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Major depressive disorder (MDD) is a highly prevalent condition and one of the most common psychiatric dis-
orders worldwide. Circular RNA (circRNA) has been increasingly implicated in MDD. However, a comprehensive
understanding of circRNA and microglial apoptosis in depression is incomplete. Here, we show that circDYM
inhibits microglial apoptosis induced by LPS via CEBPB/ZC3H4 axis. CircDYM prevents the translocation of
CEBPB from cytoplasm to the nucleus by binding with CEBPB. Moreover, LPS-induced CEBPB nuclear entry
downregulates the expression of ZC3H4, in which promotes autophagy and apoptosis in microglia. Taken

together, our findings provide new insights into the relationship between circDYM and microglial apoptosis and
shed new light on the function of this novel mechanism in depression-associated complex changes in the brain.

1. Introduction

Major depressive disorder (MDD) is one of the most prevalent psy-
chiatric disorders around the word, and the neuropathogenesis is com-
plex involving intricate gene-environment-psychic interactions [1-5].
There are increasing evidences proving that the neuroinflammation is
closely linked with the depression [6-8]. Treatment with lipopolysac-
charide (LPS) is widely used in mice to investigate the relationship be-
tween neuroinflammation and depression [9-12], and LPS-induced
model is one of depression models and has been employed in multiple
studies [13-15]. Recent evidence suggests that LPS-induced inflamma-
tory responses in the central nervous system (CNS) act as a vital role in
depression [16,17].

Microglia are critical for normal brain function [18-23]. As immune
cells in the brain, microglial function is the key factor influencing the
progression of depression [24-26]. Multitudinous studies provide evi-
dences that microglia-mediated neuroinflammation acts an essential
role in the development of major neurological disorders such as
depression [26-30]. Furthermore, dysfunctional microglia can be
observed in the hippocampus and other brain regions in LPS-stimulated
mice [31,32]. Disruption of microglial function has severe negative

effects on CNS development. Thus, the detailed mechanism of the role of
microglia in LPS-induced depression remains to be elucidated.

It is extensively known that non-coding RNA acts as a prominent role
in the depression pathogenesis [25,33,34]. Various circRNAs have been
detected in the brain, suggesting that they play a key role in the proper
functioning of the brain [35-37]. The previous study suggested that the
loss of circCdrlas caused the dysfunction of synaptic transmission [38].
Moreover, hsa_circRNA_103636 might have the potential to serve as a
new class of biomarker for depression [39]. Transplanting gut micro-
biota from NLRP3 knockout mice to depression mice alleviated
depressive-like behaviors via circHIPK2 [40]. Thus, targeting circRNAs
to modulate the progression of depression has great potential to become
an intervention target for depression.

Therefore, we aimed to demonstrate the associations of circRNAs
with LPS-induced depression in mice. Our previous study indicated that
the overexpression of circular RNA DYM (circDYM) in the hippocampus
significantly ameliorated the LPS-induced depressive-like behavior in
mice, which was accompanied by the inhibition of the neuro-
inflammation induced by microglia activation [31]. However, micro-
glial apoptosis induced in the course of the neuroinflammatory response
will further exacerbate the neuroinflammatory response. The effect of
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Fig. 1. Overexpression of circDYM ameliorates LPS-induced depressive-like behavior. (A) Time course of the experimental procedure in the LPS-induced mouse
depressive model. (B—D) Effects of circDYM-GFP lentivirus microinjection on depressive-like behavior in LPS-induced mice. One week after circControl /circDYM
lentivirus microinjection, mice were intraperitoneally injected with LPS (2 mg/kg) or saline (n = 8 mice/group) for 5 consecutive days. SPT (B), TST (C) and FST (D)
were then measured. All data were expressed as mean + SEM. *P < 0.05 and ***P < 0.001 vs. circControl control group; *P < 0.05 and *#P < 0.01 and *#*#P < 0.001
vs. circControl treated with LPS group using two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test. SPT sucrose preference test, TST tail
suspension test, FST forced swim test. (E-F) Effects of circDYM overexpression on LC3B-II and cleaved caspase-3 levels in LPS model in the hippocampus. Three
representative immunoblots from 6 mice/group were showed. All data were expressed as mean + SEM. **P < 0.01 and ***P < 0.001 vs. circControl control group;
##p < 0.01 and *#*#P < 0.001 vs. circControl treated with LPS group using two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test. (G-H)
Transduction with circDYM-GFP lentivirus attenuated LPS-induced LC3B-II and cleaved caspase-3 expression in BV2 cells. Cells were transduced with circControl/
circDYM-GFP lentivirus for 24 h and then treated with LPS (100 ng/ml) for another 24 h. All data were presented as mean + SEM of 3 independent experiments. **P
< 0.01 vs. circControl control group; P < 0.05 vs. circControl treated with LPS group using two-way ANOVA followed by Holm-Sidak post hoc multiple com-

