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Background: Facial nerves have the potential for regeneration following injury, but this process is often challenging and slow.
Schwann cells (SCs) are pivotal in this process. Bone mesenchymal stem cells (BMSC)-derived exosomes promote tissue repair
through paracrine action, with hypoxic preconditioning enhancing their effects. The main purpose of this study was to determine
whether hypoxia-preconditioned BMSC-derived exosomes (Hypo-Exos) exhibit a greater therapeutic effect on facial nerve repair/
regeneration and reveal the mechanism.

Methods: CCK-8, EdU, Transwell, and ELISA assays were used to evaluate the functions of Hypo-Exos in SCs. Histological analysis
and Vibrissae Movements (VMs) recovery were used to evaluate the therapeutic effects of Hypo-Exos in rat model. circRNA array
was used to identify the significantly differentially expressed exosomal circRNAs between normoxia-preconditioned BMSC-derived
exosomes (Nor-Exos) and Hypo-Exos. miRDB, TargetScan, double luciferase assay, QRT-PCR and WB were used to predict and
identify potential exosomal cirRNA Nkd2-complementary miRNAs and its target gene. The function of exosomal circRNA Nkd2 in
facial nerve repair/regeneration was evaluated by cell and animal experiments.

Results: This study confirmed that Hypo-Exos more effectively promote SCs proliferation, migration, and paracrine function,
accelerating facial nerve repair following facial nerve injury (FNI) compared with Nor-Exos. Furthermore, circRNA analysis identified
significant enrichment of circRNA Nkd2 in Hypo-Exos compared with Nor-Exos. Exosomal circRNA Nkd2 positively regulates
mediator complex subunit 19 (MED19) expression by sponging rno-miR-214-3p.

Conclusion: Our results demonstrated a mechanism by which Hypo-Exos enhanced SCs proliferation, migration, and paracrine
function and facial nerve repair and regeneration following FNI through the circRNA Nkd2/miR-214-3p/Med19 axis. Hypoxic
preconditioning is an effective and promising method for optimizing the therapeutic action of BMSC-derived exosomes in FNI.
Keywords: hypoxic, BMSCs, exosomes, Schwann cells, facial nerve injury

Introduction
Facial nerve injury is a peripheral nerve disorder, affecting millions of people annually worldwide, resulting in heave

societal and economic burdens.'* Traditional treatments for restoring facial nerve function include medication, physical
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therapy, rehabilitation training, and surgery. Despite the array of clinical interventions available, the level of functional
recovery post-FNI remains suboptimal.® Therefore, elucidating the pathogenic mechanisms is crucial to identify effective
strategies for enhancing facial nerve function recovery.

The facial nerve, a peripheral nerve, relies heavily on Schwann cells (SCs) during the repair process post-injury. SCs
actions encompass migration, proliferation, differentiation, and paracrine effects in injured regions, significantly influen-
cing the ultimate restoration of facial nerve function.*> Consequently, investigating methods to boost SCs migration,
proliferation, differentiation, and paracrine effects in the injured area and to harness their intrinsic potential in nerve
function repair by augmenting SCs numbers and density.

Research has underscored the therapeutic potential of bone mesenchymal stem cells (BMSCs) transplantation in
tissue repair.’ BMSCs primarily achieve these benefits by secreting neurotrophins, promoting SCs migration and
proliferation, and enhancing peripheral nerve regeneration through neuronal or glial differentiation.” However, uncer-
tainties persist concerning the safety of stem cell transplantation therapy, including risks such as immune rejection,
cellular dedifferentiation, and tumor formation, limiting the clinical applicability of BMSCs transplantation.®” Recent
investigations have highlighted that the therapeutic actions of BMSCs are primarily mediated through their paracrine
functions, with that exosomes emerging as key players in this process.°

Exosomes are extracellular vesicles generated through endocytosis, released into the extracellular environment by
fusing with the plasma membranes of various cell types. These exosomes contain proteins, mRNAs, microRNAs
(miRNAs), circular RNAs (circRNAs), and other noncoding RNAs in their lumen. These exosomal RNAs can be
taken up by nearby or distant cells via exosome circulation, influencing the functions of recipient cells, underscoring the
growing interest in exosomes.'' Stem cell-secreted exosomes share biological functions akin to those of stem cells but
with reduced adverse effects.'> For example, mesenchymal stem cell (MSCs)-derived exosomes often exhibit properties
similar to those of MSCs, such as promoting tissue healing and mitigating inflammatory responses and fibrosis. The

therapeutic potential of exosomes has drawn increasing attention in the context of tissue healing and nerve repair.'*'*
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Chen et al demonstrated that exosomes derived from human adipose-derived stem cells effectively promote peripheral
nerve regeneration by optimizing SCs function.'

Oxygen concentration significantly influences BMSCs proliferation and differentiation. Conventional cell-culture
practices expose BMSCs to normoxic conditions (21%), but in vivo, BMSCs typically experience hypoxia within
tissues.'® Exosomes produced by hypoxia-pretreated BMSCs have demonstrated enhanced therapeutic effects, containing
a variety of proteins and miRNAs.'” For example, recent research revealed that hypoxic BMSC-derived exosomes
mitigate ulcerative colitis injury by reducing reactive oxygen species accumulation and DNA damage in intestinal
epithelial cells through HIF-1o."®

Nonetheless, the potential contribution of BMSCs-derived exosomes under hypoxic conditions to the treatment of
facial nerve injuries remains uncharted territory. In this study, we hypothesize that hypoxia-primed exosomes promote
SCs proliferation, migration, and paracrine function through the circRNANkd2/miR-214-3p/mediator complex subunit
19 (MED19) axis, ultimately facilitating FNI repair.

Materials and Methods

Cell Culture and Hypoxia Treatment

The RSC96 cell line was purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). The cell
was maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA) supplemented with 10% fetal bovine
serum (Gibco, USA) and 100 U/mL penicillin and 100 pg/mL streptomycin (1% P/S) (Gibco, USA) in a humidified
incubator with 5% CO, at 37 °C, and was passaged three times a week.

Primary Schwann cells (pSCs) was established and maintained from our lab as previously described.'® The cells were
incubated with MEM/F12 (Gibco, USA) supplemented with 10% FBS in a humidified incubator with 5% CO, at 37 °C. pSCs
were identified at passage 3 (P3) for subsequent experiments.

Primary bone marrow mesenchymal stem cells (BMSCs) were extracted from bilateral femurs of male SD rats
(70-100 g). In brief, after dissecting thigh bones under sterile conditions, DMEM (Cyagen, China) was added to flush the
marrow cavities to obtain the suspension. Subsequently, gentle pipetting was performed to separate the cells. Later,
BMSCs were obtained by centrifugation at 1000 rpm for 5 min. Next, BMSCs were cultivated within DMEM
supplemented with 1% P/S and 10% FBS (Cyagen, China) in a humidified incubator with 5% CO, at 37 °C. The cells
were passaged twice a week and were used at the third passage. Flow cytometry (Beckman Coulter, USA) was performed
to analyze the BMSCs positive markers (CD44, CD90, CD29, CD73) and negative markers (CD34, CD11b/c, CDA45)
(RAXMX-09011, Cyagen, China).

