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PURPOSE. Abundant retinal microRNA-183 cluster (miR-183C) has been reported to be a
key player in photoreceptor development and functionality in mice. However, whether
there is a protagonist in this cluster remains unclear. Here, we used a mutant mouse model
to study the role of miR-96, a member of miR-183C, in photoreceptor development and
functionality.

METHODS. The mature miR-96 sequence was removed using the CRISPR/Cas9 genome-
editing system. Electroretinogram (ERG) and optical coherence tomography (OCT)
investigated the changes in structure and function in mouse retinas. Immunostaining
determined the localization and morphology of the retinal cells. RNA sequencing was
conducted to observe retinal transcription alterations.

RESULTS. The miR-96 mutant mice exhibited cone developmental delay, as occurs in miR-
183/96 double knockout mice. Immunostaining of cone-specific marker genes revealed
cone nucleus mislocalization and exiguous Opn1mw/Opn1sw in the mutant (MT) mouse
outer segments at postnatal day 10. Interestingly, this phenomenon could be relieved
in the adult stages. Transcriptome analysis revealed activation of microtubule-, actin
filament–, and cilia-related pathways, further supporting the findings. Based on ERG
and OCT results at different ages, the MT mice displayed developmental delay not only
in cones but also in rods. In addition, a group of miR-96 potential direct and indirect
target genes was summarized for interpretation and further studies of miR-96–related
retinal developmental defects.

CONCLUSIONS. Depletion of miR-96 delayed but did not arrest photoreceptor development
in mice. This miRNA is indispensable for mouse photoreceptor maturation, especially for
cones.
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I n the human retina, cone photoreceptors are enriched
in the macula and are responsible for keen visual acuity,

providing sharp and colorful vision.1 Cone cells differentiate
from photoreceptor progenitors,2,3 migrate to the macula,4,5

and sense light with the aid of multiple opsins.6,7 Harm-
ful mutations in some proteins affecting the visual cycle
and photoreceptor structures are suggested to result in
early- and late-onset macular diseases, such as Stargardt
disease and age-related macular degeneration.8–10 Although
a number of related coding genes have been reported
and included in RetNet (https://sph.uth.edu/retnet),11–20 the
noncoding genes that influence the macula and cones have
rarely been considered. miR-183C (composed of miR-182,
miR-183, and miR-96) is abundantly expressed in human
and animal retinas.21–23 Triple and double knockout (KO)

mouse models (miR-183/96) showed abnormal cone devel-
opment,24–27 which aroused our interest.

Actually, retinal miR-183C has attracted the attention of
researchers in the past decade.24–33 This cluster plays multi-
ple roles in retinal development and homeostasis. It can act
with environmental factors and may be responsible for some
retinal diseases.31–33 During development, disruption of miR-
183C expression gives rise to cone maturation failure, heav-
ily affecting electroretinogram (ERG) responses and induc-
ing incorrect retinal lamination in mice.24–30 Triple, double,
or single knockout of the miRNAs in this cluster led to
attenuated ERG responses, indicating an essential need for
retinal homeostasis of miR-183C at the adult stage.24,25,34,35

This versatile miR-183C cluster not only restricts its own
functions in photoreceptors but also participates in immune
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responses on the ocular surface and in retinal angiogene-
sis.36–40 To be more precise, this cluster has impacts on the
whole sensory system, including vision, hearing, pain, and
taste.25,41–48 Interestingly, this cluster can respond to light
and may be involved in the eye–brain circadian rhythms of
organisms.31,49,50

For the past several years, our group has had a great
interest in uncovering the role of the individual miRNAs
in miR-183C.24,34,35 Among the sister miRNAs, miR-96 is
expressed the least and is almost undetectable in retinal
cone cells.29 Mutations in the seed sequences cause hearing
loss with unremarkable visual impairment in patients.41,42