parison test.
<
<

circDYM on microglial apoptosis and the mechanisms involved remaines
unknown. Our studies were designed to investigate the effects of circ-
DYM on the pathophysiological progression of microglial survival, and
provide new theoretical support for the therapy of neuroinflammation-
related disorders. The effect of circDYM on microglia suggests a poten-
tial therapeutic avenue for inflammation-related brain diseases.

2. Materials and methods
2.1. Reagent

Lipopolysaccharides (L2630), Rapamycin (R0395), and 3-methyla-
denine (M9281) were all obtained from Sigma-Aldrich.

2.2. Animals

Adult male mice (C57BL/6 J, 25.0-30.0 g, 6-8 weeks old) were
purchased from the GemPharmatech Co., Ltd. ZC3H4M¥/floX mice
(ZC3H4f/ f, strain ID: T003880) were generated and maintained at
GemPharmatech Co., Ltd. Mice were maintained under a constant
temperature and 12:12 h light: dark cycle. Food and water were pro-
vided ad libitum. The use and care of mice were approved by the
Institutional Animal Care and Use Committee (IACUC) of Southeast
University.

2.3. circDYM-GFP lentivirus microinjection

All surgical procedures were performed under isoflurane anesthesia
(induction at 3 %, maintenance at 1 %-2 %), and mice were placed in a
stereotactic frame (RWD, 71000-M) equipped with a heating pad.
C57BL/6 J male mice were randomly assigned to different groups. They
were microinjected bilaterally with either the circControl-GFP lentivirus
or ¢circDYM-GFP lentivirus (Hanbio, 1 pl, 1 x 10° viral genomes/pl) into
the hippocampus: 2.06 mm behind the bregma and + 1.50 mm lateral
from the sagittal midline at a depth of 2.00 mm from skull surface.

2.4. Behavioral tests

The mice were brought into the room for testing, and the results were
analyzed by an experienced researcher who was blinded to the groups of
the mice. All mice need to complete the sucrose preference test (SPT),
the tail suspension test (TST), and the forced swim test (FST).

2.5. Cell culture

Cells (BV2) were obtained from the China Center for Type Culture
Collection (CCTCC) and maintained in DMEM (Dulbecco’s Modified
Eagle Medium) containing 10 % fetal bovine serum (FBS) and 1 %
penicillin-streptomycin (PS). Cells were further incubated in a humidi-
fied incubator (5 % CO», 37 °C).

2.6. Western blot (WB) assay

The proteins were first harvested using lysate buffer (Beyotime,
P0013B). Samples were separated by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were
then transferred to polyvinylidene fluoride (PVDF) membranes [41].
The PVDF membranes were blocked with nonfat milk (5 %) and probed
with antibodies against LC3B (Sigma, L7543), Caspase-3 (Proteintech,
66,470-2-1g), CEBPB (Proteintech, 66,649-1-1g), GAPDH (Proteintech,
60,004-1-1g), Histone-H3 (Proteintech, 17,168-1-AP), ZC3H4 (Pro-
teintech, 20,041-1-AP), BECN1 (Proteintech, 11,306-1-AP), P62 (Pro-
teintech, 18,420-1-AP), Bcl-xl (Proteintech, 26,967-1-AP), Bax
(Proteintech, 50,599-2- 1g) overnight at 4 °C. They were then incubated
with HRP-conjugated Affinipure goat anti-mouse IgG (H + L) (Pro-
teintech, SA00001-1) and HRP-conjugated Affinipure goat anti-rabbit
IgG (H + L) (Proteintech, SA00001-2). Signals were detected by the
Tanon 5200 digital image scanner.

