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ABSTRACT
BBC3 (BCL2 binding component 3) is a known apoptosis inducer; however, its role in microglial survival
remains poorly understood. In addition to the classical transcription factor TRP53, Mir143 is involved in
BBC3 expression at the post-transcriptional level. Here, we identify unique roles of Mir143-BBC3 in
mediating microglial survival via the regulation of the interplay between apoptosis and autophagy.
Autophagy inhibition accelerated methamphetamine-induced apoptosis, whereas autophagy induction
attenuated the decrease in microglial survival. Moreover, anti-Mir143-dependent BBC3 upregulation
reversed the methamphetamine-induced decrease in microglial survival via the regulation of apoptosis
and autophagy. The in vivo relevance of these findings was confirmed in mouse models, which
demonstrated that the microinjection of anti-Mir143 into the hippocampus ameliorated the
methamphetamine-induced decrease in microglia as well as that observed in heterozygous Mir143C/¡

mice. These findings provide new insight regarding the specific contributions of Mir143-BBC3 to microglial
survival in the context of drug abuse.
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Introduction

Methamphetamine abuse is a major social and health concern.
Methamphetamine is a popular addictive pharmacological psy-
chostimulant of the central nervous system (CNS), and its use
is associated with multiple neuropsychiatric adverse reactions
as well as neurotoxicity to the dopaminergic and serotonergic
systems of the brain.1,2 Methamphetamine-induced neurotoxic-
ity is associated with microglial activation that is thought to
participate in either pro-toxic or protective mechanisms in the
brain. Microglia, CNS cells of the myeloid lineage, play an
important role in immune surveillance and compromised
microglial function is associated with various neurological
pathologies.3,4

Accumulating evidence suggests that microglia might also be
activated during the process of methamphetamine-induced
toxicity in animals.5-9 A previous study indicated that chronic
methamphetamine abuse is also associated with microglial acti-
vation in the brains of human methamphetamine addicts.10

Activated microglia eventually undergo apoptosis by a process
known as activation-induced cell death (AICD). Activated
microglia secrete not onlyneurotrophic factors, thereby pro-
longing neuronal survival, but also cytotoxic mediators, such as

nitric oxide (NO), and cytokines, such as TNF and IL1B, that
induce inflammation and neurotoxicity. Cytotoxic factors such
as NO and pro-inflammatory cytokines that are secreted from
activated microglia have been shown to mediate AICD through
the regulation of apoptotic proteins, including caspases and the
BCL2 family of proteins.11 Although methamphetamine is
known to induce microglial activation, whether methamphet-
amine induces AICD in microglia and the molecular mecha-
nisms in this process remains elusive.

BBC3/PUMA (BCL2 binding component 3) is an essential
apoptosis inducer. BBC3 is one of the most common apoptosis
inducers among the BCL2-homology 3 (BH3)-only subgroup
of BCL2 family members.12,13 BBC3 is transcriptionally acti-
vated by a wide range of apoptotic stimuli and transduces prox-
imal death signals to the mitochondria. BBC3 directly binds to
all 5 known anti-apoptotic BCL2 family members with high
affinities through its BH3 domain. The binding of BBC3 to the
BCL2-like proteins results in the displacement of BAX-BAK1
and the activation of these proteins via the formation of multi-
meric pore-like structures on the mitochondrial outer mem-
brane, leading to mitochondrial dysfunction and caspase
activation. BBC3 is implicated in many pathological and
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physiological processes, including cancer, tissue injury, neuro-
degenerative diseases, immune response and bacterial or viral
infections.14 Although the function of BBC3 in apoptosis has
been extensively illustrated in different tissues, whether BBC3
is involved in methamphetamine-induced microglial apoptosis
remains poorly understood.

BBC3 was initially identified as a transcriptional target of
TP53 and as a mediator of DNA damage-induced apopto-
sis;15,16 however, the regulation of Bbc3 expression by noncod-
ing RNAs in microglia has not yet been explored.
Computational algorithms such as TargetScan were employed
to identify the microRNAs (miRs) that target evolutionarily
conserved sequences in the Bbc3 gene. Mir143, which is con-
served among vertebrates, was predicted to target Bbc3. miRs
are small, evolutionarily conserved noncoding RNAs that are
derived from substantially larger primary transcripts. Recent
studies have demonstrated that miRs expressed by immune
cells can target proteins that regulate inflammation and conse-
quently affect the magnitude of the immune response.17 miRs
are becoming increasingly recognized as important regulators
of cell functions, including glial activation.17-23 Mir143 has a
well-established role in the differentiation and proliferation of
bovine intramuscular preadipocytes.24 Moreover, Mir143
decreases cell growth by targeting SDC1 (syndecan1) in mela-
noma25 as well as in colon tumor cells.26 Jordan et al. demon-
strated that obesity-induced Mir143 overexpression (OE)
inhibits insulin-stimulated AKT1/Akt activation and impairs
glucose metabolism.27 However, the role of Mir143 in mediat-
ing microglial survival remains unexplored.

Our study revealed an unexpected function of BBC3 that
was regulated by Mir143 at the post-transcriptional level via
the regulation of the interplay between autophagy and apopto-
sis, which contradicts its known role as an essential apoptosis
inducer. These findings provide the first evidence that the
Mir143-BBC3 axis mediates a regulatory pathway critical for
the regulation of microglial survival. Specific blockage of
Mir143 could be a potential therapeutic target for treating
decreased microglial survival in the context of drug abuse and
other neurodegenerative diseases.

Results

Paradoxical role of BBC3 in reduced microglial survival
induced by methamphetamine

Although BBC3 has been intensively studied for many years, its
role in the viability of microglia treated with methamphetamine
has remained elusive. As an initial screen to better understand
how methamphetamine affects microglial survival, we exam-
ined the effect of methamphetamine on microglial survival in
various brain regions in mice. As shown in Fig. S1A, unlike in
the striatum and cortex, administration of methamphetamine
significantly decreased the number of microglial cells in the
hippocampus, as evidenced by the finding that the expression
of the microglial marker-AIF1/Iba-1 (allograft inflammatory
factor 1) in the hippocampus was significantly decreased com-
pared with the saline control group. Therefore, the hippocam-
pus was chosen as the region of interest for our in vivo study.
Because BBC3 functions as an essential apoptosis inducer, we

hypothesized that BBC3 deficiency might attenuate metham-
phetamine-induced cell death. As shown in Fig. 1A and B,
methamphetamine administration significantly decreased the
number of AIF1-positive cells in the hippocampus. Surpris-
ingly, BBC3 deficiency further decreased the number of micro-
glia in the presence of methamphetamine instead of reversing
the methamphetamine-induced decrease in microglia cell num-
ber, contradicting the known role of BBC3 as an apoptosis
inducer (Fig. 1A and B).

Activated microglia eventually undergo apoptosis by a pro-
cess termed AICD; however, whether methamphetamine causes
AICD of microglia remains largely unknown. Therefore, we
first examined the effect of methamphetamine on cell viability.
BV-2 cells were exposed to different concentrations of meth-
amphetamine (15 mM, 150 mM and 1.5 mM), and cell viability
was assessed. The rationale for choosing these concentrations
was based on the concentration of methamphetamine in the
postmortem brains of chronic abusers.28,29 As shown in
Fig. S2A, 1.5 mM methamphetamine decreased BV-2 cell via-
bility as determined by Cell Counting Kit-8 (CCK8) assay.
Therefore, this concentration of methamphetamine was chosen
for all further studies. To address whether methamphetamine-
induced cell death is due to mitochondria-dependent mecha-
nisms, the cytosolic and mitochondrial CYCS (cytochrome c,
somatic) levels were determined. As shown in Fig. S2B and C,
methamphetamine treatment of BV-2 cells increased the CYCS
level in the cytosol (Fig. S2B) and decreased the CYCS level in
the mitochondrial fraction (Fig. S2C). We next explored
whether methamphetamine-induced cell death also involved
alterations in mitochondrial membrane potential. Cells were
exposed to methamphetamine for different periods (6, 12, and
24 h), and then mitochondrial membrane depolarization was
assessed using the JC-1 probe, which is a fluorescent lipophilic
cationic dye that accumulates in mitochondria in proportion to
the membrane potential that normally exists across the inner
mitochondrial membrane. As shown in Fig. S2D and E, meth-
amphetamine treatment increased the ratio of JC-1 aggregate:
JC-1 monomer as determined using both a microscope
(Fig. S2D) and a plate reader (Fig. S2E). Taken together, these
data indicated that methamphetamine-induced cell death is
related to mitochondria.

Studies have shown that nitric oxide (NO) is involved in
LPS-induced AICD.30,31 Therefore, we next investigated the
effect of methamphetamine on the expression of NOS2/iNOS
(nitric oxide synthase 2, inducible). As shown in Fig. S3A,
methamphetamine significantly increased NOS2 expression,
with a peak response at 1 h. Pretreatment of cells with the
NOS2 inhibitor-nitro-L-arginine methyl ester (L-NAME)
attenuated methamphetamine-induced cell death (Fig. S3B).
Consistent with this in vitro finding, administration of another
NOS2 inhibitor, aminoguanidine (75 mg/kg), for 5 consecutive
d followed by the administration of methamphetamine attenu-
ated the methamphetamine-induced decrease in microglia as
determined by Western blot for AIF1 expression in the hippo-
campus (Fig. S3C and D).

