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MicroRNAs (miRNAs) are known to be essential for retinal maturation
and functionality; however, the role of themost abundantmiRNAs, the
miR-183/96/182 cluster (miR-183 cluster), in photoreceptor cells remains
unclear. Here we demonstrate that ablation of two components of the
miR-183 cluster, miR-183 and miR-96, significantly affects photorecep-
tor maturation and maintenance in mice. Morphologically, early-onset
dislocated cone nuclei, shortened outer segments and thinned outer
nuclear layers are observed in the miR-183/96 double-knockout (DKO)
mice. Abnormal photoreceptor responses, including abolished photopic
electroretinography (ERG) responses and compromised scotopic ERG
responses, reflect the functional changes in the degenerated retina.We
further identify Slc6a6 as the cotarget of miR-183 and miR-96. The
expression level of Slc6a6 is significantly higher in the DKO mice than
in the wild-type mice. In contrast, Slc6a6 is down-regulated by adeno-
associated virus-mediated overexpression of either miR-183 or miR-
96 in wild-typemice. Remarkably, both silencing and overexpression of
Slc6a6 in the retina are detrimental to the electrophysiological activity
of the photoreceptors in response to dim light stimuli. We demonstrate
that miR-183/96–mediated fine-tuning of Slc6a6 expression is indis-
pensable for photoreceptor maturation and maintenance, thereby pro-
viding insight into the epigenetic regulation of photoreceptors in mice.
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MicroRNAs (miRNAs) are known to act as important epi-
genetic coordinators during posttranscriptional processing

via the regulation of hundreds of target genes with great temporal
and spatial precision (1–3). Wholesale and individual disruption of
miRNAs has been shown to result in various retinal defects and
other sensorial diseases (4–6). The retinal photoreceptor is a type
of ciliated neuron in which the miR-183 cluster represents the
most highly expressed miRNAs. Although different mouse models
have been generated to determine the roles of the miR-183 clus-
ter, many previous studies have used nonspecific or incomplete
miRNA depletion to examine the effects of eliminating specific
miRNAs on photoreceptor degeneration (5, 6). Little is known
about the impact of a “null” miR-183/96/182 model in vivo.
A recent study of miR-182 and miR-183 identified these two

miRNAs as essential for the maturation and function of cone pho-
toreceptors (7). In addition, their expression is necessary and suffi-
cient for the formation of cone outer segments (OSs) (7). Another
study likewise showed that inactivation of the miR-183 cluster by gene
trapping resulted in abnormal electroretinography (ERG) responses,
progressive synaptic defects, and progressive retinal degeneration (4).
Other investigators have reported that impairment of miR-96 resul-
ted in hair cell death in the inner ear, as well as progressive hearing
loss in zebrafish, mice, and humans (8–10). Notwithstanding these
findings, however, our understanding of the regulatory mechanism of
the miR-183 cluster in the retina remains fragmented, even with a
recent investigation demonstrating that this miRNA cluster controls
the retinal architecture during development (11).
It has been reported that miR-96 may be involved in the

pathogenesis of multiple system atrophy (MSA) by interacting
with Slc6a6 (12). Slc6a6, a taurine transporter, is highly expressed
in ciliated cells (13, 14). In diseased retinas, Slc6a6 acts as a

neuronal protectant by regulating several “essential genes” of the
photoreceptors via the retinal long noncoding RNA Tug1 to
protect the photoreceptors from degeneration (15). It has been
shown that mice deficient in Slc6a6 exhibit progressive de-
generation of the outer nuclear layers (ONLs) from postnatal day
(P) 14 onward (16); however, whether the overexpression of
Slc6a6 in the retina is harmful to photoreceptors is not known.
We previously reported that no significant structural changes

appeared in miR-182 knockout (KO) mice (17). Because miR-182,
miR-183, and miR-96 are transcribed simultaneously in a poly-
cistronic manner, we asked whether miR-183/96 could compensate
for the lack of miR-182. To address this question, we generated
double-KO (DKO) mice, and found that depletion of both miR-
183 and miR-96 could lead to defective cone nuclear polariza-
tion and progressive retinal degeneration. Using these DKO
mice, we found that miR-183/96 balances the expression of genes
that are essential for photoreceptors by precisely controlling
Slc6a6, which is indispensable for the proper development and
function of mouse photoreceptors.