2.7. Transduction of microglia with lentivirus

As described in our previous studies [42], BV2 cells were transduced
with the circControl-GFP or circDYM-GFP lentivirus. The cells were then
gently vortexed, incubated and replaced with fresh medium.

2.8. Immunofluorescence (IF) staining

The BV2 cells were fixed with paraformaldehyde (4 %), and then
permeabilized with 0.3 % Triton X-100 in PBS. After blocking with 10 %
normal goat serum in 0.3 % TritonX-100, BV2 cells were incubated with
a rabbit anti-CEBPB antibody overnight at 4 °C. The cells were then
incubated with the AlexaFluor 488-conjugated goat anti-rabbit
antibody.

2.9. Target DNA upregulation/deletion using CRISPR/Cas9 plasmids

Following the manufacturer’s recommended Santa Cruz® protocol,
BV2 cells were transfected with the CRISPR/Cas9 plasmids to upregu-
late/delete CEBPB and ZC3H4. The efficiency was determined by WB.
Briefly, cells were seeded at 2 x 10° cells/well in 2 ml of standard
antibiotic-free growth medium and grown to 40-50 % confluency. The
plasmid DNA/transfection reagent complex (200 pl), consisting of
plasmid DNA (2 pg) and transfection reagent (10 pl), was then added.
The BV2 cells were then cultured under standard conditions for 24-72 h
prior to the subsequent experiments.

2.10. Flow cytometry and cell sorting

Brain tissue was digested by 2 mg/ml papain (Worthington,
LS003119) for 1 h at 37 °C in DMEM. Dispersed cells were filtrated with
a 70 pm nylon mesh. The cells were resuspended in 30 % Percoll density
gradient (GE Healthcare, 17-0891-09) and centrifuged 900 g for 25 min
at 25 °C. Next, the cells in bottom were collected. After washing with
PBS containing 2 % FBS, the cells were blocked with FcR Blocking
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Fig. 2. LPS induces autophagy-mediated apoptosis. (A-B) The expression of BECN1, P62, LC3B in BV2 treated with LPS for 6 h, 12 h, 24 h, 36 h, 48 h. All data were
presented as mean + SEM of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control group by one-way ANOVA followed by Holm-Sidak post hoc
multiple comparison test. (C—D) The expression of Bcl-xl, Bax, Caspase3 in BV2 treated with LPS for 6 h,12 h,24 h,36 h,48 h. All data were presented as mean + SEM
of 3 independent experiments. *P < 0.05, ***P < 0.001 vs. control group by one-way ANOVA followed by Holm-Sidak post hoc multiple comparison test. (E) CCK8
analysis of BV2 cells survival treatment with LPS for 6 h,12 h,24 h,36 h,48 h. All data were presented as mean + SEM of 3 independent experiments. *P < 0.05 vs.
control group using one-way ANOVA followed by Holm-Sidak post hoc multiple comparison test. (F-G) Western blot analysis of the caspase-3 levels after pre-
treatment with Rapa or 3-MA in BV2 cells induced by LPS. All data were presented as mean + SEM of 3 independent experiments. *P < 0.05, **P < 0.01 vs. control
group; P < 0.05 vs. LPS-treated control group by two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test.

Reagent (Miltenyi Biotec, 130-092-575). Astrocytes, microglial cells,
neurons, and endothelial cells were marked by flow cytometry. Cells
were stained with FITC anti-mouse/human CD11b antibody (BioLegend,
101,205), PerCp-cy5.5 anti-mouse CD45 antibody (BD Pharmingen,
561,869), PE anti-mouse ACSA-2 (Miltenyi Biotec, 130-116-244),

