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Inherited and age-related retinal degenerations are the com-
monest causes of blindness without effective treatments.
Retinal progenitor cells (RPCs), which have the multipotency
to differentiate into various retinal cell types, are regarded as
a promising source of cell transplantation therapy for retinal
degenerative diseases. However, the self-limited expansion of
RPCs causes difficulty in cell source supply and restrict its clin-
ical treatment. In this work, we found that inhibition of micro-
RNA-449a (miR-449a) in RPCs can promote proliferation and
inhibit apoptosis of RPCs, partially through upregulating
Notch signaling. Further optimization of transduction miR-
449a inhibitor into RPCs by endothelial cell-derived exosomes
can promote the survival of RPCs transplanted in vivo and
reduce cell apoptosis in retinal degeneration mouse models.
In summary, these studies have shown that exosome-miR-
449a inhibitor can effectively promote the expansion of RPCs
in vitro and enhance transplanted RPCs survival in vivo, which
might provide a novel intervention strategy for retinal degener-
ations in the future.

INTRODUCTION

Retinal degenerative diseases such as retinitis pigmentosa (RP) or age-
related macular degeneration (AMD) are the main causes of currently
untreatable blindness.' > In most cases, retinal degenerations (RDs)
are characterized by a slow progression over several years with a
continuous loss of photoreceptors and progressive loss in vision,
and eventually progress to blindness."* Photoreceptors, including
rods and cones, are light receptors in the eye, and the death of photo-
receptors leads to irreversible vision defects without curable treatment
at present.””” Stem cell transplantation holds great promise as a poten-
tial therapeutic approach for retinal degenerative diseases.*’ Since
photoreceptors are derived from retinal progenitor cells (RPCs) at em-
bryonic and early postnatal stages, RPCs are attractive as a potential
cell source of repopulating the retina with rods and cones in patients
with RD.'""" RPCs are a class of neural progenitor cells having the ca-

pacity to self-renew and differentiate into retinal neurons and glia.'>"

Several studies claimed that transplantation of RPCs in RD
models could protect the retina from continuous photoreceptor
apoptosis."*"'® However, one of the existing shortages of this therapy
is the self-limited expansion of RPCs in vitro.'” Although this charac-
teristic diminishes the risk of uncontrolled proliferation and carcino-
genesis, it also brings the problem of insufficient donor cells, which has
limited RPC transplantation to be used in clinical practice. In this
study, we tried to find a method to enhance the expansion of RPCs
in vitro and promote transplanted RPC survival in vivo.

MicroRNAs (miRNAs) are a family of small, noncoding RNA mole-
cules that play important roles in many biological processes, including
cell proliferation, differentiation, apoptosis, and organ development and
18720 miRNAs exert their function by negatively regulating
gene expression through direct binding to the 3’ UTR of a target gene
mRNA, which induces mRNA cleavage or translational repression.ZI’22
Previous research has reported miRNA-449a (miR-449a) regulates pro-
liferation and apoptosis of retinoblastoma cells.”” miR-449a belongs to
the miR-34 family and encodes the highly conserved miRNAs,
including miR-449a, miR-449b, and miR-449¢.>** Besides retinoblas-
toma, the studies of miR-449a also revealed its function in glioblastoma,
colorectal cancer, and cell multiciliogenesis.z(”28 However, the biolog-
ical functions of miR-449a in normal retina and RPCs are still unknown.

homeostasis.

In this study, we investigate the function of miR-449a in RPCs and
optimized transportation of miR-449a inhibitor into RPCs by
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endothelial cell-derived exosomes. We found that exosome-mediated
miR-449a inhibition could enhance stemness, promote proliferation,
and resist apoptosis of RPCs. Moreover, miR-449a regulates RPCs
partially through Notch signaling, with Notchl been identified as a
direct target gene. We also determined that transplantation of RPCs
with miR-449a inhibitor packed by exosome reduced the apoptosis
of retinal cells both in NMDA-induced and Pde6b mutant RD
models. These results might provide a novel intervention strategy
for patients with rod-cone dystrophy and other retinal degenerative
diseases in the future.

RESULTS

The inhibition of miR-449a promotes the self-renewal of RPCs
and inhibits their apoptosis

Previous research has shown that miR-449a is expressed in neural pro-
genitor cells (NPCs) and retinoblastoma.”>*’ To test whether miR-
449a is also expressed in RPCs, we cultured mouse RPCs and tested
the expression of several miRNAs, with miR-449a most abundant in
RPCs among these miRNAs (Figure S1). Primary RPCs were extracted
from embryonic day 17.5 (E17.5) embryonic retina, cultured to form
neurospheres and identified by immunofluorescent staining of RPC
markers Pax6, Nestin, and Sox2 (Figures S2A and S2B). The expres-
sion level of miR-449a was decreased during RPC sphere formation,
whereas it was increased during RPCs’ induced differentiation
in vitro (Figures S2C and S2D). Next, to investigate whether miR-
449a regulates the self-renewal of RPCs, we transfected cultured
RPCs with synthetic miR-449a mimics and inhibitors. RPC neuro-
spheres were dissociated and replated under adherent condition for
24 h and transfected with miR-449a mimics or inhibitors, with control
oligonucleotides respectively. We first confirmed the overexpression
or downregulation of miR-449a 24 h after transfections. As shown
by RT-qPCR results (Figures 1A and 1B), miR-449a level was signifi-
cantly lower in the miR-449a inhibitor-transfected group and was
intensively higher in miR-449a mimic-transfected group, compared
with the control group respectively. The transfected RPCs were then
detached and replated in suspension for 5 days to observe the forma-
tion of neurospheres (Figures 1C and 1D). As shown in Figure 1D, the
inhibition of miR-449a increased the sphere number of RPCs
compared with the control group, and upregulation of miR-449a
decreased the sphere number of RPCs compared with the control
group. Statistical results were consistent with this observation (Fig-
ure 1E). In addition, we tested the expression of stemness markers
by RT-qPCR 24 h after transfection. As shown in Figures 1F and
1G, the mRNA levels of Pax6, Chx10, CD133, Nestin, and Sox2 were
all upregulated in the miR-449a inhibitor group compared with the

