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ABSTRACT
Circular RNAs are a subclass of noncoding RNAs in mammalian cells; however, whether these RNAs are
involved in the regulation of astrocyte activation is largely unknown. Here, we have shown that the
circular RNA HIPK2 (circHIPK2) functions as an endogenous microRNA-124 (MIR124–2HG) sponge to
sequester MIR124–2HG and inhibit its activity, resulting in increased sigma non-opioid intracellular
receptor 1 (SIGMAR1/OPRS1) expression. Knockdown of circHIPK2 expression significantly inhibited
astrocyte activation via the regulation of autophagy and endoplasmic reticulum (ER) stress through the
targeting of MIR124–2HG and SIGMAR1. These findings were confirmed in vivo in mouse models, as
microinjection of a circHIPK2 siRNA lentivirus into mouse hippocampi inhibited astrocyte activation
induced by methamphetamine or lipopolysaccharide (LPS). These findings provide novel insights
regarding the specific contribution of circHIPK2 to astrocyte activation in the context of drug abuse as well
as for the treatment of a broad range of neuroinflammatory disorders.
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Introduction

Astrocytes, the most abundant cell type in the central nervous
system (CNS), play critical roles in regulating and maintaining
CNS homeostasis in normal physiological situations.1,2 In path-
ological conditions, astrocytes become activated and are char-
acterized by abnormal morphology with reactive astrogliosis.3-7

Astrocyte activation plays a detrimental role in various neuro-
logical pathologies, including stroke,8 Parkinson disease,9,10

Alzheimer disease,11,12 and drug abuse.13 With respect to drug
abuse, methamphetamine abuse is a major social and health
concern. Astrocyte activation is associated with neuronal dam-
age,14,15 as there is a close relationship between methamphet-
amine-induced degeneration of dopaminergic neurons in the
striatum and concomitant reactive astrogliosis. Methamphet-
amine-induced neurotoxicity is associated with astrocyte acti-
vation in the striata of methamphetamine-treated mice and
rats in vivo,16,17 and in vitro.18,19 Moreover, astrocyte activation
contributes to the leakage of the blood-brain barrier (BBB) and
facilitates the entry of molecules and immune cells into the
CNS.20 A detrimental role for astrocyte activation in the BBB
damage is supported by a study showing that vascular endothe-
lial growth factor from astrocytes increased the vascular perme-
ability and CNS damage in acute inflammatory lesions.21

Together, evidence demonstrates that astrocyte activation plays
a critical role in the recruitment of infiltrating immune cells
into the CNS, with subsequent neuroinflammatory cascades
resulting in brain tissue injury.

Methamphetamine is known to exhibit moderate affinity for
SIGMAR1/OPRS1 (sigma non-opioid intracellular receptor 1),
which is a unique drug-binding protein present in the CNS and
periphery.22,23 Our previous study demonstrated that metham-
phetamine-mediated astrocyte activation involves the upregula-
tion of SIGMAR1 expression through a positive feedback
mechanism.13 Interestingly, our current study revealed that
both methamphetamine and lipopolysaccharide (LPS) induce
astrocyte activation via regulation of SIGMAR1 expression,
suggesting that SIGMAR1 is a critical player in astrocyte activa-
tion. Although SIGMAR1 plays a crucial role in astrocyte acti-
vation, regulation of its expression by noncoding RNAs in
astrocytes has not yet been explored. Computational algo-
rithms, such as TargetScan, have been used to identify micro-
RNAs (miRNAs) that target evolutionarily conserved
sequences in the SIGMAR1-associated gene microRNA-124
(MIR124–2HG, the acronym formatting for humans is
MIR124–2HG and for mice is Mir124–2hg, but we henceforth
will use MIR124–2HG in both cases for the sake of simplicity),
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which is conserved among vertebrates and has been predicted
to target SIGMAR1. It is the most abundant brain-specific miR
that regulates neuronal differentiation during CNS develop-
ment and adult neurogenesis.24-27 MIR124–2HG promotes
microglial quiescence and suppresses experimental autoim-
mune encephalomyelitis by deactivating macrophages via the
CEBPA/C/EBP-a-SPI1/PU.1 pathway.28 Furthermore, a recent
study indicated that MIR124–2HG inhibits microglial activa-
tion after focal cerebral ischemia.29 However, whether
MIR124–2HG regulates SIGMAR1 expression and astrocyte
activation remains to be elucidated.

Genome-wide bioinformatic analysis revealed that the circu-
lar RNA (circRNA) HIPK2 (circHIPK2, the formatting for
humans is circHIPK2 and for mice is circHipk2, but we hence-
forth will use cirkHIPK2 in both cases for the sake of simplic-
ity), derived from exon 2 of the HIPK2 gene, acts as a sponge
for MIR124–2HG. CircRNAs, generated from back-spliced
exons, have recently been identified as a naturally occurring
family of noncoding RNAs that is highly represented in the
eukaryotic transcriptome.30 These endogenous RNAs are char-
acterized by a stable structure and high tissue-specific expres-
sion.31 circRNAs are highly homologous to but generally more
stable than their linear counterparts because they lack accessi-
ble ends and thus are resistant to exonucleases.31 While most of
the circular RNAs reported so far have been exonic circular
RNAs, a class of intron-containing exonic circRNAs is found
predominantly in the nucleus,32 where they promote transcrip-
tion of their parental genes. Several classes of noncoding RNAs
have been shown to be involved in the regulation of physiologi-
cal and pathophysiological processes including development
and heart senescence, hypertrophy and failure, as well as cell
growth.33-37 However, whether circHIPK2 is involved in astro-
cyte activation remains largely unknown, and more extensive
study is required.

In this study, we show that circHIPK2 directly binds to
MIR124–2HG and acts as an endogenous sponge for MIR124–
2HG to inhibit its activity. Knockdown of circHIPK2 expression
significantly inhibited astrocyte activation via the regulation of
autophagy and endoplasmic reticulum (ER) stress through the
targeting of MIR124–2HG. These findings provide the first evi-
dence that the circHIPK2-MIR124–2HG axis mediates a regula-
tory pathway critical for the regulation of astrocyte activation.
Thus, specific blockage of circHIPK2 could be a potential thera-
peutic target for inhibition of astrocyte activation in the context
of drug abuse as well as the treatment of a broad range of neu-
roinflammatory disorders.

Results

MIR124–2HG participates in the regulation of SIGMAR1

Our previous study indicated that SIGMAR1 upregulation is
involved in methamphetamine-induced astrocyte activation.
Interestingly, in the current study, we also demonstrated that
LPS induced astrocyte activation via SIGMAR1. Treatment of
astrocytes with LPS (100 ng/ml) significantly increased the
expression of the astrocyte marker glial fibrillary acidic protein
(GFAP) (Fig. S1A), with concomitant upregulation of SIG-
MAR1 expression (Fig. S1B). These findings were further

confirmed in an in vivo experiment showing that LPS treatment
increased the expression of both GFAP and SIGMAR1 in wild-
type (WT) mice and that the expression of these proteins was
significantly inhibited in sigmar1 knockout (KO) mice (Fig.
S1C).

Given that SIGMAR1 plays a critical role in astrocyte activa-
tion, we examined the mechanisms underlying SIGMAR1
expression. MiRNAs are a class of small noncoding RNAs that
act as negative regulators of gene expression. To determine
whether SIGMAR1 is regulated by miRs, we first predicted the
presence of a consensus-binding site of MIR124–2HG in the 30-
untranslated region (30-UTR) of SIGMAR1 (the gene encoding
SIGMAR1) using the TargetScan algorithm. As shown in
Fig. 1A, SIGMAR1 has a conserved MIR124–2HG binding site
within its 30-UTR in most species. Intriguingly, cotransfection
of a MIR124–2HG-overexpressing vector and pmiR-GLO plas-
mid with the SIGMAR1 WT 30-UTR resulted in the downregu-
lation of luciferase activity, and this effect was reversed in
HEK293T cells transfected with a mutated SIGMAR1 30-UTR
(Fig. 1B and Table 1A). Next, we aimed to determine whether
methamphetamine mediates its effects via the induction of
MIR124–2HG and to assess the kinetics of the methamphet-
amine response. Methamphetamine treatment of the human
astrocyte cell line A172 and primary mouse astrocytes resulted
in decreased MIR124–2HG expression (Fig. 1C and D). Inter-
estingly and as expected, the methamphetamine-induced mod-
ulation of MIR124–2HG was inversely correlated with
SIGMAR1 expression (Fig. 1E and F). In line with this finding,
MIR124–2HG decreased SIGMAR1 expression, whereas Anti-
MIR124–2HG increased its expression in both A172 cells
(Fig. 1G) and primary mouse astrocytes (Fig. 1H) at the mRNA
level. This finding was further confirmed at the protein level
(Fig. 1 I and J).

MIR124–2HG inhibits astrocyte activation by targeting
SIGMAR1 in vitro

Having determined that MIR124–2HG regulates SIGMAR1
expression, we next examined the role of this miRNA in astro-
cyte activation. Cells were transduced with a lentivirus express-
ing a MIR124–2HG precursor, and GFAP expression was
assessed. Transduction of cells with the MIR124–2HG precur-
sor-expressing lentivirus resulted in significant inhibition of
methamphetamine-induced astrocyte activation, as indicated
by the GFAP expression levels in both A172 cells (Fig. 2A) and
primary mouse astrocytes (Fig. 2B). Next, to determine whether
the MIR124–2HG-mediated functional effects were specifically
dependent on the upregulation of SIGMAR1 expression, A172
cells were cotransduced with lentiviral vectors expressing Anti-
MIR124–2HG and SIGMAR1 siRNA. Transduction of cells
with the Anti-MIR124–2HG lentivirus enhanced GFAP expres-
sion, and this effect was significantly inhibited in cells cotrans-
duced with the lentiviral vectors expressing Anti-MIR124–2HG
and SIGMAR1 siRNA (Fig. 2C). Moreover, transduction of cells
with the Anti-MIR124–2HG lentivirus resulted in enhanced
GFAP expression (Fig. 2D), and this effect was inhibited in pri-
mary mouse astrocytes isolated from sigmar1 KO mice. These
rescue experiments were further confirmed in astrocytes treated
with methamphetamine (Fig. S2A and B).
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MIR124–2HG inhibits astrocyte activation by targeting
SIGMAR1 in vivo

