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Exosomes are endosome-derived extracellular vesicles about 100 nm in diameter. They are emerging as prom-
ising delivery platforms due to their advantages in biocompatibility and engineerability. However, research into
and applications for engineered exosomes are still limited to a few areas of medicine in mammals. Here, we
expanded the scope of their applications to sex-determining gene studies in early vertebrates. An integrated

dmrt1 | Rk e h
Sex-determining gene strategy for constructing the exosome-based delivery system was developed for efficient regulation of dmrtl,
microRNA which is one of the most widely used sex-determining genes in metazoans. By combining classical methods in

molecular biology and the latest technology in bioinformatics, isomiR-124a was identified as a dmrt1 inhibitor
and was loaded into exosomes and a testis-targeting peptide was used to modify exosomal surface for efficient
delivery. Results showed that isomiR-124a was efficiently delivered to the testes by engineered exosomes and
revealed that dmrt1 played important roles in maintaining the regular structure and function of testis in juvenile
fish. This is the first de novo development of an exosome-based delivery system applied in the study of sex-
determining gene, which indicates an attractive prospect for the future applications of engineered exosomes
in exploring more extensive biological conundrums.

1. Introduction

Exosomes, a subtype of extracellular vesicles (EVs) of endosomal
origin with diameters from ~50 to 150 nm, have been increasingly
focused on by researchers in the past decades because of their involve-
ment in cell-cell communication and therapeutic and diagnostic poten-
tial [1]. In addition to their applications as biomarkers for various
diseases [2,3], exosomes have great advantages as endogenous

nanocarriers owing to their stability, low cytotoxicity, and immunoge-
nicity [4,5]. Furthermore, modifiability of the exosomal surface endows
exosomes with high application potential for tissue-targeting delivery of
biocargo across biological barriers [6-8]. To date, applications of the
engineered exosomes have attracted strong research interests mainly in
the field of pharmacology for cancer and neurological diseases in
mammals [9]. However, their applications in different species for
functional gene studies are still worth exploring in depth to tackle more
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extensive biological problems in genetics and evolution.

Sex determination (SD) is the biological process that establishes the
testis or ovary developing from the bipotential gonad primordium to
provide a microenvironment for sperm or ova generation in sexual
reproduction [10]. In some animals, there is a master SD gene acting as
the initiating signal at the top of the SD regulatory network, which in
turn triggers the genes in the gonadal development pathway. Doublesex
and mab-3 related transcription factor 1 (dmrt1) belongs to the family of
DM domain genes that play central and conserved roles in sexual dif-
ferentiation and development across a wide range of animals, and may
arise with the emergence of the metazoans [11]. Many studies have
showed that dmrt1 controls the SD in fish, frogs, and birds [12-16]. In
contrast, dmrt] is not required for SD in the mouse but is involved in
mouse spermatogenesis and maintenance of the testis [17,18]. However,
research on the postnatal and post-SD roles of dmrtl outside mammals
remains insufficient. Therefore, investigations on dmrtl mutant ani-
mals, particularly in early vertebrates, will be informative to understand
its possible ancestral roles in evolution.

The Chinese tongue sole (Cynoglossus semilaevis) is a flatfish with a
female heterogametic (ZW/ZZ) mode of SD. High temperature at larval
stage leads to female-to-male sex reversal [19]. Previous studies in our
laboratory revealed that dmrtl was involved in the sex reversal induced
by high temperature [20]. Furthermore, female development after dmrtl
ablation in embryos confirmed that dmrt1 is the master male SD gene in
Chinese tongue sole [21]. Therefore, Chinese tongue sole is a good
model to study the postnatal role of dmrt1. To this end, we developed an
exosome-based delivery system using both classical experimental
methods and the latest bioinformatic approaches. The engineered exo-
somes were constructed by loading with the newly found miRNA
inhibiting dmrtl expression and modifying with the first identified
peptide for the testis-targeting effect. Applications of the engineered
exosomes in vivo confirmed that the present exosome-based delivery
system was efficient in targeting testes and inhibiting the expression of
dmrtl. The functional study revealed that dmrtl was necessary to
maintain the normal structure and regular spermatogenesis of testes in
Chinese tongue sole.

2. Materials and methods
2.1. Luciferase reporter assay

The dmrtl (XM_008336192.3) 3'UTR was amplified by PCR using
testis cDNA from the Chinese tongue sole and cloned to the psiCHECK™-
2 Vector (Promega, USA) at Notl and Xhol. The primers for plasmids
construction are shown in Table S1. Human embryonic kidney 293 T
cells (HEK293T) were co-transfected with psiCHECK-dmrt1-3’UTR (20
ng pL~1), mimics of nine candidate miRNAs or the negative control,
respectively, by Lipofectamine® 2000 (11668-019, Invitrogen, USA). At
48 h after transfection, the cells were harvested, lysed, and assayed for
luciferase activity by the Dual-Luciferase® Reporter Assay kit (E1910,
Promega, USA) according to the manufacturer’s instructions.

2.2. Primary cell culture of testicular cells and transfection of miRNA
mimics and inhibitors

An adult male Chinese tongue sole at 6 months old was anesthetized
and disinfected with 75% ethanol and then the testes were removed and
washed with 75% ethanol, PBS, and Leibovitz’s L-15 medium (GIBCO,
USA) twice, respectively. The testes were minced into small pieces (~1
mm?) with scissors and a razor blade in Leibovitz’s 1-15 medium and
then subjected to digestion with 0.25% Trypsin-EDTA (Solarbio, China)
for 30 min at 37 °C and neutralization with Leibovitz’s L-15 medium
(11415064) containing 20% fetal bovine serum (FBS, 10099141C,
GIBCO, USA). After filtration and centrifugation (300 g, 10 min), the
resulting cell pellet was resuspended and transferred into 25-cm? tissue
culture flasks containing Leibovitz’s L-15 medium (3 mL) with 20% FBS,
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bFGF (2 ng mL’l), penicillin (1000 U), and streptomycin (1000 U). The
primary cells were cultured at 24 °C and culture medium was changed
every 3 days until the formation of cell monolayers. The cells were then
digested and transferred into new flasks when the confluence reached
~90% (4.5 x 10°) at a split ratio of 1:2. After five passages, two flasks of
testicular cells were taken for verification of their initial levels of dmrtl
and miRNAs followed by transfection of miRNA mimics or inhibitors.

Testicular cells were transferred into six-well plates with a density of
1 x 10° cells per well. When confluence was reached at 80% after 2 days,
the miRNA mimics (50 nM, n = 3), inhibitors (50 nM, n = 3), and cor-
responding negative controls (NCs) (50 nM, n = 3) synthesized by
GenePharma were transfected using Lipofectamine 2000 (Invitrogen,
USA) according to the manufacturer’s instruction. The medium was
changed to regular growth medium after 6 h, and the cells were har-
vested for gene expression analysis after 24 h.

2.3. RNA extraction and quantitative real-time PCR

To detect the expression of genes or miRNAs in cells or tissues, total
RNA was extracted using Trizol reagent (15,596,018, Invitrogen, USA)
followed by integrity checking by agarose gel electrophoresis and
quantification by spectrophotometry. The cDNAs of mRNA and miRNA
were synthesized by the FastKing RT kit (KR116, Tiangen, China) and
the miRcute Plus miRNA First-Strand c¢DNA kit (KR211, Tiangen,
China), respectively. RT-qPCR was conducted in 384-well plates using a
Talent qPCR PreMix kit (FP209, Tiangen, China) for mRNA and a
MiRcute Plus miRNA qPCR kit (FP411, Tiangen, China) for miRNA in
the LightCycler 480 II gqRT-PCR system (Roche Diagnostics, Mannheim,
Germany). Each PCR assay included replicate samples (duplicate of
reverse transcription and PCR amplification) and negative controls (RT-
and cDNA-free samples, respectively). All qPCR primers were validated
via a serial dilution standard curve to have a PCR efficiency between 1.8
and 2, and melting curve analysis was conducted to confirm the speci-
ficity of the amplification reaction. The 2~24¢T method was applied for
relative quantification of expression levels. B-actin and U6 were used for
the normalization of gene and miRNA expression, respectively. The
primers used for the RT-qPCR are listed in Table S1.

