduced control groups at
the corresponding time points (Fig. 2A—C). The results suggest
that SNCA overexpression inhibits autophagy in a time-course-
dependent manner. To exclude the possibility that Dox itself
may affect the expression of LC3-II, BECNI1, and SQSTMI,
normal PCI2 cells were treated with the same dosage of Dox for
24, 48, and 72 h respectively. No significant change in the levels
of LC3-II, BECN1, and SQSTMI1 was observed in normal PC12
cells treated with Dox (Fig. 2D), suggesting that autophagy
inhibition is caused by induced SNCA, rather than Dox itself. To
further confirm our finding, a PC12 cell line stably transfected
with GFP-SNCA was established. We found that LC3-II and
BECNTI levels also decreased in cells overexpressing both WT
and SNCA*>" (Fig. 2E and F). The decreased level of LC3-I1,
but not BECNI, could be restored by CQ treatment, which is
consistent with the results from the iPC12 cells (Fig. 1D).

Effects of SNCA overexpression on cell viability, lysosome
numbers, and proteasomal activities

In our experimental settings, we demonstrated that
overexpression of both WT and SNCA®T inhibits autophagy,
and then the effect of SNCA overexpression on cell viability is
evaluated by quantification of lactate dehydrogenase (LDH)
release. We found that SNCA overexpression in iPCI2 cells for
24 h caused mild cell injury at 48 and 72 h (Fig. S1A), which
is consistent with the findings by Webb et al.?* Considering
the previous studies demonstrating the effects of SNCA on
lysosomal and proteasomal system (reviewed by Xilouri et al.”’),
we examined the lysosome numbers by Lysolracker staining
and proteasomal activity by determination of polyubiquitinated
proteins. As shown in Figure S1B, overexpression of WT
SNCA for 24 h in iPC12 cells increased the fluorescence
intensity of LysoTracker Red, indicating WT SNCA increases
lysosome numbers. However, overexpression of SNCA*®T had
no significant effect on lysosome at all the time points tested.
SNCAT overexpression for 24 h caused an increase in high
molecular mass (> 70 kDa) polyubiquitinated proteins in
comparison with the uninduced control while WT SNCA had
no obvious effect at all the time points tested (Fig. S1C). These
results are consistent with the previous findings.?>*

BECNI1 overexpression activates basal autophagy and
rescues SNCA-induced autophagy impairment

Becnl gene transfer has been reported to activate autophagy
and ameliorate neurodegeneration in SNCA models of PD."? In
our cellular system, SNCA overexpression reduced endogenous
BECNI levels. Therefore we determined whether exogenous
transfection of Becn! could restore autophagy in our experimental
settings. Becnl transfection has no obvious effect on cell survival
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Figure 1. WT and SNCA**3" overexpression inhibits basal autophagy in PC12 cells. Inducible PC12 cells (iPC12) were treated with 2 pg/ml doxycycline
(Dox) in a 24 h time course (A) or for 24 h in the presence of chloroquine (CQ) (B). The expressions of induced hemagglutinin (HA)-SNCA, endogenous
LC3-1l and BECN1 were determined by western blotting. Relative intensity is normalized to that of ACTB/B-actin. Data are presented as the mean + SD
from 3 independent experiments. #P < 0.05 vs. uninduced control; *P < 0.05 vs. Dox treatment.

as evaluated by LDH assay (Fig. S2A). In uninduced iPC12
cells, overexpression of GFP-tagged BECNI increased the level
of LC3-1I, compared with the untransfected or empty vector
transfected controls (Fig. S2B—S2D). Dox treatment for 24 h
induced significant increase in the levels of WT and SNCA*3T
while significant decrease in the levels of LC3-II in iPCI12
cells. Coexpression of GFP-BECNI restored LC3-II levels and
promoted the clearance of SNCA (Fig. S2B-S2D).