Next, to determine whether the Anti-MIR124–2HG-mediated
functional effects specifically depend on the upregulation of
SIGMAR1 expression, the hippocampi of WT and sigmar1 KO
mice were microinjected bilaterally with either an Anti-MIR
control-RFP lentivirus or an Anti-MIR124–2HG-RFP lentivirus.
It was important to first determine the efficacy of Anti-
MIR124–2HG-RFP lentivirus transduction in vivo. As shown in
Fig. 3A, Anti-MIR control-RFP-LV (lentivirus) or Anti-MIR
control-LV-RFP or Anti-MIR124–2HG-LV-RFP expression
was largely restricted to the hippocampus. As expected,
increased SIGMAR1 expression was observed on the Anti-
MIR124–2HG-RFP-injected side compared with the Anti-MIR
control-LV-RFP-injected side (Fig. 3B and C). Moreover, as
shown in Fig. 3D and E, the Anti-MIR124–2HG lentivirus
induced astrocyte activation, as indicated by the GFAP expres-
sion levels, in WT mice, and this effect was inhibited in the sig-
mar1 KO mice injected with the lentiviral vector expressing
Anti-MIR124–2HG. These findings thus support a role for
MIR124–2HG in the regulation of methamphetamine-mediated
astrocyte activation through the targeting of SIGMAR1 in vivo.
These results were further confirmed by immunostaining for
GFAP, as shown in Fig. 3F and G. In WT mice, the Anti-
MIR124–2HG lentivirus resulted in astrocyte activation in the
hippocampus, as demonstrated by a significant increase in the
relative integrated optical density (IOD) of GFAP immunoreac-
tivity in astrocytes. However, these effects were inhibited in the
sigmar1 KO mice.

circHIPK2 binds MIR124–2HG

Having determined the role of MIR124–2HG-SIGMAR1 axis in
the astrocyte activation, we next get insight into the mecha-
nisms of MIR124–2HG regulation. Since circRNAs act as com-
peting endogenous RNA (ceRNA) sponges to interact with
miRs and influence their activity, we sought to examine which
circRNA can bind MIR124–2HG. Using a bioinformatics pro-
gram, RNAhybrid (http://bibiserv.techfak.uni-bielefeld.de/rna
hybrid), we found that circHIPK2 contains one MIR124–2HG
target site (Fig. 4A). Consistent with the prediction, circHIPK2
was expressed in primary mouse astrocytes as determined by in

Figure 1. MIR124–2HG regulates SIGMAR1 expression at the post-transcriptional
level in astrocytes. (A) Putative MIR124–2HG binding sites in the 30-UTR of SIGMAR1
and Sigmar1. The potential complementary residues are shown in red. (B) Relative
luciferase activity of wild-type and 30-UTR mutant constructs of SIGMAR1 cotrans-
fected with a MIR124–2HG overexpression vector and pmiR-GLO plasmid. All data are
presented as the means§ SD of 3 individual experiments. �P< 0.05 vs. the MIR con-
trol cotransfected with the WT construct by one-way ANOVA, followed by the Holm-
Sidak test. (C and D) Effect of methamphetamine on MIR124–2HG expression at the
mRNA level in A172 cells (C) and primary mouse astrocytes (D) as determined by
real-time PCR. Cells were incubated with methamphetamine (100 mM) for 12 h and
24 h, followed by isolation of RNA for measurement of MIR124–2HG expression. All
data are presented as the means§ SD of 3 independent experiments. �P< 0.05 and
��P < 0.01 vs. the control group by the Student t test. (E and F) Effect of metham-
phetamine on SIGMAR1 expression in A172 cells (E) and primary mouse astrocytes (F)
as determined by western blotting. Cells were incubated with methamphetamine
(100 mM) for 12 h and 24 h, followed by measurement of SIGMAR1 expression. Densi-
tometric data of SIGMAR1 expression using ImageJ are presented as the means§ SD
of 3 independent experiments. �P< 0.05 and ��P< 0.01 vs. the control group by the
Student t test. (G and H) Cells were transduced with the MIR control or MIR124–2HG
and Anti-MIR control or Anti-MIR124–2HG lentivirus for 24 h, and the mRNA expres-
sion of SIGMAR1 was then measured by real-time PCR in A172 cells (G) and primary
mouse astrocytes (H). (I and J) Cells were transduced with MIR control orMIR124–2HG
and Anti-MIR control or Anti-MIR124–2HG lentivirus for 24 h, followed by measure-
ment of SIGMAR1 expression in A172 cells (I) and primary mouse astrocytes (J). Densi-
tometric analysis of SIGMAR1 expression using ImageJ is presented. All data are
presented as the means § SD of 3 independent experiments. �P < 0.05, ��P < 0.01
and ���P < 0.001 vs. the Mir control or Anti-MIR control group by the Student t test.
Meth, methamphetamine; AS, primary mouse astrocytes.

Table 1. Succinct description of mutated or modified molecules.

Original molecules
Mutated or modified

molecules Succinct descriptions

A. pmiR-RB-SIGMAR1
30-UTR vector

pmiR-RB-SIGMAR1
30-UTR mutant
vector

A vector containing mutated
SIGMAR1 30-UTR that does not
target MIR124–2HG

B. circHIPK2 probe biotin-labeled
circHIPK2 probe

A single strand DNA probe
capable of combining
circHIPK2

C. MIR124–2HG 30-end biotinylated
MIR124–2HG

A 30-end biotinylated microRNA
mimic

D. MIR124–2HG MIR124–2HGD A mutated sequence that does
not target the 30-UTR of
SIGMAR1

E. MIR124–2HG probe digoxigenin-labeled
MIR124–2HG
probe

A single strand DNA probe
capable of combining
MIR124–2HG
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situ hybridization analysis using a circHIPK2-specific probe
(Fig. 4B and Table. 1B). We then assessed whether circHIPK2 is
involved in astrocyte activation induced by different stimuli by
qRT-PCR using divergent primers (Fig. 4C). Treatment of
astrocytes with methamphetamine significantly increased
circHIPK2 expression in both A172 cells and primary mouse
astrocytes (Fig. 4D). Furthermore, we applied a biotin-coupled
MIR124–2HG mimic (Table 1C) to test whether MIR124–2HG
was able to pull down circHIPK2. We observed enrichment of
circHIPK2 in the MIR124–2HG-captured fraction compared
with that observed following the introduction of mutations that
disrupt base paring between circHIPK2 and MIR124–2HG

(Fig. 4E). Furthermore, double in situ hybridization indicated
that there was colocalization of circHIPK2 and MIR124–2HG
in primary mouse astrocytes (Fig. 4F).

Knockdown of circHIPK2 expression inhibits astrocyte
activation by targeting MIR124–2HG in vitro

To study the effects of circHIPK2 on SIGMAR1 expression
and astrocyte activation, astrocytes were transfected with
circHIPK2 siRNA. As shown in Fig. S3, circHIPK2 siRNA
caused a decrease in circHIPK2 expression compared with
the control siRNA, as determined by real-time PCR. We

Figure 2. MIR124–2HG inhibits astrocyte activation by targeting SIGMAR1 in vitro. (A and B) Transduction of cells with MIR124–2HG attenuated methamphetamine-
induced astrocyte activation in A172 cells (A) and primary mouse astrocytes (B), as determined by western blotting for GFAP expression. Cells were transduced with a
MIR124–2HG lentivirus for 24 h, treated with methamphetamine (100 mM) for 12 h followed by measurement of GFAP expression. AS, primary mouse astrocytes. Densito-
metric data of GFAP expression using ImageJ are presented as the means § SD of 3 independent experiments. �P < 0.05 and ��P < 0.01 vs. the MIR control group; ##P <
0.01 vs. the methamphetamine-treated MIR control group by one-way ANOVA, followed by the Holm-Sidak test. (C) Transfection of A172 cells with SIGMAR1 siRNA signifi-
cantly inhibited Anti-MIR124–2HG-induced astrocyte activation, as determined by western blotting. Densitometric data of GFAP expression using ImageJ are presented as
the means § SD of 3 independent experiments. �P<0.05 vs. the Anti-MIR control group; #P<0.05 vs. the Anti-MIR124–2HG cotransfected with siRNA control, by one-way
ANOVA, followed by the Holm-Sidak test. (D) Transduction of Anti-MIR124–2HG induced astrocyte activation in primary mouse astrocytes isolated from WT mice but not
in sigmar1 KO mice, as determined by western blotting. Densitometric data of GFAP expression using ImageJ are presented as the means § SD of 3 independent experi-
ments. �P < 0.05 vs. Anti-MIR control transfected into primary mouse astrocytes isolated from WT mice; ##P < 0.01 vs. Anti-MIR124–2HG transduced into primary mouse
astrocytes isolated from WT mice by one-way ANOVA, followed by the Holm-Sidak test. Meth, methamphetamine; AS, primary mouse astrocytes; MIR124, MIR124–2HG.
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further assessed the effect of circHIPK2 on methamphet-
amine-induced astrocyte activation. As shown in Fig. 5A,
transfection of cells with circHIPK2 siRNA significantly
inhibited methamphetamine-induced astrocyte activation,
as determined by western blotting (WB) for GFAP expres-
sion. We also examined the effect of circHIPK2 on SIG-
MAR1 expression. The results showed that knockdown of
circHIPK2 significantly inhibited the methamphetamine-
induced increase in SIGMAR1 expression. Notably, trans-
fection of cells with circHIPK2 siRNA resulted in
decreased SIGMAR1 expression (Fig. 5B). Next, to further
verify that MIR124–2HG is a mediator of circHIPK2, A172
astrocytes were cotransfected with Anti-MIR124–2HG and
circHIPK2. Knockdown of circHIPK2 attenuated the induc-
tive effects of Anti-MIR124–2HG on SIGMAR1 expression
(Fig. 5C) and astrocyte activation, as indicated by the
GFAP expression levels (Fig. 5D). To claim that these
individually observed effects of MIR124–2HG or circHIPK2
on astrocyte activation were induced by methamphet-
amine, these rescue experiments were performed under
methamphetamine treatment. Consistent with the findings,
knockdown of circHIPK2 significantly inhibited the expres-
sion of SIGMAR1 and activation of astrocytes induced by
Anti-MIR124–2HG in primary mouse astrocytes treated
with methamphetamine as shown in Fig. S4A and B. These
results indicate that circHIPK2 acts as an endogenous
MIR124–2HG sponge to regulate SIGMAR1 expression and
astrocyte activation.

