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Deficient chaperone-mediated autophagy facilitates
LPS-induced microglial activation via regulation of the
p300/NF-κB/NLRP3 pathway
Jin Wu1, Yingying Han1, Hao Xu1, Hongyang Sun1, Rui Wang1, Haigang Ren1*, Guanghui Wang1,2*

Neuroinflammation is a pathological change that is involved in the progression of Parkinson’s disease. Dysfunc-
tion of chaperone-mediated autophagy (CMA) has proinflammatory effects. However, the mechanism by which
CMA mediates inflammation and whether CMA affects microglia and microglia-mediated neuronal damage
remain to be elucidated. In the present study, we found that LAMP2A, a limiting protein for CMA, was decreased
in lipopolysaccharide (LPS)–treated primary microglia. Activation of CMA by the activator CA significantly re-
pressed LPS-induced microglial activation, whereas CMA dysfunction exacerbated microglial activation. We
further identified that the protein p300 was a substrate of CMA. Degradation of p300 by CMA reduced p65 acet-
ylation, thereby inhibiting the transcription of proinflammatory factors and the activation of the NLRP3 inflam-
masome. Furthermore, CA pretreatment inhibited microglia-mediated inflammation and, in turn, attenuated
neuronal death in vitro and in vivo. Our findings suggest repressive effects of CMA on microglial activation
through the p300-associated NF-κB signaling pathway, thus uncovering a mechanistic link between CMA and
neuroinflammation.
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INTRODUCTION
Parkinson’s disease (PD), the second most common neurodegener-
ative disease following Alzheimer’s disease (AD), is characterized by
the loss of dopaminergic (DA) neurons and the accumulation of
Lewy bodies in the substantia nigra pars compacta (SNpc) (1–3).
Clinically, patients show motor symptoms of bradykinesia, rigidity,
resting tremor, and postural instability, as well as nonmotor symp-
toms of constipation, depression, sleep disorders, and cognitive
decline (4, 5). Although the pathological mechanisms of PD are
largely unknown, accumulating evidence suggests that neuroin-
flammation greatly contributes to the progression of PD, especially
in the early stages of disease (6, 7). Hyperactivated microglia are a
major source for the production of proinflammatory cytokines,
such as interleukin-6 (IL-6), IL-1β, and tumor necrosis factor–α
(TNF-α), which lead to subsequent DA neuronal degeneration
(8). The activation of microglia is present in postmortem PD
brains and PD model animals (9–11).

Although the mechanisms by which microglia are activated in
PD remain to be investigated, a number of signaling pathways
have been identified to trigger inflammatory responses. Among
them, the nuclear factor κB (NF-κB) pathway plays a key role in ac-
tivating inflammation (12–14). Upon stimulation with lipopolysac-
charide (LPS), the transcription factor NF-κB/p65 enters the
nucleus to transactivate genes that express proinflammatory cyto-
kines and NLR family pyrin domain containing 3 (NLRP3), a
core protein of the NLRP3 inflammasome (15, 16).

Chaperone-mediated autophagy (CMA) is a process that targets
specific soluble proteins for lysosomal degradation. All CMA

substrates have at least one Lys-Phe-Glu-Arg-Gln (KFERQ)–like
motif that is recognized by the cytosolic chaperone heat shock
cognate protein 70 (HSC70) (17, 18). Coordinated by HSC70, sub-
strate proteins are bound to lysosome-associated membrane protein
type 2A (LAMP2A) and translocated into the lysosome for degra-
dation (19). Under physiological conditions, CMA activation
removes oxidized and damaged proteins to maintain proteostasis
and prevent cell death under conditions such as starvation,
hypoxic stress, and endoplasmic reticulum stress (20–23). CMA
dysfunction is closely related to many neurodegenerative diseases,
such as PD and AD (24, 25). The PD-related proteins—α-synuclein,
leucine-rich repeat kinase 2 (LRRK2), and DJ-1—have been identi-
fied as typical substrates of CMA (26–28). LAMP2A, a core compo-
nent of CMA, is significantly decreased in early PD, accompanied
by an increase in α-synuclein levels (29). In addition, the protein
levels of HSC70, another core component of CMA, are decreased
in peripheral bloodmononuclear cells of patients with PD (30), sug-
gesting that the dysregulation of CMAmay occur in the progression
of PD. It has been well documented that CMA activation protects
DA neurons in cell and animal models of PD (31–33). However, the
relationship between CMA and immune responses in microglia and
the mechanism by which CMA influences microglial activation
remain largely unknown.

In the present study, we demonstrated that LAMP2A deficiency
exacerbates microglial activation, while the CMA activator CA
markedly inhibits microglial activation and protects DA neurons
from inflammation-induced cell death in vitro and in vivo. More-
over, we found that the p300/NF-κB/NLRP3 signaling pathway is
involved in the CMA-mediated regulation of neuroinflammation.
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RESULTS
CMA dysfunction promotes LPS-induced production of
proinflammatory factors in microglia
It is well accepted that LAMP2A is a key limiting factor for CMA. To
assess whether CMA dysfunction potentially affects microglial acti-
vation, we examined the effects of CMA on the activation of micro-
glia in which LAMP2A small interfering RNAs (siRNAs) were
transfected into BV2 cells to knock down LAMP2A. The siRNAs
that target LAMP2A (si-L2A-1# and si-L2A-2#) effectively decreased
LAMP2A protein levels (Fig. 1A) but did not change the expression
levels of another two LAMP2 isoforms, LAMP2B and LAMP2C
(Fig. 1B), suggesting a specificity of si-L2A. In BV2 cells, LPS sig-
nificantly induced the expression of inducible nitric oxide (NO)
synthase (iNOS) and cyclooxygenase-2 (COX-2) (Fig. 1C). More-
over, knockdown of LAMP2A aggravated LPS-induced expression
of iNOS and COX-2 (Fig. 1C) and the production of the inflamma-
tory factors NO (Fig. 1D) and IL-6 (Fig. 1E) without affecting cell
viability (fig. S1A). In addition, knockdown of LAMP2A also aggra-
vated the mRNA expression of iNOS (Fig. 1F), COX-2 (Fig. 1G), IL-
6 (Fig. 1H), and IL-1β (Fig. 1I) in BV2 cells that were treated with
LPS. Similarly, in primary microglia, LAMP2A silencing also signif-
icantly increased the LPS-induced expression of iNOS and COX-2
(Fig. 1J) and the production of NO (Fig. 1K). To further identify the
effects of CMAonmicroglial activation, we constructed a LAMP2A-
knockout (KO) BV2 cell line using CRISPR-Cas9 technology. KO of
LAMP2A induced increased expression of iNOS (Fig. 1L) and the
production of NO (Fig. 1M) in BV2 cells that were treated with
LPS. In addition, KO of LAMP2A also aggravated the mRNA ex-
pression of iNOS (Fig. 1N) in LPS-stimulated BV2 cells.

CMA activation inhibits LPS-induced production of
proinflammatory factors in microglia
Because we found that CMA blockade in microglia promoted LPS-
induced microglial activation, we wondered whether CMA activa-
tion could inhibit LPS-induced production of proinflammatory
factors. We used CA77.1 (CA) and QX77, two potent CMA activa-
tors that activate CMA by antagonizing retinoic acid receptor α
without affecting macroautophagy (25, 34), to investigate the con-
tributions of CMA.

In BV2 cells, CA or QX77 treatment had no effect on cell viabil-
ity (fig. S1B). Furthermore, pretreatment with CA (Fig. 2A) or
QX77 (fig. S2A) significantly decreased LPS-induced expression
of iNOS and COX-2. Pretreatment with CA (Fig. 2, B and C) or
QX77 (fig. S2, B and C) also decreased LPS-induced production
of the proinflammatory factors NO and IL-6. In addition, pretreat-
ment with CA (Fig. 2, D to G) or QX77 (fig. S2, D to G) decreased
the mRNA expression of iNOS, COX-2, IL-6, and IL-1β in BV2 cells
treated with LPS. Similar data were obtained in primary microglia,
showing that CA repressed LPS-induced expression of iNOS and
COX-2 (Fig. 2H) and production of NO (Fig. 2I). To verify that
the anti-inflammatory effects of CA depend on CMA, we examined
CA-treated BV2 cells in which LAMP2Awas knocked down. In BV2
cells that were treated with LPS, CA inhibited the expression of
iNOS (Fig. 2J) and the mRNA expression of the proinflammatory
factors IL-6 (Fig. 2K) and IL-1β (Fig. 2L). However, knockdown of
LAMP2A abolished the inhibitory effects of CA on LPS-induced ex-
pression of inflammatory factors (Fig. 2, J to L). These data suggest
that CMA activation inhibits LPS-induced microglial activation.