Next, we dissected the role of BBC3 in methamphetamine-
induced microglial survival. Lentiviral vector-transduced Bbc3
siRNA in BV-2 cells successfully decreased BBC3 expression as
shown in Fig. 1C (upper panel). Methamphetamine
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Figure 1. Paradoxical role of BBC3 in the methamphetamine-induced decrease in microglial survival. (A) The effect of methamphetamine on the survival of microglia in the hippo-
campus of WT and Bbc3 KO mice. WT and Bbc3 KO mice were treated with methamphetamine (intraperitoneal, 30 mg/kg) for 48 h, followed by AIF1 immunostaining. Representa-
tive image of AIF1 immunostaining in the hippocampus of mice injected with saline/methamphetamine. Scale bars: 200 mm (upper panel), 100 mm (middle panel), and 50 mm
(lower panel). (B) Stereology of AIF1-positive microglia in the hippocampus. ND 6 animals/group. �, p< 0.05, ��, p< 0.01 vs. the saline-treated group; #, p< 0.05 vs. the metham-
phetamine-treated group using one-way ANOVA followed by the Holm-Sidak test. (C) Bbc3 siRNA lentivirus was transduced to decrease BBC3 expression (upper panel), and the cells
were transduced with BBC3 OE lentivirus to increase BBC3 expression (lower panel). (D and E) Transduction of cells with Bbc3 siRNA lentivirus failed to ameliorate the decreased
microglial survival as assessed by CCK8 assay in both BV-2 cells (D) and primary mouse microglia (E). (F and G) Transduction of cells with a BBC3 OE lentivirus ameliorated the
decreased microglial survival as assessed by CCK8 in both BV-2 cells (F) and primary mouse microglia (G). All data are given as the mean§ SD of 3 independent experiments. ��, p
< 0.01 and ���, p< 0.001 vs. the siRNA-control or vector group; #, p< 0.05, ##, p< 0.01 and ###, p< 0.001 vs. the methamphetamine-treated group using one-way ANOVA fol-
lowed by the Holm-Sidak test. Meth, methamphetamine.
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significantly decreased the survival of BV-2 cells (Fig. 1D) as
well as in primary mouse microglia (Fig. 1E), whereas Bbc3
knockdown using siRNA significantly decreased cell viability
and aggravated the methamphetamine-induced decrease in
microglial survival. To further confirm the role of BBC3 in
microglial survival, cells were transduced with BBC3 OE lenti-
virus. As shown in Fig. 1F and G, transduction of cells with
BBC3 OE lentivirus successfully increased BBC3 expression
(Fig. 1C, lower panel) and significantly attenuated the metham-
phetamine-induced decrease in cell survival in both BV-2 cells
(Fig. 1F) and primary mouse microglia (Fig. 1G).

To further confirm our findings, we next examined the role
of BBC3 in cell viability using trypan blue dye exclusion assay,
as shown in Fig. S4. Methamphetamine treatment increased
the number of trypan blue-positive cells; BBC3 knockdown
using siRNA further increased the number of trypan blue-posi-
tive cells. However, BBC3 OE significantly inhibited the
increase in trypan blue-positive cells compared with the meth-
amphetamine-treated group.

Methamphetamine-mediated upregulation of BBC3 in
microglia at the transcriptional level

BBC3 plays a seemingly paradoxical role in microglia in in vivo
and in vitro studies; however, very little is known regarding the
detailed mechanisms underlying BBC3 expression in metham-
phetamine-induced AICD of microglia. Therefore, we exam-
ined the effect of methamphetamine on BBC3 expression. BV-
2 cells were exposed to methamphetamine for various periods.
Compared with the control group, Bbc3 mRNA was signifi-
cantly upregulated as determined by real-time PCR (Fig. 2A
and B). Having determined that methamphetamine increased
BBC3 expression at the mRNA level, we next confirmed the
increase in BBC3 expression by western blot analysis. Exposure
to methamphetamine resulted in a biphasic response with an
early but significant and transient increase in BBC3 (Fig. 2C,
6 h) followed by later significant repression of BBC3 (Fig. 2C,
24 h). To further confirm the effect of methamphetamine on
BBC3 expression, primary mouse microglia were treated with
methamphetamine (Fig. 2D). Consistent with the finding in
BV-2 cells, methamphetamine treatment induced sustained
expression of Bbc3 at the mRNA level but dynamic BBC3
expression at the protein level (Fig. 2B and D). The metham-
phetamine-mediated regulation of BBC3 expression was further
validated by immunostaining (Fig. 2E). Taken together, these
data clearly demonstrated that methamphetamine mediated
the induction of BBC3 expression in microglia.

While methamphetamine induced BBC3 expression, Bbc3
mRNA and protein expression patterns were inconsistent. This
inconsistency may be due to the co-regulation of BBC3 expression
at the transcriptional and post-transcriptional levels. BBC3 was
initially identified as a transcriptional target of TP53 (TRP53 in
mice) and a mediator of DNA damage-induced apoptosis; our
study also indicated that methamphetamine treatment triggered
the translocation of TRP53 into the nucleus (Fig. 2F, left panel) in
a time-dependent manner without significant effect on the level of
TRP53 in the cytosolic fraction (Fig. 2F, middle panel). Interest-
ingly, methamphetamine treatment increased the expression of
TRP53 in the total cell lysates (Fig. 2F, right panel). Moreover,

blockage of the TRP53 pathway using a TRP53 inhibitor and
Trp53-specific siRNA significantly decreased BBC3 expression in
primary mouse microglia (Fig. 2G and H). As expected, Trp53
siRNA successfully decreased TRP53 expression in primary mouse
microglia (Fig. S5). Therefore, the transcription factor TRP53 was
involved in methamphetamine-induced BBC3.

Mir143 regulates BBC3 expression in microglia at the post-
transcriptional level

Intriguingly, methamphetamine treatment induced a transient
increase in the BBC3 protein levels before it decreased to a level
comparable to that in the control group, despite a sustained
increase in Bbc3 expression at the mRNA level (Fig. 2A to D).
This result strongly suggested that an additional mechanism
exists that negatively regulates BBC3 protein expression likely
at the post-transcriptional level. Therefore, we further exam-
ined the detailed mechanisms of this process. We determined
that BBC3 was regulated by the transcription factor TRP53 in
microglia cells; however, whether BBC3 expression is regulated
by noncoding RNAs has not previously been explored in
microglia. The next step was to examine the miR that targets
BBC3 using the TargetScan algorithm. Computational algo-
rithms such as TargetScan were employed, and Mir143, which
is conserved among vertebrates, was predicted to target Bbc3.

As shown in Fig. 3A, Bbc3 has a conserved Mir143 binding
site within its 30-untranslated region (UTR) in most species
that was identified as the putative target of Mir143. Intrigu-
ingly, cotransfecting a Mir143-overexpressing vector and the
pmiR-GLO plasmid with the Bbc3 wild type 30-UTR resulted in
the downregulation of luciferase activity, and this effect was
reversed in H293 cells transfected with a mutated Bbc3 30-UTR
(Fig. 3B). The next step was to determine whether metham-
phetamine mediated its effects via the induction of Mir143 and
to assess the kinetics of the methamphetamine response. Meth-
amphetamine treatment of primary mouse microglia induced a
biphasic response resulting in early but significant and transient
repression of Mir143 (Fig. 3C; 6h) that was followed by later
but sustained and significant upregulation of Mir143 (Fig. 3C;
24 h). Interestingly and as expected, methamphetamine-
induced modulation of Mir143 correlated inversely with BBC3
expression (Fig. 2C and D). Methamphetamine-mediated regu-
lation of Mir143 was further validated using fluorescence in
situ hybridization (FISH; Fig. 3D). In line with this finding,
Mir143 decreased BBC3 expression, whereas anti-Mir143
increased BBC3 expression at both the mRNA (Fig. 3E) and
protein (Fig. 3F) levels in primary mouse microglia.

Role of BBC3 in methamphetamine-induced apoptosis of
microglia

Because BBC3 expression was increased in the BV-2 cells in the
presence of methamphetamine, we next sought to explore the
role of BBC3 in the methamphetamine-mediated apoptosis of
BV-2 cells. As shown in Fig. 4A to C, methamphetamine
induced the expression of BAX, but failed to affect the levels of
BCL2L1/Bcl-xL, cleaved CASP9 (caspase 9) and cleaved
CASP3. Moreover, knockdown of Bbc3 using Bbc3-specific
siRNA alleviated the expression of methamphetamine-
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Figure 2. Methamphetamine mediated upregulation of BBC3 in microglia. (A and B) Methamphetamine increased Bbc3 expression at the mRNA level in BV-2 cells (A) and in pri-
mary mouse microglia (B) as determined by real-time PCR. (C and D) Methamphetamine induced a biphasic response of BBC3 expression in BV-2 cells (C) and in primary mouse
microglia (D) as determined by western blot analysis. Cells were treated with methamphetamine (1.5 mM) for 6, 12 and 24 h, followed by collection of RNA and protein for assess-
ment of BBC3 expression. All data are presented as the mean§ SD of 3 independent experiments. �, p< 0.05, ��, p< 0.01 and ���, p< 0.001 vs. the control group using one-way
ANOVA followed by the Holm-Sidak test. (E) Representative image of BBC3 immunofluorescence staining in primary mouse microglia. Cells were treated with methamphetamine
(1.5 mM) for 6 h. Red, AIF1; green, BBC3; blue, DAPI. Scale bar: 50 mm. (F) Methamphetamine increased TRP53 expression and induced TRP53 translocation into the nuclei of BV-2
cells. Cells were treated with methamphetamine for 5, 15, 30, 60 and 180 min followed by isolation of nuclear and cytosolic fractions as well as collection of the total cell lysates for
the detection of TRP53 expression using western blot analysis. All data are presented as the mean§ SD of 3 independent experiments. �, p< 0.05, ��, p< 0.01 and ���, p< 0.001
vs. the control group using one-way ANOVA followed by the Holm-Sidak test. (G and H) Pretreatment of primary mouse microglia with the TRP53 inhibitor pifithrin-a (PFT-a;
10 mM) for 1 h (G) or Trp53 siRNA (H), followed by treatment with methamphetamine for 6 h. Inhibition of the TRP53 pathway significantly decreased the BBC3 expression induced
by methamphetamine. All data are presented as the mean§ SD of 3 independent experiments. ��, p< 0.01 vs. the control group; ##, p< 0.01 vs. the methamphetamine-treated
group using one-way ANOVA followed by the Holm-Sidak test. Meth, methamphetamine.
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mediated markers of apoptosis (Fig. 4D to F). To corroborate
the above findings, terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) staining was per-
formed, which demonstrated that 25.8% of cells treated with
methamphetamine were TUNEL-positive and that this increase
in cell apoptosis was significantly reduced in the cells trans-
duced with Bbc3 siRNA (Fig. 4G and H). To further confirm
the role of BBC3 in microglial apoptosis, the effect of metham-
phetamine on cleaved CASP9 and cleaved CASP3 was exam-
ined in primary mouse microglia. As shown in Fig. 5A and B,
methamphetamine increased the levels of cleaved CASP9 and
cleaved CASP3. Moreover, knockdown of BBC3 expression sig-
nificantly inhibited the increase in cleaved CASP3 induced by
methamphetamine (Fig. 5C). Because BBC3 is a common apo-
ptosis inducer, we next examined the effect of BBC3 efficiency
on cell apoptosis in vivo. As shown in Fig. 5D and E, metham-
phetamine-mediated upregulation of BAX-BCL2L1 and cleaved
CASP3 was ameliorated in the hippocampus of Bbc3 knockout
(KO) mice compared with WT controls. Taken together, these
findings suggested that BBC3 is involved in methamphet-
amine-mediated apoptosis.

