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SUMMARY

The outer segments of cones serve as light detectors
for daylight color vision, and their dysfunction leads
to human blindness conditions. We show that the
cone-specific disruption of DGCR8 in adult mice
led to the loss of miRNAs and the loss of outer
segments, resulting in photoreceptors with signifi-
cantly reduced light responses. However, the num-
ber of cones remained unchanged. The loss of the
outer segments occurred gradually over 1 month,
and during this time the genetic signature of cones
decreased. Reexpression of the sensory-cell-spe-
cific miR-182 and miR-183 prevented outer segment
loss. These miRNAs were also necessary and suffi-
cient for the formation of inner segments, connect-
ing cilia and short outer segments, as well as light
responses in stem-cell-derived retinal cultures. Our
results show that miR-182- and miR-183-regulated
pathways are necessary for cone outer segment
maintenance in vivo and functional outer segment
formation in vitro.

INTRODUCTION

Vertebrate image-forming vision relies on two types of photore-

ceptors, cones and rods, which capture light using their outer

segment, an organelle with a stack of membrane disks that

host the photopigments. The light-induced signal travels via an

intracellular route, including the connecting cilium, the inner

segment, the cell body, the axon, and the axon terminal, before

it is transmitted to downstream retinal cells. The connecting

cilium is a microtubule-containing structure that is anchored to

a basal body derived from a centrosome, and it connects the
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mitochondria-rich inner segment and the outer segment (Pear-

ring et al., 2013). The outer segment is dynamically renewed:

new membrane folds are added from the end that interfaces

the connecting cilium, and oldmembrane folds are phagocytized

by pigment epithelial cells from the other end (Mustafi et al.,

2009).

Cones are less sensitive to light than rods and, therefore,

operate at higher light intensities, characteristic of daytime, while

rods are used during nighttime conditions. In humans, high-res-

olution daylight vision, which is necessary for reading and for

recognizing faces, depends almost entirely on cones. The loss

of cone outer segments or their function in adulthood occurs in

many photoreceptor diseases and can lead to blindness (Léveil-

lard and Sahel, 2010; Sahel and Roska, 2013). To preserve these

organelles, or to regenerate them, entirely or partially (Thompson

et al., 2014), requires knowledge of the molecular pathways that

control their maintenance in healthy adults (Léveillard and Sahel,

2010).

MicroRNAs (miRNAs) are posttranscriptional repressors of

gene expression. Their biogenesis occurs in two steps. The pri-

mary RNA transcripts, pri-miRNAs, are cleaved by the Drosha/

DGCR8 complex into pre-miRNAs, which are further processed

by Dicer to become mature miRNAs (Krol et al., 2010a). In ani-

mals, the majority of investigated miRNAs base pair imperfectly

with messenger RNA (mRNA) sequences in the 30 UTR, which

leads to translational repression, deadenylation, and degrada-

tion of target mRNAs. miRNAs function as part of ribonucleo-

protein (RNP) complexes, miRNPs, with the best-characterized

components of miRNPs represented by proteins from the Argo-

naute (AGO) and GW182 families.

The lack of all, or particular, miRNAs during development

leads to various defects in the retina (Sundermeier and Palczew-

ski, 2012), including retinal degeneration (Damiani et al., 2008;

Lumayag et al., 2013; Zhu et al., 2011) or cone death (Sanuki

et al., 2011). Targeted disruption of Rncr3, the dominant source

of miR-124, alters the maturation of cone photoreceptors, which

results in increased apoptosis and improper cone migration
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(Sanuki et al., 2011). A transgenic anti-miRNA ‘‘sponge’’ mouse

model that reduced the activities of all three miRNAs in the miR-

183/96/182 cluster, which is mainly expressed in sensory neu-

rons (Xu et al., 2007), showed increased bright-light-induced

retinal degeneration, although neither morphological nor func-

tional differences have been observed under laboratory lighting

conditions between transgenic and wild-type mice (Zhu et al.,

2011). Characterization of a mouse line in which a gene-trap

construct was inserted downstream of the first exon of the

miR-183/96/182 gene revealed an almost complete lack of all

three miR-183/96/182 cluster miRNAs in the retina. This mouse

line showed age-dependent retinal degeneration, as well as

increased susceptibility to light damage. Functional defects

have been observed at the photoreceptor synapse at 5 weeks

of age, while photoreceptor dysfunction was detectable in 6-

month-old animals. Analysis of gene expression at times when

there was no detectable histological evidence of retinal degen-

eration identified decreased expression of genes involved in

synaptogenesis as well as in cone phototransduction (Lumayag

et al., 2013). Another study (Jin et al., 2009) did not find any

obvious defect in mice with a knockout of only miR-182, possibly

because of developmental compensation since miR-182 and

miR-183 have similar seed sequences.

So far, all studies relating the effects of specific miRNAs to

retinal structure and function have been performed in animal

models in which genetic manipulation has led tomiRNA changes

during both development and adulthood. Many of these

studies, which have been performed cell-type-nonspecifically,

concluded that the developmental loss of specific miRNAs leads

to photoreceptor degeneration.

How miRNAs contribute to the function of adult cones is not

understood. To address this question, we developed a mouse

model in which miRNA depletion occurs specifically in cones,

after the full development of the retina. We used this model to

dynamically follow the subcellular structure, function, and tran-

scriptome of cones. We found that the depletion of miRNAs in

adult cones led to two major changes. First, the cone outer seg-

ments were lost and, therefore, the light responses of cones

were significantly reduced. The loss of the outer segments

occurred gradually over a 1-month period. However, cones did

not degenerate, the number of cone cell bodies did not change

when most of the outer segments were lost, and apoptotic

markers did not increase. Importantly, the reexpression of the

sensory-cell-specific miR-182 and miR-183 in cones prevented
Figure 1. Cones of P60 C-DGCR-KO Mice Lose Their Outer Segments

(A–H) P30 mice.

(I–P) P60 mice.

(A and I) Quantitative DGCR8 western blots of isolated wild-type (WT) and knock

(B and J) qPCR measurement of selected mature miRNAs (n = 3).

(C and K) Cross-sections of immunostained C-DGCR-KO (top row) and wild-type

cones (magenta), and additionally merged with Hoechst dye stained nuclei (whit

(D and L) Top view of corresponding OPN1SW/MW (green) signal.

(E and M) Quantification of immunostained OPN1SW/MW foci, corresponding to

(F and N) Quantitative OPN1SW and OPN1MW western blots of isolated WT and

(G and O) Photopic (reflecting mostly cone activity) electroretinogram of WT and K

(reflecting mostly rod activity) electroretinogram is shown at the top.