Exosome Isolation and Identification

BMSCs were cultured at normoxic condition (37 °C, 5% CO,, 21% O,) or at hypoxic condition (1% O,, 94% N, and 5%
CO,) using an oxygen control incubator (Thermo Fisher Scientific, USA) in exosome-depleted FBS conditioned
(Cyagen, China) medium for 48 h. And then, the culture supernatants were subjected to sequential centrifugation steps
at 300 xg for 10 min, followed by 2000 xg for 20 min and then at 10,000 xg for 30 min to effectively remove cells and
debris. The resulting supernatants were further processed through ultracentrifugation at 100,000 xg for 70 min at
a temperature of 4°C to pellet the exosomes. Finally, the exosome pellets were thoroughly washed with PBS and
subsequently recovered by centrifugation at 100,000 xg for another duration of 70 min.

Nanoparticle tracking analysis (NTA) (Nanosight Ltd, CA) was applied to analyze the distribution of vesicle
diameters from the exosomes. The morphology of the acquired exosomes under normoxia and hypoxia condition was
observed under a transmission electron microscope (TEM) (Hitachi, HT-7700, Japan). Western blotting was performed to
determine the presence of specific exosomal surface markers, such as TSG101, CD63, and CDS81. Bicinchoninic acid

protein assay (BCA, Beyotime, China) was used to determine exosome protein concentration.
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Exosome Internalization

To determine exosomes were internalized by RSC96 and pSCs, exosomes were labeled with the Dil solution (Molecular
Probes, Beyotime, China) according to the manufacturer’s protocol. Briefly, 10uM Dil solution was added to PBS
containing exosomes and incubated 30 min at 37 °C, and then incubated with RSC96 and pSCs at 37 °C. After 24 h, the
cells were fixed in 4% paraformaldehyde for 15 min and subsequently blocked with PBS containing 1% BSA for
a duration of 20-30 min. Following this, they were washed three times with PBS. The nuclei were dyed with DAPI (0.5
pug/mL, Beyotime, China) for 10 min, and the specimens were observed by confocal microscopy (Leica, Germany).

Cell Proliferation and Analysis

Cell (RSC96 and pSCs) proliferation was assessed by cell counting kit-8 solution (CCK8) (C0037, Beyotime, China) and
Ethynyldeoxyuridine (EdU) retention assay (C0075S, Beyotime, China). For CCKS8 assay, about 2x10° cells/well were
seeded in 96-well plate. Then 10 pLL of CCKS solution in fresh culture medium was added to each well and incubated for
1 h at 37 °C in dark area. The microplate reader was used to test the optical density (OD) value of each well.

The EdU-555 Cell Proliferation Kit was also used to measure cell proliferation according to manufacturer’s
instructions. Briefly, 2x10* cells were seeded in 24-well culture dishes and co-cultured with exosome for 48 h. EdU
reagent (10 uM) was added to culture media for 2 h or 12 h to label RSC96 cell lines and pSCs, respectively. After being
washed by PBS and fixed in 4% paraformaldehyde, the cells were incubated with Click Additive Solution for 30 min.
Subsequently, the nuclei were staining with Hoechst 33342 solution. Then, the EdU-positive cells were observed by
a fluorescence microscope (Olympus, Tokyo, Japan). The quantification was analyzed by Image J software (1.52a,
National Institutes of Health, USA).

Migration Assay

The transwell cell culture inserts with 8 pum pores (Corning, USA) were used to conduct the cell migration assay. The
cells (RSC96 and pSCs) were suspended in serum-free media and loaded into the top chamber of a 24-well transwell
plate. In the bottom chamber, 20% fetal bovine serum medium was added. After 12 hours, cotton swabs were used to
wipe out the non-migration cells. Later, migration cells adhered to the lower chamber of the membrane were fixed with
4% paraformaldehyde for 30 minutes, then stained with hematoxylin for 30 minutes. A microscope (Olympus, Japan)

was used to count the number of cells in five random optical fields.

Enzyme-Linked Immunosorbent Assay (ELISA)

5x10° cells/well were seeded in 6-well plates. After 48 h, the cells were washed with PBS and incubated in FBS free
medium. And then the supernatants were collected for ELISA. Nerve Growth Factor (NGF) and Neurotrophin 3 (NT-3)
levels were determined in supernatants using an ELISA kit (SEA105Ra (NGF), SEA106Ra (NT3), Cloud-Clone Corp.,
China) according to the instructions of the manufacturer.

Animals

Male SD rats (200-250 g) were maintained according to US National Institutes of Health guidelines. Animal care and use
procedures were approved by the Laboratory Animal Ethical and Welfare Committee of Xinhua Hospital Affiliated to
Shanghai Jiao Tong University School of Medicine (Ethical number: XHEC-F-2023-020). This study was conducted in
compliance with the Guide for the Care and Use of Laboratory Animals published by the National Academy Press (NIH,
revised in 1996). Rats with similar and good growth status were randomly divided into four groups (Sham, PBS, Nor-
Exos, or Hypo-Exos-treated group) or another four groups (Hypo-Exos, Hypo-+circRNA Nkd2°F-Exos, Hypo
+circRNA_Nkd29F+rmo-miR-214-3p mimics-Exos, or the NC group) in different parts of the experiment. There were
6 rats in each group.
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Construction the Facial Nerve Injury (FNI) Model and Implantation of Exosomes

The rat facial nerve injury model was performed as previously published studies described.?’" In brief, the animals were
anesthetized with 30 mg/kg of 0.2% pentobarbital intraperitoneally. Crush injuries were made to the right extracranial
portion of the facial nerve trunk after it was exposed, using mosquito forceps to clamp about 2 mm in length with one
power grip for 60s. The loss of the blink reflex and Vibrissac Movements (VMs) were used to confirm the loss of facial
nerve functions on the operated side.”? In the following stages, exosomes were implanted and the wound closed with
sutures. SD rats were randomly divided into different groups (n=6 per group). 20uL exosomes (1mg/mL) or an equal
volume of PBS were injected into the proximal and distal sites of the injured nerve immediately after modeling. The
facial nerve function was examined at 0, 3, 7, and 28 days after surgery. Additionally, rats were sacrificed in 28 days after
surgery for modeling, and their facial nerves were collected for immunofluorescence and immunohistochemistry (IHC)
staining.

Analysis of VMs

28 days after FNI, VMs recovery was measured by a digital camera (Sony, Japan). The frontal-occipital line (perpendi-
cular to the line connecting the two orbital angles) was defined as the medial sagittal line. An angle of rostral openness
was measured between the Frontal-Occipital line and the most frontal hair shaft. The maximal difference between
retraction and protraction was recorded as the amplitude degree. Referring to the previously published research,* the
facial nerve function recovery was assessed by examination of VMs using the following scoring system: Record as 0 for
no movement, 1 for barely detectable movement, 2 for slight movement, 3 for significant but asymmetric movement, and
4 for symmetric movement. We obtained scores of the observed VMs after FNI at 0, 3, 7, and 28 days, and compared
them by statistical methods to the different treatment groups.