Role of BBC3 in methamphetamine-induced autophagy of
microglia

To explain the paradoxical role of BBC3 in microglial survival,
we investigated whether BBC3 affected autophagy, a critical
regulatory process of cell survival and proliferation.32 Two
well-known pathways are involved in autophagy: the phosphoi-
nositide 3-kinase-AKT1-MTOR-RPS6KB signaling pathway
and the RAS-RAF1-MAPK1/2 signaling pathway. Both path-
ways are often activated in numerous types of cancers.33 Several
anticancer agents are known to inhibit the phosphoinositide 3-
kinase-AKT1-MTOR-RPS6KB signaling pathway and to simul-
taneously activate the MAPK1/ERK2 pathway, resulting in
autophagy induction.34-36 Therefore, we first examined the
effect of methamphetamine on these pathways. As shown in
Fig. S6, methamphetamine treatment suppressed the phosphor-
ylation of AKT1, MTOR, and RPS6K but increased the phos-
phorylation of MAPK1. Next, we examined MAP1LC3-II/LC3-
II expression in the presence of methamphetamine. As shown
in Figure 6A and B, methamphetamine treatment of both BV-2
and primary mouse microglia increased the expression of

Figure 3. Mir143 regulates BBC3 expression at the post-transcriptional level in microglia. (A) Putative Mir143 binding sites in the Bbc3 gene. The potential complementary
residues are shown in red. (B) Relative luciferase activity of wild type 30-UTR mutant constructs of Bbc3 cotransfected with the Mir143 OE vector and the pmiR-GLO plas-
mid. All the data are indicated as the mean§ SD of 3 individual experiments. �, p < 0.05 vs. the Mircontrol co-transfected with WT group using one-way ANOVA followed
by the Holm-Sidak test. (C) Effect of methamphetamine on Mir143 expression at the mRNA level in primary mouse microglia as determined by real-time PCR. Cells were
incubated with methamphetamine (1.5 mM) for 6, 12 and 24 h, followed by collection of RNA for assay of Mir143 expression. All data are presented as the mean § SD of
3 independent experiments. �, p < 0.05; ��, p < 0.01; and ���, p < 0.001 vs. the control group using one-way ANOVA followed by the Holm-Sidak test. (D) Fluorescence
in situ hybridization of mature Mir143 in primary mouse microglia combined with immunostaining for the microglial marker AIF1. Cells were incubated with methamphet-
amine (1.5 mM) for 24 h. Red, Mir143; green, AIF1; blue, DAPI. Scale bar: 20 mm. (E and F) Primary mouse microglia infected with Mircontrol C Mir143 and anti-Mircontrol
C anti-Mir143 lentivirus for 48 h were assessed for BBC3 expression at the mRNA (E) and protein (F) levels. All data are presented as the mean§ SD of 3 individual experi-
ments. ��, p < 0 .01 vs. the Mircontrol or anti-Mircontrol group using Student t test. Meth, methamphetamine.
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BECN1/Beclin 1 and induced the production of MAP1LC3-II,
which is a cleaved MAP1LC3-phosphatidylethanolamine con-
jugate and a general autophagosomal marker.37 In the context
of autophagy, SQSTM1/p62 acts as a receptor protein that links
MAP1LC3 with ubiquitin moieties on misfolded proteins.
Therefore, autophagy mediates the clearance of SQSTM1
together with ubiquitinated proteins. Consistently, SQSTM1
expression was downregulated by methamphetamine treatment
in both BV-2 and primary mouse microglia (Fig. 6A and B).

Autophagic flux was further monitored in primary mouse
microglia that were transduced with tandem fluorescent-
mRFP-GFP-MAP1LC3-adenovirus, a specific marker for

autophagosome formation that relies on the different nature of
GFP and RFP fluorescence under acidic conditions. GFP fluo-
rescence is sensitive to the acidic condition of the lysosome
lumen, while RFP is relatively stable under acidic conditions.
Thus, the colocalization of GFP and RFP signals (yellow dots)
indicates the phagophores or autophagosomes that have not
fused with lysosomes, whereas RFP-only signals (red puncta)
stain the autolysosomes. As shown in Fig. 6C, methamphet-
amine treatment significantly increased the number of yellow
dots per cell with a concomitant greater increase in RFP-only
MAP1LC3 dots in primary mouse microglia transduced with
tandem fluorescent-tagged nRFP-GFP-MAP1LC3. Autophagy

Figure 4. Role of BBC3 in methamphetamine-induced cell apoptosis of BV-2 cells. (A to C) Exposure of BV-2 cells to methamphetamine (1.5 mM) for different time periods
(3, 6, 12 and 24 h) increased the expression of BAX-BCL2L1 (A), cleaved CASP9:CASP9 (B) and cleaved CASP3:CASP3 (C). All data are presented as the mean§ SD of 3 inde-
pendent experiments. ��, p < 0.01 and ���, p < 0.001 vs. the control group using one-way ANOVA followed by the Holm-Sidak test. (D to F) Methamphetamine-induced
expression of BAX-BCL2L1 (D), cleaved CASP9:CASP9 (E) and cleaved CASP3:CASP3 (F) was attenuated by BBC3 knockdown in BV-2 cells using Bbc3 siRNA in BV-2 cells.
BV-2 cells were transfected with Bbc3 siRNA for 24 h followed by methamphetamine treatment (1.5 mM) for another 6 h, and the cells were homogenized for detection
of cleaved CASP9 and CASP3 expression using western blotting. (G and H) TUNEL staining (green) in BV-2 cells transfected with Bbc3 siRNA for 24 h and treated with
methamphetamine for another 24 h. All data are presented as the mean § SD of 3 independent experiments. �, p < 0.05 and ��, p < 0.01 vs. the control group; #, p <

0.05 and ##, p < 0.01 vs. the methamphetamine-treated group using one-way ANOVA followed by the Holm-Sidak test.
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is a dynamic process of protein degradation that is character-
ized by the formation of double-membraned cytoplasmic
vesicles.38 Structural analysis via electron microscopy allows
the visualization of autophagy with the massive accumulation
of autophagic vacuoles (autophagosomes) and autolysosomes
in the cytoplasm. As shown in Fig. 6D, methamphetamine
treatment resulted in the accumulation of numerous autolyso-
somes (arrow) and double-membraned autophagic vacuoles
(arrowhead) in primary microglia (Fig. S7).

Because MAP1LC3-II can be increased by either enhanced
autophagy initiation or inhibition of lysosomal degradation,39

we next examined the mechanisms underlying the metham-
phetamine-induced increase in MAP1LC3-II expression. BV-2
cells were pretreated with the lysosome inhibitors bafilomycin
A1 (BafA1) and chloroquine (CQ) for 1 h followed by metham-
phetamine treatment for 24 h. The cells were then collected,
and homogenates were prepared for detection of MAP1LC3-II
levels. As shown in Fig. 7, methamphetamine increased the
level of MAP1LC3-II in the presence of CQ (Fig. 7A and C) or
BafA1 (Fig. 7B and D) compared with BV-2 cells (Fig. 7A and
B) and primary mouse microglia (Fig. 7C and D) treated with
CQ or BafA1 alone, suggesting that methamphetamine
increased MAP1LC3-II levels primarily through enhancing
autophagy initiation.

The anti-apoptotic protein BCL2 binds with BECN1 to
inhibit the autophagic process, and a previous study demon-
strated that methamphetamine treatment resulted in disruption
of the interaction between BCL2 and BECN1.40 To determine
whether such a mechanism was also responsible for metham-
phetamine-induced autophagy, we investigated the binding sta-
tus of BCL2 with BECN1 following methamphetamine
treatment. Using co-immunoprecipitation assays, the amount
of BECN1 in the BCL2-immunoprecipitated protein complex
was shown to decrease while the amount of total BCL2
remained unchanged in methamphetamine-treated microglia,
as shown in Fig. S8.