Knockdown of circHIPK2 expression inhibits astrocyte
activation in vivo

Having demonstrated that circHIPK2, involved in regulating
SIGMAR1 expression, plays a critical role in astrocyte activa-
tion, we sought to validate the role of circHIPK2 in vivo by
microinjecting a circHIPK2 siRNA lentivirus into the hippo-
campi of C57BL/6 mice. The hippocampi of C57BL/6 mice
were microinjected bilaterally with either a circ siRNA con-
trol-GFP lentivirus or a circHIPK2 siRNA-GFP lentivirus
and monitored for astrocyte activation in response to meth-
amphetamine. However, it was important to first determine
the efficacy of circHIPK2 siRNA-GFP lentivirus transduction
in vivo. As shown in Fig. 6A, GFP expression was largely
restricted to the hippocampus. As expected, decreased circH-
IPK2 expression was observed on the circHIPK2 siRNA-
injected side compared with the circ siRNA control-GFP
lentivirus-injected side (Fig. 6B). Two wk after the adminis-
tration of the lentivirus, the mice were treated with metham-
phetamine (30 mg/kg), and GFAP expression in the
hippocampus was assessed. As shown in Fig. 6C and D,
methamphetamine treatment increased GFAP and SIGMAR1
expression compared with saline treatment, and these effects
were significantly attenuated by circHIPK2 siRNA microin-
jection. Similar to the methamphetamine treatment, circH-
IPK2 siRNA microinjection also significantly inhibited the
LPS-induced increase in GFAP expression, as shown in
Fig. 6E and F. These results were further confirmed by
immunostaining (Fig. 6G and H).

Figure 3. MIR124–2HG inhibits astrocyte activation by targeting SIGMAR1 in vitro.
(A) Representative images of C57BL/6 mice microinjected with either Anti-MIR con-
trol-RFP or Anti-MIR124–2HG-RFP lentivirus into the hippocampus. Scale bar:
20 mm. The hippocampi of mice were microinjected bilaterally with an Anti-MIR-
RFP lentivirus (2 ml of 109 viral genomes ml¡1); the mice were killed 2 weeks after
microinjection, and RFP expression was measured. (B and C) Anti-MIR124–2HG len-
tivirus injection successfully increased SIGMAR1 expression, as determined by
western blotting. Two wk after microinjection, the mice were killed, and SIGMAR1
expression was measured (B). Densitometric analysis of SIGMAR1 expression using
ImageJ (C). (D and E) GFAP expression in the hippocampus was determined in WT
and sigmar1 KO mice. WT and sigmar1 KO mice were microinjected with either an
Anti-MIR control-RFP or Anti-MIR124–2HG-RFP lentivirus. Two wk after microinjec-
tion, the mice were killed, and GFAP expression was determined by western
blotting (D). Densitometric analysis of GFAP expression using ImageJ (E). N D 6
animals/group. ��P < 0.01 vs. the Anti-MIR control-microinjected WT group; and
###P < 0.001 vs. the Anti-MIR124–2HG-RFP-microinjected WT group by one-way
ANOVA, followed by the Holm-Sidak test. (F) Representative images of GFAP
immunostaining in the hippocampi of the mice, as described above. Scale bars:
50 mm (upper panel), 50 mm (middle panel) and 20 mm (lower panel). The bottom
panels depict outlines of portions of the astrocytes from the corresponding images
above. (G) Quantification of GFAP immunofluorescence intensity using ImageJ soft-
ware. IOD, integrated optical density. ND 6 animals/group. ��P< 0.01 vs. the Anti-
MIR control-microinjected WT group; #P<0.05 vs. the Anti-MIR124–2HG-RFP-micro-
injected WT group by one-way ANOVA, followed by the Holm-Sidak test.
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Knockdown of circHIPK2 expression inhibits astrocyte
autophagy by targeting MIR124–2HG

Having determined that circHIPK2 is involved in methamphet-
amine-induced astrocyte activation, we next assessed the
underlying mechanisms. First, we examined the effect of meth-
amphetamine on MAP1LC3B/LC3B-II expression in astrocytes.
As shown in Fig. 7A, methamphetamine treatment of A172
cells increased the expression of ATG5 and BECN1/Beclin 1
and induced the production of MAP1LC3B-II, which is a
cleaved MAP1LC3B-phosphatidylethanolamine conjugate and
a general autophagosomal marker.38 These findings were fur-
ther confirmed in primary mouse astrocytes (Fig. 7B). During
the process of autophagy, SQSTM1/p62 acts as a receptor pro-
tein that links MAP1LC3B with ubiquitin moieties on mis-
folded proteins. Therefore, autophagy mediates the clearance
of SQSTM1 along with ubiquitinated proteins. Consistently,
SQSTM1 expression was downregulated by methamphetamine
treatment in both A172 cells (Fig. 7A) and primary mouse

astrocytes (Fig. 7B). This effect was also confirmed by immuno-
fluorescence staining, which showed that methamphetamine
treatment resulted in an increased number of vacuoles, as indi-
cated by the endogenous MAP1LC3B-II expression levels
(Fig. 7C).

Autophagy is a dynamic process of protein degradation
characterized by the formation of double-membraned cyto-
plasmic vesicles.39 Structural analysis via electron micros-
copy allows for the visualization of autophagy, characterized
by the massive accumulation of autophagic vacuoles (auto-
phagosomes) and autolysosomes in the cytoplasm. As
shown in Fig. 7D, methamphetamine treatment resulted in
the accumulation of numerous autolysosomes (arrow) and
double-membraned autophagic vacuoles (arrowhead) in
A172 cells.

Autophagic flux was further monitored in A172 astrocytes
that were transduced with a tandem fluorescent-mRFP-GFP-
MAP1LC3B-adenovirus, a specific marker of autophagosome
formation that relies on the differences in GFP and RFP

Figure 4. circHIPK2 binds MIR124–2HG. (A) circHIPK2 contains one site complementary to MIR124–2HG, as analyzed using the RNAhybrid bioinformatics program (upper
panel). A biotin-coupled MIR124–2HG mutant is shown in the lower panel. (B) Fluorescence in situ hybridization of circHIPK2 in primary mouse astrocytes. Green, circHIPK2;
Blue, DAPI. Scale bars: 5 mm. (C) Divergent primers amplified circRNAs in cDNA but not in genomic DNA (gDNA). GAPDH, linear control. (D) Methamphetamine increased
the circHIPK2 levels in A172 cells (left panel) and primary mouse astrocytes (right panel), as determined by real-time PCR. All data are presented as the means § SD of 3
independent experiments. �P < 0.05, ��P < 0.01 and ���P < 0.001 vs. the control group by the Student t test. (E) Biotinylated WT MIR124–2HG (Bio-MIR124–2HG WT) or
its mutant (Bio-MIR124–2HGD) was transfected into HEK293T cells. After streptavidin capture, the circHIPK2 and GAPDH mRNA levels were quantified by real-time PCR,
and the relative immunoprecipitate (IP)/input ratios were plotted. All data are presented as the mean § SD of 3 independent experiments. ���P < 0.001 vs. the Bio-124-
WT group by the Student t test. (F) Fluorescence in situ hybridization of circHIPK2 and MIR124–2HG in primary mouse astrocytes. Green, circHIPK2; Red, MIR124–2HG; Blue,
DAPI. Scale bars: 5 mm. Arrows indicate the colocalization of circHIPK2 and MIR124–2HG. Meth, methamphetamine; AS, primary mouse astrocytes.
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fluorescence under acidic conditions. GFP fluorescence is
sensitive to the acidic conditions of the lysosome lumen,
while RFP is relatively stable under acidic conditions. Thus,
the colocalization of GFP and RFP signals (yellow dots) indi-
cates the lack of fusion of phagophores or autophagosomes
with lysosomes, whereas RFP-only signals (red puncta) indi-
cate the presence of autolysosomes. As shown in Fig. 7E,
methamphetamine treatment significantly increased the
number of yellow dots per cell, with a concomitant greater
increase in RFP-only MAP1LC3B dots in primary mouse
microglia transduced with tandem fluorescent-tagged nRFP-
GFP-MAP1LC3B.

Next, we elucidated the effect of circHIPK2 on astrocyte
autophagy. As shown in Fig. 8A, transfection of cells with
circHIPK2 siRNA significantly inhibited methamphetamine-
induced astrocyte autophagy, as determined by WB for
MAP1LC3B-II expression. Having determined that MIR124–

2HG regulates astrocyte activation, we next examined its role in
astrocyte autophagy. Transduction of cells with a MIR124–
2HG precursor-expressing lentivirus significantly inhibited
methamphetamine-induced astrocyte autophagy, as indicated
by the MAP1LC3B-II expression levels, in both A172 cells
(Fig. 8B) and primary mouse astrocytes (Fig. 8C). Next, to
determine whether the MIR124–2HG-mediated functional
effects are specifically dependent on the upregulation of SIG-
MAR1 expression, A172 cells were cotransduced with lentiviral
vectors expressing Anti-MIR124–2HG and SIGMAR1 siRNA.
Transduction of cells with the Anti-MIR124–2HG lentivirus
enhanced GFAP expression, and this effect was significantly
inhibited in cells cotransduced with the lentiviral vectors
expressing Anti-MIR124–2HG and SIGMAR1 siRNA (Fig. 8D).
Moreover, transduction of cells with the Anti-MIR124–2HG
lentivirus resulted in enhanced MAP1LC3B-II expression
(Fig. 8E), and this effect was inhibited in primary mouse