Immunofluorescence Analysis

Rat facial nerve segments were isolated and embedded. Cryostat sections of approximately 4 um were then generated.
Permeabilization with Triton X-100 (Beyotime, China) for 20 minutes followed by blocking with 5% goat serum for 1 hour.
Next, the sections were incubated overnight at 4 °C with primary antibody, including rabbit anti-S1008 antibody (1:100,
ab41548, Abcam, UK), rabbit anti-neurofilament antibody (1:100, ab8135, Abcam, UK), and rabbit anti-ki67 antibody (1:100,
ab8135, Abcam, UK) followed by secondary antibody (Alexa Fluor 555 or 488-labeled Donkey Anti-Rabbit IgG (H+L),
Beyotime, China) in dark area for 1.5 h at 37°C. After counterstaining with 4',6-diamidino-2-phenylindole (DAPI, 1:1000,
Thermo Scientific, US) for 15 min, tissue images were captured with fluorescence microscopy (Olympus, Tokyo, Japan).

IHC Staining

The facial nerve tissue segments were fixed in 4% paraformaldehyde overnight and embedded in paraffin, and 4 um sagittal
sections were generated with a cryostat. The sections were incubated with rabbit anti-MBP antibody (1:200, Proteintech, China)
and rabbit anti-MED19 antibody (1:200, 1314-1-AP, Proteintech, China) overnight at 4 °C. The next day, secondary antibodies
were added, and the samples were observed under a fluorescence microscopy (Olympus, Tokyo, Japan).

RNA Extraction, Reverse Transcription, and Quantitative Real-Time Polymerase
Chain Reaction (qRT-PCR)

Cellular RNA was extracted using the Trizol reagent (Invitrogen, USA), and exosomal RNA was extracted using the
Exosome RNA Purification Kit (Simgen, China). circRNA inverse transcription was carried out using HiScript III 1st
Strand cDNA Synthesis Kit (+gDNA wiper) (R312-01, Vazyme, China). miRNA inverse transcription was carried out
using @ miRNA 1st Strand cDNA Synthesis Kit (MR101-01, Vazyme, China). Total RNA inverse transcription was
conducted using HiScript II QRT SuperMix for qPCR (R222-01, Vazyme, China). qRT-PCR was performed using
SYBRs Green PCR Master Mix (QI131-02, Vazyme, China) on Roche instruments (Applied Biosystems).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the endogenous control. U6 snRNA was used as
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negative control for miRNA. The 2 **“ method was used as relative quantification measure of differential expression.**
The specific primers used for these analyses are listed in Supplementary Table 1.

Cell Transfection

circRNA_Nkd2 overexpression plasmid (p-circRNA) and its empty vector pcDNA3.1(+), rno-miR-214-3p mimics,
inhibitor and the negative control (NC), and the lentivirus targeting circRNA Nkd2 were bought from GenePharma
(Shanghai, China). RSC96 cell lines and pSCs were seeded in six-well plates at 24 h prior to transfection with pcDNA3.1
(+), p-circRNA, and rno-miR-214-3p mimics or inhibitor under 50-60% cell confluence using Lipofectamine 2000
(2,536,760, Invitrogen; ThermoFisher Scientific, Inc.) according to the guideline of the manufacturer. Gene expression
was detected by qRT-PCR within 48 hours, and protein expression by Western blotting within 72 hours.

Competing Endogenous RNAs (ceRNAs) Analysis

The most significantly upregulated circRNA was identified through exosome qRT-PCR. The circRNA-miRNA-mRNA
network was constructed to predict potential interactions between the selected circRNA and its targeted miRNAs based
on miRanda. Cytoscape software (http://www.cytoscape.org/) was used for network import and visualization.

RNase R Treatment
The stability of circRNA was examined by RNase R treatment experiments. A total RNA extract was isolated from SCs
and divided into two groups that were treated with RNase R and without RNase R at 37 °C for 30 minutes, respectively.

RNase R was inactivated by incubating RNA at 70 °C for ten minutes, after which reverse transcription was performed
for qRT-PCR.

RNA Fluorescence in situ Hybridization (FISH)
For facial nerve tissue, A FITC-labeled specific probe for circRNA_ Nkd2 (5“-GCGTTTGGTTTGTATCGCCTTGAAG
-3”, FITC) and Cy3-labeled specific probe for rno-miR-214-3p (5“-CTGCCTGTCTGTGCCTGCTGT-3", Cy3) were
designed and synthesized by Thermo Fisher Scientific. For SCs, a Cy3-labeled specific probe for circRNA_ Nkd2 (Cy3,
5“-GUUUGGUUUGUAUCGCCUUGAAGCGAAAGCCUG-3”) was designed and synthesized by Sangon Biotech
(Shanghai, China). A FISH experiment was performed according to the instructions of the manufacturer of FISH Kit
for RNA (R0306S, Beyotime, China). After fixation and permeabilization with 0.25% Triton X-100, cells were
hybridized overnight with circRNA Nkd2 probe in hybridization buffer at 37°C. Nuclei were counterstained with
DAPI. Cells were imaged using a confocal microscope (Leica, Germany).

For tissue, the fresh facial nerve tissue segments were fixed in 4% paraformaldehyde for 2 h, and the subsequent
experimental steps were the same as the cell FISH.

Dual-luciferase Reporter Assay

Sequences of wild type (WT) or mutant type (MUT) circRNA Nkd2 or the full length of the 3'-UTR of MED19 with
WT or MUT putative binding sites were interposed into the GP-miRGLO vector from GenePharma Corp (Shanghai,
China). 293 T cells were seeded into 24-well plates underwent co-transfection with rno-miR-214-3p mimics or mimics
NC and WT or MUT plasmids using Lipofectamine 2000 (2,536,760, Invitrogen, ThermoFisher Scientific, Inc.). Cells
were harvested for luciferase detection using the Dual-Luciferase Reporter Assay Kit from GenePharma Corp and
a microplate reader (Synergy HTX) according to the manufacturer’s protocol.

Western Blotting (VWB)

In brief, total cellular proteins were lysed with a radio-immunoprecipitation assay (RIPA). Equal concentrations of the
proteins were loaded on SDS-PAGE gel (10%). Following transfer to polyvinylidene difluoride (PVDF) membranes,
samples were blocked for one hour with 5% skimmed milk solution. Next, membrane was incubated with TSG101 rabbit
antibody (1:1000, ab125011, Abcam, UK), CD63 rabbit antibody (1:2000, A19023, ABclonal, China), CD81 rabbit
antibody (1:1000, ab109201, Abcam, UK), MED19 rabbit antibody (1:1000, 1314-1-AP, Proteintech, China) or GAPDH
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rabbit antibody (1:1000, ab8245, Abcam, UK) at 4°C overnight. After washing with TBST for 4 times, the membranes
were incubated with horseradish peroxidase-linked secondary biotinylated antibodies for 1.5h at room temperature.
Following washing with PBST for 4 times, the membranes were then probed with HRP-labeled secondary antibodies at
indoor temperature for 1 h and the images were recorded in the Gel Imaging System.

