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HACE1 negatively regulates neuroinflammation through
ubiquitylating and degrading Rac1 in Parkinson’s disease
models
Cai-xia Zang1, Lu Wang1, Han-yu Yang1, Jun-mei Shang1, Hui Liu1, Zi-hong Zhang1, Cheng Ju1, Fang-yu Yuan1, Fang-yuan Li1,
Xiu-qi Bao1 and Dan Zhang1

Neuroinflammation plays an important role in neurodegenerative diseases, such as Parkinson’s disease (PD) and Alzheimer’s
disease. HACE1 (HECT domain and Ankyrin repeat Containing E3 ubiquitin-protein ligase 1) is a tumor suppressor. Recent evidence
suggests that HACE1 may be involved in oxidative stress responses. Due to the critical role of ROS in neuroinflammation, we
speculated that HACE1 might participate in neuroinflammation and related neurodegenerative diseases, such as PD. In this study,
we investigated the role of HACE1 in neuroinflammation of PD models. We showed that HACE1 knockdown exacerbated LPS-
induced neuroinflammation in BV2 microglial cells in vitro through suppressing ubiquitination and degradation of activated Rac1,
an NADPH oxidase subunit. Furthermore, we showed that HACE1 exerted vital neuronal protection through increasing Rac1 activity
and stability in LPS-treated SH-SY5Y cells, as HACE1 knockdown leading to lower tolerance to LPS challenge. In MPTP-induced acute
PD mouse model, HACE1 knockdown exacerbated motor deficits by activating Rac1. Finally, mutant α-synuclein (A53T)-
overexpressing mice, a chronic PD mouse model, exhibited age-dependent reduction of HACE1 levels in the midbrain and striatum,
implicating that HACE1 participated in PD pathological progression. This study for the first time demonstrates that HACE1 is a
negative regulator of neuroinflammation and involved in the PD pathogenesis by regulating Rac1 activity. The data support HACE1
as a potential target for PD and other neurodegenerative diseases.
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INTRODUCTION
Parkinson’s disease (PD) is the second most common neurode-
generative disease, characterized by a selective loss of dopami-
nergic neurons and Lewy body (LB) formation [1]. Though the
etiology of PD remains elusive, several hypotheses have been
proposed, including genetic and age factors, neuroinflammation,
oxidative stress, mitochondrial dysfunction, and so on. Over-
whelming evidence indicated that microglia activation occurs in
the surrounding of the injury neurons in the substantia nigra (SN),
which implicate that neuroinflammation participates in PD
etiology [2, 3]. Central nervous system (CNS) inflammatory
responses, mediated by activated microglia and astrocytes
contribute to PD progressive neuronal degeneration [4, 5].
Microglia, the resident innate immune cell in the CNS, act as the
line against inflammation. Astrocytes, the most abundant cell type
in the CNS, appear to be more passive than microglia against
inflammation, and secrete neurotrophic factors to support
neurons [6, 7]. Evidence indicate that the persistent activation of
microglia results in neuronal damage or even death [8]. Therefore,
the inhibition of microglia activation might be an effective
therapeutic strategy for PD future treatment.

Therefore, we focused on neuroinflammation to find new
targets for PD treatment. HACE1 (HECT domain and Ankyrin
repeat Containing E3 ubiquitin-protein ligase 1), a tumor
suppressor, was first identified in human Wilms’ tumors. It is
reported to be epigenetically inactivated in several other tumors
[9–11]. Recently, it was reported that HACE1 knockdown in tumors
leads to increased reactive oxygen species (ROS) level, resulting in
excessive production of ROS by Rac1-dependent nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases. Moreover,
HACE1 could promote the activation of nuclear factor erythroid
2-related factor 2, suggesting that HACE1 might be involved in
oxidative stress responses. However, the role of HACE1 in
neuroinflammation has not been elucidated. Due to the critical
role of ROS in neuroinflammation, we speculated that HACE1
might participate in neuroinflammation and related neurodegen-
erative diseases, such as PD.
In this study, we attempted to investigate whether HACE1

knockdown confers hypersensitivity to LPS through targeting Rac1
in vitro study. We discovered that HACE1 regulates neuroin-
flammation by ubiquitylating and degrading Rac1 upon its
translocation to the plasma membrane. Moreover, we
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demonstrate that HACE1 knockdown promotes microglia activa-
tion following exposure to LPS, which accelerated tyrosine
hydroxylase (TH) neuronal death in vitro. We also confirmed that
HACE1 knockdown exacerbates the motor behavioral dysfunction
of MPTP-induced PD mice. Furthermore, we found that HACE1
expression decreases in the brain of α-synuclein A53T transgenic
PD mice compared to wild type (WT) mice. Finally, this study
represents a scientific report that demonstrates the negative
regulation of HACE1 in neuroinflammation, and highlights its
neuroprotective role in PD.