CMA negatively regulates LPS-induced NF-κB
transcriptional activity
Because we have shown that CMA plays an important role in micro-
glial activation, we wondered how CMA regulates LPS-induced in-
flammation. Mounting evidence indicates that the activator protein
1 (AP-1) pathway and NF-κB pathway are involved in LPS-induced
microglial activation (35, 36). Thus, we first examined whether the
repression of inflammation by CMA activation was dependent on
the AP-1 pathway. After activation of Toll-like receptor 4 (TLR4)
by LPS, mitogen-activated protein kinases, including extracellular
signal–regulated kinase (ERK), c-Jun N-terminal kinase (JNK),
and p38, are activated to promote the expression and phosphoryla-
tion of c-Jun and c-Fos, which form AP-1 dimers, inducing the
transcription of proinflammatory genes (35). In BV2 cells, neither
LAMP2A siRNAs (Fig. 3A and fig. S3A) nor CA (Fig. 3B and fig.
S3B) treatment changed LPS-stimulated phosphorylation of JNK,
ERK, and p38, suggesting that AP-1 signaling is not involved in
CMA-mediated anti-inflammatory effects.

Next, we tested another inflammatory signaling pathway, the
NF-κB pathway, which is also important for microglial activation.
Upon LPS stimulation, cytosolic inhibitor of nuclear factor κBα
(IκBα) is phosphorylated by IκB kinase (IKK) kinases and then de-
graded by the proteasome, resulting in the translocation of NF-κB/
p65 from the cytoplasm to the nucleus (15). LPS-induced nuclear
translocation of NF-κB was not changed after CA treatment in
BV2 cells that were subjected to immunofluorescence staining
(Fig. 3, C and D) and fractionation assays (Fig. 3E). In addition,
in BV2 cells that were transfected with LAMP2A siRNAs (Fig. 3F)
or treated with CA (Fig. 3G), the LPS-stimulated phosphorylation of
p65 and degradation of IκBα remained unchanged. However, using
an NF-κB luciferase reporter assay in BV2 cells that stably express
reporter genes, LAMP2A deficiency increased LPS-induced NF-κB
reporter activity (Fig. 3H). Conversely, CA pretreatment markedly
decreased NF-κB reporter activity (Fig. 3I). These data suggest that
the transcriptional activity of NF-κB is regulated by CMA. To
further confirm that CMA is involved in the NF-κB pathway, we ex-
amined the effects of the IKK kinase inhibitor IMD0354 on the ex-
pression of inflammatory factors in BV2 cells in which LAMP2A
was knocked down. In BV2 cells, LAMP2A deficiency aggravated
LPS-induced expression of the inflammatory factor iNOS
(Fig. 3J). However, the increases in the production of the inflamma-
tory factor iNOS that were induced by LAMP2A deficiency were not
observed in cells that were treated with IMD0354 (Fig. 3J), suggest-
ing that CMA functions in the NF-κB pathway to repress microglial
activation.

CMA activation inhibits the expression and assembly of the
NLRP3 inflammasome in microglia
Inflammasomes play roles in neurodegenerative diseases, cancer,
and autoimmune diseases, among which the NLRP3 inflammasome
is mostly documented (16, 37). As we found that CMA activation
inhibits NF-κB transcriptional activity, we wondered whether
CMA activation could prevent the expression and assembly of the
NLRP3 inflammasome. In BV2 cells stimulated with LPS, LAMP2A
deficiency promoted the transcription ofNLRP3 (Fig. 4A) and IL-18
(Fig. 4B), while CA pretreatment inhibited LPS-induced expression
of NLRP3 (Fig. 4C) and IL-18 (Fig. 4D). Furthermore, pretreatment
with CA decreased the expression of NLRP3 (Fig. 4E), the cleavage
of caspase-1 (Fig. 4E), and the production of active IL-1β (Fig. 4F)
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in primary microglia that were treated with LPS and adenosine 50-
triphosphate (ATP). Similarly, in BV2 cells that were treated with
LPS and ATP, immunofluorescence staining for apoptosis-associat-
ed speck-like protein containing a CARD (ASC) and enzyme-linked
immunosorbent assay (ELISA) assays for IL-1β revealed that pre-
treatment with CA inhibited the assembly of the NLRP3 inflamma-
some (Fig. 4, G and H) and the production of active IL-1β (Fig. 4I).

These results suggest that CMA activation inhibits the activation of
the NLRP3 inflammasome.

p300-mediated p65 acetylation is involved in the anti-
inflammatory effect of CMA activation
It has been reported that NF-κB/p65 can be acetylated by p300 at
lysine-310 to promote full transcriptional activity in the nucleus

Fig. 1. LAMP2A deficiency pro-
motes LPS-induced production of
proinflammatory factors in micro-
glia. (A and B) Immunoblot analyses
with quantification of protein levels
of LAMP2A (A), and quantitative po-
lymerase chain reaction (qPCR) anal-
yses of mRNA levels of LAMP2A,
LAMP2B, and LAMP2C (B) in BV2 cells
that were transfected with control
small interfering RNA (siRNA) or
LAMP2A siRNAs for 72 hours. n = 3. (C
to I) Immunoblot analyses with
quantification of protein levels of in-
ducible nitric oxide (NO) synthase
(iNOS) and cyclooxygenase-2 (COX-2)
(C); the quantitative levels of the NO
(D) and IL-6 (E) using NO assay kit and
enzyme-linked immunosorbent assay
(ELISA) kit; and qPCR analyses of
mRNA levels of iNOS (F), COX-2 (G), IL-
6 (H), and IL-1β (I) in BV2 cells that
were transfected with control siRNA
or LAMP2A siRNAs for 48 hours and
then treated with LPS. n = 3. (J and K)
Immunoblot analyses with quantifi-
cation of protein levels of iNOS, COX-
2, and LAMP2A (J), and the quantita-
tive levels of the NO using an NO
assay kit (K) in primary microglia that
were transfected with control siRNA
or LAMP2A siRNA-mix for 48 hours
and then treated with LPS. n = 3. (L to
N) Immunoblot analyses with quan-
tification of protein levels of iNOS (L),
the quantitative levels of the NO
using an NO assay kit (M), and qPCR
analyses of mRNA levels of iNOS (N) in
sg-NC and sg-LAMP2A BV2 cells that
were treated with LPS. n = 3. One-way
analysis of variance (ANOVA) followed
by Dunnett’s multiple comparisons
test (A and B) and two-way ANOVA
followed by Tukey’s multiple com-
parisons test (C to N).
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Fig. 2. CMA activators inhibit LPS-induced production of proinflammatory factors inmicroglia. (A toG) Immunoblot analyses with quantification of protein levels of
iNOS and COX-2 (A); the quantitative levels of the NO (B) and IL-6 (C) using NO assay kit and ELISA kit; and qPCR analyses of mRNA levels of iNOS (D), COX-2 (E), IL-6 (F), and
IL-1β (G) in BV2 cells that were pretreated with 12 μMCA, followed by LPS treatment. n = 3. (H and I) Immunoblot analyses with quantification of protein levels of iNOS and
COX-2 (H), and the quantitative levels of the NO (I) using an NO assay kit in primarymicroglia thatwere treatedwith 20 μMCA, followed by LPS treatment. n = 3. (J to L) BV2
cells were transfected with control siRNA or LAMP2A siRNA for 36 hours, followed by treatment with CA (12 μM) for 12 hours. The cells were then exposed to LPS.
Immunoblot analyses with quantification of protein levels of iNOS (J) and qPCR analyses of mRNA levels of IL-6 (K) and IL-1β (L). n = 3. One-way ANOVA followed by
Dunnett’s multiple comparisons test (A to I) and two-way ANOVA followed by Tukey’s multiple comparisons test (J to L). DMSO, dimethyl sulfoxide.
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(38, 39). As we have found that CMA influences NF-κB transcrip-
tional activity but does not affect its nuclear translocation, we won-
dered whether CMA regulates the acetylation of NF-κB. In BV2
cells, LPS significantly induced the expression of p65 acetylation.
Moreover, knockdown of LAMP2A aggravated LPS-induced p65
acetylation (Fig. 5A). Conversely, pretreatment with CA decreased
LPS-induced p65 acetylation (Fig. 5B). In line with this,

pretreatment with CA repressed LPS-induced p65 acetylation in
primary microglia (Fig. 5C). To further identify the role of p300
in CMA-mediated p65 acetylation and its relevance to microglial
activation, we examined the expression of inflammatory factors
using BV2 cells that were treated with p300 siRNA, p300 antago-
nists, or a p300 agonist. In BV2 cells, knockdown of LAMP2A ag-
gravated LPS-induced expression of iNOS (Fig. 5D and fig. S4A)