SNCA overexpression inhibits the cytosolic translocation of
HMGBI1

Autophagic stimuli trigger HMGBI translocation from the
nucleus into cytosol and subsequent induction of autophagy.®
Therefore, we tested whether the inhibition of autophagy
by overexpressing SNCA is mediated by HMGBI. In iPCI2
(WT) cells treated with Dox for 24 h, the expression of
HMGBI1 decreased in the cytosolic fraction while it increased
in the nuclear fraction (Fig. 3A and B), indicating that SNCA
overexpression inhibits the cytosolic transportation of HMGBI.
Autophagy inhibition by wortmannin (WM) further blocked the

146 Autophagy

cytosolic translocation of HMGBI, while lysosomal inhibition
by CQ had no obvious effect (Fig. 3A and B). To exclude the
possibility that Dox itself may affect the cellular distribution
of HMGBI, normal PC12 cells were treated with Dox (2 pg/
ml) for 24 h. No obvious change in HMGBI distribution was
detected by Dox treatment (Fig. 3C). In uninduced (UI) iPC12
cells, starvation (EBSS treatment for 2 h) triggered the cytosolic
translocation of HMGBI (Fig. 3D). However, both WT and
SNCA*T overexpression (induced by Dox) blocked starvation-
induced cytosolic translocation of HMGBI (Fig. 3D and E).

SNCA binds to HMGBI1 and inhibits HMGBI1-BECN1
interaction

An early report showed SNCA filaments bound to HMGBI,
a chromatin-associated nuclear protein in brain tissues from
PD patients.”’ However, the consequence of SNCA-HMGBI
binding has not been determined. By coimmunoprecipitation
experiments, we demonstrated that both endogenous (Fig. S3)
and overexpressed SNCA (WT and A53T) interacted with
endogenous HMGBLI in iPC12 cells (Fig. 4A and B). Since
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Figure 2. WT and SNCA*>T overexpression inhibits starvation-activated autophagy in a time-course-dependent manner. (A) iPC12 cells were treated
with 2 wg/ml Dox for 24, 48, and 72 h respectively and then starved by Earle’s balanced salt solution (EBSS) treatment for 2 h. The expressions of LC3-II
and SQSTM1 (p62) were determined by western blotting. (B and C) Relative intensity is normalized to that of ACTB. Data are presented as the mean + SD
from 3 independent experiments. *P < 0.05 vs. uninduced control at the corresponding time points. (D) Normal PC12 cells were treated with 2 j.g/ml Dox
for 24 h. The expressions of LC3-1l, SQSTM1 and BECN1 were determined by western blotting. Experiments were performed 3 times with similar results
and the representative blots were shown. (E) The expressions of LC3-1l and BECN1 in PC12 cells constitutively expressing GFP-SNCA were determined by
western blotting. Relative intensity is normalized to that of ACTB. Data are presented as the mean + SD from 3 independent experiments. P < 0.05 vs.

SNCA overexpression inhibited the expression of BECN1, we
normalized the levels of immunoprecipitated BECN1 to the
levels of BECNI in whole cell lysates and found that the binding
of endogenous BECN1 with HMGBI! decreased (Fig. 4B).
Next, the endogenous BECN1 was coimmunoprecipitated with
endogenous BCL2 in iPC12 cells. SNCA overexpression had no
obvious effect on the expression of BCL2. However, the binding
between BCL2 and BECNI increased in SNCA-overexpressing
cells (Fig. 4A and B), suggesting that SNCA-HMGBI binding
blocks HMGBI1-BECNT1 interaction and strengthens BECN1-
BCL2 interaction. Furthermore, SNCA and endogenous BECN1
were coimmunoprecipitated with HMGBI in the cytosolic and
nuclear fraction of PC12 cells transfected with GFP-SNCA. The
results demonstrated that both endogenous and overexpressed
SNCA bound to HMGBI in the cytosolic and nuclear fractions.

www.landesbioscience.com

SNCA-HMGBI1 binding weakened the cytosolic HMGBI-
BECNI binding (Fig. 4C).