MATERIALS AND METHODS
Cell cultures
Murine BV2 microglial cells, human HEK 293T cells and human
neuroblastoma SH-SY5Y cells were purchased from the culture
center at the Institute of Basic Medical Sciences, Chinese
Academy of Medical Sciences and Peking Union Medical
College. The cells were grown in 90% Dulbecco’s Modified
Eagle’s Medium (Solarbio, Beijing, China) and 10% fetal bovine
serum (Gibco, New York, USA). All the cells were kept in the 5%
CO2 incubator at 37 °C.

RNA interference
The negative control and HACE1 siRNA (sense: 5’-GCGGAUGU-
CAACAUUUGUATT-3’; anti-sense: 5’-UACAAAUGUUGA-
CAUCCGCTT-3’) were supplied by Invitrogen (Dublin, Ireland).
Lipofectamine™ RNAiMAX Transfection Reagent (Invitrogen,
Dublin, Ireland) was used to transfect the siRNA (final
concentration: 25 nM) and its control in BV2 cells following the
manufacturer’s instructions.

Transfection of HACE1 cDNA
The HACE1 cDNA fragment was synthesized by Invitrogen. The
pIRES2-HACE1 plasmids were transiently transfected into
293T cells using Lipofectamine 3000 (Invitrogen, Dublin, Ireland)
according to the manufacturer’s instructions.

Measurement of inflammatory cytokines
BV2 cells were seeded at a density of 2 × 105 cells/well in a 6-well
plate. After 24 h, the cells were treated with HACE1 siRNA and its
negative control for 24 h, and then stimulated with 1.0 μg/mL LPS
for 6 h. The release of PGE2 and TNF-α was measured by ELISA kits
(Enzo Biochem, New York, USA) following the manufacturer’s
instructions.

Measurement of ROS production
ROS production was assayed with 2’,7’-dichlorofluorescein diace-
tate (DCFH-DA) using a fluorescence microplate reader. BV2 cells
were seeded in a 24-well plate (2 × 104/well), transfected with
siRNA and Lipofectamine RNAiMAX reagent for 24 h. ROS
production was induced by LPS for 3 h. Following this steps,
DCFH-DA (20 μM) was added for 30 min and the fluorescence was
analyzed.

Western blot
RIPA buffer was applied to lyse the samples (Sangon Biotech,
Shanghai, China). A membrane and cytosol protein extraction kit
(Sangon Biotech, Shanghai, China) was used to extract the
cytoplasm and plasma membrane proteins (Applygen, Beijing,
China). The proteins were separated by a 12% SDS-
polyacrylamide gel and transferred onto polyvinylidene difluor-
ide (PVDF) membranes. The membranes were incubated for
12–16 h at 4 °C with the following primary antibodies: rabbit
anti-p47phox antibody (1:1000, Cat#BS3261, Bioss, Beijing,
China), rabbit anti-p67phox antibody (1:500, sc-15342, Santa
Cruz Biotechnology, Dallas, USA), mouse anti-gp91phox anti-
body (1:500, 611414, BD Transduction Laboratories, San Jose,

