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ARTICLE INFO ABSTRACT

Keywords: The transporter protein ABC subfamily G member 2 (ABCG2) is implicated in epilepsy; however, its specific role
Epilepsy remains unclear. In this study, we assessed changes in ABCG2 expression and its role in epilepsy both in vitro and
AB,CGZ. in vivo. We observed an instantaneous increase in ABCG2 expression in epileptic animals and cells. Further,
ggiat;l:ies stress ABCG2 overexpression significantly suppressed the oxidative stress and apoptosis induced by glutamate, kainic
1SGylation acid (KA), and lipopolysaccharide (LPS) in neuronal and microglia cells. Furthermore, inhibiting ABCG2 activity

offset this protective effect. ABCG2-deficient mice (ABCG2~/") showed shorter survival times and decreased
survival rates when administered with pentylenetetrazole (PTZ). We also noticed the accumulation of signal
transducer and activator of transcription 1 (STAT1) and decreased phosphorylation of mammalian target of
rapamycin kinase (mTOR) along with increased ISGylation in ABCG2~/~ mice. ABCG2 overexpression directly
interacted with STAT1 and mTOR, leading to a decrease in their ISGylation. Our findings indicate the rapid
increase in ABCG2 expression acts as a shield in epileptogenesis, indicating ABCG2 may serve as a potential
therapeutic target for epilepsy treatment.

1. Introduction

Epilepsy is a common neurological disorder characterized by
abnormal brain discharge that leads to recurrent limb twitching and loss
of consciousness, affecting approximately 1 % of the global population.
Currently, antiseizure medication (ASM) therapy is the main treatment
for epilepsy. However, approximately 30 % of patients remain medically
intractable, which imposes a heavy economic burden on both patients
and society [1].

ATP-binding cassette (ABC) transporters are a superfamily of pro-
teins that utilize the chemical energy derived from ATP hydrolysis to
translocate various compounds across biological membranes, including
uric acid and many commonly prescribed anticancer drugs [2,3]. Two of
extensively studied ABC transporters, subfamily B member 1 (ABCB1;
P-glycoprotein) and ABC subfamily G member 2 (ABCG2; BCRP),
regulate the absorption of substrate drugs in the intestinal epithelium
and their distribution across the blood-brain barrier (BBB) and the
blood-placental barrier (BPB). Absolute quantity proteomic analysis has
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demonstrated that the protein expression of ABCG2 is higher than that of
ABCBI in the brain microvessels of epileptic patients [4].

Since ABCG2 was first discovered in 1998, an increasing number of
studies have focused on its pharmacogenomics and expression in epi-
lepsy [5]. ABCG2 polymorphisms at rs2231137 are closely related to
drug-resistant epilepsy [6]. Further, protein expression of ABCG2 was
significantly increased in the brains of rats administered 50 mg/kg
pentylenetetrazole (PTZ) [7] and in the hippocampi of rats that under-
went tetanic stimulation in the latent period and chronic epileptic phase
[8]. Moreover, lamotrigine (LTG), a commonly used antiepileptic drug,
is a substrate of ABCG2. This observation suggests that ABCG2 causes
extra transport of LTG, leading to resistance to LTG [9]. Contrary to
expectations, polymorphisms of ABCG2, including 421C > A,
rs2231137, rs2231142, and rs3219191, were not found to be associated
with drug-resistance epilepsy [10,11]. Interestingly, ABCG2 expression
levels do not change in the tissues of patients with hippocampal sclerosis
or focal cortical dysplasia [8,12]. Specially, Weidner et al. demonstrated
higher protein expression of ABCG2 in the hippocampi of patients with
non-drug-resistant mesial temporal lobe epilepsy (non-MTLE) compared
to those with MTLE patients [13]. Considering the above information, it
is crucial to determine the expression and role of ABCG2 in epilepsy.
Here we show that PTZ and kainic acid (KA) instantaneously increased
expression of ABCG2 in rats and mice, along with seizure activity. This
phenotype is primarily obeserved in neurons as well as in microglia,
which acts as a shield to prevent neurons and microglia from oxidative
stress and apoptosis. In addition, we identified that ABCG2 directly
bined with the signal transducer and activator of transcription 1
(STAT1) and the mammalian target of rapamycin kinase (mTOR),
decreased ISGylation of mTOR and STAT1. Further, deficiency of ABCG2
caused accumulation of STAT1 and decreased phosphorylation of mTOR
with increasing ISGylation. Overall, this study indicates that ABCG2
shields against epilepsy and thus may serve as a potential target for
treating epilepsy.

2. Materials and methods
2.1. Animals

Male Sprague—Dawley rats and C57BL/6J mice (certificate no.
SCXK2014-0011) at 8 weeks of ages were obtained from Tiangin
Biotechnology Co., Ltd. (Hunan, China). The animals were housed in
plastic cages under illumination (12-h light/12-h dark) conditions and
fed a standard pelleted chow diet. We followed the instructions of the
Animal Research Reporting of In Vivo Experiment (ARRIVE) Guidelines
2.0 [14] and efforts were made to reduce the number of animals used
and minimize animal suffering. This study was approved by the Ethics
Committee of Animal Care at our institute (No. HYLL-2021-190).

ABCG2~/~ mice with a C57BL/6J background were constructed by
Shanghai Model Organisms Center Inc. Using a CRISPR/Cas9 system
with gRNA-T2 and hCas9. The analysis was performed on 4- to 9-week-
old females and males.

2.2. PTZ-induced and KA-induced epilepsy

Rats were administered a subconvulsive dose (35 mg/kg) of PTZ
(Roche, Switzerland) by intraperitoneal (i.p.) injection for 28 days to
treat chronic epilepsy or with 60 mg/kg of PTZ to induce acute seizures.
Mice were administered by a subconvulsive dose (15 mg/kg, i.p.) of KA
(Sigma, USA) to induce epilepsy, and seizures were observed on the 3rd,
5th, 7th, 14th, and 30th days. Seizures were scored according to
Racine’s criteria [15], while, latency to seizure onset was defined as the
time elapsed between the PTZ or KA injection and the first observed
seizure response [16]. Fully kindled rats with stage three seizures after
three consecutive PTZ injections were selected for the subsequent ex-
periments [17,18].
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2.3. Open-field test

The open-field test was used to evaluate locomotor activity. Mice
were placed at the periphery of the arena and allowed to explore the
arena for 5 min. The time spent in the center of the open field was
recorded and analyzed using VisuTrack software (Shanghai Xin Ruan
MDT infotech LTD, Shanghai, China). It is currently acknowledged that
that the number of crossing the central area indicates exploratory
behavior and anxiety [19].

2.4. Cell culture and transfection

The murine hippocampal (HT22, #337709) and microglial (BV2,
#CL-0493A) cell lines were purchased from the Bena Culture Collection
(Henan, China) and Pricella (Wuhan, Hubei, China), respectively. Cells
were cultured in high glucose Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Carlsbad, CA, USA) supplemented with 10 % fetal
bovine serum (CLARK, Richmond, VA, USA) and 1 % streptomycin/
penicillin (Biosharp, Anhui, China) in a humidified incubator with 5 %
CO; at 37 °C.