Brilliant Violet 605™ anti-mouse CD31 (BioLegend, 102,427) and, APC
anti-mouse NCAM-1/CD56 allophycocyanin MAb (R&D, FAB7820A-
100). After staining, the samples were sorted by FACSAria II SORP
(BD Biosciences), and the data were analyzed using FlowJo_V10. Sam-
ples were gated for ACSA-2-CD11b*CD45%™ (microglia), ACSA-2*
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Fig. 3. CircDYM attenuates microglial apoptosis induced by LPS through binding to CEBPB. (A) Prediction of the circDYM-CEBPB interaction using the catRAPID
algorithm. Schematic of CEBPB with functional protein domains. CEBPB mutants lacking 45 to 96 amino acids (CEBPB A45-96) and 145 to 202 amino acids (CEBPB
A145-202). (B) Relative enrichment of endogenous circDYM in CEBPB RIP was measured by qPCR. Data were presented as mean + SEM of 3 independent ex-
periments. ***P < 0.001 vs. control circDYM using Student’s t-test. (C) Western blot analysis of CEBPB expression in lysates of BV2 cells overexpressing CEBPB or
mutant CEBPB (A45-96) or mutant CEBPB (A145-202) after biotinylated circDYM probe pull-down assay. Data were expressed as mean + SEM of 3 independent
experiments. **P < 0.01 vs. control group; **P < 0.01 vs. WT group using Student’s t-test. (D) Co-localisation of circDYM and CEBPB in the cytoplasm of BV2 cells by
FISH analysis. Green: CEBPB; red: circDYM; blue: DAPI. Scale bar: 5 pm. (E-F) Transduction-ACT upregulated CEBPB significantly proposed the increase of LC3B-II
and cleaved caspase-3 expression induced by LPS in BV2 cells. All data were presented as mean + SEM of 3 independent experiments. **P < 0.01 and ***P < 0.001
vs. control-ACT control group; *#P < 0.01 and *##P < 0.001 vs. control-ACT treated with LPS group by two-way ANOVA followed by Holm-Sidak post hoc multiple
comparison test. (G) Distribution of CEBPB in BV2 cells. BV2 cells were subjected to immunocytochemical analysis of CEBPB and DAPI staining of genomic DNA with
or without LPS treatment. Scale bar: 10 pm. (H) Western blot analysis nuclear localization of CEBPB in BV2 after circCon or circDYM lentivirus transduction with or
without treatment with LPS (100 ng/ml) for 24 h. Purity of subcellular fractions was assessed by Western blotting against specific markers. All data were expressed as

mean + SEM of 3 independent experiments. *P < 0.05, ***
by Holm-Sidak post hoc multiple comparison test.

P < 0.001 vs. circControl control group; *P < 0.05 vs. circControl LPS group by two-way ANOVA followed

(astrocytes), CD31" (endothelial cells), and NCAM-1/CD56" (neurons).
The RNeasy®-Micro Kit (QIAGEN, 74004) was used for RNA extraction.

2.11. Quantitative real-time PCR

The total RNA was reversed using a HiScript Q RT SuperMix for gPCR
Kit (Vazyme, R123-01). Next, the relative quantification was performed
using AceQ qPCR SYBR Green Master Mix (Vazyme, Q141-02). Cycle
threshold was determined using the StepOne™ Real-Time PCR
instrument.

2.12. Statistical analysis

All data were presented as the mean + standard error of the mean
(SEM). Significance was determined using Student’s t-test for compari-
sons of two groups. Multi-groups (three or more) were compared using
one/two-way ANOVA. P < 0.05 was regarded as statistically significant.

3. Results

3.1. Overexpression of circDYM ameliorates depressive-like behaviors
induced by LPS

As described in our previous studies [31] , the expression of circ-
DYM in the hippocampus of mice was markedly decreased induced by
LPS. Based on this point, we sought to verify the contribution of circDYM
in the hippocampus of depressive mice by microinjecting either the
circDYM-GFP lentivirus or the circControl-GFP lentivirus (Fig. 1A). As
shown in Fig. 1B, mice treated with LPS preferred sucrose less compared
to the control group, and this was significantly meliorated by circDYM
overexpression. To further assess the impact of circDYM on depression,
two additional behavioral tests were used. In TST (Fig. 1C) and FST
(Fig. 1D), the immobility time was significantly longer in LPS group than
in control group, which was markedly ameliorated in the group micro-
injected with circDYM lentivirus. These experiments suggested that
overexpression of circDYM by lentivirus contribute to the alleviation of
depressive behaviors in mice.

