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Age-related macular degeneration (AMD) is a major cause of
irreversible vision loss. The neovascular or “wet” form of AMD can
be treated to varying degrees with anti-angiogenic drugs, but geo-
graphic atrophy (GA) is an advanced stage of the more prevalent
“dry” form of AMD for which there is no effective treatment. Devel-
opment of GA has been linked to loss of the microRNA (miRNA)-
processing enzyme DICERI in the mature retinal pigmented epi-
thelium (RPE). This loss results in the accumulation of toxic
transcripts of Alu transposable elements, which activate the
NLRP3 inflammasome and additional downstream pathways that
compromise the integrity and function of the RPE. However, it
remains unclear whether the loss of miRNA processing and subse-
quent gene regulation in the RPE due to DICER1 deficiency also
contributes to RPE cell death. To clarify the role of miRNAs in RPE
cells, we used two different mature RPE cell-specific Cre recombi-
nase drivers to inactivate either Dicer1 or DiGeorge syndrome crit-
ical region 8 (Dgcr8), thus removing RPE miRNA regulatory activ-
ity in mice by disrupting two independent and essential steps of
miRNA biogenesis. In contrast with prior studies, we found that the
loss of each factor independently led to strikingly similar defects in
the survival and function of the RPE and retina. These results sug-
gest that the loss of miRNAs also contributes to RPE cell death and
loss of visual function and could affect the pathology of dry AMD.

Age-related macular degeneration (AMD)? is a progressive
retinal degenerative disorder that preferentially impacts the
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macula, the central region of the retina primarily responsible
for both color vision and visual acuity. AMD is the leading cause
of irreversible vision loss in modern Western societies among
adults over 50 and is projected to impact the lives of nearly 200
million people worldwide by the year 2020 (1-4). It presents in
two distinct forms, based on the types of lesions that occur in
the late stages. The neovascular or “wet” form of AMD is asso-
ciated with abnormal growth of blood vessels in the choriocap-
illaris, which extend through Bruch’s membrane and cause
acute vision loss that can be reversed relatively rapidly through
intravitreal injection of vascular endothelial growth factor
(VEGE) inhibitors (5-8). In contrast, the dry form of AMD is
characterized by a large number of drusen and occasionally by
geographic atrophy (GA), the regional loss of macular photore-
ceptors, retinal pigmented epithelium (RPE), and choriocapil-
laris. These changes cause deficits in dark adaptation, along
with dense visual field scotomas and a gradual decline in visual
acuity (9—-11). Currently, there is no effective treatment for the
dry form of AMD.

Discovered over 2 decades ago in Caenorhabditis elegans,
miRNAs regulate gene expression at the post-transcriptional
level (12, 13). miRNA biogenesis involves two sequential cleav-
age steps. The first is accomplished in the nucleus by the micro-
processor complex and involves a member of the ribonucle-
ase III superfamily of dsRNA-specific endoribonucleases,
DROSHA, and its required cofactor DGCR8 (DiGeorge syn-
drome critical region 8). The second cleavage step is catalyzed
in the cytoplasm by another ribonuclease III-type enzyme,
DICER1. Through imperfect complementarity with target sites
on messenger RNAs (mRNAs), miRNAs recruit the miRNA-
induced silencing complex, which represses gene expression
primarily by destabilizing mRNA, but also by reducing the rate
of protein translation (14). In addition to their well character-
ized roles in cell and tissue development, miRNAs in post-mi-
totic cells often are critical in coping with cellular stress (15—