The hABCG2 overexpression plasmid was designed and manufac-
tured by Shanghai GeneChem Co., Ltd. (Shanghai, China) and further
transfected into HT22 and BV2 cells using Lipofectamine 3000 (Invi-
trogen, California, CA, USA).

2.5. Cell viability assay

Cells were plated at a density of 1 x 10° cells/well for 24 h, followed
by treatment with various concentrations of glutamate (1, 5, 10, and 20
mM,; Sigma) or LPS (1, 2, 5, and 10 pg/mL; Beyotime, Shanghai, China)
or KA (150, 300, and 600 pM; MedChemExpress, New Jersey, NJ, USA)
for 12 or 24 h. Then, each well was incubated with 20 pL of Cell
Counting Kit-8 reagent (Dojindo, Kumamoto, Japan) at 37 °C for 30 min.
Absorbance was measured using a microplate reader (Spectra MAX 190,
Molecular Devices, San Jose, CA, USA) at 450 nm, as previously
described [20].

2.6. Hoechst 33,258 staining

The chromatin-specific dye Hoechst 33,258 was used to visualize the
morphological alterations in neurons and microglia. Briefly, cells were
fixed with 4 % paraformaldehyde for 30 min, washed three times with
phosphate-buffered saline (PBS), and incubated with Hoechst working
solution (#C0003, Beyotime) for 15 min. The cells were observed and
photographed under a magnification microscope (Zeiss X-Cite,
Germany).

2.7. Lactate dehydrogenase (LDH) assay

The LDH content was detected using a diagnostic kit (Jiancheng
Bioengineering Institute, Jiangsu, China) and calculated by using a
microplate reader (Spectra MAX 190) at 450 nm.

2.8. Measurement of reactive oxygen species (ROS) generation, apoptosis,
and iron content

2/,7-dichlorofluorescin diacetate (H2DCFDA, Sigma), annexin V
(Beyotime), and FerroOrange (GLPBIO, Montclair, CA, USA) were
applied to detect ROS, apoptosis, and ferric ion content, respectively,
according to the manufacturer’s instructions. The cells were harvested
using trypsin and incubated with the working solution at 37 °C for 30
min. The fluorescent intensity was detected by flow cytometry (Novo-
Cyte, Agilent, Santa Clara, CA, USA) at phycoerythrin (PE) channel for
annexin V, at allophycocyanin (APC) channel for H2DCFDA and
FerroOrange.
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2.9. Quantitative real-time PCR (qgPCR)

Total RNA was extracted from the brains and cells and converted to
cDNA using Reverse Transcriptase (Monad, Shanghai, China), followed
by SYBR Green PCR (Monad) with specific primers (Table 1) according
to the manufacturer’s protocol. All samples were amplified in triplicate
and the mRNA level was calculated using the 2"*4C" method with the
expression level of GAPDH or actin as the references for rats and mice,
respectively.

2.10. Western blot (WB)

Brain tissue or cells were lysed with a protein lysis buffer containing
a phosphatase inhibitor (Boster, Hubei, China). Proteins were trans-
ferred onto polyvinylidene difluoride membranes, followed by blocking
with QuickBlock (#P0256, Beyotime). Membranes were incubated with
primary antibodies (Table 2) at 4 °C overnight, and hatched with sec-
ondary antibodies at 37 °C for 1 h. The results were visualized and
quantified using a chemiluminescence detection system (Bio-Rad Lab-
oratories, Inc., Hercules, CA, USA) and ImageJ software (version 1.52a;
Wayne Rasband, Bethesda, USA), respectively.

2.11. Co-immunoprecipitation (COIP)

Cell lysates from HT22 or tissues were obtained using ice-cold lysis
buffer followed by centrifuged at 14,000xg for 10 min at 4 °C. Subse-
quently, the magnetic beads (Beyotime) were conjugated with the anti-
STAT1, mTOR, and ABCG2 at 4 °C for 2 h, followed by incubation with
lysates overnight at 4 °C with rotation. Then, the immunoprecipitated
proteins were eluted and subjected to SDS-PAGE and immunoblotting
using the indicated antibodies.

2.12. Immunofluorescence microscopy

Brain slices and cells were blocked with 5 % bovine serum albumin in
PBS for 30 min, followed by incubated with primary antibody overnight
at 4 °C. Then, brain slices and cells were stained with 4’, 6-diamidino-2-
phenylindole (DAPI, Boster) at 37 °C for 5 min. A magnification mi-
croscope (Zeiss X-Cite) was used to observe the stained cells, and images
were processed using the ImageJ software (1.52a, Wayne Rasband, USA)
[21].

2.13. Proteomics analysis

The hippocampi of ABCG2™/~ mice and wildtype (WT) mice were
ground with liquid nitrogen and dissolved by lysis buffer (8 M urea, 1 %
protease inhibitor cocktail), followed by sonication on ice. The super-
natant was collected after centrifugation at 12,000xg at 4 °C for 10 min,
and the protein concentration was checked using BCA kit (Beyotime)
according to the manufacturer’s instructions. Protein samples were
added to 20 % (m/v) trichloroacetic acid and incubated for 2 h at 4 °C,
followed by washing with pre-cooled acetone and dried for 1 min.
Protein was dissolved with 200 mM triethylammonium bicarbonate and
digested by trypsin at 1:50 trypsin-to-protein mass ratio, followed by
reduction with 5 mM dithiothreitol for 30 min at 56 °C, after that, 11
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Table 2

Information of antibodies.
Antibody Source Identifier Dilution Rate
Rabbit anti-ABCG2 Abcam ab207732 1: 1000
Rabbit anti-STAT1 Proteintech 10144-2-AP 1: 1000
Mouse anti-p-STAT1 SANTA sc-136229 1: 100
Mouse anti-p-mTOR Proteintech 67778-1-1g 1: 5000
Rabbit anti-HIF-1 a Abcam ab179483 1: 5000
Rabbit anti-mTOR Abcam ab2732 1: 2000
Rabbit anti-ISG15 Proteintech 15981-1-AP 1: 1000
Rabbit anti-CHOP Proteintech 15204-1-AP 1: 1000
Rabbit anti-GAPDH Proteintech 10494-1-AP 1: 6000

mM of iodoacetamide was added for 15 min at 25 °C in darkness to
alkylate. The tryptic peptides were dissolved in solvent A (0.1 % formic
acid, 2 % acetonitrile/in water) and loaded onto a home-made reversed-
phase analytical column (25 cm length, 100 ym i.d.). Peptides were
separated using a continuous gradient with solvents A and B (0.1 %
formic acid in acetonitrile) at a constant flow rate of 450 nL/min on a
NanoElute UHPLC system (Bruker Daltonics, Gemany). They were then
subjected to a capillary source followed by time-of-flight (TOF) mass
spectrometry (Bruker). The mass spectrometry parameters were as fol-
lows: The electrospray voltage was set to 1.6 kV, and data-independent
parallel accumulation serial fragmentation (DIA-PASEF) mode was
applied with 100-1700 m/z of the full MS scan. Meanwhile, 10PASEF-
MS/MS scans were performed per cycle. The MS/MS scan range was
set to 400-1200 m/z and the isolation window was set to 25 m/z.