control group, and were downregulated in the miR-449a mimic group
(Figures 1F and 1G). These changes in stemness markers were
confirmed when their mRNA levels were tested 5 days after transfec-
tion (Figures S3A-S3D). Due to the limited amount of primary
cultured RPCs, we first used in-cell western blotting to detect the pro-
tein levels of stemness markers. As shown in Figure 11, the protein
levels of Pax6, CD133, and Sox2 were all upregulated in the miR-
449a inhibitor group compared with the control group (Figures 11
and 1]). After enlargement of the amount of primary culture, we finally
acquired sufficient protein samples to perform western blotting and
verified the increased protein levels of stemness markers under
miR-449a inhibition (Figure 1H). All these results indicated that
downregulation of miR-449a promoted the self-renewal of RPCs,
whereas upregulation of miR-449a led to reduced RPC stemness.

We further investigate whether miR-449a affects the apoptosis of RPCs
(Figure 1K). Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) labeling showed that the number of
TUNEL" cells was decreased after miR-449a inhibition compared
with the control group (Figure 1L). Statistics results also showed that
the proportion of apoptotic RPCs was significantly reduced under
miR-449a inhibition (Figure 1M). Furthermore, we also performed
western blotting to test the cleavage of Caspase-3 and poly (ADP-
ribose) polymerase (PARP), and the results showed that miR-449a in-
hibition significantly suppresses cleavage of Caspase-3 and its substrate
PARP, verifying reduced apoptosis under miR-449a inhibition (Fig-
ure 1N). Therefore, the above results indicate that inhibition of miR-
449a can protect RPCs from apoptosis.

miR-449a inhibition enhances the proliferation of RPCs and has
no obvious effect on their differentiation

Next, we explored whether inhibition of miR-449a affects the prolif-
eration and differentiation of RPCs. We detected RPC proliferation
by Ki67 immunostaining 24 h after miR-449a inhibitor transfection
(Figure 2A). The results showed that Ki67" RPCs were increased in
the miR-449a inhibitor group compared with the control group
(Figures 2B and 2C). Furthermore, the Ki67 mRNA level was also
increased in RPCs transfected with miR-449a inhibitor compared
with control (Figure 2D).

To study miR-449a’s function in RPC differentiation, we used serum-
containing medium with added retinoic acid to culture RPCs for
7 days after transfection (Figure 2E). Then, after 7 days, we examined
Rhodopsin® rod cell and Cone-arrestin™ cone cell by immunofluores-
cence staining. As shown in Figures 2F and 2G, there is no obvious

Figure 1. The inhibition of miR-449a promotes the self-renewal of RPCs and inhibits their apoptosis

(A and B) RT-gPCR analysis of miR-449a expression in RPCs after mimic or inhibitor transfection. (C) Diagram of RPCs sphere assay after miRNA transfection. (D) Brightfield
microscope of RPCs sphere after miRNA transfections. (E) RPCs sphere number after miRNA transfection. (F and G) RT-gPCR analysis of stemness markers Pax6, Chx10,
CD133, Nestin, and Sox2 in RPCs after miRNA transfection. (H) Western blot analysis of stemness markers Nestin, Chx10, Pax6, and Sox2 after miRNA transfection. (l)
Detection of protein levels of stemness markers Pax6, CD133, and Sox2 by in-cell western blot after miR-449a inhibitor transfection. (J) Results of in-cell western blot in (). (K)
Diagram of RPCs TUNEL staining after miRNA transfection. (L) TUNEL staining on RPCs after miR-449a inhibitor transfection. (M) Results of RPCs TUNEL staining. (N)
Western blot analysis of cleaved-Caspase-3 and PARP protein after miRNA transfection. Experiments were performed at least in triplicate, and the results are shown as the
mean + SD. Student’s t test was used to analyze the data. *p < 0.05, “*p < 0.01, **p < 0.001.
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Figure 2. miR-449a inhibition enhances the proliferation of RPCs and has no obvious effect on their differentiation
(A) Diagram of RPCs Ki67 immunostaining after miRNA transfection. (B) Ki67 immunostaining of RPCs after miR-449a inhibitor transfection. (C) The percentage of Ki67*
RPCs in (B). (D) RT-gPCR analysis of Ki67 expression in RPCs after miR-449a inhibitor transfection. (E) Diagram of RPC differentiation assay after miRNA transfection. (F)

766

(legend continued on next page)

Molecular Therapy: Nucleic Acids Vol. 31 March 2023



www.moleculartherapy.org

difference in the percentages of differentiated photoreceptors in total
cells between the miR-449a inhibitor group and the control group
(Figures 2F and 2G). In addition, mRNA expression of the markers
of seven mature retinal cell types were tested by RT-qPCR, including
glutamate synthetase (GS) for Muller’s glia, syntaxin for amacrine
cells, NF165 for horizontal cells, PKC-« for bipolar cells, Brn3a for
ganglion cells, as well as Rhodopsin and Cone-arrestin for photorecep-
tors.’>’! The results showed that mRNA expression levels of all seven
markers have no significant difference between the miR-449a inhibi-
tor group and control group (Figure 2H). In summary, all these data
demonstrate that the inhibition of miR-449a enhances the prolifera-
tion of RPCs and has no obvious effect on their differentiation.

miR-449a regulates the stemness, proliferation, and apoptosis
of RPCs partially by modulation of Notch signaling

