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Neural stem cells (NSCs) persist in the dentate gyrus of the
hippocampus into adulthood and are essential for both neu-
rogenesis and neural circuit integration. Exosomes have also
been shown to play vital roles in regulating biological pro-
cesses of receptor cells as a medium for cell-to-cell commu-
nication signaling molecules. The precise molecular
mechanisms of exosome-mediated signaling, however, remain
largely unknown. Here, we found that exosomes produced by
denervated hippocampi following fimbria–fornix transection
could promote the differentiation of hippocampal neural
precursor cells into cholinergic neurons in coculture with
NSCs. Furthermore, we found that 14 circular RNAs (circR-
NAs) were upregulated in hippocampal exosomes after
fimbria–fornix transection using high-throughput RNA-Seq
technology. We further characterized the function and
mechanism by which the upregulated circRNA Acbd6 (acyl-
CoA-binding domain–containing 6) promoted the differenti-
ation of NSCs into cholinergic neurons using RT–quantitative
PCR, Western blot, ELISA, flow cytometry, immunohisto-
chemistry, and immunofluorescence assay. By luciferase re-
porter assay, we demonstrated that circAcbd6 functioned as an
endogenous miR-320-5p sponge to inhibit miR-320-5p activ-
ity, resulting in increased oxysterol-binding protein–related
protein 2 expression with subsequent facilitation of NSC dif-
ferentiation. Taken together, our results suggest that cir-
cAcbd6 promotes differentiation of NSCs into cholinergic
neurons via miR-320-5p/oxysterol-binding protein–related
protein 2 axis, which contribute important insights to our
understanding of how circRNAs regulate neurogenesis.

Neural stem cells (NSCs) have been now established to be
mostly quiescent in the adult mammalian brain and play
important roles in plasticity, aging, disease, and regeneration of
the nervous system (1). There are two major neurogenic niches
in the adult mammalian brain where endogenous NSCs reside,
the subventricular zone of the lateral ventricles and the sub-
granular zone (SGZ) of the dentate gyrus (DG) of the
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hippocampus (2). Experimental evidence has demonstrated
that the hippocampus and its function are significantly affected
by cholinergic dysfunction. It has been shown that degenera-
tion of the cholinergic neurons often manifests in patients with
Alzheimer’s disease (AD) and contributes to the memory loss
exhibited by patients with AD (3). Hence, NSCs are generally
considered to be a focal point for cell replacement therapy.
Nevertheless, because of the limited number of NSCs residing
in adult brain, only a small number of neurons can be pro-
duced, which is far from enough to totally supplement the lost
neurons (4). Therefore, either the promotion of endogenous
NSC differentiation into cholinergic neurons or supplemen-
tation of the lost cholinergic neurons through exogenous
means had been the concern for researchers.

Exosomes are a class of extracellular microsized vesicles
with a diameter range of 40 to 150 nm and have received a lot
of scientific attention over the past few decades (5). Recently,
exosomes released from mammalian cells have been reported
as a new tool for cell-to-cell communication as it transports
lipids, proteins, mRNAs, noncoding RNAs, and even DNA to
other cells (6). The transfer of biological information by exo-
somes to the neighboring cells has been identified to be
involved in the pathogenesis of many diseases, including
cancer and neurodegenerative disorders (7). It has been pro-
posed that cellular levels of circular RNAs (circRNAs) may be
regulated by either endonucleic activity or exosomal transport.
Previously, Li et al. (8) had demonstrated that circRNAs were
abundant in the exosomes compared with their corresponding
producer cells. Furthermore, exo-circRNAs may be regulated
by associated gene expression and may transfer biological ac-
tivity to recipient cells (8).

Current studies reveal that some of circRNAs harbor
miRNA response elements, suggesting a potential role as
competitive endogenous RNAs (ceRNAs) to compete for
miRNA-binding sites (9). For example, CiRS-7, as a human
circRNA cerebellar degeneration–related protein 1 transcript,
acts as a natural miRNA sponge for miR-7 and regulates the
expression of ubiquitin-conjugating enzyme E2A in AD hip-
pocampal CA1 (10). Zhang et al. (11) in their study charac-
terizes circRNA-associated ceRNA networks in the cerebral
cortex of senescence-accelerated mouse prone 8 and discovers
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circAcbd6 regulates differentiation of NSCs
that the networks in this AD mouse model were mainly
involved in the regulation of Aβ clearance and myelin function.

According to reports, transection of the fimbria–fornix (FF)
blocks the major cholinergic input to the hippocampus,
resulting in the removal of most cholinergic activity in the
hippocampus (12, 13). We have previously found that NSCs
proliferated significantly and migrated along the subgranular
layer, and more newborn cells differentiated into neurons or
astrocytes in the denervated hippocampus (14). Moreover,
NSCs incubated with the denervated hippocampal extract
differentiated significantly into the microtubule-associated
protein 2 (MAP2) or acetylcholinesterase (AChE)-positive
neurons than those incubated with the normal hippocampal
extract (15, 16). It suggested that FF transection provided
proper microenvironment for the survival and neuronal dif-
ferentiation of hippocampal NSCs.

In this study, we focused on exosomes derived from
denervated and normal hippocampus and observed their ef-
fects on NSCs in vitro. Our results revealed that exosomes
derived from denervated hippocampus cocultured with NSCs
promoted hippocampal neural progenitor cells to differentiate
into neurons and cholinergic neurons. Hence, we generated
and screened RNA-Seq data of exosomes from hippocampus.
We identified a candidate circAcbd6 (acyl-CoA-binding
domain–containing 6) and characterized its function in
neuron development. We found that circAcbd6 acted as a
sponge and interacted with miR-320-5p-oxysterol-binding
protein–like 2 (Osbpl2) to promote NSC differentiation into
neurons and cholinergic neurons. These results contributed to
our current understanding of circRNA function in
neurogenesis.