(H and P) Quantification of electroretinogram b-wave amplitudes, data for each

(O and P) Animals tested at P56. Scale bar, 20 mm. Error bars, SEM. See also Fi
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outer segment loss. Second, the genetic identity of cones,

quantified by the expression of cone-specific genes, decreased

significantly after miRNA depletion.

Furthermore, we found that miRNAs of the miR-183/96/

182 cluster accelerated the formation of photoreceptor distal

structures, such as the inner segments and connecting cilia, in

embryonic stem (ES)-cell-derived retinal cultures. Remarkably,

in ES-cell-derived cultures, these miRNAs also induced the

formation of short outer segments that contained a stack of

membrane disks, which are characteristic structures of outer

segments in normal photoreceptors. The miRNA-transduced

photoreceptors of ES-cell-derived cultures responded to light

with the same response polarity, i.e., hyperpolarization, as

normal photoreceptors. Our findings suggest that miR-183/96/

182 cluster miRNAs regulate the supply of molecular compo-

nents to the apical membranes of photoreceptors in order to

control the maintenance of outer segments.

RESULTS

Depletion ofmiRNAs in Adult Cones Leads to the Loss of
Outer Segments
To deplete miRNAs from adult cones, we genetically disrupted

the Drosha/DGCR8 miRNA-processing machinery by crossing

mice with conditional null Dgcr8 alleles (Yi et al., 2009) and

mice expressing Cre recombinase postnatally specifically in

cones (D4-Cre; Le et al., 2004). We call the mouse line that is ho-

mozygous for the conditional null Dgcr8 allele and heterozygous

for the Cre allele C-DGCR-KO. The morphology of cones in the

C-DGCR-KO mice was revealed by crossing it with the reporter

mouse line (Ai9; Madisen et al., 2010) conditionally expressing

fluorescent tdTomato protein. D4-Cre mice or D4-Cre mice

crossed with Ai9 mice, served as ‘‘wild-type’’ controls. We ex-

pressed various genes specifically in C-DGCR-KO or wild-type

cones by infection with conditional adeno-associated viral vec-

tors (AAVs). Cones were examined in retinal sections, in retinal

whole mounts, and in isolation after fluorescence-activated

cell sorting. We detected Cre expression earliest at postnatal

day 6 (P6) (Figure S1A available online). However, at P30, a

time when the retina is fully developed, immunohistochemistry

revealed no appreciable difference in DGCR8 signal between

C-DGCR-KO and wild-type cone nuclei (Figures S1B–S1D).

Quantitative western blot analysis of isolated cones showed

43% DGCR8 levels compared to wild-type (Figure 1A), but the
and Their Function

out (KO) cones (n = 3). Tubulin protein served as a loading control.

(bottom row) retinas for OPN1SW/MW (green), merged with tdTomato-labeled

e).

outer segments.

KO cones (n = 3).

O retinas stimulated with light of indicated intensities. As a control, a scotopic

light intensity are shown in box-whisker plots.

gure S1.
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levels of mature miRNAs decreased by only 20%–25% (Fig-

ure 1B). The slow depletion of DGCR8 protein (and consequently

the miRNAs) is likely due to its high stability. DGCR8 stability is

known to be modulated by its phosphorylation and interactions

with other proteins (Cheng et al., 2014; Han et al., 2009; Herbert

et al., 2013): these phenomena possibly also stabilizing the pro-

tein in cones.

At P30, cone morphology and their opsin-labeled (OPN1SW

and OPN1MW) outer segment distribution in whole-mount

retinas assayed by immunohistochemistry, the opsin mRNA

and protein levels in isolated cones tested by quantitative PCR

(qPCR) and western blot, and cone function tested in vivo using

electroretinography were similar in C-DGCR-KO and wild-type

mice (Figures 1C–1H and S1E–S1H). The observation that adult

cones of C-DGCR-KO mice at P30 had nearly normal mature

miRNA levels (Figure 1B), as well as normal structure and

function (Figures 1 and S1), indicated a proper development

and functional maturation of cone photoreceptors and allowed

us to investigate the effect of progressive loss of mature miRNAs

in adult cones.

In contrast to P30, DGCR8 immunostaining in cone nuclei

was not detectable on retinal sections at P60 (Figure S1B) and

amounted to only 18% of wild-type levels in a western blot anal-

ysis of isolated cones (Figure 1I). Moreover, miRNA levels in iso-

lated P60 C-DGCR-KO cones, tested by qPCR, were 95% lower

than in wild-type cones (Figure 1J; see also below). Hence, at

P60 the DGCR8 function was largely lost and, consequently,

miRNAs were depleted from cones. Importantly, in this miRNA-

depleted cone state, we found that the number of cone outer

segments labeled with cone opsins was reduced by 90% (Fig-

ures 1K–1M). Opsin mRNA and protein expression in isolated

cones were also markedly reduced (Figures 1M, 1N, and S1F).

Since the number of cones counted in whole-mount retinas

was similar in C-DGCR-KO and wild-type mice (Figures S1G

and S1H), the loss of opsin staining was not due to the death

of cones.

Outer segments and opsin expression are important for light

detection. We therefore tested the ability of the P60 C-DGCR-

KO retina to respond to light stimuli in vivo and ex vivo. In vivo,

cone-mediated photoresponses were significantly reduced

compared to wild-type and P30 C-DGCR-KO retinas (Figures

1O and 1P). Similar to in vivo recordings, ex vivo single ganglion

cell responses measured using whole-cell patch clamp at high

light levels, reflecting cone vision, were significantly reduced

(Figure S1I). Therefore, by P60 the majority of cones from

C-DGCR-KO mice had lost their opsin expression and become

nonfunctional but had not died.

To reveal fine morphological changes in the P60 opsin-less

cones, we reconstructed 50 3 50 3 170 mm2 cubes of the outer

retina of P30 and P60 C-DGCR-KO and of P60 wild-type mice
Figure 2. Cone Outer Segments of C-DGCR-KO Mice Shorten Gradual

(A and B) Cone morphology revealed by serial block-face scanning electron mic

cilium (CC), inner segment (IS), and cell body (CB) are highlighted. Asterisk in (B

(C) Quantification of IS, CC, CB, and OS cross-section area of P60 WT (white) a

(D) Quantification of the OS to IS ratio.

(E) Side views of reconstructed C-DGCR8-KO cones at P30, P40, P50, and P60

(F) Quantification of OS length at P30, P40, P50, and P60. Error bars, SEM. See
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using serial block-face scanning electron microscopy (EM)

(Denk and Horstmann, 2004). This allowed us to visualize cones

and rods at the ultrastructural level in 3D (Figures 2A and 2B).