Notch signaling has been documented to play pivotal roles in the regu-
lation of RPC stemness and differentiation.””* To determine whether
miR-449a’s functions on stemness, proliferation, and apoptosis of
RPCs is achieved by Notch signaling, we first observed the phenotypes
of RPC:s after inhibiting the Notch pathway by gamma-secretase inhib-
itor (GSI). We confirmed the efficiency of Notch inhibition by testing
its canonical downstream genes HesI and Hes5 in RPCs (Figure 3A).
Then we found that the sphere number of RPCs incubated with GSI
is reduced compared with the control group treated with DMSO
(Figures 3B and 3C). Furthermore, RT-qPCR testing the stemness
markers showed that Pax6, Chx10, CD133, Nestin, and Sox2 were all
downregulated after the inhibition of Notch signaling (Figure 3D),
and western blot analysis showed that the protein levels of Pax6,
Chx10, and Sox2 were also decreased under GSI treatment (Figure 3E).
As shown in Figures 3F and 3G, the percentage of Ki67" cells in the GSI
group decreased compared with that of the control group. Correspond-
ingly, the mRNA expression level of Ki67 in the GSI group was lower
than that of the control group (Figure 3H). On the other hand, the per-
centage of TUNEL-positive cells in the GSI group increased compared
with that of the control group (Figures 31 and 3]). Next, to investigate
whether miR-449a regulates the stemness, proliferation, and apoptosis
of RPCs through the Notch signaling pathway, we transfected miR-
449a inhibitor and added GSI simultaneously. The experiment showed
that the inhibition of Notch signaling by GSI can partially reduce the
expression of stemness-related genes upregulated by miR-449a inhibi-
tion (Figure 3K). Taken together, these findings suggest that miR-449a
regulates the stemness, proliferation, and apoptosis of RPCs partially
through modulation of Notch signaling.

miR-449a modulates Notch signaling by directly regulating the 3’
UTR of Notch1 mRNA

To identify miR-449a-mediated downstream regulators for stemness,
proliferation, and apoptosis of RPCs, the target genes of mir-
449a were selected from the shared genes from miRNA target gene
predictions, including TargetScan 6.2 (http://www.targetscan.org),

miRDB (https://www.mirdb.org/), and RNA22 version 2.0 (https://
www.rna-seqblog.com/rna22-version-2-o-mirna-mre-predictions/).
As shown in Figure 4A, we took intersections from three databases,
and then we screened out 17 genes that meet at least one of these filter
conditions, including cell proliferation, neuron development, nervous
system, and neurogenesis, and that have expression in the visual
system or retina. Notch1 is found in the list (Figure 4A). Therefore,
to find the interaction between miR-449a and Notchl, we first
detected the expression of Notchl and its downstream genes HeslI
and Hes5 by RT-qPCR after the inhibition or overexpression of
miR-449a in the RPCs. The results showed that Notch1 and its down-
stream genes increased under the inhibition of miR-449a, compared
with the control group (Figure 4B). In contrast, Notch1 and its down-
stream genes significantly decreased in miR-449a-overexpressing
RPCs (Figure 4C). To further confirm the physical interaction and
post-transcriptional regulation on the 3’ UTR fragment of Notchl
by miR-449a, we used genome DNA PCR to clone the mouse Notchl
3’ UTR containing the putative binding site of miR-449a and con-
structed the appropriate luciferase reporter plasmids including the
normal binding site and mutated binding site, respectively (Fig-
ure 4D). As shown in Figure 4E, we used transient transfection to
co-introduce luciferase plasmid containing the 3’ UTR region of
Notchl or the corresponding mutated region with the miR-449a
mimic into HEK293T cells. The dual-luciferase reporter assay showed
that the normalized luciferase activity decreased in the miR-449a
mimic and Notchl 3’ UTR reporter co-transfection group, whereas
this effect was abolished when the binding site of miR-449a was
mutated (Figure 4E). Collectively, these results demonstrated that
Notchl is a direct target of miR-449a.

Endothelia-derived exosomes significantly reduce the

apoptosis of cultured RPCs

Next, in order to improve the transfection efficacy and reduce the
toxicity of transfect regent on RPCs, we aimed to deliver miR-449a
inhibitor into RPCs by exosomes. Previously, we have shown that
endothelial cell-derived exosomes could protect cultured neural
stem cells from apoptosis and maintain their stemness.”> Here, we
used the bEnd.3 cell line-derived exosomes to investigate whether
endothelia-derived exosomes also have an effect on cultured RPCs.
As shown in Figure 5A, the exosome-specific proteins CD9, CD63,
and ALIX were detected in bEnd.3 cell line-derived exosomes. Trans-
mission electron microscopy showed the extracted exosomes with
typical vesicle morphology (Figure 5B). Nanoparticle tracking anal-
ysis (NTA) determined the size of the vesicles (Figure 5C). Next,
RPCs’ proliferation, stemness, and apoptosis were observed after
co-incubation with the bEnd.3 cell-derived exosomes. The expression
of stemness-related genes was mostly stable in RPCs after co-incuba-
tion, except for Chx10, which showed a decrease (Figure 5D). In
addition, there is no obvious difference in RPC proliferation between
the co-incubation group and control group shown by Ki67 expression

Rhodopsin and Cone-arrestin immunostaining on differentiated RPCs after miR-449a inhibitor transfection. (G) The percentages of Rhodopsin* and Cone-arrestin™ cells in
(F). (H) RT-gPCR analysis of retinal cell markers in differentiated RPCs. Experiments were performed at least in triplicate, and the results are shown as the mean + SD.
Student’s t test was used to analyze the data. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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(Figure 5E). Most importantly, TUNEL staining results showed that
endothelial cell-derived exosome incubation could significantly
reduce the apoptosis of RPCs (Figures 5F and 5G), and this effect
on inhibiting RPC apoptosis gradually enhanced with increased con-
centrations of exosomes (Figure S4).

