
Vol.:(0123456789)

Cellular and Molecular Life Sciences          (2024) 81:138  
https://doi.org/10.1007/s00018-024-05156-9

ORIGINAL ARTICLE

Cellular and Molecular Life Sciences

CircAKT3 alleviates postoperative cognitive dysfunction by stabilizing 
the feedback cycle of miR‑106a‑5p/HDAC4/MEF2C axis in hippocampi 
of aged mice

Xuan Wang1 · Xiaole Tang2 · Pengfei Zhu1 · Dongyu Hua1 · Zheng Xie1 · Mingke Guo1 · Mengxin Que1 · Jing Yan1 · 
Xing Li1 · Qian Xia1 · Xiaoxiao Luo3 · Jiangjiang Bi1 · Yilin Zhao1 · Zhiqiang Zhou1 · Shiyong Li1 · Ailin Luo1 

Received: 23 September 2023 / Revised: 10 January 2024 / Accepted: 5 February 2024 
© The Author(s) 2024

Abstract
Circular RNAs (circRNAs) have garnered significant attention in the field of neurodegenerative diseases including Alz-
heimer’s diseases due to their covalently closed loop structure. However, the involvement of circRNAs in postoperative 
cognitive dysfunction (POCD) is still largely unexplored. To identify the genes differentially expressed between non-POCD 
(NPOCD) and POCD mice, we conducted the whole transcriptome sequencing initially in this study. According to the expres-
sion profiles, we observed that circAKT3 was associated with hippocampal neuronal apoptosis in POCD mice. Moreover, 
we found that circAKT3 overexpression reduced apoptosis of hippocampal neurons and alleviated POCD. Subsequently, 
through bioinformatics analysis, our data showed that circAKT3 overexpression in vitro and in vivo elevated the abundance 
of miR-106a-5p significantly, resulting in a decrease of HDAC4 protein and an increase of MEF2C protein. Additionally, 
this effect of circAKT3 was blocked by miR-106a-5p inhibitor. Interestingly, MEF2C could activate the transcription of 
miR-106a-5p promoter and form a positive feedback loop. Therefore, our findings revealed more potential modulation ways 
between circRNA-miRNA and miRNA-mRNA, providing different directions and targets for preclinical studies of POCD.
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Introduction

With the increasing global aging, the high incidence 
(9–54%) of postoperative cognitive dysfunction (POCD) 
poses a significant concern particularly in elderly patients 
[1]. POCD manifests as a decline in memory, attention 
disorder, and impaired language ability, which typically 
emerges following anesthesia and surgery [2]. POCD 
was linked to prolonged hospital stay, increased risk for 
mortality, and postoperative long-term cognitive impair-
ment [3]. Previous studies mainly focus on exploring 
the mechanism of neuroinflammation, gut microbiota 
dysbiosis, disturbed energy metabolism of the brain, 
and altered neural circuits in POCD [4–7]. Currently 
accepted risk factors include advanced age and preop-
erative neurocognitive impairment [2]. Notably, the epi-
genetic mechanisms regulated by noncoding RNAs have 
been extensively investigated in relation to Alzheimer’s 
disease (AD) [8]. However, a large number of published 
research on POCD has only revealed the profiles of dif-
ferentially expressed noncoding RNAs between POCD 
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and control mice, warranting further exploration of the 
specific underlying mechanisms.

Different from other noncoding RNAs, circular RNAs 
(circRNAs) are not easily degraded due to their stable 
closed circular structure [9]. CircRNAs have been con-
firmed that act as sponges of microRNA (miRNA) or 
protein, interact with messenger RNA (mRNA), form 
R-loops to modulate transcription, and encode proteins 
[10]. However, the functions of circRNAs are still not 
fully revealed. MiRNAs typically interact with Argonaute 
(AGO) proteins to regulate the translation of mRNAs 
[11]. Messenger RNAs are translated into proteins, which 
participate in pathways to charge intracellular environ-
ment [12]. In view of the dynamic variability between 
pairwise regulation, the function of the circRNA-miRNA-
mRNA network would be highly complex [10]. To acquire 
a comprehensive understanding of the involvement of 
circRNAs in both physiological and pathological states, 
whole-transcriptome sequencing is a preferable method 
for identifying changes in different RNAs at specific time 
points in vivo.

In our study, we initially compared the whole tran-
scriptome profiles of the hippocampus between the POCD 
group and the normal group that consists of C57BL/6 
male mice aged 18 months. Combined bioinformatics 
analysis with molecular biology experiments, we aimed 
to find the function of differentially expressed circRNA, 
miRNA, and mRNA. Based on the expression profiles 
and prediction of interactions between non-coding RNAs, 
specific circRNA (circAKT3) was selected and the down-
stream molecules miR-106a-5p/HDAC4/MEF2C were 
investigated. We explored the role of circAKT3/miRNA-
106a-5p/HDAC4/MEF2C in neuronal apoptosis of POCD 
and validated the effect of MEF2C on transcriptional 
activation of miR-106a, which forms a feedback loop to 
amplify the impact of the pathway.

Results

Downregulated circAKT3 was accompanied 
by increased neuronal apoptosis in the hippocampi 
of mice with postoperative cognitive dysfunction

A total of 52 aged mice underwent anesthesia with iso-
flurane and subsequently underwent intramedullary fixa-
tion surgery for open tibial fracture and behavioral tests 
(Fig.  S1A). By employing the hierarchical cluster to 
analyze the results of the Morris water maze, the mice 
were categorized into two groups: postoperative cogni-
tive dysfunction (POCD), non-POCD (NPOCD), and 
undetermined (Fig. S1B-K). To investigate the molecu-
lar mechanisms that underlie POCD, the hippocampi of 
selected mice from the POCD and NPOCD groups were 
subjected to whole transcriptome sequencing. Each sample 
comprised the hippocampi of two mice, with three sam-
ples tested for each group (Fig. S2A). The differentially 
expressed genes (DEGs) profiles were used to guide the 
selection of circRNAs, miRNAs, and mRNAs for subse-
quent quantitative real-time polymerase chain reaction 
(qRT-PCR) analysis, with or without RNase R diges-
tion (Fig. S2B-G). Compared with the NPOCD group, 
circAKT3 was chosen due to its exponential decrease in 
the hippocampus of mice with POCD (Fig. 1A). To fur-
ther validate the circular structure of circAKT3, sanger 
sequencing was performed using convergent primers 
across the back-spliced junction site (Fig. 1B).

CircAKT3 is a circular RNA derived from the third to 
the eighth exon of AKT serine/threonine kinase 3 (AKT3) 
(Fig. 1C). While the role of AKT3 in the hippocampus 
remains poorly understood, it is predominantly expressed 
in the brain [13], indicating that circAKT3 may have 
an essential function in the central nervous system [14] 
(Fig. 1D). To investigate the role of circAKT3 in POCD, 
we employed the fluorescence in situ hybridization (FISH) 
to demonstrate that circAKT3 is predominantly present 
in the cytoplasm of hippocampal neurons and Neuro-2a 
(N2a) cells (Fig. 1E, F). Furthermore, in order to identify 
potential competitive endogenous RNA (ceRNA) targets, a 
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis was conducted. Notably, the MAPK signaling 
pathway was found to be enriched, and MEF2C mRNA was 
found to be involved in this pathway (Fig. S2H, I). Sub-
sequently, in order to further investigate the involvement 
of circRNAs in POCD, we performed a Gene Ontology 
(GO) functional enrichment analysis of circRNA. Notably, 
the analysis also revealed that the differentially expressed 
circRNAs were enriched in the negative regulation of 
the MAPK signaling pathway and transcriptional regula-
tion (Fig. S3A, B). We then detected the higher neuronal 

Fig. 1  CircAKT3 is significantly decreased in the hippocampal CA3 
region of mice with postoperative cognitive dysfunction (POCD). 
A CircAKT3 was reduced in the POCD mice compared to the non-
POCD (NPOCD) and control group. B The circular structure of cir-
cAKT3 was drawn by circPrimer and validated by Sanger sequenc-
ing after the polymerase chain reaction of the back-spliced site. C 
CircAKT3 was generated from the third to the eighth exon of AKT3. 
The location of circAKT3 on the parental gene was produced by the 
National Center for Biotechnology Information (NCBI) and a sche-
matic picture was drawn by BioRender. D The parental gene was 
predominantly expressed in the brain. The expression data was down-
loaded from the Gene database of NCBI and visualized  by  Graph-
Pad  Prism software. E Fluorescence  in  situ  hybridization (FISH) 
revealed that circAKT3 was localized in the neuronal cytoplasm 
of the hippocampal CA3 region and circAKT3 was significantly 
decreased in the POCD group. (F) FISH of N2a cells also showed 
that circAKT3 was expressed mainly in the cytoplasm

◂
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apoptosis of the hippocampus in the POCD group using 
TUNEL staining (Fig. 2A), which verified both enrich-
ment analysis. Consistently, anti-apoptotic protein B-cell 
lymphoma 2 (BCL2) was reduced in the hippocampus 

of POCD mice (Fig. 2B). Pro-apoptotic proteins cleaved 
caspase 3 and BCL2-associated X protein (Bax) were 
increased (Fig. 2B). In addition, immunofluorescence of 
MEF2C indicated the decreased MEF2C protein in the 
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hippocampal neurons of POCD mice (Fig. 2C). Next, we 
tested whether circAKT3 was involved in the modulation 
of hippocampal neuronal apoptosis.

Overexpression of circAKT3 ameliorated neuronal 
apoptosis and postoperative cognitive dysfunction

CircAKT3 exhibited a decrease in the neuronal cytoplasm 
of mice with POCD, particularly in the hippocampal CA3 
region (Fig. 1E). In N2a cells, circAKT3 is also localized 
in the cytoplasm (Fig. 1F). In order to elucidate the impact 
of circAKT3 on neuronal apoptosis, we initially used lenti-
virus transfection to overexpress circAKT3 (CircAKT3-OE) 
in N2a cells. Western blot and qPCR were used to validate 
the transfection efficiency and exclude the interference of 
linear RNA (Fig. 3A–C). In detail, the host gene AKT3 has 
two isoforms formed by alternative splicing [15]. We also 
detected the level of AKT3 transcript 1 (also named protein 
kinase B γ) and transcript 2 (protein kinase B γ1) in the 
hippocampus of aged mice with RT PCR. Agarose gel elec-
trophoresis revealed that circAKT3 overexpression did not 
affect the expression of AKT3 transcript 1 and transcript 2 
(Fig. 3D, E). However, the further detection of isoforms of 
AKT3 protein was limited owing to the lack of commercial 
antibodies. Next, the expression of the anti-apoptotic BCL2 
protein was significantly increased, while the pro-apoptotic 
proteins cleaved caspase 3 and Bax were downregulated 
upon circAKT3 overexpression (Fig. 3F). Consistently, the 
cell viability was notably higher at 24 h, 36 h, and 48 h in 
circAKT3-OE cells after Lipopolysaccharide (LPS) treat-
ment (100 ng/ml, 12 h) compared to control cells (Fig. S3C).

Additionally, to investigate whether circAKT3 could 
mitigate POCD and hippocampal neuronal apoptosis, we 
administered stereotaxic injections of recombinant adeno-
associated viral vectors (rAAV) to overexpress circAKT3 
(rAAV-hSyn-circAKT3-nEF1α-EGFP) or control vectors 
(rAAV-hSyn-nEF1α-EGFP) into the hippocampal CA3 
region of aged mice two weeks prior to anesthesia and sur-
gery (Fig. 4A). Immunofluorescence verified the overexpres-
sion and localization of circAKT3 in vivo (Fig. 4B). Perfor-
mance of mice with circAKT3 overexpression in behavioral 

tests indicated a significant decrease in escape latency and an 
increased number of platform crossings during probe trials, 
with no impact on motor ability (Fig. 4C–I). Furthermore, 
overexpression of circAKT3 in vivo resulted in a reduction 
of hippocampal neuronal apoptosis detected by western blot 
(Fig. 4J), validating its ability to inhibit neuronal cell death 
and alleviate POCD. However, the downstream effectors of 
circAKT3 involved in improving cognitive performance are 
yet to be identified. Thus, we aim to explore the potential tar-
gets of circAKT3 in POCD mice in our subsequent studies.