Statistics
Data are expressed as Mean + standard deviation. One-way ANOVA or repeated measures ANOVA were used to test
statistical significance of differences among groups. Student’s #-test or paired #-test was used for the comparisons between

two groups. P < 0.05 was considered statistically significant.

Results
Hypoxia Enhances Exosome Release from BMSCs, and Exosomes Were Internalized

by SCs
The identification of BMSCs and pSCs is displayed in Supplemental Figure 1A—J. BMSCs were incubated under hypoxic

(1% O,) or normoxic conditions, respectively. Exosomes were isolated from serum-free media after 48 h of incubation,
and transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and WB were used for exosome
identification. TEM revealed typically rounded nanoparticles enclosed by a bilayer membrane under both Nor-Exos and
Hypo-Exos (Figure 1A), with diameters ranging 50—-150 nm. NTA exhibited a similar size distribution in both groups
(Figure 1B and C). WB indicated that exosome surface markers CD63, CD81, and TSG101 were highly expressed in
both Nor-Exos and Hypo-Exos, with the Hypo-Exos group showing higher expression levels (Figure 1D and E).
Additionally, the BCA assay showed that the concentration of exosomal proteins from Hypo-Exos significantly exceeded
that from the Nor-Exos groups (Figure 1F). These outcomes confirm our ability to isolate and culture purified exosomes
of BMSC origin, and show that hypoxia pretreatment can promote exosome release from BMSCs without altering
exosome morphology or surface markers. Furthermore, to investigate whether exosome can be taken up by SCs, Dil dye
labeled exosomes were cocultured with RSC96 cells and pSCs for 24 h and monitored in real time using confocal
microscopy. The results indicated that exosomes were internalized by RSC96 cells and pSCs (Figure 1G).

Hypo-Exos Enhance SCs Proliferation, Migration and Paracrine Activity

The effects of Nor-Exos and Hypo-Exos on SCs proliferation, migration, and paracrine activities were determined at the
optimum concentration. Various concentrations of exosomes (50 ug/mL, 100 pg/mL, 200 pg/mL and 400 pg/mL) under
normoxia and hypoxia pretreatments were cocultured with RSC96 for 48 h. Subsequently, a CCK-8 assay was conducted
to determine cell viability. The results suggested that both Nor-Exos and Hypo-Exos treated cells showed optimal cell
viability at exosome concentration of 100 pg/mL (Figure 2A and B). Thus, we used a concentration of 100 pg/mL for
subsequent in vitro experiments. CCK-8 and EdU assays revealed that both Nor-Exos- and Hypo-Exos-treated groups
exhibited superior cell proliferation compared with the negative control group (NC) in both RSC96 and pSCs. Notably,
the Hypo-Exos-treated group showed more pronounced proliferation-promoting effects than Nor-Exos-treated group
(Figure 2C-H). Results from the transwell cell migration assay indicated a significant increase in the number of
migrating cells in both Nor-Exos and Hypo-Exos-treated groups compared with the NC group in RSC96 and pSCs,
with the Hypo-Exos-treated group demonstrating a greater number of migrating cells (Figure 2K and L). ELISA revealed
significantly elevated concentrations of neurotrophic factors, NGF and NT-3, in both Nor-Exos and Hypo-
Exos-treated group compared with the NC group in RSC96 and pSCs, with the Hypo-Exos-treated group exhibiting
higher NGF and NT-3 concentrations than the Nor-Exos-treated group (Figure 2I and J and Supplementary Figure 2A and

B). These findings underscore the capacity of BMSC-derived exosomes to promote SCs proliferation, migration, and
paracrine functionality, with hypoxia-primed exosomes demonstrating superior effects. Thus, Hypo-Exos may play
a pivotal role in FNI repair.
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Figure 2 Hypo-Exos promote SCs proliferation, migration and paracrine activity. (A and B) Optimal exosome concentration in vitro determined by CCK-8 proliferation
assay. (C and D) Cell proliferation of RSC96 and pSCs after Nor-Exos and Hypo-Exos assessed by CCK8 assay. (E-H) Cell proliferation of RSC96 and pSCs assessed by EdU
staining. (1 and J) Nerve growth factor (NGF) secretion measured by ELISA. (K and L) Migration of RSC96 and pSCs assessed by transwell migration assay. PBS served as the
negative control (NC). (**P<0.01; **P<0.001).
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Hypo-Exos Restore Facial Nerve Function Post-FNI

To investigate the potential of Hypo-Exos to enhance FNI repair in vivo, we conducted functional assessments of the
facial nerve in four groups of rats (Sham, PBS, Nor-Exos, or Hypo-Exos-treated group). Our findings revealed
a significant decrease in VMs in rats 3 days post-FNL. However, by the 4™ postoperative week, rats treated with both
Nor-Exos and Hypo-Exos exhibited significantly better recovery of facial nerve vibrissae activity than that in rats in the
PBS group. Remarkably, FNI rats treated with Hypo-Exos displayed superior recovery compared with rats treated with
Nor-Exos. Facial nerve function in the sham group remained normal with no significant changes(Figure 3A).

We further assessed the recovery of VM amplitude and angular velocity using digital photo recording. Four weeks
post-surgery, significant differences in the rostral open angle between the frontal hair shaft and frontal occipital line
during protraction and retraction were observed on the intact side, whereas the operated side of the PBS group remained
paralyzed with only slight VMs (Figure 3B). The mean amplitude and angular velocity of the operated side in the PBS,
Nor-Exos, and Hypo-Exos-treated groups were lower than those of the contralateral side. Transplantation with exosomes
mitigated the damage, with the Hypo-Exos-treated groups exhibiting superior effects compared with the Nor-Exos-
treated groups (Figure 3C and D). Collectively, these findings highlight the significant potential of Hypo-Exos trans-
plantation in promoting the functional recovery of FNI.