Exosome-mediated inhibition of miR-449a promotes the
stemness and proliferation of RPCs and reduces their apoptosis
We further confirmed that the level of miR-449a was relatively low in
bEnd.3-derived exosomes (Figure S5A), and there was no significant in-
crease in miR-449a level in RPCs incubated with exosomes compared
with PBS (Figure S5B). Therefore, bEnd.3-derived exosomes can be
used as appropriate transport vesicle of miR-449a inhibitor. Next, we
transfected bEnd.3 cells with miR-449a inhibitor and then extracted
exosomes and incubated these miR-449a inhibitor-enriched exosomes
with RPCs. We first tested whether these exosomes could effectively
carry miR-449a inhibitor into RPCs. As shown in Figure 6A, the RT-
qPCR results showed that the expression of miR-449a in RPCs incu-
bated with exosome-miR-449a (Exo-miR-449a) inhibitor was signifi-
cantly downregulated compared with the control group. This result
verified that miR-449a inhibitor was effectively transported into RPCs
by bEnd.3 cell-derived exosomes. Then we analyzed the proliferation,
stemness, and apoptosis of RPCs between control (PBS or Exo-
negative control [NC] incubated) groups and Exo-miR-449a inhibi-
tor-incubated group respectively. The results showed that the expres-
sion of Ki67 was significantly upregulated after Exo-miR-449a inhibitor
incubation (Figure 6B), indicating that proliferation of RPCs was
enhanced on Exo-miR-449a inhibitor treatment. In addition, the
mRNA expressions of stemness genes Chx10, Sox2, and Nestin were up-
regulated in Exo-miR-449a inhibitor group (Figure 6E), and the in-cell
western blotting result confirmed the elevated protein level of Sox2 in
the Exo-miR-449a inhibitor group compared with the control groups
(Figures 6C and 6D). These results indicate that incubation with exo-
some-enriched miR-449a inhibitor could enhance the stemness of
RPCs. Moreover, the TUNEL staining result showed that the percentage
of TUNEL" RPCs was decreased in the Exo-miR-449a inhibitor group
compared with the control groups (Figures 6F and 6G), suggesting that
exosomes with miR-449a inhibitor could reduce the apoptosis of RPCs.
Together, these data demonstrate that exosome-mediated inhibition of
miR-449a not only promotes the stemness and proliferation but also re-
duces the apoptosis of RPCs.

The transplantation of miR-449a-inhibited RPCs can reduce the
apoptosis of retinal cells in RD models

In order to determine whether Exo-miR-449a-treated RPCs have a
protective effect in vivo, we transplanted Exo-miR-449a inhibitor-

treated RPCs by subretinal injection into degenerated retina models
(Figure 7A). First, we utilized a pharmacological RD model by subre-
tinal injection of NMDA.*® About 2 weeks after injection, TUNEL"
cells were mainly located in the outer nuclear layer (ONL) of the
retina, indicating toxic effects on photoreceptors (white arrows in Fig-
ure 7B). Then, for transplantation, RPCs were pre-stained with
DiIC18(3), 1,I’-dioctadecyl-3,3,3’,3’tetra- methylindocarbocyanine
perchlorate (Dil). Next, we subretinally injected Exo-NC or Exo-
miR-449a inhibitor-treated RPCs into NMDA-injured RD mice and
observed the following neuronal apoptosis in retina. As shown in
Figures 7B and 7D, after NMDA injection, apoptotic cells appeared
in the retina compared with the PBS injection group. After injection
of Exo-miR-449a inhibitor-treated RPCs, the number of TUNEL*
cells in neural retina was reduced compared with the NMDA group
(Figures 7B and 7D). In addition, the injection of Exo-NC-treated
RPCs also reduced cell apoptosis, probably due to endothelia-derived
exosomes in transplanted cell suspension. We next utilized a genetic
RD model. The Pde6b mutant mouse has been shown to have a sig-
nificant photoreceptor reduction in the ONL of retina (Figure S6),
due to continued photoreceptor apoptosis initiating around postnatal
day 16 (P16).” To test the effect of Exo-miR-449a inhibitor-treated
RPC transplantation on the inherited RD model, PBS, Exo-NC, or
Exo-miR-449a inhibitor-treated RPCs were injected subretinally
into P15 Pde6b mouse retina. After 2 weeks, we observed more
Dil-positive cells in the Exo-miR-449a inhibitor RPC group
compared with the Exo-NC RPC group (Figures 7C and 7E), and
the number of TUNEL" cells in the ONL of retina was less in the
Exo-miR-449a inhibitor RPC group, compared with the control
PBS or Exo-NC RPC group (Figures 7C and 7E). Finally, to clarify
the effect of RPC transplantation on visual improvement, we first
made an acute retinal injury model through NMDA subretinal injec-
tion and then detected electroretinogram (ERG) 2 weeks after trans-
plantation (Figures 7F-7]). In ERG results, the amplitudes of both
a-wave and b-wave in maximal response (Max) increased in the
eyes transplanted with Exo-miR-449a inhibitor-treated RPCs
(Figures 7F-7H), compared with control eyes (NMDA + PBS injected
group and Exo-NC-treated RPCs transplantation group). The b-wave
amplitudes in scotopic 0.01 ERG (rod response, Figures 7F and 7])
and photopic 3.0 ERG (cone response, Figures 7F and 7I) were also
higher in the eyes transplanted with Exo-miR-449a inhibitor-treated
RPCs compared with control eyes (NMDA + PBS injected group and
Exo-NC-treated RPCs transplantation group). Based on the above re-
sults, exosome-contained miR-449a inhibitor can maintain the sur-
vival of transplanted RPCs, reduce the apoptosis of retinal cells, and
improve ERG responses of photoreceptors in retina degeneration
models.

Figure 3. miR-449a regulates the stemness, proliferation, and apoptosis of RPCs partially by modulation of Notch signaling

(A) RT-gPCR analysis of Hes7 and Hes5 expression in RPCs after GSI treatment. (B) RPC sphere numbers after GSI treatment. (C) Brightfield microscopy of RPC spheres
treated with GSI or DMSO. (D) RT-gPCR analysis of stemness markers in RPCs treated with GSI or DMSO. (E) Western blot analysis of stemness markers Sox2, Pax6, and
Chx10 after GSI treatment. (F) Ki67 immunostaining of RPCs treated with GSI or DMSO. (G) Results of Ki67* RPCs in (F). (H) RT-gPCR analysis of Ki67 expression in RPCs
after GSI treatment. (I) TUNEL staining of RPCs treated with GSI or DMSO. (J) Results of TUNEL* RPCs in (). (K) RT-gPCR analysis of stemness markers in RPCs after miRNA
transfection and GSI or DMSO treatment. GSI, 75 uM; DMSO, 75 uM. Experiments were performed at least in triplicate, and the results are shown as the mean + SD.