USA), rabbit anti-p22phox antibody (1:500, sc-20781, Santa Cruz
Biotechnology, Dallas, USA), mouse anti-Rac1 antibody (1:1000,
Cat#ab129758, Abcam, USA), rabbit anti-β-actin antibody
(1:10000, Cat#AC026, ABclonal, Wuhan, China), rabbit anti-JAK2
antibody (1:500, sc-294, Santa Cruz Biotechnology, Dallas, USA),
rabbit anti-p-STAT1 antibody (1:1000, Cat#9167, Cell Signaling
Technology, Danvers, USA), rabbit anti-STAT1 antibody (1:1000,
Cat#ab2415, Abcam, Cambridge, UK), rabbit anti-iNOS antibody
(1:1000, Cat#ab15323, Abcam, Cambridge, UK), rabbit anti-IGF-IR
antibody (1:1000, Cat#9750, Cell Signaling Technology, USA),
rabbit anti-HACE1 antibody (1:1000, Cat#A9593, ABclonal,
Wuhan, China), rabbit anti-COX-2 antibody (1:1000,
Cat#ab23672, Abcam, Cambridge, UK), rabbit anti-TH antibody
(1:1000, Cat#A12756, ABclonal, Wuhan, China) and horseradish
peroxidase-conjugated secondary antibodies: anti-mouse IgG
(1:2000, Cat#AS071, ABclonal, Wuhan, China) and anti-rabbit IgG
(1:2000, Cat#AS014, Abclonal, Wuhan, China) for 2 h. Chemilu-
minescence was detected with Super ECL Detection Reagent kits
(Yeasen, Shanghai, China) and Gel-pro analyzer 3.2 was used to
analyze the intensity of band.

Immunoprecipitated experiments
Briefly, BV2 cells were seeded at a density of 8 × 105 cells in 10-cm
plates (diameter). Lysis buffer was added to lyse the samples and
the proteins’ concentration was adjusted to 2mg/mL. HACE1
antibody (10 μL) and agarose beads (10 μL) were added to the
samples (500 μL), and incubated overnight at 4 °C. The samples
were separated by SDS-PAGE, and the level of Rac1 was analyzed
by Gel-pro analyzer 3.2.

Measurement of Rac1 activity
For the measurement of Rac1 GTPase activity in BV2 cells, the
G-LISA Rac1 colorimetric-based kit (Cytoskeleton, Denver, USA)
was used. BV2 cells were incubated with siRNA for 24 h in a 10-cm
plate (diameter). LPS (1 μg/mL) was added to the plate for 30 min
to activate Rac1. The cells were lysed in lysis buffer for 20min and
centrifuged to obtain soluble cell extracts. Proteins’ concentration
was adjusted to 2mg/mL and 50 μL of proteins (on ice) was
incubated in the G-LISA plate for 30 min. The amount of active
Rac1 was analyzed by a microplate reader at 490 nm (Bio-Tek
uQuant, Hercules, USA).

Rac1 pull-down assay
The Cell Biolabs’s Rac1 Activation Assay Kit (Cytoskeleton,
Denver, USA) was applied. The samples were lysed and
centrifuged to obtain soluble cell extracts. Proteins’ concentra-
tion was corrected to 1 mg/mL and the extracts were incubated
with GST-PBD (p21-binding domain of PAK) and rotated at 4 °C
for 2 h. The Rac1-GTP was separated by SDS-PAGE and analyzed
by Gel-pro analyzer 3.2.

Ubiquitination assay
The BV2 cells were transfected with siRNA for 24 h. Before cells’
harvest, the proteasome inhibitor MG132 (10 μM) was added while
Rac1 activation was achieved by LPS for 2 h. All samples were
incubated with high-binding affinity resin (Ubiquitinated Protein
Enrichment kit, Millipore, Massachusetts, USA) and rotated for 2 h
at 4 °C. The resin was then washed four times, and the proteins
were separated by SDS-PAGE and immunoblotted for Rac1.

Measurement of the viability of SH-SY5Y cells co-cultured with BV2
cells
The BV2 cells were seeded on top of the Trans-well inserts
(Corning Life Sciences, Tewksburry, USA). SiRNA was added into
the plates and the inserts containing BV2 cells that were
stimulated with LPS, were transferred onto plates containing SH-
SY5Y cells for an additional 24 h co-culture. The MTT assay was
used to measure the viability of SH-SY5Y cells.

HACE1 was a negative regulator of neuroinflammation
CX Zang et al.

286

Acta Pharmacologica Sinica (2022) 43:285 – 294



Immunofluorescent staining
The cells were fixed in 4% paraformaldehyde for 15 min and
permeabilized with 0.1% Triton X-100 for 5 min. After blocking, the
cells were incubated with primary antibodies (Rac1, 1:200; TH,
1:50), and then with secondary antibodies: Rhodamine goat anti-
rabbit IgG (1:200, Cat#AS040, ABclonal, Wuhan, China) and FITC
goat anti-mouse IgG (1:200, Cat#AS001, Abclonal, Wuhan, China)
for 2 h. Following these steps, the cells were counterstained with
4’,6-diamidino-2-phenylindole (DAPI, 2 μg/mL), to reveal the
nuclei, and observed by a Carl Zeiss microscope (Jena, Munich,
Germany).