2.4. Data sources

The data used for screening miRNAs targeting the 3’UTR of dmrtl
(NM_001294232.1) in testes were obtained from the whole tran-
scriptome sequencing data (PRJNA700834) [22]. Miranda (v3.3a) was
used to predict the miRNA-binding sites in the target genes [23]. The
data used for determining dmrtl expression in different testicular cell
types and screening for the top 50 membrane receptors on Sertoli cells
were obtained from single-cell RNA sequencing data (CNP0002135)
[24]. The transcript counts from single-cell RNA sequencing was
normalized as counts per million (CPM). The expression of membrane
receptors on Sertoli cells were obtained by retaining the items including
“receptor” while excluding “nuclear.” By sorting in descending order
according to their expression values, we listed the top 50 membrane
receptors with high expression. Furthermore, the expression profiles of
the top 50 membrane receptors in brain, testis, liver, and muscle of
Chinese tongue sole at the age of 4 months and 1 year were obtained
from whole transcriptome sequencing data (PRJNA724919). After
trimming off the adapter, poly-N, and low-quality reads, the clean reads
were mapped to the reference genome (RefSeq GCF_000523025.1) and
the gene expression was quantified using Stringtie-1.3.3b. The expres-
sion of the top 50 membrane receptors was retrieved and saved for
subsequent analysis. The advanced heatmap plots were produced using
OmicStudio tools at https://www.omicstudio.cn. Gene expression
pattern analysis was performed with Short Time-series Expression Miner
software (STEM) from the OmicShare tools platform (www.omicshare.
com/tools).
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2.5. Establishment of the cys-FSHR-FSH complex model and analysis of
interface residues

Amino acid sequences of cys-FSHR (NP_001281119.1), cys-FSHa
(AFD04550.1), and cys-FSHpP (XP_024909479.1) were utilized for the
construction of a cys-FSHR-FSH complex model by Alphafold-Multimer
[25] The results were evaluated by multiple sequence alignment (MSA),
predicted local distance difference test (pLDDT), and predicted align-
ment error (PAE). All structure figures and the residues at the interface
between cys-FSHR and cys-FSH were prepared and analyzed by PyMOL
(the PyMOL Molecular Graphics System, Version 2.0, Schrodinger, LLC).
The transmembrane domains were predicted with TMHMM server v 2.0.
[26]. Amino acid sequences were aligned using the Needleman-Wunsch
algorithm [27].

2.6. Primary cell culture of ovarian cells and isolation of exosomes from
culture medium

Ovarian tissue was taken from a female Chinese tongue sole at 6
months of age after anesthesia. The methods used for the primary cul-
ture and subculture of ovary cells were similar to those for testicular
cells. After three passages, the regular growth medium was removed and
the cells were rinsed with PBS three times. Medium with 15% exosome-
depleted FBS (SBI, USA) was added for exosome production and was
collected for exosome isolation when the confluency reached 95% after
2 days. Differential centrifugation was used to isolate exosomes from the
medium according to Théry et al. [28]. Briefly, the medium was sub-
jected to successive centrifugations at increasing speeds to remove dead
cells (300 g, 10 min) and cell debris (2000 g, 10 min) followed by
filtration using 0.22-pm sterilized filters (C85052, Millipore, China). The
filtrate was then ultracentrifuged for 70 min at 100,000 g, 4 °C (SW41Ti,
Beckman, USA). The pellet was washed in PBS and again ultra-
centrifuged for 70 min at 100,000 g, 4 °C to concentrate the exosome
preparation.

2.7. Characterization of exosomes-Western blotting

The samples were disintegrated by RIPA lysis buffer (R0010, Solar-
bio, China) and total protein was measured by the bicinchoninic acid
(BCA) kit according to the manufacturer’s instruction (PC0020, Solar-
bio, China). Protein (20 pg) was separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to pol-
yvinylidene fluoride (PVDF) membranes (Millipore, China). The mem-
branes were blocked in 5% defatted milk for 2 h at room temperature
and then incubated with specific primary antibodies for 2 h at room
temperature. The following primary antibodies were used in the present
study: CD63 (ab134045, 1:1000 dilution, Abcam, USA), CD81
(ab109201, 1:1000 dilution, Abcam, USA), and HSP70 (ab181606,
1:1000 dilution, Abcam, USA). Then the membranes were washed three
times using TBST (TBS containing 0.1% Tween-20) and incubated with a
Goat Anti-Rabbit IgG H&L horseradish peroxidase—conjugated second-
ary antibody (ab205718, 1:4000 dilution, Abcam) for 1 h at room
temperature. The proteins were visualized by chemiluminescent re-
agents (34,580, Thermo Fisher, Waltham, MA, US) after washing with
TBST.

2.8. Characterization of exosomes: transmission electron microscopy

Exosomes were fixed on a 200 mesh carbon/formvar-coated grid by
floating the grid upside down on an exosome droplet (10 pL) for 10 min.
The grid was then transferred to a droplet of distilled water for 1 min and
then to 2.5% glutaraldehyde for 10 min. After fixation, the absorbed
exosomes were negatively stained with 2% uranyl acetate for 1 min. The
grid was examined using a transmission electron microscope operated at
120 kV (HT7700, Hitachi, Japan).
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2.9. Characterization of exosomes: nano-flow cytometry (nFCM)
measurement

The concentration and size distribution were measured by an nFCM
nanoanalyzer (NanoFCM, China) according to the manufacturer’s in-
structions. Side scatter (SSC) and fluorescence of individual exosomes
were detected by two single photon-counting avalanche photodiodes
(APDs). The instrument was calibrated for concentration and size using
100-nm orange FluoSpheres of known concentrations (F8800, Invi-
trogen, USA). The exosome preparations were passed by the detector
and then the events were recorded for 1 min. The flow rate and side-
scattering intensity were converted to particle concentrations and then
sizes based on the calibration curve and the fluorescence were recorded
for the proportion of FITC exosomes.

2.10. Exosome membrane modification with peptides

PEP1 (FMTDHSYQGNRQQQKTCN) and PEP2 (KCNCAVCDLKT
MDCGRFVET) labeled with Fluorescein Isothiocyanate (FITC) were
synthesized by GenScript (Piscataway, NJ). Dioleoyl
phosphatidylethanolamine-N-hydroxysuccinimide (DOPE-NHS, Ruixi
Biological Technology, China) and peptides with 50-fold in the amount
of substance reacted for 1 h to form DOPE-PEP1 and DOPE-PEP2,
respectively. Then 5 pL of 0.1-mM DOPE-PEP1 and DOPE-PEP2 were
incubated with 1-mL exosomes (1.69 x 10° particles mL 1) for 1.5 h at
room temperature to obtain Exo-PEP1 and Exo-PEP2. After exosome
purification and concentration using Amicon centrifugal filter devices
(UFC210024, Millipore, China) twice, the modified exosomes were
subjected to modifying efficiency detection by an nFCM nanoanalyzer
(NanoFCM, China) as described previously.