Fig. 3. CMA negatively regulates
LPS-induced NF-κB transcriptional
activity. (A and B) Immunoblot analy-
ses of the indicated protein levels in
BV2 cells that were transfected with
control siRNA or LAMP2A siRNAs for 48
hours (A) or pretreated with 12 μM CA
for 12 hours (B) and then treated with
LPS for 20 min. (C to E) BV2 cells were
pretreated with 12 μM CA for 12 hours
and then exposed to LPS for 10 min.
Representative images of p65 staining
(C). The cells with p65 nuclear translo-
cation were quantified (D). Immuno-
blot analyses with quantification of
protein levels of p65 in the cytoplasm
and nucleus using subcellular frac-
tionation assays (E). n = 3. (F and G)
Immunoblot analyses with quantifica-
tion of the indicated protein levels in
BV2 cells that were transfected with
control siRNA or LAMP2A siRNAs for 48
hours (F) or pretreated with 12 μM CA
for 12 hours (G) and then treated with
LPS for 10 min. n = 3. (H and I) The
transcriptional activity of NF-κB was
measured with luciferase assays in BV2
cells stably expressing the NF-κB lucif-
erase reporter construct that were
transfected with control siRNA or
LAMP2A siRNAs for 48 hours (H) or
pretreated with 12 μM CA for 12 hours
(I) and then treated with LPS for 16
hours. n = 3. (J) BV2 cells were trans-
fected with control siRNA or LAMP2A
siRNA for 36 hours, followed by treat-
ment with 1.5 μM IMD0354 for 12
hours. The cells were then exposed to
LPS for 16 hours. Immunoblot analyses
with quantification of protein levels of
iNOS. n = 3. One-way ANOVA followed
by Dunnett’s multiple comparisons
test (D, E, G, and I) and two-way ANOVA
followed by Tukey’s multiple compari-
sons test (F, H, and J).
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and the mRNA expression of IL-6 (Fig. 5E) and IL-1β (Fig. 5F).
However, the increases in the production of inflammatory factors
that were induced by LAMP2A deficiency were blocked by two
p300 antagonists: CPI637 (Fig. 5, D to F) and A485 (fig. S4A).
Moreover, knockdown of p300 significantly repressed LPS-
induced iNOS expression and abolished the effects of knockdown
of LAMP2A (Fig. 5G), further suggesting the role of p65 acetylation
by p300 in the microglial inflammatory response. In line with this,
the p300 agonist CTPB abolished the inhibitory effects of CA on

LPS-induced expression of iNOS (Fig. 5H). It has been reported
that acetylation of p65 at lysine-218 and lysine-221 by p300 pro-
longs p65 nuclear localization due to its lower affinity for the neg-
ative regulator IκBα (40). Because we found that CMA regulated
p300-mediated p65 acetylation, we wondered about the effects of
CMA activation on the translocation of p65. In BV2 cells that
were treated with LPS for 30 min, p65 still resided in the nucleus
(Fig. 5, I to L, and fig. S4B). However, pretreatment with CA pro-
moted the nuclear-to-cytoplasmic translocation of p65 in LPS-

Fig. 4. CMA activation inhibits activation of the NLRP3 inflammasome in microglia. (A to D) qPCR analyses of mRNA levels of NLRP3 and IL-18 in BV2 cells that were
transfectedwith control siRNA or LAMP2A siRNAs for 48 hours (A and B) or pretreatedwith 12 μMCA for 12 hours (C and D) and then treatedwith LPS for 12 hours. n = 3. (E
and F) Primary microglia were pretreated with 20 μM CA for 12 hours and then exposed to LPS for 15 hours and subsequently to adenosine 50-triphosphate (ATP) (1 mM)
for 1 hour. Immunoblot analyses with quantification of the indicated protein levels (E). The quantitative levels of IL-1β were measured using ELISA assays (F). n = 3. (G to I)
BV2 cells were pretreated with 12 μM CA for 12 hours and then exposed to LPS for 14 hours and subsequently to ATP (2 mM) for 2 hours. Representative images of ASC
staining (G). The cells with ASC puncta were quantified (H). The quantitative levels of IL-1β were measured using ELISA assays (I). n = 3. One-way ANOVA followed by
Dunnett’s multiple comparisons test (C to F, H, and I) and two-way ANOVA followed by Tukey’s multiple comparisons test (A and B).
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stimulated BV2 cells that were subjected to immunofluorescence
staining (Fig. 5, I and J) and fractionation assays (Fig. 5, K and L).
These data indicate that p300-mediated p65 acetylation is involved
in CMA-mediated regulation of inflammation.

p300 is a bona fide substrate of CMA
It is well accepted that CMA is responsible for degrading proteins
and maintaining protein homeostasis (28, 41). Because CMA has
effects on p300-mediated p65 acetylation, we wondered whether
p300 was a substrate of CMA. In 293T cells, inhibition of lysosomal
activity by two chemicals, NH4Cl and leupeptin (N/L), resulted in a
remarkable increase in p300 levels in a time-dependent manner

Fig. 5. p300-mediated p65 acetylation is
involved in the anti-inflammatory effects
of CMA activation. (A and B) Immunoblot
analyses with quantification of the indicated
protein levels in BV2 cells that were trans-
fected with control siRNA or LAMP2A siRNAs
for 48 hours (A) or pretreated with 12 μM CA
for 12 hours (B) and then treated with LPS for
1 hour. n = 3. (C) Immunoblot analyses of the
indicated protein levels in primary microglia
that were pretreated with 20 μM CA for 24
hours and then exposed to LPS for 1 hour. (D
to F) BV2 cells were transfected with control
siRNA or LAMP2A siRNA for 36 hours, fol-
lowed by treatment with 0.2 μM CPI637 for
12 hours. The cells were then exposed to LPS.
Immunoblot analyses with quantification of
protein levels of iNOS (D), and qPCR analyses
of mRNA levels of IL-6 (E) and IL-1β (F). n = 3.
(G and H) BV2 cells were transfected with
control siRNA or LAMP2A siRNA for 12 hours,
followed by transfection with control siRNA
or p300 siRNA for 36 hours. The cells were
then exposed to LPS for 16 hours (G). BV2
cells were pretreated with 12 μM CA and 20
μM p300 agonist CTPB for 12 hours and then
exposed to LPS for 16 hours (H). Immunoblot
analyses with quantification of protein levels
of iNOS. n = 3. (I to L) BV2 cells were pre-
treated with 12 μM CA for 12 hours and then
exposed to LPS for 30 min. Representative
images of p65 staining (I). The cells with p65
nuclear translocation were quantified (J).
Immunoblot analyses (K) with quantification
(L) of protein levels of p65 in the cytoplasm
and nucleus using subcellular fractionation
assays. n = 3. One-way ANOVA followed by
Dunnett’s multiple comparisons test (B, J,
and L) and two-way ANOVA followed by
Tukey’s multiple comparisons test (A and D
to H).
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(Fig. 6A). In addition, N/L treatment blocked CA-induced degrada-
tion of p300 (Fig. 6B). In cells that were treated with serum depri-
vation for CMA activation, the p300 levels were decreased (Fig. 6C),
whereas N/L treatment also blocked serum deprivation-induced
degradation of p300 (Fig. 6D). It has been reported that all CMA
substrates must contain at least one KFERQ-like motif that is recog-
nized by HSC70 (17, 18). Sequence analysis revealed that p300 has
three putative KFERQ-like motifs (Fig. 6E) (42). We first tested the
binding ability of p300 to HSC70. Immunoprecipitation assays
showed that p300 was associated with HSC70 (Fig. 6F). We next
created three mutants and examined their associations with
HSC70. Among the three mutants, the mutant in which Gln-Asp-
Arg-Phe-Val (QDRFV) was converted to Ala-Ala-Arg-Phe-Val
(AARFV) was greatly decreased in its binding to HSC70
(Fig. 6G), suggesting that this motif is responsible for the p300 in-
teraction with HSC70. Using immunofluorescence analyses, we also
observed that p300 partly colocalized with HSC70 (Fig. 6H) and
LAMP2A (Fig. 6I), further suggesting p300 association with
HSC70 and degradation by lysosomes.