Dicer1™¥/foxoVMAD2-TA-TRE-Cre™; ERG, electroretinogram; GA, geo-
graphic atrophy; miRNA, micro-RNA; ONL, outer nuclear layer; OSs, outer
segments; RPE, retinal pigmented epithelium; RFM, RPE flat mounts; SINE,
short interspersed nuclear element; SD-OCT, spectral domain optical
coherence tomography; TEM, transmission electron microscopy; rtTA,
reverse tetracycline-dependent transactivator; TRE, tetracycline-respon-
sive element; NA, numeric aperture; RT-PCR, real-time PCR.
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18). Within the eye, the physiology of photoreceptor cells
presents a unique set of challenges, necessitating precise tuning
of gene regulatory networks to maintain cell survival and func-
tion. Unsurprisingly, studies on the functional roles of miRNAs
in retinal photoreceptors have firmly established that miRNAs
are essential for the survival and function of these perpetually
stressed post-mitotic cells (19-24). Conditional knock-out of
the miRNA biogenesis factor DicerlI specifically in mature rods
led to progressive retinal degeneration in mice (19). Similarly,
the absence of Dgcr8 in post-mitotic cone photoreceptors
caused loss of their outer segments (OSs) and deterioration of
light responses (20). In addition, loss of the post-mitotic pho-
toreceptor enriched miR-183 cluster resulted in increased sen-
sitivity to retinal degeneration during aging or after exposure to
intense light (21, 22).

The RPE, a monolayer of cells lying adjacent to the photore-
ceptor outer segment layer, is another vulnerable, perpetually
stressed intraocular cell type. RPE cells perform a myriad
of functions, including absorbing stray photons of light, main-
taining the pH and nutrient content of the subretinal space,
participating in the regeneration of visual chromophore, and
phagocytizing the outermost portion of photoreceptor outer
segments. Roughly 10% of each photoreceptor cell in the
human retina is phagocytosed on a daily basis, making RPE cells
probably the most active phagocytic cells in the body (25)
(reviewed in Refs. 26 and 27). This phagocytic process removes
photooxidation products, including lipids and proteins from
the photoreceptors, generated due to high levels of oxygen and
light exposure and accumulated in the RPE. Thus, RPE cells are
constantly subjected to toxic metabolic by-products. Finely
tuned gene regulatory networks also could help to cope with
this type of continuous cellular stress.

Inhibition of either of the two most abundantly expressed
RPE miRNAs, miR-204 and -211, in human fetal RPE cells
results in increased proliferation and decreased transepithelial
monolayer electrical resistance as well as altered expression of
tight junction genes (28, 29). However, inhibition of both
miRNAs causes a more general loss of RPE-specific gene
expression accompanied by morphological changes and
increased expression of genes causing epithelial to mesenchy-
mal transition (28). RPE cell-specific miRNA loss-of-function
models in animals have clearly demonstrated that miRNAs are
essential for proper specification and differentiation of RPE
cells (24, 28, 30). However, available data addressing their roles
in the physiology and function of mature RPE cells in vivo are
limited.

Kaneko et al. (31) demonstrated that the miRNA biogenesis
factor, DICER], is down-regulated in the RPE of patients with
GA. This result led to the intriguing possibility that loss of RPE
miRNAs could be associated with the development or progres-
sion of GA. These mice evidenced abnormal RPE morphology
and RPE cell death, a phenotype also observed upon injection of
an adeno-associated virus (AAV) driving RPE-specific expres-
sion of Cre (tyrosine recombinase) in mice with conditional
Dicerl cKO alleles. Surprisingly, injection of the same AAV into
mice carrying conditional alleles for Drosha, Dgcr8, or miRNA
binding enzyme Argonaute 2 (Ago2) failed to elicit similar
defects in RPE survival (31). Normal RPE morphology was also
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observed in Agol, Ago3, and Ago4 knock-out mice. This led to
the conclusion that the RPE disruption associated with loss of
DICER1 was miRNA-independent. RPE cell degeneration was
instead attributed to failure of DICER1-mediated degradation
of toxic transcripts of Alu transposable elements in humans and
similar rodent short interspersed nuclear elements (SINE), B1
and B2, in mice. Indeed, exogenous introduction of Alu ele-
ment-encoded RNAs has been shown to induce RPE abnormal-
ities (32—37), but it remains unclear whether loss of miRNAs
also plays a role in RPE cell death in the absence of DICER1.