2.11. Tracking of exosomes: In vitro

Exo (unmodified exosomes), Exo-PEP1 (exosomes modified with
PEP1), and Exo-PEP2 (exosomes modified with PEP2) were labeled with
1-uM 1,1-dioctadecyl-3,3,3',3"-tetramethylindocarbocyanine perchlo-
rate (Dil, V22885, Invitrogen, USA) for 20 min according to the manu-
facturer’s instructions. The dyed exosomes were washed and
resuspended in PBS of the initial volume by Amicon centrifugal filter
devices (UFC210024, Millipore, China) to remove the unbound Dil
before concentration detection as described previously. When the
testicular cells reached 70% confluence, the regular growth medium was
removed and the culture medium containing exosome-depleted FBS was
added after rinsing cells three times with PBS. The testicular cells were
incubated with the Dil labeled Exo, Exo-PEP1, and Exo-PEP2 (3.5 x 107
particles mL™1), respectively, at 24 °C for 12 h. The cells were then fixed
in 4% paraformaldehyde for 20 min, rinsed with PBS for three times, and
stained with DAPI (C1005, Beyotime Biotechnology, China) for 5 min.
The images were captured using an inverted microscope system
(OLYMPUS, IX73, Japan). Fluorescence quantification was performed
by Image J [29].

2.12. Tracking of exosomes: In vivo

A total of 1-pyM 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocya-
nine iodide (DiR, D12731, Invitrogen, USA) was used to label Exo, Exo-
PEP1, and Exo-PEP2 at room temperature for 30 min. Excess DiR and
ethanol was removed by Amicon centrifugal filter devices (UFC210024,
Millipore, China). To compare the biodistribution of Exo, Exo-PEP1, and
Exo-PEP2 in male fish, the DiR-labeled exosomes (1.3 x 108 particles
g~ 1) were intraperitoneally injected into fish (n = 3, 19.9 + 1.32 cm). At
8 h after injection, the fish were euthanized with benzocaine (0.0375 g
L~%, B0O600000, Sigma-Aldrich, Darmstadt, Germany) and the fluores-
cence images of the whole body and organs (heart, liver, spleen, intes-
tine, and testis) were recorded by IVIS (Vilber, NEWTON 7.0, France).
The fluorescence quantification was analyzed by Kuant 2.0 software
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(Vilber, France). A region of interest (ROI) was drawn around each
organ on each image. The ROI area and mean signal intensity were
calculated.

2.13. miRNA transfection into exosomes

The ipu-miR-124a R + 1 mimics were synthesized by GenePharma.
Isolated exosomes were incubated with Exo-Fect™ (EXFT10A-1, SBI,
USA) and miRNA mimics at 37 °C for 10 min and then placed on ice for
30 min followed by PBS washing and reconcentration. The resultant
exosomes were subjected to succeeding experiments including mem-
brane modification, qPCR, and animal experiments. The transfection
mixtures without adding transfect reagent (BExo) or miRNA mimics
(Exo) were used as controls to compare with the transfected exosomes
(TExo) and TExo followed by peptide modification (PTExo) to confirm
the transfection efficiency using qPCR analysis.

2.14. Animal experiment (intraperitoneal injection of exosomes)

Healthy juvenile Chinese tongue sole at age 3 months (1.27 + 0.30 g)
were purchased from Laizhou Mingbo Aquatic Co., Ltd., in Yantai,
China. Chinese tongue sole males were used after genetic sex identifi-
cation according to the method described previously (Fig. S1) [30].
Three dosage levels were set for the intraperitoneal injection of the
engineered exosomes (2-, 4-, and 6-pg of exosome protein per gram of
fish body weight) and designated as 2MPE, 4MPE, and 6MPE, respec-
tively, according to a recent review of dosing strategy in which the
median dose for EV in vivo injection was 2.75 pg of EV protein per gram
of body weight [31]. Further, we also established two other groups
injected with regular exosomes (Exo) or PBS as controls. Accordingly,
100 fish were distributed randomly into five groups (2MPE, 4MPE,
6MPE, Exo, PBS) with 20 fish per tank. All fish were acclimatized to the
experimental conditions at 22 °C with aeration for 1 week prior to the
experiment. Water quality parameters were monitored daily during the
experiment. After acclimatization, the first administration was imple-
mented by intraperitoneal injection. The testes from six fish per group
were sampled after 2 days. The second administration was implemented
on the day of first sampling, and the testes from the rest of the fish were
sampled 5 days after the second injection. The testes of three fish of the
first and second sampling were immediately frozen in liquid nitrogen
and kept at —80 °C for gene and miRNA expression analyses. The testes
of three fish from the 6MPE and PBS groups of the second sampling were
immediately frozen in liquid nitrogen for RNA sequencing analyses.
Furthermore, the testes of three fish from the 6MPE and PBS groups of
the second sampling were washed with PBS and fixed with 4% para-
formaldehyde for histological analyses.

2.15. Whole transcriptome and small RNA sequencing analyses

Testes of 6MPE and PBS from the second sampling were used for RNA
library construction. Total RNAs from the testes of each fish were
extracted using TRIzol reagent (Invitrogen) according to the manufac-
turer’s procedure. The library was quantified by an Agilent 2100 bio-
analyzer to meet the effective concentration higher than 2 nM. Three
biological replicates for each group were generated. After the libraries
were qualified, the different libraries were sequenced by the Illumina
NovaSeq 6000. Clean reads were obtained by trimming reads containing
adapter, poly-N, or with low quality from raw data. Q20, Q30, and GC
content of the clean reads were calculated (Table S6). Clean reads were
then mapped to the reference genome (RefSeq GCF_000523025.1). Gene
expression was quantified by counting the read numbers mapped to each
gene using Stringtie-1.3.3b. Differential expression analysis of two
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samples was performed using the edgeR R package (3.22.5). The P
values were adjusted using the Benjamini and Hochberg method.
Significantly differential expression genes were screened based on the
corrected P-value (< 0.05). The data have been deposited in the NCBI
Sequence Read Archive (SRA) repository (PRJINA938023).

2.16. Histological analyses

To investigate alteration of the testes after engineered exosome in-
jection, histological analyses were conducted. Hematoxylin-eosin (H&E)
staining on testes sections of 6MPE and PBS from the second sampling
was performed according to standard H&E staining protocols. Testes
were dissected and fixed in 4% paraformaldehyde for 24 h. Samples
were dehydrated by increasing concentration of ethanol solutions and
embedded in paraffin. Serial sections with thickness of 4 to 6 pm were
performed and stained with hematoxylin-eosin. TUNEL analysis was
performed using the TUNEL Apoptosis Assay Kit (C1088, Beyotime
Biotechnology, China) following the manufacturer’s instructions.

2.17. Statistical analyses

Data are presented as the means + SD. All data were statistically
analyzed by SPSS 26.0 (SPSS, Chicago, IL, USA). Student’s t-test was
performed to compare the values between two experimental groups.
One-way ANOVA was performed for multiple comparisons followed by
Tukey’s multiple-range test. P-values <0.05 were considered statisti-
cally significant.

3. Results

3.1. Inhibition of dmrt1 expression by ipu-miR-124a R + 1 (isomiR-
124a)

To identify the miRNAs inhibiting expression of dmrtl in Chinese
tongue sole, we screened for miRNAs with miRanda scores higher than
140 and binding sites distributed evenly in the 3’UTR of dmrt1 according
to the data from previous miRNA sequencing analyses [22]. Specifically,
the miRNAs included four novel identified miRNAs (PC-5p-163042_37,
PC-5p-120619 66, PC-5p-436116_5, PC-5p-280962_12), three isomiRs
(ola-miR-338-5p_R-4_2ss13GA19CT, ipu-miR-124a R + 1, ipu-miR-
737_L-1_1ss2TG), and two mature miRNAs (ssa-miR-338a-4-5p, ola-
miR-223). Among them, PC-5p-436116_5 and PC-5p-280962_12 were
each predicted to have two different binding sites in the 3’UTR of dmrt1
(Table 1 and Fig. 1A).

The interaction between the putative miRNAs and dmrt1 3’'UTR were
investigated using the dual-luciferase reporter assay in HEK 293 T cells.
Results showed that the relative luciferase activities were significantly
inhibited by PC-5p-163042_37, ipu-miR-124a R + 1, and PC-5p-
28096212, indicating their potential for inhibiting dmrtl expression
by binding to dmrt1 3’UTR (Fig. 1B).