Transplantation with Hypo-Exos Enhanced SCs Proliferation and Remyelination in vivo
To evaluate nerve regeneration, we performed histological analyses of facial nerve segments. By the 4™ week post-FNI,
both the Nor-Exos and Hypo-Exos transplantation groups exhibited significantly increased SCs numbers in the injured
area compared with the PBS group. Notably, the Hypo-Exos-treated group displayed a significantly higher SCs count
than the Nor-Exos-treated group (Figure 3E and F). Double immunohistochemistry involving S1008 and ki67 on
longitudinal facial nerve sections revealed a higher percentage of ki67" SCs in both the Nor-Exos and Hypo-Exos
transplantation groups. Additionally, the ratio of ki67" SCs significantly increased in the Hypo-Exos-treated group
compared with the Nor-Exos group (Figure 3G and H). IHC results showed a higher number of positive MBP cells in
both the Nor-Exos and Hypo-Exos transplantation groups compared with the PBS group, with the Hypo-Exos group
exhibiting even more positive MBP cells than the Nor-Exo group (Figure 3I). These findings highlight the significant
remyelination effect observed in facial nerves transplanted with Hypo-Exos. Furthermore, immunofluorescence staining
for neurofilaments indicated that Hypo-Exos transplantation promoted greater axon regeneration in injured facial nerves
than in the Nor-Exos group (Figure 3J and K).

circRNA Expression Patterns in Nor-Exos and Hypo-Exos

To investigate how Hypo-Exos promote FNI repair, we isolated RNA from Nor-Exos and Hypo-Exos performed
microarray profiling of the circRNAs derived from the exosomes, and compared them between the two groups.
Differentially expressed circRNAs from all three paired samples are shown in a volcano plot (Figure 4A), with
circRNA Nkd?2 identified as the most significantly upregulated circRNA. Based on the circRNA profiling data, we
selected the top five upregulated circRNAs, circRNA Nkd2, circRNA 45863503-45,863,702-, circRNA Pax7,
circRNA Ttc39¢c, and circRNA Faml10a (Table 1), and validated their expression using qRT-PCR. As shown in
Figure 4B, three circRNAs, circRNA Nkd2, circRNA 45863503-45,863,702-, and circRNA Ttc39¢, from the five
selected genes were significantly upregulated in Hypo-Exos compared with Nor-Exos. Among them, circRNA Nkd2
was the most robustly upregulated circRNA in Hypo-Exos. Subsequently, we used Nor-Exos or Hypo-Exos to co-culture
the RSC96 cell line and pSCs and detected the circRNA Nkd2 expression levels after 48 h. qRT-PCR results showed that
circRNA Nkd2 expression was significantly upregulated in the Hypo-Exos-treated group compared with that in the Nor-
Exos-treated group in both RSC96 cell line and pSCs (Figure 4C and D). These findings suggest that the exosomal
circRNA Nkd2 may play a crucial role in SCs function and facial nerve regeneration.
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Figure 3 Transplantation with Hypo-Exos restores facial nerve function, promotes SCs proliferation, and remyelination post-FNI in vivo. (A) VMs recovery post-FNI, with FNI treated
using Nor-Exos, Hypo-Exos, or PBS (n=6). (B) Measurement of angles and angular velocity of the intact (left) and operated side (right) during protraction and retraction of the vibrissae.
(C) Quantification of VM amplitudes (n=6). (D) Quantification of angular velocity (n=6). (E and F) Immunofluorescence staining of SI00 in facial nerve sagittal sections at 28 days post-
FNI, with data expressed as the number of SI008™ cells (n=6; the middle of the dotted lines represented the area of nerve damage). (G and H) Representative images of S100p (red) and
ki67 (green) double immunostaining showing proliferating SCs (arrows) in each group, with data expressed as the ratio of SI00B"kié7"/SI00B" in each group (n=6). (I)
Immunohistochemical staining of MBP in facial nerve sagittal sections at 28 days post-FNI. (J and K) Immunofluorescence staining of neurofilament facial nerve sagittal sections at 28
days post-FNI (n=6), with data expressed as the number of regenerated axons in each group (n=6; the middle of the dotted lines represented the area of nerve damage). (*P<0.05;
#+P<0.001; ns, not significant).
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Figure 4 ceRNA network, GO terms, KEGG pathway, and qRT-PCR analysis of screened exosomal circRNAs. (A) Volcano plots displaying differentially expressed circRNAs
between Nor-Exos and Hypo-Exos, with circRNA_Nkd2 being one of the most highly expressed circRNAs. (B) qRT-PCR measurement of the top five up-regulated
circRNAEs, including: circRNA_Nkd2, circRNA_45863503-45,863,702-, circRNA_Pax7, circRNA_Ttc39c and circRNA_Fam|10a in Nor-Exos, or Hypo-Exos. (C and D)
circRNA_Nkd2 expression levels in RSC96 (C) and pSCs (D) after treatment with PBS, Nor-Exos, or Hypo-Exos were measured by qRT-PCR, equivalent amount of PBS was
used as negative control (NC). (E) cirRNA-miRNA-mRNA networks based on the selected five circRNAs, seven miRNAs, and 25 mRNAs. (F) KEGG enrichment analysis
for the target genes of exosomal circRNAs. (G) GO enrichment summary of exosomal circRNA target genes (green, orange, and blue columns represent the biological
processes, cellular component, and molecular function, respectively). (*P<0.05; ***P<0.001).
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Table | Top 5 Differentially Expressed Exosomal circRNAs

circRNAs Fold Change P-value
circRNA_Nkd2 10.25 0.02
circRNA_45863503-45,863,702- 9.92 0.02
circRNA_Pax7 9.8l 0.03
circRNA_Ttc39c 9.62 0.03
circRNA_Fam| 10a 8.03 0.02

ceRNA Network Construction Based on circRNA Screening and Pathway Analysis
Regulated by Exosomal circRNAs

circRNAs can act as sponges for miRNAs and indirectly regulate the expression of downstream target genes of miRNAs.
The circRNA-miRNA-mRNA axis may play a key role in facial nerve regeneration-related pathways. We constructed
circRNA-miRNA-mRNA networks based on five selected circRNAs, seven miRNAs, and 25 mRNAs (Figure 4E).
Considering the complexity of the circRNAs and mRNAs, Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analyses were performed. GO enrichment analysis results revealed that the regulation of cellular
protein metabolic processes in biological processes, the luminal side of the membrane in a cellular component, and
acetylcholine receptor regulator activity in molecular function were significantly enriched terms for the target genes of
differentially expressed exosomal circRNAs (Figure 4G). In the KEGG pathway enrichment analysis, most exosomal
circRNA target genes were enriched in the glycosaminoglycan biosynthesis-heparan sulfate/heparin signaling pathway,
regulation of terpenoid backbone biosynthesis, and ribosome biogenesis in eukaryotes (Figure 4F).