3.2. Overexpression of circDYM inhibits autophagy and apoptosis induced
by LPS

Although circDYM has been reported in our previous studies [31], its
role in LPS-induced microglial autophagy and survival remained un-
clear. Therefore, we investigated the effect of LPS on mouse hippo-
campal microglia to elucidate how LPS affects microglial autophagy and
apoptosis. As shown in Fig. 1E, the expression of LC3B-II was markedly
increased treated with LPS, and the increasing was ameliorated by
circDYM. Furthermore, LPS-mediated upregulation of cleaved caspase-3
was ameliorated in circDYM-injected mice compared with circCon
group in the hippocampus (Fig. 1F). Moreover, circDYM significantly
ameliorated the increase of LC3B-II and cleaved caspase-3 expression in

BV2 cells treated with LPS (Fig. 1G-H). Taken together, the above results
indicate that circDYM is involved in the autophagy and apoptosis in
microglia induced by LPS.

3.3. LPS induces autophagy-mediated apoptosis

To investigate the relationship between LPS-induced autophagy and
apoptosis in microglia, we designed the following experiments. As
shown in Fig. 2A-B, BECN1 expression was elevated and LC3B-II pro-
duction was enhanced in LPS-treated BV2 cells. For the autophagy, P62
functions as a connector that links LC3B with ubiquitin moieties on
misfolded proteins. Therefore, autophagy facilitates the elimination of
P62 and ubiquitinated proteins. Consistently, P62 expression was
downregulated in BV2 cells after treatment with LPS. We next sought to
explore the apoptosis in the LPS-treated BV2 cells. As shown in Fig. 2C-
D, LPS decreased the Bcl-xl/Bax and increased cleaved caspase-3.

Having determined that LPS induced apoptosis, we next examined
viability of LPS-treated cells. As shown in Fig. 2E, exposure to LPS
reduced microglial survival. Moreover, cleaved caspase-3 was enhanced
by treating with the autophagy inducer rapamycin (Fig. 2F). To further
confirm the role of autophagy in LPS-induced apoptosis, BV2 cells were
treated with 3-MA, which decreased the level of cleaved caspase-3
(Fig. 2G). Therefore, our findings confirmed that the apoptosis
induced by LPS was mediated by autophagy, and the exact mechanism
that circDYM inhibits apoptosis by autophagy needs to be elucidated.

3.4. CircDYM attenuates microglial apoptosis induced by LPS through
binding to CEBPB

To find this possible mechanism, we, next, used the catRAPID algo-
rithm to explore the interaction of circDYM with CEBPB and found two
regions of CEBPB having high interaction capacity with circDYM: 45-96
and 145-202 (Fig. 3A). The binding between CircDYM and CEBPB was
determined by RIP assay (Fig. 3B). We also created a circDYM mutant
plasmid (45-96, 145-202) in which the circDYM binding region inter-
acting with CEBPB was deleted. Compared to the mutant variant of
circDYM, the unmodified circDYM showed stronger binding with CEBPB
(Fig. 3C). In addition, fluorescence in FISH analysis demonstrated the
co-localization of circDYM and CEBPB in the cytoplasm of microglia
(Fig. 3D).

Having established that LPS induced autophagy and apoptosis in
microglia, further investigation was undertaken to clarify the integral
role of CEBPB in LPS-induced autophagy and apoptosis using the CEBPB-
CRISPR activation plasmid (ACT). In Fig. 3E and F, pretreatment of cells
with CEBPB-ACT increased LPS-induced autophagy and apoptosis as
evidenced by increased levels of LC3B-II and cleaved caspase-3,
demonstrating that CEBPB was upstream of autophagy and apoptosis
in LPS-treated BV2 cells.