To verify the negative regulation of dmrtl by the miRNAs, we per-
formed primary cell culture of testicular cells from Chinese tongue sole.
Expressions of PC-5p-163042_37, ipu-miR-124a R + 1, and PC-5p-
280962 12 were first detected in the fifth passage of the testicular
cells and compared with those in the testis and ovary of the Chinese
tongue sole at age 1 year. Results showed that the three miRNAs were all
expressed higher in the fifth passage of the testicular cells and the testis
than in the ovary. However, the expressions of PC-5p-163042_37 and
PC-5p-280962_12 in testicular cells were significantly lower than those
in the testis (Fig. 1C).

Next, a loss and gain of function of miRNAs experiment was con-
ducted by transfection of the mimics and inhibitors of PC-5p-163042_37,
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Table 1

miRNAs predicted to target the 3’UTR of dmrt1 in the testis of Chinese tongue sole.
miRNA Sequence 5' — 3’ Length Score Energy
PC-5p-163042_37 tGCACAGGGAGGATCTAACggagag 26 165 —20.72
PC-5p-120619_66 cAACAATTAAGAGATATTTCcg 23 163 —8.68
ola-miR-338-5p_R-4_2ss13GA19CT aACAACATCCTGATGCTGtct 22 161 —18.81
PC-5p-436116_5 cAGGAAAAGGAAACAGACAGacatt 26 159 —-19.7
ssa-miR-338a-4-5p aACAACATCCTGGTGCTGcectgagt 26 157 —20.75
ipu-miR-124a R + 1 tAAGGCACGCGGTGAATGcca 22 156 -17.7
PC-5p-280962_ 12 tTAGTGAAGTCATTTATGgtct 23 155 —-9.28
PC-5p-280962_12 tTAGTGAAGTCATTTATGGTct 23 153 —-16.07
ola-miR-223 tGTCAGTTTGTCAAATACcc 21 152 -12.27
ipu-miR-737_L-1_1ss2TG gTTTTTTAGGTTTTGATTttt 22 151 —10.01
PC-5p-436116_5 cAGGAAAAGGAAACAGACAGACatt 22 140 —11.94

PC-5p-280962_12, ipu-miR-124a_R + 1, and negative controls, and the
expression of dmrtl was investigated after 24 h. The results showed that
the mimics of ipu-miR-124a R + 1 and PC-5p-280962_12 significantly
inhibited the expression of dmrt1, and the inhibitors of ipu-miR-124a_R
+ 1 and PC-5p-163042_37 significantly promoted the expression of
dmrtl (Fig. 1D, E, F). Taken together, ipu-miR-124a R + 1 was
demonstrated as an efficient negative regulator of dmrtl. For conve-
nience, we will refer to ipu-miR-124a_ R + 1 as isomiR-124a.

3.2. Identification of FSHR as a specific receptor in the Chinese tongue
sole testis

According to a recent investigation on the testis of Chinese tongue
sole by single-cell RNA sequencing analysis [24], the expression profile
of dmrtl was extracted from seven types of testicular cells including
Leydig cells, Sertoli cells, undifferentiated spermatogonia (Undiff SPG),
differentiated spermatogonia (Diff SPG), preleptotene spermatocytes
(Pre-Lep), pachytene spermatocytes (P-SPC), and sperm in both male
and sex-reversed (WZ) pseudomale fish. Results showed that dmrt1 was
more highly expressed in the Sertoli cells of both male and pseudomale
fish (Fig. 2A). Therefore, we next focused on the membrane receptors of
Sertoli cells to find an optimal target for engineered exosomes. The top
50 highest expressed membrane receptors on Sertoli cells were then
obtained from the dataset of the single-cell RNA sequencing (Fig. 2B and
Table S2). We investigated the expression profile of the top 50 receptors
in four tissues (brain, testis, liver, and muscle) at two developmental
stages of fish (4-month-old juvenile fish and 1-year-old adult fish) based
on the RNA sequencing data (PRINA724919) (Fig. 2B and Table S3).
According to the results of gene expression pattern analysis (Table S4),
the membrane receptors with specifically high expression in the testis
were displayed in profiles 13 and 14, including fshr (follicle-stimulating
hormone receptor), adgra3 (adhesion G protein-coupled receptor A3),
tnfrsf6 (tumor necrosis factor receptor superfamily member 6), il17ra
(interleukin 17 receptor A), ill5ra (interleukin 15 receptor subunit
alpha), pigr (polymeric immunoglobulin receptor-like), and Ipar2
(Iysophosphatidic acid receptor 2-like) in juvenile fish, and fshr, il1r2
(interleukin 1 receptor type 2), adgra3, and csf3r (colony-stimulating
factor 3 receptor), pigr, trfrsf6, and il17ra in adult fish. Among them, fshr,
pigr, adgra3, tnfrsf6, and il17ra were specifically expressed in the testis at
both developmental stages, and fshr was the one with the highest
expression in Sertoli cells (Fig. 2B). Furthermore, the expression profile
of fshrin 11 tissues validated its testis-specific expression in 6-month-old
male fish as well (Fig. 2C). Taken together, we found that FSHR is a
testis-specific membrane receptor with high expression on Sertoli cells
of Chinese tongue sole and thus could be utilized as an optimal target for
engineered exosomes.
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3.3. Establishment of cys-FSHR-FSH complex structure and identification
of peptides targeting cys-FSHR

To identify short peptides with strong affinity to FSHR in Chinese
tongue sole (Cynoglossus semilaevis, cys), it was necessary to establish the
structure of cys-FSHR with its natural ligand cys-FSH. The Alphafold-
Multimer was utilized to establish the structure of the cys-FSHR-FSH
complex. As a result, five models were well structured according to the
evaluation parameters of the Alphafold-Multimer. Since Model 1 was the
most confident model with the highest average predicted local distance
difference test (pLDDT), we next utilized Model 1 for further analysis
(Fig. S2 and Supporting Information). According to the structure of
Model 1 colored by the pLDDT scale, we found that the main body of the
cys-FSHR-FSH complex was in high confidence. In contrast, the N- or C-
terminus of cys-FSHR and cys-FSH presented as the curly segments
extending out of the main body was in low confidence (Fig. 3A). After
computationally trimming off the N- or C-terminus with low confidence
(pLDDT <70) in Model 1, the cys-FSHR-FSH complex showed a typical
structure of glycoprotein hormone receptor, composed of an extracel-
lular domain for recognition and binding with cys-FSH and a trans-
membrane domain. The extracellular domain of cys-FSHR was like a
right hand in a mitten holding the cys-FSH (Fig. 3B).