Characterization and Expression Analysis of Exosomal circRNA_Nkd2

Our previous analysis focused on exosomal circRNA Nkd2. circRNA_Nkd2 (chr1:32,066,677-32,067,055) is located on
the antisense strand of Nkd2, with a length of 378 nt. First, we confirmed that circRNA Nkd2 remained stable after
incubation with RNase R in the RSC96 cell line and pSCs (Figure 5SA and B). FISH staining of circRNA Nkd2
confirmed its abundant expression in the cytoplasm of SCs (Figure 5C). Next, we examined the expression pattern of
circRNA _Nkd?2 in the facial nerve of the Healthy and FNI groups using FISH. We found significantly higher expression
levels of circRNA Nkd2 in the Healthy group than in the FNI group (Figure 5D), suggesting that abnormal
circRNA Nkd2 expression may be related to facial nerve repair/regeneration.

circRNA_Nkd2 Positively Regulates MED |9 Expression by Sponging rno-miR-214-3p
Previous studies have shown that circRNAs in the cytoplasm competitively bind to miRNAs and regulate their target genes by
acting as miRNA sponges. Therefore, we speculate that circRNA Nkd2 targets miRNAs to modulate their downstream functions.
Our microarray profiling analyzed all the predicted miRNA-binding sites and identified the top five binding miRNAs according to
their binding energies (Table 2). We identified the expression levels of the top five binding miRNAs in SCs by qRT-PCR, and the
results showed that rno-miR-214-3p expression was the highest in the Hypo-Exos-treated group when compared with the Nor-
Exos-treated group in both the RSC96 cell line and pSCs (Figure 5E and F). The facial nerve immunofluorescence assay showed
that the circRNA Nkd2 and rmo-miR-214-3p were abundantly expressed and co-localized in SCs (Figure 5G). Bioinformatics
software (miRDB, https://mirdb.org/) revealed that the 3'UTR of rno-miR-214-3p contains a potential circRNA_Nkd2-binding
site (Figure 6A). We performed a luciferase screening assay to verify mo-miR-214-3p binding to circRNA Nkd2. Luciferase
reporter activity was found to be significantly reduced when rmo-miR-214-3p mimics were co-transfected with circRNA_ Nkd2
wild-type 3'UTR sequence plasmid compared with the co-transfected mimics NC group. However, no significant difference was
observed in luciferase expression when rmo-miR-214-3p mimics were co-transfected with circRNA Nkd2 mutant 3'UTR
sequence plasmid compared with the co-transfected mimics NC group (Figure 6B). These results suggested that
circRNA Nkd2 functions as a rmo-miR-214-3p sponge. To further confirm this, we overexpressed circRNA Nkd2
(circRNA_Nkd2°%) in SCs and detected mo-miR-214-3p expression. The qRT-PCR results showed that mo-miR-214-3p
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Figure 5 Exosomal circRNA_Nkd?2 validation and expression in SCs and facial nerve tissue. (A and B) Stability of circRNA_Nkd2 and mRNA Nkd2 in RSC96 (A) and pSCs
(B) was measured by qRT-PCR after digestion with RNase R. (C) RNA FISH revealed the predominant localization of circRNA_Nkd2 in the cytoplasm. circRNA_Nkd2
probes were labeled with Cy-3 in RSC96 and pSCs, and labeled with FITC in facial nerve tissue. The nuclei were stained with DAPI (scale bars are shown in the images). (D)
RNA FISH revealed the circRNA_Nkd2 expression was higher in Healthy than in FNI groups (scale bars are shown in the images). The experiment was independently
repeated three times, and representative results are shown. (E and F) The expression level of top five binding miRNAs in RSC96 (E) and pSCs (F) after Nor-Exos and Hypo-
Exo administration as measured by qRT-PCR. (G) circRNA_Nkd2 (green) and rno-miR-214-3p (red) double immunostaining showing circRNA_Nkd2 and rno-miR-214-3p
were abundant expression and co-localized in SCs of FNI tissue. (H) Venn diagram showing the top 25 targets genes identified by two different independent microRNA-
target-predicting programs (miRDB and TargetScan). (I and J) The MED 9 mRNA expression level of in RSC96 (I) and pSCs (J) treated with Nor-Exos, Hypo-Exos, or PBS
was measured by qRT-PCR. (*P<0.05; **P<0.01; ***P<0.001; ns, not significant).
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Table 2 Top 5 Binding miRNAs of circRNAs

miRNAs Energy P-value
rno-miR-221-5p —23.42 0.02
rno-miR-214-3p —-21.58 0.02
rno-miR-761 —20.06 0.03
rno-miR-222-5p —17.85 0.03
rno-miR-129-2-3p —15.85 0.02

expression was inhibited when circRNA Nkd2 was overexpressed. These results confirmed that circRNA Nkd2 negatively
regulates rno-miR-214-3p as a sponge (Figure 6E and F).

Furthermore, we used miRDB (https://mirdb.org/) and TargetScan (https:/www.targetscan.org/vert 80/) to predict the
downstream binding target mRNAs of rmo-miR-214-3p. Three common mRNAs were screened in both the two databases of
top 25: MEDI19, Zfand3, and Fbln5 (Figure SH). We then performed qRT-PCR to detect Med19, Zfand3, and Fbln5 mRNA
expression in RSCI6 cells lines and pSCs cocultured with Nor-Exos and Hypo-Exos. Results confirmed that MED19 mRNA was
highly expressed in both RSC96 cells lines and pSCs, whereas Zfand3 and FbIn5 were barely expressed. Furthermore, MED19

mRNA expression was significantly higher in the Nor-Exos and Hypo-Exos-treated groups than in the NC group, and MED19
mRNA expression in the Hypo-Exos-treated group was higher than that in the Nor-Exos-treated group (Figure 51 and J). These
results indicated that MED19 was the downstream binding miRNA of rno-miR-214-3p.

To further clarify the molecular mechanisms underlying the regulation of MED19 expression by rno-miR-214-3p, we
analyzed the sequence of the 3'UTR of the MED19 mRNA. Bioinformatics software (miRDB and TargetScan) revealed that
the 3'UTR of MED19 contains a potential ro-miR-214-3p-binding site (Figure 6C). Luciferase reporter assay results revealed
that luciferase reporter activity was significantly reduced when rmo-miR-214-3p mimics were co-transfected with the MED19
wild-type plasmid compared with the co-transfected mimics NC group. Conversely, no significant difference was observed in
luciferase expression when rmo-miR-214-3p mimics were co-transfected with the MED19 mutant plasmid (Figure 6D). WB
results showed that MED19 protein expression was upregulated by overexpression of circRNA_Nkd?2 or transfection of rno-miR
-214-3p inhibitor, and higher levels of MED19 protein expression were observed when circRNA_Nkd2°F plasmid and the rno-
miR-214-3p inhibitor were co-transfected. MED19 protein expression was downregulated by rno-miR-214-3p mimics and
rescued when circRNA_Nkd2°F plasmid and rno-miR-214-3p mimics were co-transfected (Figure 6G—J). These results confirm
that circRNA Nkd?2 positively regulates MED19 expression by sponging rno-miR-214-3p.