Thus, to clarify the contribution of miRNA loss to the molec-
ular mechanism underlying the pathology of DICER1 absence
in the mature RPE, we performed a systematic characterization
of RPE-specific conditional knockouts of Dicer!l and Dgcr8 in
mice using two independent Cre lines. In contrast to studies
involving viral delivery of Cre, we found that loss of DGCRS8 or
DICER1 in mature RPE cells resulted in strikingly similar
defects in the morphology and function of the RPE. These
results strongly suggest that miRNAs are important for the sur-
vival and function of these vulnerable post-mitotic cells and
that miRNA loss could contribute to the mechanism of RPE cell
death in GA.

Results

Mature RPE-specific Dicerl and Dgcr8 cKO Mice Exhibited
Similar Patterns of RPE and Retinal Degeneration—We gener-
ated mature RPE cell-specific Dgcr8 and Dicer! cKO mice by
breeding Dgcr8"*/"** (38) or Dicer F"**/** (39) mice with a Cre
mouse line exhibiting doxycycline-inducible expression of Cre
recombinase specifically in mature RPE cells driven by a frag-
ment of the human vitelliform macular dystrophy-2 (VMD2)
promoter (P(VMD2))-directed reverse tetracycline-dependent
transactivator (rtTA) and the tetracycline-responsive element
(TRE)-directed Cre"* (pVMAD2-rtTA-TRE-Cre) (40) and a
2.9-kb non-inducible human Ca®*-activated anion channel
Bestrophin 1 (Bestl) gene promoter (41). Bestl is highly
expressed in the RPE (42).

Splinted ligation demonstrated that levels of the RPE cell-
enriched miRNAs miR-204 and -211 were dramatically
reduced in 5-week-old Dgcr8"/°*pVMAD2-rtTA-TRE-Cre™
(Dgcr8™*7°*Cre**) animals as compared with control Cre"™"
littermates lacking Cre recombinase expression (Fig. 14). We
then performed in vivo spectral domain optical coherence
tomography (SD-OCT) to determine the impact of loss of
either Dicerl or Dgcr8 on the intraocular morphology of
8-week-old animals. (A more comprehensive interpretation
of OCT images can be found elsewhere (43, 44)). For
both Dicer /"**/**Cre"* and Dgcr8"*/°*Cre** animals, we
observed abnormal reflectivity in the region corresponding to
the RPE along with a decrease in the thickness of the outer
nuclear layer (ONL), where nuclei of rod and cone photorecep-
tors are found (Fig. 1, B and C). Consistent with the reported
mosaic distribution of Cre"* expression in the parental mouse
line (40), the extent of outer nuclear layer thinning was some-
what variable, both regionally within the same eye and from
animal to animal (Fig. 1, C and E-G). In younger mice, the
morphology of five animals per group was compared by differ-
ent techniques in 5-week-old cKO animals and control litter-
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mates. SD-OCT revealed similar, but less dramatic, outer
nuclear layer thinning in both Dicer/"**/"**Cre** and
Dgcr8™*°*Cre"* mice as compared with control animals (Fig.
1, C, D, and G). Hematoxylin and eosin (H&E) staining of sec-
tions of fixed paraffin-embedded eyes confirmed the reduction
in length of photoreceptor OSs and revealed localized pigment
deposits in 8-week-old Dgcr§™*/**Cre** mice (Fig. 1, E and F).
Moreover, a reduction in the ONL and disruption of the integ-
rity of the RPE monolayer were observed in 8-week-old
Dicer V"**7°*Cre"* mice as compared with either control litter-
mates lacking the Cre transgene or Cre-expressing control ani-
mals with wild-type alleles of Dicerl and Dgcr8 (Fig. 1, E and F).
In addition, immunostaining for the tight junction protein
zonula occludens 1 (ZO-1) in flat mounts of RPE (RFM) showed
aloss of monolayer organization in Dgcr87*/°*Cre"™ mice rel-
ative to control Dgcr8"*/* or Cre”™ animals (Fig. 24).