To further confirm the degradation of p300 by CMA, we
knocked down LAMP2A in BV2 cells. The protein levels of p300
were increased in LAMP2A-deficient BV2 cells (Fig. 6J). The acti-
vation of CMA by CA induced a time-dependent decrease in p300
(Fig. 6K).Moreover, neither LAMP2A siRNA (fig. S5A) nor CA (fig.
S5B) treatment changed the mRNA expression of p300 in BV2 cells.
Furthermore, knockdown of LAMP2A significantly repressed CA-
induced p300 degradation (Fig. 6L). The effects of LAMP2A on
p300 degradation were further verified in BV2 cells in which
LAMP2Awas knocked out, which showed an increase in the expres-
sion of p300 (fig. S5C). In addition, CMA activation by serum dep-
rivation induced p300 protein degradation (fig. S5D). In primary
microglia, CA treatment effectively blocked LPS-induced up-regu-
lation of p300 (Fig. 6M). Moreover, knockdown of LAMP2A in
primary microglia increased the protein levels of p300 (Fig. 6N).
In addition, p300 also partly colocalized with LAMP2A (Fig. 6O)
and HSC70 (fig. S5E) in primary microglia. Thus, our data
suggest that p300 is a substrate of CMA.

CMA activation inhibits microglia-mediated DA
neuronal death
Increasing evidence has shown that a large number of inflammatory
factors can be released by activated microglia to damage neighbor-
ing neurons (43). As we have found that CA inhibits microglial ac-
tivation, we speculated that CA could ameliorate the neurotoxicity
caused by microglial activation. To test this possibility, we cultured
the DA cell line SH-SY5Y cells and primary cortical neurons with
conditioned medium (CM) that were harvested from LPS-stimulat-
ed BV2 cells or primary microglia with or without CA pretreatment
(Fig. 7A). SH-SY5Y cells treated with CM from LPS-treated BV2
cells exhibited increases in positive propidium iodide (PI) staining
(Fig. 7, B and C). However, the toxicity of the CM from LPS-treated
BV2 cells was decreased if BV2 cells were pretreated with CA,
showing decreases in positive PI staining (Fig. 7, B and C) in SH-
SY5Y cells. Furthermore, lactate dehydrogenase (LDH) assays
(Fig. 7D), immunofluorescence staining for cleaved caspase-3
(Fig. 7, E and F), Cell Counting Kit-8 (CCK8) assays (Fig. 7G),
and immunoblot analyses for cleaved caspase-3 (Fig. 7H) showed
decreased cell death of SH-SY5Y cells that were exposed to CM
from LPS-treated BV2 cells if they were pretreated with CA.

Similar data were obtained using CM from primary microglia.
Using primary neurons that were exposed to CM from microglia
that were treated with LPS in combination with or without CA pre-
treatment, immunofluorescence staining formicrotubule associated
protein 2 (MAP2) revealed that the decreases in neurites in primary
neurons that were exposed to CM from LPS-treated microglia were
attenuated if microglia were pretreated with CA (Fig. 7, I and J). In
addition, the release of LDH (Fig. 7K) in primary neurons was de-
creased when they were subjected to CM from microglia that were
pretreated with CA. Thus, our data suggest that CMA activation at-
tenuates microglia-mediated neurotoxicity.

CMA is dysregulated in inflammation
Because we have shown that CMA negatively regulates LPS-induced
microglial activation, wewondered what happens to CMAwhenmi-
croglia are activated. In primary microglia after LPS treatment,
LAMP2A protein decreased, and its substrate p300 protein in-
creased (Fig. 8A). The decrease in LAMP2A protein levels should
be at the transcriptional level, as the mRNA levels of LAMP2A
were decreased after LPS treatment (Fig. 8B). Moreover, in U2OS
cells treated with TNF-α, the expression of LAMP2Awas decreased,
while the expression of its substrate p300 was increased (Fig. 8C). In
addition, immunofluorescence staining for LAMP2A also revealed
that LPS stimulation reduced the expression of LAMP2A in primary
microglia (Fig. 8D), further suggesting dysfunction of CMA in LPS-
treated microglia.

CMA activation inhibits neuroinflammation and microglia-
mediated neuronal loss in a mouse model of LPS-induced
neuroinflammation
As we have shown that CMA activation has anti-inflammatory
effects in vitro, we wondered whether CMA activation could allevi-
ate neuroinflammation and promote the survival of DA neurons in
vivo. Because CA has been reported to activate microglial CMA in
vivo and penetrate the blood-brain barrier better than other CMA
activators (25, 44), we chose CA for further characterization. After
intraperitoneal administration with or without CA, C57BL/6J mice
received a stereotactic injection of LPS into the substantia nigra
(Fig. 9A). To test the protective effects of CMA activation in vivo,
we extracted protein and total RNA from mouse midbrains. We
found that CA pretreatment actually activated CMA and reversed
LPS-induced down-regulation of LAMP2A at the transcriptional
level (Fig. 9B). In addition, CA pretreatment decreased the tran-
scriptional levels of the proinflammatory factors iNOS (Fig. 9C),
COX-2 (Fig. 9D), IL-6 (Fig. 9E), and IL-1β (Fig. 9F) that were
induced by LPS injection. In mouse midbrains, LPS markedly in-
creased the levels of ionized calcium–binding adapter molecule 1
(IBA1; microglia marker) and glial acidic fibrillary protein
(GFAP; astrocyte marker) in the midbrain (Fig. 9, G and H).
However, CA pretreatment decreased the expression of IBA1 and
GFAP (Fig. 9, G and H) and reduced the LPS-induced loss of tyro-
sine hydroxylase (TH+) neurons (Fig. 9I). In four behavioral tests,
namely, the pole test, beamwalking test, rotarod test, and open-field
test, which evaluate the locomotor ability of each group of mice, pre-
treatment with CA significantly improved the locomotor capacity of
LPS-stimulated mice (Fig. 9, J to N). Thus, CMA activation repress-
es neuroinflammation and protects DA neurons in LPS-induced
neuroinflammation model mice.
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DISCUSSION
Microglia are resident myeloid macrophages in the central nervous
system that serve as immunological surveillants and maintain brain
homeostasis (43). During the pathological progression of PD, mi-
croglia change into a proinflammatory state, resulting in inflamma-
tory damage to neighboring DA neurons. It has been reported that
CMA is associated with inflammation-related diseases, including

PD. CMA degrades oxidized myocyte enhancer factor 2D
(MEF2D) and oxidized/nonfunctional DJ-1, thereby contributing
to the survival of DA neurons (28, 41). In addition, both mutant
α-synuclein and dopamine-modified α-synuclein and
LRRK2G2019S or LRRK2R1441G mutants reduce the activity of
CMA by binding to LAMP2A (24, 27, 45, 46). In activated T cells,
CMA degrades itchy E3 ubiquitin protein ligase (ITCH), an