DIA data were processed using the DIA-NN search engine (v1.8).
Tandem mass spectra were searched against Musmuscu-
lus_10,090_sp_20230103, fasta (17,132 entries) and concatenated with
the reverse-decoy database. Trypsin/P was specified as the cleavage
enzyme, allowing for up to one missing cleavage. Excision of the N-
terminal Met and carbamidomethyl on Cys was specified as a fixed
modification, and the FDR was adjusted to <1 %. Proteins that reached
the threshold (fold change >1.2 or < 0.83) were defined as differentially
expressed proteins (DEPs).

Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) enrichment analyses were performed using Gene Set
Enrichment Analysis (GSEA) with a pre-ranked list of fold-change values
between ABCG2~/~ and WT mice. Normalized enrichment scores (NES)
with the total protein list were determined as the background, and pa-
rameters (n = 1000 permutations, max size = 500, min size = 10) were
used. Statistical significance was set at P < 0.05. The protein-protein
interaction (PPI) network of DEPs with high confidence (>0.7) was
obtained using the STRING online tool (https://string.db.org) and
visualized using Cytoscape v3.9.1 (https://www.cytoscape.org).

2.14. Statistical analysis

Data are expressed as mean =+ standard error mean (SEM). Normality
of the data was first tested using the Shapiro-Wilk test. Normally
distributed data were analyzed using one-way analysis of variance
(ANOVA) for multiple groups and the Student’s t-test for two groups.
Non-normally distributed data were analyzed using the Kruskal-Wallis
test. Statistical analysis and figure generation were performed using

Table 1

Sequence and length of primers.
Gene names Primer-F (5-3') Primer-R (5-3) Length (bp)
Actin CCACAGCTGAGAGGGAAATC AAGGAAGGCTGGAAAAGAGC 193
GAPDH GGCATCCTGGGCTACACT CCACCACCCTGTTGCTGT 163
ABCG2 for KO mice TCGCAGAAGGAGATGTG GCATTAAGGCCAGGTTTCATG 136
mABCG2 CTGAGGAATCACACCATCCAAC TCCGGACTAGAAACCCACTCT 299
rABCG2 CCACTGGAATGCAAAATAGAG CCTCATAGGTAGTAAGTCAGACACA 188
mSTAT1 GCCGAGAACATACCAGAGAATC GATGTATCCAGTTCGCTTAGGG 141
mISG15 TGCCTGCAGTTCTGTACCAC AGTGCTCCAGGACGGTCTTA 84
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GraphPad Prism (Version 9.0.0, San Diego, CA, USA) and R language
(Version 3.5.3, R Foundation for Statistical Computing, Vienna,
Austria), respectively. Results were considered significant at P < 0.05.

3. Results
3.1. Seizure-induced instant overexpression of ABCG2 in vivo

A high dose of PTZ (60 mg/kg), a GABA(A) antagonist, was admin-
istered to induce acute seizures. In addition, a subconvulsive dose of PTZ
(35 mg/kg) was used to induce chronic seizures [22] (Fig. 1A). The
results showed that the mRNA expression of ABCG2 was significantly
increased in the hippocampi of acute-seizure rats but not in
chronic-seizure rats, compared to the control group treated with saline
(Fig. 1B). However, the protein expression of ABCG2 remarkably
increased in the hippocampi of acute-seizure and chronic-seizure rats
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(Fig. 1C and D). Further, no change in the cortical tissues of rats was
observed (Fig. 1E and F). Similar results were confirmed in PTZ-induced
acute epileptic mice, in which the protein expression of ABCG2 was
approximately two-fold higher than that in control mice (Fig. 1G and H),
suggesting that the phenomenon of ABCG2 overexpression was not
limited to species. We determined the instant expression of ABCG2 by
using KA, an analog of glutamate, to induce chronic seizure in mice [23]
(Fig. 1I). Mice chronically administered KA showed fewer central circle
periods in the open field test on days 7 and 30 (Fig. 1J), in accordance
with the increases in ABCG2 mRNA expression over the first seven days
(Fig. 1K) and protein expression on the 7th day (Fig. 1L). Collectively,
these results suggested that interference with the glutamate and GABA
axis induced protein expression of ABCG2.

We performed double immunohistochemistry in the cortex, CA1, and
CA3 regions of the hippocampi using neuronal nuclei (NeuN), glial
fibrillary acidic protein (GFAP), and the ionized calcium-binding
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Fig. 1. Instantly increased expression of ABCG2 in the hippocampi of PTZ-induced acute, chronic rats, and KA-induced epileptic mice. (A) Procedure of
acute and chronic epileptic rats administered by 60 mg/kg and 35 mg/kg of PTZ. (B) mRNA expression of ABCG2 in the hippocampi of acute and chronic rats
(Control group, n = 4; acute group, n = 6; chronic group, n = 4). (C-D) Protein expression of ABCG2 in the hippocampi of acute (C, n = 6) and chronic (D, n = 4)
epileptic rats. (E-F). Protein expression of ABCG2 in the cortex of acute (E, Control group, n = 4; acute group, n = 6) and chronic (F, Control group, n = 4; chronic
group, n = 6) epileptic rats. (G-H) mRNA expression (G) and protein expression (H) of ABCG2 in the hippocampi of PTZ-induced mice (Control group, n = 6; acute
group, n = 5). (I) Procedure of KA-induced epileptic rats. j Open-field test at mice untreated by KA or administered by KA on the 1st day, 3rd day, 5th day, 7th day,
14th day, and 30th day (n = 5 per group). (K-L) The mRNA expression (K, n = 5 per group) and protein expression (L, n = 5 per group) of ABCG2 in the hippocampi
of KA-induced epileptic mice. Data are presented as means + SEM. Results designated with ns were not significant, whereas those designated with * (P < 0.05), ** (P
< 0.01), ***(P < 0.001) were significant according to adjusted P values in each indicated comparison.
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adapter molecule (IBA1), which are specific to neurons, astrocytes, and
microglia, respectively, to determine which cells expressed ABCG2. The
results demonstrated that ABCG2 was mainly co-expressed in neurons
and weakly expressed in microglia but not in astrocytes (Fig. S1).

3.2. Epilepsy-associated stimulators induced overexpression of ABCG2 in
neurons and microglia in vitro

We explored the ABCG2 expression in vitro using glutamate and KA
to mimic epilepsy. The results indicated that HT22 cell survival was not
affected by glutamate administration (1-20 mM) for 24 h (Fig. S2A).
Conversely, 300 or 600 pM of KA induced cell death, but not 150 pM
(Fig. S2B). Cells pretreated with KA for 12 and 24 h induced the release
of LDH and DNA fragments (Figs. S2C and D), which confirmed KA-
induced injury. Therefore, 5 mM glutamate and 150 pM kA were used
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showed significantly increased ABCG2 protein expression (Fig. 2A).
Long-term stimulation with glutamate (96 h) and KA (24 h) significantly
increased the mRNA expression of ABCG2 (Fig. 2B and C). Further, the
protein expression of ABCG2 was instantly induced by glutamate at 12
and 24 h, smoothly decreased at 48 and 72 h, and reached normal
expression at 96 h (Fig. 2D). Additionally, neurons pretreated with KA
for 12 and 24 h increased in ABCG2 protein expression to 1.5 times than
that in the control group (Fig. 2E).