Furthermore, we sought to investigate the CEBPB expression in BV2
cells induced by LPS. CEBPB expression was notably increase in the
nucleus in LPS group (Fig. 3G). These facts lead us to conclude that
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Fig. 4. CEBPB regulates the expression of ZC3H4. (A-D) Western blot analysis of the ZC3H4 level induced by LPS in BV2 cells transfected with CEBPB-ACT or CEBPB-
NIC. Transduction-ACT upregulated the expression of CEBPB in BV2 cells (A-B). All data were presented as mean + SEM of 3 independent experiments. ***P < 0.001
vs. control-ACT control group; *##P < 0.001 vs. control-ACT treated with LPS group by two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test.
Transduction-NIC downregulated the expression of CEBPB in BV2 cells (C—D). All data were presented as mean + SEM of 3 independent experiments. **P < 0.01 vs.
control-NIC control group; *#P < 0.01 vs. control-NIC treated with LPS group by two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test. (E) LPS
treatment decreased the protein level of ZC3H4 in the hippocampus. All data were presented as mean + SEM. **P < 0.01 vs. control group by Student’s t-test. (F)
Effect of circDYM overexpression on ZC3H4 levels in LPS model in the hippocampus. Three representatives from 6 mice/group were showed. All data were expressed
as mean + SEM. *P < 0.05 vs. circControl control group; *P < 0.05 vs. circControl treated with LPS group using two-way ANOVA followed by Holm-Sidak post hoc
multiple comparison test. (G) LPS treatment increased ZC3H4 immunoblots in a time-dependent manner. All data were presented as mean + SEM of 3 independent
experiments. **P < 0.01, ***P < 0.001 vs. control group. (H) Western blot analysis of the ZC3H4 level in BV2 after circCon or circDYM lentivirus transduction with
or without treatment with LPS (100 ng/ml) for 24 h. All data were presented as mean + SEM of 3 independent experiments. *P < 0.05 vs. control group; **P < 0.01
vs. circControl treated with LPS group by two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test. (I) Western blot analysis of the ZC3H4 level in
BV2 after co-transfection of CEBPB-ACT and circDYM. All data were presented as mean + SEM of 3 independent experiments. *P < 0.05, **P < 0.01 vs. control-ACT

group; *#P < 0.01 vs. control-ACT treated with LPS group using two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test.

CEBPB was transferred from the cytoplasm to the nucleus. As shown in
Fig. 3H, overexpression of circDYM decreased the redistribution of
CEBPB from the cytoplasm to the nucleus. Collectively, these findings
suggest that circDYM regulates LPS-induced the autophagy and
apoptosis by binding to CEBPB in microglia.

3.5. CEBPB regulates the expression of ZC3H4

Having established that circDYM regulates CEBPB expression and
redistribution, we investigated the role of CEBPB in BV2 cells treated
with LPS. It seems clear that transfection with the CEBPB-ACT upregu-
lated the expression of CEBPB in BV2 cells (Fig. 4A). Subsequently,
transfection with CEBPB-ACT significantly exacerbated the ZC3H4
expression induced by LPS (Fig. 4B). Contrarily, as shown in Fig. 4C,
transfection with the CEBPB-Double Nickase Plasmid (NIC) down-
regulated the expression of CEBPB in BV2 cells. The LPS-induced
reduction of ZC3H4 expression was significantly improved after
CEBPB-NIC transfection (Fig. 4D).

Next, an in vivo experiment showed that LPS-treated mice had
significantly reduced ZC3H4 expression compared to the control group
(Fig. 4E), and these effects were significantly attenuated by circDYM
(Fig. 4F). As shown in Fig. 4G, treatment of BV2 cells with LPS resulted
in a time-dependent increase in ZC3H4, with peak activation at 12 h and
a gradual decrease thereafter. Consistent with these findings, circDYM
lentivirus transfection significantly attenuated the LPS-induced decrease
in ZC3H4 expression (Fig. 4H). To prove that circDYM is a CEBPB
mediator, we co-transfected BV2 cells with CEBPB-ACT and circDYM.
The circDYM overexpression enhanced ZC3H4 expression, and this
change was significantly attenuated by CEBPB-ACT (Fig. 41). Thus, these
findings suggest circDYM regulates the expression of ZC3H4 by CEBPB.