*p < 0.05, *p < 0.01, **p < 0.001.
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Figure 4. miR-449a modulates Notch signaling by directly regulating the 3' UTR of Notch1 mRNA

(A) The screening of target genes of miR-449a from the Venn diagram intersection genes predicted by RNA22, miRDB, and TargetScan database. (B) RT-gPCR analysis of
Notch1, Hes1, and Hes5 in RPCs transfected with miR-449a inhibitor or NC. (C) RT-gPCR analysis of Notch, Hes1, and Hes5 mRNA expression in RPCs transfected with
miR-449a mimic or NC. (D) miR-449a and its potential binding sequence in the 3" UTR of mouse Notch1. The wild-type and mutant Notch7 3" UTR were constructed into
pGL3 reporter vectors. (E) Relative luciferase assay was performed 48 h after miRNA and reporter vector transfection. Experiments were performed at least in triplicate, and
the results are shown as the mean + SD. Student’s t test was used to analyze the data. *p < 0.05, **p < 0.01, ***p < 0.001.

DISCUSSION

RPCs are a kind of multipotent cells that have capacities of self-re-
newing and differentiation into various retinal cells. Therefore,
RPCs have significant therapeutic potential for retina degenerative
diseases. However, one of the main issues facing RPC transplanta-
tion is the shortage of sufficient donor cells due to the limited pro-
liferative capacity of RPCs. Although previous research reported
extended passaging of RPCs under hypoxic conditions,’ the hyp-
oxic treatment might have multifaceted effects on progenitor cells.
Therefore, simple and efficient methods for amplifying RPCs are
still urgently needed. In this study, we found that exosome-medi-
ated inhibition of miR-449a promotes expansion and inhibits
apoptosis of RPCs in vitro, enhances the survival of RPCs, and

770 Molecular Therapy: Nucleic Acids Vol. 31 March 2023

reduces cell apoptosis after subretinal RPC transplantation in
RD mouse models.

Notch signaling is an evolutionarily conserved pathway in multicel-
lular organisms that regulates cell fate during development and main-
tains the homeostasis of adult tissues. In retinal development, Notch
signaling also plays pivotal roles in RPCs maintenance and retinal cell
specification and differentiation. Several studies suggest that Notch
signaling maintains RPC stemness, and inhibition of Notch signaling
reduces the proliferation of RPCs.”*>* Our previous work has shown
that conditional knockout of RBP-] in the mouse retina, which blocks
the canonical Notch signaling, promotes the differentiation of RPCs
into photoreceptors and ganglion cells.”’ In this study, we found
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Figure 5. Endothelia-derived exosomes significantly reduce the apoptosis of cultured RPCs

(A) Western blot of exosome markers CD9, CD63, and ALIX. (B) Transmission electron micrographs of bEnd.3-derived exosomes. Scale bar, 100 nm. (C) NTA showed the
particle size of bEnd.3-derived exosomes. (D) RT-gPCR analysis of stemness markers in RPCs after 24-h incubation with exosomes compared with PBS. (E) RT-gPCR
analysis of Ki67 expression in RPCs after 24-h incubation with exosomes compared with PBS. (F) TUNEL staining of RPCs co-cultured with exosomes (10 png/mL) or
PBS. Scale bar, 50 um. (G) Statistics of TUNEL* RPCs in (F). Experiments were performed at least in triplicate, and the results are shown as the mean + SD. Student’s t test

was used to analyze the data. *p < 0.05; **p < 0.01; ns, not significant.

that the blockade of Notch signaling by GSI also inhibits RPC
proliferation and reduces their stemness. Moreover, miR-449a
inhibition in RPCs leads to activation of Notch signaling, promotes
the stemness of RPCs, and enhances their proliferation. Further
analysis confirmed Notch1 as a direct target gene negatively regulated
by miR-449a. Therefore, the miR-449a-Notch axis regulates RPCs
and might provide a novel strategy to amplify RPCs in vitro and to
promote transplanted RPC maintenance in vivo during retinal
pathology.

miR-449a has previously been reported as a key regulator of mitotic
spindle orientation in the developing cerebral cortex.”” Analysis of

miR-34/449 knockout mouse embryos demonstrates significant
spindle misorientation phenotypes in cortical neural progenitors, re-
sulting in an excess of radial glia cells at the expense of intermediate
progenitors and a significant delay in neurogenesis.”” In retinoblas-
toma, miR-449a and miR-449b have an inhibitory effect on retino-
blastoma by inhibiting proliferation and promoting apoptosis of tu-
mor cells when these miRNAs are overexpressed. This study
suggests that these miRNAs could serve as viable therapeutic targets
for retinoblastoma treatment. In our study on RPCs, we also found
that inhibition of miR-449a promotes RPCs proliferation and reduces
their apoptosis. However, whether miR-449a regulates RPCs through
affecting the mitotic spindle of RPCs requires further study.
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In the present study, we used the endothelial cell-derived exosomes to
pack miR-449a inhibitor molecules into RPCs, instead of lipofect-
amine agents, which cause more RPC apoptosis. Exosomes have
been reported to act as a transport pathway to transfer miRNAs
from one cell to another.” Our previous study showed that endothe-
lial cell-derived exosomes significantly promote stemness and reduce
apoptosis of cultured neural stem cells (NSCs).* In this study, endo-
thelial cell-derived exosomes also alleviate RPC apoptosis. Taken
together, using endothelial cell-derived exosomes loaded with miR-
449a inhibitor promotes proliferation and inhibits apoptosis of
RPCs in vitro.