Microglia are another type of cell in the brain that induce immune
reactions and are associated with epilepsy [24]. In this study, firstly, we
also confirmed that 1-10 pg/mL of LPS and 150-600 pM of KA promoted
the proliferation of BV2 (Figs. S2E and F). While 1 pg/mL of LPS and
150 pM of KA dramatically induced the ROS (Fig. S2G) and apoptosis of
BV2 (Fig. S2H). With these stimulators, the mRNA expression of ABCG2
was induced by BV2 cells in accordance with the overexpression of
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Fig. 2. Increased expression of ABCG2 in glutamate and KA-induced injury of mouse neuron (HT22) and LPS and KA-induced microglia (BV2). (A) Protein
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in HT22 treated with 5 mM of glutamate for 12, 24, 48, 72, and 96 h (B, Control group, n = 3; 12-96 h groups, n = 4) or treated with KA for 12 h and 24 h (C, Control
group, n = 5; 12 h group, n = 4; 24 h group, n = 3). (D-E) Protein expression of ABCG2 in HT22 treated with 5 mM of glutamate for 12, 24, 48, 72, and 96 h (D,
Control group, n = 3; 12-96 h groups, n = 4) or treated with KA for 12 and 24 h (E, n = 3 per group). (F-G) mRNA of ABCG2 in BV2 treated with 1 pg/mL of LPS for
12 and 24 h (F, Control group, n = 3; 12 and 24 h groups, n = 4) or treated with KA for 12 and 24 h (G, Control group, n = 3; 12 and 24 h groups, n = 4). (H-I) Protein
expression of ABCG2 in BV2 treated with 1 pg/mL of LPS for 12 and 24 h (H, n = 4 per group) or treated with KA for 12 and 24 h (I, n = 4 per group). Data are
presented as means + SEM. Results designated with * (P < 0.05), ** (P < 0.01), ***(P < 0.001) were significant according to adjusted P values in each indi-

cated comparison.
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epilepsy-associated stimulators, including LPS and KA, immediately
induced expression of ABCG2 in vitro.

3.3. Overexpression of ABCG2 in HT22 and BV2 prevents oxidative stress
and apoptosis

We made an ABCG2-overexpressed plasmid and transferred it to
HT22 cells to determine whether the overexpression of ABCG2 acts as a
sword or shield in epilepsy (Fig. 3A). HT22 cells transfected with
ABCG2-overexpressing plasmid or an empty plasmid whose concentra-
tions varied from 2 to 8 pg for 24 h did not affect the survival rate of
HT22 cells compared with the 1ipo3000 group (Fig. S3A). Transfected
cells treated with glutamate (5 mM) for another 12 h did not affect the
survival rate compared to the lipo3000 group (Fig. S3B). In the empty
group (pUC-EP), cells administered glutamate showed a significantly
increased release of LDH, ROS content, membrane distribution of
annexin V, and ferric ion content, suggesting glutamate-induced
neuronal excitotoxicity. However, cells transfected with 2 pg of
ABCG2 offset the increase of LDH, ROS, apoptosis, and ferric ion
(Fig. 3B-E).

We further confirmed the effect of ABCG2 on microglial BV2 cells.

Redox Biology 75 (2024) 103262

Briefly, BV2 cells transfected with plasmid for 24 h were exposed to KA
for 12 and 24 h (Fig. 3F). In the pUC-EP group, KA significantly induced
the proliferation of BV2 cells. However, ABCG2 overexpression coun-
teracted the KA-induced proliferation (Figs. S3C and D). Moreover, in
PUC-EP cells, KA administration for 12 and 24 h significantly increased
the ROS content and membrane distribution of Annexin V. However,
overexpression of ABCG2 offset ROS overloading (Fig. 3G and H) and
apoptosis (Fig. 3I and J), suggesting that overexpression of ABCG2 also
benefited microglia to some extent.

3.4. Inhibition of ABCG2 activation by Ko143 abolished the protective
effect of ABCG2 in neurons and microglia

We applied an inhibitor of ABCG2 (Kol143, 500 nM) [25] to
ABCG2-transfected HT22 and BV2 cells to check the role of ABCG2
(Fig. 4A). The results demonstrated that 500 nM Ko143 did not affect the
survival rate of HT22 cells (Fig. S3E) but reversed the protective effect of
ABCG2 by increasing the ROS, membrane distribution of annexin V, and
ferric ion content in neurons (Fig. 4B-D). Additionally, by inducing ROS
and apoptosis in BV2 cells (Fig. 4E and F), we confirmed that over-
expression of ABCG2 prevented glutamate- and KA-induced
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Fig. 3. Overexpression of ABCG2 prevented neurons from glutamate-induced injury. (A) Procedure of HT22 treated with ABCG2-plasmid. (B) LDH release of
ABCG2 transfected cells treated with glutamate (pUC-EP groups, n = 5; pUC-hABCG2 groups, n = 6). (C) ROS content of ABCG2 transfected cells treated with
glutamate (n = 13 per group). (D) Annexin V-PE fluorescent (Control of pUC-EP group, n = 14; glutamate of pUC-EP group, n = 18; pUC-hABCG2 groups, n = 17). (E)
Ferri ion content of ABCG2 transfected cells treated with glutamate (n = 8 per group). (F) Procedure of BV2 treated with ABCG2-plasmid. (G-H) ROS content of
ABCG2 transfected BV2 treated with KA for 12 h (G, Control of pUC-EP group, n = 5; glutamate of pUC-EP group, n = 6; pUC-hABCG2 groups, n = 6) and 24 h (H,
Control of pUC-EP group, n = 8; glutamate of pUC-EP group, n = 11; pUC-hABCG2 groups, n = 12). (I-J) Annexin V-PE fluorescent of ABCG2 transfected BV2 treated
with KA for 12 h (I, Control of pUC-EP group, n = 8; glutamate of pUC-EP group, n = 12; pUC-hABCG2 groups, n = 11) and 24 h (J, Control of pUC-EP group, n = 10;
glutamate of pUC-EP group, n = 12; pUC-hABCG2 groups, n = 11). Data are presented as means = SEM. Results designated with ns were not significant, whereas
those designated with * (P < 0.05), ** (P < 0.01), ***(P < 0.001) were significant according to adjusted P values in each indicated comparison.
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not significant, whereas those designated with * (P < 0.05), ** (P < 0.01), ***(P < 0.001) were significant according to adjusted P values in each indi-

cated comparison.

excitotoxicity in neurons and microglia.