Fig. 6. p300 is a bona fide substrate of
CMA. (A to D) 293T cells were treated
with 10 mM NH4Cl and 50 μM leupeptin
(N/L) (A). 293T cells were pretreated with
20 μMCA for 6 hours and then exposed to
N/L for 6 hours (B). 293T cells were cul-
tured with or without serum for 24 hours
(C). 293T cells were precultured with or
without serum for 12 hours and then
exposed to N/L or not for 12 hours (D).
Immunoblot analyses with quantification
of protein levels of p300. n = 3. (E) Sche-
matic diagram of three p300 mutants. (F
and G) The supernatants of 293T cell
lysates were subjected to immunopre-
cipitation with anti-p300 antibodies or
normal mouse immunoglobulin G (IgG)
(F). The supernatants from the cell lysates
of 293T cells that were transfected with
His-pcDNA3.1, wild-type p300 plasmid,
and three p300 mutants were subjected
to immunoprecipitation with His-Tag Pu-
rification Resin (G). Immunoblot analyses
of the indicated protein levels. IP, immu-
noprecipitation. (H and I) Representative
images of p300, HSC70, and LAMP2A
staining in 293T cells. (J to L) Immunoblot
analyses with quantification of protein
levels of p300 in 293T cells that were
transfected with control siRNA or LAMP2A
siRNAs for 48 hours (J) and then treated
with 12 μM CA for 12 hours (L) or treated
with 12 μM CA for indicated time (K). n =
3. (M and N) Immunoblot analyses with
quantification of protein levels of p300 in
primary microglia that were pretreated
with 20 μM CA for 24 hours and then
exposed to LPS for 16 hours (M) or
transfected with control siRNA or LAMP2A
siRNA-mix for 48 hours (N). n = 3. (O)
Representative images of p300 and
LAMP2A staining in primary microglia.
Unpaired t test (C and N), one-way ANOVA
followed by Dunnett’s multiple compari-
sons test (A, B, D, and J to L), and two-way
ANOVA followed by Tukey’s multiple
comparisons test (M).
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Fig. 7. CMA activation inhibits microglia-mediated DA neuronal death. (A) A schematic diagram of the conditioned medium (CM) assay. (B to H) SH-SY5Y cells were
cultured with CM from BV2 cells for 24 hours. Representative images of propidium iodide (PI) staining in SH-SY5Y cells (B). The PI-positive cells were counted and quan-
tified with cell numbers marked with Hoechst (C). LDH was detected to indicate cell death (D). AU, arbitrary units. Representative images of cleaved caspase-3 staining in
SH-SY5Y cells (E). The cleaved caspase-3–positive cells were counted and quantified with cell numbers marked with 40 ,6-diamidino-2-phenylindole (DAPI) (F). CCK8 was
detected to indicate cell viability (G). Immunoblot analyses with quantification of protein levels of cleaved caspase-3 (H). n = 3. (I to K) Primary cortical neurons were
cultured with CM from primary microglia for 24 hours. Representative images of MAP2 staining in primary cortical neurons (I). The relative fluorescence intensity of MAP2
was quantified (J). Cell death was indicated by LDH assays (K). n = 3. One-way ANOVA followed by Dunnett’s multiple comparisons test (C, D, F to H, J, and K).
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ubiquitin ligase, and regulator of calcineurin 1 (RCAN1), a calci-
neurin inhibitor, to maintain the T cell response (47). Moreover,
CMA targets NLRP3 for lysosomal degradation to suppress the ac-
tivation of the NLRP3 inflammasome in macrophages and micro-
glia (48, 49). The accumulation of Nup85 caused by CMA blockade
aggravates inflammation in macrophages (50). Our current study
demonstrates that CMA dysfunction promotes LPS-induced micro-
glial activation, whereas CMA activation represses microglia-medi-
ated neuroinflammation. We show that microglial CMA activation
represses microglial activation and protects DA neurons from in-
flammatory cell death in vitro and in vivo.

Under LPS stimulation, activation of TLR4 recruits myeloid dif-
ferentiation factor 88 (MyD88)/MyD88-adapter-like (MAL) and
TIR domain-containing adaptor inducing interferon-β (TRIF)/
TRIF-related adaptor molecule (TRAM) to phosphorylate trans-
forming growth factor β-activated kinase 1 (TAK1), which, in
turn, activates the NF-κB and AP-1 signaling pathways to trigger
an inflammatory response (51). In our study, we demonstrate that
the NF-κB pathway, but not AP-1, is involved in the CMA-mediated
repressive effects on LPS-induced inflammation in microglia. NF-
κB activation is typically characterized by the nuclear translocation

of p65. It has been reported that inhibition of CMA inmesenchymal
stromal cells enhances the expression of C-X-Cmotif chemokine 10
(CXCL10) and iNOS by activating NF-κB and signal transducer and
activator of transcription 1 (52). In addition, p65 is a substrate of
CMA (53), further suggesting a link between CMA and NF-κB. In
our study, we found that CMA negatively regulates LPS-induced
NF-κB transcriptional activity through the acetylation of NF-κB
by p300, although CMA activation does not influence p65 expres-
sion or phosphorylation.

The transcriptional activity of p65 in the nucleus is regulated by
multiple posttranslational modifications, such as phosphorylation
and acetylation (54–56). The histone acetyltransferases p300,
CREB-binding protein (CBP), and p300/CBP-associated factor
(PCAF) and the histone deacetylases HDAC1 and HDAC2 are re-
sponsible for the acetylation of p65 (56). In addition, two p300 an-
tagonists, A485 and C646, can attenuate LPS-mediated macrophage
activation by reducing NF-κB activity (38, 57), indicating that p300-
mediated p65 acetylation is important for NF-κB–mediated inflam-
mation. Using p300 siRNA, p300 antagonists, and a p300 agonist,
we identified that CMA affects NF-κB activation through p300-me-
diated p65 acetylation, thereby regulating the LPS-induced produc-
tion of proinflammatory factors. Although in CA-treated cells, the
phosphorylation and nuclear translocation of NF-κB remained un-
changed 10 min after LPS treatment, CA-induced degradation of
p300 by CMA decreased NF-κB acetylation and led to a shorter re-
tention of NF-κB in the nucleus, which attenuatedNF-κB–mediated
inflammation.

In our study, we identified p300 as a substrate of CMA. CMA
substrates contain at least one KFERQ-like motif (18). It has been
reported that p300 protein levels were significantly elevated in
LAMP2A-deficient SN4741 cells frommass spectrometry screening
data (32) and that 5-fluorouracil promotes CMA-dependent p300/
CBP degradation, thereby inhibiting the progression of colorectal
cancer (58), suggesting that p300 is a potential substrate of CMA.
Here, we further show that p300 interacts with the CMA chaperone
HSC70 and the CMA-limiting protein LAMP2A. A conversion of
QDRFV, the second predicted KFERQ-like motif that is recognized
by HSC70, to AARFV abolishes the interactions between p300 and
HSC70. In addition, LAMP2A deficiency induces an increase in
p300 levels. As HSC70 is responsible for substrate recognition
and LAMP2A for substrate transport to lysosomes, our data
suggest that p300 is a substrate of CMA. Although p300 is mainly
located in the nucleus, it can be phosphorylated by mechanistic
target of rapamycin complex 1 (mTORC1) on lysosomes and de-
tected in purified lysosomes (59). Furthermore, we demonstrate
that inhibition of lysosomal activity by N/L increases p300
protein levels, suggesting that p300 can be degraded by lysosomes,
similar to other nuclear proteins, such as checkpoint kinase 1 and
p21 (60, 61).