Results
Simultaneous Ablation of miRNA-183 and miRNA-96 in Mice. The
miR-183/96/182 host mirc35hg is located on mouse Chr6qA3.3,
which spans >15 kb. It is a polycistronic gene from which
miR-183, miR-96, and miR-182 are transcribed. In this study, we
used a conventional knockout strategy to generate an miR-183/96
DKO mouse model to separately assess the function of these two
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miRNAs without interfering with miR-182. A targeting vector
carrying a neomycin cassette was designed to replace a 2.085-
kb region that included pre–miR-183 and pre–miR-96 (Fig. 1A
and SI Appendix, Fig. S1 A–C).
To generate miR-183/96 DKO mice, primer pairs capable of

distinguishing homozygous mutants from the heterozygotes and

wild-type (WT) mice were designed for genotyping (Fig. 1 A and
B). miRNA expression was validated by RT-PCR and quantitative
RT-PCR (qRT-PCR). Our knockout approach was successful, as
demonstrated by the absence of miR-183 and miR-96 in the DKO
mice (Fig. 1 C and D). Accordingly, the expression of these two
miRNAs was reduced to 64.4% and 66%, respectively, in the
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Fig. 1. Generation of miR-183/96 DKO mice. (A) A
conventional knockout strategy was used to gener-
ate the DKO mice. The neomycin resistance gene was
preserved in the DKO mice. Neo, neomycin; tel,
telomeric; cent, centromeric. (B) Genotyping strategy
for the WT mice and DKO mutants. (C and D) RT-PCR
(C) and qRT-PCR (D) analysis of miR-183/96/182 ex-
pression at P90. Relative expression levels of micro-
RNAs are normalized to the level of U6. The normalized
values represent mean ± SEM. n = 3. *P < 0.05, ***P <
0.001 between the DKO mice and their littermates,
Student’s t test.
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Fig. 2. Depletion of miR-183/96 results in early-onset defects in nuclear polarization and shortened OSs of cones and abolished ERG in mice. (A) Cone arrestin
immunostaining at P10, P30, and P180 in WT (Left) and DKO (Right) mouse retinas. White arrows point to cone nuclei located at the basal part of the ONL. (Scale bar:
20 μm.) (B) Flat retinal whole-mount immunostaining of PNA and cone arrestin at P10. (C) The number of cone nuclei on the outer, middle, and inner areas of the ONL
shown in A at P10; n = 4. (D) Quantification of the PNA-positive OSs per mm2 as shown in B. n = 4. (E ) Representative photopic ERG recordings of the DKO
and WT mice at P30, P120, and P180. (F–G) Comparison of the b-wave amplitudes (F) and a-wave amplitudes (G) between the DKO mice and age-matched
WTs. n = 4, 3, and 3 for photopic responses of mice at P30, P120, and P180, respectively. In C–G, the normalized values represent mean ± SEM. **P < 0.005,
***P < 0.001, Student’s t test.
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heterozygous mice (Fig. 1 C and D). On the contrary, in the
WT mice, the expression levels of the miR-183 cluster and
photoreceptor-specific genes increased sharply from P1 to P14,
indicating that miR-183/96 may be involved in photoreceptor
maturation in mice (SI Appendix, Fig. S2 A and B).