For in vivo study, we transplanted RPCs into the subretinal cavity of
RD mouse models to observe the survival of graft RPCs and the pro-
tective effect on RD progress. We used an acute injury-induced RD
model via subretinal injection of NMDA and a genetically deficient
mouse model of Pde6b mutation. Our data show that subretinal injec-
tion of Exo-miR-449a inhibitor-treated RPCs can alleviate apoptosis
and promote donor RPC survival at the same time, and partially
retain the amplitudes of ERG, indicating a functional improvement.
However, our transplantations
apoptosis, and there was no behavioral evidence of visual improve-
ment. In the future, various modifications on transplantation inter-
vention, including the amount of Exo-miR-449a inhibitor-treated
RPCs and the timing of transplantation in the RD pathological pro-
cess, will be needed to optimize the effect of improved visual function
after transplantation. In addition, previous literature has revealed that
transplanted RPCs can reduce photoreceptor apoptosis in RD by
differentiating into neurons, secreting factors, or improving microen-
vironment.'*"'® In this study, whether Exo-miR-449a inhibitor also
regulates RPC secretion, improves the microenvironment, and
facilitates RPC differentiation in vivo, in addition to increasing the
survival of transplanted RPCs by promoting their proliferation and
inhibiting their apoptosis, is also a question worthy of further study.

failed to curb photoreceptor

MATERIALS AND METHODS

Reagent

Antibodies against Ki67 (ABclonal, A2094, rabbit), Pax6 (BioLegend,
901301, rat), Nestin (BD, 556309, rat), Sox2 (Abcam, ab97959, rab-
bit), CD133 (Invitrogen, PA5-38014, rabbit), Chx10 (Invitrogen,
PA5-116119, rabbit), Rhodopsin (Invitrogen, MA5-11741, mouse),
Cone-arrestin (Millipore, MAAB15282, rabbit), cleaved-Caspase-3
(Cell Signaling Technology, #9661, rabbit), PARP (Cell Signaling
Technology, #9532, rabbit), CD9 (Abcam, ab92729, rabbit), CD63
(Abcam, ab217345, rabbit), Alix (Abcam, ab186429, rabbit), Vdacl
(Abcam, ab15895, rabbit), and B-actin (GeneTex, GTX11003, mouse)

were used. TUNEL assay kit was purchased from Roche. Opti-MEM,
neurobasal medium, Lipofectamine 2000, and LTX were obtained
from Promega. Fetal bovine serum (FBS) was from Gibco.

Cell culture

bEnd.3 cells were cultured in DMEM containing 10% FBS and placed
in a constant-temperature environment of 5% CO, at 37°C, and were
passaged every 3 days. RPCs were isolated from retina of E17.5
C57BL/6 mouse embryos.**' Embryos were taken from E17.5 preg-
nant mice, and eyeballs were separated under a microscope. The
retina tissue was stripped and collected within the PBS droplets.
The collected retina tissue was digested with the EDTA-containing
trypsin, and then was filtered using a strainer. After centrifugation,
the cells were resuspended in Neurobasal medium supplemented
with 2% B27 (Gibco), 1% N2 (Gibco), 10 pg/mL basic fibroblast
growth factor (bFGF) (R&D Systems), 5 ug/mL EGF (R&D Systems),
1% penicillin, 1% streptomycin, and 2.5 pg/mL heparin, and plated in
ultra-low-attachment culture plates (Corning, NY). Half the volume
of the medium was replaced with fresh medium on the third day of
the culture, and the number of neurospheres was counted on the fifth
day after the setting of the culture. In cell passaging, spheres were
dispersed into single cells by digesting with Accutase (Invitro-
gen, CA).

Cell transfection

The miR-449a mimic and inhibitor were synthesized by Ribobio and
dissolved in diethylpyrocarbonate (DEPC) water to a final concentra-
tion of 20 pM. The cultured RPCs were digested and plated on poly-
L-lysine (PLL) (Sigma-Aldrich, PA)-coated 24-well plates. miRNAs
were transfected by using Lipofectamine LTX (Invitrogen, CA) ac-
cording to the manufacturer’s instructions.

RPC sphere formation assay

At 18 h after transfection, RPCs were collected, digested with Accu-
tase for 5 min, and centrifuged at 200 x g for 5 min. Cells were
counted and plated at a density of 4 x 10> cells/well into ultra-low-
attachment 24-well plate. Half the volume of the medium was re-
placed with fresh medium on the third day of the culture, and the
number of RPC spheres was counted under a microscope (Eclipse
Ti, Nikon, Japan) on the fifth day after the setting of the culture.

RPC differentiation assay

At 18 h after transfection, the RPC digests were plated on PLL-coated
24-well plates. The culture medium had 10% FBS and DMSO-solubi-
lized all-trans-retinoic acid (Sigma-Aldrich, SHANGHAI, China)
added at a final concentration of 100 ng/mL.42 In addition, N2 and

Figure 6. Exosome-mediated miR-449a inhibitor promotes the stemness and proliferation and reduces the apoptosis of RPCs

(A) RT-gPCR analysis of miR-449a expression in RPCs after 24-h incubation with exosome-NC or Exo-miR-449a inhibitor. (B) RT-gPCR analysis of Ki67 expression in RPCs
after 24-h incubation with exosome-NC or Exo-miR-449a inhibitor compared with PBS. (C) In-cell western blot of Sox2 protein in RPCs after 24-h incubation with exosome-
NC or Exo-miR-449a inhibitor compared with PBS. (D) Statistic results of in-cell western blotting in (C). (E) RT-gPCR analysis of stemness markers in RPCs after 24-h in-
cubation with exosome-NC or Exo-miR-449a inhibitor compared with PBS. (F) TUNEL staining of RPCs after incubation for 24 h with exosome-NC or Exo-miR-449a inhibitor
compared with PBS. (G) Results of TUNEL" RPCs in (F). Experiments were performed at least in triplicate, and the results are shown as the mean + SD. *p < 0.05; **p < 0.01;

***p < 0.001; ns, not significant.
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B27 supplements were removed. After 7 days of culture, differentiated
RPCs were analyzed.