Results

Identification of exosomes

To identify and characterize the isolated exosomes, we
applied three different techniques: transmission electron mi-
croscopy (TEM), Western blot, and dynamic light scattering
(DLS). As shown in Figure 1A, hippocampi-derived exosomes
were lightly stained with diameters within 40 to 150 nm under
TEM. Western blot analysis revealed that several exosome-
specific markers, such as CD9, CD63, and Tsg101, were
detectable in all samples (Fig. 1B). For DLS, the result showed
a single peak at 134.3 nm with Z-average (d. nm) of 91.71
(Fig. 1C).

Effects of exosomes derived from hippocampus on NSC
differentiation

To confirm that exosomes could be transferred to NSCs,
NSCs were cocultured with exosomes that were labeled with
CM-Dil. As shown in Figure 1D, after incubation with exo-
somes, the CM-Dil fluorescence signal was observed in NSCs.
As shown in Figure 1E, Western blot of Tuj1 and ChAT
expression was upregulated significantly. Similarly, ELISA
showed that ACh expression was upregulated significantly in
transected-exo group (Fig. 1F). Immunofluorescence staining
of Tuj1 and ChAT differentiated cells indicated that there were
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more Tuj1-positive neurons, and more Tuj1-positive neurons
differentiated into ChAT-positive neurons in transected-exo
group (Fig. 1G). Our results revealed that exosomes derived
from denervated hippocampus facilitated differentiation of
NSCs into neurons and cholinergic neurons.

Overview of RNA-Seq data

To characterize the circRNA profile involved in from hip-
pocampal exosomes, bioinformatics analysis was performed.
As shown in Figure 2A, the length of identified circRNAs was
mostly around 100 to 1100 nucleotides. Multiple circRNAs
could be produced from one host gene, and a total of 267
circRNAs were identified in samples with more than two
unique back-spliced reads (Fig. 2B). In addition, based on the
gene location, these circRNAs were dispersedly distributed on
most chromosomes, showing significant differences between
normal-exo group and transected-exo group (Fig. 2C). Some
circRNAs have been shown to have multiple target sites to
bind with miRNAs to play a regulatory role in organisms (17).
To investigate the circRNA–miRNA interactions, the binding
sites of circRNAs were predicted using online bioinformatics
databases (RNhybrid); the network of circRNAs and their
targeted relationship with miRNAs was presented in
Figure 2D.

Identification of circAcbd6

As shown in Figure 3A, except for circRNA Ash1l, the rest
of differentially expressed circRNAs was consistent with the
trends observed using RNA-Seq. Of the 14 circRNAs, we
initially focused on two abundant circRNAs in NSCs, cir-
cAcbd6 and circCdy1 (Fig. 3B). To explore the expression
pattern of validated differentially expressed circRNAs, we
extracted RNA from tissues derived from ectoderm (cere-
brum, cerebellum, brain stem, and hippocampus), mesoderm
(heart and muscle), and endoderm (liver) and then carried on
RT–quantitative PCR (qPCR) analysis. As shown in
Figure 3C, circAcbd6 was highly significantly expressed in
nervous tissues compared with other tissues. Finally, cir-
cAcbd6 was selected for deeper analysis. To validate the ex-
istence of circAcbd6, junction primers were designed to
amplify the circAcbd6 junction expression in complementary
DNA (cDNA), followed by Sanger sequencing (Fig. 3D). After
treated with actinomycin D, an inhibitor of transcription, we
found that a half-life of circAcbd6 was approximately 12 h,
whereas the linear Acbd6 mRNA exhibited a half-life that was
less than 4 h (Fig. 3E). To further confirm the circular char-
acteristics of circAcbd6 in NSCs, the enzyme RNase R, a
highly processive 30 to 50 exoribonuclease, was used to digest
total RNA (18) and indicated that circAcbd6 was more stable
than linear Acbd6 (Fig. 3F). Finally, FISH assay showed that
circAcbd6 was predominantly localized in the cytoplasm of
NSCs (Fig. 3G). FISH was performed to explore the location
of circAcbd6 to more directly observe the expression trend in
the DG. It was demonstrated that circAcbd6 was specially
expressed in the SGZ, which contained a population of adult
NSCs (Fig. 3H).



Figure 1. Effects of exosomes derived from hippocampus on NSC differentiation. A, TEM images of exosomes. The bar represents 100 nm. B, iden-
tification of CD9, CD63, and Tsg101 by Western blot. C, size distribution of exosomes decided by DLS. D, representative data showing the presence of CM-Dil
in NSCs after adding exosomes purified from hippocampus. The bar represents 200 μm. E, Western blot analysis of Tuj1 and ChAT protein levels with β-actin
normalization. (Normal-exo) NSCs treated with normal hippocampal exosomes; (Transected-exo) NSCs treated with deafferented hippocampal exosomes.
F, ELISA of ACh in cell supernatants. G, immunofluorescence analysis of Tuj1-positive (green) and ChAT-positive (red) cells of normal-exo and transected-exo
group. Nuclei were stained with Hoechst. The bar represents 100 μm. The data are presented as mean ± SD. *p < 0.05 and **p < 0.01. ACh, acetylcho-
linesterase; BT, brain tissue; DLS, dynamic light scattering; Exo, exosome; NSC, neural stem cell; TEM, transmission electron microscopy.
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Figure 2. Overview of RNA-Seq data. A, the length distribution of circR-
NAs. B, the number of circRNAs and junction reads identified in exosomes.
C, the distribution of identified circRNAs in chromosomes. The red bars
represent transected-exo group, and the green bars represent normal-exo
group. D, the circRNA–miRNA network diagram. The v-shaped nodes
represent miRNAs, the circular nodes represent circRNAs, the red represent
upregulated genes, the green represent downregulated genes, and straight
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Effects of circAcbd6 overexpression on differentiation of NSCs