The residues at the interface between cys-FSHR and cys-FSH in Model
1 were then analyzed by Pymol (InterfaceResidues). In total, there were
31 residues in cys-FSHa and 17 residues in cys-FSHp located at the
interface in the cys-FSHR-FSH complex. There were 22, 17, and 16
residues in cys-FSHR located at the interface between cys-FSHR and cys-
FSHa, cys-FSHR and cys-FSHp, and cys-FSHR and both subunits,
respectively (Fig. S3). The pLDDT of residues at the interface in the cys-
FSHR-FSH complex were all higher than 70 (Fig. S3), suggesting that the
structure at the interface of the FSHR-FSH complex was confident, which
was favorable for the subsequent analysis of binding sites. As FSHf} was
responsible for specific binding to FSHR, we next focused on the residues
located at the interface between cys-FSHR and cys-FSHf. We found that
the residues at the interface concentrated in two segments in cys-FSHp,
which were almost in alignment with the two peptides targeting hsa-
FSHR for drug delivery in the study of mammals (Fig. S3) [32-34].
Because of the conserved structure and binding mode of the FSHR-FSH
complex between humans and Chinese tongue sole (Fig. S4 and Sup-
porting Information), it was highly likely that the two segments con-
taining the residues at the interface in cys-FSHR-FSHf would play
important roles in binding to cys-FSHR as well. Therefore, the two seg-
ments from F90 to N107 (FMTDHSYQGNRQQQKTCN) and from K131 to
T150 (KCNCAVCDLKTMDCGRFVET) in cys-FSHf were selected as po-
tential candidate peptides for targeting cys-FSHR and termed as PEP1
and PEP2, respectively (Fig. S3). The structure of cys-FSHR-FSHf
showed that PEP1 and PEP2 were the segments that were protruding
from cys-FSHp into the “palm” of cys-FSHR. Five residues in PEP1,
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Fig. 1. Screening miRNAs inhibiting the expression of dmrt1. (A) Schematic representation of predicted miRNA-binding sites of nine miRNAs in the 3'UTR of dmrt1.
(B) Relative luciferase activity in HEK293T cells transfected with psiCHECK-dmrt1-3'UTR, candidate miRNA mimics, and negative control mimics after 48 h.
Luciferase activities were measured by dual-luciferase assays, and representative data of three independent experiments are shown as a fold ratio (renilla/firefly
luciferase light-unit ratio). Values are means (n = 3), with standard deviations represented by vertical bars. *** Mean values with three asterisks are highly significant
(P < 0.001, Student’s t-test, Tukey’s test). (C) Expression of ipu-miR-124a_R + 1 (isomiR-124a), PC-5p-163042_37, and PC-5p-280962_12 in testicular cells, as well as
testicular and ovarian tissues. Expression values were normalized by U6. Values are means (n = 3), with standard deviations represented by vertical bars. * b. ¢ Mean
values with unlike letters are significantly different (P < 0.05, one-way analysis of variance, Tukey’s test). (D) Expression of dmrt1 in the fifth passage of testicular
cells of Chinese tongue transfected with ipu-miR-124a R + 1 (isomiR-124a) mimics, mimics negative control (NC), ipu-miR-124a R + 1 (isomiR-124a) inhibitor, and
inhibitor negative control (NC) after 24 h. Expression values were normalized by U6. Values are means (n = 3), with standard deviations represented by vertical bars.
* Mean values with one asterisk are significant (P < 0.05, Student’s t-test, Tukey’s test). ** Mean values with two asterisks are highly significant (P < 0.01, Student’s
t-test, Tukey’s test). (E) Expression of dmrtl in the fifth passage of testicular cells of Chinese tongue transfected with PC-5p-163042_37 mimics, mimics negative
control (NC), PC-5p-163042_37 inhibitor, and inhibitor negative control (NC) after 24 h. Expression values were normalized by U6. Values are means (n = 3), with
standard deviations represented by vertical bars. ** Mean values with two asterisks are highly significant (P < 0.01, Student’s t-test, Tukey’s test). (F) Expression of
dmrtl in the fifth passage of testicular cells of Chinese tongue transfected with PC-5p-280962_12 mimics, mimics negative control (NC), PC-5p-280962_12 inhibitor,
and inhibitor negative control (NC) after 24 h. Expression values were normalized by U6. Values are means (n = 3), with standard deviations represented by vertical
bars. * Mean values with one asterisk are significant (P < 0.05, Student’s t-test, Tukey’s test).
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Fig. 2. Screening for membrane receptors specifically expressed in testes of Chinese tongue sole. (A) Expression of dmrt1 in seven types of testicular cells, including
Leydig cells, Sertoli cells, undifferentiated spermatogonia (Undiff SPG), differentiated spermatogonia (Diff SPG), preleptotene spermatocytes (Pre-Lep), pachytene
spermatocytes (P-SPC), and sperm. The data was extracted from the single-cell RNA sequencing analysis data (CNP0002135) of both male and pseudomale of 2-year-
old Chinese tongue sole. Values are means (n = 3), with standard deviations represented by vertical bars. * ® Mean values with unlike lowercase letters are
significantly different in male fish. - ® Mean values with unlike uppercase letters are significantly different in pseudomale fish (P < 0.05, one-way analysis of
variance, Tukey’s test). (B) Top 50 highest expressed membrane receptors on Sertoli cells extracted from the dataset of single-cell RNA sequencing (CNP0002135)
and their expression profile in brain, testis, liver, and muscle of Chinese tongue sole at 4 months old (in magenta heatmap) and 1 year old (in blue heatmap) extracted
from RNA sequencing data (PRINA724919). After gene expression pattern analysis, the membrane receptors from profiles 13 (marked by dots) and 14 (marked by
squares) characterized by specifically higher expression in the testis were displayed. Fshr (follicle stimulating hormone receptor), adgra3 (adhesion G protein-coupled
receptor A3), tnfrsf6 (tumor necrosis factor receptor superfamily member 6), il17ra (interleukin 17 receptor A), il15ra (interleukin 15 receptor subunit alpha), pigr
(polymeric immunoglobulin receptor-like), Ipar2 (lysophosphatidic acid receptor 2-like), il1r2 (interleukin 1 receptor type 2), and csf3r (colony-stimulating factor 3
receptor). (C) Expression of fshr in brain, gill, heart, intestine, kidney, liver, muscle, skin, spleen, stomach, and testis of 6-month-old Chinese tongue sole. Expression
values were normalized by f-actin. Values are means (n = 3), with standard deviations represented by vertical bars. ® ® Mean values with unlike letters are
significantly different (P < 0.05, one-way analysis of variance, Tukey’s test). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 3. Structure of the cys-FSHR-FSH complex and peptides at the interface. (A) Complete structure of the cys-FSHR-FSH complex in Model 1. Each residue is colored
based on pLDDT. (B) Structure of the cys-FSHR-FSH complex in Model 1 after trimming off residues at the N- and C-terminus with low confidence (pLDDT <70) in
Model 1. Extracellular and transmembrane domains were segmented with yellow plates schematically. Cys-FSHa and cys-FSHp are shown in a cartoon fashion in cyan
and blue, and cys-FSHR is shown in a surface fashion in red. (C) Extracellular structure and binding sites of cys-FSHR-FSHp. The structures of cys-FSHR and cys-FSHf
are shown in a cartoon fashion in blue and gray, respectively. The PEP1 and PEP2 in cys-FSHp-containing binding sites are shown in a stick fashion in orange and
yellow, respectively. Intermolecular forces and hydrogen bonds with bond lengths are shown between residues of cys-FSHp and cys-FSHR.
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Fig. 4. Characterization of exosomes derived from ovarian cells and modification of peptides. (A) Morphology of exosomes isolated from ovarian cells viewed by
transmission electron microscopy with wide-field (left) and close-up (right) images. (B) Particle size distribution and concentration of exosomes isolated from ovarian
cells analyzed by Nano-FCM. (C) Western blotting examination of exosomal biomarkers (CD63, CD81, and HSP70) in exosomes isolated from ovarian cells. (M:
marker; Exo: exosomes isolated from the ovarian cells). (D) Schematic diagram illustrating the exosome modification with peptides. DOPE-NHS is a double-lipid
anchor modified with NHS that is amino reactive. DOPE-NHS and peptides reacted to form DOPE-peptides that are able to insert into the exosomal membrane
spontaneously. (DOPE: dioleoylphosphatidylethanolamine; NHS: N-hydroxysuccinimide; Exo-PEP: exosomes modified with peptides). (E) Efficiency of exosomal
modification with PEP1 (up) and PEP2 (down). PEP1 and PEP2 labeled with Fluorescein Isothiocyanate (FITC) were used for exosomal modification, and the
modified exosomes (Exo-PEP1 and Exo-PEP2) with FITC labeling were detected and analyzed by Nano-FCM. (F) Morphology of exosomes modified with PEP1 (top)
and PEP2 (bottom) viewed by transmission electron microscopy with wide-field (left) and close-up (right) images. (G) Particle size distribution and concentration of
exosomes modified with PEP1 (top) and PEP2 (bottom) analyzed by Nano-FCM. (H) Western blotting examination of exosomal biomarkers (CD63, CD81, and HSP70)
from exosomes modified with PEP1 and PEP2. (M: marker; Exo-PEP1: exosomes modified with PEP1; Exo-PEP2: exosomes modified with PEP2).