Our findings demonstrated that the change in the levels of
MAP1LC3-II occurred at 24 h following methamphetamine
treatment (Fig. 6), when BBC3 expression had already returned
to the basal level (Fig. 2). According to this finding, the role of
autophagy as a mechanism of BBC3-mediated cell survival
seems to be confusing considering the timing of these events.
However, as shown in Fig. 6A, methamphetamine treatment
resulted in the increased expression of BECN1 as early as 6 h,
which is consistent with the response of BBC3; methamphet-
amine induced a transient increase in the BBC3 protein level at
6 h followed by reduction to a level comparable to that of the
control group (Fig. 2). BECN1 is an adaptor protein that

Figure 5. Role of BBC3 in methamphetamine-induced microglial apoptosis. (A and B) Exposure of primary mouse microglia to methamphetamine (1.5 mM) for different
time periods (6, 12 and 24 h) increased the expression of cleaved CASP9 and CASP3. All data are presented as the mean § SD of 3 independent experiments. �, p < 0.05
and ��, p < 0.01 vs. the control group using one-way ANOVA followed by the Holm-Sidak test. (C) Bbc3 siRNA inhibited the methamphetamine-induced increase in
cleaved CASP3 expression. Primary mouse microglia were transduced with Bbc3 siRNA for 24 h followed by methamphetamine treatment (1.5 mM) for another 6 h, and
the cells were homogenized for detection of cleaved CASP3 expression using western blotting. All data are presented as the mean § SD of 3 independent experiments.
��, p < 0.01 vs. the control group; #, p < 0.05 vs. the methamphetamine-treated group using one-way ANOVA followed by the Holm-Sidak test. (D and E) Expression of
BAX-BCL2L1 (D) and cleaved CASP3:CASP3 (E) in the hippocampus of WT and Bbc3 KO mice as determined by western blotting. WT and Bbc3 KO mice were treated with
methamphetamine (intraperitoneal, 30 mg/kg) for 48 h followed by examination for apoptosis. N D 6 animals/group. �, p < 0.05 and ��, p < 0.01 vs. the saline-treated
WT group; ##, p < 0 .01 vs. the methamphetamine-treated WT group using one-way ANOVA followed by the Holm-Sidak test. Meth: methamphetamine.
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assembles a core complex with phosphatidylinositol 3-kinase to
recruit other autophagy-related proteins that orchestrate auto-
phagosome formation and thus plays a central role in auto-
phagy induction.40-42 Therefore, our current finding suggested
that the early increase in BBC3 expression could initiate
autophagy by increasing the level of BECN1 and that BECN1
expression further initiated the process of autophagy in a
dynamic, time-dependent manner. To confirm this possibility,
BV-2 cells were transfected with Bbc3 siRNA followed by treat-
ment with methamphetamine. As shown in Fig. S9A, knock-
down of BBC3 expression significantly inhibited

methamphetamine-induced BECN1 expression. Moreover, we
also demonstrated that BECN1 knockdown significantly dimin-
ished MAP1LC3-II expression, thus indicating that BECN1 lies
upstream of MAP1LC3-II (Fig. S9B). As expected, BECN1
siRNA successfully decreased BECN1 expression as shown in
Fig. S9C.

MAP1LC3-II formation was enhanced by the autophagy
inducer rapamycin, as shown in Fig. 8A and B. This effect was
also confirmed by immunofluorescence staining showing that
rapamycin enhanced the number of vacuoles as indicated by
endogenous MAP1LC3-II (Fig. 8A and B). Having determined

Figure 6. Methamphetamine induced microglial autophagy. (A and B) The expression of BECN1, MAP1LC3-II and SQSTM1 in BV-2 cells (A) and primary mouse microglia
(B) induced by methamphetamine. Cells were treated with methamphetamine (1.5 mM) for 6, 12 and 24 h. All data are presented as the mean § SD of 3 independent
experiments. �, p < 0.05; ��, p < 0.01; and ���, p < 0.001 vs. the control group using one-way ANOVA followed by the Holm-Sidak test. (C) Primary mouse microglia
infected with RFP-GFP-MAP1LC3 adenovirus and then treated with 1.5 mM methamphetamine for 24 h. Effect of methamphetamine on RFP- and GFP-MAP1LC3 puncta
(left panel). Scale bar: 5 mm. The RFP- and GFP-MAP1LC3 puncta per cell were counted, and the quantification is shown in the right panel. (D) Transmission electron
microscopy imaging of cells showing autolysosomes (arrows) and double-membraned autophagosomes (arrowheads) in primary microglia (left panel) and quantification
of autolysosomes and autophagosomes (right panel) in primary microglial cells treated with methamphetamine (1.5 mM) for 24 h. Scale bar: 200 nm. Quantification of
cell numbers is presented as the mean § SD of 3 independent experiments. ��, p < 0.01 and ���, p < 0.001 vs. the control group; ###, p < 0.01 vs. the methamphet-
amine-treated group using one-way ANOVA followed by the Holm-Sidak test.
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that methamphetamine induced BBC3 expression and auto-
phagy, we next sought to explore the role of BBC3 in metham-
phetamine-mediated autophagy. As shown in Fig. 8C,
transduction of primary mouse microglia with a lentiviral vec-
tor carrying Bbc3 siRNA significantly reversed methamphet-
amine-induced MAP1LC3-II expression. In contrast, BBC3 OE
further enhanced the methamphetamine-induced increase in
MAP1LC3-II expression (Fig. 8D). Furthermore, the level of
MAP1LC3-II was significantly increased in WT mice treated
with methamphetamine, and this level was reduced in the Bbc3
KO mice (Fig. 8E). Taken together, these findings suggested
that BBC3 plays a critical role in methamphetamine-induced
autophagy.

Role of autophagy in the methamphetamine-induced
decrease in cell viability

The finding that BBC3 is required for microglial survival, as
shown in Fig. 1, was unexpected as these data contradicted the
common view that BBC3 is an essential apoptosis inducer.
Because BBC3 was involved in methamphetamine-induced
autophagy and because autophagy is considered to have a

prosurvival role under pathological conditions, we next deter-
mined the role of autophagy in the survival of microglia treated
with methamphetamine. Primary mouse microglia were treated
with the autophagy inhibitor 3-methyladenine (3-MA), which
is a class III phosphatidylinositol 3-kinase inhibitor that pre-
vents autophagy at an early stage of autophagosome formation.
As shown in Fig. 9A, pretreatment of cells with 3-MA enhanced
the methamphetamine-induced decrease in cell viability. 3-MA
alone had no effect on cell viability. However, pretreatment of
cells with the autophagy inducer rapamycin significantly ame-
liorated the methamphetamine-induced decrease in cell viabil-
ity (Fig. 9B) suggesting that autophagy exerted a prosurvival
role in microglia, whereas the inhibition of autophagy
decreased cell viability. In order to confirm the role of auto-
phagy in methamphetamine-induced decreased cell viability of
microglia, cells were transduced with siRNA Atg7 (autophagy-
related 7) lentivirus. As shown in Fig. 9C and D, knockdown of
ATG7 further decreased microglial survival in both BV-2 and
primary mouse microglia. As expected, lentiviral vector-trans-
duced Atg7 siRNA significantly decreased ATG7 expression in
primary mouse microglia and enhanced BAX-BCL2L1 expres-
sion, as shown in Fig. S10. To further confirm the role of

Figure 7. Methamphetamine increased MAP1LC3-II level primarily through enhancing the initiation of autophagy. (A and B) BV-2 cells were pretreated with or without
CQ (45 mM) (A) or BafA1 (50 nM) (B) for 1 h followed by methamphetamine (1.5 mM) treatment for 24 h. (C and D) primary mouse microglia were pretreated with or with-
out CQ (45 mM) (C) or BafA1 (50 nM) (D) for 1 h followed by methamphetamine (1.5 mM) treatment for 24 h. All data are presented as the mean § SD of 3 independent
experiments. �, p < 0.05, ��, p < 0.01 and ���, p < 0.001 vs. the control group; #, p < 0.05, ##, p < 0.01 and ###, p < 0.01 vs. the CQ- or BafA1-treated group using one-
way ANOVA followed by the Holm-Sidak test. Meth, methamphetamine; CQ, chloroquine; BafA1, bafilomycin A1.

AUTOPHAGY 1547



Figure 8. Role of BBC3 in methamphetamine-induced autophagy of microglia. (A) Pretreatment of BV-2 cells (left panel) and primary mouse microglia (right panel) with
the autophagy inducer rapamycin (0.1 mM) for 1 h enhanced the methamphetamine-induced increase in MAP1LC3-II expression. (B) Effect of methamphetamine on the
formation of MAP1LC3-II puncta. Cells were pretreated with rapamycin for 1 h and then treated with methamphetamine (1.5 mM) for another 24 h. MAP1LC3-II puncta
were then analyzed by confocal microscopy. Scale bar: 20 mm. (C) Knockdown of Bbc3 expression by siRNA decreased the methamphetamine-induced expression of
MAP1LC3-II in primary mouse microglia. Primary mouse microglia were transfected with Bbc3 siRNA for 24 h followed by methamphetamine treatment (1.5 mM) for
another 24 h, and the cells were processed for detection of MAP1LC3-II expression using western blotting. (D) Transduction of primary mouse microglia with BBC3 OE len-
tivirus further enhanced the methamphetamine-induced increase in MAP1LC3-II expression in primary mouse microglia. Primary mouse microglia were transduced with
BBC3 OE lentivirus for 24 h followed by methamphetamine treatment (1.5 mM) for another 24 h, and the cells were processed for detection of MAP1LC3-II expression
using western blotting. All data are presented as the mean § SD of 3 independent experiments. �, p < 0.05, ��, p < 0.01 and ���, p < 0.001 vs. the control group; #, p <

0.05 and ##, p < 0.01 vs. the methamphetamine-treated group using one-way ANOVA followed by the Holm-Sidak test. (E) Expression of MAP1LC3-II in the hippocampus
of WT and Bbc3 KO mice as determined by western blotting. WT and Bbc3 KO mice were treated with methamphetamine (intraperitoneal, 30 mg/kg) for 48 h, followed
by examination for autophagy. N D 6 animals/group. �, p < 0.05 and ��, p < 0.01 vs. the saline-treated WT group; ##, p < 0.01 vs. the methamphetamine-treated WT
group using one-way ANOVA followed by the Holm-Sidak test. Meth, methamphetamine; Rap, rapamycin.
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autophagy in methamphetamine-induced apoptosis, cells were
treated with 3-MA, which enhanced the level of cleaved CASP3
in both BV-2 cells and primary mouse microglia (Fig. 10A and
B). Conversely, pretreatment of cells with rapamycin signifi-
cantly inhibited the increased level of cleaved CASP3 in both
BV-2 cells and primary mouse microglia (Fig. 10C and D).