All of this information led us to study miR-182 and miR-
183.34,35 However, in this study, we sought to fully eval-
uate the remaining retinal miRNA, miR-96, in mice before
we move forward to study the other noncoding regions in
this cluster. Surprisingly, we found that miR-96 plays the
most important role in cone development. Depleting this
miRNA led to many cone nuclei remaining in the inner
region of the outer nuclear layer (ONL) of developing mice
at postnatal day (P) 10, similar to what occurs in miR-183/96
double KO (DKO) mice, in which cone migration from the
inner region to the outer region is retarded.24 In contrast
to the DKO mice, most of the nuclei in the miR-96 mutant
(MT) mice had reached the outer regions, as occurs in the
wild-type (WT) mice during normal development. In addi-
tion, this phenomenon of developmental delay occurred in
rods as well. Follow-up structural and functional analyses
showed that these mice had functional attenuation, indicat-
ing a cooperative working mode of these sister miRNAs in
retinal homeostasis. Based on our results, we believe that
the individual roles of the three miR-183C components are
now better understood in the mouse retina.

MATERIALS AND METHODS

Generation and Genotyping of miR-96 Precise
Mutant Mice

The miR-96 MT mice were generated by CRISPR/Cas9-
mediated genome editing technology in a C57BL/6J back-
ground. The mouse miR-96 gene (MiRBase: MI0000583)
is located on chromosome 6. The flanking sequence 5′-
ACCATCTGCTTGGCCGATTTTGG-3′ was used as an single-
guide RNA (sgRNA) to target the mouse miR-96 mature
sequences. The founders were genotyped by DNA sequenc-
ing and T7E1 analysis. A mouse line carrying a 64-bp dele-
tion (TTTGGCACTAGCACATTTTTGCTTGTGTCTCTCCGCT-
GTGAGCAATCATGTGTAGTGCCAATAT) was selected and
bred for the present study. Both mature miR-96-5p and
mature miR-96-3p sequences were removed, and the other
regions were not affected.

Primer pairs for PCR were designed to differentiate
MT from WT mice. The forward primer sequence was
5′-GGTGAGGAGGGTTGCTAAACTGC-3′, and the reverse
primer sequence was 5′-GTAGCAGAAGGCTAGACCCCAAAG
AC-3′. Sanger sequencing was used to define WT (651-
bp PCR products) and MT (715-bp PCR products) individ-
uals. The heterozygotes showed double-peak sequencing
outcomes. All of the MT mice (generations after F5) used
in this study were homozygotes.

Animal Care and Use

All mice were handled and maintained in the animal facility
of the School of Ophthalmology and Optometry at Wenzhou

Medical University as authorized by the Institutional Animal
Care and Use Committee of Wenzhou Medical University.51,52

All animal experiments were performed in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research.

Fundus Photography and Fundus Fluorescein
Angiography

Fundus photography (FP) and fundus fluorescein angiogra-
phy (FFA) were conducted to survey the potential fundus
and blood vessel defects in miR-96 mutant mice using a
Micron IV retinal imaging system (Phoenix Research Labo-
ratories, Bend, OR, USA). Tropicamide (0.5%) was used to
dilate the mouse pupils for 5 minutes. Subsequently, mice
were anesthetized with a liquid mixture of ketamine (80
mg/kg) and xylazine (16 mg/kg) by intraperitoneal injec-
tion. A drop of ofloxacin eye ointment (Dicolol, Shenyang,
China) was applied to the corneal surface to keep it moist.
After calming, the mice were faced toward the Micron IV
camera to capture FP. After the FP experiment, the mice were
injected with AK-FLUOR (Akorn, Lake Forest, IL) (fluores-
cein injection, USP), and a similar capturing procedure was
used to collect fluorescent pictures (FFA experiment).