TUNEL

TUNEL staining utilized the DeadEnd Fluorometric TUNEL System
kit (Promega, WI) and followed the manufacturer’s instructions.
RPCs were fixed with 4% paraformaldehyde for 30 min, and then
incubated with a solution containing 0.1% Triton X-100 and 0.1%
trisodium citrate for 20 min. Then transferase buffer, recombinant
terminal deoxynucleotidyl transferase and biotin-labeled dUTP
(biotin-16-dUTP) were applied onto the cells and incubated for 1 h
at 37°C. After washing with PBS, RPCs were incubated with
Avidin-Cys3 for 1 h at room temperature. Then the nuclei were coun-
terstained with Hoechst 33342 and observed under a fluorescence mi-
croscope (Eclipse Ti, Nikon, Japan).

Cellular immunofluorescence staining

The RPC spheres were digested and plated onto PLL-coated slides.
The supernatant was removed and RPCs were fixed with 4% PFA
for 15 min. Then cells were washed, blocked with PBS solution con-
taining 0.1% Triton X-100 and 0.3% BSA for 15 min, and incubated
with primary antibodies anti-Rhodopsin (1:500), anti-Cone-arrestin
(1:500), anti-Pax6 (1:300), anti-Nestin (1:500), anti-Sox2 (1:500),
and anti-Ki67 (1:500) at 4°C for 12 h. Then, cells were incubated
with the secondary antibodies for 2 h at room temperature. After
washing with PBS, the nuclei were stained with Hoechst 33342 and
observed under a fluorescence microscope (Eclipse Ti, Nikon, Japan).

RNA isolation and RT-gPCR

Total RNA of cells or exosomes were isolated using TRIzol reagent ac-
cording to manufacturer’s instructions. RNA content was measured
using Nanodrop-2000. cDNA was synthesized using 1 g of RNA us-
ing the PrimeScript RT Reagent Kit Perfect Real Time or miScript II
RT Kit. To determine the amount of target miRNA and mRNA levels,
we used Fast SYBR Green Chemistry for fluorescence real-time qPCR
on Bio-Rad C1000 thermal cycler. All the primers are listed in Table 1.

Western blot and in-cell western

Proteins of exosomes and cells were extracted with radio immunopre-
cipitation assay (RIPA) lysate containing a protease inhibitor cocktail.
The protein concentration was measured by a bicinchoninic acid
(BCA) kit (Pierce). Samples were boiled for 10 min and separated
by 12% sodium dodecyl SDS-PAGE and transferred to a polyvinyli-

dene fluoride (PVDF) membrane. The PVDF membrane was blocked
with Tris-buffered saline with Tween 20 (TBST) containing 5% skim
milk for 1 h. The PVDF membrane was incubated in the primary anti-
body at 4°C for 12 h. Primary antibodies anti-Nestin, anti-Pax6, anti-
Chx10, anti-Sox2, anti-cleaved-Caspase-3, anti-PARP, anti-CD9,
anti-CD63, anti-Alix, and anti-Vdacl were diluted according to the
manufacturers’ specifications. After washing the membrane with
Tris-buffered saline, the horseradish peroxidase (HRP) secondary an-
tibodies were incubated for 2 h at room temperature. The PVDF
membranes were observed through a chemoluminescence system.
For in-cell western blotting, RPCs were plated on PLL-coated
96-well plates. RPCs were fixed using 4% paraformaldehyde, and
then were blocked and perforated with PBS solution containing
0.1% Triton X-100 and 0.3% BSA for 15 min. RPCs were incubated
with primary antibodies at 4° C for 12 h, followed by IgG (H + L) Dy-
Light 680 Conjugated second antibodies (Cell Signaling Technology,
USA). The intensity of fluorescence was measured using a LI-COR
Odyssey system.

Target gene prediction and luciferase reporter assay

The target genes of miR-449a were determined from the union
of miRNA target predictions from TargetScan 6.2 (http://www.
targetscan.org), miRDB (http://www.mirdb.org/), and RNA22
version2.0 (https://www.rna-seqblog.com/rna22-version-2-0-mirna-
mre-predictions/). The 3" UTR fragment of Notchl was amplified
by PCR from mouse genomic DNA and inserted into the pGL3 re-
porter vector.”’ For the reporter assay, HEK293T cells were plated
and transfected with pGL3-Notchl-3’ UTR or pGL3-mutant-
Notch1-3' UTR vectors, 20 uM miR-449a mimics, or negative control.
Renilla luciferase plasmid was co-transfected as a control. The two
luciferase activities were measured by a dual-luciferase system (Prom-
ega, USA).

Exosome isolation and characterization

Exosomes were extracted from bEnd.3 cell supernatant by PEG6000
using the same method as before.” In brief, the cell supernatant
collected by centrifugation at 3,000 x g for 30 min was incubated
with PEG6000 solution overnight at 4°C. Next day, the mixture was
centrifuged at 12,000 x g for 1 h, the supernatant was removed,
and the pellet was dissolved in PBS. The exosomes were observed
by electron microscopy and the exosome markers were detected by
western blotting. The proposed exosomal purity was determined by
particle size analysis.