Histochemistry staining
Brain sections were incubated with primary antibodies (Iba1,
1:200; TH, 1:2000) and then incubated with an HRP-goat anti-
rabbit IgG (H+L) secondary antibody. The stained sections were
observed using a light microscope and analyzed using Image-Pro
Plus 6.0.

Experimental animals and treatments
Male C57 mice (22–25 g) were supplied by HuaFuKang biotech-
nology (Beijing, China). C57BL-6J mice overexpressing mutant α-
synuclein (A53T) (Lifespan: 16–20 months) and WT mice were
constructed and purchased from the Animal Center of the Chinese
Academy of Medical Sciences. The mice were maintained in 24 °C
environment (12/12 h light/dark) and given ad libitum access to
food and drinking water. All experiments were performed in
accordance with the guidelines of the Beijing Municipal Ethics
Committee for the care and use of laboratory animals. The male
C57 mice were anesthetized by 2.5% isoflurane and the
lentiviruses HBLV-NC and HBLV-HACE1-shRNA were injected into
the SN region (AP: −3.3 mm, ML:+1.2 mm, DV: −4.0 mm
from bregma). Seven days later, MPTP (Sigma, Darmstadt,

Germany) (30 mg/kg) was intraperitoneally injected into the mice
for 7 consecutive days.

Rotarod test
The rotarod test was applied to assess the mice motor skills. The
mice were positioned on the rotarod and tested on the revolving
rod for up to 120 s at a speed of 35 r/min. The rotarod
automatically recorded the time when the mice first fell off the
rotarod.

Statistical analysis
The data were expressed as the mean ± SD (n= 3 or 4) or mean ±
SEM (n= 15). Results were analyzed by t-test or one-way analysis
of variance (ANOVA) followed by Tukey test when the differences
between two groups or three and more groups were compared,
respectively. A value of P < 0.05 was considered to be statistically
different.

RESULTS
HACE1 knockdown aggravated neuroinflammation in BV2 cells
To investigate the role of HACE1 in neuroinflammation, a loss-of-
function approach was employed using a specific siHACE1.
Following the transfection of siHACE1and its negative control
(NC) into the BV2 cells, HACE1 expression was significantly
downregulated compared to the NC (Fig. 1a). ROS and key pro-
inflammatory cytokines (TNF-α and PGE2) released from BV2 cells
were also determined, and the results suggested that siHACE1
treatment exaggerates the production of LPS-induced inflamma-
tory mediators (Fig. 1b–d, Supplementary Fig. S1a, b). Major
enzymes, iNOS and COX-2, contribute to inflammation [12, 13].
LPS increased the expression of iNOS and COX-2, and HACE1
knockdown further intensified these effects. It is well-known that

Fig. 1 HACE1 knockdown in BV2 cells exacerbated neuroinflammation. a The expression of HACE1 following siRNA transfection was
detected by Western blot. b The release of TNF-α production was measured by ELISA kit. c The release of PGE2 production was measured by
ELISA kit. d The level of ROS was assayed using a fluorescence microplate reader. e–i The levels of expression of iNOS, COX-2, JAK2, p-STAT1
and STAT1 were analyzed by Western blot. The data was presented as mean ± SD, n= 3. *P < 0.05, **P < 0.01, ***P < 0.001.
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stress and pro-inflammatory stimuli rapidly activate the JAK2/
STAT1 pathway, which subsequently induces the gene transcrip-
tion of inflammatory cytokines and chemokines [14, 15]. As shown
in Fig. 1e–i, HACE1 knockdown significantly aggravated the LPS-
induced-JAK2/STAT1 pathway activation, which might have
contributed to the amplification of inflammatory responses.
Collectively, HACE1 knockdown led to exaggerated microglial
inflammatory responses, which indicates that HACE1 might be a
negative regulator of neuroinflammation.