To investigate whether circAcbd6 regulated the differen-
tiation of NSCs, we transfected NSCs with lentiviral vectors
(LVs) overexpressing circAcbd6 (Fig. S1A). To characterize
the roles of circAcbd6 on NSC differentiation, we performed
RT–qPCR and Western blot analysis of three neuronal
markers, Map2, Neurod1, and ChAT (19–21). The results
showed that Map2, Neurod1, and ChAT in LV-circAcbd6
group were upregulated significantly compared with LV–
negative control (NC) group (Fig. 4A). Western blot
showed that Tuj1 and ChAT proteins were upregulated
significantly (Fig. 4B). Flow cytometry assay showed that the
percentage of Tuj1-positive cells notably increased (Fig. 4C).
ELISA showed that the secretion level of ACh was upregu-
lated significantly (Fig. 4D). Immunofluorescence staining
indicated that there were more Tuj1-positive neurons, and
more Tuj1-positive neurons differentiated into ChAT-
positive neurons in LV-circAcbd6 group (Figs. 4E and
S1B). Immunohistochemistry staining revealed that there
were more vesicular acetylcholine transporter (VAChT)–
immunopositive cells in LV-circAcbd6 group (Fig. S3A).
Together, these results implied that circAcbd6 over-
expression promoted NSC differentiation into neurons and
cholinergic neurons.

In vivo circAcbd6 enhanced spatial learning in rats after FF
transection

We used a rat model of cholinergic injury to investigate the
effect of circAcbd6 on cognitive function recovery, and the
schedule of the experiments in vivo is shown in Figure 4F. GFP
detection in the hippocampus proved that the lentivirus suc-
cessfully infected the target tissues (Fig. S1C). The escape la-
tency to reach the platform in LV-circAcbd6 group rats was
significantly shorter compared with PBS and LV–NC rats
(Fig. 4G). LV-circAcbd6 group rats crossed the platform more
frequently when compared with the PBS and LV–NC rats
(Fig. 4H). Immunofluorescence assay revealed that there were
more ChAT-positive cells in LV-circAcbd6 group (Fig. 4I). As
shown in Figure 4J, the expression levels of Tuj1 and ChAT in
hippocampus were upregulated significantly. Therefore, cir-
cAcbd6 could significantly improve learning and memory
ability.

CircAcbd6 serves as a competing endogenous miR-320-5p
sponge to mediate differentiation of NSCs

CircRNAs play important roles in regulating gene expres-
sion. However, the biological functions of most circRNAs are
unknown. Database of RNAhybrid prompted that circAcbd6
possessed a complementary sequence to the miR-320-5p seed
region (Fig. 5A). RT–qPCR analysis showed that circAcbd6
overexpression significantly decreased the relative abundance
of miR-320-5p (Fig. 5B). Luciferase assay revealed direct
binding between circAcbd6 and miR-320-5p (Fig. 5C). As
lines indicate interactions between miRNAs and circRNAs. circRNA, circular
RNA.



Figure 3. Identification of circAcbd6. A, candidate circRNA verification by RT–qPCR panel. (Normal-exo) exosomes of normal hippocampi; (Transected-exo)
exosomes of hippocampi after FF transection. B, basal expression levels of the candidate circRNAs in NSCs. C, circAcbd6 and circCdy1 expression in different
tissues of SD rats. D, the presence of circAcbd6 was validated by RT–qPCR followed by Sanger sequencing. E, the expression levels of circAcbd6 and linear
Acbd6 expression in NSCs treated with actinomycin D. F, the mRNA levels of circAcbd6 and linear Acbd6 in NSCs treated with RNase R. G, FISH assay
showing the location of circAcbd6 in NSCs. The bar represents 25 μm. H, FISH assay showing the location of circAcbd6 in hippocampus. Nuclei were stained
with Hoechst. The bar represents 400 μm. The rectangular part showed a higher magnification view of circAcbd6. The bar represents 200 μm. The data are
presented as mean ± SD. *p < 0.05 and **p < 0.01. Acbd6, acyl-CoA-binding domain–containing 6; circRNA, circular RNA; FF, fimbria–fornix; NSC, neural
stem cell; qPCR, quantitative PCR; SD, Sprague–Dawley.
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Figure 4. Effects of circAcbd6 overexpression on differentiation of NSCs. A, expression of Map2, Neurod1, and ChAT detected by RT–qPCR. LV–NC NSCs
treated with NC of overexpression lentivirus; (LV-circAcbd6) NSCs treated with overexpression lentivirus of circAcbd6. B, expression of Tuj1 and ChAT
detected by Western blot. C, the percentage of Tuj1-positive cells detected by flow cytometry assay. D, the secretion level of ACh measured with ELISA.
E, immunofluorescence analysis of Tuj1 (green) and ChAT (red) double-positive cells. Nuclei were stained with Hoechst. The bar represents 100 μm. F, the
schedule of in vivo experiments. G, representative trajectory diagrams and the time to reach the platform between the PBS or LV–NC group and LV-
circAcbd6 group. (PBS) PBS injected into the hippocampus; (LV–NC) NC lentivirus injected into the hippocampus; (LV-circAcbd6) overexpression lenti-
virus of circAcbd6 injected into the hippocampus. H, representative trajectory diagrams and the number of platform location crosses during a single 120 s
probe trial. I, immunofluorescence analysis of ChAT-positive (red) cells of hippocampus. Nuclei were stained with Hoechst. The bar represents 100 μm. J, the
expression of Tuj1 and ChAT in hippocampus measured by Western blot. The data are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001.
Acbd6, acyl-CoA-binding domain–containing 6; ACh, acetylcholinesterase; LV, lentiviral vector; NC, negative control; NSC, neural stem cell; qPCR, quanti-
tative PCR.
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Figure 5. Effects of circAcbd6-miR-320-5p on differentiation of NSCs. A, RNAhybrid predicted miR-320-5p-binding sites in circAcbd6. B, effect of cir-
cAcbd6 on the abundance of miR-320-5p. (LV–NC) NSCs treated with NC of overexpression lentivirus; (LV-circAcbd6) NSCs treated with overexpression
lentivirus of circAcbd6. C, luciferase reporter assay in HEK-293A cotransfected with Luciferase-miR-320-5p fusion and circAcbd6-Wild or circAcbd6-Mut, 72 h
post-transfection. D, miR-320-5p expression in different tissues. E, miR-320-5p expression in NSCs, neurons, and astrocytes. F, expression of Map2, Neurod1,
and ChAT detected by RT–qPCR. (miR-NC) NSCs treated with NC of miRNA mimic; (miR-320-5p) NSCs treated with miR-320-5p mimic; (miR-NCi) NSCs treated
with NC of miRNA inhibitor; (miR-320-5pi) NSCs treated with miR-320-5p inhibitor. G, expression of Tuj1 and ChAT detected by Western blot. (miR-NC) NSCs
treated with NC of miRNA mimic; (miR-320-5p) NSCs treated with miR-320-5p mimic; (LV-circ + miR-320-5p) NSCs treated with overexpression lentivirus of
circAcbd6 and miR-320-5p mimic. H, the secretion level of ACh measured with ELISA. I, the percentage of Tuj1-positive cells was detected by flow cytometry
assay. J, immunofluorescence analysis of Tuj1 (green) and ChAT (red) double-positive cells. Nuclei were stained with Hoechst. The bar represents 100 μm.
The data are presented as mean ± SD. *p < 0.05, **p < 0.01, and ***p < 0.001. Acbd6, acyl-CoA-binding domain–containing 6; ACh, acetylcholinesterase;
HEK-293A, human embryonic kidney 293A cell line; LV, lentiviral vector; NC, negative control; NSC, neural stem cell; qPCR, quantitative PCR.
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shown in Figure 5D, miR-320-5p was significantly expressed in
nervous tissues especially in the hippocampus. Intriguingly, we
discovered that miR-320-5p was most expressed in NSCs,
followed by neurons, and minimally in astrocytes (Fig. 5E).
These discoveries suggested that miR-320-5p may play an
important role in neurogenesis.