3.5. CRISPR-CAS9-generated knockout of ABCG2 shortened the survival
time and decreased the survival rate of mice induced by acute seizure

We constructed a CRISPR-based knockout mice to further validate
the role of ABCG2 in epilepsy (Fig. 5A). Deletion of ABCG2 was
confirmed using qPCR, and a significant decrease in ABCG2 mRNA
expression was found in the ABCG2™/~ mice compared to the WT mice
(Fig. 5B). The ABCG2™/~ mice showed normal body weight from four to
nine weeks compared to the WT mice, except at six-weeks of age
(Fig. 5C). Significantly decreased central distance in the open field test
in the 6th week and increased fecal counts in the 8th weeks were
observed in ABCG2™/~ mice compared with WT mice, but not in the
other weeks (Fig. 5D-G), suggesting that abolition of ABCG2 limited the
effect on cognitive function. However, when ABCG2™/~ mice were
administered 90 mg/kg (i.p.) of PTZ, no effect on the latent period and
seizure counts of episodes with scores of 2-5 were obsereved (Fig. 5H
and I) but significantly shorter survival time and decreased survival rate
were found compared with WT mice (Fig. 5J and K), suggesting that
ABCG2 deficiency did not cause seizure susceptibility but augmented
seizure-related death.

3.6. Label-free proteomics analysis identified the molecular mechanisms
of ABCG2-deficiency

We performed a DIA-free proteomic analysis of the hippocampi of
ABCG2 ™/~ and WT mice after treatment with PTZ to explore the mo-
lecular mechanisms underlying ABCG2 effects (Fig. 6A). In total, 39,102
peptides were identified, of which 37,121 were unique. A total of 5112
proteins were confirmed by DIA-NN, of which 133 showed significant
changes between ABCG2~/~ and WT mice (fold change >1.2 or < 0.833,
P < 0.05; Fig. 6B). While, 53 differentiated expression proteins (DEPs)
including ABCG2, RNA binding motif protein 41 (Rbm41), G protein-
coupled receptor kinase 5 (Grk5), and DDRGK domain containing pro-
tein 1 (Ddrgkl) were significantly decreased in the ABCG2™/~ mice and
70 DEPs such as Ig heavy chain V, ASH1 like histone lysine methyl-
transferase (Ash1l), T-cell specific GTPase 2 (Tgtp2), indolethylamine N-
methyltransferase (Inmt), guanylate binding protein (Gbp) 4 were
increased, compared with WT mice (Fig. 6C). The deficiency of the
unique peptide ABCG2 (TIIFSIHQPR) was further examined (Fig. 6D).
Pathway and GO enrichment analyses by GSEA demonstrated that
complementary and coagulation-related cascades, staphylococcus
aureus infection, carbon metabolism, valine, leucine, and isoleucine
degradation, and ECM-receptor interaction were the most enriched
pathways with upregulated DEPs (Fig. 6E), while the functions of
regulation of acute inflammatory response, regulation of protein matu-
ration, immunoglobulin-mediated immune response, cellular responses
to interferon-beta, blood coagulation, and fibrin clot formation were
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Fig. 5. CRISPR-CAS9 knockout ABCG2 shortened the survival time and decreased the survival rate of mice induced by acute PTZ. (A) CRISPR-CAS strategy
of knocking out ABCG2 in C57BL/6J mice. (B) mRNA expression of ABCG2 in the hippocampi of wildtype (WT) and ABCG2 ~~ (KO) mice (n = 5 per group). (C) Body
weight of wild type and ABCG2 KO mice from 4 to 9 weeks (n = 12 per group). (D) Present figures of the open-field test. (E) Entry central time (WT groups, n = 8; KO
groups, n = 12). (F) Entry central distance (WT groups, n = 8; KO groups, n = 12). (G) Fecal counts (WT groups, n = 8; KO groups, n = 12). (H) Latent period of
wildtype and ABCG2 KO mice administered by PTZ at 9th week (WT, n = 16; KO: n = 12). (I) Seizure counts of 1/2, 3, 4, and 5 score (WT, n = 16; KO, n = 12). (J)
Survival time of WT and ABCG2 KO mice since treating with PTZ (WT, n = 16; KO, n = 12). (K) Survival rate (WT, n = 16; KO, n = 12). Data are presented as means
+ SEM. Results designated with ns were not significant, whereas those designated with * (P < 0.05), ** (P < 0.01), ***(P < 0.001) were significant according to

adjusted P values in each indicated comparison.

involved in ABCG2 deficit-induced damage (Fig. 6F). Among them, the
cellular response to interferon-beta showed the most DEPs, including
Tgtp2, Gbp4, interferon-induced protein with tetratricopeptide repeats
1 (Ifitl), Gbp2, signal transducer and activator of transcription 1
(STAT1), and immunity-related GTPase family M membrane 1 (Irgm1)
(Fig. 6G). STAT1 was the core protein extracted from STRING analysis
(Fig. 6H), suggesting that STAT1 plays a vital role in the protection of
ABCG2.

3.7. STAT1 and mTOR are involved in the prevention effect of ABCG2
independent by JAK1 and AKT

STAT1 is a core protein that regulates interferon-mediated effects
[26]. We assessed the RNA and protein content in ABCG2™/~ and WT
mice to investigate whether the knockout of ABCG2 affected the back-
ground expression of STAT1. The results demonstrated that ABCG2

deficiency did not disrupt mRNA, total STAT1, or phosphorylation levels
of STAT1 in the hippocampi (Figs. S4A and B). ABCG2 ™/~ mice treated
with PTZ showed remarkably increased STATI mRNA expression and
protein expression of STAT1p, which is a C-terminal-truncated 84-KD
version of STAT1 lacking S727 but including Y701 [27]; however, no
changes in the phosphorylation of STAT1 at Y701 were observed be-
tween ABCG2™/~ and WT mice (Fig. 7A-C). The Janus kinase 1
(JAK1)-STAT1 pathway is the major pathway mediating interferon-y
action. Once interferon-y targets the interferon production regulator
(IFNR), JAK1 is activated, which induces the phosphorylation of STAT1
[28]. However, the protein expression and phosphorylation levels of
JAK1 were not in parallel with those of STAT1 in the PTZ-treated
ABCG2™/~ mice (Fig. 7D), suggesting that the role of STAT1 was inde-
pendent of JAK1.

Since the mammalian target of rapamycin kinase (mTOR) deletion
impairs the activation and proliferation of microglia, exacerbates the
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Fig. 6. Comparison of proteomics of hippocampi between WT and ABCG2 KO mice administered by PTZ. (A) Schematic procedure of hippocampi proteomics
analysis (WT, n = 5; KO, n = 5). (B) Heatmap for 133 differentiated expression proteins (DEPs). (C) Volcano plot of 133 DEPs. (D) Peptide intensity of ABCG2
between WT and KO mice. (E) Pathway analysis of 133 DEPs. (F) Gene Ontology enrichment of 133 DEPs. (G) GSEA analysis of cellular response to interferon-beta.
(H) Core proteins of total DEPs. Data are presented as means = SEM. Results designated with ***(P < 0.001) were significant values.

loss of neurons, and promotes epileptogenesis [29], which also posi-
tively regulates STAT1 [30], we explored the phosphorylation level of
the serine/threonine kinase (AKT)-mTOR pathway. PTZ-treated
ABCG2~/~ mice showed a significant decrease in the phosphorylation
of mTOR, but not in the total AKT expression and phosphorylation of
AKT (Fig. 7E-G), illustrating the independent effect of mTOR in
ABCG2~/~ mice. Moreover, depending on the regulation of protein
maturation (Fig. 6F), we also detected the expression of the endoplasmic
reticulum stress-associated protein C/EBP-homologous protein (CHOP)
and found that ABCG2™/~ mice treated with PTZ showed a significant
increase in CHOP (Fig. 7H).