Cones could be distinguished from rods based on a number of

criteria (Carter-Dawson and LaVail, 1979), the most robust being

the organization of heterochromatin in the nucleus (Solovei et al.,

2009) (Figures S1C, S1D, and S2A–S2C). All P60 C-DGCR-KO

cones lacked outer segments (Figures 2B–2D). The diameter of

inner segments was larger than in wild-type mice (Figures 2B

and 2C), and we detected oversized mitochondria (Figures 2B

and S2D). Cone cell bodies and their nuclear organization were

intact and did not appear to be different from wild-type (Figures

2A, 2B, and S2C). Cone morphology in P30 C-DGCR-KO

mice and rod photoreceptor morphology in both P30 and P60

C-DGCR-KO mice appeared normal (data not shown), with the

exception of the enlarged mitochondria in P30 C-DGCR-KO

cones (Figure S2C). To determine the time course of outer

segment loss, we 3D-reconstructed the outer retina at 10-day in-

tervals between P30 and P60. P30 C-DGCR8-KO cone outer

segments had similar length to wild-type, but at subsequent

time points they shortened in a linear fashion until they became

undetectable at P60 (Figures 2E and 2F). This indicates that

DGCR8-dependent pathways are necessary to maintain cone

outer segments in adult mice.

To test whether the loss of opsin can be prevented when

outer segments are shortening, we reintroduced Dgcr8 to P45

C-DGCR-KO cones via conditional AAV-mediated delivery (Fig-

ure 3A). At P90, DGCR8 and opsin protein levels in cones were

significantly higher in AAV-infected C-DGCR-KO retinas than in

uninfected control retinas, and opsin localized to the distal tip

of cones (Figures 3B and 3C). Therefore, the reexpression of

DGCR8was sufficient to reinitiate opsin expression and to target

this protein to the distal compartments of cones.

miR-182 and miR-183 Are Sufficient for the
Maintenance of Outer Segments
The lack of DGCR8 could cause defects either through miRNA-

dependent or -independent pathways (Macias et al., 2012). If the

loss of outer segments was due tomiRNA deficiency, reexpress-

ing the relevant miRNA in the absence of DGCR8 should prevent

the loss. We used next-generation sequencing of RNA from

isolated wild-type P60 cones to determine the most highly ex-

pressed miRNAs as candidates for controlling outer segment

maintenance. We then designed a strategy to express miRNAs

in the absence of DGCR8 in vivo. The expression pattern of

miRNAs was highly uneven, with a single miRNA, miR-182, rep-

resenting 64% of all miRNA reads (Figure 3D). Only four other

miRNAs were found in more than 1% of reads. Since miR-182

and miR-183 (third most abundant, 4% of reads) are processed

(jointly with miR-96) from the same primary transcript and have
ly from P30 to P60

roscopy in P60 WT (A) and P60 KO (B) mice. Outer segment (OS), connecting

) indicates the tip of the connecting cilium. Scale bar, 1 mm.

nd P60 KO (black) cones.

.

also Figure S2.
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Figure 3. The Reintroduction of miR-182/183 Is Sufficient to Maintain Cone Outer Segments

(A) Conditional DGCR8 AAV expression cassette driven by the CMV promoter. In the presence of Cre, the DNA segment flanked by two different loxP sites (gray

and black triangles) is inverted (Atasoy et al., 2008), enabling DGCR8 expression. WPRE, woodchuck hepatitis virus posttranscriptional regulatory element.

(legend continued on next page)
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related seed sequences (Karali et al., 2007; Ryan et al., 2006; Xu

et al., 2007), we expressed these two together. We also ex-

pressed miR-124, since a lack of miR-124 during development

has been shown to lead to the loss of opsin expression and

to cone death (Sanuki et al., 2011). To bypass the need for Dro-

sha/DGCR8, we generated short hairpin RNAs resembling pre-

miRNAs (sh-miRs), which only need Dicer to produce mature

miRNA mimics (Figures 3E, S3A, and S3B). We verified that

expression of these sh-miRs in HEK293 cells leads to the spe-

cific repression of reporter mRNAs bearing miRNA sites (Figures

S3C–S3F). Next, using conditional AAVs, we expressed either

miR-182/183 or miR-124 mimics specifically in C-DGCR-KO

cones at P30. miR-182/183, but not miR-124, mimics prevented

the loss of outer segments and cone opsins at P60 (Figures 3F–

3H). Expression of miR-182/183 mimics in C-DGCR-KO mice

did not increase the level of other tested miRNAs (Figure 3I),

indicating that the availability of miR-182/183 was sufficient to

maintain outer segments.

We investigated whether reexpression of miR-182/183

mimics can rescue outer segment loss and opsin expression

in C-DGCR-KO cones. We administered AAVs expressing the

miR-182/183 mimics at P60, i.e., after the loss of the outer

segments. Inspection of mouse retinas at P90 indicated that

outer segments were not restored (Figure S4A). Expression of

Argonaute (AGO) proteins is often coregulated with the cellular

availability of miRNAs (Martinez and Gregory, 2013), and we

found that Argonaute levels were indeed strongly decreased in

C-DGCR-KO mice at P60, when cones are depleted of miRNAs

(Figure S4B). Since without Argonautes the miRNAmimics could

not function, we attempted to regenerate outer segments by

AAV-mediated coexpression of both miR-182/183 mimics and

AGO2 at P60. Although this manipulation did not restore outer

segments, it significantly increased opsin protein levels in the

distal part of cones in AAV-infected C-DGCR-KO P90 retinas

compared to controls (Figures S4C and S4D).

Depletion of miRNAs Leads to the Gradual Loss of the
Genetic Identity of Cones
Togain amechanistic insight into the alteredmolecular pathways

that lead to outer segment loss and decreased opsin expression,

we followed the dynamics of changes in miRNA and mRNA

expression in cones between P30 and P90. We isolated cones

from C-DGCR-KO and wild-type mice at five time points, P30,

P40, P50, P60, and P90, and performedmiRNAqPCR, next-gen-

eration RNA sequencing (RNA-seq), and mRNA array experi-
(B) Top views of cone cell bodies stained for DGCR8 (blue, top row) and OPN1SW

DGCR8-rescue KO (right) mice.

(C) Quantification of immunostained OPN1SW/MW foci shown in (B).

(D) Mature miRNA profile (RNA-seq) of P60 WT cones.