HMGBI mediates SNCA-induced autophagy impairment

As shown above, overexpressed SNCA binds to HMGBI,
blocks HMGBI cytosolic translocation and HMGB1-BECNI
interaction. To validate the roles of HMGBI in this process,
we first knocked down Hmgbl by siRNA prior to inducing
SNCA overexpression. Using a pool of specific siRNAs targeting
Hmgbl,> endogenous HMGBI expression was suppressed by
more than 90% (Fig. 5A). In uninduced iPC12 cells, Hmgbl
knockdown inhibited basal autophagy, as shown by the decrease
in LC3-II levels (Fig. 5A). iPCI12 cells treated with Dox for 24
h inhibited basal autophagy. However, Dox treatment failed to
inhibit autophagy in HMGBI-depleted iPC12 cells, compared
with uninduced iPCI12 cells deficient in HMGB1 (Fig. 5B).
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Figure 3. SNCA overexpression inhibits the cytosolic translocation of HMGB1. (A) iPC12 cells (WT) were treated with 2 ug/ml Dox for 24 h in the presence
of wortmannin (WM) or chloroquine (CQ). (A) The expression of HMGB1 in the cytosolic (Cyt.) and nuclear (Nuc.) fractions were determined by western
blotting. ACTB and LMNB1 were used as loading controls of cytoplasmic and nuclear fraction respectively. (B) Data are presented as the mean + SD from
3 independent experiments. P < 0.05 vs. uninduced control; *P < 0.05 vs. Dox treatment. (C) Normal PC12 cells were treated with 2 p.g/ml Dox for 24 h.
The expression of HMGB1 in the cytosolic (Cyt.) and nuclear (Nuc.) fractions were determined by western blotting. Experiments were performed 3 times
with similar results and the representative blots were shown. (D) iPC12 cells were treated with 2 p.g/ml Dox for 24 h and then starved by Earle’s balanced
salt solution (EBSS) treatment for 2 h (Ul: uninduced, I: induced). The distribution of HA-SNCA (green) and HMGB1 (red) were double stained. Arrows
indicate cytosolic translocation of HMGB1 and *indicates nuclear retention of HMGB1. (E) Images of at least 400 cells for each treatment group were
analyzed to obtain the mean nuclear and cytosolic HMGB1 intensity. Data are presented as the mean + SD of 3 replicates in a representative experiment.
*P < 0.05 vs. uninduced control; *P < 0.05 vs. uninduced starvation treatment.

The data suggest that HMGB1 mediates the autophagy
inhibition induced by SNCA. Next, we determined whether
overexpression of HMGBI could restore the deficient autophagy.
iPCI2 cells were treated with Dox and transfected with Flag-
HMGBI plasmids or empty vector for 24 h. The results showed
that HmgbI transfection had no obvious effect on the level of
overexpressed SNCA (WT and A53T). However, the decrease in
LC3-1I by SNCA overexpression was restored by transfection of
Hmgbl, but not by the empty vector (Fig. 5C and D), indicating
that although HMGBI overexpression could not clear SNCA, it
can, however restore autophagy induction.

Corynoxine B restores the deficient cytosolic translocation
of HMGBI and autophagy

Based on the above findings, we further wondered whether
autophagy inducers could restore the impaired autophagy caused
by SNCA overexpression. In iPC12 cells, the decrease in LC3-11
and BECNI levels was reversed by treatment with corynoxine