We further examined the protein expression levels of mTOR and
CHOP in ABCG2-overexpressed HT22 cells. In pUC-EP cells, glutamate
treatment induced a decrease in the expression of p-mTOR/mTOR and
an increase in the expression of CHOP. However, cells transferred by
ABCG2-containing plasmid counteracted the effect of glutamate
(Fig. 7I-K). Furthermore, interruption of the mTOR inhibitor rapamycin
(RAPA), which was confirmed by decreased phosphorylation of mTOR,
reversed the protective effect against apoptosis in ABCG2-
overexpressing HT22 (Fig. 7L-N), suggesting that the mTOR pathway
is involved in the preventive effect of ABCG2. However, inhibition of
mTOR did not affect total STAT1 levels or its phosphorylation (Fig. 70-
P), which illustrated that the role of STAT1 in ABCG2 was also

independent of mTOR.

3.8. ABCG2 is directly bound to STAT1 and mTOR

We suspected a direct interaction between ABCG2, mTOR, and
STAT1 because mTOR and STAT1 are regulated independently. There-
fore, we performed COIP in HT22 cells treated with or without gluta-
mate, and the results demonstrated that ABCG2 bound to STAT1 and
mTOR, whereas glutamate-induced HT22 cells showed an increasing
interaction (Fig. 8A-C). Furthermore, using immunofluorescence,
mTOR or STAT1 showed apparent colocalization with ABCG2 in the
cytoplasm and nucleus of glutamate-treated HT22 cells (Fig. 8D), sug-
gesting that instant overexpression of ABCG2 contacted mTOR and
STAT1.

3.9. Deficiency of ABCG2-induced ISGylation of STAT1 and mTOR to
accumulate STAT1 and inhibit mTOR phosphorylation

The protein expression of STAT1 in PTZ-treated ABCG2 ™/~ mice was
significantly increased, but there was no change in phosphorylation at
the Y701 site, which indicated that the phosphorylation of STAT1 was
impeded. Previous studies have demonstrated that SUMOylation of
STAT1 at K703 inhibits the phosphorylation of Y701 [31,32].



C. Lietal Redox Biology 75 (2024) 103262

A B With PTZ C D
WI KO WT KO KD
STATL_ pSTATL bt e
“ : Garpi [N W - -] zoo e s m
% *k ns *x ~
Ikt w2 : : :
Z 150 . . E 150 . :
GAPDH [ ——] 5, L | E NP S E
£ " 3 1001 g I
poTaT [ o o ww]s T UIEN RS OH o i E i
2 B : + 5 = g
5 T s . 0
Garp [ W -] i, : E :
= Ey
st [ — S W] 5 T T —
WE KD} WE KO Wik WT KO WT KO  WT KO
GAPDI [ w—— -] 35
E With PTZ G H
WT KO WT KO KD F
P — AKT  p-AKT p-AKTAKT mTOR  p-mTOR  p-mTOR/MmTOR
*
AKT [P " s 07 s o o 3
) ns — — o 5
s R Lo : 3 e . <
z i w1 = i z o
& . £ . I3}
GAPDH [S" — — - 5 i o E : d & Sl pak
3 50 . 2 s 50 . z :
= E 2
GAPDT (DD S| 3 —r— T
WT KO WT KO WT KO WT KO WT KO WT KO
Gavpy [ - - - | 3
I _ mTOR p-mTOR pmTOR/mTOR
T 20
pUC-hABCG2 — - + + E s = * = -
H : ~ * ns
pUC-EP + + - o 4 2 . 9
- + - + = z .
Glu (5 mM) O is . .. £ 150 o .
DMEM + - + - KD 2 % I : . 5 I .
P L e k) L I M g a0
> - ik o 3
£ . 5 5
Garpi [WD S - - 5 R b
< H
wron [ ] : :
= T T T T T T T T r r r .
pUC-hABCG2 — — + + — — + + - — + + pUC-hABCG2 — - + +
GAEDH DMEM + O T e DMEM + - + -
L M mTOR p-mTOR p-mTOR/mMTOR o
pUC-hABCG2 +  + + + i pUC-hABCG2 +  + +
Glu(GmM) - + - + 200 s Glu(5mM) -  + - +
= Hokk
RAPA(50nM) —  — + + KD e * 2o RAPA(S0nM) — = # KD
g s
ptor [mm o =] E sTat
S
par [ )
50
2
GAPpi S S —— H carpn 3
T T T — T
pUC-hABCG2 + + + + + + + + + + + +
Glu@GmM) - + — + - + — + - + - + P
RAPA(S0nM)  — + o+ - + o+ - -+ o+
STAT1 p-STATL D-STATISTATI
200
N - ns ns ns
3 . g
&
150 . .o -
ol ol o .o - .
140 * 2 s ¢ oo
3 > R : o
: Control fom S ig I I I i I I
. S L) = ‘111 Pl
— FEV] T o o A REEE EENE
£8 80 s ) o
g0 = 50 .
£ 60 -
— Y 2
E& 40 =
=
§ » T T T T T T T T T
: 3 j % pUC-hABCG2 + + + + + + + + + o+ + o+
pUC-hABCG2  + + + +
5 -+ -+ -+ -+ -+ -+
R GuEmM) -+ -+ R:P':io'“'::l’)
WK WK 10K n st sy S
RAPA (50nM) — - + ¥ + % = + #
BSTA: FE-A

(caption on next page)

10



C. Lietal Redox Biology 75 (2024) 103262

Fig. 7. STAT1 and mTOR involved in the protective effect of ABCG2. (A) mRNA expression of STATI in the hippocampi of ABCG2 ~~ mice and WT mice
administered by PTZ (n = 11 per group). (B-D) Representative images (B) and quantification by densitometry of Western blot analysis of STAT1 (C, n = 8 per group)
and JAK1 (D, WT, n = 11; KO, n = 10) in the total protein extracted from the hippocampi of ABCG2 ~/~ mice and WT mice. (E-H) Representative images (E) and
quantification by densitometry of Western blot analysis of AKT (F, WT, n = 11; KO, n = 10), mTOR (G, WT, n = 11; KO, n = 12), and CHOP (H, n = 7 per group) in the
total protein extracted from the hippocampi of ABCG2 7~ mice and WT mice. (I-K) Representative images (I) and quantification by densitometry of Western blot
analysis of mTOR (J, n = 6 per group) and CHOP (K, n = 6 per group) in the total protein extracted from transfected HT22 cells with or without glutamate. (L-M)
Representative images (L) and quantification by densitometry of Western blot analysis of mTOR (M, n = 8 per group) in the total protein extracted from transfected
HT22 cells with or without glutamate and rapamycin. (N) Representative images and quantification of annexin V-PE in transfected HT22 cells with or without
glutamate and rapamycin by using fluorescent flow cytometry (n = 5 per group). (O-P) Representative images (0) and quantification by densitometry of Western blot
analysis of STAT1 (P, n = 8 per group) in the total protein extracted from transfected HT22 cells with or without glutamate and rapamycin. Data are presented as
means + SEM. Results designated with ns were not significant, whereas those designated with * (P < 0.05), ** (P < 0.01), ***(P < 0.001) were significant according
to adjusted P values in each indicated comparison.