(E) Conditional sh-miR AAV expression cassette driven by theCMV promoter. In th

turning off the Tet repressor (TetR) and activating GFP expression. In the absenc

(F) Rescue of cone outer segments and opsin expression by sh-miR-183/182. C

cones (yellow; left), merged with tdTomato-labeled cones (magenta; middle), and

sh-miR-183/182 (bottom row) are shown. The dashed line indicates the location

(G) Top views of OPN1SW/MW-positive outer segments (green) of sh-Control (le

(H) Quantification of OPN1SW/MW foci shown in (G).

(I) qPCR measurement of selected mature miRNA levels from wild-type (white) a

(black) AAVs (data from three biological replicates). Error bars, SEM. See also Fi
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ments using RNA obtained from the isolated cones. We first

confirmed that the levels of miRNAs gradually decreased in

C-DGCR-KO cones, reaching 1%–3% of starting values at P90

(Figure 4A). As expected, the decrease in mature miRNAs was

accompanied by an accumulation of respective pri-miRNAs

(Figure 4B). Next, we followed mRNA expression in the same

time window. Surprisingly, comparing gene expression at P30

and P60 in isolated C-DGCR-KO cones showed that 96.7%

(RNA-seq; Figures 5A, S6A, and S6B) or 99.7% (mRNA arrays;

Figure S5A) of expressed genes changed less than 2-fold; the

vast majority of genes involved in regulation of apoptosis be-

longed to this category (Figures 5BandS5B). A small set of genes

was, however, up- or downregulated more than 2-fold.

We first looked into the downregulated genes, unlikely to

represent primary miRNA targets, which act as negative regula-

tors of gene expression. To determine whether downregulated

genes were members of known pathways, we performedmolec-

ular pathway analysis of these genes. This analysis identified

the genes from the phototransduction pathway as significantly

downregulated (Figures 5C, 5D, S5C, and S5D), whereas genes

related to synaptic transmission were not affected significantly

(Figures S6A–S6F). In order to get a dynamic picture of the

changes, we plotted the expression of the phototransduction

pathway genes as a function of time in C-DGCR-KO and wild-

type mice from P30 to P90 (Figures 5C–5E and S5C–S5E). In

C-DGCR-KO cones, several phototransduction genes followed

the same time course: unchanged or even upregulated at P40

and decreasing gradually between P50 and P90. We then inves-

tigated whether the loss of DGCR8 influences cone-specific

genes more generally. A recent screen identified cone-specific

genes in adult mice in an unbiased way (Siegert et al., 2012),

and we plotted the expression of these genes as a function of

time in C-DGCR-KO and wild-type mice. Remarkably, a large

fraction, 34% (RNA-seq) and 38% (mRNA array), of cone-spe-

cific genes had been significantly downregulated (Figures 5F–

5H and S5F–S5H). The downregulation of cone-specific genes

is highly significant, since any randomly selected similar number

of genes showed no downregulation but a slight upregulation

(Figures 5H and S5H). The decrease in expression followed

two different time course patterns: most genes showed the

same pattern as the five phototransduction genes, while a few

genes decreased gradually from P30 to P90 (Figures 5F and

S5F). The progression of the downregulation of most cone-spe-

cific genes was delayed compared to the start of outer seg-

ment loss (see Figures 2E and 2F), making it unlikely that the
/MW-positive outer segments (green, bottom row) of WT (left), KO (middle), and

e presence of Cre, the DNA segment flanked by loxP sites (triangles) is inverted,

e of TetR, sh-miRs are expressed from the H1-TetO2 promoter.

onfocal side projections of OPN1SW/MW (green) merged with AAV-infected

all channels merged (right). Sh-Control (top row), sh-miR-124 (middle row), and

of outer segments (OS).

ft), sh-miR-124 (middle), and sh-miR-183/182 (right).

nd C-DGCR-KO cones, transfected with sh-miR-183/182 (gray) or sh-Control

gures S3 and S4.
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Figure 4. Mature miRNA Levels Gradually Decrease in C-DGCR-KO

Cones

qPCR analysis of selected mature miRNAs (A) and pri-miRNAs (B) over time.

C-DGCR-KO levels relative to wild-type levels from isolated cones are shown.

The dashed line in (B) represents 1. Error bars, SEM (n = 3).

Neuron

miRNAs Maintain Adult Photoreceptor Outer Segments

Please cite this article in press as: Busskamp et al., miRNAs 182 and 183 Are Necessary to Maintain Adult Cone Photoreceptor Outer Segments and
Visual Function, Neuron (2014), http://dx.doi.org/10.1016/j.neuron.2014.06.020
decreasing expression of these genes is the cause of outer

segment loss. The downregulation could be a secondary effect

caused by increased expression of genes normally controlled

by miRNAs or directly by the Drosha/DGCR8 complex; alterna-

tively, it could be a consequence of outer segment loss via

a mechanism that regulates cone-specific gene expression

depending on the length of cone outer segments.
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To analyze the molecular pathways that can be directly regu-

lated bymiR-182 or miR-183 and that therefore cause the loss of

outer segments, we first plotted the distribution of relative

expression levels of the predicted miR-182 and miR-183 targets

compared to levels at P30 (Figure S7A). As time progressed from

P30 to P90, the relative distribution shifted gradually to the right,

showing that the levels of predicted miR-182 and miR-183 tar-

gets progressively increased in C-DGCR-KO mice. In wild-type

mice, the relative distribution did not change (Figure S7B). We

then plotted the time course of the expression levels of individual

genes, which are upregulated from P30 to P90 and are predicted

to be targets of miR-182 (47 genes) or miR-183 (12 genes) (Fig-

ures 6A and 6B). We ordered these genes according to their fold

change between P30 and P40, the time window in which the

outer segments began to shorten. Among these upregulated

and predicted target genes were those encoding components

of intracellular membrane trafficking pathways (Wasf2 [Yama-

shita et al., 2011], Frmd4a [Ikenouchi and Umeda, 2010],

Snap23 [Veale et al., 2011], Cd2ap [Kobayashi et al., 2004],

Vamp3 [Kwok et al., 2008], Fcho2 [Henne et al., 2010]), one

of which has been detected in outer segment proteomes

(Vamp3), and others taht lead to increased endocytosis

(Cd2ap, Fcho2). Cilium (Esyt1 [Sang et al., 2011], Kif19a [Niwa

et al., 2012],Gnai3 [Ezan et al., 2013]), centrosome (Tacc1 [Peset

and Vernos, 2008], Hook3 [Ge et al., 2010]), and microtubule

(Itgb1 [Lei et al., 2012]) associated genes, as well as cholesterol

or lipid metabolism pathway genes (Dhcr24 [Sarajärvi et al.,

2009], Insig1 [Yang et al., 2002], Npc2 [Deffieu and Pfeffer,

2011]) were also detected. The presence of multiple genes

related to membrane trafficking, lipid metabolism, and cilium

formation indicate the complexity of the misregulated network

(Figures 6C, S7C, and S7D).