CircAKT3 bound to and elevated the level 
of miRNA‑106a‑5p in neuron

To identify the targets of circAKT3, we utilized miRanda to 
predict the potential interactions of circRNA/miRNA [16]. 
Furthermore, we compared the predicted interactions with 
the differentially expressed miRNA profiles between the 
NPOCD group and the POCD group. Our analysis revealed a 
significant downregulation of mmu-miRNA-106a-5p (miR-
106a-5p) in the hippocampus of POCD mice (Fig. 5A). 
Moreover, Fig. 5B illustrates the possible complementary 
sites between circAKT3 and miR-106a-5p.

Next, FISH revealed that miR-106a-5p is mainly 
expressed in the cytoplasm of neurons in the hippocampal 
CA3 region and N2a cells (Fig. S3D, S4A). Additionally, 
miR-106a-5p was colocalized and in alignment with the 
expression of circAKT3 in N2a cells as well as hippocam-
pal neurons between POCD and NPOCD mice (Fig. 5C, 
D). These findings suggested that circAKT3 may regulate 
neuronal transcription by interacting with miR-106a-5p. 
To validate this further, luciferase reporter plasmids con-
taining wild-type (circAKT3-WT) or mutant-type (cir-
cAKT3-Mut) fragments of circAKT3 were constructed. 
Subsequent co-transfection of these plasmids along with 
miR-106a-5p mimics or negative control (NC) in 293T 
cells showed an increase of luciferase activity only in the 
circAKT3-WT group, indicating a specific interaction 
between miR-106a-5p and circAKT3 (Fig. 5E). Moreover, 
overexpression of circAKT3 in N2a cells led to a signifi-
cant increase in miR-106a-5p levels (Fig. 5F). After anes-
thesia and surgery, the decrease of miR-106a-5p was also 
reversed by circAKT3 overexpression in the CA3 region 
of the hippocampus in vivo (Fig. 5G). To identify the 
detailed impact of circAKT3 on miR-106a-5p, we detected 
the stability of miR-106a-5p in N2a cells with the treat-
ment of actinomycin D (10 μg/ml) for 0, 2, 4, 6 and 12 h 
(Fig. 5H). The half-life of miR-106a-5p was revealed as 
approximately 4 h and circAKT3 could enhance the stabil-
ity of miR-106a-5p at 4, 6 and 12 h. These results robustly 
suggested that circAKT3 could bind to miR-106a-5p and 
enhance the expression of mature miR-106a-5p. However, 
it is worth noting that proteins are the primary mediators 

Fig. 2  Increased Neuronal apoptosis and decreased MEF2C expres-
sion were observed in the hippocampus of POCD mice. A TUNEL 
staining showed an elevated apoptosis level in the hippocampus of 
the POCD group. B Western blot revealed the significantly decreased 
anti-apoptotic B-cell lymphoma 2 (BCL2) protein and increased pro-
apoptotic cleaved caspase 3 protein as well as BCL2-associated  X 
(Bax) protein in POCD mice, in comparison to NPOCD and control 
group. C Immunofluorescence showed a decrease in the  fluores-
cence  intensities in the hippocampal CA3 neurons of POCD mice. 
Scale bar, 50  μm or 100  μm as presented. The data was shown as 
mean ± SD. The P values were determined by one-way ANOVA with 
multiple comparison tests using GraphPad software 9.5 (B); *** 
P < 0.001, **** P < 0.0001, ns (not significant) means P > 0.05

◂
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Fig. 3  Overexpression of circAKT3 inhibited neuronal apoptosis 
in vitro. A Quantitative RT-PCR (qPCR) validated the overexpression 
of circAKT3 by lentivirus in N2a cells. B The interference on liner 
AKT3 messenger RNA of lentivirus was excluded by qPCR. C West-
ern blot also validated that circAKT3 overexpression did not affect 
the expression of AKT3 protein. D, E Semi-quantitative  RT-PCR 
indicated there was no significant difference in AKT3 transcript 1 

(798 bp) and transcript 2 (636 bp) between the control and circAKT3 
overexpression group. F The cleaved caspase 3 and Bax protein lev-
els were decreased by circAKT3 overexpression (circAKT3 OE), 
while anti-apoptotic Bcl2 protein was increased. The P values were 
determined by two-tailed unpaired Student’s t-test; ** P < 0.01, *** 
P < 0.001, ns means P > 0.05
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of cellular function. Therefore, in the next section, we 
investigated the downstream targets and the protein-related 
functions targeted by miR-106a-5p.

miRNA‑106a‑5p promoted expression of MEF2C 
by inhibiting HDAC4 at posttranscriptional levels

Firstly, we performed a KEGG pathway enrichment analy-
sis of genes targeted by differentially expressed miRNA 
utilizing R and applying the hypergeometric distribution. 
According to the fold change and KEGG classification, 
the pathway of environmental information processing (sig-
nal transduction) presented a significant enrichment (Fig. 
S4B, C). Additionally, the analysis of biological processes 
using GO enrichment revealed the regulation of transcrip-
tion with DNA templates, indicating the potential involve-
ment of epigenetic regulation including transcription fac-
tors (Fig. S4D). Based on our sequencing files, histone 
deacetylase 4 (HDAC4) was identified as the candidate 
target gene of miR-106a-5p. The binding sites predicted 
by Miranda are presented in Fig. 6A. Notably, HDAC4 
is known as a class II histone deacetylase that has been 
reported to repress the activity of MEF2C through the 
formation of HDAC4/MEF2C complexes [17]. String also 
revealed the potential association of HDAC4 and MEF2C 
(Fig. S4E). We further examined the expression levels of 
HDAC4 and MEF2C in the hippocampi of POCD mice, 
and as shown in Fig. 6B–D, the protein and mRNA levels 
of HDAC4 were remarkably elevated, while MEF2C were 
respectively decreased.

To explore the regulatory effect of miR-106a-5p on 
HDAC4 and MEF2C, we transfected mimics or NC into 
N2a cells for a duration of 6 h. Subsequently, we measured 
the levels of HDAC4 and MEF2C mRNA and protein 48 h 
after transfection. Our results showed that miR-106a-5p 
mimics greatly decreased the level of HDAC4 protein and 
increased the level of MEF2C protein (Fig. 6E). However, 
the mRNA expression of HDAC4 exhibited a non-signifi-
cant trend due to incomplete complementarity of the base 
sequence (Fig. 6F). MEF2C mRNA exhibited a significant 
increase after transfection of mimics (Fig. 6G). Furthermore, 
we repeated the transfection experiment using primary hip-
pocampal neurons and observed consistent results in terms 
of HDAC4 and MEF2C protein as well as mRNA levels, as 
determined by qPCR and immunofluorescence (Fig. S5A-E).

In addition, the N2a cells were transfected with the inhibi-
tor of miR-106a-5p. As a result, a significant increase of 
HDAC4 protein and a reduction of MEF2C protein was 
observed (Fig. 6H). Consistently, anti-apoptotic protein 
BCL2 was increased and pro-apoptotic protein BAX and 
Cleaved caspase3 were reduced in N2a cells after transfec-
tion with MEF2C plasmids (Fig. 6I). To further confirm 
the binding sites, Firefly luciferase reporter plasmids were 

constructed with the wild-type or mutant-type HDAC4 
fragments. These Firefly luciferase reporters were then 
co-transfected with miR-106a-5p mimics or NC, together 
with Renilla luciferase. We found that miR-106a-5p mim-
ics decreased the luciferase activity of the HDAC4-WT 
luciferase reporter, but failed to reduce the activity of the 
HDAC4-Mut luciferase reporter (Fig. 6J). Therefore, miR-
106a-5p reduced HDAC4 protein levels at the posttranscrip-
tional level and promoted the elevation of MEF2C protein. 
This finding raised the question of whether circAKT3 regu-
lates the expression of HDAC4 and MEF2C by acting on 
miR-106a-5p.

CircAKT3 inhibited HDAC4/MEF2C by increasing 
miRNA‑106a‑5p level

In the presence of associations between circAKT3/miR-
106a-5p and miR-106a-5p/HDAC4/MEF2C, the effect 
of circAKT3 on HDAC4/MEF2C need to be further 
explored. First, circAKT3 was overexpressed using len-
tivirus in N2a cells, leading to a significant decrease in 
HDAC4 protein levels and an increase in MEF2C pro-
tein levels (Fig. 7A). However, this effect was abolished 
when the miR-106a-5p inhibitor was applied, suggesting 
that miR-106a-5p at least partially mediates the effect 
of circAKT3 on HDAC4/MEF2C (Fig. 7A). There was 
a significant reduction in MEF2C mRNA but only an 
increased trend of HDAC4 mRNA after circAKT3 over-
expression, which was further blocked by miR-106a-5p 
inhibitor (Fig. 7B, C).

Furthermore, overexpression of circAKT3 in hip-
pocampal neurons of the CA3 region in vivo not only 
increased the levels of miR-106a-5p (Fig.  5G) but 
also raised MEF2C mRNA as well as protein levels by 
decreasing the expression of HDAC4 protein (Fig. 7D–F). 
What’s more, circAKT3 overexpression facilitated the 
nuclear localization of MEF2C protein and reduced the 
expression of HDAC4 both in the cytoplasm and nucleus 
(Fig. 7G, H). We postulate that the decreased HDAC4 
proteins release more MEF2C by the formation of fewer 
HDAC4/MEF2C complexes, leading to the activation 
of neuronal transcription. As a transcription factor, 
MEF2C plays a significant role in regulating cognitive 
resilience and neuronal apoptosis [18–20]. In response to 
the reduced HDAC4 protein, increased nuclear MEF2C 
likely activates the transcription of genes involved in 
hippocampus-dependent learning and memory. We have 
also validated the anti-apoptotic effect of MEF2C in N2a 
cells (Fig. 6I). Additionally, we noticed that the modula-
tion of miR-106a-5p/HDAC4 via circAKT3 differs from 
typical ceRNA networks. To further investigate poten-
tial explanations, the possibility of whether circAKT3 
directly binds HDAC4 protein should be clarified first. 
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Therefore we performed the RNA immunoprecipitation 
(RIP) assay and found there was no binding between cir-
cAKT3 and HDAC4 protein (Fig. 7I, J). And then we 
hypothesized that MEF2C could regulate the transcrip-
tion of miR-106a-5p and form a positive feedback loop.

MEF2C promoted the transcription 
of miRNA‑106a‑5p as a feedback loop

For our assumption, HDAC4 and MEF2C overexpression 
was performed with pcDNA3.1 vector plasmids in N2a 
cells (Fig. 8A). Notably, raising the expression of MEF2C 
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significantly increased the level of miR-106a-5p (Fig. 8B). 
In order to explore the reason of increased mature miR-
106a-5p, the levels of pri-miR-106a and pre-miR-106a 
after MEF2C overexpression were detected and presented 
a notable increase (Fig. 8C, D). Moreover, overexpression 
of HDAC4 induced a decreased trend of MEF2C protein 
and significantly suppressed the transcriptional activation 
of miR-106a-5p (Fig. 8E, F).

To identify potential binding sites of MEF2C in the pro-
moter region of miR-106a-5p (upstream 2 kb of transcrip-
tion start sites), we utilized the Animal TF 3.0 database and 
Jaspar [21, 22]. Subsequently, we co-transfected luciferase 
reporter plasmids containing 2 kb fragments of the miR-
106a-5p promoter with pcDNA3.1 plasmids to overexpress 
MEF2C or HDAC4 in 293 T cells. Our findings revealed 
that the luciferase activities of promoters were significantly 
enhanced by MEF2C but inhibited by HDAC4 (Fig. 8G). To 
further confirm the transcriptional activation by MEF2C, 
CUT&TAG qPCR was performed, indicating that MEF2C 
predominantly interacts with the promoter of miR-106a-5p 
at binding sites 2 (BS-2), BS-3 and BS-4 (Fig. 8H). Addi-
tionally, N2a cells with circAKT3 overexpression exhibited 
a higher level of MEF2C-promoter binding in comparison to 

control cells, indicating the effect of circAKT3 on MEF2C 
and MEF2Con the miR-106a-5p promoter (Fig. 8H). In con-
clusion, MEF2C acts as a transcriptional activator of miR-
106a-5p, thus forming a feedback loop in the circAKT3/
miR-106a-5p/HDAC4/MEF2C pathway.