In younger, 5-week-old mice, H&E staining of fixed tissue
sections also revealed that varying degrees of shortening of OSs
had occurred regionally within the same eye and from animal to
animal (Fig. 1G). Indeed, only about three of five 5-week-old
animals exhibited morphological defects, seen as shortening of
OSs or the migration of cells into the interphotoreceptor space
(Fig. 1, G (a—c)). Two of five Dgcr8™*/°*Cre** mice evidenced
morphologically normal photoreceptors and RPE (Fig. 1, G (d))
identical to those of Dgcr8™*/°* control mice (Fig. 1G (e)).
Regions of loss in RPE layer integrity were also less fre-
quent and pronounced at this age. Dicer "**/**Cre** and
Dgcr8™*°*Cre** animals were similar as to their extent of
retinal degeneration, suggesting a similar time course for the
development of morphological changes. Altogether, compar-
ing 5- and 8-week-old animals revealed the progressive charac-
ter of this process.

Loss of Dgcr8 in the Mature RPE Leads to Defects in Retina
and RPE Function—To assess the impact of Dicerl or Dgcr8
cKO on visual function, we performed electroretinogram
(ERG) recordings on 8-week-old ¢cKO and control mice.
Consistent with the observed changes in morphology,
ERGs revealed defects in both rod and cone photorecep-
tor visual responses that were of similar magnitudes in
Dicer V"*7°*Cre"* and Dgcr8™*/°*Cre*™ mice (Fig. 2B). Next,
we compared the efficiency of RPE phagocytosis of photorecep-
tor outer segment discs between Dgcr8™*/°*Cre"* mice and
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control animals by measuring the number of rhodopsin-con-
taining structures present in the RPE after immunostaining.
Here we found a reduction in opsin-stained foci in the RPE
of Dgcr8"*/1°*Cre"™ mice relative to controls near the morn-
ing circadian peak of phagocytosis activity (Fig. 3, A and B).
Finally, we measured the rate of recovery of the visual chro-
mophore, 11-cis-retinal, after photobleaching 5-week-old
Dgcr8™*°*Cre** mice and control animals to determine
whether visual cycle activity was impaired in the absence of
Dgcr8. Dgcr8™*7**Cre’* mice showed a significant reduction
in chromophore levels at all time points measured (Fig. 3C).
Phagosomes and Lipid Droplet-like Structures Accumulate
in the RPE of the Dgcr8"*/°*Cre** Mouse—To further ana-
lyze the initial impact of Dgcr8 loss in mature RPE, we ana-
lyzed the ultrastructure of the RPE and OS in 5-week-old
Dgcr8"*/°%Cre’™ and Dgcr8"*/"°* control mice (Fig. 44, a—f).
One of four Dgcr8"/°*Cre’* mice showed various degrees of
RPE defects and OS shortening (Fig. 44, a). RPE cells adjacent
to shortened OSs contained unusually high numbers of phago-
somes and lipid droplet-like structures. Notably, the phago-
somes contained OSs (Fig. 4A (a), arrowheads), and their high
magnification images revealed remnant disc membrane struc-
tures inside (Fig. 4, B (b) and C (d)). Lipid droplet-like structures
contained electron-dense homogeneous material with a more
electron-dense ring at the rim (Fig. 44 (a), asterisks). High mag-
nification images of lipid droplet-like structures did not reveal
membranous material inside (Fig. 4, B (a), C (a), and C (b)).
Phagosomes were also noted in the RPE of a Dgcr8 /"~
trol mouse, but their number was significantly lower than that
observed in the affected RPE from a Dgcr8™*/**Cre** mouse.
Lipid droplet-like structures were morphologically closed to
lipid inclusion droplets reported by Robison and Kuwabara
(45). However, lipid droplets evidenced by transmission elec-
tron microscopy (TEM) revealed a homogeneous electron
opacity containing a slightly lighter cortical zone (45). In con-
trast, lipid droplet-like structures that we observed in
Dgcr8"*/°*Cre’™ mice featured electron-dense rings at their
rims. Higher magnification TEM analyses of rim regions from
lipid droplet-like structures showed a single electron-dense
layer (Fig. 4, C (a) and C (b), arrowheads). In contrast, mito-
chondrial outer membranes (Fig. 4, C (a) and C (), arrows) and
phagosomal membranes (Fig. 4, C (c¢) and D (d), arrows) con-