HACE1 regulated neuroinflammation through Rac1-NADPH
oxidase
As HACE1 knockdown-induced exaggerated neuroinflammation, we
set out to investigate the mechanisms by which HACE1 regulates
microglia neuroinflammation. It has been reported that NADPH
oxidase is a major generator of ROS release in microglia [16, 17].
Consequently, we demonstrated whether HACE1 knockdown
influences the expression levels of NADPH oxidase subunits,
including cytosolic components (p47phox, p67phox and Rac1) and
membrane subunits (gp91phox and p22phox), in the LPS-treated
BV2 cells. The results showed an equivalent level for each subunit
except for Rac1, which was significantly increased in siHACE1-
treated BV2 cells compared to the control (Fig. 2a). Previous studies
reported that NADPH oxidase activation depends on its cytosolic

subunits translocation into the membranes [18]. Therefore, we
sought to determine whether HACE1 could influence the activation
of NADPH oxidase by measuring the translocation of Rac1 in
microglia. To investigate the interaction between HACE1 and Rac1,
immune-precipitated experiments were conducted and the results
showed that there is indeed an interaction between HACE1 and
Rac1 in BV2 cells (Fig. 2b). The results showed that HACE1
knockdown exacerbates LPS-induced translocation of Rac1 from
the cytoplasm to the plasma membrane, suggesting that the
elevated neuroinflammation in the HACE1-deficient cells might
originate from the Rac1-dependent NADPH oxidase pathway (Fig. 2c,
d). Rac1, a small GTPase, has been reported to locate in the
cytoplasm and plasma membrane, forming an inactive GDP-bound
state and an active GTP-bound state, respectively [19]. Pull-down
and GLISA assays were used to measure the activity of Rac1. The
results showed that HACE1 knockdown induces an increase in Rac1-
GTP level (Fig. 2e, f) following LPS stimulation for 30min. Together,
these data indicate that HACE1 knockdown enhances LPS-induced
activation of Rac1-NADPH oxidase in microglia, resulting in
magnified neuroinflammation.

HACE1 promoted the ubiquitination and degradation of Rac1-GTP
Overwhelming evidences indicated that HACE1 exerts its roles
through binding to Rac1-GTP and then catalyzing its poly-

Fig. 2 HACE1 regulated neuroinflammation through the Rac1-NADPH oxidase pathway. a Levels of NADPH oxidase subunits were
determined using Western blot assay. b IP images of HACE1 and Rac1 expression in BV2 cells. c Rac1 translocation was determined using
Western blot assay. d Immunofluorescence and statistical analysis of Rac1 in BV2 cells. e The G-LISA assay was applied to measure Rac1
activity. f The Rac1 pull-down assay was used to assess Rac1 activity. The results were presented as mean ± SD, n= 3. The scale bar represents
25 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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ubiquitination and degradation [20, 21]. To investigate whether
HACE1 affects the degradation of endogenous Rac1 in the
process of neuroinflammation, Rac1 level was detected in the
presence of cycloheximide (CHX), an inhibitor of protein
translation, for indicated times (0, 2, 4 and 8 h). The results
revealed that the level of Rac1 was obviously reduced following
CHX treatment of NC cells for 8 h. However, no significant
change was observed when HACE1 was knocked down. All the
results suggested that HACE1 might promote the degradation of
Rac1 (Fig. 3a). To further assess Rac1 level following BV2 cells

exposure to CHX for 8 h, cytoplasm and plasma membrane were
extracted. The results revealed that HACE1-induced degradation
of Rac1 was mainly observed in the membranes of NC cells,
while HACE1 knockdown induced no change on Rac1 level of
expression in the membranes, indicating that HACE1 might
promote the degradation of activated Rac1 (Fig. 3b). To confirm
that Rac1-GTP decrease was due to its poly-ubiquitination,
ubiquitin precipitation experiments were performed. The results
showed that HACE1 knockdown reduces Rac1 poly-
ubiquitination compared with NC cells (Fig. 3c). The results