Associations between POCD and preoperative 
neurocognitive disorders revealed by RNA 
sequencing

Except for POCD, perioperative neurocognitive disorders 
also conclude preoperative cognitive disorders (CD) [23]. 
In order to discover the similarities and differences between 
preoperative CD and POCD, we conducted the whole tran-
scriptome sequencing of the hippocampus from aged male 
mice, comparing the CD group to the non-cognitive dis-
orders (NCD) group. Remarkably, the expression profiles 
revealed that miR-106a-5p and MEF2C were also decreased 
in the CD group in comparison to the NCD group (Fig. 
S6A, B). Although there is no significant difference in cir-
cAKT3 expression between CD and NCD mice (Fig. S6C), 
we deduced that subtle alterations in upstream circRNAs 
may regulate downstream miRNAs and mRNAs with fold 
changes. The shared modified genes in both CD and POCD 
may be the potential targets responsible for postoperative 
long-term cognitive decline.

In addition, we conducted a comparison between mice 
that did not undergo anesthesia and surgery (which includes 
the CD and NCD groups), and mice that did undergo sur-
gery accompanied by anesthesia, including both POCD and 
NPOCD groups. GO enrichment analysis of differentially 
expressed circRNAs indicated positive regulated neuronal 
death (Fig. S6D). Thus, it could be inferred that anesthesia 
and surgery possibly upregulate the neuronal apoptosis, and 
further the increase in neuronal apoptosis would contrib-
ute to the development of POCD and postoperative long-
term cognitive decline. KEGG analysis for genes targeted 
by differentially expressed miRNAs revealed that long-
term potentiation and glutamatergic synapses were most 
significantly enriched (Fig. S6E). Consistently, neuronal 
excitotoxicity has been confirmed to induce neuronal death 
after anesthesia [24]. The associated primers and fragments 
are shown in Table 1. The top 30 most significant differen-
tially expressed genes between control and AS groups were 
listed in Table 2. These findings provide whole transcrip-
tome profiles and multivariate molecular interactions at the 
transcriptional level for future studies. 

Fig. 4  Overexpression of circAKT3 improved postoperative cogni-
tive function and reduced the level of neuronal apoptosis in the hip-
pocampal CA3 region after anesthesia and surgery. A The timeline 
and schematic picture of the experiment were drawn by BioRender. 
Following bilateral stereotactic injections in CA3 regions of elderly 
male mice, inhalatory anesthesia with isoflurane (iso) and tibial frac-
ture surgery with intramedullary pinning (AS) were performed after 
14  days. Then behavioral tests were conducted 7  days after surgery 
and anesthesia and lasted for 10 days, which was followed by sample 
collections of mice. B Immunofluorescence confirmed the overex-
pression of circAKT3 in bilateral hippocampal CA3 regions. C Open 
field tests for three groups including control, AS, and AS with cir-
cAKT3 overexpression (AS-CircAKT3 OE) groups were tracked and 
shown. D The tracks of the Morris water maze between three groups 
were shown. E There was no significant difference in the total dis-
tance traveled in the open field between the three groups. F The aver-
age speed of mice in the three groups also showed no difference in 
the open-field test. G The escape latency of the AS group was sig-
nificantly higher than the control and AS-CircAKT3 OE group from 
day 3 to day 5 of the Morris water maze. Moreover, there was no 
difference between the control and AS-CircAKT3 OE groups. n = 9 
(control group), n = 11 (AS and AS-CircAKT3 OE group). * P < 0.05 
(control vs AS), ** P < 0.01 (control vs AS), # P < 0.05 (AS-Cir-
cAKT3 OE vs AS), ## P < 0.01 (AS-CircAKT3 OE vs AS). (H and 
I) AS group exhibited significantly decreased platform crossings and 
time spent in the target quadrant compared to the control and AS-
CircAKT3 OE group. And AS-CircAKT3 group showed no differ-
ence with the control group. (J) Western blot revealed that there was 
a significantly decreased level of Bcl2 and a higher level of cleaved 
caspase 3 as well as Bax protein in the hippocampus of the AS 
group, which was reversed by circAKT3 overexpression. Scale bar 
(B) = 1000 μm. The P values were determined by one-way ANOVA 
(E, F, H–J) or two-way ANOVA (G) with multiple comparison tests; 
* P < 0.05, ** P < 0.01, **** P < 0.0001, ns means P > 0.05 (E, F, 
H–J)

◂
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Discussion

Our study reveals the differentially expressed profiles of cir-
cRNA, miRNA, and mRNA between NPOCD and POCD 
groups. This provides additional targets and potential molec-
ular interactions for further preclinical research on POCD. 
Bioinformatics analysis of DEGs and TUNEL assay revealed 
an increase of neuronal apoptosis in the hippocampus of 

POCD mice, which aligns with previous studies [25, 26]. 
We discovered that circAKT3 was downregulated in the 
hippocampal neurons of POCD mice. Different from other 
isoforms of AKT, the host gene AKT3 is mainly expressed 
in the brain, suggesting its unique role in the central nervous 
system [27]. Furthermore, circAKT3 is predominantly local-
ized in the cytoplasm of N2a cells and neurons of the hip-
pocampal CA3 region. The CA3 region of the hippocampus 
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is acknowledged to have a crucial function in spatial working 
memory, and inputs from the left CA3 to the CA1 region 
result in enhanced long-term potentiation [28]. Conse-
quently, we performed the overexpression of circAKT3 in 
the neurons of the bilateral hippocampal CA3 region, which 
mitigated neuronal apoptosis and improved postoperative 
cognitive performance. This indicates that circAKT3 con-
tributes to hippocampal-dependent memory after anesthesia 
and surgery.

Furthermore, when comparing POCD with NPOCD and 
control mice, miR-106a-5p was markedly reduced in POCD 
mice and was observed to co-localize with circAKT3. This 
co-localization suggests potential interactions between cir-
cAKT3 and miR-106a-5p. Combined bioinformatics analysis 
with DEGs between NPOCD and POCD, HDAC4 emerged 
as a candidate target of miR-106a-5p. Through the overex-
pression of circAKT3 in vitro and in vivo, we discovered that 
circAKT3 elevates the level of miR-106a-5p and remarkably 
reduces the expression of the HDAC4 protein. In turn, an 
inhibitor of miR-106a-5p increases the level of HDAC4 pro-
tein, which reverses the effect of circAKT3 overexpression. 
While this mode of regulation differs from typical ceRNA 
networks, it has been reported previously [29]. However, 
the precise mechanism behind this phenomenon has not 
been elucidated in their study. A recent study proposed 
that circRNA could promote the processing and mature of 
miRNA by acting as a scaffold [30]. In this study, actino-
mycin D treatment validates that circAKT3 enhances the 
stability of miR-106a-5p. We also exclude the direct binding 
between circAKT3 and HDAC4 protein through RIP assay. 

Therefore, based on the high co-localization of circAKT3 
and miR-106a-5p and the results of the dual-luciferase 
assay, we hypothesize another modulation that may occur 
through different binding sites or common protein platforms 
with miR-106a-5p for their secondary structures. Previous 
research has shown that a reduction in miR-106a-5p was 
associated with increased amyloid beta deposition [31, 32]. 
Moreover, overexpression of miR-106a-5p was reported to 
notably reduce the level of pro-inflammatory cytokines, such 
as interleukin-1β, interleukin-6, and tumor necrosis factor-α 
in LPS-stimulated inflammation [33]. Additionally, HDAC4, 
as a class II histone deacetylase, binds with and inhibits the 
activity of MEF2C [17]. Transcriptional changes in neurons 
in Alzheimer's disease (AD) are specifically regulated by 
MEF2C, without the involvement of other members of the 
MEF2 family [34]. The DEGs of NCD and CD-aged mice 
in our database also shed light on the role of miR-106a-5p 
and MEF2C. Decreased transcriptional activation of MEF2C 
contributes to neuronal apoptosis and impairs synaptic 
plasticity and memory [8, 20, 34]. The overlap between the 
altered genes in preoperative CD and POCD further demon-
strates that MEF2C plays an indispensable role in mitigating 
perioperative neurocognitive disorders in the elderly.

What’s more, our study also found that MEF2C promoted 
the transcription of miR-106a-5p by activating its promoter. 
Similarly, previous research has reported that MEF2C acti-
vates the transcription of miR-133a in neurons [8]. However, 
it remains unknown whether MEF2C promotes the transcrip-
tion of circRNA. In terms of glia-neuron crosstalk, astrocytic 
apolipoprotein can transport miRNAs that silence pivotal 
enzymes involved in cholesterol synthesis and promote his-
tone acetylation in neurons [35]. Moreover, microglia acti-
vated by tau also inhibit the neuronal transcription networks 
controlled by MEF2C [34]. Inhibition of MEF2C in neurons 
leads to decreased transcription activation and subsequently 
results in astrocyte activation [8]. These studies shed light 
on additional functions and potential mechanisms of non-
coding RNAs.

However, there are also some limitations in our study. 
Firstly, the profiles of differentially expressed genes from 
transcriptome presented little overlap with other transcrip-
tome studies of POCD [36, 37], due to the limitation of sam-
ple size, different animal ages, and models. The coincidence 
of POCD and AD predominantly reveals the targets involved 
in postoperative long-term cognitive decline. Addition-
ally, MEF2C was validated to promote the transcriptional 
activation of miR-106a promoter. We did not investigate 
whether MEF2C promotes the transcriptional activation of 
circAKT3. Moreover, owing to the lack of commercially 
available antibodies, we only detect the effect of circAKT3 
overexpression on two transcripts of AKT3 without further 
detecting the isoforms of AKT3 protein. Clinical samples for 
transcriptome sequencing are also deficient.

Fig. 5  CircAKT3 could bind to miR-106a-5p and increase the level 
of miR-106a-5p by enhancing the stability of miR-106a-5p. A miR-
106a-5p was remarkably decreased in the hippocampus of POCD 
mice compared to the NPOCD and control groups. B The potential 
binding site of circAKT3 and miR-106a-5p was predicted by Miranda 
and shown in the figure. C FISH revealed that miR-106a-5p was 
co-localized with circAKT3 in the cytoplasm of N2a cells. D FISH 
showed the co-localization of circAKT3 and miR-106a-5p in the neu-
ronal cytoplasm of the hippocampus. Notably, both circAKT3 and 
miR-106a-5p were decreased in the neurons of the hippocampal CA3 
region. E miR-106a-5p mimics significantly increased the relative 
luciferase activity of firefly luciferase plasmid containing the frag-
ment of circAKT3 wild type (WT). However, mimics did not alter the 
activity of circAKT3 mutant type (Mut) luciferase plasmid or PGL3 
plasmid. F CircAKT3 overexpression significantly elevated the level 
of miR-106a-5p in N2a cells. G Overexpression of circAKT3 in the 
neuron of the hippocampal CA3 region also increased the level of 
miR-106a-5p in neurons. H Actinomycin D treatment (10 μg/ml) in 
N2a cells inhibited the synthesis of new miR-106a-5p in the control 
group and circAKT3 OE group. CircAKT3 overexpression enhanced 
the stability of miR-106a-5p at 4, 6 and 12 h. The scale bar was 100 
pixels (C) or 50 μm (D). The P values were determined by one-way 
ANOVA with multiple comparison tests (A, G), two-tailed unpaired 
Student’s t-test (E, F) or two-way ANOVA with multiple comparison 
tests (H); * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns 
means P > 0.05

◂
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Collectively, whole transcriptome sequencing of the 
hippocampus in aged mice was performed to disclose 
the significantly changed circRNA, miRNA, and mRNA 
between POCD and NPOCD groups. Specifically, we 
found that circAKT3 reduces the levels of HDAC4 pro-
tein by increasing the expression of miR-106a-5p in the 
neuron of the hippocampus, which ultimately enhances 

the activity of MEF2C. Furthermore, we discovered that 
MEF2C promotes the expression of miR-106a-5p by 
binding to its promoter, thus creating a feedback loop of 
regulation (Fig. 9). Compared to sequencing circRNAs or 
miRNAs alone, conducting whole transcriptome sequenc-
ing and analysis provides additional insights into RNA 
interactions and regulation. In addition, it is worth noting 
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that the formation of the ceRNA network heavily relies 
on the stoichiometric relationships of circRNAs/miRNAs. 
The interaction and regulation of RNAs and proteins are 
remarkably complex. Given the non-classical regulation 
observed among non-coding RNAs, it is imperative to con-
sider various possibilities and directions to unravel the 
role of non-coding RNAs in multiple pathophysiological 
conditions.