148 Autophagy

B (Cory B, a natural autophagy inducer previously discovered
by us'®) and rapamycin (Rap, an MTOR-dependent autophagy
inducer) (Fig. 6A-C). Cory B could upregulate LC3-II and
BECNI protein levels in normal PCI12 cells and inhibit the
decrease in LC3-II and BECNI in PCI2 cells transfected with
GFP-SNCA (data not shown). Notably, the deficient cytosolic
translocation of HMGBI induced by SNCA overexpression
could be restored by treatment with Cory B, but not by Rap
(Fig. 6D and E). Cory B had no obvious effect on the expression
and cellular distribution of HMGBI in normal PCI2 cells
(data not shown), suggesting that Cory B may act on HMGBI1
under SNCA-overexpression conditions. Autophagy inhibition
by WM diminished the effect of Cory B on restoring the
cytosolic translocation of HMGBI while lysosome inhibition
by chloroquine (CQ) had no obvious effect (Fig. 6E). Since
Cory B, but not Rap, could restore the deficient cytosolic
translocation of HMGBI induced by SNCA, we hypothesized
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Figure 4. Interactions of SNCA-HMGB1, HMGB1-BECN1, and BECN1-BCL2. (A) Immunoprecipitation (IP) of overexpressed HA-SNCA and endogenous
BECN1 with endogenous HMGB1 and immunoprecipitation of endogenous BECN1 with endogenous BCL2 in iPC12 cells treated with 2 pg/ml Dox for
24 h. Experiments were performed 3 times with similar results and the representative blots were shown. (B) Ratio of HMGB1-BECN1 and BCL2-BECN1
interaction. The levels of immunoprecipitated BECN1 were normalized to the corresponding levels of BECN1 in whole cell lysates. Data are presented
as the mean + SD from 3 independent experiments. *P < 0.05 vs. uninduced control. (C) Immunoprecipitation of SNCA and endogenous BECN1 with
endogenous HMGB1 in cytosolic (Cyt.) and nuclear (Nuc.) fractions of PC12 cells transfected with GFP-SNCA. 0.5 mg cytosolic protein and 1 mg nuclear
protein were used for immunoprecipitation, respectively. In parallel, 10 wg cytosol protein and 20 g nuclear protein were loaded as inputs. ACTB and
LMNB1 were used as loading control of cytoplasmic and nuclear fraction respectively. Experiments were performed 3 times with similar results and the

representative blots were shown.

that Cory B may interfere SNCA-HMGBI interaction. By
coimmunoprecipitation experiment, we found that the levels
of SNCA binding to HMGBI decreased significantly in iPC12
cells treated with Cory B for 12 h and 24 h, compared with
that of SNCA induction alone (Fig. 6F and G). It is notable
that Cory B treatment for 24 h could promote, though not
significantly, the clearance of SNCA. After normalizing the level
of immunoprecipitated SNCA to the level of SNCA in whole
cell lysates, there is a significant decrease in SNCA-HMGBI
binding in the presence of Cory B. This result indicates that the
formation of SNCA-HMGB! complex could be inhibited by
Cory B.

Discussion

In the current study, we demonstrated that overexpression
of WT and SNCA*®T inhibits autophagy and revealed the
possible involvement of HMGBI in this process. In iPCI12
cells, overexpressed SNCA binds to HMGBI and inhibits its
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translocation from nuclei into cytosol, which may thus lead
to the observed decrease in HMGBI-BECNI interaction,
increase in BCL2-BECNI1 interaction. Deregulation of these
events by SNCA may disturb autophagy induction (Fig. 7).
SNCA-induced autophagy inhibition can be blocked by HmgbI
knockdown. Overexpression of HMGBI restores the deficient
autophagy induced by SNCA, though it is not sufficient to clear
SNCA. Cory B could restore the deficient cytosolic translocation
of HMGBI and autophagy in cells overexpressing SNCA, which
may be attributed to its ability to interfere with SNCA-HMGBI
interaction (Fig. 7).

In the previous studies, inconsistent results have been
reported concerning the effects of SNCA overexpression on
autophagy process. WT but not SNCA*T was shown to inhibit
autophagy.”® In contrast, SNCA*3T was shown to inhibit
autophagy while WT SNCA had no obvious effect in a recent
study.*®
had not been determined in these studies. To evaluate whether

However, the time-course changes in autophagy status

SNCA overexpression inhibits or activates autophagy, a range
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Figure 5. Effects of Hmgb1 knockdown and overexpression on SNCA-induced autophagy impairment. (A) iPC12 cells were transfected with Hmgb1 siRNA
or control siRNA for 48 h and then induced to express SNCA for another 24 h. The expression of SNCA, HMGB1 and LC3 were determined by western
blot. Experiments were performed 3 times with similar results and the representative blots were shown. (B) Relative intensity of LC3-Il is normalized to
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controls. (C) iPC12 cells were treated with 2 g/ml Dox and transfected with Flag-HMGB1 plasmid or the relative empty vector for 24 h. The expressions
of LC3-1l and HA-SNCA were determined by western blotting. Experiments were performed 3 times with similar results and the representative blots
were shown. (D) Relative levels of LC3-Il are normalized to those of ACTB. Data are presented as the mean * SD from 3 independent experiments.
#P < 0.05 vs. uninduced and untransfected (UT) controls; *P < 0.05 vs. induced and UT controls.