miR-183/96/182 Cluster Induces the Formation of Short
Outer Segments as Well as Light Responses In Vitro
To understand the effect of the miR-183/96/182 cluster expres-

sion on photoreceptor cells that have not yet developed distal

structures such as inner segments, connecting cilia, and outer

segments, we used an in vitro model system in which retinas

are formed in 3D cultures of mouse ES cells (Eiraku et al.,

2011). In these in-vitro-built retinas, no outer segments have

been detected before (Gonzalez-Cordero et al., 2013). In control

retinas, a well-separated photoreceptor layer, containing mostly

rod-like cells, developed by day 25 (n = 5). At this stage, the miR-

183/96/182 cluster miRNAs were expressed at a low level (Fig-

ures 7A and 7B), no distal photoreceptor structures were visible,

and rhodopsin and peripherin (an outer segment protein [Kevany

et al., 2013]) expression was low and confined to the cell bodies

(Figure 7D). In agreement with previous work (Gonzalez-Cordero

et al., 2013), we detected inner segments at day 35 (n = 7) (Fig-

ure 7F). Importantly, at day 35 the miR-183/96/182 cluster was

expressed at a higher level. Rhodopsin and peripherin expres-

sion was also higher and was confined to the tip of the inner seg-

ments (Figures 7A and 7D). To find out whether there is a causal

relationship between the miR-183/96/182 cluster expression

and the formation of distal photoreceptor structures, we infected

the retinal cultures (n = 9) at day 7 with the cluster-expressing

AAVs (Figure 7C). At day 25, the miR-183/96/182 miRNAs had
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Figure 5. C-DGCR-KO Cones Lose Their

Genetic Signature

(A) Scatterplot of expression levels comparing

isolated C-DGCR-KO P60 with C-DGCR-KO P30

cones asmeasured by RNA-seq. Values are in log2
scale.

(B) Expression of genes belonging to the Gene

Ontology pathway ‘‘positive regulation of apoptotic

process’’ over time for isolated C-DGCR-KO

cone samples normalized to P30 wild-type. Fold

changes over time were measured using RNA-seq

data. Genes that were significantly upregulated at

P90 only are shown in cyan, whereas those signif-

icantly upregulated at P60 and P90 are shown in

magenta.

(C–E) RNA-seq analyses of cone photo-

transduction cascade genes expressed over time

in isolated C-DGCR-KO (C) and WT (D) cones.

Expression values are normalized to expres-

sion at P30. Significantly downregulated genes

are highlighted in green. (E) Bootstrap fold change

distribution at P60 in which the value for the pho-

totransduction genes is highlighted in magenta.

Confidence intervals (<0.05, <0.005, and <0.001)

are shown in different shades of gray, with <0.001

with lightest gray. Note p < 0.001 values for pho-

totransduction genes.

(F–H) RNA-seq analyses of cone-specific genes

expressed over time in isolated C-DGCR-KO

(F) and WT (G) cones. Expression values are

normalized to expression at P30. Significantly

downregulated genes are highlighted in green. (H)

Bootstrap fold change distribution of cone-spe-

cific genes at P60. Note the p < 0.001 values for

cone-specific genes. See also Figures S5 and S6.
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accumulated at high levels (Figure 7A) and we observed a

robust outgrowth of inner segments. Rhodopsin was expressed

diffusely in the inner segments, and peripherin was localized to

the tips of the inner segments (Figure 7D).

Next, we used a loss-of-function approach to find out whether

themiR-183/96/182miRNAswere necessary for formation of the

inner segments and the rhodopsin/peripherin-positive foci that

‘‘naturally’’ appear on day 35. We used a miR-183/96/182-spe-

cific ‘‘triple sponge’’ construct (Figure 7E), which has previously

been shown to effectively block miR-183/96/182 activity both

in vivo and in vitro (Krol et al., 2010b). We infected retinal cultures

(n = 5) at day 15 with AAVs expressing either the sponge or a

control RNA under a rhodopsin promoter. At day 35, no distal

photoreceptor structures were observed in retinal cultures in-

fected with the miR-183/96/182 sponge AAVs, in contrast to
NEURON 12186
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controls (Figure 7F). Taken together,

these experiments suggest that miRNAs

of the miR-183/96/182 cluster are neces-

sary and sufficient for the formation

of distal photoreceptor structures in ES-

cell-derived retinal cultures.

Does the miR-183/96/182 cluster

induce outer segment formation and light

responses? At day 25, we examined in
more detail the distal structures of retinal cultures that were

induced by expression of the cluster miRNAs, using 3D EM

reconstruction. We found inner segments filled with mitochon-

dria, as well as long connecting cilia. We also detected a small

region at the tip of the connecting cilia with electron-dense ma-

terial. Using high-resolution EM techniques (Supplemental

Experimental Procedures), we found that this electron-dense

material contained a stack of membrane disks, which are the

characteristic structures of normal photoreceptor outer seg-

ments (Figure 8A). Outer segments were not detected in control

retinal cultures. To test whether the short outer segments

induced by miR-183/96/182 cluster expression are capable of

mediating light responses, we recorded from photoreceptors

of the miR-183/96/182-transduced and control ES-cell-derived

cultures using whole-cell patch clamp and stimulated the
–15, August 6, 2014 ª2014 Elsevier Inc. 9



Figure 6. Increased Expression Levels of miR-182 and miR-183 Target Genes in C-DGCR-KO Cones

(A and B) Heat maps showing significantly (p < 0.05) increased miR-182 (A) and miR-183 (B) target genes, ranked by highest fold increase in log2 scale between

P30 and P40. Fold increase in log2 scale is indicated in brackets. The numbers following gene symbols correspond to the log2 number of counts per gene per

million reads in the library at P30.

(C) Summary of miR-182 and miR-183 targets grouped by cellular functions. See also Figure S7.
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cultures with light (Figures 8B and 8C). We recorded light-

evoked hyperpolarizing responses in miR-183/96/182-trans-

duced cultures (n = 7) in a large fraction of the recorded cells

(29%, 7/24). None of the cells in control cultures responded

to light. In conclusion, the miR-183/96/182 cluster induces the

formation of short outer segments in ES-cell-derived retinal cul-

tures, which generate light responses with a polarity, hyperpolar-

ization, that matches the response polarity of normal vertebrate

photoreceptors.