Depletion of miR-183/96 Leads to Abnormal Development of Cones.
We first surveyed the potential architectural defects in the ret-
inas of DKO mice. Staining of the retinal pigment epithelium
cells, bipolar cells, horizontal cells, and ganglion cells with se-
lected cell type-specific antibodies revealed no obvious abnor-
malities in these cell populations in the DKO mice at P21 (SI
Appendix, Figs. S3–S5).
Intriguingly, immunostaining for cone arrestin revealed that the

cones in miR-183/96–deficient mice exhibited impaired nuclear
polarization during development (Fig. 2A). We found that 53.6%
of the cone nuclei had retracted to the inner part rather than to
the outer part of the ONL at P10 (Fig. 2C). In addition, at P180,
cones that did not undergo correct polarization remained in the
basal part of the ONL (Fig. 2A). To better understand these cone
defects during development, we performed immunostaining for
peanut agglutinin lectin (PNA) at P10, by which time the outer
plexiform layer (OPL) had formed. Examination of whole-mount
preparations revealed markedly shortened OSs of the cones in the
DKO mice (Fig. 2 B and D); therefore, we concluded that the
absence of miR-183/96 results in early-onset polarization defects
and shorter OSs of cones.

Depletion of miR-183/96 Leads to Abolished Photopic ERG Responses
and Progressively Attenuated Scotopic ERG Responses. Because
ERG is widely used for evaluating light responses of photore-
ceptors, we subjected the miR-183/96 DKO mice to ERG at P30,
P90, and P180. At P30, the earliest evaluation time point, the
miR-183/96 DKO mice displayed abolished photopic ERG re-
sponses lacking a-waves and b-waves, which did not recover in
the adult mice at P120 and P180 (Fig. 2 E–G). This manifesta-
tion correlates with the nuclear mislocalization and defective OS
formation observed in cones.
To investigate whether miR-183 and miR-96 affect rod function,

we assessed the responsiveness of the miR-183/96 DKO mouse
retinas to dim light stimuli. The miR-183/96–deficient mice showed
progressively attenuated scotopic responses, with b-wave amplitudes
decreasing from 65.3% at P30 to 30.3% at P180 compared with
those in the WT controls (Fig. 3 A and B). The a-wave amplitudes
were diminished in the DKO mice as well (Fig. 3C).

Depletion of miR-183/96 Leads to Thinned ONLs, Activated Microglia,
and Thinner Blood Vessels. We also measured outer retinal thick-
ness by spectral domain optical coherence tomography (SD-
OCT), a noninvasive technique that enables visualization of
changes in retinal thickness. Based on an assessment of the
thickness of the ONL, inner segment (IS), and OS, as well as the
entire retina from P30 to P180, we found that those anatomic
structures were generally thinner in the DKO mice than in the
WT mice (Fig. 3D). The inner nuclear layer (INL) appeared to
be unaffected, however (SI Appendix, Fig. S6 A and B). The
thickness of the ONL decreased progressively, suggesting pho-
toreceptors as the primary cell type affected by the degeneration
of retinas lacking miR-183/96. This result was validated by
classical histological analyses (SI Appendix, Fig. S7 A and B).
To investigate microglial activity in our DKO model, we per-

formed immunostaining for Iba1. It is well known that the
microglia reside predominantly in the IPL and OPL and migrate
toward the subretinal space under such disease conditions as
retinitis pigmentosa (18–21). In the DKO mice, increased num-
bers of Iba1-positive cells were observed in the ONLs, indicating
microglial activation (SI Appendix, Fig. S8 A–C); thus, we specu-
lated that this activation may be involved in ONL thinning.
The OSs are highly metabolically active subcellular structures

that require a constant blood supply. Thus, we used fundus
fluorescein angiography (FFA) to measure the diameter of blood
vessels in the DKO mice. Thinner blood vessels were observed in
these mice at P30 and P120 (SI Appendix, Fig. S7 C and D).