of factors should be considered, such as different neuronal cell
lines used, transfection methods, SNCA species used, relative
transgenic levels, and duration of expression. The inducible
SNCA cell lines generated by the Tet-On system? are ideal
models to investigate the effect of SNCA overexpression on
autophagy status since the expression of SNCA can be induced
in a time-dependent manner. Therefore, the dynamic change in
autophagy status by increasing dosage of SNCA and incubation
time can be monitored.

In a 24 h time-course study using these cell lines, we showed
that WT SNCA inhibited autophagy in a time-dependent
manner while SNCA*T activated autophagy at the earlier
time-points (1 to 6 h) and then inhibited autophagy after 24
h induction (Fig. 1A-C). However, no significant change in
autophagy status was observed after 48 and 72 h induction of
both WT and SNCA*T (Fig. 2A—C). As discussed in a previous
study, WT and SNCA®3T may impair autophagy in a similar
way.”’ The eartlier activation of autophagy by SNCA*®T may
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reflect a compensatory response to its inhibition of CMA.?” Our
results suggest that overexpression of SNCA triggers a dynamic
change in autophagy process. The relative SNCA levels and the
duration of overexpression as well as the interactions of CMA
are important factors determining the autophagy status. These
factors may contribute to the different outcomes of the previous
studies.?* Regardless of these factors, both WT and SNCAA»T
inhibit autophagy at certain stages of overexpression.

At different stages of SNCA pathology, the successive
failure of protein degradation pathways (UPS, CMA, and
autophagy) ultimately contributes to neuronal cell death."” In
our experimental settings without severe cell death, WT SNCA
inhibits autophagy and increases lysosome numbers while
SNCAST inhibits both autophagy and proteasomal activity
at 24 h. However, the effects of WT and SNCA®T on these
proteolytic systems are not obvious at later time points (48 and
72 h), which may be the result of compensatory responses of
surviving cells to the stress.
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Figure 6. Corynoxine B restores the deficient cytosolic translocation of HMGB1 and autophagy. iPC12 cells were treated with 2 pg/ml Dox for 24 h in
the presence of corynoxine B (Cory B), rapamycin (Rap), wortmannin (WM) or chloroquine (CQ). (A) The expressions of induced HA-SNCA, endogenous
LC3-Il and BECN1 were determined by western blotting. (B and C) Data are presented as the mean + SD from 3 independent experiments. *P < 0.05
vs. uninduced control; *P < 0.05 vs. Dox treatment. (D) The expression of HMGB1 in the cytosolic and nuclear fractions were determined by western
blotting. ACTB and LMNB1 were used as relative loading controls. Experiments were performed 3 times with similar results and the representative blots
were shown. (E) Data are presented as the mean + SD from 3 independent experiments. *P < 0.05 vs. uninduced control; *P < 0.05 vs. Dox treatment;
**P < 0.05 vs. Dox + Cory B treatment. (F) iPC12 cells (WT) were treated with Dox for 12 and 24 h in the presence or absence of Cory B. Induced HA-SNCA
was coimmunoprecipitated with HMGB1. The levels of SNCA binding to HMGB1 and in whole cell lysates were analyzed by western blotting. (G) Relative
levels of SNCA in Dox treatment group are set to 1 and all other values are calculated relative to it. Data are presented as the mean + SD from 3

Despite the previous study demonstrating that WT SNCA
compromises autophagy via Rabla inhibition,” how SNCA
overexpression inhibits autophagy is yet largely unknown.
Our first observation is that SNCA overexpression inhibited
the expression of BECN1 (Fig. 1A). In SNCA animal models
of PD, Becnl gene-transfer activates autophagy and ameliorate
neurodegeneration.”” In our cell model, Becn! transfection
activates basal autophagy and rescues SNCA-induced autophagy
impairment (Fig. §2). Since the regulation of BECN1 expression
is controlled by several factors/ how SNCA overexpression
deregulates BECNI needs to be further investigated.