To investigate whether circAcbd6-miR-320-5p regulated
the differentiation of NSCs, we had transfected NSCs with
miR-320-5p mimic/inhibitor (Fig. S1D). The RT–qPCR results
showed that Map2, Neurod1, and ChAT in miR-320-5p group
were downregulated significantly compared with miR-NC
group, whereas the expression of Map2, Neurod1, and ChAT
in miR-320-5pi group was upregulated significantly compared
with miR-NCi group (Fig. 5F). Western blot showed that miR-
320-5p overexpression significantly downregulated Tuj1 and
ChAT proteins, whereas their expression was partially
increased after overexpression of circAcbd6 (Fig. 5G). ELISA
showed that the secretion level of ACh was downregulated
significantly in miR-320-5p group, whereas inhibition of miR-
320-5p significantly increased their expression (Fig. 5H). Flow
cytometry indicated that Tuj1-positive cells were decreased in
miR-320-5p group (Fig. 5I). Immunofluorescence staining
indicated that there were less Tuj1 and ChAT double-positive
cells in miR-320-5p group (Fig. 5J). Immunohistochemistry
staining revealed that there were less VAChT-immunopositive
cells in miR-320-5p group, whereas inhibition of miR-320-5p
overexpression significantly increased their expression
(Fig. S3B). Together, these results implied that circAcbd6-
miR-320-5p regulated NSC differentiation into neurons and
cholinergic neurons.
CircAcbd6 promoted the differentiation of NSCs by sponging
miR-320-5p to regulate Osbpl2

The target genes of miR-320-5p were determined by the
union of target prediction sites from TargetScan 7.2 (https://
www.targetscan.org/), miRWalk 2.0 (http://129.206.7.150/),
miRDB (http://www.mirdb.org/), and RNA-Seq of significantly
upregulated differentially expressed mRNA (Fig. S4A). As
shown in Fig. S4B, circAcbd6 was a ceRNA network of miR-
320-5p that targeted 10 mRNAs. According to the RNA-Seq
data, the top five mRNAs with the largest differences were
selected for further verification. RT–qPCR analysis demon-
strated a negative correlation between miR-320-5p and Padi2,
Traf3, Osbpl2 expression (Fig. S4C). Moreover, we discovered
that Osbpl2 was most expressed in neurons, followed by NSCs,
and minimally in astrocytes (Fig. 6, A and B). Intriguingly,
Osbpl2 was significantly expressed in nervous tissues (Fig. 6C).
Immunofluorescence staining showed that Osbpl2 was colo-
calized with NeuN and Tuj1 and expressed in the SGZ of DG
(Fig. 6D). These discoveries suggested that Osbpl2 may play an
important role in neurogenesis. Western blot analysis further
demonstrated that miR-320-5p overexpression significantly
decreased the relative abundance of Osbpl2, whereas miR-320-
5p knockdown upregulated the expression of Osbpl2 signifi-
cantly compared with miR-NCi group (Fig. 6E). Luciferase
8 J. Biol. Chem. (2022) 298(4) 101828
assay revealed direct binding between Osbpl2 and miR-320-5p
(Fig. 6F).