Slc6a6 and Rnf217 Are the Two Most Potent Cotargets of miR-183 and
miR-96. We investigated the underlying molecular mechanism of
retinal degeneration in the absence of miR-183/96 in mice. To
identify mutual candidates targeted by miR-183 and miR-96, we
performed RNA-seq at P7 and P120. By screening the genes that
were up-regulated from 2- to 15-fold by reads per kilobase per
million mapped reads (RPKM) and overlapped with the predicted
targets of miR-183 and miR-96 (www.targetscan.org/), we found
that Slc6a6, Rnf217, Dmxl1, and Med1 were the four potential
cotargets of miR-183 and miR-96 at P7 and P120, suggesting that
these genes may be involved in retinal development as well as in
visual function (SI Appendix, Fig. S9A). In a study of MSA,
Slc6a6 was reported to be regulated by miR-96 (12). To verify the
target genes, we conducted a luciferase assay with reporter plas-
mids consisting of the empty control, WT, or mutant 3′ UTR of
Slc6a6, Rnf217, Dmxl1, and Med1 cotransfected with miR-183
and miR-96 mimics into HEK293 cells. As shown in SI Ap-
pendix, Fig. S9 B–D, Slc6a6, Rnf217, and Dmxl1 were strongly
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Fig. 3. Ablation of miR-183/96 causes progressive
retinal degeneration. (A) Representative scotopic ERG
recordings of DKO and WT mice. (B and C) b-wave
(B) and a-wave (C) amplitudes for the DKO mice and
age-matched controls. n = 4, 3, and 4 for scotopic re-
sponses in mice at P30, P120, and P180, respectively.
The normalized values represent mean ± SEM. *P <
0.05, **P < 0.005, ***P < 0.001 between the DKO
mice and age-matched controls, Student’s t test.
(D) Quantification of the thickness of the ONL, OS/IS,
and whole retina from SD-OCT images of mice at
P30–P180. The red intensities on the curve of the DKO
mice represent the thickness of the WT sample minus
that in the DKO sample. Blue and red indicate the mini-
mum and maximum thickness, respectively, in the WT
and DKO samples at each point. n = 4 for each group.
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regulated by miR-183. Slc6a6 and Rnf217 were also targeted by
miR-96 (SI Appendix, Fig. S9 B and C). These results demon-
strated that Slc6a6 and Rnf217 were the two most potent targets
of these two miRNAs and that Med1 was not a target of either
miR-183 or miR-96 (SI Appendix, Fig. S9 B–E).

Slc6a6 Is Regulated by miR-183 and miR-96 in Adolescent and Adult Mice.
Slc6a6, also known as the taurine transporter, is highly expressed in
ciliated cells (13, 14). As its name implies, Slc6a6 pumps taurine into
cells and is critical for the development of vision and hearing and in
skeletal muscles and the central nervous system (22–24). We found
that Slc6a6 was widely expressed in the retina, including INL, ganglion
cell layer (GCL), and photoreceptor OS. High expression of Slc6a6
was observed at both protein and RNA levels in WT photoreceptors
(Fig. 4A and SI Appendix, Fig. S10A).
To assess Slc6a6 expression in vivo,Western blot analysis of P7 and

P120 mouse retinas was performed. Our results showed that the
levels of Slc6a6 proteins were increased in the DKO mice compared
with that in the WT mice, suggesting that Slc6a6 is a target of miR-
183/96. In addition, up-regulation of Slc6a6 was significant in the
retina but not in nonneural tissues such as the skin or muscle (Fig. 4B
and C and SI Appendix, Fig. S10B). In contrast, the Slc6a6 protein
was down-regulated by overexpression of miR-183 (decreased to
75.08%) or miR-96 (decreased to 55.36%) inWT retinas with adeno-
associated virus (Fig. 4 D–I). Consistently, taurine levels were en-
hanced in the heterozygous retinas and were reduced in the presence
of exogenous miR-183 or miR-96 in WT retinas (Fig. 4 J and K). In
brief, these results collectively suggest that Slc6a6 is regulated by
miR-183 and miR-96 in adolescent and adult mice.

Slc6a6 Is an Indispensable Factor in the Mouse Retina. To further
assess the function of Slc6a6 in photoreceptors, we introduced
AAV-Slc6a6 RNAi vector and its control carrying mCherry into
WT mice at P30 (Fig. 5A). As expected, Slc6a6 expression in the
retinas injected with AAV-Slc6a6 RNAi decreased to half that of
the controls at P44 (Fig. 5B). Moreover, retinas with insufficient
Slc6a6 showed degenerative features in the ONLs (Fig. 5C). The
mouse eyes treated with AAV-Slc6a6 RNAi displayed attenuated
ERG responses compared with that of the controls (Fig. 5D). In
addition, the scotopic ERG responses were more significantly

affected than the photopic ERG responses, indicating that the
rods were much more sensitive to the absence of Slc6a6 expres-
sion than the cones. In addition, silencing of Slc6a6 led to an
overall down-regulation of randomly-selected photoreceptor spe-
cific genes (Fig. 5E and SI Appendix, Fig. S11A). These observa-
tions validated the notion that Slc6a6 is necessary for the
maintenance of photoreceptor structure and function.