Figure 5. Knockdown of circHIPK2 expression inhibits astrocyte activation by targeting MIR124–2HG in vitro. (A) Transfection of cells with circHIPK2 siRNA attenuated
methamphetamine-induced astrocyte activation, as determined by western blotting for GFAP expression. Cells were transfected with circHIPK2 siRNA for 24 h and were
then treated with methamphetamine (100 mM) for 12 h, and GFAP expression was measured. (B) Transfection of cells with circHIPK2 siRNA attenuated the methamphet-
amine-induced increase in SIGMAR1 expression, as determined by western blotting. Densitometric data of GFAP and SIGMAR1 expression using ImageJ are presented as
the means § SD of 3 independent experiments. �P < 0.05 vs. the siRNA control group; #P < 0.05 and ##P<0.01 vs. the methamphetamine-treated siRNA control group
by one-way ANOVA, followed by the Holm-Sidak test. (C and D) Transduction of A172 cells with Anti-MIR124–2HG significantly inhibited circHIPK2 siRNA-induced SIGMAR1
expression (C) and astrocyte activation (D), as determined by western blotting. Densitometric data of GFAP and SIGMAR1 expression using ImageJ are presented as the
means § SD of 3 independent experiments. �P < 0.05 vs. the Anti-MIR control cotransduced with siRNA control; #P < 0.05 and ##P < 0.01 vs. the Anti-MIR124–2HG
cotransduced with siRNA control, by one-way ANOVA, followed by the Holm-Sidak test. Meth, methamphetamine.
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Figure 6. Knockdown of circHIPK2 expression inhibits astrocyte activation. (A) Representative images of hippocampi of C57BL/6 mice microinjected with circ siRNA-GFP
lentivirus. Scale bar: 100 mm. The hippocampi of mice were microinjected bilaterally with either circ siRNA control-GFP or circHIPK2 siRNA-GFP lentivirus (2 ml of 109 viral
genomes ml¡1); the mice were killed 2 wk after microinjection, and GFP expression was measured. (B) circHIPK2 siRNA lentivirus injection successfully decreased circHIPK2
expression, as determined by real-time PCR. Two wk after microinjection, the mice were killed, and circHIPK2 expression was measured. N D 6 animals/group. �P<0.05 vs.
the circ siRNA control group by the Student t test. (C and D) Microinjection of the circHIPK2 siRNA lentivirus into the hippocampus inhibited methamphetamine-induced
astrocyte activation (C). Densitometric data of GFAP and SIGMAR1 expression using ImageJ (D) are shown MIR124–2HG. (E and F) Microinjection of the circHIPK2 siRNA len-
tivirus into the hippocampus inhibited astrocyte activation induced by LPS (E). Densitometric data of GFAP and SIGMAR1 expression using ImageJ (F) are shown. (G) Rep-
resentative images of GFAP immunostaining in the hippocampi of mice treated with methamphetamine or LPS, as described above. Scale bars: 50 mm (upper panel),
50 mm (middle panel) and 20 mm (lower panel). The bottom panels depict outlines of segmented astrocytes from the corresponding images above. (H) Quantification of
GFAP immunofluorescence intensity using ImageJ software. IOD, integrated optical density. Two wk after microinjection, the mice were treated with methamphetamine
(i.p., 30 mg/kg) for 24 h or with LPS (i.p., 20 mg/kg) for 4 h. N D 6 animals/group. �P < 0.05, ��P < 0.01 and ���P < 0.001 vs. the saline-treated circ siRNA control group;
#P < 0.05 and ##P < 0.01 vs. the methamphetamine- or LPS-treated circ siRNA control group by one-way ANOVA, followed by the Holm-Sidak test. Meth,
methamphetamine.
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Figure 7. Methamphetamine induces astrocyte autophagy. (A and B) The expression of ATG5, BECN1, MAP1LC3B-II and SQSTM1 in A172 cells (A) and primary mouse
astrocytes (B) induced by methamphetamine. Cells were treated with methamphetamine (100 mM) for 0.25 h, 0.5 h, 1 h, 3 h, 6 h, 12 h and 24 h. Densitometric data of
ATG5, BECN1, MAP1LC3B-II and SQSTM1 expression using ImageJ are presented as the means § SD of 3 independent experiments. �P < 0.05 and ��P < 0.01 vs. the con-
trol group by the Student t test. (C) Effect of methamphetamine on the formation of MAP1LC3B puncta. Cells were treated with methamphetamine (100 mM) for another
12 h. MAP1LC3B puncta were then analyzed by confocal microscopy. Scale bar: 20 mm. All data are presented as the means § SD of 3 independent experiments. ���P <
0.001 vs. the control group by the Student t test. (D) Transmission electron microscopic imaging showing autolysosomes (arrows) and autophagosomes with double-
membraned autophagic vacuoles (arrowheads) in primary microglial cells (left panel) and quantification of autolysosomes and autophagosomes (right panel) in primary
microglial cells treated with methamphetamine (100 mM) for 12 h. Scale bar: 200 nm. (E) A172 cells were infected with an RFP-GFP-MAP1LC3B adenovirus and were then
treated with 100 mM methamphetamine for 12 h. Effects of methamphetamine on RFP- and GFP-MAP1LC3B puncta (left panel). Scale bar: 5 mm. The numbers of RFP-
and GFP-MAP1LC3B puncta per cell were counted, and the results are shown in the right panel. The numbers of puncta per cell are presented as the means § SD of 3
independent experiments. �P < 0.05 and ��P < 0.01 vs. the control group; ##P < 0.01 vs. the methamphetamine-treated group by one-way ANOVA, followed by the
Holm-Sidak test. Meth, methamphetamine; AS, primary mouse astrocytes.
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astrocytes isolated from sigmar1 KO mice. In addition, knock-
down of circHIPK2 expression significantly attenuated the
inductive effect of Anti-MIR124–2HG on astrocyte autophagy
(Fig. 8F). These rescue experiments were further confirmed in
astrocytes treated with methamphetamine as shown in
Fig. S5A-C. These results indicate that circHIPK2 acts as an
endogenous MIR124–2HG sponge to regulate astrocyte
autophagy.

Knockdown of circHIPK2 expression inhibits ER stress
in astrocytes by targeting MIR124–2HG

Having determined that circHIPK2 is involved in metham-
phetamine-induced astrocyte activation and autophagy, we
next investigated the role of circHIPK2 in ER stress in
astrocytes. First, we examined the effect of methamphet-
amine on ER stress in astrocytes. As shown in Fig. S6,
methamphetamine treatment of A172 astrocytes increased
the expression of EIF2AK3/PERK, EIF2S1/EIF-2a, DDIT3/
CHOP, ERN1/IRE1 and ATF6.

Next, we assessed the effect of circHIPK2 on ER stress in
astrocytes. As shown in Fig. 9A, transfection of astrocytes with
circHIPK2 siRNA significantly inhibited methamphetamine-
induced ER stress, as demonstrated by WB for DDIT3 expres-
sion. Having determined that MIR124–2HG regulates astrocyte
activation and autophagy, we next examined its role in ER
stress in astrocytes. Transduction of cells with a MIR124–2HG
precursor-expressing lentivirus significantly inhibited the
methamphetamine-induced ER stress associated with astrocyte
autophagy, as indicated by the DDIT3 expression levels, in
both A172 cells (Fig. 9B) and primary mouse astrocytes
(Fig. 9C). Next, to determine whether the MIR124–2HG-medi-
ated functional effects are specifically dependent on the upregu-
lation of SIGMAR1 expression, A172 cells were cotransduced
with lentiviral vectors expressing Anti-MIR124–2HG and SIG-
MAR1 siRNA. Transduction of cells with the Anti-MIR124–
2HG lentivirus enhanced DDIT3 expression, and this effect was
significantly inhibited in cells cotransduced with the lentiviral
vectors expressing Anti-MIR124–2HG and SIGMAR1 siRNA
(Fig. 9D). Moreover, transduction of cells with the Anti-
MIR124–2HG lentivirus resulted in enhanced DDIT3 expres-
sion (Fig. 9E), and this effect was inhibited in primary mouse
astrocytes isolated from sigmar1 KO mice. Next, we further
assessed whether MIR124–2HG is a mediator of circHIPK2.
A172 astrocytes were cotransfected with the Anti-MIR124–
2HG lentivirus and circHIPK2 siRNA, and DDIT3 expression
was measured. As shown in Fig. 9F, knockdown of circHIPK2
expression significantly counteracted the inductive effect of
Anti-MIR124–2HG on ER stress in astrocytes. These rescue
experiments were further confirmed in astrocytes treated with
methamphetamine, as shown in Fig. S7A to C. These results
indicate that circHIPK2 acts as an endogenous MIR124–2HG
sponge to regulate ER stress in astrocytes.

Distinct roles of autophagy and ER stress in
methamphetamine-induced astrocyte activation

Having determined that methamphetamine induces astrocyte
activation, we next sought to examine the roles of autophagy

Figure 8. Knockdown of circHIPK2 expression inhibits astrocyte autophagy by target-
ing MIR124–2HG. (A) Transfection of cells with circHIPK2 siRNA attenuated metham-
phetamine-induced astrocyte autophagy, as determined by western blotting for
MAP1LC3B-II expression. Cells were transfected with circHIPK2 siRNA for 24 h and were
then treated with methamphetamine (100 mM) for 12 h, followed by measurement of
MAP1LC3B-II expression. Densitometric data of MAP1LC3B-II expression using ImageJ
are presented as the means § SD of 3 independent experiments. ��P < 0.01 vs. the
siRNA control group; #P<0.05 vs. the methamphetamine-treated siRNA control group
by one-way ANOVA, followed by the Holm-Sidak test. (B and C) Transduction of cells
with MIR124–2HG attenuated methamphetamine-induced astrocyte autophagy in
A172 cells (B) and primary mouse astrocytes (C), as determined by western blotting for
MAP1LC3B-II expression. Densitometric data of MAP1LC3B-II expression using ImageJ
are presented as the means § SD of 3 independent experiments. �P < 0.05 and
��P < 0.01 vs. the MIR control group; #P < 0.05 vs. the methamphetamine-treated
MIR control group by one-way ANOVA, followed by the Holm-Sidak test. (D) Transfec-
tion of A172 cells with SIGMAR1 siRNA significantly inhibited Anti-MIR124–2HG-
induced astrocyte autophagy, as determined by western blotting. Densitometric data
of MAP1LC3B-II expression using ImageJ are presented as the means § SD of 3 inde-
pendent experiments. ��P < 0.01 vs. the Anti-MIR control group; ##P < 0.01 vs. the
Anti-MIR124–2HG cotransduced with siRNA control, by one-way ANOVA, followed by
the Holm-Sidak test. (E) Transduction of Anti-MIR124–2HG induced astrocyte activation
in primary mouse astrocytes isolated from WT mice but not in sigmar1 KO mice, as
determined by western blotting. Densitometric data of MAP1LC3B-II expression using
ImageJ are presented as the means § SD of 3 independent experiments. ��P <

0.01 vs. Anti-MIR control transduced into primary mouse astrocytes isolated from WT
mice; #P < 0.05 vs. Anti-MIR124–2HG transduced into primary mouse astrocytes iso-
lated from WT mice by one-way ANOVA, followed by the Holm-Sidak test. (F) Trans-
duction of A172 cells with Anti-MIR124–2HG significantly inhibited the circHIPK2
siRNA-induced increase in MAP1LC3B-II expression, as determined by western blotting.
Densitometric data of MAP1LC3B-II expression using ImageJ are presented as the
means § SD of 3 independent experiments. �P < 0.05 vs. Anti-MIR control cotrans-
duced with siRNA control; ##P<0.01 vs. the Anti-MIR124–2HG cotransduced with
siRNA control, by one-way ANOVA, followed by the Holm-Sidak test. Meth, metham-
phetamine; AS, primary mouse astrocytes.
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and ER stress in this process. Pretreatment of cells with an ER
stress inhibitor, salubrinal, significantly inhibited methamphet-
amine-induced astrocyte activation (Fig. 10A and B), suggest-
ing that ER stress enhances activation of these cells. Salubrinal
acts as a phosphatase inhibitor and increases EIF2S1 phosphor-
ylation, leading to a global decrease in translation and a subse-
quent reduction in ER stress. Moreover, both A172 cells and
primary mouse astrocytes were treated with an autophagy
inhibitor, 3-methyladenine (3-MA), which is a PtdIns3K inhib-
itor that prevents autophagy at an early stage of autophago-
some formation. As shown in Fig. 10C and D, pretreatment of
cells with 3-MA enhanced methamphetamine-induced GFAP
expression in both A172 astrocytes (Fig. 10C) and primary
mouse astrocytes (Fig. 10D). However, pretreatment of cells
with an autophagy inducer, rapamycin significantly lessened
methamphetamine-induced astrocyte activation in both A172
astrocytes (Fig. 10E) and primary mouse astrocytes (Fig. 10F).
This finding was further confirmed in vivo, as rapamycin pre-
treatment significantly inhibited activation of astrocytes
induced by methamphetamine, with concomitant enhancement
of autophagy (Fig. S8). These findings suggest that autophagy
inhibits astrocyte activation, while the inhibition of autophagy
results in enhanced astrocyte activation.