To investigate whether circAcbd6-miR-320-5p-Osbpl2
regulated the differentiation of NSCs, we transfected NSCs
with LV Osbpl2 (Fig. S1, E and F). As shown in Figures 6, G–K,
S3C, S4, D and E, the results demonstrated that Osbpl2
overexpression significantly promoted NSC differentiation
into neurons and cholinergic neurons, whereas silencing
Osbpl2 inhibited their differentiation. Transfection of miR-
320-5p mimic after overexpression of Osbpl2 significantly
reduced the differentiation ratio of NSCs into neurons and
cholinergic neurons. In addition, overexpression of Osbpl2 and
circAcbd6 showed further enhanced NSC differentiation into
neurons and cholinergic neurons. Overall, these results
demonstrated that the circAcbd6-miR-320-5p-Osbpl2 axis was
an important regulator in the progression of NSC differenti-
ation into neurons and cholinergic neurons.
Discussion

In adult mammals, neurogenesis still persists in specific
brain regions, is highly dynamic, and modulated by a variety of
physiological stimuli and pathological states. Cholinergic
input plays a critical role in memory function, which was
strongly manifested in the impairment of hippocampus-
dependent learning (22, 23). In our previous experiments,
NSCs were transplanted into the denervated hippocampus
and the contralateral side, and it was found that more MAP2-
or AChE-positive neurons appeared in the denervated hip-
pocampus (15). These detected AChE-positive neurons may
be from local NSCs or the implanted NSCs. Besides, in the
study of Parkinson’s Disease model, more grafted cells in the
denervated striatum were found to survive and differentiate
into tyrosine hydroxylase–positive neurons (24). It implicated
that microenvironment in brain induced the local or grafted
NSCs to differentiate into specific phenotypes required for
complementing the shortage of neurotransmitters or neural
circuits.

According to research reports, in AD, exosomes have been
shown to transmit toxic amyloid-beta and hyper-
phosphorylated tau between cells, and they have been sus-
pected to contribute to neuronal loss (25). It indicated that
exosomes might play an important role in cell-to-cell
communication and influence the pathological processes of
many neurodegenerative diseases. In our study, we found that
incubated with the denervated hippocampal exosomes, more
NSCs differentiated into neurons and cholinergic neurons. It
suggested that the denervated hippocampal exosomes pro-
vided supportive microenvironment for the survival and
neuronal differentiation of NSCs, where some substances
expressed upregulation or downregulation.

Exosomes are released into the extracellular environment by
the majority of cell types in the body and contain the molec-
ular constituents of a cell, including proteins, RNAs, and
DNAs (26). Previous studies have shown that the RNA profile
of exosome-derived cells and its donor cells differs

https://www.targetscan.org/
https://www.targetscan.org/
http://129.206.7.150/
http://www.mirdb.org/


Figure 6. Effects of circAcbd6-miR-320-5p-Osbpl2 on differentiation of NSCs. A and B, Osbpl2 expression in NSCs, neurons, and astrocytes. C, Osbpl2
expression in different tissues. D, localization of Osbpl2 in the hippocampus. The bar represents 200 μm. The image in the upper right corner of the figure is
an enlargement of the typical double-labeled neuron area in the small box of the figure. The bar represents 50 μm. E, effect of miR-320-5p on the
abundance of Osbpl2 measured with Western blot. (miR-NC) NSCs treated with NC of miRNA mimic; (miR-320-5p) NSCs treated with miR-320-5p mimic;
(miR-NCi) NSCs treated with NC of miRNA inhibitor; (miR-320-5pi) NSCs treated with miR-320-5p inhibitor. F, luciferase reporter assay in HEK-293A
cotransfected with Luciferase-miR-320-5p fusion and Osbpl2-Wild or Osbpl2-Mut, 72 h post-transfection. G, expression of Map2, Neurod1, and ChAT
detected by RT–qPCR. (LV–NC) NSCs treated with NC of overexpression lentivirus; (LV-Osbpl2) NSCs treated with overexpression lentivirus of Osbpl2;
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substantially (27). Total exosomal RNA typically lacks the 18S
and 28S ribosomal RNA peaks compared with the total RNA
of its donor cell. Detection of the specific components secreted
by cell-derived exosomes, such as noncoding RNA (ncRNA),
may possibly become new biomarkers for human diseases.

Based on these reports, we performed wide transcriptomic
sequencing and obtained the differentially expressed ncRNAs
between transected-exo and normal-exo group. It was shown
that the upregulated ncRNAs were more than downregulated
ncRNAs upon transection compared with normal hippocam-
pus. It may be because neurogenesis occurs in the hippo-
campal DG after transection, which suggests that certain genes
are activated and expressed. At this time, ncRNAs, protein,
and lipid carried by exosomes that regulate neurogenesis
increased significantly. After validation, we confirmed that
most circRNAs could be upregulated in exosomes after tran-
section, which may be correlated with gene activation. To
speculate the function of these circRNAs, we conducted pre-
liminary bioinformatics analysis and predicted their targets
through the website. The data indicated that Gene Ontology
analysis was enriched in spongiotrophoblast differentiation,
trophoblast giant cell differentiation, and embryonic placenta
development, which was in accord with the promotion of
embryonic development. The enriched pathway analysis
showed that they were involved in SNARE interactions in
vesicular transport, and synaptic vesicle cycle, which was
consistent with the research reported by Sudhof (28).

We analyzed the expression pattern of the significantly
differentially expressed circRNAs in various tissues. As a
result, circAcbd6 was highly expressed in nervous tissues.
Although circRNAs with lower expression level in nervous
system may also have functions, we believed that highly
expressed circRNAs were more likely to play key roles in
neural biological processes, thus we mainly concentrated on
circAcbd6. Intriguingly, we also discovered that circAcbd6 was
most expressed in NSCs. Thus, we hypothesized that cir-
cAcbd6 might be involved in neurogenesis.