Overexpression of Slc6a6 Is Detrimental to Mouse Photoreceptors.
Slc6a6 transports taurine, which enhances the expression of sev-
eral photoreceptor-specific genes (15). Previous studies have found
that the overexpression of essential genes, such as Cngb1, Rom1,
and Rho (25–27), can be detrimental to photoreceptors. We hy-
pothesized that the overexpression of Slc6a6 is harmful to photo-
receptors by the activation of essential genes. Therefore, we injected
AAV-Slc6a6 and its controls into WT mice following the same
procedures as for injection of AAV-Slc6a6 RNAi (Fig. 5F). The
mean level of Slc6a6 mRNA was 14.37-fold higher in the AAV-
Slc6a6–treated mouse retinas compared with the AAV-GFP–
treated control retinas (Fig. 5G). Histological analyses revealed
degeneration of the photoreceptors in response to the over-
abundance of Slc6a6 (Fig. 5H). Similar to the gene silencing ex-
periments, overexpression of Slc6a6 mainly affected scotopic ERG
responses (Fig. 5I). Interestingly, many of the essential genes
expressed in rods and/or cones were up-regulated (Fig. 5J and SI
Appendix, Fig. S11B). In particular, Cngb1 and Rom-1 were among
the top three most greatly enhanced genes. However, screening the
potential targets of the miR-183 cluster using TargetScan did not
identify Cngb1 or Rom1 as a direct target of these three miRNAs.
These findings validate our hypothesis that the overexpression of
Slc6a6 is detrimental to mouse photoreceptors.

Discussion
Previous studies have reported that the down-regulation of ex-
pression of the miR-183 cluster in different models can lead to
retinal degeneration (4–6). Although the retinal degeneration
observed in our DKO mice was similar to that reported in pre-
vious models, the defects in the cones were distinct from those
observed in other studies. In our study, impaired nuclear polar-
ization of the cones was observed as early as P10, and photopic

Fig. 4. Slc6a6 is a target of bothmiR-183 andmiR-96 in
the mouse retina. (A) Immunostaining reflects the en-
dogenous expression of Slc6a6 in WT mouse retinas at
P90. The red arrows point to cells with high expression.
(Scale bar: 20 μm.) (B) Western blot verification of the
expression of miR-183/96 target Slc6a6 in mouse tissues
at P7 and P120. (C) Quantification of Slc6a6 protein level
relative to Gapdh level at P7 shown in B. n = 3.
(D) Schematic representation of the experiments.
(E) AAV-based miR-183, miR-96, and control expression
cassettes were driven by the pCMV-bGlobin promoter.
(F) AAV-miR-183, AAV-miR-96, and their control vector
were successfully expressed in retinas. (G and H) Slc6a6
was down-regulated in both miR-96 (G) and miR-183
(H) overexpressing WT retinas at P30. M1L, mouse 1
left eye; M1R, mouse 1 right eye, etc. (I) Quantification
of Slc6a6 protein levels relative to GAPDH levels shown
in G and H. n = 4. (J and K) The concentration of tau-
rine was increased in the DKO heterozygous mice at
P21 (J) and decreased in the WT mice overexpressing
miR-183 or miR-96 at P44 (K). DKO Het, miR-183/96
DKO heterozygotes; conc, concentration. In C, and
I–K, the normalized values represent mean ± SEM. Tau-
rine concentrations are represented as median ± SEM.
**P < 0.005, ***P < 0.001, Student’s t test.
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ERG was abolished at P30 (Fig. 2 A and E). The ONL degen-
erated progressively, whereas the shortened IS/OS exhibited
developmental retardation in the DKO mice. The disparity be-
tween P30 and P120 was reduced, indicating that maturation and
degeneration occurred in parallel (Fig. 3D).
To investigate the function of each of the miRNAs in the miR-