Interplay between autophagy and ER stress induced
by methamphetamine

Having determined that methamphetamine induces autophagy
and ER stress in astrocytes, further study was undertaken to
elucidate the role of ER stress in the autophagy induced by
methamphetamine using the ER stress inhibitor salubrinal. As
shown in Fig. 11A and B, pretreatment of cells with salubrinal
resulted in abrogation of the increased autophagy induced by
methamphetamine as evidenced by decreased expression of
MAP1LC3B-II, thereby confirming that ER stress response is
upstream of autophagy in methamphetamine-treated astro-
cytes. We next assessed the effect of autophagy on the ER stress
response. Pretreatment of cells with the autophagy inducer
rapamycin resulted in abrogation of the increased ER stress
induced by methamphetamine as evidenced by decreased
expression of DDIT3 in both A172 cells (Fig. 11C) and primary
mouse astrocytes (Fig. 11D). Consistent with this finding, pre-
treatment of cells with the autophagy inhibitor 3-MA further
enhanced the increased ER stress in both A172 cells (Fig. 11E)
and primary mouse astrocytes (Fig. 11F), suggesting an inter-
play between autophagy and the ER stress response in astro-
cytes induced by methamphetamine.

Discussion

Our study provides new insights into the function of circH-
IPK2, which was found to significantly inhibit astrocyte activa-
tion via the regulation of autophagy and ER stress via the
targeting of MIR124–2HG and subsequent targeting of
MIR124–2HG-SIGMAR1 (Fig. 12). These findings provide the
first evidence that the circHIPK2-MIR124–2HG axis mediates a
regulatory pathway critical for the regulation of astrocyte acti-
vation. Specific blockage of circHIPK2 could be envisioned as a
potential therapeutic target for the inhibition of astrocyte

Figure 9. Knockdown of circHIPK2 expression inhibits ER stress in astrocytes by tar-
geting MIR124–2HG. (A) Transfection of cells with circHIPK2 siRNA attenuated
methamphetamine-induced ER stress in astrocytes, as determined by western blot-
ting for DDIT3 expression. Densitometric data of DDIT3 expression using ImageJ
are presented as the means § SD of 3 independent experiments. �P < 0.05 vs. the
siRNA control group; and #P<0.05 vs. the methamphetamine-treated siRNA con-
trol group by one-way ANOVA, followed by the Holm-Sidak test. (B and C) Trans-
duction of cells with MIR124–2HG attenuated methamphetamine-induced ER
stress in A172 cells (B) and primary mouse astrocytes (C), as determined by western
blotting for DDIT3 expression. Densitometric data of DDIT3 expression using
ImageJ are presented as the means § SD of 3 independent experiments.
�P<0.0 vs. the MIR control group; #P < 0.05 and ##P < 0.01 vs. the methamphet-
amine-treated MIR control group by one-way ANOVA, followed by the Holm-Sidak
test. (D) Transfection of A172 cells with SIGMAR1 siRNA significantly inhibited Anti-
MIR124–2HG-induced ER stress in astrocytes, as determined by western blotting.
Densitometric data of DDIT3 expression using ImageJ are presented as the means
§ SD of 3 independent experiments. �P < 0.05 vs. Anti-MIR control cotransduced
with siRNA control; #P < 0.05 vs. Anti-MIR124–2HG cotransduced with siRNA con-
trol, by one-way ANOVA, followed by the Holm-Sidak test. (E) Transduction of Anti-
MIR124–2HG induced ER stress in primary mouse astrocytes isolated from WT mice
but not in sigmar1 KO mice, as determined by western blotting. Densitometric
data of DDIT3 expression using ImageJ are presented as the means§ SD of 3 inde-
pendent experiments. ��P < 0.01 vs. Anti-MIR control transduced into primary
mouse astrocytes isolated from WT mice; ###P<0.001 vs. Anti-MIR124–2HG trans-
duced into primary mouse astrocytes isolated from WT mice by one-way ANOVA,
followed by the Holm-Sidak test. (F) Transduction of A172 cells with Anti-MIR124–
2HG significantly inhibited the circHIPK2 siRNA-induced increase in DDIT3 expres-
sion, as determined by western blotting. Densitometric data of DDIT3 expression
using ImageJ are presented as the means § SD of 3 independent experiments.
�P < 0.05 vs. Anti-MIR control cotransduced with siRNA control; #P < 0.05 vs. Anti-
MIR124–2HG cotransduced with siRNA control, by one-way ANOVA, followed by
the Holm-Sidak test. Meth, methamphetamine; AS, primary mouse astrocytes.
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activation in the context of drug abuse as well as in the treat-
ment of a broad range of neuroinflammatory disorders.

Astrocyte activity may exacerbate inflammatory reactions
and neuronal tissue damage or promote immune suppression
and tissue repair depending on the timing and context.20 How-
ever, clinical and experimental findings have indicated that
astrocyte activation is critically involved in the pathogenesis of

neurotoxicity induced by methamphetamine,40 strongly sug-
gesting that the inflammatory status might critically determine
the outcome and prognosis of neuronal tissue injury. Strategies
aimed at mitigation of astrocyte activation have been shown to
have therapeutic potential in experimental models of neuroin-
flammation induced by methamphetamine. Thus, researchers
have recently focused on developing anti-inflammatory

Figure 10. Distinct roles of autophagy and ER stress in methamphetamine-
induced astrocyte activation. (A and B) Pretreatment of cells with an ER stress
inhibitor, salubrinal, significantly inhibited methamphetamine-induced astro-
cyte activation in A172 cells (A) and primary mouse astrocytes (B). Cells were
pretreated with salubrinal (20 mM) for 1 h and were then treated with meth-
amphetamine (100 mM) for 12 h. (C and D) Pretreatment of cells with an auto-
phagy inhibitor, 3-MA (3 mM), enhanced methamphetamine-induced astrocyte
activation in A172 cells (C) and primary mouse astrocytes (D). Cells were pre-
treated with 3-MA (3 mM) for 1 h and were then treated with methamphet-
amine (100 mM) for 3 h. (E and F) Pretreatment of cells with an autophagy
inducer, rapamycin, attenuated methamphetamine-induced astrocyte activa-
tion in A172 cells (E) and primary mouse astrocytes (F). Cells were pretreated
with rapamycin (0.1 mM) for 1 h and were then treated with methamphet-
amine (100 mM) for 12 h. All densitometric data of GFAP expression using
ImageJ are presented as the means § SD of 3 independent experiments. �P <

0.05 and ��P < 0.01 vs. the control group; #P < 0.05, ##P < 0.01 and ###P <

0.001 vs. the methamphetamine-treated group by one-way ANOVA, followed
by the Holm-Sidak test. Meth, methamphetamine; AS, primary mouse astro-
cytes; 3-MA, 3-methyladenine; Rapa, rapamycin.

Figure 11. Interplay between autophagy and ER stress induced by methamphet-
amine. (A and B) Pretreatment of cells with an ER stress inhibitor, salubrinal, signif-
icantly inhibited methamphetamine-induced astrocyte autophagy in A172 cells (A)
and primary mouse astrocytes (B). Cells were pretreated with salubrinal (20 mM)
for 1 h and were then treated with methamphetamine (100 mM) for 12 h. (C and
D) Pretreatment of cells with an autophagy inducer, rapamycin, attenuated meth-
amphetamine-induced astrocyte ER stress in A172 cells (C) and primary mouse
astrocytes (D). Cells were pretreated with rapamycin (0.1 mM) for 1 h and were
then treated with methamphetamine (100 mM) for 12 h. (E and F) Pretreatment of
cells with an autophagy inhibitor, 3-MA (3 mM), enhanced methamphetamine-
induced astrocyte ER stress in A172 cells (E) and primary mouse astrocytes (F). Cells
were pretreated with 3-MA (3 mM) for 1 h and were then treated with metham-
phetamine (100 mM) for 3 h. All densitometric data of MAP1LC3B-II and DDIT3
expression using ImageJ are presented as the means § SD of 3 independent
experiments. �P < 0.05 and ��P < 0.01 vs. the control group; #P < 0.05, ##P <

0.01 and ###P < 0.001 vs. the methamphetamine-treated group by one-way
ANOVA, followed by the Holm-Sidak test. Meth, methamphetamine; AS, primary
mouse astrocytes; 3-MA, 3-methyladenine; Rapa, rapamycin.
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strategies for the treatment of astrocyte activation induced by
methamphetamine. For example, our previous studies and
other studies indicate that inhibition of SIGMAR1 significantly
lessens astrocyte activation.17,41 In this study, we explored
molecular players with pivotal roles in astrocyte activation.

Accumulating evidence indicates that circRNAs are not sim-
ply the by-products of mis-splicing or splicing errors; in fact,
they have important functions in development and heart senes-
cence, hypertrophy and failure, as well as cell growth.33-36

Despite the biological importance of circRNAs, it has not yet
been clarified whether they are involved in the regulation of
astrocyte activation in the brain. Our present study revealed a
novel function of circHIPK2 in the regulation of astrocyte acti-
vation via the interplay between autophagy and ER stress. A
better understanding of the role of this circRNA in astrocyte
activation may facilitate the identification of a novel therapeutic
target for the treatment or control of related diseases.

A previous study showed that circRNAs may act as endoge-
nous sponges that interact with miRs and regulate the expres-
sion of miRNA target genes. In addition, a recent study
demonstrates that the circRNA HRCR acts as aMIR223 sponge
to regulate cardiac hypertrophy and heart failure.37 Consistent
with previous studies, our current study revealed that circH-
IPK2 acts aMIR124–2HG sponge to regulate SIGMAR1 expres-
sion and astrocyte activation. To improve knockdown
efficiency and minimize off-target effects, we further con-
structed a second circHIPK2 siRNA-GFP lentivirus (circHIPK2
siRNA2) in addition to the first circHIPK2 siRNA-GFP lentivi-
rus (circHIPK2 siRNA1) microinjected in Fig. 6B. Transduction
of primary mouse astrocytes with these 2 different circHIPK2
siRNA-GFP lentivirus constructs decreased the expression of
circHIPK2 by 41% for circHIPK2 siRNA1 versus 40% for circH-
IPK2 siRNA2 (Fig. S9A), which are higher than that in A172

cells transfected with human-specific circHIPK2 siRNA
(Fig. S3). Furthermore, we also performed circHIPK2 loss-of-
function experiments. Knockdown of circHIPK2 expression sig-
nificantly inhibited activation (Fig. S9B), autophagy (Fig. S9C),
ER stress (Fig. S9D) as well as SIGMAR1 expression (Fig. S9E)
in astrocytes induced by methamphetamine, which is consis-
tent with the results obtained in A172 cells transfected with
human circHIPK2 siRNA as well as that in mice microinjected
with circHIPK2 siRNA1 lentivirus.