Previously, our proteomic data showed that the protein expression of 42], and its role in epilepsy remains uncertain. In this study, we found
interferon-stimulated gene 15 (ISG15), which can ISGylate STAT1 [33] that the mRNA and protein expression of ABCG2 were significantly
and mTOR on lysine 2066 [34], was significantly higher in ABCG2™/~ increased in the hippocampi of rats under PTZ-induced acute (60 mg/kg,
mice than that in WT mice (Fig. 6C). Therefore, we suspected that ISG15 i.p.) and chronic (35 mg/kg, i.p.) seizure conditions (Fig. 1B-H). This
or ISGylation affects the accumulation of STAT1 and phosphorylation of observation is consistent with the results of a study by Harby and col-
mTOR. Hence, we first examined the RNA and protein expression levels leagues that showed a significan increase in the protein expression of
of ISG15 and ISGylation in ABCG2™/~ and WT mice treated with PTZ. ABCG2 with 50 mg/kg of PTZ [7]. Using KA, which stimulates glutamate
ABCG2~/~ mice showed a significant increase ISG15 RNA expression to induce chronic epilepsy to mimic human temporal lobe epilepsy, we

and ISGylation but not in free ISG15 protein levels (Fig. 9A-C). After also observed a gradual increase in ABCG2 levels from the first day of
performing COIP by using ABCG2, STAT1 and mTOR antibodies, we injection, peaked on the 7th day and dropped down on the 30th day
determined that in the precipitation complex, STAT1 and mTOR but not (Fig. 1I-N). This temporal pattern correlated with locomotor activity in
ABCG2 were apparently ISGylated in the HT22 cells treated with or the open-field test and aligns with the reported peak brain injury period
without glutamate (Fig. 9D-F). Furthermore, STAT1 and mTOR were of 7 days post-SE in C57BL/6J mice [43]. Our results illustrate that

ISGylated in the cortex of ABCG2™/~ mice treated with PTZ compared to epilepsy induces the overexpression of ABCG2 in response to various
that in WT mice (Fig. 9G and H), suggesting that ABCG2 deficiency in- stimuli across species, including rats and mice. Furthermore, we
duces ISGylation, resulting in the accumulation of STAT1 and inhibition revealed that this increased ABCG2 expression was localized in neurons
of mTOR phosphorylation. and microglia. We next confirmed in vitro that ABCG2 overexpression

was activated in mouse neuronal cell (HT22) treated with glutamate and
KA, as well as in the microglia cells (BV2) stimulated by KA and LPS.
This observation illustrates that the overexpression of ABCG2 may act as
an effector in these cells when stimulated by glutamate, KA, and the
inflammatory factor LPS. However, this observation contrasts with the
study by Gibson et al. [44], which reported that the administration of
1-500 ng/mL of LPS for 24 h decreased ABCG2 expression of both
mRNA and protein in BV2 cells. These differences were likely due to the
discrepancy in LPS concentrations between the two studies. Previous
research indicates that lower concentrations of pro-inflammatory cyto-
kines (IL-1B, TNF-a, and IL-6) and glutamate (below 100 pM) do not
induce the mRNA and protein expression of ABCG2 in the BBB [45],
hCMEC/D3 human endothelial cells [46], and human brain capillaries
[47]. Consistent with previous studies, we used concentrations of
glutamate, LPS, and KA that are pathologically relevant to epilepto-
genesis [48,49]. In conclusion, our study shows that epilepsy induces an
increase in ABCG2 expression.

In this study, we demonstrated that ABCG2 overexpression may
offset the cytotoxicity of glutamate by improving ROS overload, annexin
V protein ectropion, and iron overload. Ko143, an ABCG2 inhibitor,
reversed these protective effects, illustrating the preventive role of
ABCG2. This result is in accordance with previous studies reporting the
significance of ABCG2 as a toxic and drug efflux transmembrane protein,
thus preventing cells from toxic agent-mediated damage in vitro [50,51].
Furthermore, our in-vivo analysis confirmed that ABCG2 acts as a shield
against epilepsy. ABCG2 ~~ mice treated with 90 mg/kg of PTZ showed
significantly shortened survival time and decreased survival rate
compared to WT mice (Fig. 7J and K). This observation illustrates that
the loss of function of ABCG2 exacerbated seizures, which is in accor-
dance with previous studies showing that ABCG2 deficiency augments
oxidative stress in transgenic AD mice [52] and indicating that ABCG2
acts as a surviving factor for plasma cells that can relieve the endo-
plasmic reticulum [53].

STAT1 is a major transcription factor in the IFN-o/p IFN-y signal-
transduction pathway, which is closely associated with epilepsy.
Elevated STAT1 protein expression in the CA1l KA-induced and

3.10. Overexpression of transcription factor hypoxia-inducible factorl
(HIF-1)a in glutamate-induced neuronal injury and KA- and LPS-induced
inflammation of BV2 cells

A previous study revealed that the transcription factor HIF-1a is
involved in hypo-oxidation, is associated with epilepsy, and binds to the
ABCG2 promoter [35,36]. However, the regulation effects of HIF-1a on
ABCG2 during epileptogenesis remain unknown. Therefore, we detected
the protein expression of HIF-1a. Neuronal cells treated with 1 and 5 mM
glutamate for 12 h showed significantly increased HIF-lo protein
expression. Moreover, an increasing tendency emerged at 12 and 24 h
and smoothly decreased to normal levels from 48 to 96 h (Fig. 10A and
B). Similarly, the administration of KA for 12 or 24 h also increased the
protein expression of HIF-1a (Fig. 10C). Those phenomena were found
in the LPS- and KA-induced microglia with increased HIF-1a expression
(Fig. 10D and E). Fluorescence images showed that in cells induced by
KA for 12 and 24 h, overexpressed HIF-1a, were colocalized with the
ABCG2 protein (Fig. 10F) and illustrated the correlation between HIF-1a
and ABCG2. These results make us speculate whether ABCG2 was
regulated by HIF1a as a stimulator. Therefore, we constructed a shRNA
plasmid of HIF-la to knock down its protein expression in HT22
(Fig. 10G). Intriguingly, the knockdown of HIFla led to a significant
reduction in ABCG2 expression caused by glutamate (Fig. 10H), indi-
cating that induced expression of ABCG2 may be regulated by HIF1a.