con-

FIGURE 1. Mature RPE-specific Dgcr87°/f°*Cre**+ and Dicer17°/°*Cre"* mice exhibit retinal degeneration. A, splinted ligation revealed a reduction in the
levels of RPE-enriched miR-204 and -211 in 5-week-old inducible Dgcr8™*°*Cre"* mice as compared with control littermates. U6 snRNA was used as a loading
control. B, SD-OCT showed a reduction in outer nuclear layer thickness (white line) and abnormalities in the RPE/retina interface (black arrows) where pig-
mented granules occasionally were deposited in 8-week-old Dgcr8”*°*Cre"* and Dicer1/"*Cre"* mice. C, quantification of outer nuclear layer thickness
from OCT measurements in 8-week-old inducible Dgcr8"®"°*Cre"* mice. Error bars, S.D. Measurements were made from at least 5 mice/genotype. *, p < 0.05;
** p < 0.001. D, quantification of outer nuclear layer thickness in 5-week-old Dicer1™"°*Cre"™ and Dgcr8""*Cre"* mice. Error bars, S.D. of measurements
obtained from 5 animals/genotype. *, P < 0.05. E, outer nuclear layer thinning and disruption of the RPE monolayer were observed in H&E-stained sections of
paraffin-embedded fixed eyes from 8-week-old Dicer1#/"*Cre"* and Dgcr8""*Cre"* mice. Scale bar, 40 um. F, higher magnification images of 8-week-old
Dgcr8™™*Cre" and control mouse eyes show various degrees of photoreceptor cell degeneration in five of six Dgcr8"°*Cre"* mice. In severely affected
regions, OSs had completely degenerated, and inner segment (/S) and ONLs were dramatically thinner (a). Pigment granules were occasionally deposited
where photoreceptor cells had degenerated (arrows in b). Less affected regions of the same retina were characterized by shortened OSs without any pigment
granule deposits (c). One of the six Dgcr8™"*Cre"* mice had no evidence of photoreceptor cell degeneration (d). Cre** control (e) and Dgcr8™"°* control (f)
mice did not exhibit photoreceptor cell degeneration. Images of two different Dgcr8/"°Cre’™ mice are labeled as Dgcr8"*Cre"* (1) and Dgcr8*/oxCre’*
(2). Scale bar, 20 um. INL, inner nuclear layer; GCL, ganglion cell layer. G, higher magnification images of paraffin sections from 5-week-old Dgcr8"*/"°*Cre**
mice and control littermates show variable phenotypic outcomes for individual animals and different retinal regions of the same animal. Three of five
Dgcr8/1CreV* mice showed short OSs and cells that migrated to the interphotoreceptor space. Such cells were observed only occasionally (arrows in a and
¢). Variability of phenotypic outcome was also noted for different regions of the same retinal section (e.g. nearly completely degenerated OSs and migrated
cells (arrows in a) or shortened OSs (b)). Two of five Dgcr8/"°*Cre"™ mice did not show photoreceptor degeneration (d); nor did Dgcr8”“"°* control mice
evidence photoreceptor degeneration (e). Images of three different Dgcr8™/f°*Cre"* mice are labeled as Dgcr8™°xCre"* (1), Dgcr8™f°*Cre"* (2), and
Dgcr8™1oxCrev* (3). Scale bar, 20 um.
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FIGURE 3. Inducible mature RPE-specific Dgcr8*/f°*Cre"* mice are
defective in phagocytosis of photoreceptor outer segment discs and
regeneration of visual chromophore. A, immunostaining with an anti-op-
sin antibody shows foci in the RPE layer (indicated by yellow arrows) that
correspond to phagocytosed rod outer segment discs in 8-week-old mice.
Scale bar, 25 pum. B, quantitation of the number of phagosomes in
Dgcr8™foxCrev* animals near the morning peak and afternoon trough of
circadian regulated RPE phagocytosis revealed a reduction in the quantity of
opsin-containing foci in the RPE of 8-week-old Dgcr8™™"*Cre"* mice com-
pared with control animals. p values were <0.001 calculated for
Dgcr8™1xCre"" versus Dgcr8™™* (black asterisks) and Dgcr8™*Cre"*
versus Cre"™" (red asterisks). C, analysis of the rate of recovery of the visual
chromophore 11-cis-retinal after illumination in 5-week-old Dgcr8/oxCre"*
mice and control animals revealed reduced chromophore levels in cKO ani-
mals at all studied time points. Error bars, S.D. based on quantification of at
least 5 animals/genotype at each time point.