Upon LPS treatment, the expression of LAMP2A was signifi-
cantly decreased in primary microglia, while the protein levels of
p300 were increased. Unexpectedly, the mRNA levels of p300
were decreased, so we speculated that the decrease may be a com-
pensatory effect or a regulatory result of other pathways. Our data
provide a mechanistic link among NF-κB–mediated inflammation,
LAMP2A-driven CMA, and p300-related acetylation. CMA-medi-
ated degradation of p300 has repressive effects on microglial activa-
tion. Furthermore, CMA activation by the activator CA attenuates
the activation of microglia and inflammatory damage to DA

Fig. 8. CMA is dysregulated in inflammation. (A and B) Immunoblot analyses
with quantification of protein levels of p300 and LAMP2A (A), and qPCR analyses
of mRNA levels of LAMP2A, p300, and Hsc70 (B) in primary microglia that were
treated with LPS for 24 hours. n = 3. (C) U2OS cells were treated with TNF-α (20
ng/ml) for 24 hours. The protein levels of p300 and LAMP2A were measured
using immunoblot analyses. (D) Representative images of LAMP2A staining in
primary microglia that were treated as described in (A). The relative fluorescence
intensity of LAMP2A was quantified. n = 12. Unpaired t test (A, B, and D).
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Fig. 9. CMA activation inhibits neuroinflammation andmicroglia-mediated neuronal loss in amousemodel of LPS-induced neuroinflammation. (A) A schematic
diagram of the animal experimental procedure. i.p., intraperitoneal. (B to F) qPCR analyses of mRNA levels of LAMP2A (B), iNOS (C), COX-2 (D), IL-6 (E), and IL-1β (F) in the
midbrains isolated from different groups. n = 3. (G) Immunoblot analyses with quantification of protein levels of ionized calcium–binding adapter molecule 1 (IBA1) and
glial acidic fibrillary protein (GFAP) in the midbrains isolated from different groups. n = 3. (H and I) Representative images of IBA1 (H), GFAP (H), and TH (I) staining in the
midbrains isolated from different groups. The relative fluorescence intensities of IBA1 and GFAPwere quantified (H). n = 4. The cell number of TH+ cells was also quantified
(I). n = 5. (J to N) Behavioral tests were conducted. n = 7. Representative images of the movement paths of the four mouse groups monitored for 15 min (J). The travel
distance in the central area of the open field (K). The number of foot slips in the beamwalking test (L). The climbing time in the pole test (M). The latencies to fall from the
accelerated rotating beams in the rotarod test (N). One-way ANOVA followed by Dunnett’s multiple comparisons test (B to N).
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neurons in vitro and in vivo and improves motor abilities in LPS
mice, reflecting that CMA-related microglial regulation plays im-
portant roles in PD pathogenesis. However, there are still some lim-
itations that need to be considered in our study. First, in CA-treated
LPS mice, we cannot exclude the possibility that CMA activation by
CAmay protect neurons by decreasing the astrocyte response tomi-
croglial activation and increasing neuronal resistance to cytokines
produced by activated microglia. Second, we explore the effects
and mechanisms of CMA on microglial activation in BV2 micro-
glial cell line, whose LPS reactivity and expression profile are not
identical to those of primary microglia in vitro or in vivo (62). It
has been reported that down-regulation of neuronal LAMP2A by
adeno-associated virus (AAV)–mediated delivery of short hairpin
RNAs leads to the accumulation of α-synuclein and the loss of
DA neurons (63). Their data suggest that a half decrease in
LAMP2A levels in neurons by AAV-mediated knockdown
induces phenotypes in animals (63). Together with our data, it sug-
gests that loss of half of LAMP2A sufficiently induces dysfunction of
CMA in both neurons and microglia (63). The microglia-specific
LAMP2A conditional KO mice should be of help to address this
issue in the future work. Recently, CA was reported to improve
amyloid-β deposition in two different animal models of AD and
protect against retinal degeneration by activating CMA (25, 44).
Thus, CMA is functionally associated with inflammation and neu-
rodegenerative diseases. It is of help to develop specific activators
targeting CMA, which may have greater potential to repress neuro-
inflammation and protect neurons.

In summary, our study provides a mechanistic explanation of
CMA in microglial activation (Fig. 10). CMA negatively regulates
microglia-mediated neuroinflammation. The activation of CMA
promotes the degradation of the CMA substrate p300, which
reduces p300-mediated p65 acetylation, leading to a decrease in
NF-κB activity and, in turn, inhibiting NLRP3 inflammasome acti-
vation and the release of proinflammatory factors. The activation of
CMA effectively represses microglial activation and protects DA
neurons from inflammatory damage. Thus, CMA activation has po-
tential as a therapeutic tool for the treatment of neurodegenerative
diseases.

MATERIALS AND METHODS
Experimental animals
Male C57BL/6J mice (age 6 to 8 weeks, 20 to 25 g) were purchased
from Shanghai Laboratory Animal (Shanghai, China). All animals
were raised in a 12-hour light/dark cycle with free access to food and
water. All animal experiments performed in this study were in ac-
cordance with the institutional guidelines for the use and care of
animals, and all procedures were approved by the Institute
Animal Welfare Committee of Soochow University. For LPS treat-
ment, all animals were randomly divided into four groups: (i)
vehicle + phosphate-buffered saline (PBS) group, (ii) CA + PBS
group, (iii) vehicle + LPS group, and (iv) CA + LPS group. Mice
in groups (ii) and (iv) were intraperitoneally injected with CA (8
mg/kg per day) for seven consecutive days. CA (HY-134923) was
purchased from MedChemExpress (Monmouth Junction, NJ,
USA). Meanwhile, the mice in the other groups were administered
an equal volume of vehicle. The vehicle contained 45% polyethylene
glycol 300, 5% Tween 80, and 50% normal saline. On day 6, the bi-
lateral SNpc of each mouse mentioned above was treated with LPS

(2 μg) or an equal volume of PBS using stereotaxic injection at an-
terior-posterior of −3.3 mm, medial-lateral of ±1.2 mm, and dorsal-
ventral of −4.6 mm from bregma. All animals were treated with CA
or vehicle for another 7 days. After behavioral experiments, the
animals were euthanized, and the brain tissues were harvested for
further analysis.

Behavioral experiments
Four animal behavioral tests, namely, the beam walking test, pole
test, rotarod test, and open-field test, were performed to assess
fine motor skills and balance. The behavioral instruments were pur-
chased from SANS Biological Technology (Nanjing, China). The
testing room was kept quiet, and the spontaneous activity of the
mice was maintained. The animal training and experimental
methods are relevant to previous studies (35, 64).

For beam walking test, the apparatus consists of a 50 cm–by–5
cm (length by width) beam that is 50 cm above the floor and a dark
box (10 cm by 10 cm by 10 cm) at the end of the beam. On the day of
training, eachmousewas trained to cross the beam into the dark box
without pausing. On the day of testing, the number of hindlimb
slips of each mouse was counted. The experiment was repeated
three times for each mouse, and the average times were analyzed.

For pole test, on the day of training, each mouse was placed on
the top of a wood pole (50 cm in height and1 cm in diameter) in the
home cage and then allowed to climb into the cage for three times.
On the day of testing, the time required for eachmouse to climb into
the cage was recorded. The experiment was repeated three times for
each mouse, and the average times were analyzed.

For rotarod test, on the day of training, each mouse was placed
on the rotarod until it was able to stay on the rotarod for at least 5
min at a speed of 4 rpm. On the day of testing, for each mouse, the
latency time to fall was recorded when the rotarod speed was accel-
erated from 4 to 40 rpm in 5 min. The experiment was repeated
three times for each mouse.

For open-field test, a 40 cm–by–40 cm by–40 cm square arena is
divided into 16 equal squares, of which the central four squares
define the central area. After each mouse was placed in the corner
of the square arena, it was allowed to crawl freely for 15 min while
being recorded on video. The travel distance in the center area of
each mouse was analyzed.