Materials and methods

Animals

All mice were obtained from the Laboratory Animal Cen-
tre of Tongji Hospital, Huazhong University of Science 
and Technology. Aged male C57BL/6 mice (18 months, 
33–37 g) were housed in the Animal Center of Tongji Hos-
pital (12 h light/dark cycle, 23 ± 2 ℃, food and water ad libi-
tum, standard specific pathogen-free level). In addition, the 
whole study was approved and supervised by the Experi-
mental Animal Ethics Committee of Affiliated Tongji Hos-
pital (TJH-201801011), Tongji Medical College, Huazhong 
University of Science and Technology (China).

Surgery and anesthesia model

Aged mice were randomly allocated into two groups. 
The anesthesia and surgery (AS) group accepted open 
tibial fracture along with intramedullary fixation surgery 
under inhalation anesthesia using isoflurane as previously 
reported [38]. In brief, mice were kept in a chamber filled 

with 100% oxygen and 3% isoflurane. After Loss of Con-
sciousness, the skin under the knee of the mice was incised 
and a sterile pin of about 300 um was inserted into the cav-
ity of tibial marrow with 1.5% maintained isoflurane anes-
thesia. Then tibia was fractured at the midpoint and the 
skin was closed with 4–0 resorbable threads. Anesthesia 
and surgery were performed with sterile instruments and 
lasted 30 min for each mouse. No treatment was made on 
the control group. Further, mice who underwent anesthesia 
and surgery were divided into non-POCD (NPOCD) and 
POCD groups.

Behavioral tests

Open field test

The open field test (OFT) was used to detect locomo-
tor activity on the seventh day after anesthesia and sur-
gery. Mice were put in an open white box measuring 
40 cm × 40 cm × 40 cm and were given 5 min to freely 
explore their surroundings. The box was cleaned with 75% 
ethanol to eliminate the effects of odor. Total distance (cm) 
and average speed (cm/s) of movement were tracked and 
analyzed by the video tracking system (Zhongshi Technol-
ogy, China).

Morris water maze test

To assess spatial learning and memory, the Morris water 
maze (MWM) test was conducted on the 8th day following 
anesthesia and surgery. MWMT consists of five consecu-
tive daily training trials and a spatial probe trial on the sixth 
day. The Morris water maze test was conducted in a circu-
lar pool with a diameter of 120 cm and a depth of 50 cm. 
The pool with water was partitioned into four quadrants. 
The water temperature was kept at 23 ± 1 ℃. In the target 
quadrant, a round platform with a diameter of 10 cm was 
placed and submerged 1 cm below the surface of the water. 
Mice were put at a fixed starting point within each quadrant 
and allowed for 60 s to locate the fixed platform. After a 
successful location, mice would stay 15 s there. If the mice 
were unable to find the platform, they would be led to and 
permitted to remain on the platform for 15 s. This training 
procedure continued for a total of 5 days, during which the 
escape latency (time spent to land the hidden platform) was 
automatically recorded and analyzed by the video tracking 
system (Zhongshi Technology, China). Next, on the 13th 
day after surgery, the platform was removed from the pool to 
conduct a probe test. From each quadrant, mice were put into 
the water pool and given 60 s to freely explore. The num-
ber of times the mice crossed the previous location of the 
platform and the residence time spent exploring the target 

Fig. 6  miR-106a-5p inhibited the expression of HDAC4 at the post-
transcriptional level, then elevated the level of MEF2C protein. A The 
potential binding site predicted by Miranda between miR-106a-5p 
and HDAC4 was shown. B–D There was a decrease in both pro-
tein and mRNA of HDAC4 and an increase in MEF2C protein and 
mRNA in the POCD mice compared to NPOCD and control group. 
E miR-106a-5p mimics significantly reduced the level of HDAC4 
protein and increased the level of MEF2C protein in N2a cells. F 
HDAC4 mRNA was not decreased after the transfection of miR-
106a-5p mimics in comparison to the negative control (NC) group. 
G miR-106a-5p mimics significantly increased the level of MEF2C 
mRNA in N2a cells. H Conversely, the inhibitor of miR-106a-5p sig-
nificantly increased the level of HDAC4 protein but reduced the level 
of MEF2C protein compared to the NC cells. I Western blot revealed 
that there was a significantly increased level of Bcl2 protein and a 
lower level of cleaved caspase 3 as well as Bax protein in N2a cells 
with MEF2C overexpression. J The relative luciferase activity of 
firefly luciferase plasmid containing HDAC4-WT segment was inhib-
ited by miR-106a-5p mimics but not NC. Furthermore, there was no 
significant difference in luciferase plasmid containing HDAC4-Mut 
segment co-transfected with mimics or NC. The P values were deter-
mined by one-way ANOVA with multiple comparison test (B–D) or 
two-tailed unpaired Student’s t test (E–I); * P < 0.05, ** P < 0.01, 
**** P < 0.0001, ns means P > 0.05

◂
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quadrant were recorded in order to evaluate their memory 
retention ability.

Fear condition test

Fear condition test was conducted as described in the report 
previously [39]. In brief, mice were put into the chamber 
for 120 s adaptation on the first day. Then mice were given 
sound stimulation (75db, 30 s), during which the electronic 
shock was given at 28-30 s. Two stimulations stopped simul-
taneously and were repeated for three cycles. The interval 
time between cycles was 120 s. After that, the mice stayed 
in the chamber for 120 s. Ethanol (70%) was used to clean 
the chamber and eliminate the interference of animal odor. 
In the test session (24 h after the training session), mice were 
put into the same chamber and no stimulation was given. 
The freezing time during the 120 s was recorded for assess-
ing the hippocampus-independent memory. After 2 h, the 
environment of the chamber was changed and mice were 
given 120 s for adaptation. The stimulation of sound was 
then given and the freezing time of mice was recorded to 
evaluate the hippocampus-dependent memory.

Whole transcriptome sequencing

RNA isolation and library preparation

Total RNA extracted by TRIzol reagent (Invitrogen, USA) 
was performed. The purity and quantification of RNA were 
evaluated by the spectrophotometer (NanoDrop 2000, 
Thermo Scientific, USA). RNA integrity was detected by the 
Bioanalyzer (Agilent 2100, Santa Clara, USA). The samples 
with qualified purity, quantity, and integrity were used for 
subsequent library construction. After removing the ribo-
somal RNA, we constructed the libraries using the VAHTS 
Universal V6 RNA-seq Library Prep Kit in accordance with 
the guidelines. Then OE Biotech (China) conducted the 
transcriptome sequencing and analysis of expressed gene 
profiles.

RNA sequencing analysis process

The libraries underwent sequencing using an Illumina 
Novaseq 6000 platform, which generated 150 bp paired-
end reads. Fastq was used as an initial step to preprocess 
the raw reads in fastq format for each sample, eliminat-
ing reads with low quality [40]. HISAT2 was employed to 
align the cleaned reads to the reference genome after the 
removal of low-quality reads [41]. The gene read counts 
were acquired through the utilization of HTSeq-count 
[42] and then FPKM [43] of each gene was calculated. To 
assess the biological replication of samples, PCA (Princi-
pal Component Analysis) analyses were conducted.

After the differential expression analysis with DESeq2 
[44], DEGs were determined based on the threshold of 
fold change (FC) < 0.5 or > 2 and the p value < 0.05. To 
illustrate the expression patterns of genes across various 
groups, a hierarchical cluster analysis of DEGs was con-
ducted using R (v 3.2.0). To visualize the profiles of up-
regulated or down-regulated DEGs, A radar map depicting 
the expression levels of the top 30 genes was generated. 
Subsequently, the GO [45], KEGG [46], Reactome, and 
Wiki Pathways enrichment analyses of DEGs were con-
ducted to identify the significantly enriched term. R was 
utilized to generate column diagrams, chord diagrams, and 
bubble diagrams for visualizing the significant enrichment 
term. GSEA software was utilized to perform the Gene Set 
Enrichment Analysis (GSEA) [47, 48].

CircRNA analysis

Find_circ (v 1.2) and CIRI2 [49] software were used to 
identify the circRNAs in the library. The parent gene of 
circRNA was annotated according to its genomic position. 

Fig. 7  CircAKT3 inhibited the expression of HDAC4 protein and 
elevated the level of MEF2C protein by increasing the level of miR-
106a-5p. A The overexpression of circAKT3 markedly reduced the 
level of HDAC4 protein and increased the level of MEF2C protein in 
N2a cells. This effect was blocked by the inhibitor of miR-106a-5p. 
B There was no significant difference in HDAC4 mRNA between the 
three groups. C MEF2C mRNA was notably increased after the over-
expression of circAKT3, which was further reversed by miR-106a-5p 
inhibitor. D CircAKT3 was significantly decreased in the hippocam-
pus of mice with anesthesia and surgery (AS). Additionally, there 
was a significant increase of circAKT3 in the mice that underwent 
circAKT3 overexpression in hippocampal CA3 neurons following 
anesthesia and surgery (AS-CircAKT3 OE). E The level of MEF2C 
mRNA was reduced in the AS group, which was reversed in the AS-
CircAKT3 OE group. F The significant increase of HDAC4 protein 
and reduction of MEF2C protein in the hippocampus of AS mice 
were reversed by circAKT3 overexpression in vivo. (G and H) Immu-
nofluorescence showed that circAKT3 overexpression in  vivo with 
AS reduced the nuclear localization of HDAC4 protein but increased 
the expression of MEF2C protein in both the nucleus and cytoplasm 
compared to the AS group. I, J RNA immunoprecipitation showed 
there was no direct binding between circAKT3 and HDAC4 protein. 
Compared to the anti-IgG group, the anti-HDAC4 group showed no 
higher level of circAKT3 (I). ns means P > 0.05 (anti-HDAC4 group 
vs anti-IgG group). Western blot validated the specificity and binding 
affinity of primary antibodies with magnetic beads for RNA immuno-
precipitation (J). The scale bar was 20 μm (G, H). The P values were 
determined by one-way ANOVA with multiple comparison tests; * 
P < 0.05, ** P < 0.01, **** P < 0.0001, ns means P > 0.05

◂
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The Circbase and CIRCpedia were used to identify the 
known circRNAs. Junction reads per billion mapped reads 
(RPB) were utilized to quantify circRNA, and DEGseq 
[50] was used to calculate the differential expression 

profiles of circRNA. The p value was calculated by nega-
tive binomial distribution test (NB). The threshold of P 
value and FC for significantly differentially expressed cir-
cRNAs (DECs) were set as described above. Based on the 