The interaction between MIR124–2HG and circHIPK2 was
further confirmed by a miR affinity-isolation assay. To support
the circHIPK2-MIR124–2HG-SIGMAR1 network in our study,
we examined the level of MIR124–2HG in astrocytes trans-
duced with circHIPK2 siRNA and found that knockdown of
circHIPK2 expression did not significantly affect the level
of MIR124–2HG (Fig. S10A and B). However, the level of
MIR124–2HG binding with circHIPK2 was significantly
decreased in the circHIPK2 siRNA-transduced group compared
with the siRNA control-treated group as determined using an
affinity-isolation assay (Fig. S10C). Moreover, we examined the
effect of circHIPK2-MIR124–2HG axis on the expression of
SIGMAR1 in astrocytes without/with methamphetamine. As
shown in Fig. S11, knockdown of circHIPK2 significantly inhib-
ited the expression of SIGMAR1 induced by Anti-MIR124–
2HG in A172 cells or primary mouse astrocytes treated with
methamphetamine. A recent study indicates that another
circRNA, circHIPK3, acts as a sponge for MIR124–2HG and
regulates cell proliferation.35 circHIPK3 is derived from exon 2
of the HIPK3 gene, and it has been identified in previous
reports via the deep sequencing of several human cell
lines.31,42,43 To our knowledge, this is the first report demon-
strating that knockdown of circHIPK2 expression inhibits
astrocyte activation induced by methamphetamine and LPS.

Although the present study showed that MIR124–2HG is
regulated by circHIPK2, our results do not exclude the involve-
ment of other circRNAs or molecules in the regulation of
MIR124–2HG, either directly or indirectly. On the contrary,
circHIPK2 was not specifically targeting MIR124–2HG. Using
starBase v2.0 software, we predicted that circHIPK2 is able to
bind other miRNAs that are involved in the regulation of auto-
phagy-associated proteins, such as MIR146A, MIR302A,
MIR372, MIR373, MIR378A, MIR506 and MIR520A. In our
study, we further examined the effect of methamphetamine on
the expression of these miRNAs. As shown in Fig. S12, meth-
amphetamine treatment significantly decreased the expression
ofMIR146A, but notMIR372 orMIR378A. Notably, in primary
mouse astrocytes, the levels of Mir302a, Mir373, Mir506 and
Mir520a were not detectable. Therefore, it remains to be eluci-
dated whether the binding of other miRNAs to circHIPK2 is
involved in astrocyte activation. In terms of the targeting of
miRNAs, it is known that one miRNA may have many tar-
gets.44 Using TargetScan, we have predicted that, in addition to
SIGMAR1, there are other targets for MIR124–2HG including
BECN1, RHOG, SNAI2, MAGT1 and PTBP1. Among these
targets, only BECN1 is involved in the regulation of autophagy.
In our study, methamphetamine treatment increased the
expression of BECN1. Consistent with a recent study showing
that decreased MIR124–2HG expression enhances the prolifer-
ation of breast cancer cells targeting BECN1,45 our current

Figure 12. Role of circHIPK2 in astrocyte activation. circHIPK2, identified as a
ceRNA, functions as an endogenous MIR124–2HG sponge to sequester MIR124–
2HG and inhibit its activity, resulting in increased SIGMAR1 expression and conse-
quent astrocyte activation via the interplay between autophagy and endoplasmic
reticulum stress.
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study also indicated that transduction of cells with Anti-
MIR124–2HG increased the expression of BECN1, as shown in
Fig. S13A. Moreover, loss-of-function experiments knocked
down BECN1 expression, suggesting that SIGMAR1 lies
upstream of BECN1 (Fig. S13 A and B). Although we could not
rule out the possibility that methamphetamine-induced auto-
phagy was due to another target of MIR124–2HG-BECN1, our
study provides convincing evidence that the MIR124–2HG-
SIGMAR1 axis is involved in the autophagy induced by
methamphetamine.

To date, increasing numbers of miRs have been found to be
key regulators of different cellular processes, particularly those
related to autophagy and ER stress. However, few studies have
assessed the regulatory mechanisms of these miRs in astrocytes.
MIR124–2HG, the most abundant brain-specific miR, regulates
microglial28 and astrocyte29 activation. Consistent with these
findings, our study showed that MIR124–2HG expression was
decreased in astrocytes treated with methamphetamine and
that MIR124–2HG overexpression significantly inhibited meth-
amphetamine-induced astrocyte activation (Fig. 2A and B). To
determine whether MIR124–2HG-mediated functional effects
depend specifically on SIGMAR1 suppression, a MIR124–
2HGD lentivirus construct with mutations in the sequence tar-
geting the 30-UTR of SIGMAR1 was generated (Fig. S14A).
Overexpression of aMIR124–2HG, but not theMIR124–2HGD
construct with mutations in the sequence targeting the 30-UTR
of SIGMAR1, significantly inhibited the increased expression of
SIGMAR1, GFAP and MAP1LC3B-II in astrocytes induced by
methamphetamine (Fig. S14B). Consistent with this finding,
microinjection of a MIR124–2HG lentivirus significantly inhib-
ited the increased expression of GFAP and MAP1LC3B-II
induced by methamphetamine (Fig. S15A) or LPS (Fig. S15B).
However, the MIR124–2HGD construct with mutations in the
sequence targeting the 30-UTR of SIGMAR1 failed to affect
these responses. Although previous studies have indicated that
MIR124–2HG is involved in glial activation, its detailed func-
tion in astrocyte activation and whether it participates in auto-
phagy and ER stress remain an enigma. Our current study
focused on elucidation of the role of MIR124–2HG in the
regulation of astrocyte activation via the interplay between
autophagy and ER stress. Our findings demonstrated that
MIR124–2HG inhibits autophagy and ER stress with conse-
quent astrocyte activation through the targeting of SIGMAR1.

Autophagy is a basic cellular process that results in the deg-
radation of defective organelles and misfolded proteins to pre-
serve cellular homeostasis. A previous study indicates that
autophagy contributes to astrocyte activation, as evidenced by
the finding that the autophagy inhibitor 3-MA decreases astro-
cyte activation induced by cocaine in astrocytes.46 Surprisingly,
our results demonstrated that the autophagy inducer rapamy-
cin significantly decreased astrocyte activation, while the auto-
phagy inhibitor 3-MA had significant inductive effects,
suggesting that methamphetamine-induced autophagy inhibits
astrocyte activation. To obtain more solid evidence, we further
extended the study and confirmed the role of autophagy in
astrocyte activation induced by LPS, as evidenced by the find-
ing that rapamycin significantly inhibited the LPS-induced
increase in GFAP expression (Fig. S16). Our findings are con-
sistent with a previous study showing that rapamycin decreases

astrocyte activation induced by spinal cord injury47 as well as
another study demonstrating that conditioned deletion of
MTOR in astrocytes with MTOR downregulation significantly
ameliorates astrogliosis in the sclerotic hippocampus.45 Contro-
versy exists in the role of autophagy during astrocyte activation,
as a recent study indicates that inhibition of autophagy results
in the attenuation of astrocyte activation.46 Whether autophagy
inhibits or enhances astrocyte activation mainly depends on
distinct autophagy-related signaling pathways triggered by dif-
ferent stimuli in specific contexts. In the current study, we pro-
vide the first demonstration of a molecular link between
circHIPK2 and autophagy. Knockdown of circHIPK2 expres-
sion significantly decreased autophagy triggered by metham-
phetamine via MIR124–2HG and its target SIGMAR1. To the
best of our knowledge, this is the first report of a role for this
circRNA in the regulation of autophagy. Whether circHIPK2
andMIR124–2HG are also involved in other neurodegenerative
diseases is an interesting question that should be addressed in
future investigations. Thus, it will be critical to determine
whether circHIPK2 and MIR124–2HG function in other astro-
cyte activation pathways and to identify the relevant substrates.

Given that ER stress induced by numerous stress stimuli,
such as hypoxia, infection and nutrient depletion, triggers acti-
vation of astrocytes,48,46 we next examined the effect of meth-
amphetamine on ER stress in astrocytes. The results
demonstrated that exposure of astrocytes to methamphetamine
induced activation of ER stress, ultimately leading to astrocyte
activation. Emerging evidence indicates that ER stress plays key
roles in the induction of astrocyte activation49 and astrocyte
survival.50 Recent studies have shown that ER stress in response
to psychostimulants is linked to behavioral sensitization and
that the psychostimulant-induced ER stress signaling cascades
are closely associated with the pathogenesis of neurodegenera-
tive diseases.46,51 In the current study, we provide the first dem-
onstration of a molecular link between circHIPK2 and ER
stress-mediated astrocyte activation. Knockdown of circHIPK2
expression resulted in significantly decreased ER stress trig-
gered by methamphetamine via MIR124–2HG and its target
SIGMAR1. To the best of our knowledge, this is the first report
of a role for circRNAs in the regulation of ER stress.

Our study has clarified that autophagy has an inhibitory
effect on astrocyte activation, while ER stress has an inductive
effect, indicating that autophagy and ER stress play distinct
roles in this process. Previous studies have demonstrated a cen-
tral role for ER stress in the induction of autophagy in glioma
cells.52,53 To further clarify the relationship between ER and
autophagy, we examined the effect of hypoxia (ER stress
inducer) and the autophagy inhibitor 3-MA on the expression
of GFAP in the same experiment. As shown in Fig. S17, pre-
treatment of astrocytes with 3-MA significantly inhibited the
increased GFAP expression induced by hypoxia, suggesting
that ER stress leads to autophagy, which then leads to astrocyte
activation. In our current study, methamphetamine treatment
also induced ER stress, and the ER stress inhibitor salubrinal
inhibited autophagy and the activation of astrocytes induced by
methamphetamine (Fig. 11A and B). However, pretreatment of
astrocytes with the autophagy inducer rapamycin, but not the
autophagy inhibitor 3-MA, inhibited GFAP expression induced
by methamphetamine (Fig. 10C to F). While ER stress lies
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upstream of autophagy, autophagy in turn responds and inhib-
its the ER stress as evidenced by the fact that rapamycin treat-
ment inhibited the ER stress induced by methamphetamine
(Fig. 11C and D), while the autophagy inhibitor 3-MA
enhanced ER stress (Fig. 11E and F). Based on our findings, it
is possible to interpret the role of autophagy as a “beneficial
guardian” that inhibits ER stress through negative-feedback
mechanism as well as the activation of astrocytes induced by
methamphetamine. Coregulation of methamphetamine-
induced astrocyte activation was found to involve autophagy
and the ER stress response. Taken together, these findings sug-
gest that autophagy and ER stress function cooperatively in the
regulation of astrocyte activation.