There were almost no reports on the relationship between
circAcbd6 and NSC differentiation, and there have been only
few studies on the host gene of circAcbd6 so far. The members
of ACBD family regulate various biological processes,
including NSC self-renewal, neurodegeneration, stress resis-
tance, lipid homeostasis, intracellular vesicle trafficking,
organelle formation, viral replication, and apoptotic response
(29–32). For instance, expression of the hACBD6 protein was
found to be elevated in bone marrow, spleen, placenta, cord
blood, circulating CD34+ progenitors, and embryonic-like
stem cells derived from placenta (33). Soupene and Kuypers
(34) found that ACBD6 proteins promote N-myristoylation in
(LV–NCi) NSCs treated with lentivirus-mediated silencing of control; (LV-Osbpl2
H, expression of Tuj1 and ChAT detected by Western blot. (LV–NC) NSCs tre
overexpression lentivirus of Osbpl2; (LV-Osbpl2 + miR-320-5p) NSCs treated w
LV-circ) NSCs treated with overexpression lentivirus of Osbpl2 and circAcbd6.
positive cells detected by flow cytometry assay. K, immunofluorescence analy
with Hoechst. The bar represents 100 μm. The data are presented as mean ± SD
containing 6; ACh, acetylcholinesterase; HEK-293A, human embryonic kidney 2
Osbpl2, oxysterol-binding protein–like 2; qPCR, quantitative PCR.
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mammalian cells and in one of their intracellular parasites
under unfavorable substrate-limiting conditions. Now,
following circAcbd6 overexpression, more NSCs differentiated
into the Tuj1-positive and ChAT-positive cells. It provided
new evidence for the role of circAcbd6 in the regulation of
NSC differentiation.

Recent studies have revealed that circRNAs are rich in
miRNA-binding sites and act as an miRNA sponge, thereby
regulate the effect of the miRNAs on their target genes (35).
Thus, we constructed ceRNA networks of circAcbd6 and
further confirmed that miR-320-5p was a direct target of cir-
cAcbd6. It was reported that miR-320 enhanced cell apoptosis of
the injury side cortical infarcted peripheral zone and increased
brain infarction volume and edema volume in middle cerebral
artery occlusion/reperfusion mice (36). Shen et al. (37) indicated
that overexpressed miR-320 affected the proliferation, apoptosis,
and oxidative stress injury of ischemic cerebral neuron by
inhibiting Nox2/reactive oxygen species pathway. Based on
these reports, we found that circAcbd6 acted as a modulator of
cell differentiation by sponging miR-320-5p in NSCs.

To further elucidate the mechanisms underlying circAcbd6/
miR-320-5p-mediated NSC differentiation, we explored the
downstream effectors. According to the union of target pre-
diction sites and RNA-Seq, we found that 10 genes are clus-
tered, of which Osbpl2 was highly expressed in nervous tissues.
Osbpl2 is a member of the oxysterol-binding protein–related
protein family, known as a sterol sensor and transporter,
which can regulate lipid/cholesterol metabolism, steroid hor-
mone synthesis, cell signal transduction, vesicular transport,
and cytoskeleton formation (38–42). In addition, Yao et al.
(43) found that Osbpl2 deficiency might lead to the loss of
tightly regulated cholesterol-homeostasis response in inner ear
and cause auditory dysfunction. At present, there were almost
no reports on Osbpl2 in the nervous system, and the potential
molecular function of Osbpl2 still needed to be further
investigated. In this study, we found that circAcbd6-miR-320-
5p-Osbpl2 axis could regulate NSC differentiation into neu-
rons and cholinergic neurons.

There are still several issues to be further explored. First,
whether circAcbd6 could regulate the proliferation and
apoptosis of NSCs. Second, whether circAcbd6 affects the
differentiation of NSCs into glial cells. Third, whether cir-
cAcbd6 induces the differentiation of NSCs into other types of
neurons. Fourth, whether circAcbd6 could regulate the dif-
ferentiation of NSCs through other mechanisms. Finally, the
relevant signaling pathway still needs to be elucidated. Clari-
fying these issues will provide clues and new ideas for
uncovering the NSC differentiation mechanism and applying
circRNAs in the treatment of neurodegenerative diseases.
i) NSCs treated with overexpression lentivirus-mediated silencing of Osbpl2.
ated with NC of overexpression lentivirus; (LV-Osbpl2) NSCs treated with
ith overexpression lentivirus of Osbpl2 and miR-320-5p mimic; (LV-Osbpl2 +
I, the secretion level of ACh measured with ELISA. J, the percentage of Tuj1-
sis of Tuj1 (green) and ChAT (red) double-positive cells. Nuclei were stained
. *p < 0.05, **p < 0.01, and ***p < 0.001. Acbd6, acyl-CoA-binding domain–
93A cell line; LV, lentiviral vector; NC, negative control; NSC, neural stem cell;
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Experimental procedures

Animals

We used pregnant Sprague–Dawley (SD) rats, 1-day-old
neonatal SD rats, and adult SD rats (220–250 g) purchased
from the experimental animal center of Nantong University
(certificate no.: SYXK [SU] 2017-0046). All experimental
protocols were approved by the Animal Ethics Committee of
Nantong University. All efforts were made to minimize the
number and suffering of animals used in this study.

Rat model of cholinergic nerve injury

Lesion of FF transections was performed as described by
Hefti (44). Briefly, after chlorpent anesthesia (2 ml/kg body
weight, i.p.), adult SD rats were transferred to the stereotaxic
apparatus, and then transection of FF was performed with a
wire knife on the dorsal side of hippocampal CA1 layer, at
coordinates of bregma: anteroposterior (AP) = 1.4, medio-
lateral (ML) = 1.0 and AP = 1.4, ML = 4.0 (right); AP = 1.4,
ML = −1.0 and AP = 1.4, ML = −4.0 (left), and depth 5.4 to
5.6 mm. There were no restrictions on the gender of the an-
imals. Nissl staining was used to check whether bilateral side
FF was completely disconnected (45).