DISCUSSION

Using an in vivo model system that we set up to study the

role of miRNAs in mature cones, we found that the depletion

of miRNAs, resulting from the knockout of DGCR8 in adult

cones, led to the loss of outer segments. The outer segment

loss was prevented by reexpression of miR-182 and miR-183,

suggesting that these miRNA species are important for the

maintenance of outer segments. We cannot rule out that that

other miRNA species may also contribute to this process since

overexpressed miR-182/183 may functionally compensate for

the loss of these other miRNAs. However, miR-182/183 consti-
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tutes 68% of all cone miRNAs, and therefore it is likely that

miR-182/183 is a major factor responsible for outer segment

maintenance.

The observed phenotype in C-DGCR-KO mice was distinct

from the ones reported in previous studies in which the genetic

perturbation of specific miRNAs was established during devel-

opment. We found a gradual loss of outer segments as the

miRNA levels decreased between P30 and P60, without any

change in the number of cones or any systematic increase in

proapoptotic gene expression. Although it is possible that

cones degenerate at later times, our data demonstrate that

the loss of the outer segment is not caused by an apoptotic

process but is controlled independently. Interestingly, a pro-

nounced phenotype caused by the loss of the miR-183/96/

182 cluster during development is a defect at the synapses

and the alteration of genes related to synaptogenesis and

synaptic contacts (Lumayag et al., 2013). We have not found

a significant systematic alteration in gene expression related

to synapses, even at P90, when comparing C-DGCR8-

KO and wild-type animals, suggesting that this aspect of

the miR-183/96/182-mediated regulation may occur during

development.
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Previous work has identified a decrease in expression of some

cone phototransduction genes, such as Arr3 and Opn1mw, in

the miR-183/96/182 cluster knockout animals (Lumayag et al.,

2013). Similarly, we found that expression of these and other

phototransduction genes decreased between P30 and P60.

Interestingly, the decrease was not limited to the phototransduc-

tion cascade genes but also applied to many other genes known

to be specifically expressed in cones (Siegert et al., 2012). There-

fore, it appears that in the absence of miR-182 and miR-183,

cones largely lose their genetic signature, i.e., the expression

of cell-type-specific genes. This change in gene expression

was delayed compared to the shortening of outer segments,

and it is therefore unlikely that the outer segment loss is due to

the aforementioned general decrease in cone-specific gene

expression. It is possible that the loss of outer segments induces

a feedback signal to the nucleus that reduces the expression

of cone-specific genes. Alternatively, these two phenotypes

are independent of each other.

Using an in vitro model system, stem-cell-derived retinal cul-

tures, we found that the miR-183/96/182 cluster miRNAs were

necessary and sufficient for the formation of inner segments,

connecting cilia and short outer segments, as well as light-

induced hyperpolarization. These retinal cultures were grown in

the absence of retinal pigment epithelium (RPE), suggesting

that the initial formation of outer segment disks may not require

a contact with RPE cells. The outer segment formation and light

responses in vitro had not been detected in previous studies

(Eiraku et al., 2011; Gonzalez-Cordero et al., 2013) and themodel

system presented here, namely the retinal culture in combination

with an AAV expressing the miR-183/96/182 cluster, will allow

future mechanistic investigations of both outer segment forma-

tion and, when applied to ES cells modified to model retinal dis-

eases, outer segment pathology.

The miR-183/96/182 cluster is needed for the maintenance of

cone outer segments in vivo, and for the formation of inner seg-

ments, connecting cilia, and outer segments in a developing

retina culture model in vitro. Both of these functions could be

explained if the effect of the cluster miRNAs is to optimize the

supply of molecular components for the assembly of distal

photoreceptor structures. The outer segments of both rods and

cones are dynamically maintained in adults: the pigment epithe-

lial cells phagocytize thedistalmembranedisks, and theproximal

disks are continuously renewed by the photoreceptors. In adult

C-DGCR8-KO cones, a reduced supply of essential outer

segment components would lead to an imbalance between the

pace of phagocytosis at the distal tip and the formation of new

outer segment membrane and protein components at the base

of the outer segment. The continued phagocytosis and sub-

optimal regeneration would lead to a shortening of the outer

segments. Similarly, in the photoreceptors developing in vitro,

miRNAs of the miR-183/96/182 cluster might control the supply

of components to the apical membrane, accelerating the forma-

tion of distal structures. Among the upregulated and predicted

targets of miR-182 and miR-183 were many genes involved

in membrane trafficking, lipid metabolism, and cilium formation

pathways. To explain the shortening of the outer segments, one

would predict an overall decrease or misregulation in membrane

flow toward the distal tip of cones. The increased expression of
NEURON
genes encoding proteins that activate endocytosis provides a

possible explanation of a deficiency in membrane flow.

ThemiR-183/96/182 cluster is also expressed in other sensory

organs, not just the retina (Xu et al., 2007). In hair cells of the inner

ear, the miR-183/96/182 cluster miRNAs are expressed in a

gradient: high on the apical side and low on the basal side of

the cochlea (Groves et al., 2013; Soukup, 2009). Correlating

with this miRNA gradient, the distal structures of hair cells,

including the cilium bundle, are longer on the apical than the

basal side, and in the Dicer knockout mouse model the residual

miR-183/96/182 cluster expression correlates with the extent of

hair bundle length (Soukup, 2009). Therefore the ‘‘increased sup-

ply’’ mechanism proposed above for retinal photoreceptors may

also apply to hair cells.

The loss of cone outer segments is a common outcome for a

number of retinal diseases and can lead to blindness. The finding

that miR-183/96/182 cluster expression leads to the induction

of outer segments in ES-cell-derived retinal cultures, and that

the same cluster is downregulated in several mouse models of

the blinding disease retinitis pigmentosa (Loscher et al., 2008),

suggests that reexpression of these miRNAs, either alone or in

combination with other factors that keep cones alive (Léveillard

and Sahel, 2010; Punzo et al., 2009; Wen et al., 2012), could

be a potential strategy for outer segment regeneration.

EXPERIMENTAL PROCEDURES

Animals

All animal experiments and procedureswere approved by the Swiss Veterinary

Office. The animals weremaintained under a 12 hr light-dark cycle. Conditional

DGCR8 knockout mice (Yi et al., 2009) were crossed to the cone photore-

ceptor-specific Cre recombinase driver line D4-cre (Le et al., 2004), resulting

in C-DGCR-KO mice. In D4-Cre line the human red/green opsin promoter

drives expression of Cre in cones. To visualize cones, we further crossed

C-DGCR-KO mice to the floxed tdTomato reporter line Ai9 (Madisen et al.,

2010) (JAX mice B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J, Stock Number

007909, Jackson Laboratory). D4-cre or D4-cre/Ai9 animals served as wild-

type controls.