Thus, the results of our current study reveal for the first time
that circHIPK2 regulates astrocyte activation by targeting the
MIR124–2HG-SIGMAR1 pathway via the interplay between
autophagy and ER stress. Our data shed new light on the role
of circHIPK2 in astrocyte activation. Specific blockage of circH-
IPK2 shows potential as a therapeutic target for inhibition of
astrocyte activation in the context of drug abuse as well as for
the treatment of a broad range of neuroinflammatory disorders.

Methods

Reagents

Lentiviral vectors carrying MIR124–2HG, Anti-MIR124–2HG,
circHIPK2 siRNA, MIR124–2HGD construct with a mutated
sequence that does not target the 30-UTR of SIGMAR1
(MIR124–2HGD) and an adenoviral vector carrying mRFP-
GFP-MAP1LC3B (HB-AP2100001) were purchased from Han-
Bio (Shanghai, China). Human circHIPK2 siRNA based on the
sequence 50-GUCCAGAUAUUACAGGUAUTT-30 was pur-
chased from GenePharma (Shanghai, China) and purified by
HPLC. Scrambled nontargeting siRNA (GenePharma, Shanghai,
China) with the following sequence was used as negative control:
50-UUCUCCGAACGUGUCACGUTT-30. For the lentiviral vec-
tors carrying the construct with a mutated MIR124–2HG
(MIR124–2HGD, Table 1D) that does not target the 30-UTR of
SIGMAR1, the MIR124–2HG sequence (UAAGGCA) targeting
the 30-UTR of SIGMAR1 was changed to UCGACAC, which was
obtained from HanBio. Methamphetamine was obtained from
the National Institute for the Control of Pharmaceutical and Bio-
logical Products. Control siRNA (sc-37007), human SIGMAR1/
OPRS1 siRNA (sc-42250), LPS (L2630), rapamycin (R0395) and
3-MA (M9281) were purchased from Sigma-Aldrich. Salubrinal
(SML0951) was from Sigma-Aldrich.

Animals

Sigmar1 KO mice were obtained from the Laboratory Animal
Center of University of Science and Technology of China
(Hefei, China); these mice were backcrossed for 10 generations
to a C57BL/6N inbred background. C57BL/6N mice (male, 6 to
8 wk old) were purchased from the Comparative Medicine
Center, Yangzhou University (Yangzhou, China). All animals
were housed at a constant temperature and humidity with a
12 h light:12 h dark cycle, with lights on at 07:00. Food and
water were available ad libitum. The animals were deeply

anesthetized by an overdose of isoflurane, followed by pneumo-
thorax, before perfusion. All animal procedures were per-
formed according to protocols approved by the Institutional
Animal Care and Use Committee of the Medical School, South-
east University.

Cell cultures

Primary mouse astrocytes were obtained from postnatal (P1 to
P2) C57BL/6N mice. Whole brains were removed from the
mice and were then dissected and mechanically dissociated
using gauze to remove membranes and large blood vessels.
Next, the dissected brain cortices were placed in medium sup-
plemented with phosphate-buffered serum (PBS; 2.96 mM
Na2HPO4¢7H2O, 1.05 mM KH2PO4, 155.17 mM NaCl, pH
7.4), and the brain tissues were digested with trypsin-EDTA
(Gibco, 25200056). Subsequently, the cells were plated on poly-
L-lysine precoated cell culture flasks containing Dulbecco’s
modified Eagle’s medium (DMEM; Corning, 32016001) supple-
mented with fetal bovine serum (10% v/v) and penicillin/strep-
tomycin (1% v/v). The cultures were maintained in a
humidified chamber (37 �C, 5% CO2 incubator). After 7 to
10 days, the astrocytes were harvested by trypsinization.

The human astrocytoma cell line A172 (ATCC�

CRL1620TM) was obtained from the China Center for Type
Culture Collection, routinely maintained in DMEM (10% fetal
bovine serum and 1% penicillin/streptomycin) and incubated
at 37 �C and 5% CO2.

Luciferase activity assays

The 30-UTR of the 945-base pair human SIGMAR1 gene con-
taining the putative MIR124–2HG target site was PCR-ampli-
fied from human genomic DNA using forward (50-GCG
CTCGAGCTCACCACCTACCTCT-30) and reverse (50-AAT
GCGGCCGCGGAACAGATCAACAAATCT-30) primers, and
the DNA fragment was cloned into the XhoI and NotI sites on
the 30-end of the luc2 gene in a pmiR-RB-REPORTTM vector
(RiboBio). For the pmiR-RB-SIGMAR1–30-UTR-MIR124–
2HG-target-mutant vector, the MIR124–2HG target site
(TGCCTTA) within the SIGMAR1 30-UTR was changed to
ACGGAAT by PCR mutagenesis with the primers SIGMAR1-
MIR124–2HGT-F (50-TCACCATAACGGAATTCCCCATTC-
TACTCCCCT-30) and SIGMAR1-MIR124–2HGT-R (50-AATG
GGGAATTCCGTTATGGTGAGGACAGGGGA-30). Briefly,
HEK293T cells were transfected with a MIR124–2HG overex-
pression pLV-[hsa-MIR124–2HG] vector (RiboBio) and a
target plasmid, pmiR-RB-SIGMAR1–30-UTR or pmiR-RB-SIG-
MAR1–30-UTR-MIR124–2HG-target-mutant, at a molar ratio
of 50:1. A miR control pLV-[MIR control] plasmid was used as
a negative control. Luciferase activity was determined 24 h
post-transfection, and the reporter assay was performed follow-
ing the manufacturer’s protocol (Promega, E2920). Renilla
luciferase activity was normalized to firefly luciferase activity
and expressed as a percentage of the control (n>3, determined
from 5 wells each sample).
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Western blot analysis

Proteins were extracted in RIPA lysis buffer (Beyotime,
P0013B). Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (12%) and electrophoreti-
cally transferred onto polyvinylidene fluoride membranes. The
membranes were blocked with 5% nonfat dry milk in Tris-
buffered saline with Tween-20 (Aladdin, T104863), probed with
antibodies overnight at 4�C and then incubated with a horserad-
ish peroxidase-conjugated goat anti-mouse (ZSGB-BIO,
ZB5305) or rabbit (ZSGB-BIO, ZB5301) IgG secondary anti-
body (1:2000). The antibodies used were as follows: anti-GFAP
(G3893), obtained from Sigma-Aldrich; anti-SIGMAR1/OPRS1
(sc137075), anti-ACTB/b-actin (sc1616), anti-EIF2AK3
(sc13073), anti-ERN1 (sc20790), anti-ATG5 (sc33210) and anti-
ATF6 (sc166659), purchased from Santa Cruz Biotechnology;
anti-SQSTM1 (18420), anti-BECN1 (11306), anti-MAP1LC3B
(14600), anti-GAPDH (60004) and anti-DDIT3 (15204),
acquired from Proteintech; and anti-EIF2S1 (5324s), obtained
from Cell Signaling Technology. Detection was performed using
a MicroChemi 4.2� (DNR, Israel) digital image scanner. Band
intensity was quantified using ImageJ software (NIH).

Real-time PCR

Total RNA was isolated from cells and subjected to reverse tran-
scription using a PrimeScript RT Master Mix Kit (TaKaRa,
RR036). Real-time PCR was performed by StepOneTM Real-
Time PCR System (Life Technologies, 4376357, Singapore)
using the following primers: human divergent circHIPK2 (for-
ward primer: 50-CTGTGTGCTCCACCTACTTG-30; reverse
primer: 50-TACCCAGTCATGTCCCAGTTG-30), human GAP
DH (forward primer: 50-ACCATCTTCCAGGAGCGAGAT-30;
reverse primer: 50-GGGCAGAGATGATGACCCTTT-30),
mouse divergent circHIPK2 (forward primer: 50-GACAACCG-
TACCGAGTGAAG-30; reverse primer: 50-GTGTGAGGGGA-
GAAAACTTGC-30), mouse circHIPK2 convergent primer
(forward: 50-GCAAGTTTTCTCCCCTCACAC-30; reverse: 50-
CTTCACTCGGTACGGTTGTC-30), mouse divergent Gapdh
(forward primer: 50-AGGTCGGTGTGAACGGATTTG-30;
reverse primer: 50-GGGGTCGTTGATGGCAACA-30) and
mouse Gapdh convergent primer (forward: 50-AGGTCGGTGT
GAACGGATTTG-30; reverse: 50-GGGGTCGTTGATGGCAA
CA-30). Relative quantification was performed using TaKaRa
SYBR� Premix TaqTM (TbI RNase H Plus; TaKaRa, RR420).
The sequences for knockdown of circHIPK2 expression: human
circHIPK2 siRNA: 50-GUCCAGAUAUUACAGGUAUTT-30;
mouse circHIPK2 siRNA 1: 50-UACCGGUAUGGCCUCA-
CAUTT-30; mouse circHIPK2 siRNA 2: 50-UCCAGAUA-
CUACCGGUAUGTT-30. Specific primers and probes for
mature MIR124–2HG and RNU6–6P/RNU6B were obtained
from RiboBio. All reactions were run in triplicate. The amount
of MIR124–2HG was determined by normalizing to the level of
RNU6–6P relative to that in the control as previously reported.54

Fluorescence in situ hybridization (FISH)

According to our previous study,55 primary mouse astrocytes
cultured in coverslips were fixed with 4% paraformaldehyde for

20 min and incubated in PBS overnight at 4�C followed by the
detection of circHIPK2 and MIR124–2HG expression. The cells
were permeabilized with 0.25% Triton X-100 (Aladdin,
T109027) in PBS for 15 min, prehybridized in hybridization
buffer (50% formamide, 10 mM Tris-HCl, pH 8.0, 200 mg/ml
yeast tRNA [Sigma-Aldrich, 15401–011], 1X Denhardt solution
[Sigma-Aldrich, 30915], 600 mM NaCl, 0.25% SDS [Invitrogen,
15553–035], 1 mM EDTA, 10% dextran sulfate [Sigma-Aldrich,
D8906]) for 1 h at 37�C. Then, the coverslips were heated to
65�C for 5 min in hybridization buffer containing 2 nM of a
commercially available digoxigenin-labeled MIR124–2HG
probe (Exiqon, Table 1E) and 500 nM of a commercially avail-
able biotin-labeled circHIPK2 probe (Invitrogen) hybridization
occurred at 37�C overnight. The next day, the coverslips were
washed 3 times in 2X SSC (10% v/v 20X SSC [Invitrogen,
15557] in DEPC-treated water [Vetec, V900882]) and twice in
0.2X SSC(10% v/v 2X SSC in DEPC-treated water) at 42�C and
then blocked with 1% BSA (Biosharp, BS043D), 3% normal
goat serum (ZSGB-BIO, ZLI-0956) in PBS for 1 h at room tem-
perature. They were then incubated with a horseradish peroxi-
dase-conjugated anti-digoxigenin antibody (1:200; Roche
Diagnostics GmbH, 11207733910) and FITC-streptavidin
(1:200; Life Technology, 434311) overnight at 4�C. After the
coverslips were washed 3 times with TBS (0.1 M Tris, 0.308 M
NaCl, pH 7.4), they were incubated with a TSA Cy5 kit
(PerkinElmer, NEL766B001KT) for 10 min at room tempera-
ture. Then, the coverslips were washed twice with PBS and
mounted with Prolong gold anti-fade reagent containing DAPI
(SouthernBiotech, 0100–20). In the FISH experiments, the
specificity of the circHIPK2 and MIR124–2HG signal was con-
firmed via comparison with a scrambled control. Unlike the
circHIPK2 and MIR124–2HG probe, the scrambled probe
showed no signal in primary mouse astrocytes.