including Y96, G98, N99, R100, and Q101, and two residues in PEP2, Exosomes were isolated from the medium of the third passage of ovarian
including 1139 and V148, were the most likely residues binding to cys- cells. The morphology of exosomes observed by TEM showed that most
FSHR directly based on analysis of intermolecular forces and hydrogen particles were cup shaped and in diameters of 50-200 nm (Fig. 4A).
bonds (Fig. 3C). Next, the size and concentration of the exosomes were analyzed by
Nano-FCM. The diameter of the exosomes displayed a normal distribu-
tion ranging from 50.75 to 134.25 nm with an average diameter of
74.81 nm, and the concentration was 1.69 x 10° particles mL ™
(Fig. 4B). Exosomal marker proteins [35] including CD63 (~30 kDa),
CD81 (~26 kDa), and HSP70 (~70 kDa) were also identified in the

3.4. Exosome preparations and membrane modification with peptides

Ovarian cells were cultured for exosome preparation to increase
tropism to gonad and avoid incorporating male-triggering substances.
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Fig. 5. Testis-targeting efficiency of exosomes modified with PEP1 and PEP2 in vitro and in vivo. (A) Representative images of testicular cells incubated with Dil-
labeled exosomes (Exo) and Dil-labeled exosomes modified with PEP1 (Exo-PEP1) and PEP2 (Exo-PEP2) after 12 h (left). Fluorescence intensity was quantified
by Image J (right). Values are means (n = 3), with standard deviations represented by vertical bars. * Mean values with one asterisk are significantly different (P <
0.05, one-way analysis of variance, Tukey’s test). (B) Representative images of distribution of DiR-labeled exosomes (Exo) and DiR-labeled exosomes modified with
PEP1 (Exo-PEP1) and PEP2 (Exo-PEP2) in Chinese tongue sole whole fish (left top) and organs (left bottom) 8 h after intraperitoneal injection. The fluorescence count
was recorded and analyzed by Kuant 2.0 (right). Values are means (n = 3), with standard deviations represented by vertical bars. * Mean values with one asterisk are
significantly different (P < 0.05, one-way analysis of variance, Tukey’s test) (GI: gastrointestinal tract).

exosomes isolated from the ovarian cells (Fig. 4C).

We then modified the exosomes with PEP1 and PEP2 labeled with
FITC through DOPE-NHS linkers (Fig. 4D). The efficiency of exosomal
modification with peptides was assessed by Nano-FCM. Results showed
that the proportion of modified exosomes was 99.8% and 98.5% for Exo-
PEP1 and Exo-PEP2, respectively, indicating that the majority of exo-
somes were modified with PEP1 and PEP2 successfully (Fig. 4E).
Furthermore, the morphology of Exo-PEP1 and Exo-PEP2 was investi-
gated. Results showed that they were still in a cuplike shape with
average diameters of 74.11 and 73.25 nm, respectively, which are not
much different from the original sizes of exosomes. However, the final
concentration of Exo-PEP1 and Exo-PEP2 were 6.10 x 10 and 5.25 x
108 particles mL ™%, respectively, indicating that the process of exosomal
modification and purification inevitably resulted in some loss of exo-
somes (Fig. 4F, G). Still, the exosomal marker proteins (CD63, CD81, and
HSP70) were identified in Exo-PEP1 and Exo-PEP2 (Fig. 4H).

3.5. Testis-targeting effect of exosomes modified with PEP1 and PEP2 in
vitro and in vivo

Next, we compared the testis-targeting efficiency of exosomes
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modified with PEP1 (Exo-PEP1) and PEP2 (Exo-PEP2) with the original
exosomes (Exo) in vitro and in vivo. Exo, Exo-PEP1, and Exo-PEP2 labeled
with Dil were used for the in vitro experiment. After incubation with the
exosomes for 12 h, testicular cells incubated with Exo-PEP1 showed
significantly higher fluorescence intensity than those incubated with
Exo and Exo-PEP2, indicating that the exosomes modified with PEP1
were more preferentially absorbed by testicular cells of Chinese tongue
sole (Fig. 5A). To investigate the targeting efficiency for testis tissues in
vivo, DiR was used to label Exo, Exo-PEP1, and Exo-PEP2. The fluores-
cence images of the whole fish and the testes from Chinese tongue sole
were recorded 8 h after intraperitoneal injection. The heart, liver, spleen
and gastrointestinal tract all showed strong fluorescence regardless of
the peptide modification. Similar to the in vitro experiment, fluorescence
of the testes of fish injected with Exo-PEP1 was stronger than that of fish
injected with Exo and Exo-PEP2 (Fig. 5B), suggesting that the exosomes
modified with PEP1 were more efficient in targeting the testis of Chinese
tongue sole.

3.6. Effect of engineered exosomes on the testis in juvenile fish

After preparations of PEP1 modified engineered exosomes
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Fig. 6. Effect of engineered exosomes on testis structure and function in juvenile male fish. (A) Schematic diagram illustrating two intraperitoneal injections of
engineered exosomes in juvenile male fish and sampling after injection. Juvenile fish at 3 months old (1.27 + 0.30 g) were injected with three levels of engineered
exosomes (2, 4, and 6 pg exosome protein per gram of fish body weight), designated as 2MPE, 4MPE, and 6MPE, respectively. For the control, fish were also injected
with regular exosomes (Exo) and PBS. (B) Levels of isomiR-124a in the testes of fish injected with 2MPE, 4MPE, 6MPE, Exo, and PBS. Expression values were
normalized by U6. Values are means (n = 3), with standard deviations represented by vertical bars. ® > ¢ Mean values with unlike lowercase letters are significantly
different in testes sampled after 2 days. * & © P Mean values with unlike uppercase letters were significantly different in testes sampled after 1 week (P < 0.05, one-
way analysis of variance, Tukey’s test). (C) Relative expression of dmrt1 in the testes of fish injected with 2MPE, 4MPE, 6MPE, Exo, and PBS. Expression values were
normalized by g-actin. Values are means (n = 3), with standard deviations represented by vertical bars. ® ® Mean values with unlike lowercase letters were
significantly different in testes sampled after 2 days. * B Mean values with unlike uppercase letters were significantly different in testes sampled after 1 week (P <
0.05, one-way analysis of variance, Tukey’s test). (D) Representative sections of testes from fish injected with 6MPE (up) and PBS (down) 1 week after intraperitoneal
injection. Large magnification of the frame area is shown at the left bottom of the image (black arrow, germ cells; white arrow, Sertoli cells). (E) Density of sperm
cells in the testes of fish injected with 2MPE, 4MPE, 6MPE, and PBS. Values are means (n = 4) with standard deviations. ** Mean values with two asterisks are highly
significantly different (P < 0.01, one-way analysis of variance, Tukey’s test). (F) Volcano plot showing the gene expression with significant differences between testes
of fish injected with 6MPE and PBS after 1 week (P < 0.05, FC > 2) (red points: higher expression in the testes of fish injected with 6MPE; blue points: lower
expression in the testes of fish injected with 6MPE; gray points: no significant differences between the two groups). (G) Relative expression of sox9, dazl, piwill, tdrd6l,
tdrd9, and sycp1 in the testes of fish injected with 6MPE and PBS. Expression values were normalized by f-actin. Values are means (n = 3), with standard deviations
represented by vertical bars. * Mean values with one asterisk are significantly different (P < 0.05, Student’s t-test, Tukey’s test). ** Mean values with two asterisks are
highly significantly different (P < 0.01, Student’s t-test, Tukey’s test). *** Mean values with three asterisks are extremely significant (P < 0.001, Student’s t-test,
Tukey’s test). (H) Schematic drawing illustrating inhibition of the male sex-determining gene dmrtI and spermatogenesis by engineered exosomes in testicular cells.
The testicular cells are classified into somatic cells and male germ cells: the former includes Sertoli cells, Leydig cells, and so on, and the latter includes spermatocyte,
spermatozoa, and so on. Sertoli cells are in close contact with the germ cells. The highest expression of dmrt1 was found in Sertoli cells. FSHR was found to be a testis-
specific membrane receptor highly expressed on Sertoli cells in Chinese tongue sole. As soon as the engineered exosomes modified with PEP1 were taken up by Sertoli
cells by PEP1-FSHR interaction, isomiR-124a was released into the cytosol and inhibited the expression of its target gene dmrt1 in Sertoli cells. The downstream genes
of dmrt1 were accordingly affected, including sox9 and dazl, which are involved in the regulation of spermatogenesis, and il-8 and tmem235, which are involved in the
regulation of tight junctions in Sertoli cells. The changed gene expression in Sertoli cells further inhibited the expression of genes involved in spermatogenesis
including piwill, tdrdé6l, tdrd9, and sycpl in germ cells, resulting in the defect of spermatogenesis and a decreased amount of spermatozoa. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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containing isomiR-124a, the in vivo experiment was conducted by
intraperitoneal injection. The testes were sampled 2 days after the first
injection to monitor immediate effects. A second injection was done on
the same day, and the testes were sampled after 5 days to investigate the
long-term impact on testes (Fig. 6A). After the 1-week experiment, the
level of isomiR-124a in the testes was determined. There was a similar
level in the testes of fish sampled at 2 days after the first injection and 5
days after the second injection. The amounts of isomiR-124a in testes
increased with the increasing dosage of engineered exosomes, suggest-
ing that isomiR-124a was efficiently transported to the testes (Fig. 6B).
Notably, expression of dmrt1 in the testes was significantly inhibited in
the fish injected with engineered exosomes. However, no significant
differences were found in the expression of dmrtl among fish injected
with different dosages of engineered exosomes (Fig. 6C).