sisted of phospholipid bilayers and were observed as double
layers. These data suggest that the rim of a lipid-droplet-like
structure is composed of a phospholipid monolayer. Report-
edly, the surface of alipid droplet also consists of a phospholipid
monolayer (46). Thus, the lipid droplet-like structures that we
observed could actually be lipid droplets with their electron-
dense rings inside representing unique lipid components. Such
structures were occasionally seen in two of three of the
Dgcr8™*/°*Cre"* mice without shortening of their OSs. Also,
in one Dgcr8"***Cre"" mouse with various degrees of RPE
defects and shortening of the OSs, an RPE cell adjacent to nor-
mal OSs occasionally featured a lipid droplet-like structure (Fig.
4, A (b), asterisk). We did not see a lipid droplet-like structure in
one Dgcr8™*/1°* control mouse. Together these data suggest
that the lack of Dgcr8 in mature RPE causes either a defect in
digesting phagocytosed material or excessive phagocytosis
per se. Also, lack of Dgcr8 in mature RPE could potentially
cause defects in lipid metabolism. The same data also imply

miRNAs in Mature RPE

that lack of Dgcr8 in the mature RPE causes shortening of
adjacent OSs.

Mature RPE-specific Dgcr8 cKO Driven by a Non-inducible
Cre Expression Cassette Results in a Similar Pattern of Retinal
Degeneration and Functional Impairment—To confirm that
the morphological and functional defects observed in mature
RPE cell-specific Dgcr8"*7**Cre"* mice did not depend on the
mouse strain or specific Cre driver used to elicit gene excision,
we generated independent DicerI and Dgcr8 cKO mouse lines
by crossing Dicer P"*7°* or Dgcr8"*/"** mice with a different
mature RPE cell-specific Cre-expressing line driven by a smaller
fragment of the Best1 gene promoter with Cre expression inde-
pendent of doxycycline administration (Dicer*/**Cre®*
and Dgcr8™*/°*CreP*) (41). Surprisingly, these mice evi-
denced a mottled pattern of black and white fur (Fig. 54). The
presence of white fur was specific to the cKO animals because
white fur was absent from both littermates lacking Cre ex-
pression and control mice derived from the parental Cre®*-
expressing line. However, both Dicer/"**/°*Cre®* and
Dgcr8"*/1°*CreB™ mice exhibited this mottled coat color phe-
notype, although its severity varied from animal to animal, sug-
gesting different expression levels of Cre, as shown in Fig. 5B.
Although Cre recombinase expression for both lines used in
this study was restricted to mature RPE cells within the eye
(41), the Best1 gene is also reportedly expressed in melano-
cytes. Thus, it is possible that loss of miRNAs in melanocytes
could cause pigmentary changes resulting in alterations in
coat color. Indeed, several melanocyte miRNAs are linked to
either melanocyte survival or pigmentation processes (47—
51). Therefore, we hypothesized that the link between coat
color and the severity of retinal degeneration might arise
from Cre expression patterns that vary from animal to ani-
mal but remain consistent within the pigmentary cells of the
same animal.