Immunohistochemistry and TUNEL Assay

The mouse eyeballs were excised as quickly as possible
from the euthanized mice and fixed in 4% paraformalde-
hyde for 15 minutes. After removal of the cornea and lens,
the eyecups were refixed in 4% paraformaldehyde for 20
minutes, followed by dehydration in 30% sucrose in PBS
three times. Ultimately, they were embedded in SAKURA
(Torrance, CA) Tissue-Tek O.C.T. Retinal sections (20 μm
thick) were gathered and rinsed three times in 0.01 M
PBS. The retinal tissues were blocked in 4% bovine serum
albumin (blocking buffer) and 0.5% Triton X-100 for 2
hours at room temperature. To obtain specific immunos-
taining, section slides were incubated with the correspond-
ing primary antibodies overnight at 4°C. For secondary anti-
body incubation, the diluted antibodies were used at room
temperature for 1 hour. Primary antibodies and their dilu-
tions were as follows: rabbit-anti-cone arrestin (1:200; Milli-
pore AB15282, Darmstadt, Germany), rabbit-anti-Opn1sw/S-
opsin (1: 200; Millipore AB5407), rabbit-anti-Opn1mw/M-
opsin (1:200; Millipore AB5405), and rat-anti-glial fibrillary
acidic protein (GFAP, 1:500; Invitrogen 13-0300, Waltham,
MA). Secondary antibodies donkey anti-rabbit Alexa488
(1:200; Jackson, Jackson ImmunoResearch, West Grove,
PA) and donkey anti-rat Alexa488 (1:200; Jackson) were
employed in the experiments. Cell nuclei of the tissues were
stained with 4′,6-diamidino-2-phenylindole (1:5000; Sigma-
Aldrich, St. Louis, MO, USA). TUNEL in situ labeling was
conducted using the One Step TUNEL Apoptosis Assay Kit
(Beyotime Biotechnology, Shanghai, China) according to the
manufacturer’s protocol.53 Finally, images of the immunos-
tained retinas were captured using a Zeiss confocal micro-
scope (LSM880; Carl Zeiss Meditec, Jena, Germany).

Electroretinogram

miR-96 MT mice and age-matched WT controls were paired
for the RETI-port ERG system (Ganzfeld Q450 SC; Roland
Consult, Wiesbaden, Germany). Mice were dark-adapted for
more than 2 hours and anesthetized with ketamine and
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xylazine. Pupils were dilated, and gold wire loop elec-
trodes were placed on both corneas. The mice were placed
on a heating pad at 37°C to maintain the body tempera-
ture. Then, ERGs were performed according to the proto-
col described previously.34 Only the values from the right
eyes were included in the current study. The ERG param-
eters for photopic responses were used as follows: stimu-
lation intensities at 0.48 log candela (cd)·s/m2 (light 3.0).
The ERG parameters for scotopic responses were used as
follows: stimulation intensities at –2.02 log cd·s/m2 (dark
0.01), 0.48 log cd·s/m2 (dark 3.0), and 0.98 log cd·s/m2

(dark 10.0).

RNA Isolation and Sequencing

Both eyeballs of miR-96 MT and WT mice were extirpated,
and the retinas were isolated as soon as possible for total
RNA extraction according to the instruction manual of Trizol
Reagent (Life Technologies, Waltham, MA, USA). The cDNA
library was constructed following the manufacturer’s instruc-
tions of the NEBNext Ultra RNA Library Prep Kit for Illumina
(NEB, E7530, Ipswich, MA) and NEBNext Multiplex Oligos
for Illumina (NEB, E7500). Subsequently, the constructed
cDNA libraries were sequenced on a flow cell using an Illu-
mina NovaSeq 6000 platform. The RNA sequence (RNA-seq)
data at P120 of miR-96 MT and WT retinas were accessible
at the NCBI SRA repository with the accession numbers of
SRR18217672, SRR18217673, SRR18217674, SRR18217675,
SRR18217676, SRR18217677.

RNA-Seq Analyses

Gene expression levels were estimated using fragments per
kilobase of exon per million fragments mapped (FPKM)
values by Cufflinks software.54 Differential gene expres-
sion between miR-96 MT and WT mice was evaluated by
DESeq2 software.55 Subsequently, gene abundance differ-
ences between those samples were calculated based on the
ratio of the FPKM values. The false discovery rate (FDR)
control method was used to account for multiple testing.
Only genes with a fold change >1.2 and FDR significance
score <0.05 were included for gene ontology (GO) analy-
sis and KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathway analysis.