Affinity-isolation assay with biotinylated MIR124–2HG

A total of 2 £ 106 HEK 293T cells were seeded the day before
transfection. On the following day, the cells were transfected
with 30-end biotinylated MIR124–2HG or MIR124–2HGD at a
final concentration of 50 nM for 36 h. Then, the cells were
washed with PBS, briefly vortexed and incubated in lysis buffer
(20 mM Tris, pH 7.5, 200 mM NaCl, 2.5 mMMgCl2, 0.05% Ige-
pal [Sigma, I3021], 60 U/ml Superase-In [Ambion, AM2694],
1 mM DTT [Sigma, 43816] and protease inhibitors [Biotool,
B14001]) on ice for 10 min. Lysates were precleared by centrifu-
gation, and 50 ml aliquots of the samples were prepared for input.
The remaining lysates were incubated with M-280 streptavidin
magnetic beads (Invitrogen, 11205D). The beads were coated
with yeast tRNA in advance to prevent the nonspecific binding
of RNA and protein complexes. The beads were incubated at
4�C for 2.5 h and were then washed twice with ice-cold lysis
buffer, twice with low-salt buffer (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris-HCl, pH 8.0, 150 mM NaCl) and
once with high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCl, pH 8.0, 500 mM NaCl). The bound
RNAs were purified using Trizol (TaKaRa, 9109) for measure-
ment of circHIPK2 levels. The biotinylated MIR124–2HG at the
30-end was synthesized by GenePharma (Shanghai, China), and
its sequence was 50-UAAGGCACGCGGUGAAUGCC-30. The
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MIR124–2HGD sequence was 50-UCGACACCGCGGU-
GAAUGCC-30 and also biotinylated at the 30-end.

Affinity-isolation assay with DNA probe

The biotinylated DNA probe complementary to circHIPK2 was
synthesized and dissolved in 500 ml of wash/binding buffer
(0.5 M NaCl, 20 mM Tris-HCl, pH 7.5, 1 mM EDTA). The
probes were incubated with streptavidin-coated magnetic beads
(Sigma, 08014) at 25�C for 2 h to generate probe-coated magnetic
beads. Cardiomyocyte lysates were incubated with probe-coated
beads, and after washing with the wash/binding buffer, the RNA
complexes bound to the beads were eluted and extracted for real-
time PCR. The following primer sequences were used: circHIPK2
affinity-isolation probe, AAAACATGTGAGGCCATACCTG-
TAATATCTGGACT; and random affinity-isolation probe,
AAACAGTACTGGTGTGTAGTACGAGCTGAAGCTAC.

Transduction of astrocytes with lentivirus

Astrocytes were transduced with MIR control, MIR124–2HG,
Anti-MIR control, Anti-MIR124–2HG, circ control siRNA and
circHIPK2 siRNA lentivirus with multiplicity of infection of 0.5
(primary mouse astrocytes) or 10 (A172 cells), followed by gen-
tle swirling, incubation and replacement of fresh feed medium.

Microinjection of Anti-MIR124–2HG or circHIPK2 siRNA
lentivirus

The hippocampi of 8-wk-old C57BL/6 mice were microinjected
bilaterally with an Anti-MIR control-RFP, Anti-MIR124–2HG-
RFP, circ control siRNA-GFP or circHIPK2 siRNA-GFP lentivi-
rus (2 ml of 109 viral genomes ml¡1, HanBio) using the following
microinjection coordinates: 2.06 mm behind the bregma and §
1.5 mm lateral from the sagittal midline at a depth of 2 mm
from skull surface. To evaluate the effect of Anti-MIR124–2HG
on astrocyte activation in WT and sigmar1 KO mice, 12 mice
(n D 6/group; male) were perfused and sectioned 2 wk after len-
tivirus microinjection, followed by GFAP staining to assess
astrocyte activation. To evaluate the effect of circHIPK2 siRNA
on methamphetamine/LPS-induced astrocyte activation, 18 mice
were divided into 3 groups (n D 6/group; male) 2 wk after lenti-
virus microinjection and treated with saline, methamphetamine
(30 mg/kg, injected every 2 h for a total of 4 times, intraperitone-
ally [i.p.]) for 24 h or LPS (20 mg/kg, i.p.) for 4 h. Then, the ani-
mals were perfused and sectioned, followed by GFAP staining to
assess astrocyte activation.

Immunostaining and image analysis

As described in our previous study,55 the sections encompassing
the entire hippocampus were cut into 35 mm slices with a cryo-
stat. Then, the sections were incubated with 0.3% Triton X-100
in PBS for 15 min and blocked with 10% normal goat serum in
0.3% Triton X-100 for 1 h at room temperature. Next, the
sections were incubated with a mouse anti-GFAP antibody
(Sigma-Aldrich, G3893) overnight at 4�C. On the following day,
the sections were washed and incubated with Alexa Fluor 488-
conjugated anti-mouse IgG (1:250; Invitrogen, A11001) or Alexa

Fluor 594 goat anti-mouse IgG (1:250; Invitrogen, A11005) for
1 h to detect GFAP. After a final washing step with PBS, the sec-
tions were mounted onto glass slides, and ProLong gold Anti-
fade reagent containing DAPI (SouthernBiotech, 0100–20) was
applied for visualization of nuclei. Immunofluorescence images
were captured by microscopy (Olympus DP73, Olympus, Tokyo,
Japan). Average intensities of GFAP were calculated using
ImageJ by sampling of a 28 £ 28 pixel area, and 36 images were
captured from 6 consecutive sections. The values were reported
as the average intensity above the background§ SD.

Transmission electron microscopy

Cells were cultured in 24-well plates and treated with 100 mM
methamphetamine. After incubation of the cells with metham-
phetamine for 24 h, the treated cells from each sample were
harvested in a 1.5 ml microcentrifuge tube. The cells were
washed once with cold PBS and fixed in a mixture of 2% glutar-
aldehyde and 2% formaldehyde in 0.1 M sodium cacodylate
buffer (pH 7.4) at 4�C overnight. Then, they were washed
4 times in 0.1 M sodium cacodylate buffer (pH 7.4) containing
264 mM sucrose (Sinopharm, 10021418) before being trans-
ferred to 1% osmium tetroxide in 0.1 M sodium cacodylate (pH
7.4) for 2 h. The cells were then washed 3 times in double dis-
tilled H2O and stained in 2% aqueous uranyl acetate for 2 h.
Next, they were dehydrated in an ethanol series, infiltrated in
propylene oxide (Aladdin, R101941) 2 times and embedded in
Epon 812 (SPI Science, 90529–77–4). Ultrathin sections (90-
nm thick) were cut using a Leica EM UC7 ultramicrotome (Ser.
No: 595915, Austria) with a diamond knife. Grids were post-
stained with 2% saturated uranyl acetate in 50% ethanol and
1% lead citrate (pH 12) and examined using an H-7650 elec-
tron microscope (Hitachi, Tokyo, Japan), and images were cap-
tured with a Ganton 830 digital camera.

Tandem fluorescent-mRFP-GFP-MAP1LC3B-adenovirus
transduction of A172 cells

A172 cells were transfected with a tandem fluorescent-mRFP-
GFP-MAP1LC3B-adenovirus (HanBio, HB-AP2100001) that
expresses a specific marker of autophagosome formation to
detect autophagy, according to the manufacturer’s instruc-
tions.56 Five fields were chosen from 3 different cell prepara-
tions. GFP- and mRFP-expressing spots, which were indicated
by fluorescent puncta and DAPI-stained nuclei were counted
manually. The number of spots per cell was determined by
dividing the total number of spots by the number of nuclei in
each field.

Rapamycin administration

Rapamycin (LC Laboratories, R-5000) was dissolved in DMSO
(25 mg/ml). For animal injections, the stock solution was
diluted immediately before i.p. injection with 100 ml water con-
taining 5% polyethylene glycol 400 (Damas-b, 41713B) and 5%
Tween-80 (Aladdin, T104866). Mice received rapamycin (5
mg/kg, i.p.) 24 h before the last methamphetamine injection,
and control mice received the drug vehicle.
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Statistical analyses

Statistical analysis was performed using the Student t test or
one-way analysis of variance (ANOVA) followed by the Holm-
Sidak test (SigmaPlot 11.0). The tests used are indicated in the
figure legends. The ANOVA results were considered significant
at a P < 0.05.

Abbreviations

3-MA 3-methyladenine
ACTB actin b

ATG5 autophagy related 5
BBB blood-brain barrier
BECN1 Beclin 1, autophagy related
CNS central nervous system
circRNA circular RNA
circHIPK2 circular RNA HIPK2
DAPI 40,6-diamidino-2-phenylindole
DDIT3 DNA damage inducible transcript 3
ER endoplasmic reticulum
EIF2AK3 eukaryotic translation initiation factor 2 a

kinase 3
EIF2S1 eukaryotic translation initiation factor 2

subunit a
ERN1 endoplasmic reticulum to nucleus signal-

ing 1
FISH fluorescence in situ hybridization
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
GFAP glial fibrillary acidic protein
KO knockout
LPS lipopolysaccharide
LV lentivirus
MAP1LC3B microtubule-associated protein 1 light

chain 3 b
Meth methamphetamine
MIR124–2HG MIR124–2 host gene
miRNAs microRNAs
MTOR mechanistic target of rapamycin (serine/

threonine kinase)
OE overexpression
SIGMAR1/OPRS1 sigma non-opioid intracellular receptor 1
PCR polymerase chain reaction
SQSTM1 sequestosome 1
UTR untranslated region
WT wild type
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