Cell culture and drug treatment
BV2 cells, a murine microglial cell line, were incubated in Dulbec-
co’s modified Eagle’s medium (DMEM) (Gibco, Grand Island, NY,
USA) with 10% heat-inactivated fetal bovine serum (FBS), penicillin
(100 μg/ml), and streptomycin (100 μg/ml). SH-SY5Y cells, a DA
cell line, were cultured in DMEM/F12 with 10% FBS, penicillin
(100 μg/ml), and streptomycin (100 μg/ml). Human embryonic
kidney 293T (HEK293T) cells [CRL-3216, American Type
Culture Collection (ATCC)] and HEK293T/17 cells (CRL-11268,
ATCC) were cultured in DMEM with 10% FBS, penicillin (100
μg/ml), and streptomycin (100 μg/ml). Human bone osteosarcoma
epithelial cells (U2OS) were cultured in DMEMwith 10% FBS, pen-
icillin (100 μg/ml), streptomycin (100 μg/ml), and 1 M Hepes.
Primary cultured microglia were isolated from 3-day-old C57BL/
6J mice, and primary cortical neurons were dissociated from the
cortex of C57BL/6J mouse embryos at embryonic day 17. These
two types of primary cultured cells were obtained and cultured as
described previously (35, 65). CA (S6395) used for cells was
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purchased from Selleck Technology (Houston, TX, USA). QX77
(HY-112483), IMD0354 (HY-10172), CPI637 (HY-100482), A485
(HY-107455), TNF-α (HY-P70426A), and LPS (HY-D1056) were
purchased from MedChemExpress. All were dissolved in dimethyl
sulfoxide except LPS and TNF-α, which were dissolved in PBS. The
concentration of LPS used for cells was 1 μg/ml.

RNA interference
LAMP2A and p300 siRNAs were purchased from GenePharma
(Shanghai, China) with the following sequences as described previ-
ously: si-NC sense: 50-AUGGCAUCAUAAGCUGCACAC-30; si-
LAMP2A-1#: 50-GGUCUCAAGCGCCAUCAUATT-30; si-
LAMP2A-2#: 50-CTGCAATCTGATTGATTA-30 (66); and si-p300:
50-UAUUUAUCAAACUUAAUCCAG-30. Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen, Carlsbad, CA,
USA) was used to transfect siRNAs into BV2 cells and primary mi-
croglia according to the manufacturer’s instructions. For instance,
we first transfected BV2 cells with 80 nM si-LAMP2A-1# or 80 nM
si-LAMP2A-2# for 24 hours, whereas a mixture of 24 nM si-
LAMP2A-1# and 24 nM si-LAMP2A-2# (called si-LAMP2A-mix)
was used in primary microglia. Next, the medium was replaced
with fresh medium. One day later, the cells were treated with LPS
or PBS for 16 hours and then harvested for further assays.

Plasmid transfection
The p300-pcDNA3.1 plasmid (no. 74658, Addgene, USA) was a gift
from L. Zheng (Soochow University, Suzhou, China). Three
mutants of p300 were constructed by GENEWIZ (Suzhou,
China). 293T cells were seeded in 24-well plates and then transfect-
ed with wild-type or mutant p300 plasmids using Lipofectamine
2000 reagent (Invitrogen) for 48 hours. The cells were collected
for further immunoprecipitation assays.

CRISPR-Cas9 KO cells
The lentiCRISPR v2 plasmid (VT8107) was purchased from Youbio
(Hunan, China). The sequence of sg-LAMP2Awas described previ-
ously (67): sense: CACCGAGAGCTGCTCCCACCGCTAT: and
anti-sense: AAACATAGCGGTGGGAGCAGCTCTC. To generate
LAMP2A CRISPR KO BV2 cells, LAMP2A sgRNA was cloned
into the lentiCRISPR v2 vector. The virus particles were produced
by transient transfection into HEK293T/17 cells with lentiCRISPR
v2 vectors, together with the packaging constructs and the con-
structs that express the vesicular stomatitis virus glycoprotein
using Lipofectamine 2000 reagent. After 48 hours, lentivirus parti-
cles in the medium were collected and filtered to culture BV2 cells.
After 14 days of post-puromycin (2 μg/ml) selection, surviving KO
cells were verified by immunoblotting.

Fig. 10. A schematic diagram shows that CMA is involved in themicroglial inflammatory response.Under normal conditions, p300 is recognized by HSC70 and then
transferred to lysosomes for degradation, which is mediated by LAMP2A-driven CMA, and the CMA activator CA accelerates this process. However, upon LPS stimulation,
LAMP2A is markedly decreased, leading to the accumulation of p300 in the nucleus, which promotes p65 acetylation. The acetylation of p65 leads to the retention of NF-
κB in the nucleus and increases the transcriptional activity of NF-κB, which subsequently promotes the activation of the NLRP3 inflammasome and the production of
proinflammatory factors, aggravating DA neuronal death, which can be alleviated by CA.
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Cell viability assay
Cell viability was measured by a CCK8 (APExBIO Technology LLC,
Houston, USA) according to the manufacturer ’s instructions.
Briefly, BV2 cells were pretreated with CA, QX77, or siRNAs
against LAMP2A, followed by LPS treatment. Then, the cells were
incubated with 10% CCK8 reagent at 37°C for 2 hours. The absor-
bance was detected at 450 nm by a microplate reader to determine
cell viability.

Cell cytotoxicity assay
The cytotoxicity of LDH release was detected by the CytoTox 96
Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI,
USA). In brief, 50 μl of growth medium collected from SH-SY5Y
cells after CM incubation for 24 hours was mixed with 50 μl of Cell-
Titer-Go and shaken for 20 min at room temperature. The absor-
bance was detected at 490 nm by a microplate reader to determine
cell cytotoxicity.

ELISA assay and NO measurement
BV2 cells or primary microglia were plated into 24-well plates and
then treated with CA, QX77, or siRNAs against LAMP2A, followed
by LPS treatment for 24 hours. Next, 100 μl of cultured mediumwas
detected using ELISA kits (BOSTER, Wuhan, China). After BV2
cells or primary microglia were treated in the same manner as the
ELISA method, the NO concentration was measured using the
Griess method with an NO assay kit (Beyotime Biotechnology,
Shanghai, China) according to the manufacturer’s instructions.

Quantitative real-time PCR
BV2 cells were plated into 24-well plates and then treated with CA,
QX77, or siRNAs against LAMP2A, followed by LPS treatment for
12 hours. Next, total RNAwas extracted using a TRIzol commercial
kit (Invitrogen) according to the protocol described previously (35).
Then, RNA was reverse-transcribed into cDNA with Hiscript II Q
RT SuperMix (Vazyme Biotech, Nanjing, China). Real-time quan-
titative polymerase chain reaction (PCR) was performed using the
SYBR Green PCR Master Mix (Vazyme Biotech) on an ABI 7500
PCR instrument (Applied Biosystems). The sequences of PCR
primers were as follows: mouse β-actin sense: 50-GACCTGACTG
ACTACCTC-30 and 50-GACAGCGAGGCCAGGATG-30; mouse
iNOS sense: 50-TCCCAGCCTGCCCCTTCAAT-30 and 50-CGGAT
CTCTCTCCTCCTGGG-30; mouse COX-2 sense: 50-CAGGCTGA
ACTTCGAAACA-30 and 50-GCTCACGAGGCCACT
GATACCTA-30; mouse IL-6 sense: 50-GCTATGAAGTTCCTCTC
TGC-30 and 50-CTAGGTTTGCCGAGTAGATC-30; mouse IL-1β
sense: 50-TGGCAACTGTTCCTG-30 and 50-GGAAGCAGCCCTT
CATCTTT-30; mouse LAMP2A sense: 50-GCAGTGCAGATGAA
GACAAC-30 and 50-AGTATGATGGCGCTTGAGAC-30; mouse
LAMP2B sense: 50-GGTGCTGGTCTTTCAGGCTTGATT-30 and
50-ACCACCCAATCTAAGAGCAGGACT-30; mouse LAMP2C
sense: 50-ATGTGCTGCTGACTCTGACCTCAA-30 and 50-TGGA
AGCACGAGACTGGCTTGATT-30; mouse NLRP3 sense:
50-ATTACCCGCCCGAGAAAGG-30 and 50-TCGCAGCAAAGAT
CCACACAG-30; mouse IL-18 sense: 50-GACTCTTGCGTCAACTT
CAAGG-30 and 50-CAGGCTGTCTTTTGTCAACGA-30; mouse
p300 sense: 50-TTCAGCCAAGCGGCCTAAA-30 and 50-CGCCAC
CATTGGTTAGTCCC-30; and mouse HSC70 sense: 50-TCTCGG
CACCACCTACTCC-30 and 50-CTACGCCCGATCAGACGTTT-