183 cluster, we generated a miR-182–depleted mouse model, which
demonstrated that the outer retinal layer thickness remained
relatively normal during development (17). Interestingly, when
miR-183/96 was knocked out in mouse retinas, the photoreceptors
were markedly affected, resulting in a polarization defect of the
cones and photoreceptor degeneration (Figs. 2 and 3). Thus, miR-
183/96 likely has a greater impact than miR-182 on the formation
of photoreceptors. Although depletion of the most abundant
miRNA in the cluster, miR-182, did not affect the morphogenesis
of photoreceptors, the visual function of the miR-182 KO mice
was not assessed. Furthermore, the effects of miR-183 and miR-
96 on photoreceptor morphogenesis have not been investigated
separately. It is possible that the defects observed in the DKO
photoreceptors can be attributed to the combined or single action
of the two miRNAs. Thus, determining which miRNA in the miR-
183 cluster is the major contributor to the formation and develop-
ment of photoreceptors merits evaluation.
Various transcriptional factors, such as Crx, facilitate the ex-

pression of opsin, which is essential for photoreceptor functions
(28, 29). Interestingly, taurine, a known cysteine derivative, is
transported by Slc6a6 into photoreceptors to enhance the ex-
pression of many essential genes (15); however, overexpression
of two essential genes, Cngb1 and Rom1, has been reported to
result in attenuated scotopic ERG and photopic ERG responses,
respectively (25, 26). We found that the persistent expression of
Slc6a6 resulted in an up-regulation of Cngb1 and Rom1, which
may explain the attenuated ERG responses (Fig. 5). Of note,
knocking down Slc6a6 in DKO mice partially restored the sco-
topic ERG responses (SI Appendix, Fig. S12 A–E). Nonetheless,
the detrimental role of essential genes in DKO retinas may ex-
emplify the broader Slc6a6-dependent undesirable side effects.
Other downstream essential genes and miR-183/96 targets may
contribute to the abnormalities observed in DKO mice as well.

Our mouse model also exhibited an unstable gait and circling
behavior, accompanied by developmental retardation similar to
that observed in the miR-183 cluster inactivation model (Movie
S1) (4). The mice lost their balancing capability, went around in
circles, and had difficulty staying still. These phenotypes were
likely related to a defect in the vestibular system (30, 31). The
buried food pellet test indicated that the olfactory function in
these mice was affected as well (SI Appendix, Fig. S13) (32).
Taken together, our results demonstrate distinct retinal phe-

notypes arising from the depletion of miR-183/96 in mice. Pho-
toreceptors are affected mainly by polarization defects and
degeneration. The miR-183/96–mediated precise regulation of
photoreceptor-specific genes via Slc6a6 is essential for photo-
receptor maturation and maintenance. Our findings provide
valuable insight into the epigenetic modulation of photorecep-
tors based on the miR-183/96 DKO model.

Methods
Animals. The miR-183/96 DKO mice, Rd1 mice, and C57BL/6 mice were
maintained and bred in the animal facility of the School of Ophthalmology
and Optometry at Wenzhou Medical University. All experiments were car-
ried out in accordance with the Association for Research on Vison and
Ophthalmology’s statement on the Use of Animals in Ophthalmic and Vision
Research and were approved by the Institutional Animal Care and Use
Committee of Wenzhou Medical University. The mice were given free access
to food and water under an environmental light intensity of 18 Lux on a 12-h
dark/light cycle.

Generation of the DKO Mice. A conventional knockout strategy was applied to
generate the miR-183/96–depleted mice. The vector RV-miR-183/96-Loxp
(17.278 kb) was constructed to replace a 2.085-kb region flanking pre–
miR-183 and pre–miR-96. More details are provided in SI Appendix.

Immunohistochemistry. Immunostaining of cryosectioned sampleswas used to
compare the morphological changes in the retinas of DKOmice and controls,
as described in SI Appendix.