Inspired by an early report showing that SNCA filaments
bind to HMGBI in brain tissues from PD patients,! we
further demonstrated that both endogenous and overexpressed
SNCA bind to HMGBI. Importantly, for the first time we

www.landesbioscience.com

determined that SNCA-HMGBI interaction may contribute to
autophagy inhibition. HMGBI, a nuclear DNA binding factor
and a secreted protein important for cell death and survival, is
directly involved in the positive regulation and maintenance
of autophagy.® Depletion of HMGBI inhibits autophagy while
inhibition of autophagy limits the cytosolic translocation of
HMGBI1.® We first showed that SNCA overexpression inhibited
basal (Fig. 3A and B) and starvation-triggered (Fig. 3D and E)
cytosolic translocation of HMGBI. The deficient translocation
of HMGBI was further exacerbated by inhibition of autophagy
by WM (Fig. 3B). Taken together, our data suggest the deficient
HMGBI1 translocation triggered by SNCA overexpression
may contribute to autophagy impairment. However, the
mechanism(s) how SNCA overexpression blocks the cytosolic
translocation of HMGBLI is still unknown. Delineating the
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Figure 7. Diagram illustrating the involvement of HMGB1 in autophagy
impairment triggered by SNCA overexpression. SNCA binds to both
cytosolic and nuclear HMGB1 and inhibits HMGB1 translocation into
the cytosol, which may thus lead to the decrease in HMGB1-BECN1
interaction and increase in BCL2-BECNT interaction. Corynoxine B
restores the deficient cytosolic translocation of HMGB1 and rescues the
impaired autophagy, which may be attributed by its ability to disrupt
SNCA-HMGBT interaction.

binding sites of SNCA-HMGBI complex would be helpful for
resolving this uncertainty.

Cytosolic HMGBI1-BECNI1 binding results in disassociation
of the BCL2-BECN1 complex,?® which is an important event
during autophagy induction.® In our study, SNCA overexpression
weakens HMGBI1-BECNI interaction and strengthens BECN1-
BCL2 interaction in the cytosolic fractions (Fig. 4). The result
may be interpreted from 2 perspectives. On the one hand, the
decreased translocation of HMGBI into cytosol may directly
lead to decreased HMGBI-BECN1 binding. On the other,
SNCA may competitively bind to HMGBI and thus prevent the
binding of BECN1 to HMGBI.

To further define the role of HMGBI in SNCA-triggered
autophagy impairment, we determined the effects of knockdown
and overexpression of HMGBI on this process. As expected,
transfection of Hmgbl siRNA inhibited basal autophagy.
Importantly, SNCA overexpression failed to inhibit autophagy in
HMGBI1-defective cells (Fig. 5A and B), which indicate HMGB1
mediates SNCA-induced autophagy inhibition. Conversely,
HMGBL1 overexpression can restore the deficient autophagy.
However, unlike BECN1, HMGBI overexpression cannot
promote the clearance of SNCA, indicating that autophagy
induction by different factors may not necessarily contribute
equally to the degradation of SNCA. Notably, a new study has
identified HMGBI as a chaperone-like molecule, which interacts
with polyglutamine (polyQ) and reduces aggregation and
toxicity of polyQ, the pathogenic cause of Huntington disease.”’
The finding, together with the previous report that HMGBI
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interacts with SNCA filaments in PD brain samples,? revealed

a possible connection between HMGBI and the pathogenic
protein aggregates associated with neurodegenerative diseases
including PD and Huntington disease. Meanwhile, SNCA
and polyQ have been shown to impair autophagy, without a
fully understood mechanism.?*** Our study, for the first time,
revealed the role of HMGBI in the SNCA-mediated autophagy
inhibition thus raising the possibility that sequestration of
HMGBI1 by pathogenic protein aggregates might be a common
mechanism in the pathogenic protein aggregates-mediated
autophagy dysfunction.