Compared to the testes of fish injected with PBS, the testes of fish
injected with engineered exosomes were more loosely organized and
showed decreased amounts of spermatozoa in and at the periphery of the
testes, suggesting an inactive state of testes and spermatogenesis, which
was consistent with the low density of sperm cells in the testes of fish
injected with engineered exosomes (Fig. 6D, E and Fig. S5).

We then analyzed the testes from 6MPE and PBS groups sampled
after 1 week by RNA sequencing to obtain a comprehensive under-
standing of the effect of dmrt1 expression modulation on testicular gene
expression. Three libraries (ZM1, ZM2, ZM3) for 6MPE and three li-
braries (ZP1, ZP2, ZP3) for PBS were constructed. Among the 21,024
identified genes, there were 353 genes significantly upregulated and 126
genes downregulated in the testes of fish injected with 6MPE compared
with those injected with PBS (P value <0.05, fold change >2) (Fig. 6F
and Table S5). Reflecting the action of the applied isomiR-124a,
expression of dmrtl was downregulated. The expression of many other
genes involved in sex determination, testis development, and sper-
matogenesis also showed significant differences, such as sox9 (SRY (sex-
determining region Y)-box 9), dazl (deleted in azoospermia-like), piwill
(piwi-like RNA-mediated gene silencing 1), tdrd6l (tudor domain con-
taining protein 6-like), tdrd9 (tudor domain containing 9), sycpI (syn-
aptonemal complex protein 1), il-8 (interleukin 8-like), and tmem235
(transmembrane protein 235-like) (Fig. 6F). In addition to dmrt1, gene
expression analyzed by qPCR further validated that sox9, dazl, piwill,
tdrd6l, tdrd9, and sycp1 were significantly inhibited in the testes injected
with 6MPE (Fig. 6G). Taken together, it could be concluded that engi-
neered exosomes targeting FSHR efficiently transported isomiR-124a to
the Sertoli cells, resulting in the inhibition of the male sex-determining
gene dmrtl and other genes involved in testis development and sper-
matogenesis in Chinese tongue sole, resulting in a defect of testicular
structure and function (Fig. 6H).

4. Discussion

Although various master SD genes were identified in animals, the
dmrtl gene is unique because of its repeated usage across metazoan
species, such as Drosophila, nematode, amphibian, chicken, and fish,
which suggests the highly conserved function of dmrt1 in sexual devel-
opment [10]. In mammals, sex change does not occur under natural
conditions as long as the sex was determined during embryonic devel-
opment. However, this is not the case in many fishes that showed various
SD systems and thus provided good models to study SD and sexual
plasticity.

We demonstrated that ipu-miR-124a_ R + 1 efficiently inhibited the
expression of dmrtl, termed as isomiR-124a for convenience. To our
knowledge, this is the first miRNA that has been experimentally found to
downregulate dmrtl expression in fish. In mice, it was reported that
dmrt] was directly targeted by miRNA-224 in spermatogonial stem cells
(SSCs) and that overexpression of miRNA-224 resulted in the down-
regulation of dmrtl and differentiation of SSCs [36]. Only a few in-
vestigations showed that some miRNAs were predicted to target dmrtl in
fish by in silico methods [37-39]. As dmrtl plays pivotal role in
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evolutionary transitions of SD mechanisms in vertebrate [11], the
finding of isomiR-124a as an inherent dmrt1 suppressor has both theo-
retical and practical implications and warrants in-depth investigations
in the future.

Consistent with the other fish examined [11], the expression of dmrt1
was limited to the testis of Chinese tongue sole [19]. Furthermore,
single-cell RNA sequencing analysis in the testes of 2-year-old Chinese
tongue sole showed that dmrt1 was significantly higher expressed in the
Sertoli cells than all other cells in both male and pseudo male fish [24].
Therefore, targeting the membrane receptors on Sertoli cells could
contribute to the specific delivery of isomiR-124a to the testes for effi-
cient regulation of dmrtl. In the present study, we found that fshr was
specifically expressed in the testes of fish and showed high expression in
Sertoli cells, consistent with the finding in mammals [40]. Moreover, it
was reported that FSHR was repeatedly used as an ovary-specific target
by peptide-modified nanoparticles for precise therapy in mammalian
studies [32-34], providing the references of targeting FSHR with FSHR-
specific peptides. It is known that FSHR belongs to the G protein-coupled
receptor (GPCR) superfamily. FSH, the natural ligand of FSHR, is a
heterodimeric glycoprotein composed of an a and a p subunit, and both
subunits are responsible for the interaction with FSHR. Furthermore,
FSH has an a subunit identical to the other glycoproteins including
luteinizing hormone (LH), chorionic gonadotropin (CG), and thyroid-
stimulating hormone (TSH), but a unique p subunit is responsible for
the specific binding with FSHR [40]. Therefore, pinpointing the peptides
on FSHp interacting with FSHR in the FSHR-FSH complex was the key to
our work. Different from the completed structure of the FSHR-FSH
complex resolved by experimental methods in human studies [41,42],
the structure of the FSHR-FSH complex for Chinese tongue sole was
established by Alphafold-Multimer in the present study, which is
emerging as a revolutionary method for predicting the protein structure
with accuracy matched with experimental determination methods
[25,43]. Two peptides locating at the interface of the complex were
accurately identified owing to the highly qualified establishment of the
FSHR-FSH complex model.

Regarding the cells for exosomal production in the field of drug de-
livery, it was suggested that the extracellular vesicles could home in on
their parental cells of origin via the same surface extracellular proteins
[44]. Many studies accordingly utilized the self-derived cells as parental
cells for exosome production. For example, prostate cancer cell derived
exosomes loaded with Paclitaxel showed enhanced cytotoxicity after
endocytosis by prostate cancer cells [45]. The neural progenitor cell
derived exosomes could promote the generation and differentiation of
neurons by transferring key miRNAs to neurons [46]. Given that the
testis and ovary are homologous organs and the exosomal content was
similar to their parental cells [1], we utilized the ovarian cell derived
exosomes to increase their tropism to gonad and avoid incorporating
male-triggering substances that may interfere with the dmrtI-suppress-
ing effect instead of using testicular cell derived exosomes. The exo-
somes were then isolated from ovarian cells, showing typical
characteristics of exosomes in morphology, diameters, and marker
proteins, and the yield was sufficient for succeeding manipulations.