RNA Isolation, qRT-PCR, and RNA-seq. Both eyes of a mouse were extirpated to
prepare total RNA. qRT-PCR was performed using standard protocols (SI
Appendix). For RNA-seq, a minimum of 4 μg of total RNA obtained from
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mouse retina at P7 and P120 was used to establish indexed Illumina libraries
according to the manufacturer’s protocol. Sequencing was performed on the
Illumina HiSeq 2000 platform (33, 34).

Western Blot Analysis. Extracted proteins from the retinas were separated by SDS/
PAGE and electrotransferred onto a nitrocellulose membrane. The membranes
were incubated with primary antibodies against Slc6a6 and Gapdh, followed by
incubation with the corresponding secondary antibodies (SI Appendix).

ELISA. Isolated retinas were homogenized, and the supernatants were col-
lected and analyzed according to the manufacturer’s instructions. Samples
and reference standards were loaded in a 96-well plate and then incubated
with secondary antibody and working solution for 60 min in the dark. The
plate was washed five times in washing buffer, then substrate was added
and allowed to react for 30 min in the dark. After addition of a stopping
solution, absorbance at 450 nm was recorded with a microplate reader.

Luciferase Assay and Transfection. For the luciferase assay, luciferase reporter
plasmids containing sequences of Slc6a6, Rnf217, Dmxl1, and Med1 were
constructed to validate potential miRNA targets. The psiCHECK-2 vector
reporter plasmid containing the experimental luciferase gene as well as
the firefly luciferase gene was used to normalize transfection efficiency.
Luciferase signals were detected at 48 h posttransfection. The values were
normalized to those of the NC control, and the assays were conducted in
triplicate. Details are provided in SI Appendix.

AAV2/8-Mediated miR-183/96 and Slc6a6 Overexpression and Knockdown. To
generate AAV2/8-mmu-miR-183/96, the target sequence was cloned into the
NheI and HindIII sites of a GV412 vector containing CMV bGlobin-EGFP-MCS.
To generate AAV2/8-mmu-Slc6a6, the target sequence was cloned into
the BamHI and NheI sites of a GV420 vector containing CMV bGlobin-MCS-
3FLAG. To generate AAV2/8-mmu-Slc6a6 RNAi, the target sequence 5′-TAT-
AACAAGTACAAGTATA-3′was cloned into a GV472 vector containing U6-MCS-
CMV bGlobin-mCherry-3FLAG. The AAV2/8-mediated empty vector containing
CMV-bGlobin-EGFP served as the control. These procedures are described in
more detail in SI Appendix. The inserted sequences were generated by PCR
using the primers listed in SI Appendix, Table S4.

Subretinal AAV Delivery. WT mice at P30 were anesthetized using ketamine
and xylazine. A small incision was created in the lens near the sclera with
a sharp 30-gauge needle, and 1 μL (1 × 1012 TU/mL) of AAV-mmu-Slc6a6,
AAV-mmu-miR-183, and AAV-mmu-miR-96 for OD and control vector for OS
was injected slowly into the subretinal space using a blunt 5-μL Hamilton sy-
ringe held in a micromanipulator. All injections were performed bilaterally,
with the control vector in the OS and the objective gene vectors in the OD.

ERG. DKO mice and age-matched WT controls were paired for full-field ERGs,
which were conducted as described previously (33) (SI Appendix).

Fundus Photography, SD-OCT, and FFA. miR-183/96–depleted mice and their
littermates were dilated and anesthetized as previously described (33). For
each mouse, experiments were performed in the following order: fundus
photography, SD-OCT, and FFA. Details are provided in SI Appendix.

Buried Food Pellet Test. The buried food pellet test was carried out as de-
scribed previously (34). The latency of uncovering the food pellet by the
mouse, defined as grabbing a pellet with the forepaws and/or teeth,
was calculated as the interval between the time when the mouse was
placed in the cage and the time when it reached the target. The mice were
subjected to one trial per day. The test is described in more detail in SI
Appendix.
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