Finally, we tested the effects of autophagy inducers on
SNCA-HMGB]I interaction. Our findings showed that although
both rapamycin and Cory B restored the decreased expression
levels LC3-I1 and BECN1 in SNCA-overexpressing cells, only
Cory B restored the deficient cytosolic translocation of HMGB1
(Fig. 6). We further showed that SNCA-HMGBI interaction
was weakened in the presence of Cory B (Fig. 6). Therefore, the
restoration of HMGBI1 cytosolic translocation and subsequent
autophagy by Cory B in cells overexpressing SNCA may be
mediated by its ability to block SNCA-HMGBL interaction. Our
data indicates that specifically disrupting the binding of SNCA
to HMGB1 with small molecules may be a rational approach to
restore autophagy.

Overall, our study has identified the roles of SNCA-HMGB1
interaction in autophagy impairment. Based on our results, we
propose HMGBI as a new target for drug intervention to restore
the deficient autophagy caused by SNCA. Given the central
role of SNCA in PD pathogenesis, our data add new clues for
the deregulation of autophagy in PD. Moving forward, in vivo
studies using adenovirus-mediated SNCA overexpression animal
models® will be performed to confirm our in vitro findings.

Materials and Methods

Reagents and antibodies

Chloroquine (C6628), anti-FLAG® M2 (F1804) antibody,
MGI132 (C2211) and doxycycline (D9891) were purchased
from Sigma-Aldrich. Rapamycin (R5000) and wortmannin
(W-2990) were purchased from LC Laboratories. Anti-GFP
(sc-8334), ACTB/B-actin (sc-47778), LMNBI1/Lamin Bl
(H-90) (sc-20682), BCL2 (C-2) (sc-7382) antibodies, BCL2-
agarose conjugate (sc-492 AC), rat Hmgbl siRNA (sc270015)
and control siRNA (sc37007) were purchased from Santa
Cruz Biotechnology. Anti-LC3 (2775), anti-SQSTMI1/p62
(5114), anti-ubiquitin (3936), mouse anti-rabbit IgG-HRP
(conformation specific) (L27A9) (5127) and Protein A agarose
beads (9863) were purchased from Cell Signaling Technology.
a-Syn (SNCA) antibody (610786) was purchased from BD
Transduction Laboratories. BECN1 (beclin 1, NB110-87318)
and HMGB1 (NBP1-40650) antibodies were purchased from
Novus Biologicals. Anti-HA (12CA5) antibody and LDH
Cytotoxicity Detection Kit was purchased from Roche Applied
Science. DMEM (11965-126), horse serum (16050-122), fetal
bovine serum (FBS) (16000-044), hygromycin B (10687-
010), G418 (10131-035), goat anti-mouse-HRP (626520),
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goat anti-rabbicHRP (G21234), Lysolracker Red DND-99
(L-7528), Alexa Fluor® 488 goat anti-mouse IgG (A-11001) and
Alexa Fluor® 594 goat anti-rabbit IgG (A-11012) were purchased
from Invitrogen. Corynoxine B was purchased from Aktin
Chemicals (IRH-121319).

Cell lines and cell culture

Inducible PC12 cell lines (iPC12) overexpressing SNCA
(WT and A53T)** were generous gifts from Prof. David C.
Rubinsztein at Cambridge University. They were grown in
DMEM supplemented with 10% horse serum, 5% FBS, 100
units/ml penicillin/streptomycin, 50 pwg/ml G418, and 150
pg/ml hygromycin B at 37 °C, 10% CO,. Cells were induced
to express SNCA with 2 pg/ml doxycycline (Dox). PC12 cells
constitutively expressing GFP-SNCA were selected using 800
pg/ml G418 and maintained in 400 pg/ml G418.

LDH assay

The cytotoxicity was determined by measurement of lactate
dehydrogenase (LDH) release from damaged cells using LDH
Kit (Roche) according to the manufacturer’s protocol.