Exosomal circRNA_Nkd2 Promoted Proliferation, Migration and Paracrine of SCs by
Sponge rno-miR-214-3p in vitro

To gain deeper insights into the role of exosomal circRNA Nkd2 in vitro, we cocultured differentially treated BMSCs-
derived exosomes with SCs, including Hypo-Exos, Hypo+circRNA Nkd2°F-Exos (BMSCs-derived exosomes over-

expressing circRNA_Nkd2-Exos following hypoxic pretreatment), Hypo+circRNA Nkd2°F

+rno-miR-214-3p mimics-
Exos (BMSC-derived exosomes overexpressing circRNA Nkd2 and co-transfection with rno-miR-214-3p mimics
following hypoxic pretreatment), and the NC group. In the EdU assay, we observed a higher percentage of EdU" cells
in the Hypo+circRNA Nkd2°F-Exos-treated group than in the Hypo-Exos-treated group. However, the percentage of
EdU" cells significantly decreased in the Hypo+circRNA Nkd2°F+rno-miR-214-3p mimics-Exos-treated group when
compared with the Hypo+circRNA_de2OE-Exos—treated group in both RSC96 and pSCs (Figure 7A and B and

Supplementary Figure 2C and D). In the transwell cell migration assay, the cell migration numbers of the Hypo

+circRNA Nkd2©F-Exos-treated group were significantly higher than those of the Hypo-Exos-treated group.
Conversely, the cell migration numbers significantly decreased in the Hypo+circRNA_Nkd2°"+rno-miR-214-3p mimics-

Exos-treated group when compared with the Hypo+circRNA Nkd2°®

-Exos group (Figure 7C and D and Supplementary
Figure 2E and F). Furthermore, ELISA revealed higher expression levels of neurotrophic factors (NGF and NT-3) in
RSC96 and pSCs supernatants from the Hypo+circRNA Nkd2°F-Exos-treated group when compared with the Hypo-

Exos-treated group. However, the expression levels of NGF and NT-3 significantly decreased in the Hypo
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Figure 6 circRNA_Nkd2 positively regulates MED |9 expression by sponging rno-miR-214-3p. (A) Schematic illustration demonstrating complementarity of rno-miR-214-3p
seed sequence with circRNA_Nkd2. (B) Luciferase reporter activities in 293T cells co-transfected with rno-miR-214-3p mimics or negative control (NC) and luciferase
reporter constructs containing circRNA_Nkd2 wild-type (WT) or mutant (MUT). (C) Schematic illustration demonstrating complementarity of rno-miR-214-3p seed
sequence with MED19. (D) Luciferase reporter activities in 293T cells co-transfected with rno-miR-214-3p mimics or NC and luciferase reporter constructs containing
MEDI19 WT or MUT. (E and F) rno-miR-214-3p expression levels in RSC96 (E) and pSCs (F) after overexpressing circRNA_Nkd2 measured by qRT-PCR. (G-J) MEDI9

protein expression in different groups measured by Western blot (***P<0.001; ns, not significant).
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Figure 7 Exosomal circRNA_Nkd2/miR-214-3p/MED |9 axis promotes SCs proliferation, migration and paracrine in vitro and restore facial nerve function. (A and B) Cell proliferation
of pSCs in Hypo-Exos, Hypo+circRNA_Nkd2°-Exos, and Hypo+circRNA_Nkd2°F+rno-miR-214-3p mimics-Exos-treated groups was measured by EdU staining. An equivalent
amount of PBS was used as the NC. (C and D) Migration of pSCs in each group was measured by transwell migration assay. (E and F) NGF and NT-3 secreted by pSCs in each group was
measured by ELISA. (G) VMs recovery after FNI, FNI treated with Hypo-Exos, Hypo+circRNA_Nkd2°F-Exos, Hypo+circRNA_Nkd2°F+rno-miR-214-3p mimics-Exos, or PBS (n=6).
(H) Quantification of VM amplitudes (n=6). (I and J) Representative images of S100 (red) and kié7 (green) double immunostaining showing proliferating SCs in each group (n=6), with
data expressed as the ratio of SI008"ki6é7*/S100B" in each group. (K) Immunohistochemical staining of MBP in a sagittal section of the facial nerve at 28 days with each group. (L)
Immunohistochemical staining of MED 19 in a sagittal section of the facial nerve at 28 days with each group. (*P<0.05; **P<0.01; ***P<0.001; ns, not significant).
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+circRNA_Nkd29F+rmo-miR-214-3p mimics-Exos-treated group compared with those in the Hypo+circRNA Nkd2°"-
Exos-treated group (Figure 7E and F and Supplementary Figure 2G and H). Collectively, these findings suggest that

exosomal circRNA Nkd2 promotes SCs proliferation and paracrine function by sponging rno-miR-214-3p.

Hypo-Exos Expedite SCs Proliferation, Remyelination via the circRNA_Nkd2/
miR-214-3p/MED 19 Axis in vivo

To gain deeper insights into the in vivo function of exosomal circRNA Nkd2, we conducted facial nerve functional
assessments in five groups of rats: Hypo-Exos, Hypo+circRNA_de2OE-Exos (BMSCs-derived exosomes overexpres-
sing circRNA Nkd2-Exos following hypoxic pretreatment), Hypo+circRNA Nkd2°®+rno-miR-214-3p mimics-Exos
(BMSC-derived exosomes overexpressing circRNA Nkd2 and co-transfection with rno-miR-214-3p mimics following
hypoxic pretreatment), sham, and PBS groups. Results revealed that by the 4™ week post-surgery, the recovery of VMs in
FNI rats transplanted with Hypo-Exos and Hypo+circRNA Nkd2°F-Exos was significantly better than that in the PBS
group. Moreover, FNI rats treated with Hypo+circRNA Nkd2°F-Exos showed significantly better recovery than the rats
treated with Hypo-Exos. However, the recovery of VMs in FNI rats transplanted with Hypo+circRNA_Nkd2°®+rno-miR

-214-3p mimics-Exos showed significantly poorer recovery than that of rats in the Hypo+circRNA_ Nkd2°F

-Exos group
(Figure 7G). Similar results were observed for the amplitude of the vibrissa movement score (Figure 7H).

To evaluate nerve regeneration, we performed a histological analysis of nerve segments. After 4 weeks of FNI, compared with
the PBS group, the ratio of ki67" SCs in the facial nerves of both groups treated with Hypo-Exos and Hypo+circRNA_Nkd2°F-
Exos was significantly increased, and the Hypo-+circRNA Nkd2°F-Exos-treated group showed higher ki67" SCs than the Hypo-
Exos-treated group. However, the ratio of ki67" SCs in the facial nerves treated with Hypo+circRNA Nkd2°®+rno-miR-214-3p

mimics-Exos was significantly lower than that in the Hypo+circRNA_ Nkd2°®

-Exo-treated group (Figure 71 and J). IHC results
showed that MBP in the Hypo+circRNA Nkd2°5-Exos- and Hypo-Exos-treated groups was high expression compared with the
PBS group. Additionally, MBP expression in the Hypo+circRNA_de20E-Exos-treated group was significantly increased

compared with the Hypo-Exos-treated group, whereas transplantation of Hypo-+circRNA Nkd2°F

+rno-miR-214-3p mimic-
Exos suppressed MBP expression (Figure 7K). Furthermore, IHC revealed an increased number of MED19 positive cells in both
the Hypo+circRNA Nkd2°"-Exos- and Hypo-Exos-treated groups compared with the PBS group. Notably, the Hypo
+circRNA_Nkd2°F-Exos-treated group exhibited higher MED19 expression than the Hypo-Exos-treated group. Conversely,
transplantation of Hypo+circRNA Nkd2°F+rmo-miR-214-3p mimics-Exos suppressed MED19 expression (Figure 7L). These
results collectively demonstrate that Hypo-Exos transplantation promoted SCs proliferation, remyelination and restore facial

nerve function via the circRNA Nkd2/miR-214-3p/MEDI19 axis in vivo.