Therefore, we divided the cKO animals from each line into
three groups (i.e. those with entirely black fur, those whose fur
was roughly 5-10% white, and those with fur roughly 40 —60%
white); mice from each group were present in roughly equal
proportions in the total population. We then employed SD-
OCT to determine whether 8-week-old Dicer"**/"**Cre®*
and/or Dgcr8"*°*Cre®* mice displayed differences in intra-
ocular morphology consistent with the cKO mice described
previously. Not surprisingly, OCT revealed evidence of retinal
degeneration in a subset of both Dicer/"*/"**Cre®* and
Dgcr8"*/10xCre™ mice. However, we were surprised to find
that the pattern of retinal degeneration was proportional to
the presence of white fur in both Dicer’**/"**Cre®* and
Dgcr8™*/**Cre®* mice, with mice in the group exhibiting
~40-60% white fur showing significantly more severe thin-
ning of the ONL (Fig. 6, A and B). Next, we performed quanti-

FIGURE 2. RPE integrity and visual function are impaired in both inducible Dgcr8"°*°*Cre"* and Dicer17°*/"**Cre* mice. A, immunostaining of flat
mounted RPE for the tight junction protein ZO-1 revealed a disruption of RPE organization in 8-week-old Dgcr8™"*Cre"* mice. Scale bar, 50 um. B, single-
flash ERG responses of increasing light intensity for and Dgcr8™/"°%, Cre"*, and Dgcr8"°*Cre"* mice were obtained under dark-adapted conditions. C, ERG
recordings revealed a reduction in both scotopic a-wave and photopic b-wave amplitudes, reflective of rod- and cone-driven vision, respectively, in 8-week-old
Dgcr8™oxCre'" and Dicer1™*Cre"" mice as compared with control animals. Error bars, S.D. from measurements of at least 5 animals/genotype and time
point. p values were <0.001 calculated for Dgcr8™°*Cre"™* versus Dgcr8™"°* or Dicer17°/fxCre"* versus Dicer1"*f°x (black asterisks) and Dgcr8®f*Cre"™*

versus Cre"™ (red asterisks)
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FIGURE 5. Coat color correlates with Cre expression in the RPE of constitutive Dicer17°f°*Cref+ and Dgcr8°"°*Cre®+ mice. A, images of mature
RPE-specific Dicer1™*Cre®* and Dgcr8""*Cre® mice reveal variations in coat color. B, quantitative RT-PCR analysis of Cre recombinase gene expression
in the RPE/choroid of 8-week-old Dicer17°%Cref™ and Dgcr8™"*Cref* mice with different proportions of white and black fur, along with control littermates
revealed that mice with more white fur also exhibited higher Cre expression in the RPE/choroid. *, p < 0.05; **, p < 0.001.

tative real time-PCR (RT-PCR) analyses on total RNA derived
from the RPE/choroid compartment of control Dicer*/%*
and Dgcr8"/°* mice and cKO mice exhibiting either no white
fur, 5-10% white fur, or 40— 60% white fur. We found that Cre
expression in the back of the eye correlated with the amount
of white fur (Fig. 5B). Histological analysis of 8-week-old
DicerV"*°*Cre®* and Dgcr8™*/°*Cre®* mice with similar
fractions of white fur confirmed the defects in RPE morphology

and the number of photoreceptor nuclei (Fig. 6C) but varied in
severity. Similarly, ZO-1 staining of RFM revealed defects in
RPE monolayer organization that were more severe in animals
with more white fur (Fig. 7A). As with the previously described
cKO mouse lines, visual function correlated with these mor-
phological changes. The amplitudes of both rod and cone-
driven visual responses were reduced in cKO animals, espe-
cially those displaying significant white fur, and similar defects