Fig. 3 HACE1 promoted the ubiquitination and degradation of Rac1- GTP. a HACE1 siRNA treated BV2 cells were exposed to CHX (10 μg/
mL) for the indicated times and analyzed by Western blot assay. b HACE1 siRNA treated BV2 cells were exposed to CHX (8 h), and the
cytoplasm and plasma membranes were extracted and analyzed by Western blot assay. c BV2 cells were transfected with HACE1 siRNA and
separated on 12% SDS-PAGE and detected by Western blot assay. d 293T cells were transfected with HACE1-cDNA or empty vector, and Rac1
expression in the cytoplasm and plasma membrane were detected by Western blot. e 293T cells were treated with CHX for the indicated times
and analyzed by Western blot assay. f 293T cells transfected with HACE1-cDNA were treated with CHX for 8 h, and Rac1 in the cytoplasm and
plasma membrane were detected with an anti-Rac1 antibody by Western blot. g 293T cells transfected with HACE1-cDNA, and analyzed by
Western blot assay. Results were expressed as mean ± SD, n= 3. *P < 0.05, **P < 0.01.
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reveal that HACE1 regulates neuroinflammation through Rac1
poly-ubiquitination and degradation.
To further confirm these results, we examined the degradation

of endogenous Rac1 in 293T cells. These cells were transfected
with HACE1 cDNA, and the cytoplasmic and membranous levels of
Rac1 were detected. The results suggested that HACE1 over-
expression significantly decreases Rac1 level in the membrane,
revealing that HACE1 tagged Rac1-GTP (Fig. 3d). Meanwhile, the
degradation of CHX-exposed Rac1 for indicated times (0, 2, 4 and
8 h), was significantly elevated in HACE1 overexpressing cells
(Fig. 3e). Consistent with the above studies, HACE1-induced
degradation and poly-ubiquitination of Rac1 were mainly
observed in the plasma membranes (Fig. 3f, h). Altogether, the
results further confirm that HACE1 tags Rac1 in the plasma
membranes for ubiquitination and proteasomal degradation.

HACE1 protected SH‐SY5Y cells from LPS‐mediated neurotoxicity
Neuroinflammation is identified as an important participant in the
pathogenesis of PD. Microglial cells serve as innate immune cells
in the brain, and their activation under diverse conditions, leads to
the development of neuroinflammation. Excessive microglial
activation damages the surrounding healthy neural tissues, and
the secreted factors by the dead or dying neurons exacerbate
microglia activation, causing progressive loss of neurons [22, 23].
Based on the above observations that HACE1 is involved in

neuroinflammation, we evaluated the effect of HACE1 in
neuroprotection. BV2 cells were treated with HACE1 siRNA prior
to LPS stimulation, and the SH-SY5Y cell viability following co-
culture with LPS-treated BV2 cells for 24 h was examined using the
MTT assay. An increased SH-SY5Y death was observed following
co-culture with LPS-treated BV2 cells, indicating that inflammatory
cytokines secreted by BV2 cells induced neuro-cytotoxicity
(Fig. 4a). HACE1 knockdown led to an increased SH-SY5Y cells
death, suggesting that HACE1 might have a vital role in
neuroprotection. To further uncover the role of HACE1 in neurons,
the dopaminergic maker, TH was analyzed by Western blot and
immunofluorescence. The expression of TH was decreased
following co-culture with LPS-treated BV2 cells, and the TH level
was further decreased in SH-SY5Y cells following HACE1 knock-
down (Fig. 4b, c). These findings demonstrate that HACE1 might
have an important role in neuroprotection through counteracting
neuroinflammation.

HACE1 knockdown exacerbated behavior impairments in the
MPTP-induced mouse model
To verify whether HACE1 exerts a vital effect on neurons in vivo,
lentiviral HBLV-HACE1-shRNA was microinjected into the left side
of mice SN region, and the mice were challenged with MPTP one
week later (Fig. 5a). As a control group, mice were also
microinjected with the lentiviral HBLV-NC. MPTP-treated mice

Fig. 4 HACE1 protected SH‐SY5Y cells from LPS‐mediated neurotoxicity. a The viability was analyzed after co-culture with HACE1-deficient
BV2 cells with LPS stimulation for 24 h. b Expression of TH in SH-SY5Y cells was detected by Western blot. c TH level in SH-SY5Y cells co-
cultured with BV2 cells was detected by immunofluorescence. Results were presented as mean ± SD, n= 3. The scale bar represents 25 μm.
*P < 0.05, **P < 0.01, ***P < 0.001.
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had a worse motion ability compared with control mice, indicating
the successful establishment of the PD mouse model (Fig. 5b).
Among the MPTP-treated PD mice, the HACE1 knockdown mice
spent less time on the rotating rod (Fig. 5b), suggesting that
HACE1 knockdown exacerbates the motor behavioral dysfunction
of MPTP-induced PD mice. We also found that the expression of
HACE1 is significantly decreased (Fig. S2). Immunostaining results
showed that HACE1 knockdown led to greater TH positive
neuronal death compared with MPTP-induced PD mice (Fig. 5c).
Similarly, Western blot results also showed a decreased TH level
and increased RAC1 level following HACE1 knockdown and after
MPTP administration (Fig. 5d). These results suggested that HACE1
knockdown accelerates neuronal loss in vivo. It is known that