Role ofMir143-BBC3 in methamphetamine-induced
apoptosis and autophagy in vitro

Having determined that Mir143 regulated BBC3 expression, we
next examined the role of Mir143 in microglial survival. Pri-
mary mouse microglia were transduced with a lentivirus
expressing anti-Mir143, and cell viability was assessed. As
shown in Fig. 11A, transduction of cells with anti-Mir143 lenti-
virus significantly inhibited the methamphetamine-induced
decrease in cell survival as determined by CCK8 assay. The role
of Mir143 in methamphetamine-induced apoptosis and
autophagy in microglia was further examined. Transduction of

cells with anti-Mir143 lentivirus significantly enhanced the lev-
els of cleaved CASP3 (Fig. 11B) and MAP1LC3-II (Fig. 11C) in
primary mouse microglia. Next, to determine whether anti-
Mir143-mediated functional effects depend specifically on the
upregulation of BBC3, primary mouse microglia were cotrans-
duced with lentiviral vectors expressing anti-Mir143 and Bbc3
siRNA. Transduction of cells with anti-Mir143 lentivirus
enhanced cell viability, and this effect was significantly inhib-
ited in cells cotransduced with lentiviral vectors expressing
anti-Mir143 and Bbc3 siRNA (Fig. 11D). Moreover, the trans-
duction of cells with anti-Mir143 lentivirus resulted in
enhanced cleaved CASP3 and MAP1LC3-II (Figs. 11E and F),
and this effect was inhibited in cells cotransduced with lentivi-
ral vectors expressing anti-Mir143 and Bbc3 siRNA (Figs. 11E
and F).

Reciprocally, transduction of cells with theMir143 precursor
had opposing effects. To further determine whether Mir143-
mediated functional effects depend specifically on BBC3 sup-
pression, an expression construct encoding the entire BBC3

Figure 9. Role of autophagy in methamphetamine-induced microglial survival. (A) Pretreatment of cells with 3-MA augmented the methamphetamine-induced decrease
in cell viability in BV-2 cells (upper panel) and in primary mouse microglia (lower panel). Cells were pretreated with 3-MA (1 mM) for 1 h and then treated with metham-
phetamine (1.5 mM) for 24 h. (B) Pretreatment of cells with the autophagy inducer rapamycin attenuated the methamphetamine-induced decrease in cell viability in BV-
2 cells (upper panel) and in primary mouse microglia (lower panel). Cells were pretreated with rapamycin (0.1 mM) for 1 h, and then treated with methamphetamine
(1.5 mM) for 24 h. Cells were pretreated with rapamycin (0.1 mM) for 1 h followed by methamphetamine (1.5 mM) treatment for 6 h. (C and D) Transfection of cells with
Atg7 siRNA lentivirus decreased cell viability in both BV-2 cells (C) and primary mouse microglia (D) as determined by CCK8 assay. Cells were transduced with Atg7 siRNA
lentivirus for 24 h and treated with methamphetamine (1.5 mM) for 24 h. All data are presented as the mean § SD of 3 independent experiments. �, p < 0.05 and ���, p
< 0.001 vs. the control group; #, p< 0.05 and ##, p< 0.01 vs. the methamphetamine-treated group using one-way ANOVA followed by the Holm-Sidak test. Meth, meth-
amphetamine; 3-MA, 3-methyladenine; Rap, rapamycin.
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coding sequence but lacking the 30-UTR (BBC3 OE), which
yields an mRNA resistant to Mir143-mediated suppression,
was generated. The transduction of cells with Mir143 lentivirus
decreased cell survival, and this effect was ameliorated in cells
cotransduced with BBC3 OE lentivirus in primary mouse
microglia (Fig. S11).

Role ofMir143 in methamphetamine-induced microglial
death in vivo

Our findings demonstrate that Mir143, which is involved in the
regulation of BBC3 expression, plays a critical role in microglial
apoptosis and autophagy. Notably, one of the unavoidable cav-
eats of in vitro studies involving either BV-2 or primary micro-
glia is their inherent ability to become activated during culture.
Therefore, we sought to validate the role of Mir143 in vivo by
microinjecting anti-Mir143 lentivirus into the hippocampus of
C57BL/6J mice. C57BL/6J mice were microinjected bilaterally
with either the anti-Mir control-RFP lentivirus or the anti-
Mir143-RFP lentivirus in the hippocampus and monitored for
microglial survival in response to methamphetamine. However,
first determining the efficacy of anti-Mir143-RFP lentivirus
transduction in vivo was important. As shown in Fig. 12A, RFP
expression was largely restricted to the hippocampus, and a cer-
tain number of AIF1-positive cells colocalized with RFP. As
expected, increased BBC3 expression was observed in the anti-

Mir143-injected side compared with that in the side injected
with anti-Mir control (Fig. 12B). Two wk following lentivirus
injections, the mice were administered methamphetamine
(30 mg/kg), and AIF1-positive cells in the hippocampus were
assessed. As shown in Fig. 12C and D, compared with the saline
control group, anti-Mir control-RFP lentivirus-microinjected
mice exhibited a decreased number of AIF1-positive microglia
in the presence of methamphetamine, which was significantly
attenuated by microinjection of anti-Mir143.

To further confirm the role ofMir143 in methamphetamine-
induced decrease in microglial survival, we sought to generate
mir143¡/- mice. Because we failed to generate homozygous
mir143¡/- mice from 8 littermates thus far, we used heterozy-
gous Mir143C/¡ mice to confirm our findings. As shown in
Fig. 13A, Mir143 expression was significantly decreased in het-
erozygous Mir143C/¡ mice compared with WT mice. More-
over, methamphetamine treatment increased Mir143
expression in the hippocampus of WT mice but not in
Mir143C/¡ mice (Fig. 13B). Consistent with the in vitro find-
ings, methamphetamine treatment increased the mRNA level
of Bbc3 (Fig. S12A) but decreased BBC3 expression at the pro-
tein level (Fig. S12B) in the WT mice, which further confirming
that the decreased expression of BBC3 was regulated at the
post-transcriptional level in vivo. However, methamphetamine
treatment failed to affect the expression of BBC3 at either the
mRNA or protein level in Mir143C/¡ mice compared with the

Figure 10. Role of autophagy in methamphetamine-induced microglial apoptosis. (A and B) Pretreatment with 3-MA (1 mM) for 1 h enhanced the level of cleaved CASP3
in both BV-2 cells (A) and primary mouse microglia (B). Cells were pretreated with 3-MA (1 mM) for 1 h followed by methamphetamine (1.5 mM) treatment for 6 h. (C
and D) Pretreatment with rapamycin (0.1 mM) for 1 h significantly decreased the level of cleaved CASP3 in both BV-2 cells (C) and primary mouse microglia (D). All data
are presented as the mean § SD of 3 independent experiments. �, p < 0.05, and ��, p < 0.01 vs. the control group; #, p < 0.05 and ##, p < 0.01 vs. the methamphet-
amine-treated group using one-way ANOVA followed by the Holm-Sidak test. Meth, methamphetamine; 3-MA, 3-methyladenine; Rap, rapamycin.
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saline control group (Fig. S12). To confirm the role of Mir143
in methamphetamine-induced microglial survival, we exam-
ined microglial survival in Mir143C/¡ mice. As shown in
Fig. 13C and D, methamphetamine administration significantly
decreased the number of AIF1-positive cells in the hippocam-
pus of WT mice; however, methamphetamine failed to induce
microglial death inMir143C/¡ mice. These findings thus under-
pin the role of Mir143 in regulating the methamphetamine-
mediated decrease in microglial survival in vivo.

Discussion

Our study provides new insights into the role of Mir143 in the
regulation of microglial survival: Mir143 modulates BBC3
expression, which regulates the interplay of apoptosis and

autophagy. The modulation of Mir143-BBC3 expression may
be a therapeutic intervention for the regulation of microglial
survival in the context of drug abuse.

Our finding indicated that methamphetamine increased
BBC3 expression with a concomitant increase in apoptosis, thus
resulting in decreased cell viability. We anticipated that BBC3
deficiency would attenuate the methamphetamine-induced
decrease in microglia survival. However, to our surprise, BBC3
deficiency failed to attenuate the methamphetamine-induced
decrease in microglial survival and even exacerbated the
decreased cell viability, contradicting the common view that
BBC3 is an essential apoptosis inducer.14,15 This finding, along
with the previous report that the number of microglia in the ret-
ina was significantly decreased in Bbc3 KO mice compared with
WT,43 suggests a novel function of BBC3 in microglial survival.

Figure 11. Role of Mir143-BBC3 in methamphetamine-induced apoptosis and autophagy in vitro. (A to C) Transduction of cells with anti-Mir143 attenuated the methamphet-
amine-induced decrease in cell viability as determined by CCK8 assay (A) and enhanced the level of cleaved CASP3 (B) and MAP1LC3-II (C) as determined by western blotting.
Cells were transduced with anti-Mir143 lentivirus for 24 h and then treated with methamphetamine (1.5 mM) for 24 h to examine the cell viability and MAP1LC3-II expression
and for 6 h to evaluate the level of cleaved CASP3. All data are presented as the mean § SD of 3 independent experiments. �, p < 0.05, ��, p < 0.01 and ���, p < 0.001 vs.
the anti-Mircontrol group; #, p < 0.05 and ###, p < 0.001 vs. the anti-Mircontrol treated with methamphetamine group using one-way ANOVA followed by the Holm-Sidak
test. (D to F) Transduction of cells with the Bbc3 siRNA lentivirus significantly inhibited the anti-Mir143-induced increase in cell viability as determined by CCK8 assay (D) and
decreased the levels of cleaved CASP3 (E) and MAP1LC3-II (F) as determined by western blotting. Cells were transduced with Bbc3 siRNA lentivirus for 24 h, and then were
treated with methamphetamine (1.5 mM) for another 24 h to examine the cell viability and MAP1LC3-II expression, and for another 6 h to evaluate the level of cleaved CASP3.
All data are presented as the mean § SD of 3 independent experiments. �, p < 0.05 and ��, p < 0.01 vs. the anti-Mircontrol group; #, p < 0.05 and ##, p < 0.01 vs. the anti-
Mir143 cotransduced with siRNA-control group using one-way ANOVA followed by the Holm-Sidak test. Meth: methamphetamine.
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Mechanistically, our study indicated that the transcription
factor TRP53 and Mir143 co-coordinately regulated metham-
phetamine-induced BBC3 expression. This finding is in agree-
ment with a previous study that demonstrated that Mir9-5p
and SP1 coregulated target genes that cooperatively activate or
block NFKB target gene expression.44 Consistent with previous
studies showing that BBC3 is the downstream target of
TRP53,16,45,46 our study also demonstrated that the TRP53
pathway was activated in methamphetamine-treated microglia
and contributed to BBC3 expression. Indeed, methamphet-
amine induced an almost 2-fold increase in Bbc3 mRNA levels.
Intriguingly, western blot assay showed that methamphetamine
treatment induced a transient increase in BBC3 protein levels
followed by reduction to a level comparable to the control
group, although the Bbc3 mRNA level significantly increased
simultaneously. This result strongly suggested that an addi-
tional mechanism negatively regulates BBC3 protein expression
likely at the post-transcriptional level. Therefore, we further

examined the detailed mechanisms in this process and found
that Mir143 regulated BBC3 protein expression. Although
mounting evidence has demonstrated the critical role of
Mir143 in cancer cells24-26 and in cell metabolism,27 studies in
microglia in the CNS are lacking. To our knowledge, our study
is the first to indicate that Mir143 regulates BBC3 expression,
revealing a new mechanism for BBC3 expression.