Discussion
Facial nerve injuries, akin to typical peripheral nerve injuries, involve shared pathological and physiological mechanisms with
general peripheral nerves. SCs play a crucial role in nerve repair, which includes their influence on migration, proliferation,
differentiation, and paracrine actions, ultimately dictating facial nerve function recovery>>>® Recognizing the importance of SCs
involvement in neural regeneration, factors and methods that can specifically enhance SCs function may facilitate FNI recovery.?’
Transplantation of mesenchymal stem cells (MSCs) has emerged as a promising strategy for addressing peripheral nerve
injuries.”®**’ MSCs exhibit remarkable attributes, including self-renewal, differentiation potential, and the ability to modulate
hematopoietic and immune cells, rendering them attractive for tissue repair applications.® However, direct MSC transplantation
faces inherent limitations and challenges. Intravenous injection often results in the capture of most MSCs by the lungs or liver,
leading to only a fraction reaching the intended target tissue.’® Moreover, concerns regarding the safety of stem cell transplantation
persist, encompassing risks such as immune rejection, dedifferentiation, and tumor formation, thereby constraining the clinical
utility of MSC transplantation.®' Recent studies have unveiled the therapeutic potential of extracellular vesicles, specifically
exosomes secreted by stem cells, which mimic the biological functions of stem cells.**** Exosomes contain a variety of
components, including RNA, DNA, Proteins, Amino acids, and Metabolites, primarily act as intercellular messengers, executing
specific functions similar to their parent cells through paracrine function.''> The approach of exosome transplantation may
circumvent the challenges associated with direct MSCs transplantation.*®
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Previous research has illuminated the therapeutic efficacy of MSC-derived exosomes in nervous system disorders
such as Alzheimer’s disease,>’ traumatic brain injury,>® spinal cord injury,>® and glioblastoma.*® Our experiments
likewise validated the role of BMSCs-derived exosomes in promoting SCs proliferation, migration, and the secretion
of nerve growth factors (NGF, and NT-3). Animal studies further underscored their contributions to remyelination, axon
regeneration, and the restoration of facial nerve function.

Oxygen levels profoundly influence BMSCs proliferation, differentiation, and self-renewal. Hypoxic preconditioning of
MSCs augments their biological functions and enhances therapeutic effects, given that a significant proportion of MSCs naturally
inhabit hypoxic environments under natural physiological conditions.'® Previous studies have unveiled the enhanced therapeutic
potential of BMSCs-derived exosomes under hypoxic conditions. For instance, hypoxia-primed BMSCs-derived exosomes were
found to expedite bone formation and bolster fracture healing by transferring miR-126."” Another study found that mesenchymal
stem cell-derived exosomes mitigated cardiomyocyte apoptosis in hypoxic conditions through microRNA 144, targeting the
PTEN/AKT pathway.*' In our study, we demonstrated that hypoxic preconditioning of BMSCs heightens exosome secretion,
with Hypo-Exos promoting SCs proliferation, migration, and paracrine function. Furthermore, we confirmed the capacity of
Hypo-Exos enhanced axonal regeneration, remyelination, and the recovery of facial nerve function. Nevertheless, the precise
underlying mechanisms necessitate further exploration.

A recently discovered non-coding RNA—circRNA—with a conserved loop structure formed by back-splicing, has significant
relevance to various diseases and bioprocesses.** For example, circRNA_0000253 was found to promote rat intervertebral disc
degeneration by inhibiting miRNA-141-5p and downregulating SIRT1.** In our RNA-seq analysis, several circRNAs were
upregulated in Hypo-Exos. GO and KEGG enrichment analyses of these circRNAs target genes revealed associations with
essential pathways such as cell proliferation, migration, paracrine, metabolism, and signal transduction, including pathways like
ubiquitin-mediated proteolysis, Wnt signaling pathway, and Hippo signaling pathway, which are relevant to nerve injury repair.
Among these upregulated circRNAs, circRNA_Nkd2 showed most significant increase (10.25-fold upregulation) in Hypo-Exos.
Furthermore, circRNA_Nkd2 expression increased in SCs after Hypo-Exos transplantation compared with Nor-Exos, suggesting
avital role for exosomal circRNA Nkd?2 in regulating SC cellular function and repairing FNI. Our cell experiments confirmed that
Hypo-Exos enhanced SCs proliferation, migration, and paracrine function, while animal experiments verified that Hypo-Exos
transplantation promoted SCs proliferation, remyelination, restoration of facial nerve function after FNI.

Prior research has indicated that the molecular mechanisms of circRNAs depend on their subcellular localization,
with cytoplasm circRNAs potentially acting as ceRNAs by sequestering miRNAs.** In our study, we observed that
circRNA_Nkd2 was predominantly located in the cytoplasm, suggesting that circRNA Nkd2 may function as microRNA
(miRNA) sponges, indirectly influencing downstream mRNA expression. The circRNA-miRNA-mRNA axis could play
a pivotal role in facial nerve regeneration-related pathways.

Through bioinformatic analyses, we identified the circRNA Nkd2 binding sites for rno-miR-214-3p, validated by
double luciferase reporter experiments. Furthermore, we found that exosomal circRNA Nkd2 positively regulated
mediator complex subunit 19 (MEDI19), a target gene of rno-miR-214-3p, also confirmed using double luciferase
reporter experiments. MED19, a mediator family member, has been associated with tumor development in various
cancers,”*® yet its role in nerve injury remains unexplored. Our study revealed that exosomal circRNA Nkd2
competitively inhibits rno-miR-214-3p, resulting in increased MED19 expression. Cell experiments demonstrated that
hypoxic preconditioning of BMSCs-derived circRNA Nkd2 overexpressing exosomes enhances proliferation, migration,
and paracrine function of SCs. In the FNI rat model, BMSCs-derived overexpressing exosomal circRNA Nkd2 promoted
facial nerve function recovery, but the effect was reversed by rno-miR-214-3p mimics.

Conclusion

In conclusion, we have provided evidence for a mechanism through which BMSCs-derived Hypo-Exos stimulated SCs
proliferation, migration, and paracrine function to accelerate nerve regeneration via the circRNA_ Nkd2/miR-214-3p/
MED19 axis. Exosomal circRNA Nkd2 upregulates MED19 expression by competitively inhibiting rno-miR-214-3p in
SCs. Hypoxic pre-treatment of BMSC-derived exosomes holds promise for enhancing their therapeutic potential in FNI

treatment.
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