Plasmids and transfection

pcDNA3.1 Flag hHMGBI1 plasmid was a generous gift from
Dr. Yasuhiko Kawakami (University of Minnesota, USA).*
GFP-SNCA plasmids (WT and A53T) were kind gifts from
Dr. Zhuo-Hua Zhang at Central South University (China).
pEGFP-N3-BECNI1 plasmid was provided by Prof. Yanxiang
Zhao (Hong Kong Polytechnic University, Hong Kong).”
Cells were transfected with the plasmids using Lipofectamine
2000 (Invitrogen, 11668019) according to the manufacturer’s
protocol.

Hmgbl siRNA

Hmgbl siRNA is a pool of 3 target-specific 19- to 25-nt
siRNAs designed to knock down Hmgbl gene expression.”
Briefly, iPCI12 cells were seeded in 12-well plates at 30%
confluency. Hmgbl siRNA or the control siRNA was mixed
with Lipofectamine 2000 and added into each well. Cells were
incubated at 37 °C in a CO, incubator for 48 h to knock down
the HmgbI gene and then treated with Dox (2 pg/ml) for 24 h to
induce SNCA expression.

Immunofluorescent staining and visualization of lysosomes

Inducible PCI12 cells were seeded on coverslips placed in
24-well plates. Cells were treated with (or without) 2 pg/
ml doxycycline (Dox) for 24 h and then starved by EBSS
treatment for 2 h. Thereafter, cells were fixed with 3.7%
paraformaldehyde, blocked with 5% BSA and double stained
with anti-HA (mouse, 1:200) and HMGBI1 (rabbit, 1:500)
antibodies overnight at 4 °C. Alexa Fluor® 488 (green) and
Alexa Fluor® 594 (red) secondary antibodies (1:500) were added
for 1 h at room temperature. After nuclear staining with DAPI,
the slides were mounted with FluorSave reagent (Calbiochem,
345789). Cells were visualized using an Eclipse 80i (Nikon
Instruments Inc.) fluorescence microscope (60x). Images of at
least 400 cells for each treatment group were analyzed to obtain
the mean nuclear and cytosolic HMGBI intensity using a
previously described protocol.** For labeling of lysosomes, cells
were incubated with LysoTracker Red (100 nM) in PBS for 5
min at 37 °C. After fixation and nuclear staining, cells were
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visualized under fluorescent microscope (40x). LysoTracker
intensity per cell was quantified by Image] software and data
were presented as mean fluorescence value of each group
compared with relative control cells.”

Immunoprecipitations and western blot analyses

For whole cell lysates, cells were lysed on ice in RIPA buffer
(150 mM NaCl, 50 mM Tris-HCl, 0.35% sodium deoxycholate,
1 mM EDTA, 1% NP40) with complete protease inhibitor
mixture (Roche Applied Science, 04693124001). Cytosolic and
nuclear fractions were isolated using protocols similar to those
described previously.** HMGBI1 antibody or BCL2-agarose
conjugate were added to the lysates and rotated overnight at 4
°C, and then 20 pl of protein A agarose beads (for HMGB1
precipitation) were added for 3 h. Immunoprecipitates were
washed 3 times with 1x cell lysis buffer. Whole cell lysates and
immunoprecipitated proteins were boiled in sample buffer,
separated by 10-15% SDS-PAGE, transferred, and blotted
with the antibodies described. The blots were then incubated
with secondary antibodies at room temperature for 1 h. For
immunoprecipitation (IP) followed by western blotting,
conformation-specific secondary antibodies which only react
with native IgG were used where necessary to eliminate the
denatured IgG light and heavy chains of the primary antibodies.
The protein signals were detected by ECL kit (Pierce, 32106)
and quantified using the Image] software.

Statistical analysis

Each experiment was performed at least 3 times, and the
results were presented as mean = SD. One-way analysis of
variance (ANOVA) followed by the Student-Newman-Keuls test
using the SigmaPlot 11.0 software packages. A probability value
of P < 0.05 was considered to be statistically significant.
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