Optical Coherence Tomography Image
Acquisition and Analysis

High-resolution spectral-domain optical coherence tomogra-
phy (SD-OCT) (Spectralis HRA + OCT; Heidelberg Engineer-
ing, Heidelberg, Germany) with an 870-nm central wave-
length and a 3.9-μm axial resolution was used to acquire
intraretinal layer images of mice in the horizontal merid-
ian centered on the optic nerve head. The mouse pupils
were dilated with 0.5% tropicamide for 10 minutes, and
then they were anesthetized with ketamine (80 mg/kg) and
xylazine (16 mg/kg). One drop of Gen Teal lubricant eye
gel (Novartis, East Hanover, NJ, USA) was administered to
the eyes to keep the corneas moist. Then, the mice were
positioned for SD-OCT image acquisition. A commercial
ImageJ software program (version 1.53; National Institutes
of Health, Bethesda, MD, USA) was used to manually outline
the boundaries of the intraretinal layers (Supplementary Fig.
S1), including the (1) internal limiting membrane (red line),

(2) outer plexiform layer/ONL (blue line), (3) external limit-
ing membrane (yellow line), (4) outer segment of photore-
ceptors (OS)/retinal pigment epithelium (RPE) (orange line),
and (5) RPE/choroid (green line). The thicknesses of the
whole retina and the intraretinal ONL and the combined
inner segment (IS) and OS layers (i.e., IS/OS) were calcu-
lated by subtracting the boundary positions of each of the
adjacent layers obtained by automated segmentation along
with the depth based on MATLAB software (The MathWorks,
Natick, MA, USA).

Statistical Analyses

The results were presented as the means ± SEMs, and statis-
tical significance was assessed using two-tailed Student’s
t-tests. Statistical results were visualized using GraphPad
Prism (GraphPad Software, La Jolla, CA, USA). Statistical
significance was indicated as *P < 0.05, **P < 0.01, and ***P
< 0.001 between the MT and WT groups.

RESULTS

Depletion of the Mature miR-96 Sequences in
Mice

A mouse model carrying a point mutation in the miR-96 seed
sequence has been widely used in hearing research since
2009.42,56–58 However, mouse models targeting the mature
sequence of miR-96 for vision research are lacking. To
obtain a miR-96–specific mutant mouse model, we designed
a sgRNA to target the region near the seed sequence of
miR-96 (Fig. 1A). With the help of the CRISPR/Cas9 gene-
editing system, we finally obtained two strains. Luckily, one
of the strains containing a 64-bp depletion with mature miR-
96-5p, and the mature miR-96-3p sequence was perfectly
removed (Figs. 1A, 1B). Because this strain precisely deleted
the mature region without affecting other sequences, we
chose to use it in our current research.

Developmental Delay of Cone Photoreceptors in
miR-96 MT Mice

During WT mouse cone photoreceptor development, begin-
ning at developmental stage P6, the nuclei of the cone cells
spontaneously migrate to the outer region of the ONL.24,25