Fig. 8  MEF2C promoted the transcription of miR-106a-5p and 
HDAC4 inhibited the transcription of miR-106a-5p by reducing the 
level of MEF2C protein. A The level of HDAC4 and MEF2C pro-
tein was remarkably elevated in the cells transfected with correspond-
ing plasmids to overexpress HDAC4 or MEF2C. B–D The levels of 
miR-106a-5p, pre-miR-106a, and pri-miR-106a detected by qPCR 
were significantly increased by MEF2C overexpression. E The level 
of MEF2C protein presented a decreased trend in N2a cells with 
HDAC4 overexpression. F The overexpression of HDAC4 protein 
inhibited the expression of miR-106a-5p in N2a cells revealed by 
qPCR. G In comparison to the firefly luciferase reporter contain-
ing miR-106a promoter, the relative luciferase activity of miR-106a 
promoter (PM) was elevated by co-transfection with MEF2C over-
expression plasmids, and decreased by co-transfection with HDAC4 

overexpression plasmids in 293T cells. H CUT&TAG qPCR unveiled 
that MEF2C mainly binds to the promoter of miR-106a at the bind-
ing site-2 (BS-2), BS-3, and BS-4 in N2a cells (control vs negative 
control). Furthermore, elevated MEF2C protein induced by cir-
cAKT3 overexpression significantly enhanced the level of binding to 
the miR-106a promoter at BS-2, BS-3, and BS-4. For H in the fig-
ure, ## means Negative control vs Control or CircAKT3 OE group 
and P < 0.01, ### P < 0.001, #### P < 0.0001, ** (means Control vs 
CircAKT3 OE group) P < 0.01, *** P < 0.001, **** P < 0.0001. The 
P values were determined by one-way ANOVA with multiple com-
parison tests (G, H) or two-tailed unpaired Student’s t test (A–F); 
* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns means 
P > 0.05
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Table 1  The sequence of primers or templates for qPCR or PCR was used in the study

Gene Primers(5′-3′)

CircAKT3 F GGA TGA AGT GGC ACA CAC TC
CircAKT3 R TTT TAT ATA TTC TCC TCT CCG CCA 
CircAKT3 joint F (PCR) GAC CGT TTG TGT TTT GTG ATGG 
CircAKT3 joint R (PCR) ACT GAG AAG TTG TTG AGG GGA 
mmu_circ_0013952 F GCT CTT CCC GGA CCT CAT TAC 
mmu_circ_0013952 R ATA GGC TTC CGG CCA AAG GA
mmu_circ_0001147 F CTG CAC TAA ATC GGC CTC ACA 
mmu_circ_0001147 R AGA GTG CCA GGA TTG ATG GT
mmu_circ_0009043 F GAG ATT GCG CTA AGG CGG 
mmu_circ_0009043 R TGA TAT CAC CAA GGG GCT GGA 
mmu-miR-211-5p RT GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACA GGC AA
mmu-miR-211-5p F CGC GTT CCC TTT GTC ATC CT
mmu-miR-211-5p R AGT GCA GGG TCC GAG GTA TT
mmu-miR-466d-3p RT GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACC TAT GT
mmu-miR-466d-3p F CGC GCG TAT ACA TAC ACG CAC 
mmu-miR-466d-3p R AGT GCA GGG TCC GAG GTA TT
mmu-miR-7688-5p RT GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACG CTC AT
mmu-miR-7688-5p F GCG TAG CTG GGC ATG ATC TG
mmu-miR-7688-5p R AGT GCA GGG TCC GAG GTA TT
mmu-miR-106a-5p RT GTC GTA TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG ACC TAC CT
mmu-miR-106a-5p F GCG CAA AGT GCT AAC AGT GC
mmu-miR-106a-5p R AGT GCA GGG TCC GAG GTA TT
HDAC4 F CAA TCC CAC AGT CTC CGT GT
HDAC4 R CAG CAC CCC ACT AAG GTT CA
MEF2C F ATC CCG ATG CAG ACG ATT CAG 
MEF2C R
AKT3 F
AKT3 R
β-Actin F
β-Actin R
GAPDH F
GAPDH R
U6 F
U6 R

AAC AGC ACA CAA TCT TTG CCT 
ACC GCA CAC GTT TCT ATG GT
TGA CAA CAC CTA AGC CCC AC
GCC CAT CTA CGA GGG CTA T
ATG TCA CGC ACG ATT TCC 
AGG TCG GTG TGA ACG GAT TTG 
TGT AGA CCA TGT AGT TGA GGTCA 
CGC TTC GGC AGC ACA TAT AC
TTC ACG AAT TTG CGT GTC AT

Common sense primer for 
AKT3 transcripts

GGA CTA TCT ACA TTC CGG AAAG 

AKT3 transcript 1 F GGT GAA GAC CCT TGG CTG GTC 
AKT3 transcript 2 F GGG TCT AGA TTA CTT TTT ATT ATC ATT TTT TTT CCA GTTAC 
pre-miR-106a ATG TCA AAG TGC TAA CAG TGC AGG TAG CTT TTT GAG TTC TAC TGC AGT GCC AGC ACT TCT TACAT 
pre-miR-106a F TCA AAG TGC TAA CAG TGC AGGT 
pre-miR-106a R GTG CTG GCA CTG CAG TAG AAC 
pri-miR-106a AAG AGT TCG TGG AAG ACT TCA AGG TTA CAC TCC TGG AGT ATG CCT TGG CCA TGT CAA AGT GCT AAC AGT GCA GGT AGC TTT TTG 

AGT TCT ACT GCA GTG CCA GCA CTT CTT ACA TTA CCA TGG TGA TTT AAT CAG AGG CCG CTG AGT CCC CTG GTT TCT GCA TAG 
pri-miR-106a F TTC GTG GAA GAC TTC AAG GTT 
pri-miR-106a R TGC TGG CAC TGC AGT AGA AC
BS-1 F (CUT&TAG) CAA ATG GAT TTT ATG GAA TAA 
BS-1 R (CUT&TAG) TTC AAT GCC GTG GTG AGG GA
BS-2 F (CUT&TAG) TTA AGT GGG GTC CCT CAC CA
BS-2 R (CUT&TAG) CTA CCA ACA GTC ACC CGG AC
BS-3 F (CUT&TAG) CAC TTT TAC AAC CCT CCC CCA 
BS-3 R (CUT&TAG) TCG CTT GTG AGA GTT GCA TGG 
BS-4 F (CUT&TAG) TGC CCT CCA ACA AAG CAG AGA 
BS-4 R (CUT&TAG)
Spike in F (CUT&TAG)
Spike in R (CUT&TAG)

CGC ACA GAT GCC AAT TAC CTT 
GCC TTC TTC CCA TTT CTG ATCC 
CAC GAA TCA GCG GTA AAG GT
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Table 1  (continued)

Gene Primers(5′-3′)

CircAKT3 (mmu_
circ_0008480)

GAG AAT ATA TAA AAA ACT GGA GGC CAA GAT ACT TCC TTT TGA AGA CAG ATG GCT CAT TCA TAG GCT ATA AGG AGA AAC CTC AAG 
ATG TGG ACT TAC CTT ATC CCC TCA ACA ACT TCT CAG TGG CAA AAT GTC AGT TAA TGA AAA CAG AAC GAC CAA AGC CAA ATA CAT 
TTA TTA TCA GAT GTC TTC AGT GGA CCA CTG TTA TAG AGA GAA CAT TTC ATG TAG ATA CAC CAG AGG AAA GAG AAG AGT GGA CGG 
AAG CTA TCC AAG CCG TAG CCG ACC GAT TGC AGA GGC AAG AGG AGG AGA GGA TGA ATT GTA GCC CAA CCT CAC AGA TTG ATA ATA 
TAG GAG AAG AAG AGA TGG ATG CGT CTA CAA CCC ATC ATA AAA GAA AGA CGA TGA ATG ATT TTG ACT ATT TGA AAC TAC TAG GTA 
AAG GCA CTT TTG GGA AAG TTA TTT TGG TTC GAG AGA AGG CAA GTG GAA AAT ACT ATG CTA TGA AGA TTC TGA AGA AAG AAG TCA 
TTA TTG CAA AGG ATG AAG TGG CAC ACA CTC TTA CTG AAA GCA GAG TAC TAA AGA ACA CCA GAC ATC CAT TTT TAA CAT CCT TGA 
AAT ATT CCT TCC AGA CAA AAG ACC GTT TGT GTT TTG TGA TGG AAT ATG TTA ATG GCG GAG AG

Promoter of miR-106a 
(2 kb)

GTT TAC CTA AAA TAC CTT ATT CGG GGT ATT GTT CTG ACT TTA GAA GGG AGG GGT GGA GAG GGT TGA AAA CTG GGG TGG GGG TGG 
GAA GAC CAT GGG AGG ATA GTT TGT TTA ATG AAC TGT TAA AAT TTG GAA ATT CTT AAG TGG GGT CCC TCA CCA CGG CAT TGA AAC 
CAT CCT CTT AAT TTC ATT TTA GGC AGG CTG CAT CTA CTT GTA CTC ATC TCA TAG GAT ATT TTC ATC TCT TCC AGC TCT CTT CTG TCT 
CTT AAC CAA GAC GCG TAG TCC GGG TGA CTG TTG GTA GTG AGG TTT CTT TGG GAA AAT ATT CCA AAA TCG GGG TAA TGG GTT TTC 
TCA TTC TGA TGC TCA AGG GAA TGT GTT TAC TCG TTC CCA GCG CTC CCA CTG CAG CTG CAG GGC ACA ATT AAT TAT GTT AAT AAT 
TTG CGA GAA GCG GAT GTA ACT CCC CAA CTC CTC CCC CCC GGG GGG GTG ACA AAA GGG GAA GGA GAC ATC CTG GGG TCC GAC 
CAC GTG ATA TTA TCT TCG CGC CAC TTT TAC AAC CCT CCC CCA GGT TTT GCT TGA GCT CAT TGA GGT TTT TTT TTT TTT TAA ATC CTG 
CTT TAA TAC AAT GTC TCT TAA AAG AGG GTC TGA GAT ATG TTT CCA CAC CTC TCC ATC ACT AGC TAC CTT TAA AGG TCC AAA GTT 
GGA TTG CAG TCC ATG CAA CTC TCA CAA GCG AGA TCT GAT TGG ATA TTA AAT TTG GGC TTG CAT AGT TTC CAG AAA GCA TCA AAC 
AGA TGC TCT GGC ATA CGG TGG GAG GTC TGT TTG TGC GGG TGT TTG AAA GTG GAA GGC AGC CCA CCT GTA GGA GTA ACA CAC ATT 
GGA GTA ACG AGG GTG CTT TGC ATC ACT GAG ACC TGA GCT GAG CCT GCA ATT CTG CTT GAG CTC CAC CGC TGG CCA GGG AGC AGG 
AGA CAA GTC TTA GGA GTC TTT CAG TCC TTA GTA ATC CGC TCG CCT GAA CCC CTA CTG TGC ACC AGA TTG AAA CTC ACG TGG TGC 
TCT TGT TCC CTT TTG AGC TTT GAA CTG CCA CAA TCA CCC AAG GCA ACA GTG TTA GGG AGT AAG GGA CCT GTC TTC GTT TCT GAG 
CCC CAG CTC ATC CCT TCC AGT GTC CCC TCT CCT GAT AGT GCG TGC TCA GTA ACT TCA GGT TTA TTT GTT ATC TGG TCA ATC ACT CTT 
TCC ACC ATC TAA CTC ACC AAA TAT CTA TCC TCT TGG ACC CGT GCC CTC CAA CAA AGC AGA GAA AGT ATA GTA TGG TTA TCC TTT 
TTT GCC CCA TAA CCT CCT AGT ATG CTT AAT TTT GTA TTG ACG CTA AAT CAT AAT TTT AGT TTT GTA CTT GGG ATG TGC TTT TAA ACA 
GCC TTC TCT CAA ATG AGT CTT AGC TGT GGA AGG GGG AAA AGC AAG GTA ATT GGC ATC TGT GCG TGC ACC CAA GGG ACA TTA CCA 
TTC ATA ATG CCT GCT AGG AAA CTG ATT TAA AGG GTA AAG GTG GCG TTC AGC AAG TGT GAA ACT TCA GCA GTA GCT TCA CAT GCC 
AGA ACT GAA AAC TTT CAC ATG GGC AGA GTG GAT ATG CCG GGT ATG TAT TTC TTC TCT CCT ACA GAC TTT CGG GAC ACT TTC AAT 
CTA GCT GTG AGG TAG TGC GCA TGC GCG CAC TCG TTG GGA CGT GGG GAC ACC TGG GTC CCA CAA CTG CTT GGG CCT CGT AGC CTA 
TCT CCA GAG GGG GAT GGG ACA AGC GCT TCA GGA GCC TGA CCG GAC AAG GTA GTA ATG AGT GCG CCA TTC TGG GCA GGC GAC TGT 
GGC ACT GGT TTA GAC TGG CAT CCC ATG GGT GCT TGG ATT AAG GAA GGA CTC TGG TGT TGG GGA CAG AAG GGC AAG GCT GAG GGA 
GCG GGT CCT GTG TGT CAC TGG GGC ACC GTG GGC TTT GGC CTG GGC GGT GTG GGG GTT CCA TTT CCT AAT TCC TGT GTG GGC CGA 
GTG GGC GGG GGC GGG CTT TCC CCC CTA GGC TAT TAA AGG CGA AGG GCG GGC TTT TCC CA