ES-Cell-Derived Retina-like Structure Formation

The retina-like structures from ES cells were generated as previously

described (Eiraku and Sasai, 2012; Eiraku et al., 2011).

Subretinal AAV Delivery

The injection of viral particles was performed as previously described

(Busskamp et al., 2010).

Statistical Analysis.

The nonparametric Mann-Whitney U test was used to compare data. Signifi-

cance levels are indicated by * for p < 0.05, ** for p < 0.01, and *** for

p < 0.001. n.s. (not significant) means p R 0.05. The error bars and ± values

represent SEM.

Additional information about Experimental Procedures can be found in

the Supplemental Experimental Procedures and Table S1. External links to

RNA-seq and Gene Array data as well as serial block-face scanning electron

microscopy image stacks are included in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

seven figures, and one table and can be found with this article online at

http://dx.doi.org/10.1016/j.neuron.2014.06.020.
12186
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Figure 7. miRNAs of the miR-183/96/182 Cluster Are Necessary and Sufficient for the Formation of Distal Photoreceptor Structures in

ES-Cell-Derived Retinal Cultures

(A and B) Bar charts showing the copies per cell (A) and fold increases (B) of indicated miRNAs relative to day 5 (d5) ES-cell-derived retinal cultures at different

time points asmeasured by qPCR (data from three biological replicates). Samples infected at d7with AAVs overexpressing themiR-183/96/182 cluster are shown

in yellow.

(C) AAV-based miR-183/96/182 and control expression cassettes driven by the elongation factor 1a (Ef1a) promoter. The pri-miRNA precursors or a control

spacer sequence were inserted into the human b globin intron upstream of a GFP.

(D) Themicroscope images show upper parts of the photoreceptor layer of ES-cell-derived retinas. Sections at d25 of culture following infection at d7 treatedwith

either control AAV-expressing GFP (top row) or AAV-expressing GFP and miR-182/96/183 (middle row) are shown. Zoomed images of distal photoreceptor

structures of retinas infected with GFP- and miR-183/96/182-expressing AAV are shown at the bottom. Rhodopsin (magenta, left), peripherin (magenta, right),

and GFP (yellow, right) immunostainings are shown. Cell nuclei are labeled with Hoechst (white). Scale bars, 20 mm.

(E) AAV-basedmiR-183/96/182 sponge (triple sponge) and control cassettes driven by the human Rhodopsin (Rho) promoter. The sponge and control sequences

were inserted in the 30 untranslated region of a GFP reporter gene.

(legend continued on next page)
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Figure 8. miR-183/96/182 Cluster Induces

the Formation of Short Outer Segments as

Well as Light Responses in ES-Cell-Derived

Retinal Cultures

(A) Representative EM images of distal structures

in the d25 ES-cell-derived retina culture that was

infected at d7 with AAV expressing pri-miR-183/

96/182. Top picture shows an enlarged EM image

of a short outer segment including disk mem-

branes. A longitudinal section of an entire inner

segment, connecting cilium and outer segment

(bottom left) and a cross-section of the connecting

cilium (bottom right), are also shown, with aster-

isks highlighting the nine microtubule bundles.

Scale bars are as indicated.

(B) Infrared image of a slice of an ES-cell-derived

retinal culture.

(C) An example of a hyperpolarizing response from

a recorded photoreceptor in response to full-field

light stimulation. The gray bar indicates the timing

of the stimulation (top). Quantification of peak

responses (bottom). Error bar, SEM.

Neuron

miRNAs Maintain Adult Photoreceptor Outer Segments

Please cite this article in press as: Busskamp et al., miRNAs 182 and 183 Are Necessary to Maintain Adult Cone Photoreceptor Outer Segments and
Visual Function, Neuron (2014), http://dx.doi.org/10.1016/j.neuron.2014.06.020
AUTHOR CONTRIBUTIONS

V.B. observed the loss of outer segment phenotype in DGCR KO mice. J.K.

designed the DGCR8-independent miRNA mimics, collected cells for RNA

sequencing and array experiments, performed western blots, and performed

ES-cell-based retina experiments. V.B. and J.K. designed AAVs, performed

injections, qPCR, and immunohistochemistry, analyzed data, designed exper-

iments, and wrote the manuscript. D.N. and J.D. performed immunohisto-

chemistry, B.T. analyzed RNA sequencing and microarray data, J.J. designed

and made AAVs, K.F. performed patch-clamp recordings, B.G.S. made

and analyzed ES-cell-derived retinas, C.P.P.A. made ES-cell-derived retinas,

C.G. and J.D. performed electron microscopy experiments, V.S. and N.T. per-

formed electroretinogram experiments, M. Stadler analyzed RNA sequencing

and microarray data, M. Seeliger designed electroretinogram experiments, M.

Stoffel provided DGCR8 KO mice, and T.S.Z. performed electrophysiological

recordings from stem-cell-derived retinas. W.F. designed experiments and

wrote the manuscript, B.R. analyzed data, designed experiments, and wrote

the manuscript.
ACKNOWLEDGMENTS

We thank Sabrina Djaffer, Gudrun Utz, and Pia Lacroix for technical support,

Tim Roloff, Kirsten Jacobeit, and Stephane Thiry for help with microarrays

and deep sequencing, Hubertus Kohler for cell sorting, and Laurent Gelman,

Steven Bourke, and Moritz Kirschmann for help with microscopy. We thank

Sara Oakeley for commenting on the manuscript. We thank V. Narry Kim for

providing a DGCR8 antibody, and Mike O. Karl and Budd A. Tucker for advice

about growing ES-cell-derived retinal cultures. We acknowledge the following
(F) Sections of the ES-cell-derived retinas at d35 in culture, following infection with

labeled distal photoreceptor structures are in a middle row. Sections of the ES-

pressing GFP and miR-183/96/182 sponge (bottom row). n = 5 retinas for each in

peripherin (magenta, right), and GFP (yellow), using specific antibodies. Cell nuc

NEURON
grants: HFSP and SNSF fellowship to V.B., SNSF Ambizione fellowship to

J.K., EC Sirocco Network to W.F., and Gebert-Ruf Foundation, SNSF, ERC,

NCCR Molecular Systems Engineering, EU SEEBETTER, TREATRUSH,

OPTONEURO and 3X3D Imaging grants to B.R. M. Stoffel is a member of

the SAB of Regulus Therapeutics. B.R. is a member of the SAB of GenSight.

Accepted: June 19, 2014

Published: July 3, 2014

REFERENCES

Atasoy, D., Aponte, Y., Su, H.H., and Sternson, S.M. (2008). A FLEX switch

targets Channelrhodopsin-2 to multiple cell types for imaging and long-range

circuit mapping. J. Neurosci. 28, 7025–7030.