By P30, almost all of the nuclei will become evenly arranged
in the outer region. A typical phenotypic defect in cone
nucleus polarization (retracted to the inner region of the
ONL) in miR-183C KO models was highlighted in previous
studies.24,25 Hence, we performed similar immunostaining
experiments for cone arrestin and M/S-opsin to determine if
a single KO of miR-96 could replicate the phenotype, as we
observed in miR-183/96 DKO mice.24 Surprisingly, 43.6% of
the cone nuclei had retracted to the inner region of the ONL
in miR-96 MT mice at P10 (Figs. 2A, 2C). This percentage
was very close to the 53.6% observed in DKO mice, suggest-
ing that miR-96 may act as a protagonist in this cluster in
terms of cone nuclei migration at an early stage. Interest-
ingly, this phenomenon was vastly relieved at P90 and P180
(Fig. 2A). We found zero to three abnormal cones in which
the nuclei remained at the inner region of the ONL in most
visual fields viewed by confocal microscopy in the P90 and
P180 mice (Fig. 2, Supplementary Fig. S2). Immunostaining
of M/S-opsin further verified these observations (Fig. 2B,
Supplementary Fig. S2).
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FIGURE 1. Precise depletion of mature miR-96 in mice. (A) Location of mouse miR-96 on chromosome 6. Single-guide RNAs (gray), PAM
(orange), mature miR-96-5p (red), mature miR-96-3p (blue), and pre-miR-96 (grayish green) are labeled in the figure. (B) Genotyping strategy
for the miR-96 MT and WT mice by DNA sequencing. The pairwise sequence comparison between WT and MT is shown. Gray shade, the
64-bp deletion includes the mature miR-96-5p and mature miR-96-3p of miR-96 MT mice. cent, centromeric; PAM, protospacer adjacent motif;
tel, telomeric.

FIGURE 2. Depletion of miR-96 results in early-onset defects in cone nuclear polarization and shortened OSs in mice. (A) Immunostaining
of cone arrestin at P10, P90, and P180 in WT (left) and miR-96 MT (right) mouse retinas.White arrows (insets) point to the location of cone
nuclei at the inner region of the ONL. Purple dotted areas are magnified and shown as inserts. (B) Immunostaining of M/S-opsin at P10 in
WT (left) and miR-96 MT (right) mouse retinas. Scale bar: 20 μm. (C) Quantification of cone nuclei of the ONL on the inner, middle, and
outer areas shown in A at P10; n = 6.
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FIGURE 3. Retinal layer thicknesses in WT and miR-96 MT mice determined by SD-OCT. (A) Representative images of WT and miR-96 MT
mice along the superior and inferior orientation at developmental stages P30, P90, and P180. Scale bars: 100 μm. (B–D) Measurements of the
thicknesses of the whole retina, OS/IS, and ONL from the OCT images of mice at (B) P30, (C) P90, and (D) P180. The values are presented
as means ± SEMs. *P < 0.05, **P < 0.01, ***P < 0.001, Student’s t-test. n = 6 for each group. ONH, optic nerve head.

Developmental Delay of Rod Photoreceptors in
miR-96 MT Mice

The delayed developmental feature was manifested not only
in the cones but also in the rods (Fig. 3). Based on the anal-
ysis of ONL thickness determined by SD-OCT, the photore-
ceptor layer was significantly thinned in the miR-96 MT mice
at P30 and P90, but there were no obvious changes in thick-
ness at P180 (Figs. 3A, 3B). Because the ONL consists mostly
of rods, this result indicated that the developmental delay
of rods was evident in the mutants. Consistently, the differ-
ences in ONLs between WT and MT mice were reflected in
the thicknesses of the whole retina (Figs. 3A, 3D). However,
we observed no significant thickness change in IS/OS layers
between these two groups (Fig. 3C). In addition to devel-
opmental delay, we carried out immunostaining of GFAP,
a marker of retinal degeneration, and a TUNEL assay, a
marker of apoptosis, in the miR-96 MT retinas from P10 to
P180 (Supplementary Fig. S3). Interestingly, for these mark-
ers of cell degeneration, we did not observe a significant
difference between the WT and MT groups. Negative results
from these experiments indicated that progressive degener-

ation and cell loss did not occur in the miR-96 MT retinas.
In summary, depletion of miR-96 resulted in photoreceptor
developmental delay in mice.