Moreover, our study used comprehensive systems and
approaches and demonstrated an unexpected function of
BBC3, suggesting a functional property of BBC3 to exhibit apo-
ptotic or autophagic activities under different conditions. A
previous study indicated that current cancer therapies induce a
tight interplay between autophagy and apoptosis.47 Autophagy
plays a dual role, either promoting cell survival or cell death in
response to cancer treatments depending on the cellular con-
text and on the nature of the treatments.48 Consistent with
these findings in cancer cells, methamphetamine increased
BBC3 expression with concomitant increases in apoptosis and

Figure 12. Role of Mir143 in methamphetamine-induced microglial death in vivo. (A) Representative images of C57BL/6J mice microinjected with either anti-Mir control-
RFP lentivirus or anti-Mir143-RFP lentivirus (LV) in microglia of the hippocampus. Scale bar: 100 mm. Mice were microinjected bilaterally with anti-Mir-RFP lentivirus (2 ml
of 109 viral genomes ml¡1) into the hippocampus, and 2 wk after microinjection, mice were sacrificed and examined for RFP and AIF1 expression. (B) Anti-Mir143 lentivirus
injection successfully increased BBC3 expression as determined by western blotting. Two wk after microinjection, mice were sacrificed and examined for BBC3 expression.
(C) Effect of methamphetamine on the survival of microglia in the hippocampus of C57BL/6J mice, which were microinjected with either anti-Mircontrol-RFP lentivirus or
anti-Mir143-RFP lentivirus. Two wk after microinjection, mice were treated with methamphetamine (intraperitoneal, 30 mg/kg) for another 48 h, followed by AIF1 immu-
nostaining. Representative images of AIF1 immunostaining in the hippocampus of mice injected with saline or methamphetamine. Scale bars: 200 mm (upper panel),
100 mm (middle panel), and 50 mm (lower panel). (D) Stereology of AIF1-positive microglia in the hippocampus. N D 5 animals/group. �, p < 0.05 vs. the anti-Mircontrol
mice treated with saline group; #, p < 0.05 vs. the anti-Mircontrol mice treated with methamphetamine-treated group using one-way ANOVA followed by the Holm-Sidak
test. Meth, methamphetamine.
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autophagy. The explanation for the consequent decrease in cell
viability was because apoptosis overwhelmed autophagy, result-
ing in decreased cell viability in microglia treated with metham-
phetamine, as both apoptosis and autophagy cooperatively

regulated cell survival. However, why did BBC3 deficiency fail
to reverse the decrease in cell viability induced by methamphet-
amine? A possible explanation for this observation could be
that although BBC3 deficiency decreased methamphetamine-

Figure 13. Role of Mir143 in methamphetamine-induced decreased microglial survival in vivo. (A) Mir143 expression was decreased in heterozygous Mir143C/¡ mice com-
pared with WT mice. WT and Mir143C/¡ mice were treated with methamphetamine (intraperitoneal, 30 mg/kg) for 48 h. N D 6 animals/group. ���, p < 0.001 vs. the WT
group using Student t test. (B) Administration of methamphetamine significantly increased hippocampal Mir143 expression in WT mice but not in Mir143C/¡ mice com-
pared with the saline control group. WT and Mir143C/¡ mice were treated with methamphetamine (intraperitoneal, 30 mg/kg) for 48 h. N D 6 animals/group. ��, p <

0.01 vs. the saline-treated WT group using one-way ANOVA followed by the Holm-Sidak test. (C) Effect of methamphetamine on the survival of microglia in the hippocam-
pus of heterozygous Mir143C/¡ and WT mice. WT and Mir143C/¡ mice were treated with methamphetamine (intraperitoneal, 30 mg/kg) for 48 h. Representative images
of AIF1 immunostaining in the hippocampus of mice injected with saline or methamphetamine. Scale bars: 200 mm (upper panel), 100 mm (middle panel), and 50 mm
(lower panel). (D) Stereology of AIF1-positive microglia in the hippocampus. N D 5 animals/group. �, p < 0.05 vs. the saline-treated WT group using one-way ANOVA fol-
lowed by the Holm-Sidak test. Meth, methamphetamine.
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induced apoptosis, it also decreased autophagy, as autophagy
plays a prosurvival role in microglia (Fig. 5). Using both phar-
macological and genetic approaches, we demonstrated that
autophagy inhibition augmented the methamphetamine-
induced decrease in cell viability, whereas the autophagy
inducer rapamycin attenuated the methamphetamine-induced
cell death. Our findings are consistent with that of a previous
study that showed that methamphetamine induces autophagy
as a prosurvival response in endothelial cells.49 Our findings
suggested that BBC3 exhibits an unexpected complex function
in different contexts, acting as a survival and proliferative factor
by modulating apoptosis and autophagy cooperatively. Because
of its potent apoptotic activity, BBC3 has been commonly con-
sidered a promising therapeutic molecule for cancer treat-
ment;15 however, the knockout or knockdown of BBC3
expression worsened the methamphetamine-induced decrease
in microglial survival. Therefore, mechanisms of the observed
pro-survival role of BBC3 could vary in different cellular envi-
ronments, helping to advance our understanding of the intri-
cate relationship between apoptosis and autophagy.

Lending credence to the role ofMir143 in cell proliferation,24-26

our findings suggested that the transduction of primary microglia
with Mir143 decreased microglial survival. Intriguingly, Mir143
further potentiated the methamphetamine-induced decrease in
microglial viability. Reciprocally, inhibition of Mir143 activity via
anti-Mir143 attenuated the decrease in cell viability in the presence
of methamphetamine. Notably, Bbc3 is not the only target gene of
Mir143. Previous studies have indicated that Mir143 exerts its
tumor-suppressive function through targeting oncogenes such as
SDC1, KRAS and CEBPA.24,25,50 Moreover, astrocyte-enriched
Mir29a regulates BBC3 expression and reduces neuronal vulnera-
bility to ischemia in the forebrain.51 Additionally, Mir125b exerts
neuroprotection against ethanol-induced apoptosis by targeting
Bbc3.52 To confirm whether BBC3 was involved in anti-Mir143-
induced cell survival, we cotransduced microglia with lentiviral
vectors expressing anti-Mir143 and Bbc3 siRNA. Intriguingly, the
increased microglial survival induced by anti-Mir143 was abro-
gated by cotransduction with Bbc3 siRNA lentivirus. This finding
was further confirmed by the cotransduction of cells with Mir143
and BBC3 OE (lacking the 30-UTR) as evidenced by the fact that
Mir143 failed to decrease cell survival in the presence of BBC3 OE
lentivirus. These findings further underscore the role of the
Mir143-BBC3 axis in mediating the methamphetamine-induced
decrease in cell viability. Consistent with the role of the Mir143-
BBC3 cascade in the survival of microglia, Mir143-BBC3 coregu-
lated apoptosis and autophagy. These findings not only support
the notion that the interplay of apoptosis and autophagy is a com-
mon mechanism of microglial survival with different effects47,48

but also add a novel molecular link between apoptosis and auto-
phagy in the context of drug abuse.

These findings were validated in vivo, where a genetic approach
using anti-Mir143 lentivirus was employed. Microinjection of
anti-Mir143 lentivirus into the hippocampus of mice followed by
methamphetamine injection resulted in the restoration of micro-
glial survival, thus validating the role of Mir143 in the survival of
microglia. Taken together, our findings implicateMir143 as a reg-
ulator of microglia survival via its suppression of the target gene
Bbc3. In the context of neurotoxicity induced by methamphet-
amine, when Mir143 expression is upregulated, treatment with

anti-Mir143 may have a beneficial effect by dampening the
decreased survival of microglia. Indeed, we observed that microin-
jecting anti-Mir143 into the hippocampus attenuated the metham-
phetamine-induced decrease in microglial survival. Although this
finding was further confirmed in heterozygous Mir143C/- mice,
one of the caveats of our study is the fact that we failed to obtain
homozygous mir143¡/- mice from 35 littermates by breeding het-
erozygous Mir143¡/C mice, whereas a previous study successfully
generated homozygous mir143¡/- mice.53 This discrepancy could
be attributed to the different source of embryonic stem cells or the
different strain of mice. The reason for this discrepancy regarding
the homozygousmir143¡/- mice is currently under investigation.

In response to cellular damage due to methamphetamine,
the host is also capable of generating BBC3, which exerts some-
what paradoxically diverse roles as an inducer of both apoptosis
and autophagy. Thus, depending on the specific context, the
same host factor can manifest diverse activation responses that
lead to diverse outcomes. The ultimate outcome of metham-
phetamine in the CNS is thus a result of the ensuing shift in
balance between apoptosis and autophagy manifested over
time following methamphetamine treatment. Here, we reported
the diverse function of BBC3 as an inducer of both apoptosis
and autophagy in the setting of methamphetamine abuse.
Because this paradoxical regulation is a common theme of this
type of factor, caution has to be exercised in the development
of therapeutic targets involving these mediators.

In summary, Mir143 plays a crucial role in microglial sur-
vival via the suppression of BBC3 expression and the subse-
quent cooperation of apoptosis and autophagy. Thus, the
Mir143-BBC3 axis mediates a regulatory pathway that is critical
for regulating microglial survival.