Figure 7. The transplantation of miR-449a-inhibited RPCs can reduce the apoptosis of retinal cells in RD models

(A) Diagram of RPC subretinal injection and observation in NMDA-induced retina injury model and RD10 mice. (B) TUNEL staining of NMDA-injured retina subretinally injected
with RPCs incubated with exosome-NC, or RPCs incubated with Exo-miR-449a inhibitor. Red fluorescent signal represents Dil-labeled transplanted cells, indicated by
yellow arrowheads. Green fluorescent signal represents TUNEL" retinal cells, indicated by white arrows. (C) TUNEL staining of retina sections from RD10 mice subretinally
injected with PBS, RPCs incubated with exosome-NC, or RPCs incubated with Exo-miR-449a inhibitor. (D) Results of TUNEL™ cells in (B). (E) Correlation analyses between
apoptotic cells and the number of surviving Dil* cells. (F) Representative ERG waveforms of each group in response to light flashes. Max, scotopic 3.0 ERG (maximal
response); Cone, photopic 3.0 ERG (cone response); Rod, scotopic 0.01 ERG (rod response). (G and H) Quantitative analysis of a-wave and b-wave amplitudes in scotopic
3.0 ERG. (l) Quantitative analysis of b-wave amplitudes in photopic 3.0 ERG. (J) Quantitative analysis of b-wave amplitudes in scotopic 0.01 ERG. Experiments were
performed at least in triplicate, and the results are shown as the mean + SD. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. *p < 0.05; **p < 0.01;

***p < 0.001; ***p < 0.0001; ns, not significant.

Molecular Therapy: Nucleic Acids Vol. 31 March 2023 775


http://www.targetscan.org
http://www.targetscan.org
http://www.mirdb.org/
https://www.rna-seqblog.com/rna22-version-2-0-mirna-mre-predictions/
https://www.rna-seqblog.com/rna22-version-2-0-mirna-mre-predictions/
http://www.moleculartherapy.org

Molecular Therapy: Nucleic Acids

Table 1. The sequences of primers for mMRNA detection

mRNA Forward (5'-3') Reverse (5'-3")

Pax6 TACCAGTGTCTACCAGCCAAT TGCACGAGTATGAGGAGGTCT
Chx10 CGATTCCGAAGATGTTTCCTCC ATCTGGGTAGTGGGCTTCATT
CD133 ACTGAGAAATCCCCTACTGAAGT GGCCTGTTTCGGCTTTCCTT
Nestin TGAAAAGTTCCAGCTGGCTGT AGTTCTCAGCCTCCAGCAGAGT
Sox2 GCGGAGTGGAAACTTTTGTCC CGGGAAGCGTGTACTTATCCTT
Notchl GATGGCCTCAATGGGTACAAG TCGTTGTTGTTGATGTCACAGT
Hesl AAAGACGGCCTCTGAGCAC GGTGCTTCACAGTCATTTCCA
Hes5 AGTCCCAAGGAGAAAAACCGA GCTGTGTTTCAGGTAGCTGAC
Ki67 CAGTACTCGGAATGCAGCAA CAGTCTTCAGGGGCTCTGTC
Rhodopsin TCACCACCACCCTCTACACA TGATCCAGGTGAAGACCACA

Cone-arrestin

AAGAAGACTAGCTCCAATGGGA

AACAAGGACGACTCCATCAATG

Glutamine Synthetase

TGAACAAAGGCATCAAGCAAATG

CAGTCCAGGGTACGGGTCTT

syntaxin AGAGATCCGGGGCTTTATTGA AATGCTCTTTAGCTTGGAGCG
NF165 ACAGCTCGGCTATGCTCAG CGGGACAGTTTGTAGTCGCC
PKC-a. CCCATTCCAGAAGGAGATGA TTCCTGTCAGCAAGCATCAC

Brn3a CACTCTCGCACAACAACATGA TTCTTCTCGCCGCCGTTGA

B-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA
Animals Nikon). Image Pro-Plus was used for image analysis and

B6.CXB1-Pde6b RD10/] mice were purchased from Jackson Labora-
tory (Bar Harbor, ME, United States). RD10 mice were maintained on
the C57BL/6 background and genotyped by PCR with tail DNA as a
template. Mice were maintained in a 12-h light and 12-h dark cycle in
a specific pathogen-free (SPF) facility. All animal experiments were
performed according to the protocols approved by the Animal Exper-
iment Administration Committee of the Fourth Military Medical
University.

Cell therapy on NMDA injury model and genetic injury model
NMDA (40 nM) was injected into the subretinal cavity of wild-type
C57BL/6 mice with the same volume of PBS injected as control. At
24 h after NMDA injection, RPCs pre-incubated with exosomes con-
taining miR-449a inhibitor or NC were digested and labeled with Dil.
Then RPCs were subretinally injected with final volume of 2 L. RD10
(Pde6b mutant) mice were bred and subretinal transplantations were
performed on postnatal day 15 (P15). After 2 weeks, retinal tissue was
collected and analyzed.

Immunohistofluorescence staining

Mouse eyeballs were placed in 4% PFA solution for 4 h at room
temperature, and then were changed into 15% sucrose solution at
4°C overnight. Frozen sections (14 pum) were cut with a cryostat
and mounted on gelatinized slides. Sections were incubated with
primary antibodies. The secondary antibodies were Alexa Fluor
594 donkey anti-goat (1:1,000, Invitrogen), Alexa Fluor 488 donkey
anti-rabbit (1:1,000, Invitrogen), and Alexa Fluor 488 donkey anti-
rat (1:1,000, Invitrogen). The stained sections were visualized and
imaged under a fluorescence microscope (Eclipse Ni, Nikon) or a
laser scanning confocal microscope (A1R confocal microscope,
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quantification.

Electroretinogram

Electroretinogram (ERG) was performed according to the Interna-
tional Society for Clinical Electrophysiology of Vision (ISCEV) guide-
lines with full-field (Ganzfeld) stimulation and a computer system
(MonPackONE, Metrovision). The mice were placed in a dark adap-
tion box for 12 h. Mice were anesthetized by intraperitoneal injection
with 0.1 mL/10g 5% chloral hydrate (Shanghai Aladdin Bio-Chem
Technology, China). The pupils were dilated with compound tropica-
mide eye drops (5 mg/mL). Corneal anesthesia was achieved with one
drop of oxybuprocaine hydrochloride (4 mg/mL; Santen Pharmaceu-
tical, Japan). During recording, the interference of other electromag-
netic signals was avoided under dim red light.

Statistics
Statistical significance was assessed by two-tailed Student’s t test when
experiments had two experimental groups. To determine significant dif-
ferences between multiple groups, one-way ANOVA with Tukey’s post
test was used. *p < 0.05, **p < 0.01, ***p < 0.001 were considered as
significant.
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