Depletion of miR-96 Results in Recoverable ERG
Responses in Developing Mice

To further analyze the functional changes in miR-96 MT
mice, we recorded ERG responses at P30, P90, and P180
(Fig. 4). The photopic and scotopic b-wave responses in the
MT retinas tended to be lower than in the WT retinas, but the
differences were significant only for the photopic responses
at P30 and P90 (Figs. 4A–D), and the scotopic response at
P90 (Fig. 4E). None of the differences at P180 were signif-
icant. Thus, deletion of miR-96 reduced the ERG function
of the photoreceptors at P30 and P90, but it recovered to
WT levels by P180 (Figs. 4B, 4C, 4E, 4F). Overall, it showed
“catch-up” growth in rod function, according to the chang-
ing percentages from P30 to P180 (dark 3.0: P30, 89.61%;
P90, 56.68%; P180, 89.17% and dark 10.0: P30, 87.87%; P90,
65.99%; P180, 92.44%). Overall, the general trend of the



miR-96 in Mouse Photoreceptor Development IOVS | April 2022 | Vol. 63 | No. 4 | Article 24 | 6

FIGURE 4. Evaluation of retinal function in miR-96 MT mice at P30, P90, and P180. (A–C) Representative ERG waves at (A) light 3.0, (B)
dark 3.0, and (C) dark 10.0 at P90. (D–F) Statistical analysis of b-wave amplitudes at (D) light 3.0, (E) dark 3.0, and (F) dark 10.0. n = 6.
Error bars represent SEM. *P < 0.05.

amplitude changes in the b-waves was also present in the
a-waves (Supplementary Figs. S4A–C). However, none of the
differences between the WT and MT retinas were statistically
significant (Supplementary Figs. S4A–C).

Misexpression of Key Retinal Genes in miR-96 MT
Mice

To identify which genes in the retina were affected by
the depletion of miR-96, a whole-retina RNA-seq anal-
ysis was conducted at P120. In total, 430 differentially
expressed genes (DEGs, fold change >1.2, FDR <0.05)
were identified between the miR-96 MT mice and WT mice.
These included 231 upregulated genes and 199 downreg-
ulated genes (Fig. 5A and Supplementary Excel). Among
the 231 upregulated genes, 30 were candidate target genes
(computationally analyzed using “TargetScan,” http://www.
targetscan.org/vert_80/) of miR-96 (Fig. 5B, Supplemen-

tary Table S1). Of note, mutations in the CERKL gene in
humans led to cone rod dystrophy.59,60 Interestingly, 13
genes of the 430 DEGs were linked to inherited retinal
diseases in humans (RetNet database, https://sph.uth.edu/
retnet/), including Adam9, Adipor1, Bbs4, Cerkl, Efemp1,
Fscn2, Grk1, Guca1a, Mfsd8, Opn1mw, Pde6a, Sag, and
Vcan. In addition to these causative genes of inherited
retinal diseases, a few genes that have important roles in
retinal function were also identified, such as Rims2 and
Hcn1.

Based on the GO enrichment analysis, the top items
of the biological process category were identified (Fig. 6).
The retinoic acid receptor signaling pathway (GO:0048384)
and embryonic eye morphogenesis (GO:0048048) were also
identified in the analysis. These findings collectively suggest
that deletion of miR-96 can lead to changes in the expres-
sion of key retinal genes and consequently may influence
the retinal function.

http://www.targetscan.org/vert80/
https://sph.uth.edu/retnet/
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FIGURE 5. RNA sequencing and transcriptome analyses in mouse retinas. (A) Retinal DEGs between the miR-96 MT and WT mice. The
upregulated genes are indicated with red dots, and the downregulated genes are indicated with green dots. (B) Heatmap of 30 differentially
expressed genes that are potential targets of miR-96.

FIGURE 6. Biological process analysis. The circle size represents the gene count number, and the red–blue gradient color bar shows the P
values of BP items. The most significant BP is ranked at the top. BP, biological process.
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Transcriptome Alterations in miR-96 MT Retinas
Support Photoreceptor Developmental Delay

Cell migration or polarization is not uncommon during the
maturation of the neuronal system.61–63 Cilia dynamics, actin
filament dynamics, and microtubule formation are essen-
tial for this movement.64–68 Interestingly, the GO enrichment
analysis showed that multiple microtubule-related and cilia-
related GO items were affected in miR-96 MT retinas, includ-
ing microtubule-based processes (GO:0007017), micro-
tubule cytoskeleton organization processes (GO:0000226),
actin filament bundle assembly (GO:0051017), cilium organi-
zation (GO:0044782), and cilium movement (GO:0003341).