3.6. ZC3H4 improves microglial apoptosis and promotes the survival by
inhibiting autophagy in vitro

Having established that circDYM regulates ZC3H4 expression, we
next investigated the role of ZC3H4 in LPS-induced apoptosis. As shown
in Fig. 5A-B, transfection with ZC3H4-ACT in BV2 cell contributed to
significant amelioration of the increased expression of LC3B-II and
cleaved caspase-3. Meanwhile, transfection with the ZC3H4-NIC
downregulated the expression of ZC3H4 in BV2 cell and lead to signif-
icant aggravation of the increased expression of LC3B-II and cleaved
caspase-3 (Fig. 5C-D). To investigate the effects of ZC3H4 on viability,
BV2 cells were transfected with ZC3H4-ACT and ZC3H4-NIC. As shown
in Fig. 5E, ZC3H4-ACT ameliorated the decrease in cell viability treated
with LPS compared to the control, whereas ZC3H4-NIC exacerbated it
(Fig. 5F). Together, these data demonstrate that upregulating ZC3H4
promotes microglia survival by inhibiting cell autophagy and, in turn,
apoptosis.

3.7. ZC3H4 improves microglial apoptosis and promotes the survival by
inhibiting autophagy in vivo

Having shown that ZC3H4, which is involved in the regulation of
autophagy, plays a essential role in microglial viability, we aimed to
validate the role of microglial ZC3H4 in vivo. Next, we investigated the
role of ZC3H4 in LPS-induced microglial apoptosis in vivo. We infused
the adeno-associated virus vector AAV9-IBA1-CRE-EGFP-3flag in the
hippocampus of ZC3H4"f mice. Four weeks later, the animals were
sacrificed to estimate ZC3H4 mRNA and protein levels. Firstly, we
detected the expression of ZC3H4 in microglia, astrocytes, endothelial
cells and neurons (Fig. 6A). The results showed a significant down-
regulation of microglia-derived ZC3H4 compared to astrocyte-, endo-
thelial cell- or neuron-derived ZC3H4 at the mRNA level (Fig. 6B). Next,
as shown in Fig. 6C, the ZC3H47Iba-1° mice showed markedly lower
expression of ZC3H4 compared to the ZC3H4"! mice in protein levels by
WB analysis. Additionally, the expression of LC3B-II and cleaved
caspase-3 was reduced in LPS-treated 7C3H4"f1ba-1%" mice (Fig. 6D-G),
demonstrating that ZC3H4 plays a indispensable role in microglial
viability in vivo.

4. Discussion

Our study shed light on the function of circDYM, which was found to
dramatically inhibit microglial apoptosis through autophagy regulation
via targeting of CEBPB and subsequent targeting of CEBPB-ZC3H4
(Fig. 6H). These results provide the first evidence that the circDYM/
CEBPB/ZC3H4 axis plays a necessary role in microglial apoptosis.

Microglial apoptosis may worsen inflammatory responses and
neuronal tissue damage [43]. Past investigations have demonstrated
that microglial apoptosis plays a vital role in the pathogenesis of
neurotoxicity caused by LPS, which strongly suggests that the inflam-
matory condition may act as a crucial role in tuning the development
and eventual outcome of neural tissue injury [44]. Hence, scientists have
concentrated on exploring anti-inflammatory ways for the treatment of
microglial apoptosis caused by LPS [45]. In this study, we investigated
the molecular mechanisms that are vital for microglial apoptosis. Our
results indicated that CEBPB regulated ZC3H4 expression induced by
LPS. Intriguing, WB assay revealed that LPS induced a transient increase
in ZC3H4 protein levels followed by a decrease in vitro. Therefore, we
further investigated the exact mechanisms in this process and discovered
that circDYM regulated ZC3H4 protein expression. Our study suggested
a new mechanism for ZC3H4 regulation via circDYM/CEBPB axis.