Methods

Reagents

Lentiviral vectors carryingMir143 OE (HB-LP140MI143), anti-
Mir143 (HB-LP240MA143), mouse Bbc3 siRNA (HB-
LP140240) and Atg7 siRNA (HB-LP400si717) and adenoviral
vector carrying mRFP-GFP-MAP1LC3 (HB-AP2100001) were
purchased from HANBIO. BBC3 OE plasmid (pHA-BBC3;
16588 deposited by Bert Vogelstein) was obtained from Addg-
ene. According to the sequence of Bbc3, the BBC3 OE lentivirus
was packaged by HANBIO. Methamphetamine was ordered
from the National Institute for the Control of Pharmaceutical
and Biological Products. Control siRNA (sc-37007), mouse
Trp53 siRNA (sc-29436), mouse Bbc3 siRNA (sc-37154),
mouse Becn1 siRNA (sc-29798) and pifithrin-a hydrobromide
(sc-45050) were obtained from Santa Cruz Biotechnology.
Rapamycin (R0395) and 3-methyladenine (M9281) were pur-
chased from Sigma-Aldrich.

Animals

Mir143 mutant mice (Mutant Mouse Resource &Research Cen-
ters supported by NIH; https://www.mmrrc.org/catalog/cellLi
neSDS.php?mmrrc_idD43338) were generated using a stan-
dard mirKO targeting vector containing a PGK-EM7 promoter
puroDtk selection cassette flanked by recombinase sites as
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described in a previous study.54 These mice were obtained from
a model animal resource information platform (http://www.
nbri-nju.com/strain-view-T000498?searchDmi&descripti
onDtrue&pageD3). Genotyping of mice or embryos was rou-
tinely performed with tail specimens or embryonic tissue by
PCR using a mixture of 2 primers. The primer sequences used
were as follows: Mir143-3p common forward, 50-TCTA-
GAAAGTATAGGAACTTCCATGGTC-30 (p1), and Mir143-30
gsp reverse-1, 50-CCCAGAATGGGTAGATGTAGCGTCTT-30
(p2); Mir143-50 gsp forward, 50-TGGGTTCCATCTTTAG-
CACTGAAA-30 (p3), and Mir143-50 common reverse, 50-
ATAGCATACATTATACGAAGTTATCACTGG-30 (p4).The
PCR with p1-p2 primers yields a 272-base pair (bp) product
and the PCR with p3-p4 primers yields 220-bp products for
heterozygous mice and negative bands for WT mice. The PCR
with p3-p2 primers yields 3163-bp and 565-bp products for
heterozygous and WT mice, respectively. Heterozygous animals
were used to obtain homozygous mir143¡/- mice. Unfortu-
nately, we failed to generate homozygous mir143¡/- mice from
35 littermates thus far; therefore, heterozygous mice were used
in our current study. However, a previous study successfully
generated mir143 mutant mice using a different source of
embryonic stem cells.53

Bbc3 KO mice were kindly shared by Dr. Gerard Zambettiat
St. Jude Children’s Research Hospital, Inc., and by Dr. Tao
Cheng from State Key Laboratory of Experimental Hematol-
ogy, Institute of Hematology and Blood Disease Hospital, Chi-
nese Academy of Medical Sciences and Peking Union Medical
College. C57BL/6J mice (male, 6-8 wk) were purchased from
the Comparative Medicine Center, Yangzhou University
(Yangzhou, China). All animals were housed under conditions
of constant temperature and humidity on a 12h light: 12h dark
cycle, with lights on at 07:00 a.m. Food and water were available
ad libitum. Animals were deeply anesthetized by an overdose of
isoflurane followed by pneumothorax before perfusion. All ani-
mal procedures were performed according to the protocols
approved by the Institutional Animal Care and Use Committee
of the Medical School, Southeast University.

Cell cultures

Primary mouse microglia cells were obtained from postnatal
(P1 to P2) C57BL/6J mice, which were purchased from the
Comparative Medicine Center, Yangzhou University. After the
membranes and large blood vessels were dissociated, the dis-
sected brain cortices in phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM
KH2PO4) supplemented with brain tissues were digested by
trypsin-EDTA (Gibco, 25200056). Cells were seeded in 25-cm2

cell culture flasks pre-coated with poly-D-lysine (Sigma-
Aldrich, P0296) with Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with fetal bovine serum (10% v/v) and
penicillin-streptomycin (1% v/v). After 3 d, the medium was
changed for the first time. Seven days later, the medium was
replaced every 3 d, and CSF2/GM-CSF (colony stimulating fac-
tor 2 [granulocyte-macrophage]; 0.25 ng/ml; PeproTech, 315-
03) was added to the flasks to promote microglial proliferation.
The microglia were detached from the flasks by shaking and

collected from the cell medium by centrifugation at 1500£g for
5 min.

BV-2 cells are a murine immortalized microglial cell line.
These cells were used to characterize the effects of metham-
phetamine on brain microglia. BV-2 cells were obtained from
the China Center for Type Culture Collection, routinely main-
tained in DMEM (10% fetal bovine serum, 1% penicillin-strep-
tomycin) and incubated in 5% CO2 at 37�C.

Luciferase activity assays

The 990-bp human BBC3 gene 30-UTR containing the putative
Mir143 target site was PCR-amplified from human genomic
DNA using forward (50-GCGGCTCGAGAGCCCAATTA
GGTGCCTG-30) and reverse (50-AATGCGGCCG
CCCACTGTTCCAATCTGATTTTAT-30) primers, and the
DNA fragment was cloned into the XhoI and NotI sites on the 30
end of the luc2 gene in the pmiR-RB-REPORTTM vector (RiboBio,
UR100000). For the pmiR-RB-Bbc3 30-UTR-Mir143-target-
mutant vector, the Mir143 target site (CATCTCA) within the
BBC3 30-UTR was changed to GTAGAGT by PCR mutagenesis
with primers Bbc3-Mir143T-F (50-CCCACCACGTAGAGTG-
GAAAGGCTGTTGTGCTG-30) and Bbc3-Mir143T-R (50-
GCCTTTCCACTCTACGTGGTGGGCGGCAGAGGC-30).
Briefly, 293T cells were transfected with Mir143 OE pLV-[hsa-
Mir143] vector and the target plasmid pmiR-RB-Bbc3-30-UTR or
pmiR-RB-Bbc3-30-UTR-Mir143-target-mutant in a molar ratio of
50:1. The 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 following 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, performed in 5 wells each
time).

Western blot analysis

Proteins were extracted in RIPA lysis buffer (Beyotime,
P0013B). The nuclear protein fraction was extracted using a
KeyGen Nuclear and Cytoplasmic Protein Extraction Kit (Key-
GenBiotech, KGP150). For cytosolic and mitochondrial protein
extraction, a Cell Mitochondria Isolation Kit (Beyotime,
C3601) was used according to the manufacturer’s instructions.
Proteins were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (12%) and electrophoretically trans-
ferred onto polyvinylidene fluoride membranes. The
membranes were blocked with 5% nonfat dry milk in Tris-buff-
ered saline (50 mM Tris, 150 mM NaCl, pH 7.6) with Tween-
20 (0.05%; Beyotime, ST825), probed with antibodies overnight
at 4�C, and then incubated with horseradish peroxidase-conju-
gated goat anti-mouse/rabbit IgG secondary antibody (1:2000).
The antibodies used were as follows: anti-MAP1LC3 (L7543)
from Sigma-Aldrich; anti-BAX (2772), anti-BCL2L1 (2764),
anti-cleaved CASP9 (9509), anti-CASP9 (9504), anti-cleaved
CASP3 (9664), anti-CASP3 (9662), anti-H3F3/Histone H3
(9715), anti-ATG7 (2631), anti-phosphorylated (p)-AKT1
(9271), anti-AKT1 (9272), anti-p-MTOR (2971), anti-MTOR
(2983), anti-p-RPS6KB1(9206), anti-p-EIF4EBP1 (9455), anti-
EIF4EBP1 (9644), anti-p-RPS6 (2211), anti-p-MAPK1 (9101),
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and anti-MAPK1 (9107) from Cell Signaling Technology; anti-
BBC3 (sc-28226), anti-TRP53 (FL-393), anti-GAPDH (sc-
32233), and anti-BECN1 (sc-4834) from Santa Cruz Biotech-
nology; anti-SQSTM1 (18420), anti-BCL2 (12789), anti-CYCS
(10993), andanti-COX4I1/COXIV (11242) from Proteintech;
anti-NOS2 (ab3523) from Abcam and anti-ACTB/b-actin
(BS6007M) from Bioworld. Detection was performed using a
MicroChemi4.2� (DNR, Israel) digital image scanner. Band
intensity was quantified by ImageJ software (NIH).

Real-time PCR

Total RNA isolated from cells was subjected to reverse tran-
scription using a PrimeScript RT Master Mix Kit (TaKaRa,
RR036). Real-time PCR analysis was performed for Bbc3 (for-
ward primer: 50-ACGACCTCAACGCGCAGTA-30; reverse
primer: 50-CTAGTTGGGCTCCATTTCTGG-30) and Actb
(forward primer: 50-CTAGCACCATGAAGATCAAGAT-30;
reverse primer: 50-CCAGGATAGAGCCAC CAA-30). Relative
quantification was performed using TaKaRa SYBR� Premix
TaqTM (TbIRNase H Plus; TaKaRa, RR420). Specific primers
and probes for mature Mir143 and Rnu6 snRNA were obtained
from RiboBio. All reactions were run in triplicate. The amount
of Mir143 was obtained by normalizing to Rnu6 snRNA rela-
tive to the control as previously reported.55