Moreover, there was an upregulation of several canon-
ical retinal progenitor cell markers (e.g., Ccnd1, Ccnd2,
Btg2)69–72 and a downregulation of several crucial epige-
netic regulators during retinal development (e.g., Ezh2 and
Samd7)73–77 in the P120 miR-96 MT retinas (Fig. 5 and
Supplementary Excel). Taken together, the observations of
gene expression alterations and GO item activations support
the observed photoreceptor developmental delay in miR-96
MT mice, especially for cone photoreceptors.

DISCUSSION

Our group has spent much effort characterizing the separate
roles of the miRNAs in miR-183C.24,34,35 Double knockout of
miR-183/96 or triple knockout of the whole cluster results in
severe retinal structural and functional alterations.24,25 Single
knockout of miR-182 and miR-183 impaired only the func-
tionality of the retina without manifesting remarkable reti-
nal architectural changes, such as cone nucleus mislocations
during development.34,35 Conversely, in our present study,
we found significant architectural changes and mild func-
tional alterations in developing miR-96 MT mice. Based on
the aforementioned comprehensive data, we strongly specu-
late that miR-96 may cooperate with the other two members,
miR-182 and miR-183, to control the morphogenesis and
functionality of photoreceptors in mice.

Beginning at P10, the miR-96 MT mice had developmen-
tal defects in cones similar to miR-183/96 DKO mice.24,25

Unlike the DKO mice, most of the cones gradually devel-
oped to the mature state without the aid of miR-96. These
results suggest that the other noncoding regions of miR-183C
(e.g., the intronic regions and the pre-miRNA sequences) are
likely to play roles that promote cone photoreceptor correct
localization apart from miR-96.25 In our current study, we
focused only on the developmental aspects of the miR-96
MT model without performing a long-term follow-up study
for 1 or 2 years. Although no obvious changes were found in
young mouse FP and FFA images (Supplementary Fig. S5),
we cannot rule out a potential impact of miR-96 in aged
mice.

In our current study, we obtained high-quality reti-
nal transcriptome data that implicated multiple biologi-
cal processes of cilia-related items and polarization-related
items that could explain the defects causing the cone devel-
opmental delay. However, we do not know if there are some
target genes of miR-96 that could also control or modu-
late the cone defects observed in the MT mice. miR-96 also
targets Slc6a6 and Rnf217,24,35 which were both increased
in the MT group; however, they did not reach the criteria of
“fold change >1.2, FDR < 0.05.” This inconsistency may be
due to the use of different candidate criteria (single target
or cotarget) in different animal models.24

In hearing studies, miR-96 attracted the attention of
researchers more than a decade ago.41–44 Mutations in the
seed sequences of miR-96 led to hearing loss in both animals
and humans.41–44 On the one hand, no obvious ophthal-
mologic impairments were found in deaf patients carry-
ing mutations in miR-96.41 On the other hand, our present
miR-96 MT model displayed mild functional alterations and
reversible photoreceptor developmental defects. Hence, we
reasoned that deaf patients might have minor vision impair-
ments at a level that could be easily neglected. Increasing the
sample size, controlling the inclusion conditions, and paying
more attention to retinal function tests may help address
whether or not deaf patients carrying miR-96 should pay
attention to vision loss. To date, except for miR-96, there
have been few reports about miR-182 and miR-183, which
are related to human hearing loss. A pain research team
revealed that a single knockout of miR-96 or the whole clus-
ter gives rise to abnormal pain perceptions.45,46 Certainly,
these evidences suggest the importance of miR-96 in sensory
systems.

Our results show that depletion of miR-96 delayed but
did not arrest cone development in mice, suggesting that this
miRNA is a major factor for cone nucleus polarization in miR-
183C. In general, miR-96 is indispensable for the matura-
tion of photoreceptors in mice. Our work will provide great
insights for future miR-96–related basic and clinical studies.
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