Based on previous research, Kreisel et al. first revealed that chronic
unpredictable stress (CUS) led to microglial apoptosis in mice hippo-
campus whereas the recovery of microglial viability ameliorated the
depressive-like behaviors induced by CUS [46]. Then, scientists
demonstrated that microglial apoptosis act as a prominent role in
depression through various mouse models such as CUS, chronic restraint
stress (CRS), and chronic social defeat stress (CSDS) [27,46,47].
Numerous researchers have shown that LPS has been widely used to
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Fig. 5. ZC3H4 improves microglial apoptosis and promotes the survival by inhibiting autophagy in vitro. (A-D) Western blot analysis of LC3B expression and
caspase3 level induced by LPS in BV2 cells transfected with ZC3H4-ACT or ZC3H4-NIC. (E-F) CCK8 analysis of BV2 cells survival treatment with LPS transfection with
ZC3H4-ACT or ZC3H4-NIC. All data were presented as mean + SEM of 3 independent experiments. (A-B, E) *P < 0.05, **P < 0.01, ***P < 0.001 vs. control-ACT
control group; “P < 0.05 vs. control-ACT treated with LPS group using two-way ANOVA followed by Holm-Sidak post hoc multiple comparison test. (C—D, F) **P <
0.01, ***P < 0.001 vs. control-NIC control group; *P < 0.05, **P < 0.01, *##P < 0.001 vs. control-NIC treated with LPS group using two-way ANOVA followed by

Holm-Sidak post hoc multiple comparison test.

simulate depressive symptoms of mice [48,49]. Consistent with these
studies, our results demonstrated that overexpression of circDYM
improved depressive-like behaviors induced by LPS and once again
strongly emphasized the potential of circDYM as a therapeutic target for
depression.

CircRNA, as a kind of special non-coding RNA, exerts significant
functions in processes of biology and modulation of gene expression.
Numerous studies suggested that they play pivotal roles in neuro-
inflammation [50-53]. Garikipati et al. demonstrated that circRNA
bound to RNA binding protein and regulated the downstream target
gene [54]. In our study, we found that circDYM bound to CEBPB and
overexpression of circDYM significantly inhibited CEBPB entering the

nucleus, thereby inhibiting the apoptosis of microglia. CEBPB is an
important transcription factor that regulates numerous downstream
genes. We confirmed that CEBPB represses ZC3H4 expression at the
transcriptional level by TF link online prediction software and combined
it with previous research [55].

Furthermore, our research approached to determine the significant
role of ZC3H4, revealing that ZC3H4 contributes to autophagy and
apoptosis. Autophagy acts as a dual role, either promoting or inhibiting
cell survival [56-58]. In accordance with our results, LPS decreased
ZC3H4 expression while increasing autophagy and apoptosis. Our
findings suggested that ZC3H4 exhibits an unexpected function, acting
as a survival factor by modulating autophagy and apoptosis. Because of
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its potent apoptotic activity, ZC3H4 has been widely regarded as a po-
tential therapeutic target. These results established an innovative mo-
lecular relationship between autophagy and apoptosis.

We have shown that circDYM/CEBPB/ZC3H4 regulates the mecha-
nism of LPS-induced microglial apoptosis by lentiviral injection,
CRISPR/Cas9 plasmid transfection and combined with the ZC3H4"Iba-
1¢* mice. However, there are still some limitations in our study that
should be addressed in future research. First, although the LPS-induced
depression model is a classical model, it is undeniable that this model
does not represent the pathogenesis of all clinically depressive patients.
Moreover, this mechanism involving circDYM/CEBPB/ZC3H4 has not
been demonstrated in brain slices or microglia from patients with
depression. In addition, we have shown that the upstream pathway by
which ZC3H4 regulates microglial apoptosis is circDYM/CEBPB axis, but
the exact mechanism by which ZC3H4 inhibits LC3B and caspase-3
levels remains to be explored. Therefore, the tissue or microglia from
depressive patients will be examined to confirm that the circDYM/
CEBPB/ZC3H4 axis regulates microglial apoptosis, and the tran-
scriptomic analyses will also be performed in the ZC3H4"fba-1°" mice
to reveal how ZC3H4 regulates LC3B and caspase-3 levels in future
programs.

5. Conclusion

In summary, circDYM attenuates microglial apoptosis via CEBPB/
ZC3H4 axis in LPS-induced mouse model of depression. In general, our
studies firstly revealed that circDYM regulates microglial apoptosis by
targeting the CEBPB/ZC3H4 axis via the autophagy and showed a new
role of circDYM in microglial apoptosis. Up-regulation of circDYM may
act as an uncharted strategy of therapy for suppression of microglial
apoptosis induced by LPS likewise for a broad range of CNS diseases.
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