Binding site-1 TTA CCT AAA ATA CCT 
Binding site-2 TTT CAT TTT AGG CAG GCT GCA TCT ACT TGT ACT CAT CTC ATA GGA TAT TTT CAT CTC 
Binding site-3 TTT TTT TTT TAA ATCC 
Binding site-4 GCT TAA TTT TGT ATT GAC GCT AAA TCA TAA TTT TAG TTT TGT ACT 
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Table 1  (continued)

Gene Primers(5′-3′)

HDAC4
(NM_207225.2)

ATG AGC TCC CAA AGC CAT CCA GAT GGA CTT TCT GGC CGA GAC CAG CCT GTG GAG CTG CTG AAT CCT GCC CGT GTG AAC CA
CAT GCC CAG CAC GGT GGA CGT GGC TAC AGC GCT GCC TCT GCA AGT GGC CCC TAC AGC AGT ACC CAT GGA CCT GCG CTT GG
ACC ACC AGT TCT CAC TGC CCT TGG AAC CTG CAT TGC GGG AGC AGC AAC TGC AGC AGG AAC TCC TAG CAC TGA AAC AGA AG
CAG CAG ATC CAG CGG CAG ATA CTC ATT GCA GAG TTC CAG CGT CAA CAT GAG CAG TTG TCC CGA CAG CAT GAG GCA CAG TT
GCA TGA ACA TAT CAA GCA GCA GCA GGA GAT GCT GGC CAT GAA GCA CCA GCA GGA GCT GCT GGA GCA CCA GCG GAA ACT GG
AGC GGC ACC GGC AAG AGC AGG AGC TGG AGA AGC AGC ACC GTG AGC AGA AGC TGC AGC AGC TCA AGA ACA AGG AGA AGG GC
AAA GAG AGT GCT GTG GCG AGC ACA GAG GTG AAG ATG AAG CTG CAG GAG TTT GTT CTC AAC AAG AAG AAG GCT CTA GCC CA
CCG GAA CCT GAA CCA CTG CAT TTC CAG CGA TCC CCG CTA CTG GTA TGG GAA GAC ACA GCA CAG CTC CCT TGA CCA GAG CT
CTC CAC CCC AGA GTG GGG TGT CAG CCT CCT ACA ACC ACC CCG TCT TGG GAA TGT ACG ACG CCA AAG ATG ACT TCC CTC TT
AGG AAA ACA GCT TCT GAA CCT AAC CTG AAA TTA CGC TCA AGG CTT AAG CAG AAA GTA GCT GAG AGA CGG AGC AGC CCC CT
GTT GCG CAG GAA AGA TGG CCC TGT GGC CAC TGC TCT AAA AAA GCG ACC CCT GGA TGT TAC AGA CTC CGC ATG CAG CAG CG
CCC CTG GCT CCG GTC CCA GCT CTC CAA ATA GCA GCT CTG GCA ACG TCA GCA CTG AGA ATG GCA TCG CAC CCA CTG TGC CC
AGC GCT CCA GCT GAG ACG AGC TTG GCA CAC AGA CTT GTG ACT CGA GAA GGC TCA GTC GCC CCA CTT CCT CTC TAC ACG TC
ACC ATC CTT ACC CAA CAT CAC CTT GGG ACT TCC TGC CAC TGG CCC TGC CGC TGG TGC GGC AGG TCA GCA GGA TGC TGA GA
GGC TTG CTC TCC CAG CTC TCC AGC AGC GGA TCT TGT TCC CTG GGA CCC ACC TCA CCC CGT ACC TGA GCA CCT CGC CCC TG
GAG AGG GAC GGT GCA GCA GCT CAC AAC CCC CTC CTG CAG CAC ATG GTC CTG CTG GAG CAG CCA CCC ACC CAG ACA CCC CT
TGT CAC AGA CTG GTA TCT TTC AGG CCT GGG GGC GCT GCC CCT CCA CTC ACA GTC CCT GGT TGG TGC GGA CAG GGT GTC CC
CAT CCA TTC ACA AGC TGC GGC AGC ACC GCC CTC TGG GGC GCA CGC AGT CAG CAC CCC TGC CGC AGA ACG CAC AGG CCC TG
CAG CAC CTG GTG ATC CAG CAG CAG CAC CAG CAG TTC CTG GAG AAG CAC AAG CAA CAG TTC CAG CAG CAG CAG CTG CAC CT
CAG CAA GAT AAT CTC CAA ACC TAG TGA GCC ACC TCG GCA GCC TGA GAG CCA CCC AGA GGA GAC AGA GGA GGA GCT CCG TG
AGC ACC AGG CCT TGC TGG ATG AGC CCT ACC TAG ATC GGC TAC CTG GGC AGA AGG AGC CCT CCC TGG CTG GTG TGC AGG TG
AAG CAG GAG CCC ATT GAG AGT GAG GAG GAA GAA GCG GAG GCC ACT CGA GAG ACA GAG CCC GGC CAG CGC CCA GCC ACT GA
GCA GGA GCT GCT CTT CAG ACA GCA AGC CCT CCT ACT GGA GCA GCA GAG GAT CCA CCA GTT AAG AAA CTA CCA GGC ATC TA
TGG AGG CTG CTG GCA TCC CTG TGT CAT TTG GCA GCC ACA GAC CTC TGT CTC GGG CAC AGT CCT CCC CAG CAT CTG CCA CC
TTC CCC ATG TCA GTC CAG GAG CCC CCC ACC AAG CCA AGG TTC ACC ACA GGT CTT GTG TAT GAC ACA CTG ATG TTG AAG CA
TCA GTG CAC CTG TGG GAA CAC CAA CAG CCA CCC GGA GCA TGC TGG GAG GAT CCA GAG CAT CTG GTC CCG CCT GCA GGA GA
CTG GAC TCC GTG GCA AGT GTG AGT GCA TCC GTG GAC GCA AGG CCA CAT TGG AGG AGC TGC AGA CAG TGC ACT CGG AGG CC
CAC ACA CTC CTC TAC GGC ACA AAT CCT CTC AAC AGA CAG AAA CTG GAC AGT AAG AAA CTT CTA GGC TCG CTG ACC TCA GT
GTT CGT CAG GCT TCC TTG TGG TGG TGT TGG GGT GGA TAG CGA CAC CAT ATG GAA TGA GGT GCA CTC GTC TGG GGC AGC CC
GCC TGG CTG TAG GCT GTG TAG TGG AGC TGG TCT TCA AGG TGG CCA CGG GAG AGC TAA AGA ATG GCT TTG CTG TGG TTC GT
CCC CCA GGA CAC CAT GCC GAG GAG AGC ACA CCC ATG GGT TTC TGC TAC TTT AAC TCC GTG GCA GTT GCA GCC AAA CTT CT
CCA GCA GAG GCT GAA TGT GAG CAA GAT CCT CAT TGT AGA CTG GGA TGT ACA TCA TGG GAA TGG GAC CCA GCA GGC CTT CT
ACA ATG ACC CCA ATG TTC TCT ACA TGT CCC TGC ACC GCT ATG ACG ATG GGA ACT TCT TCC CAG GAA GTG GAG CAC CAG AT
GAG GTG GGC ACA GGG CCA GGC GTG GGT TTC AAT GTC AAC ATG GCT TTC ACG GGT GGC CTC GAA CCC CCC ATG GGA GAC GC
TGA GTA CTT GGC AGC CTT CAG AAC GGT GGT TAT GCC TAT CGC AAA TGA GTT TGC CCC AGA TGT GGT ACT GGT GTC ATC GG
GCT TCG ATG CTG TGG AGG GCC ACC CCA CAC CTC TTG GAG GGT ACA ATC TCT CTG CCA AAT GTT TTG GGT ACT TGA CAA AA
CAG CTG ATG GGC TTA GCT GGT GGC CGG CTT GTG CTG GCC CTT GAG GGA GGC CAT GAC CTG ACA GCC ATC TGT GAT GCT TC
TGA AGC CTG CGT GTC TGC TCT GCT GGG AAA CGA GCT TGA GCC TCT GCC AGA AAA GGT TCT ACA TCA GAG ACC CAA TGC CA
ATG CTG TCC ACT CCA TGG AGA AAG TGA TGG ACA TCC ACA GCA AGT ACT GGC GCT GCC TGC AGC GTC TGT CCT CCA CGG TG
GGG CAC TCT CTG ATT GAG GCG CAA AAG TGT GAG AAG GAA GAA GCT GAG ACA GTC ACC GCC ATG GCC TCG CTG TCT GTA GG
CGT CAA ACC TGC TGA GAA GAG ATC TGA GGA GGA GCC CAT GGA GGA GGA ACC ACC ACT GTA G

MEF2C (XM_011244492.4) ATG GGG AGA AAA AAG ATT CAG ATT ACG AGG ATA ATG GAT GAG CGT AAC AGA CAG GTG ACT TTT ACG AAGA 
GGA AAT TTG GAT TGA TGA AGA AGG CTT ATG AGC TGA GCG TGC TGT GCG ACT GTG AGA TTG CAC TGA TCAT 
CTT CAA CAG CAC CAA CAA GCT GTT CCA GTA CGC CAG CAC TGA CAT GGA TAA GGT GTT GCT CAA GTA CACC 
GAG TAC AAC GAG CCG CAC GAG AGC CGG ACA AAC TCA GAC ATT GTG GAG ACA TTG AGA AAG AAG GGC CTCA 
ATG GCT GTG ACA GCC CAG ATC CCG ATG CAG ACG ATT CAG TAG GTC ACA GCC CTG AGT CTG AGG ACA AGTA 
CAG GAA AAT TAA CGA AGA TAT TGA TCT AAT GAT CAG CAG GCA AAG ATT GTG TGC TGT TCC ACC TCC CAGC 
TTT GAG ATG CCA GTT ACC ATC CCA GTG TCC AGC CAT AAC AGT TTG GTG TAC AGC AAT CCT GTC AGC ACAC 
TGG GAA ACC CCA ATC TTC TGC CAC TGG CCC ACC CGT CTC TGC AGA GGA ATA GTA TGT CTC CTG GTG TAAC 
ACA TAG ACC TCC AAG TGC AGG TAA CAC AGG CGG TCT GAT GGG CGG AGA TCT GAC ATC CGG TGC AGG CACC 
AGC GCA GGG AAT GGA TAC GGC AAC CCC CGG AAC TCA CCA GGC CTG CTG GTC TCA CCT GGT AAC CTG AACA 
AGA ATA TAC AAG CCA AAT CTC CTC CCC CTA TGA ATC TAG GAA TGA ATA ATC GTA AGC CAG ATC TCC GCGresultsATC CCA CCT GGC 

AGC AAG AAC ACG ATG CCA TCA GTG TCT GAG GAT GTG GAT CTG CTG TTG AAT CAA 
AGG ATA AAT AAC TCC CAG TCG GCT CAG TCA TTG GCT ACC CCG GTG GTT TCC GTA GCA ACT CCT ACT TTAC 
CAG GAC AAG GAA TGG GAG GAT ATC CAT CAG CCA TTT CAA CAA CAT ATG GTA CTG AGT ACT CTC TGA GTAG 
CGC AGA TCT GTC ATC TCT GTC TGG CTT CAA CAC TGC CAG TGC GCT CCA CCT CGG CTC TGT AAC TGG CTGG 
CAG CAG CAG CAC CTA CAT AAC ATG CCG CCA TCT GCC CTC AGT CAG TTG GGA GCT TGC ACT AGC ACT CATT 
TAT CTC AGA GTT CAA ATC TCT CCC TGC CTT CTA CTC AAA GCC TCA GCA TCA AGT CAG AAC CTG TTT CTCC 
TCC TAG AGA CCG TAC CAC CAC CCC TTC GAG ATA CCC ACA ACA CAC CAC GCG CCA CGA GGC GGG GAG GTCT 
CCT GTT GAC AGC TTG AGC AGC TGT AGC AGT TCC TAC GAT GGG AGC GAC CGA GAG GAT CAC CGG AAC GAAT 
TCC ACT CCC CCA TTG GAC TCA CCA GAC CTT CGC CGG ACG AAA GGG AAA GTC CTT CAG TCA AGC GCA TGCG 
ACT CTC TGA AGG ATG GGC AAC ATG A
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hypergeometric distribution, GO [45], KEGG [46] path-
way, Reactome, and Wiki Pathways enrichment analyses 
of the differential expression of circRNA's parent genes 
were performed to evaluate the function of circRNA's par-
ent genes. Pearson's coefficient was used to calculate the 
expression correlation between DECs and DEGs. The sig-
nificantly related circRNA-gene pairs were screened with 
the criteria of p < 0.05 and |cor|> 0.8. GO, KEGG Pathway, 
Reactome, and Wiki Pathways enrichment analysis were 
performed for genes significantly co-expressed with circR-
NAs to predict the function of circRNAs. The binding sites 
of circRNAs and miRNAs were predicted by miRanda (v 
3.3a) software. CircRNA-RNA binding protein pairs were 
obtained based on the starbase database.