Surgery and treatment

Sixty SD rats in total were used for surgery and treatment.
Briefly, after chlorpent anesthesia, adult SD rats were trans-
ferred to the stereotaxic apparatus. At day 7 after FF tran-
section, injections of virus into the left and right hippocampal
dentate gyri at two points were performed at the following
coordinates: 3.6 mm to bregma, 1.39 mm to the right or left of
the midline, and 3.9 mm in depth. Five microliters of virus
were loaded into an internal cannula needle with cannula
tubing connected to a Hamilton syringe mounted onto a
microinjection pump (Harvard Apparatus). The speed of the
injection was 0.5 μl/min. The needle was kept in the position
for an additional 10 min after completion of the injection and
retrieved slowly out of the brain.

Exosome isolation

After 7 days of FF transection, denervated and normal
hippocampi were quickly dissected and homogenized into ice-
cold PBS. Exosomes were precipitated using Total Exosome
Isolation Reagent (Invitrogen) as per manufacturer’s in-
structions. Homogenates were centrifuged at 2000g at 4 �C for
30 min to remove cells and debris, and the supernatants were
passed through 0.22 μm filter to remove extracellular vesicles
larger than the exosomes. The supernatants were transferred to
a new tube without disturbing the pellet and were mixed with
0.5 volumes of the Total Exosome Isolation Reagent and incu-
bated overnight at 4 �C. The mixture was centrifuged at 10,000g
for 30 min, and the exosome pellet was resuspended in PBS.

Cell culture

Isolation, culture, and differentiation of NSCs were per-
formed as previously described with some modifications (46).
Briefly, pregnant SD rats were anesthetized, and the embryos
were removed by cesarean section. Hippocampi were
dissected out from E14.5 embryos, mechanically dissociated
into single-cell suspension. After centrifugation and resus-
pension, the cell suspensions were plated in flasks with Dul-
becco’s modified Eagle’s medium and Ham F-12 nutrient
mixture (1:1, DMEM/F-12; Gibco) containing 2% B27
(Gibco), 20 ng/ml epidermal growth factor (Sigma–Aldrich),
and 20 ng/ml basic fibroblast growth factor (Sigma–Aldrich).
Cells were passaged every 6 days to obtain neurospheres
originating from a single primary cell. For in vitro differenti-
ation, cell suspensions were plated at a density of 2 × 105 cells/
ml in 6-well plates or 10 mm dishes with DMEM/F-12 me-
dium supplemented with 2% B27 and 2% fetal bovine serum
(Gibco) and cultured for 7 days. For the mixed coculture
experiments, the isolated exosomes were mixed with NSCs
and processed in different ways after the cocultivation.

Primary neurons were isolated using standard methods, as
previously described (47). Briefly, hippocampi were dissected
from E14.5 embryos. The single-cell suspension was diluted in
serum-free neurobasal medium (Gibco) containing 2% B27
supplement and 0.5 mM L-glutamine (Gibco) and then seeded
onto precoated plates with poly-D-lysine. Half of the medium
was replaced every 3 days.

Primary astrocytes were derived from cerebral cortices of
1-day-old neonatal rats as previously described (47). Briefly,
dissociated cortical cells were suspended in DMEM/F-12
medium containing 10% fetal bovine serum and plated in
flasks. After 3 to 4 days, the primary mixed cells were orbitally
shaken to remove microglia and oligodendrocytes. Astrocytes
were dissociated by trypsinization and then replated into
flasks.

Cell infection

To construct overexpression vector, the linear sequence of
circAcbd6 was inserted into the (poly A-MCS-UBI) RV-SV40-
EGFP-IRES-puromycin and Osbpl2 were inserted into the
Ubi-MCS-3FLAG-SV40-EGFP-IRES-puromycin vector. The
inhibition fragment of Osbpl2 used synthetic interference se-
quences and was cloned into hU6-MCS-CBh-gcGFP-IRES-
puromycin vector, whereas the mock vector with no target
gene sequence was used as a control (GeneChem). NSCs were
plated at a density of 5 × 104 cells per well in 24-well plates and
cultured overnight prior to transduction. LVs (LV-circAcbd6
and LV-Osbpl2) were added to the cultures at a multiplicity of
infection of 10.

NSCs were transiently transfected using Lipofectamine3000
(Invitrogen) according to the manufacturer’s instructions.
Vector controls and miRNA compounds (miR-320-5p/NC
mimic or inhibitor) were purchased from RiboBio Co, Ltd.

TEM analysis

A 10 μl suspension of exosomes was diluted into a suitable
concentration with PBS. Exosomes were fixed with glutaral-
dehyde at 4 �C overnight. After washing, exosomes were
loaded onto formvar/carbon-coated grids, stained with
J. Biol. Chem. (2022) 298(4) 101828 11
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aqueous phosphotungstic acid for 60 s, and imaged with a
transmission electron microscope.
DLS analysis

The size of the vesicles was determined by a DLS technique
using a ZetasizerNano ZS90 analysis system (Zetasizer, version
7.12; Malvern Instruments). A size distribution plot, for size
distribution by intensity, with the x-axis showing the distri-
bution of estimated particle diameter (nm) and the y-axis
showing the relative percentage, was created.
Actinomycin D and RNase R treatment

To block transcription, actinomycin D (1 μg/ml; APExBIO
Technology) or dimethyl sulfoxide (Sigma–Aldrich) as an NC
was added into the cell culture medium. For RNase R treat-
ment, 1 μg of total RNA was incubated for 30 min at 37 �C
with or without 2 units/μg of RNase R and purified following
the RNeasy MinElute cleaning Kit (QIAGEN).
RT–qPCR analysis

Total RNA from cells and tissues was isolated using TRIzol
reagent (Vazyme Biotech) according to the manufacturer’s
instructions. For mRNA expression analysis, 1 μg of RNA were
used to synthesize cDNA using HiScript Q RT SuperMix for
qPCR (+genomic DNA wiper) (Vazyme Biotech), and the
SYBR green (Roche) method was performed in StepOnePlus
real-time PCR system (Applied Biosystems) according to the
manufacturer’s instructions. mRNA primers for PCR were
designed and synthesized by Sangon Biotech and are listed in
Table S1.