4. Discussion

ABCG2 is a medically important ATP-binding cassette transporter
known for its role in the transport of chemically diverse toxins and
drugs. In the nervous system, the overexpression of ABCG2 in the BBB
limits brain penetration and restricts exposure to drugs such as abe-
maciclib and olaparib [37,38]. Moreover, ABCG2 is overexpressed in
neurological disorders such as Alzheimer’s disease [39], glioblastomas
[40], and amyotrophic lateral sclerosis [41]. However, studies on the
expression of ABCG2 in epileptogenesis show contradictory results [39,
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electrical-kindling rats has been previously demonstrated [54,55]. Two
main statuses of STAT1 contribute towards regulation of the IFN
signaling pathway. Tyrosine phosphorylation of STAT1 at position 701
induces homodimerization, nuclear translocation, and binding to the
elements of IFN-induced genes. In contrast, unphosphorylated STAT1
acts as a dimer and monomer to induce IFN-associated genes such as
LMP2 and IFIT1 [56,57]. Using proteomics, we confirmed that STAT1
was the core differentially expressed protein that was significantly
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increased in ABCG2 ~~ mice administered PTZ in parallel with other
IFN-stimulating proteins, including IFIT1 and ISG15. However, no
change in phosphorylation and dimerization of STAT1 (Fig. S4E) was
observed, which suggested that accumutaion of the monomer STAT1
may be a potential effector for PTZ. ISG15 is an IFN-a/B-inducible,
ubiquitin-like protein that can be conjugated to approximately 400
intracellular substrate proteins via ISGylation. ISG15 and ISGylation
reportedly increase protein stability and interfere with the
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Fig. 9. Deficiency of ABCG2 induced accumulation of STAT1 and inhibited the phosphorylation of mTOR via ISGylation. (A) mRNA expression of ISG15 in
the hippocampi of ABCG2 ~~ mice and WT mice administered by PTZ (n = 11 per group). (B-C) Representative images (B) and quantification by densitometry of
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without glutamate (n = 3 per group). (G-H) Representative western blots of lysates and COIP for ISGylation of STAT1 (G) and mTOR (H) in the cortex of ABCG2 ~~
mice and WT mice treated with PTZ (n = 4 per group). Data are presented as means + SEM. Results designated with ns were not significant, whereas those designated
with * (P < 0.05) and *** (P < 0.001) were significant according to adjusted P values in each indicated comparison.

ubiquitination and degradation of proteins such as YAP, USP18, and
STAT1 [58-60]. In this study, we demonstrated increased levels of
ISGylation in ABCG2 ~~ mice stimulated by PTZ compared to WT mice
and ISGylation of STAT1 in glutamate-induced neurons, suspecting that
in the ABCG2 ~~ mice, ISGylation of STAT1 ensured protein stabiliza-
tion, resulting in the accumulation of ABCG2 and induction of neuronal
apoptosis.

Although JAK1-STAT]1 is the main pathway regulating IFN [28] and
the AKT-mTOR-STAT1 pathway is correlated with excitatory injury, we
did not find significant expression of JAK1 and AKT between ABCG2 ~~
and WT mice, except for mTOR. mTOR is a central controller of cell
growth, proliferation, and survival [61]. Microglial mTOR deletion
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impairs the activation and proliferation of microglia, destroys microglial
phagocytosis, exacerbates neuronal loss, and promotes epileptogenesis
[29]. mTOR inactivation induces neuronal ROS overload and cell death
[62]. In this study, we demonstrated the inactivation of mTOR in ABCG2
~~ mice and in glutamate-induced neurons. However, overexpression of
ABCG2 increased the phosphorylation level of mTOR, while further use
of rapamycin, an inhibitor of mTORC1, offset the protective effect of
ABCG2, suggesting that the protective effect of ABCG2 is regulated by
activation of mTOR, which agrees with Smith’s study showing that
activation of mTOR increased neuronal survival [63]. In ABCG2 7/~
mice, we demonstrated increased ISGylation of mTOR, which is in
agreement with a previous study showing that mTOR was ISGylated on
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its lysine 2066 residue [34], suggesting that ISGylation of mTOR may
interfere with its phosphorylation. However, we did not observe any
inference of total STAT1 or phosphorylation of STAT1 by rapamycin,
which further confirmed the direct interaction between ABCG2, mTOR,
and STAT1 in neurons to form a complex. Therefore, we suspected that
the overexpression of ABCG2 tended to recruit STAT1 and mTOR,
decrease the cytoplasmic effect of STAT1, and induce mTOR phos-
phorylation to prevent neuronal apoptosis. After the deletion of ABCG2,
the complex of ABCG2, mTOR, and STAT1 was separated, leading to the
induction of mTOR and STAT1 independently in the cytoplasm; this
makes mTOR and STAT1 susceptible to ISGylation, resulting in mTOR
inactivation and STAT1 accumulation to promote neuronal apoptosis.

This study identified an instant increase in ABCG2, which acts as a
shield in epileptogenesis, relieves oxidative stress and apoptosis of
neurons and microglia, and is closely related to the ISGylation of STAT1
and mTOR, revealing a potential target to relieve epilepsy.
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Abbreviation

ABC ATP-binding cassette

ABCB1  ATP binding cassette subfamily B member 1

ABCG2 ATP binding cassette subfamily G member 2

ANOVA One-way analysis of variance

APC Allophycocyanin

ASM Antiseizure medication

BBB Blood-brain barrier

BPB Blood-placental barrier

cDNA Complementary DNA

CoIpP Co-immunoprecipitation

CHOP  C/EBP-homologous protein

DAPI 4/, 6-diamidino-2-phenylindole

Ddrgkl DDRGK domain containing protein 1

DEPs Differentially expressed proteins

DIA-PASEF Data-independent parallel accumulation serial
fragmentation

FITC Fluorescein isothiocyanate

GBP Guanylate binding protein

GESA Gene Set Enrichment Analysis

GO Gene ontology

Grk5 G protein-coupled receptor kinase 5

H2DCFDA 2/,7'-dichlorofluorescin diacetate

HIF-1la  Hypoxia-inducible factor 1 subunit alpha

IBA1 Ionized calcium-binding adapter

Inmt Indolethylamine N-methyltransferase

Irgm1 Immunity-related GTPase family M membrane 1

KA Kainic acid

KEGG  Kyoto Encyclopedia of Genes and Genomes

LTG Lamotrigine
LDH Lactate dehydrogenase
LPS Lipopolysaccharide

mTOR  Mammalian target of rapamycin
MTLE Mesial temporal lobe epilepsy
NES Normalized enrichment scores
NeuN Neuronal nuclei

GFAP Glial fibrillary acidic protein

PBS Phosphate-buffered saline
PE Phycoerythrin

PPE Protein-protein interaction
PTZ Pentylenetetrazole

qPCR Quantitative real-time PCR

RAPA Rapamycin

Rbm41 RNA binding motif protein 41

STAT1  Signal transducer and activator of transcription 1
Tgtp2  T-cell specific GTPase 2

TOF Time-of-flight

WB Western blot

WT Wildtype

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.redox.2024.103262.
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