Small RNA sequencing experimental method

Total RNA was extracted by the mirVana miRNA Isolation 
Kit (Ambion) following the protocol of instruction. The 
quantitation of total RNA and evaluation of RNA integ-
rity were conducted as previously described. Total RNA 
(1000 ng) extracted from each sample was utilized to con-
struct the small RNA libraries with NEBNext Small RNA 
Library Prep Set for Illumina kit (NEB, USA). In brief, the 
adapter-ligated RNA underwent reverse transcription to 
generate cDNA and subsequent amplification with PCR. 
The products of PCR (140–160 base pairs in length) were 
isolated to create the miRNA libraries. Next, the libraries 
were assessed and performed sequencing with the Illumina 
Novaseq 6000 platform.

Small RNA sequencing analysis process

The raw reads were generated by base calling that converted 
the basic reads into sequence data. Subsequently, reads with 
low quality were filtered out along with those containing 
5' primer contaminants and poly (A) sequences. Also, we 
eliminated reads lacking the 3' adapter and insert tag, as 
well as reads shorter than 15 nucleotides (nt) or longer than 
41 nt from the raw data. The length distribution of the clean 
sequences in the reference genome was determined, and 
then the sequences were aligned and subjected to the Bow-
tie [51] search against Rfam v.10.1 [52], rRNA, scRNA, 
Cis-reg, snRNA, tRNA, and other RNAs were annotated 
and filtered. The cDNA sequence and Repbase database of 
corresponding species repeat sequences were identified with 
Bowtie software. We also identified the mature miRNAs 
by aligning against the miRBase v22 database [53], and 
then analyzed the expression patterns of different samples. 
Subsequently, unannotated reads were subjected to analy-
sis by miRDeep2 for the prediction of novel miRNAs [54]. 
Subsequently, unannotated reads were subjected to analysis 
by miRDeep2 for the prediction of novel miRNAs. Differ-
ential expression of miRNAs was calculated and filtered 
using a threshold of p value < 0.05 and a fold change (FC) 
greater than 2 or less than 0.5. The targets of differentially 
expressed miRNAs were identified with miRanda [16]. 
The following parameter settings were employed: S ≥ 150, 
ΔG ≤ -30 kcal/mol, and strict 5' seed pairing requirement. 
Finally, the GO and KEGG enrichment analysis of different 
expressed miRNA-target-Gene was conducted.

RNA extraction and quantitative real‑time 
polymerase chain reaction (qRT‑PCR)

The total RNA of the hippocampus was extracted accord-
ing to the manufacturer’s instructions for the RNAiso Plus 

Table 2  The top 30 most significant differentially expressed genes of 
the hippocampus between control and AS aged mice (AS vs control 
group)

Gene_id Gene log2Fold change p value

XM_017313664.1 Arpp21 7.540158 2.14E-05
NM_028059.2 Zfp654 5.956425 1.49E-05
XM_006519126.2 Ercc6 5.79488 0.001297
XM_006527454.3 Stambpl1 5.791363 0.002762
XM_006513121.3 Pip4k2c 4.811344 0.003321
NM_001177853.1 Asph 4.796999 0.00026
XM_006514837.3 Fam161a 4.768188 0.003459
NM_007963.2 Mecom 4.5437 0.003257
XM_006531909.3 Mbtd1 4.523288 0.002289
XM_006526325.3 Mpp7 4.467697 0.001734
XM_017315067.1 Atp9a 4.029276 0.001902
XM_017313585.1 Mlip 3.977897 0.000466
XM_006505501.1 Eif2ak3 3.846224 6.94E-06
XM_017313981.1 Ppfia2 3.823266 5.41E-05
NM_030597.3 Lsm2 3.723786 0.002599
XM_017315406.1 Mef2c − 2.5629 1.17E-07
XM_006530976.3 Def8 − 2.66479 3.69E-05
XM_017314983.1 Nrxn3 − 2.67413 0.00024
XM_006523043.3 Robo2 − 2.84188 0.000631
XM_017320073.1 Ptprd − 2.88619 5.14E-11
XM_006498029.3 Ppp1r26 − 3.46353 6.97E-05
NM_019778.2 Zbtb20 − 3.7445 6.37E-07
XM_011239240.1 Dgkz − 3.76674 0.00086
XM_011246278.1 Epb41l3 − 4.06288 0.000253
XM_006497189.1 Dusp10 − 4.14608 0.000522
XM_011243570.1 Ankrd24 − 4.34804 0.000265
XM_017312750.1 Clasp1 − 4.46648 2.54E-05
XM_017312508.1 Mmaa − 5.11236 9.16E-05
NM_001081218.1 Hcfc2 − 6.25865 0.000189
NM_010663.3 Krt17 − 6.81775 0.000168
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kit (Takara). The purity and concentration of total RNA 
were detected by Nanodrop ND-1000 spectrophotometer 
(NanoDrop Technologies, Wilmington, DE, USA). RNAs 
with high purity (1000 ng) were reverse-transcribed using 
the HiScript® III 1st Strand cDNA Synthesis Kit (+ gDNA 
wiper) and miRNA 1st Strand cDNA Synthesis Kit (by 
stem-loop) (Vazyme Biotechnology, China), respectively. 
Besides, RNA was treated with RNaseR (EPicentre, USA) 
to digest linear RNA (37 °C, 15 min) before the reverse 
transcription polymerase reaction of circRNA. All qPCR 
was performed on an Applied Biosystems StepOnePlus 
Real-Time PCR System (Applied Biosystems, USA) using 
the  SYBR® qPCR Master Mix (Vazyme Biotechnology, 
China). Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH), U6, and β-Actin were used as endogenous con-
trols respectively. The reaction conditions for qPCR were 
set up based on the manufacturer’s protocol: incubation 
was set at 95 °C for 2 min, followed by 45 cycles of 30 s at 

95 °C, 30 s at 68 °C, and 10 s at 72 °C. Expressional levels 
were quantified using the  2−ΔΔCT method. The sequences 
of all primers are listed in Table 1.

RT PCR and agarose gel electrophoresis

RT PCR for AKT3 transcripts was performed as previ-
ously reported [15]. Total RNA (2 μg) extracted from 
the hippocampi of aged mice was reverse transcribed 
to cDNA using the Hifair® III 1st strand cDNA synthesis 
kit containing gDNA digester plus (Yeasen, China). The 
hippocampi of mice were injected with the recombinant 
adeno-associated virus to overexpress circAKT3 (rAAV-
hSyn-mmu-circAKT3-nEF1α-EGFP) or the empty vector 
(rAAV-hSyn-EGFP) to exclude the interference of rAAV 
injections. Next, cDNA was amplified using 2 ×  Phanta® 
Max Master Mix with Dye Plus (Vazyme, China) and 
common sense primer (5′-GGA CTA TCT ACA TTC CGG 

Fig. 9  CircAKT3 improved postoperative cognitive dysfunction by 
stabilizing the feedback cycle of the miR-106a-5p/HDAC4/MEF2C 
axis. CircAKT3 could elevate the level of miR-106a-5p, which fur-
ther decreased the level of HDAC4 protein and increased the level 
of MEF2C protein to inhibit neuronal apoptosis. MEF2C would in 
turn promote the transcriptional activation of miR-106a and form a 

feedback loop. However, circAKT3 is reduced in the hippocampal 
neuron of POCD mice and increased the expression of HDAC4 pro-
tein through a decrease in miR-106a-5p. Then the effect of MEF2C 
on miR-106a promoter and neuronal apoptosis was weakened, which 
promoted the occurrence and development of POCD. The schematic 
picture was drawn by BioRender



 X. Wang et al.  138  Page 22 of 26

AAAG-3′) with AKT3 transcript 1 primer (5′-GGT GAA 
GAC CCT TGG CTG GTC-3′) or AKT3 transcript 2 primer 
(5′-GGG TCT AGA TTA CTT TTT ATT ATC ATT TTT TTT 
CCA GTTAC-3′). The primer sequences were synthesized 
as reported previously [15]. And the PCR protocol con-
sisted of preliminary denaturation (95 ℃, 3 min), repeated 
35 cycles containing denaturation (95 ℃, 15 s), annealing 
(54 ℃, 15 s) and extension (72 ℃, 30 s), and a further 
extension at 72 ℃ for 5 min. Afterwards, the Semiquanti-
tative RT-PCR was scored by agarose gel electrophoresis 
(1%) mixed with GelRed nucleic acid dye (Yeasen, China) 
and photographed by the ultraviolet imaging system.

Western blotting assay

Whole tissue proteins from the hippocampus were homog-
enized using the pre-cold radioimmunoprecipitation (1 ×) 
assay buffer (Boster, China) mixed with inhibitors of 
protease and phosphatase (Boster, China). And lysates 
were further depolymerized with an ultrasonic cell dis-
rupter (Scientz, Ningbo, China). The homogenized lysates 
were centrifuged (12,000 g, 15 min, 4 ℃) and the resulting 
supernatant was kept. Concentrations of total protein were 
detected according to the instructions of the bicinchoninic 
acid protein assay kit (Boster, China). Next, Supernatants 
were mixed with 5 × protein loading buffer from Boster 
(China) and boiled for 5 min.

Following this, hippocampal protein lysates of protein 
(30 μg) were loaded onto 10% or 12% sodium dodecyl 
sulfate–polyacrylamide gels for electrophoresis. The sepa-
rated proteins were then transferred to 0.45 μm polyvi-
nylidene fluoride membranes (Millipore, Bedford, MA, 
USA). The membranes were blocked using a solution 
of 5% bovine serum albumin (Biofroxx, German) dis-
solved in Tris-buffered saline (Servicebio, China) with 
0.1% Tween 20 (TBST). The blocking step was carried 
out at room temperature for 1 h. Then membranes were 
incubated with corresponding primary antibodies includ-
ing anti-HDAC4 (1:1000; Affinity, China), anti-MEF2C 
(1:1000; Proteintech, China), anti-β Actin (1:3500; 
ABclonal, China), anti-Bcl2 (1:1000; Proteintech, China), 
anti-Bax (1:1000; Cell Signaling Tech, USA), anti-cleaved 
caspase 3 (1:1000; Cell Signaling Tech, USA) and anti-
AKT3(1:1000; ABclonal, China) overnight at 4 ℃. The 
next day, stripes were washed with TBST (3 times, 10 min 
each time) and incubated with goat anti-rabbit or goat anti-
mouse IgG horseradish peroxidase antibody (1:5000, pro-
teintech, China) at room temperature (1 h). Subsequently, 
stripes were also washed three times for 10 min within 
TBST. Finally, protein bands were exposed with enhanced 
chemiluminescence (Abbkine Scientific, China), and 

photographed using the ChemiDoc XRS chemilumines-
cence imaging system (Bio-Rad, Hercules, USA).