The technology for exosomal surface modification can be generally
categorized into endogenous or exogenous modification according to
the subject to manipulate. The exogenous modification indicates the
direct modification on the exosomal surface after purification, having
the merit of more tolerance and feasibility than living cells under various
conditions [47]. It was reported that phospholipid membrane anchor
technology was able to modify the exosomal membrane with targeting
peptide by lipid anchors, known as a simple and rapid method without
genetic manipulation to the exosome parental cells, being advantageous
to maintain the integrity of the exosomal membrane [48-50]. Therefore,
we adopted the membrane anchor technology for exosomal modification
with PEP1 and PEP2 in the present study. According to the proportion of
exosomes modified with either PEP1 or PEP2, most exosomes were
successfully modified using membrane anchor technology. Moreover,
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the exosomal morphology, diameters, and marker proteins were not
changed after membrane modification with peptides, suggesting that the
integrity of exosomes was not affected by peptide modification.

In the present study, the strong fluorescence in the gastrointestinal
tract, spleen, liver, and heart 8 h after intraperitoneal injection was
consistent with the findings in mammals [44], showing that the exo-
somes preferentially accumulated in these tissues after intraperitoneal
injection regardless of peptide modification. This may be due to the
direct contact of those organs with exosomes in the peritoneal cavity and
through blood circulation. However, the fluorescence in testes was
closely associated with peptide modification, showing stronger fluo-
rescence in exosomes modified with PEP1, suggesting that the PEP1
modification was able to promote the accessibility of exosomes to testes
in Chinese tongue sole. Therefore, given that the testes in flatfish extend
from the peritoneal cavity to the distal end and testes were protected
from the exogenous biomolecules by the blood-testis barrier (BTB) that
is formed by Sertoli cells near the base of the epithelium of seminiferous
tubules [51], it is necessary to modify the exosomes with PEP1 for
efficient targeting to testes.

Different strategies have been developed to load small RNAs into
exosomes, such as parental cell transfection [52], exosomal membrane
modulation by electroporation [53], and the commercial kit Exo-Fect
[54]. Among the five methods for direct modulation of EVs, Ricardo
et al. found that loading miRNAs with Exo-Fect showed the most effi-
ciency and was able to enhance the uptake of EVs by target cells and
decrease the interaction of EVs with lysosomes [55]; therefore, the Exo-
Fect method was used in the present study. To minimize the negative
impact on peptide-modifying efficiency caused by membrane pertur-
bation during miRNA transfection, we prepared the engineered exo-
somes in a fashion that miRNA mimics were loaded prior to membrane
modification with peptides, which was consistent with the method re-
ported by Gunassekaran et al. [48]. Although there was some loss of
miRNA after peptide modification, the level of isomiR-124a in trans-
fected exosomes was still significantly higher than the native exosomes.
Accordingly, the engineered exosomes with miRNA transfection and
then peptide modification (MPE) were well prepared for the in vivo
experiment.

The in vivo experiment showed that the levels of isomiR-124a in
testes were promoted with increasing dosages of engineered exosomes
after injection at both sampling time points. However, the expression of
dmrtl was significantly inhibited by the engineered exosomes inde-
pendent of the dosages, suggesting that isomiR-124a could efficiently
repress the expression of dmrtl in the testes even at a relatively low
dosage. RNA sequencing analysis was performed to obtain a
transcriptome-wide view of the effect of engineered exosomes on testes.
In addition to dmrtl, the differential gene expression analysis further
revealed that the key testis-determining factor in mammals, sox9 [56],
was significantly inhibited in the testes of fish injected with engineered
exosomes. Sox9 is an important member of sox-family genes, which are
another source of master SD regulators together with the dmrt family
[57]. It was reported that sox9 is a direct target of the master SD gene Sry
in mammals and is involved in the differentiation of Sertoli cells [58,59].
Moreover, studies in mammals and fish both suggested that the
expression of sox9 is regulated by dmrt1 [21,60]. Therefore, the down-
regulation of sox9 in the present study may be a direct downstream ef-
fect after the inhibition of dmrtl. Further experiments should be
conducted to validate the relationship between dmrt1 and sox9 in fish.

In addition to being a master SD gene, dmrt1 plays important roles in
maintaining testis development and functions after the testes are
formed. With regard to maintaining the differentiated state of the testis,
dmrtl has been shown to be required for the proper organization of
Sertoli cells. It is involved in regulating the polarization and tight
junctions of this cell type [61,62]. The upregulation of interleukin 8 (IL-
8), which was reported to inhibit tight junction formation [63] together
with the downregulation of transmembrane protein 235 (tmem235)
containing the conserved domain of claudin (the important protein of
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tight junction in testes [64]), suggested that the tight junctions in testes
were affected by dmrtl inhibition, which may be the reason the
morphology of testes in fish injected with engineered exosomes was
more loosely organized.

Regarding spermatogenesis, dmrt1 has been reported to be involved
in germ cell mitosis [17] and maintenance of spermatogonial stem cells
pool in mammals [65]. Moreover, dmrtl expression was concomitant
with the appearance of spermatocytes during natural sex reversal of the
protogynous wrasse [66], which suggested the important roles of dmrt1
in spermatogenesis in fish. The decreased expression of the master
translational regulator of spermatogenesis dazl [67] and other genes
involved in spermatogenesis, including piwill, tdrd6l, tdrd9, and sycp1,
suggested the spermatogenesis was inhibited as a consequence of
downmodulation of dmrt1. PIWI proteins belong to the germline-specific
members of the Argonaute (AGO) family, which function to silence
transposable elements in the germ line and sustain gonadal development
by binding to PIWI-interacting RNAs (piRNAs) in animals [68]. Addi-
tionally, the PIWI proteins provide binding platforms for Tudor domain
containing proteins that are involved in germ cell development medi-
ated by the piRNA pathway [68]. In mammals, PIWIL1 has been re-
ported to play important roles in spermatogenesis by interacting with
TDRD6 and TDRD9 [69]. The higher expression of tdrd6l and tdrd9 in the
testes of Japanese flounder again suggested their conserved functions in
spermatogenesis in teleost fish [70]. Therefore, the downregulation of
piwill, tdrd6l, and tdrd9 suggested that the spermatogenesis mediated by
the piRNA pathway was inhibited in the testes of fish injected with
engineered exosomes. SYCP1 is a component of the synaptonemal
complex essential for synapsis of homologous chromosomes during
meiosis [71]. The decreased expression of sycpl also suggested that the
early steps of gametogenesis were inhibited. As dmrt1 was also reported
to be involved in the continuous production of sperm by coordinating
mitotic amplification with meiosis [17], this suggested another link as to
how dmrt1 suppression could directly result in the defect of spermato-
genesis. Furthermore, histological analysis found that engineered exo-
somes resulted in fewer spermatozoa and a more loosely organized
structure of testes, showing inhibited spermatogenesis and an inactive
state of testes in fish injected with engineered exosomes. However, the
inhibition of dmrtl by engineered exosomes in testes did not change the
gonadal fate in Chinese tongue sole, which is similar to the results in
mammals [72]. This result suggested that dmrtl suppression was not
able to induce sexual reversal when the gonadal sex was established in
gonochoric fish.

5. Conclusion

The present study took advantage of an exosome-based delivery
system for efficient interfering with a master SD gene, revealing the
important roles of dmrtl in maintaining the normal structure and
functions of testis in fish. This finding fills the knowledge gap of un-
derstanding the postnatal and post-SD role of dmrtl in fish. We believe
that this powerful tool is not only instrumental to investigate the mo-
lecular mechanisms of SD genes but also will play more supportive roles
in addressing biological problems in more extensive fields in the future.
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