Fluorescence in situ hybridization combined with
immunostaining

Treated primary mouse microglia were fixed in 4% paraformal-
dehyde for 15 min and incubated in PBS overnight at 4�C. Cells
were permeabilized with 0.3% Triton X-100 (Biosharp,
BS363A) in PBS for 15 min, pre-hybridized in hybridization
buffer (50% formamide, 10 mM Tris-HCl, pH 8.0, 200 mg/ml
yeast tRNA [Invitrogen, 15401-029], 1X Denhardt’s solution
[Sigma-Aldrich, D2532], 600 mM NaCl, 0.25% SDS [Invitro-
gen, #15553-027], 1 mM EDTA, 10% dextran sulfate [Sigma-
Aldrich, 8906-100]) for 1 h at 37�C. Then, the slides were
heated to 65�C for 5 min in hybridization buffer with 2 nM
commercially available digoxigenin-labeled Mir143 probe (Exi-
qon, 38515-15) followed by hybridization at 37�C overnight.
The next day, the slides were washed 3 times in 2X SSC (3 M
NaCl, 0.3 M sodium citrate, pH 7.4) and twice in 0.2X SSC at
42�C. The slides were then blocked with 1% BSA (Biosharp,
BS043D) and 3% normal goat serum (ZSGB-BIO, ZLI-9056) in
PBS for 1 h at room temperature and incubated with horserad-
ish peroxidase-conjugated anti-digoxigenin antibody (Roche
Diagnostics GmbH, 11207733910) overnight at 4�C. After the
slides were washed 3 times with TBS, they were incubated with
a TSA Cy5 kit (PerkinElmer, NEL745001KT) for 10 min at
room temperature. The samples were washed once with 0.1%
Tween-20 in PBS, twice in PBS and once in DEPC water
(Sigma-Aldrich, V900882-10ML); blocked with 1% BSA and
3% normal goat serum in 1X PBS for 1 h at room temperature;
and incubated with anti-AIF1 antibody (Wako, 019-19741)
overnight at 4�C. The slides were washed twice with PBS and
incubated with Alexa Fluor 488-conjugated goat anti-rabbit
IgG (Invitrogen, A11008) antibody for 1 h at room tempera-
ture. Then, the slides were washed twice with PBS and mounted

with Prolong gold anti-fade reagent containing DAPI (South-
ernBiotech, 0100-20). The specificity of the Mir143 signal in
FISH experiments was confirmed by comparison with a scram-
bled control. Unlike the Mir143 probe, the scramble probe
showed no signal in microglia.

Microinjection of anti-Mir143

Eight-wk-old C57BL/6J mice were microinjected bilaterally
with either anti-Mir control-RFP lentivirus or the anti-Mir143-
RFP lentivirus (2 ml of 109 viral genomes ml¡1, HANBIO, HB-
LP240MA143) into the hippocampus using the following
microinjection coordinates: 2.06 mm behind the bregma,
§1.5 mm lateral from the sagittal midline, at the depth of
1.7 mm to skull surface. To evaluate the effect of anti-Mir143
on the methamphetamine-induced decrease in microglial sur-
vival, 2 wk after microinjection of lentivirus, 8 mice were
divided into 2 groups (N D 5; male). One group was treated
with saline, and the other group was treated with methamphet-
amine (intraperitoneal, 30 mg/kg). The methamphetamine was
injected every 2 h for a total of 4times/day. Two d later, these
animals were perfused and sectioned followed by AIF1 staining
to assess microglial activation.

Immunostaining and image analysis

According our previous study,56 the sections encompassing the
entire hippocampus were cut into 35 mm sections on a cryostat.
The sections were incubated with H2O2 for 10 min, permeabi-
lized 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. The sections were then incubated with rab-
bit anti-AIF1 antibody (Wako, 019-19741) overnight at 4�C.
The next day, the sections were washed, incubated with bioti-
nylated goat anti-rabbit IgG (Vector Laboratories, BA-1000) in
PBS for 1 h at room temperature, and then incubated with
VECTASTAIN� (VECTASTAIN�ABC Kit, Vector Laborato-
ries, PK-6200) for 1 h. The horseradish peroxidase reaction
product was visualized using an enhanced DAB peroxidase
substrate kit (Vector Laboratories, SK-4100). The immunos-
taining signals were quantitatively analyzed using the optical
Fractionator method with Microbrightfield Stereo-Investigator
software (Stereo Investigator software, Microbrightfield, VT,
USA). The total number of AIF1 microglia in the entire area of
the hippocampus was counted from 4 or 5 samples per group.

MTT assay

Cell viability was measured by MTT assay. Cells were seeded in
96-well plates for 2 d and treated with different concentrations
of methamphetamine for 24 h. MTT dye (20 ml, 5 mg/ml; Bio-
sharp, BS030C) was added to each well, and the cells were then
incubated in a CO2 incubator at 37�C for 1.5 h. The medium
was aspirated from each well, and DMSO (200 ml) was added
to dissolve the formazan crystals. The absorbance of each well
was obtained using a Synergy H1 Multi-Mode Reader (BioTek,
Winooski, VT, USA) with a reference wavelength of 570 nm.
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CCK8 assay

Cell viability was also measured using a CCK8 kit from Yeasen
(40203ES80). Cells were plated at a density of 2£104 cells/well
in a 96-well plate. After the cells were exposed to methamphet-
amine for 24 h, CCK-8 (10 ml) was added to each well of the
96-well plate, and the plate was incubated for 1.5 h at 37�C.
Viable cells were counted by absorbance measurements at
450 nm using a Synergy H1 Multi-Mode Reader (BioTek,
Winooski, VT, USA).

Trypan blue exclusion assay

Cells were cultured in 24-well plates and treated with 1.5 Mm
methamphetamine. After 24 h, the cells were collected and
then stained with trypan blue dye for 5 min at room tempera-
ture. Cells were counted by 4 independent hemocytometer
counts. Cell death was determined as the percentage of dead
cells over the total number of cells according to a previous
study.57

Measurement of the mitochondrial membrane potential

The integrity of the inner mitochondrial membrane was mea-
sured by observing the potential gradient across this membrane
using a mitochondrial membrane potential assay kit with JC-1
(Beyotime, C2006). Cells were grown on cover slips or in 96-
well plates and incubated with JC-1 dye at 37�C for 20 min.
The cells were then washed twice with PBS. The cells on cover-
slips or in 96-well plates were analyzed immediately using a
confocal microscope (Olympus FV1000, Center Valley, PA,
USA) or a Synergy H1 Multi-Mode Reader (BioTek, Winooski,
VT, USA). Red emission indicates membrane potential-depen-
dent JC-1 aggregates in mitochondria. Green fluorescence
reflects the monomeric form of JC-1 appearing in the cyto-
plasm after mitochondrial membrane depolarization.

Transmission electron microscopy assay

Cells were cultured in 24-well plates and treated with 1.5 mM
methamphetamine. After the cells were incubated with meth-
amphetamine for 24 h, the treated cells were harvested in a
1.5 ml microcentrifuge tube for each sample. Cells were washed
with cold PBS once and fixed in a mixture of 2% glutaraldehyde
and 2% formaldehyde in 0.1 M sodium cacodylate buffer (pH
7.4) at 4�C overnight. All specimens were washed 4 times in
0.1 M sodium cacodylate buffer (pH 7.4) containing 264 mM
sucrose (Sinopharm Chemical Reagent Co., Ltd, 10021418)
before being transferred to 1% osmium tetroxide in 0.1 M
sodium cacodylate (pH 7.4) for 2 h. The specimens were then
washed 3 times in ddH2O and stained in 2% aqueous uranyl
acetate for 2 h. The specimens were dehydrated in an ethanol
series, infiltrated in propylene oxide 2 times, and embedded in
Epon812 (SPI Science, 02659-AB). Ultra-thin sections (90-nm
thick) were cut using a Leica UC7 with a diamond knife. Grids
were post-stained with 2% saturated uranyl acetate in 50% eth-
anol and 1% lead citrate (pH 12), examined usingH-7650 elec-
tron microscope (Hitachi, Japan), and recorded with a
Ganton830 digital camera.

Immunoprecipitation

To investigate the interaction between BECN1 with BCL2, cells
were treated with 1.5 mM methamphetamine and lysed with
RIPA buffer. In total, 100 ml protein was incubated with 1 ml
BECN1 antibody overnight at 4�C and precipitated with 20 ml
Protein A/G PLUS-Agarose (Santa Cruz Biotechnology, sc-
2003). After the cell pellets were rotated at 4�C for 90 min, the
cell pellets were rinsed twice with 1 ml RIPA lysis buffer and
boiled for 5 min with 5XSDS loading buffer (6 ml) and RIPA
lysis buffer (24 ml). Then, the protein complexes were detected
using BCL2 antibody; the input protein (without antibody
addition) served as a control to confirm that equal amounts of
total protein were used.

Statistical analyses

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

Abbreviations

3-MA 3-methyladenine
ACTB actin, beta
AICD activation-induced cell death
AIF1 allograft inflammatory factor 1
AKT1 thymoma viral proto-oncogene 1
ATG7 autophagy- related 7
BafA1 bafilomycinA1

BAX BCL2-associated X protein
BBC3 BCL2 binding component 3
BCL2 B-cell leukemia/lymphoma 2
BCL2L1 BCL2-like 1
BECN1 Beclin 1, autophagy related
BH3 BCL2-homology 3
CASP3 caspase 3
CASP9 caspase 9
CCK8 Cell Counting Kit-8
CNS central nervous system
COX4I1 cytochrome c oxidase subunit IV isoform 1
CQ chloroquine
CSF2/GM-CSF colony stimulating factor 2 (granulocyte-

macrophage)
CYCS cytochrome c, somatic
DAPI 40,6-diamidino-2-phenylindole
DMEM Dulbecco’s modified Eagle’s medium
EIF4EBP1 eukaryotic translation initiation factor 4E

binding protein 1
FISH fluorescence in situ hybridization
GAPDH glyceraldehyde-3-phosphate dehydrogenase
H3F3 H3 histone, family 3
KO knockout
MAP1LC3 microtubule-associated protein 1 light chain 3
MAPK1 mitogen-activated protein kinase 1
Meth methamphetamine
Mir143 microRNA143
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miRs microRNAs
MTOR mechanistic target of rapamycin (serine/thre-

onine kinase)
NO nitric oxide
NOS2 nitric oxide synthase 2, inducible
OE overexpression
PCR polymerase chain reaction
RPS6 ribosomal protein S6
RPS6KB1 ribosomal protein S6 kinase, polypeptide 1
SQSTM1 sequestosome 1
TRP53 transformation related protein 53
TUNEL terminal deoxynucleotidyl transferase-medi-

ated dUTP nick end-labeling
UTR untranslated region
WT wild type
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