MPTP administration can damage neurons and induce microglia
activation in vivo. As shown in Fig. 5e, MPTP injection induced the
overactivation of microglia in SN. Interestingly, we also found that
HACE1 knockdown induces microglia activation in the SN (Fig. 5e).
The results implied that HACE1 knockdown induced microglia
overactivation accompanying MPTP killed TH positive neurons
in vivo. Altogether, the data indicated HACE1 knockdown
accelerated neuronal degeneration by revoking microglia over-
activation in the MPTP mouse model.

HACE1 is reduced in the brain of A53T transgenic mice
Since the MPTP model is an acute PD model, it might be more
reasonable to measure HACE1 change in a chronic PD mouse

Fig. 5 HACE1 knockdown exacerbated behavior impairments in the MPTP-induced mouse model. a Experimental procedures of MPTP-
induced PD model and lentiviruses’ injection. b Time staying on the rod. c Immunohistochemistry of TH (1: NC, 2: HACE1-shRNA, 3: NC+MPTP,
4: HACE1-shRNA+MPTP). d TH expression in the striatum was assessed by Western blot. e Immunohistochemistry of Iba1 (1: NC, 2: HACE1-
shRNA, 3: NC+MPTP, 4: HACE1-shRNA+MPTP). The data were expressed as the mean ± SD (n= 3) or mean ± SEM (n= 15), *P < 0.05, **P < 0.01,
***P < 0.001
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model, such as α-synuclein transgenic mouse model. The C57BL-
6J overexpressing mutant α-synuclein (A53T) mouse model is
one of the most comprehensive and well-established PD model,
which mimics mutations identified in familial forms of PD. It is
proposed that neuroinflammation is influenced by aging,
therefore, we further monitored HACE1 expression in 6-month-
old and 12-month-old A53T transgenic mice, respectively.
Results showed that HACE1 expression changed with the
increase in age. Notably, HACE1 level was decreased in A53T
transgenic mice compared with WT mice at age of 12 months,
however, there was no change at the age of 6 months.
Furthermore, the decreased HACE1 level correlated with an
increased Rac1. We also found that Rac1 level increased in A53T
mice compared with WT mice at age of 6-month-old until 12-
month-old (Fig. 6a). Meanwhile, 12-month-old A53T transgenic
mice exhibited greater microglia activation and DA neuronal
loss compared to the 6-month-old A53T transgenic mice
(Fig. 6b–e). Together, the findings suggest that a low HACE1
level might contribute to the increase of Rac1 expression in PD,

resulting in the activation of neuroinflammatory responses and
a selective vulnerability of neurons to α-synuclein-induced
toxicity.

DISCUSSION
In the present study, we demonstrate, for the first time, that
HACE1 plays a crucial role in microglia neuroinflammation,
mediated by Rac1 ubiquitination and degradation. We found that
HACE1 knockdown induces microglia activation and accelerates
neuronal death in vitro and in vivo, indicating that HACE1 plays an
important effect on neuroprotection. Moreover, HACE1 expression
level in the brain of A53T transgenic mice decreased as age
increased. This study indicates that HACE1 is a negative regulator
of neuroinflammation, and further confirms the neuroprotective
role of HACE1 in PD.
Considering the overwhelming evidence that indicates the

involvement of neuroinflammation in various neurodegenerative
diseases, therapeutic strategies that regulate this process might