30. The relative mRNA levels of these genes to β-actin were calculat-
ed using the 2−ΔΔCT method.

Immunoblot analysis and antibodies
BV2 cells or primary microglia were plated into 24-well plates and
then treated with CA, QX77, or siRNAs against LAMP2A, followed
by LPS treatment for 16 hours. Next, the cells were lysed in cell lysis
buffer [0.5% deoxycholate, 1% NP-40, 50 mM tris-HCl (pH 7.5),
150 mM NaCl, and protease inhibitor cocktail (Roche)]. The isolat-
ed brain samples were first homogenized by a PRO200 homogenizer
and then lysed in cell lysis buffer. Approximately 20 μg of each
protein sample was separated by SDS–polyacrylamide gel electro-
phoresis and then transferred onto polyvinylidene difluoride mem-
branes (EMD Millipore). Immunoblot analyses were performed
with the following primary antibodies: anti-LAMP2A (51-2200)
(Thermo Fisher Scientific, Waltham, MA, USA); anti-KAT3B/
p300 (ab259330), anti–COX-2 (ab15191), anti–histone 2B (H2B;
ab45695), anti-IκBα (ab32518), and anti–NF-κB p65 (acetyl
K310) (ab19870) (Abcam, Cambridge, MA, USA); anti-iNOS
(13120S), anti–NF-κB/p65 (8242S), anti–phospho–NF-κB p65
(Ser536) (3033S), anti-SAPK/JNK (9252S), anti–phospho-SAPK/
JNK (Thr183/185) (4668S), anti–cleaved caspase-3 (9661S), and
anti–His-Tag (12698S) (Cell Signaling Technology, Danvers, MA,
USA); anti–phospho-Erk1/2 (sc-101760), anti-ERK1 (sc-271269),
anti-p38 (sc-81621), anti–phospho-p38 (sc-166182), anti-HSC70
(sc-7298), anti–caspase-1 (sc-392736), and anti–β-actin (sc-8432)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti–glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (CB1001) and anti-
GFAP (MAB360) (Millipore, Billerica, MA, USA); anti-NLRP3
(19771-1-AP) (Proteintech, Wuhan, China); and anti-IBA1 (019-
19741) (Wako Chemicals, Tokyo, Japan). The membranes were in-
cubated with the indicated primary antibodies for at least 12 hours
and then incubated with goat anti-mouse or anti-rabbit immuno-
globulin G–horseradish peroxidase secondary antibodies (Thermo
Fisher Scientific, Waltham, MA, USA) for 2 hours. The proteins
were eventually visualized using an enhanced chemiluminescence
detection kit (Thermo Fisher Scientific).

Subcellular fractionation assay
BV2 cells were pretreated with CA for 12 hours, followed by LPS
treatment for 10 or 30 min. Then, the cells were lysed in fraction-
ation buffer containing 3mMCaCl2, 2 mMMgAc, 320mM sucrose,
0.1 mM EDTA, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride, and 0.5% NP-40 for 20 min on ice. After centrifugation for
15 min at 600g at 4°C, the supernatants were collected as the cyto-
plasmic fraction. The remaining pellets, which served as the nuclear
fraction, were washed twice using the fractionation buffer without
NP-40 and then lysed in the cell lysis buffer described in immuno-
blot. H2B served as a nuclear marker, and GAPDH served as a cy-
toplasmic marker.

Immunoprecipitation assay
293T cells were lysed in the cell lysis buffer used for immunoblot-
ting on ice, and, then, the cells were sonicated and centrifuged to
collect supernatants. The supernatants were incubated with His-
Tag Purification Resin (Beyotime Biotechnology) or Protein G
Agarose (Thermo Fisher Scientific) coupled with p300 antibody
(sc-48343) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) over-
night at 4°C. The protein complexes coupled to His-Tag
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Purification Resin or Protein G Agarose were washed three times
with lysis buffer. The immunoprecipitants and the input, which
was 10% of the total cell lysates, were analyzed using western
blotting.

Luciferase reporter gene assay
BV2 cells were transfected with the Cignal lentiviral NF-κB reporter
(QIAGEN, Hilden, Japan) for 24 hours, and, then, puromycin (2
μg/ml) was used to obtain a BV2 cell line stably expressing the
NF-κB reporter element. This cell line was pretreated with CA or
siRNAs against LAMP2A, followed by LPS stimulation for 16
hours. After LPS stimulation, the cells were collected to detect
NF-κB promoter activity with a luciferase assay kit (Promega,
Madison, WI, USA) according to the manufacturer ’s
recommendations.

Immunofluorescence staining
BV2 cells, 293T cells, SH-SY5Y cells, primary neurons, or primary
microglia were fixed with 4% paraformaldehyde (PFA) for 10 min
and permeabilized with 0.1% Triton X-100 for another 10 min.
After washing three times with PBS, 2% FBS in PBS was used to
block the cells for 10 min. Next, the cells were incubated with
anti–NF-κB/p65 (8242S), anti-ASC (67824S), and anti–cleaved
caspase-3 (9661S) (Cell Signaling Technology, Danvers, MA,
USA), or anti-p300 (sc-48343), anti-MAP2 (sc-20172) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), or anti-HSC70
(ab51052), and anti-LAMP2A (ab18528) (Abcam, Cambridge,
MA, USA) at 4°C overnight, followed by incubation with Alexa
Fluor secondary antibodies (Thermo Fisher Scientific, Waltham,
MA, USA) for 2 hours at room temperature. Subsequently, the
cells were stained with 40,6-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich) for 5 min and then washed three times with PBS.
Last, the cells were observed with a confocal microscope system
(Nikon, Tokyo, Japan).

CM assays
The procedure of CM assays has been previously described (35).
Briefly, BV2 cells or primary microglia were pretreated with or
without CA for 12 hours, followed by PBS or LPS for 6 hours.
The cells were washed twice and cultured with fresh culture
medium for 24 hours. After treatments, the CM from BV2 cells
or primary microglia were collected to culture SH-SY5Y cells or
primary cortical neurons for 24 hours for further assays.

PI staining assay
SH-SY5Y cells were cultured with microglial CM for 24 hours.
Then, the cells were incubated with Hoechst 33342 (Sigma-
Aldrich, St. Louis, MO, USA) and PI (Sigma-Aldrich, St. Louis,
MO, USA) for 5 min. Then, the cells were observed with an inverted
IX71 microscope system (Olympus, Tokyo, Japan).

Immunohistochemistry
After the treatments with CA and LPS described above, the mice
were anesthetized with pentobarbital sodium (40 mg/ml) and
then perfused with 40 ml of PBS, followed by 20 ml of 4% PFA in
0.1 M PBS (pH 7.4). Next, the brains were removed and postfixed in
the same fixation agent at 4°C for 3 days. After fixation, the brains
were treated with 30% sucrose at 4°C for another 3 days. A freezing
microtome (Leica CM1950, Leica Biosystems, Nussloch, DEU) was

used to cut the brains into 20-μm-thick slices. Immunocytochem-
istry staining was performed with primary antibodies: anti-TH
(25648S) (Cell Signaling Technology, Danvers, MA, USA), anti-
IBA1 (019-19741) (Wako Chemicals, Tokyo, Japan), and anti-
GFAP (MAB360) (Millipore, Billerica, MA, USA) at 4°C overnight.
Then, the slices were incubated with Alexa Fluor secondary anti-
bodies for 2 hours at room temperature. Last, after incubation
with DAPI, all slices were observed with an inverted IX71 micro-
scope system (Olympus, Tokyo, Japan).

Statistical analysis
The quantification analysis of immunoblots was performed using
Photoshop 7.0 (Adobe, San Jose, CA, USA). GraphPad Prism 7.00
(GraphPad Software, version X; La Jolla, CA, USA) was used for
statistical analysis and graphing. Significant differences were evalu-
ated using unpaired t test, one-way or two-way analysis of variance
(ANOVA) followed by Dunnett’s or Tukey’s multiple comparisons
test. The criterion of significance was set at P < 0.05. *P < 0.05, **P <
0.01, and ***P < 0.001; ns indicates no significant difference. The
values are shown as the means ± SD.

Supplementary Materials
This PDF file includes:
Figs. S1 to S5
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