Busskamp, V., Duebel, J., Balya, D., Fradot, M., Viney, T.J., Siegert, S.,

Groner, A.C., Cabuy, E., Forster, V., Seeliger, M., et al. (2010). Genetic reacti-

vation of cone photoreceptors restores visual responses in retinitis pigmen-

tosa. Science 329, 413–417.

Carter-Dawson, L.D., and LaVail, M.M. (1979). Rods and cones in the mouse

retina. I. Structural analysis using light and electron microscopy. J. Comp.

Neurol. 188, 245–262.

Cheng, T.-L., Wang, Z., Liao, Q., Zhu, Y., Zhou, W.-H., Xu, W., and Qiu, Z.

(2014). MeCP2 suppresses nuclear microRNA processing and dendritic

growth by regulating the DGCR8/Drosha complex. Dev. Cell 28, 547–560.

Damiani, D., Alexander, J.J., O’Rourke, J.R., McManus, M., Jadhav, A.P.,

Cepko, C.L., Hauswirth, W.W., Harfe, B.D., and Strettoi, E. (2008). Dicer inac-

tivation leads to progressive functional and structural degeneration of the

mouse retina. J. Neurosci. 28, 4878–4887.
control GFP-expressing AAV at d15 (top row); zoomed images of control GFP-

cell-derived retinas at d35 in culture, following infections at d15 with AAV-ex-

vestigated condition. Photoreceptors are labeled for rhodopsin (magenta, left),

lei are labeled with Hoechst (white). Scale bars, 20 mm. Error bars, SEM.

12186

Neuron 83, 1–15, August 6, 2014 ª2014 Elsevier Inc. 13



Neuron

miRNAs Maintain Adult Photoreceptor Outer Segments

Please cite this article in press as: Busskamp et al., miRNAs 182 and 183 Are Necessary to Maintain Adult Cone Photoreceptor Outer Segments and
Visual Function, Neuron (2014), http://dx.doi.org/10.1016/j.neuron.2014.06.020
Deffieu, M.S., and Pfeffer, S.R. (2011). Niemann-Pick type C 1 function re-

quires lumenal domain residues that mediate cholesterol-dependent NPC2

binding. Proc. Natl. Acad. Sci. USA 108, 18932–18936.

Denk, W., and Horstmann, H. (2004). Serial block-face scanning electron

microscopy to reconstruct three-dimensional tissue nanostructure. PLoS

Biol. 2, e329.

Eiraku, M., and Sasai, Y. (2012). Mouse embryonic stem cell culture for gener-

ation of three-dimensional retinal and cortical tissues. Nat. Protoc. 7, 69–79.

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S.,

Sekiguchi, K., Adachi, T., and Sasai, Y. (2011). Self-organizing optic-cup

morphogenesis in three-dimensional culture. Nature 472, 51–56.

Ezan, J., Lasvaux, L., Gezer, A., Novakovic, A., May-Simera, H., Belotti, E.,

Lhoumeau, A.-C., Birnbaumer, L., Beer-Hammer, S., Borg, J.-P., et al.

(2013). Primary cilium migration depends on G-protein signalling control

of subapical cytoskeleton. Nat. Cell Biol. 15, 1107–1115.

Ge, X., Frank, C.L., Calderon de Anda, F., and Tsai, L.-H. (2010). Hook3 inter-

acts with PCM1 to regulate pericentriolar material assembly and the timing

of neurogenesis. Neuron 65, 191–203.

Gonzalez-Cordero, A., West, E.L., Pearson, R.A., Duran, Y., Carvalho, L.S.,

Chu, C.J., Naeem, A., Blackford, S.J.I., Georgiadis, A., Lakowski, J., et al.

(2013). Photoreceptor precursors derived from three-dimensional embryonic

stem cell cultures integrate and mature within adult degenerate retina. Nat.

Biotechnol. 31, 741–747.

Groves, A.K., Zhang, K.D., and Fekete, D.M. (2013). The genetics of hair cell

development and regeneration. Annu. Rev. Neurosci. 36, 361–381.

Han, J., Pedersen, J.S., Kwon, S.C., Belair, C.D., Kim,Y.-K., Yeom,K.-H., Yang,

W.-Y.,Haussler,D.,Blelloch,R., andKim,V.N. (2009).Posttranscriptional cross-

regulation between Drosha and DGCR8. Cell 136, 75–84.

Henne,W.M., Boucrot, E., Meinecke, M., Evergren, E., Vallis, Y., Mittal, R., and

McMahon, H.T. (2010). FCHo proteins are nucleators of clathrin-mediated

endocytosis. Science 328, 1281–1284.

Herbert, K.M., Pimienta, G., DeGregorio, S.J., Alexandrov, A., and Steitz, J.A.

(2013). Phosphorylation of DGCR8 increases its intracellular stability and

induces a progrowth miRNA profile. Cell Rep. 5, 1070–1081.

Ikenouchi, J., and Umeda, M. (2010). FRMD4A regulates epithelial polarity

by connecting Arf6 activation with the PAR complex. Proc. Natl. Acad. Sci.

USA 107, 748–753.

Jin, Z.-B., Hirokawa, G., Gui, L., Takahashi, R., Osakada, F., Hiura, Y.,

Takahashi, M., Yasuhara, O., and Iwai, N. (2009). Targeted deletion of miR-

182, an abundant retinal microRNA. Mol. Vis. 15, 523–533.

Karali, M., Peluso, I., Marigo, V., and Banfi, S. (2007). Identification and char-

acterization of microRNAs expressed in the mouse eye. Invest. Ophthalmol.

Vis. Sci. 48, 509–515.

Kevany, B.M., Tsybovsky, Y., Campuzano, I.D.G., Schnier, P.D., Engel, A., and

Palczewski, K. (2013). Structural and functional analysis of the native periph-

erin-ROM1 complex isolated from photoreceptor cells. J. Biol. Chem. 288,

36272–36284.

Kobayashi, S., Sawano, A., Nojima, Y., Shibuya, M., and Maru, Y. (2004). The

c-Cbl/CD2AP complex regulates VEGF-induced endocytosis and degradation

of Flt-1 (VEGFR-1). FASEB J. 18, 929–931.

Krol, J., Loedige, I., and Filipowicz, W. (2010a). The widespread regulation of

microRNA biogenesis, function and decay. Nat. Rev. Genet. 11, 597–610.

Krol, J., Busskamp, V., Markiewicz, I., Stadler, M.B., Ribi, S., Richter, J.,

Duebel, J., Bicker, S., Fehling, H.J., Schübeler, D., et al. (2010b).
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