For miRNA expression analysis, the miRcute Plus miRNA
First-Strand cDNA Synthesis Kit (Tiangen Biotech) and the
miRcute miRNA qPCR Detection Kit (SYBR Green; Tiangen
Biotech) were used. circRNA and miRNA primers for PCR
were designed and synthesized by RiboBio. The relative
quantities of mRNA were calculated using 2−ΔCT method after
normalization to the controls.
Western blot

Proteins were extracted by ultrasonication with radio-
immunoprecipitation assay lysis buffer containing proteinase
inhibitor. Equivalent amounts of protein lysates were loaded
into each lane, separated by 10% SDS-PAGE, then transferred
to 0.2 mm polyvinylidene fluoride membranes, and sealed with
5% skim milk for 2 h. After incubating with primary antibodies
overnight at 4 �C, the membranes were incubated with
horseradish peroxidase–linked secondary antibodies for 2 h.
The immunoreactive bands were viewed by enhanced chem-
iluminescence reagents (Bio-Rad). Primary antibodies included
anti-CD9 (1:1000 dilution; Abcam), anti-CD63 (1:1000 dilu-
tion; Abcam), anti-Tsg101 (1:1000 dilution; Abcam), anti-Tuj1
(1:1000 dilution; Millipore), anti-ChAT (1:1000 dilution;
Abcam), and anti-β-actin (1:1000 dilution; Abcam).
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Immunofluorescence assay

Cells or sections were fixed with 4% paraformaldehyde
(PFA) for 30 min, permeabilized with and blocked with 10%
normal goat containing 0.3% Triton X-100 and 1% bovine
serum albumin for 2 h, and then incubated with primary
antibody overnight at 4 �C. On the next day, cells were incu-
bated with secondary antibodies at room temperature for 2 h.
Cell nuclei were counterstained with Hoechst 33342 (1:1000
dilution; Pierce). Primary antibodies included anti-Tuj1
(1:1000 dilution; Millipore), anti-NeuN (1:200 dilution;
Abcam), anti-ChAT (1:1000 dilution; Abcam), and anti-
Osbpl2 (1:1000 dilution; LifeSpan BioSciences).

Immunohistochemistry

Cells were fixed with 4% PFA for 30 min and stained with
Super-Sensitive Horseradish Peroxidase Immunohistochem-
istry Kit (Sangon Biotech) according to the manufacturer’s
instructions. Briefly, cells were incubated with endogenous
peroxidase blocking solution for 15 min. After rinsed in PBS,
cells were incubated with blocking solution for 30 min at room
temperature and incubated with rabbit anti-VAChT (1:100
dilution; Abcam) overnight at 4 �C. On the next day, cells were
incubated with poly-horseradish peroxidase–conjugated anti-
rabbit immunoglobulin G for 1 h and detected with
diaminobenzidine.

Flow cytometry assay

Cells in a culture dish were trypsinized and collected,
washed twice in PBS, and fixed in 1× Fix/Perm Buffer
working solution at 4 �C for 40 min. After washing with
1× Perm/Wash Buffer, cell samples were mixed with 100 μl of
1× Perm/Wash Buffer and incubated with allophycocyanin-
conjugated anti-Tuj1 antibody or allophycocyanin-
conjugated IgG2A control (5 μl/test) (BD Biosciences)
(Fig. S2) at 4 �C for 2 h. Cell suspension was subjected to flow
cytometry.

FISH

After washing with PBS, the cells were fixed in 4% PFA
for 10 min and then incubated in PBS with 0.3% Triton X-
100 for 10 min. Before hybridization overnight at 4 �C, cells
were incubated in the prehybridization solution for 30 min
at 37 �C. On the next day, the cells were stained with
Hoechst 33342 after washing with 4× saline sodium citrate
(SSC) twice, 2× SSC once, 1× SSC once, and 1× PBS once at
42 �C.

ELISA

For ACh release detection, 5 × 105 cells were seeded in
6-well plates. The culture medium was collected after 7 days,
and 10 μl of the culture medium was measured using
commercially available ELISA kits (Lengton) according to the
manufacturer’s protocol. The spectrophotometry of panels was
read at 450 nm and calculated according to the standard curve.
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Luciferase activity assay

The luciferase reporter vectors were constructed by Gen-
eChem Company. miR-320-5p and circAcbd6/Osbpl2-Wild or
circAcbd6/Osbpl2-Mut were cotransfected into 293T cells
using the Dual-Luciferase Reporter Assay System (Promega).
Dual-Glo Luciferase assay was applied to quantitate the rela-
tive luciferase activity at 72 h after transfection, which was
computed by luciferase activity of firefly to Renilla.

Morris water maze test

To evaluate spatial memory and learning, rats were trained
in the Morris water maze for 5 days prior to sacrifice. Rats
were randomly divided into three groups: PBS group (cholin-
ergic injury + PBS), LV–NC group (cholinergic injury + NC
lentivirus injection), and LV-circAcbd6 group (cholinergic
injury + circAcbd6-overexpressing lentivirus injection). In
each trial, the rats were required to find the location of a
hidden platform below the surface of the water and introduced
from four different starting points. The time was limited to
120 s per trial, and the activities were recorded. If rats failed to
escape on the platform within 120 s, they were guided to the
platform. An autotracking system was used to measure escape
latency (time to find the platform) and time in each quadrant.
On the fifth day, the platform was removed, and the animals
were allowed to swim in the maze for 120 s, and the number of
platform crossings was measured.

Statistical analysis

Each experiment included at least three independent sam-
ples. All data are presented as mean ± SD and analyzed by
GraphPad Prism 9.0 software (GraphPad Software, Inc).
Comparison of differences between two groups was made by
unpaired Student’s two-tailed t test, and comparisons among
multiple groups were made by one-way ANOVA. The results
were considered statistically significant when *p < 0.05.
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