Fig. 6 HACE1 is reduced in the brain of A53T transgenic mice. a HACE1 and Rac1 levels in midbrain and striatum detected by Western blot.
b, c Immunohistochemistry of TH. d Immunohistochemistry of Iba1. e Iba1 level in the SN was measured by Western blot. Results were
presented as mean ± SD, n= 3 or 4. *P < 0.05, **P< 0.01, ***P< 0.001.
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become an effective disease-modifying therapies [24, 25]. The
tumor suppressor HACE1 is involved in protecting against ROS-
induced tumors [9, 26, 27]. Since ROS is an important mediator of
neuroinflammation [28, 29], we assumed that HACE1 might be
participating in neuroinflammation and related diseases, such as
AD and PD. Based on this, BV2 cells were used to study HACE1 role
in neuroinflammation. In the current study, we found that HACE1
knockdown in BV2 cells results in a magnified neuroinflammation.
A further mechanistic study revealed that following LPS stimula-
tion, HACE1 knockdown accelerates the activation of JAK2-STAT1
pathway and induces a higher expression of inflammatory protein
and release of various pro-inflammatory cytokines. These data
revealed that HACE1 might be involved in neuroinflammation as a
negative regulator.
As a result of these findings, it is interesting to investigate the

mechanism how HACE1 regulates neuroinflammation. It is well
known that NADPH oxidase is solely dedicated to ROS
production [30, 31]. In this study, we demonstrated that HACE1
knockdown solely induces the increase of Rac1 subunit in BV2
microglia, and further investigated that how HACE1 influences
Rac1. HACE1 tags activated Rac1 for proteasomal degradation
[32, 33]. Rac1 has been reported to form an inactive GDP-bound
state and an active GTP-bound state in different conditions
[19, 34]. In the present study, HACE1 knockdown in BV2 cells
leads to Rac1-GTP increased expression level and stability,
indicating the essential role of endogenous HACE1 in promoting
Rac1 ubiquitination and degradation in vitro. Furthermore, we
confirmed that HACE1 overexpression promotes Rac1 ubiquiti-
nation and degradation in the plasma membrane of 293T cells.
Taken together, our data suggested that HACE1 induces Rac1
ubiquitination and its degradation, thereby regulating
neuroinflammation.
Evidence has indicated that continuously activated microglia

releasing pro-inflammatory factors leads to the exacerbation of
neuronal injury and loss [35, 36]. Therefore, a co-culture system of
SH-SY5Y and BV2 cells [37] was used to assess whether HACE1 was
involved in neuroprotection. The results suggested that HACE1
could protect SH-SY5Y cells from cytotoxicity induced by LPS-
treated BV2 cells. The findings suggested that HACE1 exerts a
neuroprotective effect against inflammation‐induced neurotoxi-
city. Therefore, it might be of interest to know whether HACE1
plays a neuroprotective role in vivo.
HACE1-shRNA lentivirus was microinjected in the left side of the

SN region to examine the role of HACE1 in vivo. Among the MPTP-
treated PD mice, the HACE1 knockdown mice had a worse
performance score than the PD mice. Moreover, the findings
revealed that the knockdown of HACE1 exacerbated neuronal
death in MPTP-induced PD mouse model. In line with the in vitro
findings, HACE1 knockdown induced excessive activation of
microglia. The results revealed that HACE1 suppression acceler-
ated MPTP-induced DA neuronal death through activating
microglia. Taken together, the findings indicated that HACE1
knockdown in vivo accelerates DA neuronal death by suppression
of excessive activation of microglia.
Since the MPTP model is an acute model of neuronal death [38],

we investigated HACE1 long-term dynamics in a chronic PD
mouse model. In the present study, we chose the A53T transgenic
model (6-month-old and 12-month-old A53T transgenic mice) to
investigate the effect of HACE1 in the brain. In the midbrain and
striatum, Rac1 was obviously elevated in the 6-month-old A53T
mice compared to WT mice, however, there was no change in
HACE1 expression. Interestingly, HACE1 expression was remark-
ably reduced in the 12-month-old A53T mice compared to WT
mice. This reduction in HACE1 expression was accompanied with
an elevated Rac1 expression. These results gave us a hint that
genetic or environmental insults might reduce HACE1 expression,
magnify neuroinflammation, and thus promote brains likelihood
to be affected by insults during PD. Therefore, it might be

meaningful to uncover whether HACE1 overexpression facilitates
the resolution of inflammation and protects neurons.
In conclusion, HACE1, a tumor suppressor, is participating

neuroinflammatory response through regulating Rac1 activity
(Fig. 7). The results supported that HACE1 might be a potential
target for PD and other neurodegenerative diseases.
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