Immunofluorescence staining and Fluorescence 
in situ hybridization

Immunofluorescence (IF) staining was conducted to identify 
the cellular localization and expression levels of proteins 
in N2a cells and the hippocampus, following a previously 
established protocol [55]. Briefly, the entire brain of mice 
was fixed in 4% paraformaldehyde (PFA) for 48–72 h after 
perfusion with phosphate-buffered solution (PBS) and cut 
into paraffin Sects. (4um thickness). After deparaffiniza-
tion and hydration procedures, antigen of sections were 
repaired through water-bath of sodium citrate buffer (Ser-
vicebio, China) and heated by the microwave (2 times, 7 min 
each time). Then sections immersed in antigen repair buffer 
were left outside for natural cool down. After that, sections 
were washed with PBST (3 times, 10 min per time) and 
permeabilized with 0.25% TritonX-100 (Servicebio, China) 
for 15 min. Sections were blocked with goat serum (Boster, 
China) for 1 h at 26 ℃. Next, sections were incubated with 
primary antibodies including anti-HDAC4 (1:100; Abclonal, 
China), anti-MEF2C (1:100; Abclonal, China), and anti-neu-
ronal nuclei antibody (1:100; Abcam, UK) at 4 ℃ for 14 h. 
On the next day, sections were kept shielded from light after 
washing for 30 min (10 min, 3 times) with PBST and left 
to incubate with a mixture of secondary antibodies con-
sisting of Alexa 488-conjugated goat anti-mouse (1:150; 
Abbkine Scientific, China) and 594-conjugated goat anti-
rabbit antibody (1:150; Abbkine Scientific, China) at 26 ℃ 
for 1 h. Followed by 3 washes with PBST, 4, 6-diamidino-
2-phenylindole (DAPI; Abbkine Scientific, China) was incu-
bated for 9 min at 26 ℃. After the antifluorescent quenching 
seal, mages were captured using a fluorescence microscope 
(Olympus BX51, Japan). Fluorescence in situ hybridization 
(FISH) of cells was performed according to the protocols of 
the Fluorescent in situ hybridization kit (Ribobio, China). 
MiR-106a-5p probe was synthesized by Ribobio (Guang-
zhou, China), and the circAKT3 probe was synthesized by 
Calm Biotechnology (Shanghai, China). Cell climbing slices 
were firstly fixed with 4% PFA for 20 min and permeabi-
lized using 0.3% Triton X-100 for 15 min. Then slices were 
prehybridized for 30 min and hybridized using probes of 
circRNA and miRNA for 16 h at 37℃. The following day 
cell climbing slices were washed sequentially with 4 × ssc 
(5 min, 3 times), 2 × ssc (5 min, 1 time), and PBS (5 min, 
1 time). After this, cells or slices were incubated within 
DAPI for 9 min and washed in PBS for 5 min. Finally, the 
cell climbing slices were taken out and sealed before being 
photographed.

Moreover, FISH of the hippocampus was per-
formed as previously reported. After the  fixation with 
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perfusion,  collected entire brains were postfixed in 4% 
PFA overnight and dehydrated using 20% (w/v) as well 
as 30% sucrose dissolved within PFA for 24 h at 4  °C. 
Afterward, the brain was cut into slices containing the hip-
pocampus (10 um thickness) using a microtome  (Leica 
RM2255 microtome). Slices were blocked with goat serum 
at 37 ℃ for 1 h after permeabilization and then hybridized 
using probes overnight at 37 ℃. After washing as described 
above, hippocampal slices were incubated with correspond-
ing primary antibodies in antibody diluent solution for 14 h 
at 4 °C. Then slices were washed 3 times (10 min one time) 
and incubated with secondary antibodies for 1 h at 26 °C. 
Finally, slices were incubated with DAPI after washing and 
sealed. All brain slices were photographed with the fluores-
cence microscope (Olympus BX51, Japan).

TUNEL staining

TUNEL staining was performed according to the protocol 
reported [56]. Hippocampal paraffin sections were subjected 
to dewaxing and hydration and digested using protease K 
(15 min, 37 °C). Afterward, sections of the hippocampus 
were washed in PBS for 15 min and stained by a TUNEL 
cell apoptosis detection kit (Beyotime, China). After wash-
ing and sealing, hippocampal sections were photographed 
using the fluorescence microscope (Olympus BX51, Japan).

Stereotaxic injection of recombinant 
adeno‑associated virus

The stereotactic injections of recombinant adeno-associated 
virus in hippocampal CA3 were performed as reported [8]. 
Recombinant AAV vectors for circAKT3 overexpression 
(rAAV-hSyn-mmu-circAKT3-nEF1α-EGFP) or empty virus 
vectors (rAAV-hSyn-EGFP) to exclude the interference of 
viral injections were obtained from BrainVTA (BrainVTA, 
China). After anesthesia, mice were head-fixed and two 
holes of the skull were generated above the hippocampal 
CA3 region. Recombinant AAVs (1025 TU/ml, 120 nl) were 
stereotaxically injected (80 nl/min) into the CA3 region of 
the hippocampus (anterior/posterior, − 2.1 mm; medial/lat-
eral, ± 2.6 mm; dorsal/ventral, − 2.4 mm) using a NanoFil 
needle (WPI, USA). The needle after injection was kept for 
10 min and withdrawn with a slow velocity. Next, the skin 
was sutured with 4–0 lines. All the mice were kept on a heat-
ing pad to assist in their recovery process.

Cell culture

Murine neuroblastoma Neuro-2a (N2a) cells and Human 
Embryonic kidney 293 T cells were maintained with the 
complete medium. The complete medium was composed 
of Dulbecco’s modified Eagle’s medium (Invitrogen, 

Carlsbad, CA), fetal bovine serum (10%; Invitrogen, CA), 
and mixed penicillin/streptomycin (1%; Invitrogen, CA). 
Cultures of primary neurons were isolated from embry-
onic day 18 C57 fetal mice as reported previously [57]. The 
cortex and hippocampus of embryos were dissected and 
digested in 0.05% pancreatic enzymes for 15 min at 37 °C. 
After neutralization and centrifugation, dissociated neurons 
were evenly plated onto the glass coverslips in a 24-well 
or 12-well plate. The sterile round coverslips were pre-
coated with poly-D-lysine (Sigma, USA) for 12 h. More-
over, neurons were firstly cultured in the plating medium 
(10% fetal bovine serum and 1% penicillin/streptomycin in 
DMEM/F12 medium) for 4–6 h then replaced with mainte-
nance medium (2% B-27, 1% glutamine in Neurobasal plus 
medium) after adhesion. Half media was then changed every 
3 days. All mediums and supplements for primary neurons 
were purchased from Invitrogen (USA). All cells were cul-
tured in an incubator (37 ℃, 5%  CO2).

Lentivirus, miRNA mimics, and plasmid transfection

The lentivirus-based vectors for circAKT3 overexpression 
(LV-CMV-mmu-circAKT3-nEF1α-EGFP) and its negative 
control (LV-CMV-EF1α-EGFP) were packaged by Brain-
VTA (China). The overexpression plasmid of pcDNA3.1 
containing HDAC4 or MEF2C, miR-106a–5p mimics, nega-
tive control, and inhibitor were all synthesized by Ribobio 
(China). Lentivirus transfection for N2a cells was performed 
as previously reported [58]. Transfection of miRNA mim-
ics, inhibitors, and plasmid in N2a cells was carried out 
using Lipo3000 transfection reagent (Invitrogen) following 
the instructions. The efficacy and effect of lentivirus and 
plasmid transfection were detected by qPCR and western 
blot.

Actinomycin D treatment

The treatment was performed as previously described [59]. 
In brief, N2a cells (control and circAKT3 overexpression 
group) were treated with Actinomycin D (10 μg/ml; MCE, 
China) and harvested at 0, 2, 4, 6, and 12 h. Total RNA was 
extracted and miR-106a-5p was detected using miRNA 1st 
Strand cDNA Synthesis Kit (by stem-loop) (Vazyme Bio-
technology, China) and SYBR® qPCR Master Mix (Vazyme 
Biotechnology, China). Relative expression of miR-106a-5p 
in two groups at different time points was compared to the 
expression of miR-106a-5p in the control group at 0 h and 
U6 was used as an internal reference.

RNA immunoprecipitation assay

RNA immunoprecipitation assay was conducted accord-
ing to the instructions of RNA immunoprecipitation kit 
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(GENESEED, China). N2a cells (1 ×  107 cells/sample) 
were lysed after adding protease  inhibitor and RNAase 
inhibitor and divided into three groups (input, anti-IgG, 
and anti-HDAC4 group). Then the samples were incubated 
with primary antibody anti-IgG (Proteintech, China) or anti-
HDAC4 (Cell Signaling Technology, China) for antigen cap-
ture overnight at 4℃. The samples were next washed five 
times. RNA or proteins were extracted from the sample and 
purified for qPCR and Western blotting. The relative expres-
sion of circAKT3 was calculated by the formula  (2−△△Ct). 
 2−△△Ct =  (CtIP-CtInput)-(CtIgG-CtInput) = X. Then the relative 
expression level of circAKT3 in the IP group compared to 
the IgG group was  2−X fold.

Cell counting kit‑8 assay

N2a cells in the control and circAKT3 overexpression 
group were evenly seeded in a 96-well plate (5000 cells 
per well, three replicates) and treated with LPS (100 ng/
ml) for 12 h. Cell viability at 0, 24, 48, and 72 h after 
changing the medium was evaluated by Cell Counting 
Kit-8 assay (MCE, USA) according to the instructions. 
Next, the cells were incubated with an assay for 40 min 
(37℃). Then the absorbance was detected at 450 nm by a 
microtiter plate reader (Multiskan FC, ThermoScientific, 
USA).

CUT&TAG qPCR

CUT&TAG assay was performed following the instructions 
of the CUT&TAG kit (Vazyme Biotechnology, Nanjing, 
China). One hundred thousand cells per condition were 
counted and used to bind the Concanavalin A-attached 
magnetic beads (treated with binding buffer). Digitonin was 
used to permeabilize cell membranes and magnetic beads 
were incubated with MEF2C antibody (1:50; Proteintech, 
China) for 16 h at 4 ℃. Next, the magnetic beads with cells 
were incubated with an anti-rabbit  secondary antibody 
(1 h, at 23 ℃) and then incubated with protein A/G (fused 
with transposons, 1 h, room temperature). Subsequently, 
DNA segments cleaved by transposons were extracted and 
released to perform a qPCR assay. DNA spike was added 
as the internal reference and the sequence for qPCR was 
listed in Table 1.

Dual‑luciferase reporter assay

Dual luciferase reporter assays were conducted as the 
previous report described [60]. The luciferase reporter 
plasmids including circAKT3-wild type (wt), circAKT3-
mutant type (mut), HDAC4-wt, HDAC4-mut, and pro-
moter of miR-106a-2 kb were constructed by Ribobio 

(Guangzhou, China). The 293 T cells were implanted in 
24-well plates (0.5 ×  105 per well). Four hours later, cells 
were transfected with luciferase reporter plasmids (0.8 
ug), and Renilla luciferase (0.1 ug) and performed miRNA 
mimics, inhibitors, or plasmids of HDAC4 or MEF2C for 
6 h. Finally, cells were lysed at 48 h after transfection and 
detected the luciferase activities using a Dual-Luciferase 
Reporter Assay kit (Vazyme Biotechnology, China). Rela-
tive luciferase activity was calculated as the ratio of firefly 
to Renilla luciferase activity.

Statistical analysis

Results are presented as mean ± SD in the article and inde-
pendent animal or cell experiments were performed at least 
three times. All analysis for statistics were analyzed using 
GraphPad Prism 9.5 or the SPSS 18.0 software. Two-tailed 
Student’s t-test was used to detect the comparisons of two 
independent groups. Moreover, one-way ANOVA with mul-
tiple comparisons followed by post hoc tests was used to 
evaluate the statistical significance among different groups. 
Two-way ANOVA with repeated measures was used to 
analyze the differences in escape latency among different 
groups. The evaluation criteria of significance for all the 
statistical tests is a P value less than 0.05.
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