FIGURE 4. Shortening of OS and accumulation of phagosomes and lipid droplet-like structures in the RPE of Dgcr8™°*°*Cre”* mice. TEM retinal images
from 5-week-old Dgcr8™°*Cre"* and Dgcr8°* control mice are shown. TEM images of four Dgcr8™*°xCre"+ mice (Dgcr8"°*Cre** (1), Dgcr8*/foxCrev*
(2), Dgcr8™/oxCre"* (3), and Dgcr8™/"*Cre"* (4)) and one Dgcr8™*"°* control mouse are shown. A, variability of phenotypic outcome was noted for different
regions of the same retinal sections from one Dgcr8™*°*Cre"* mouse (Dgcr8™*"°*Cre"* (1)): shortened OSs and accumulation of phagosomes and lipid
droplet-like structures in adjacent RPE (asterisks in A (a)) or normal OSs and RPE (A (b)). Phagosomes containing OSs are indicated by arrowheads in A (a). Lipid
droplet-like structures designated by asterisks in A (a and b) contained homogeneous electron-dense material without any membrane structures and featured
a more electron-dense ring at the rim. Plastic sections prepared from three of four Dgcr8™1exCre"™ mice (Dgcr8“’°x”"’XCreV+ (2) to (4)) showed normal OSs
and RPE (A (c-e)). Plastic sections prepared from Dgcr8”°"/”°" control mice also revealed normal OSs and RPE (A (c-f). B, higher magnification images of
phagosomes and lipid droplet-like structures in a Dgcr8™™*Cre"* (1) mouse indicated by the boxin A (a) are shown in B (a) and with even more enhancement
in B (b). Remnant disc membrane structures are evident. B (c-f), other examples of accumulated phagosomes and lipid droplet-like structures from
Dgcr8™floxCre"* mice (1). Higher magnification images of phagosomes and lipid droplet-like structures indicated by boxes in B, c and d, are shown in B, e and
f, respectively. C, higher magnification images of lipid droplet-like structures and phagosomes from Dgcr8”‘”(”"”(Cre"+ mice (7). C (a), a lipid droplet-like
structure and a mitochondrion in the RPE. Higher magnification images of the rim region of lipid droplet-like structure indicated by a box in C (a) are shown in
C (b). The rim of lipid droplet-like structure evidenced a single layer (arrow). In contrast, outer membrane of mitochondria showed double layers (arrow). C (c),
Phagosomes in the RPE. Higher magnification images of the phagosome membrane indicated by the box in C (c) are shown in C (d). The phagosome membrane
showed double layers (arrow). IS, inner segment. Scale bars, 2 um (A and B (c) and B (d)), 200 nm (B (a and b)), 400 nm (B (e and f) and (C (a and ¢)), and 40 nm (C
(band d)).
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FIGURE 6. The extent of retinal degeneration is proportional to the amount of white fur in mature RPE cell-specific Dicer17*f°*Cre®* and
Dgcr8*/foxCref+ mice. A, SD-OCT revealed retinal degeneration in 8-week-old Dicer17/*Cref* and Dgcr8"*"°*Cref* mice, especially in those mice with
a high proportion of white fur. White bars, ONL layer. B, quantification of outer nuclear layer thickness demonstrates that photoreceptor cell degeneration
occurred in both Dicer1/*Cref* and Dgcr8™/"°*Cref* mice but was more pronounced in animals with more white fur. C, light microscopy of H&E-stained
ocular tissue sections revealed loss of RPE monolayer integrity and reduction in ONL thickness in 8-week-old Dicer1/°*Cref* and Dgcr8™*™"*Cre®* mice,
especially in animals with a higher proportion of white fur. Scale bar, 4Of/J,m. p values were statistically insignificant when calculated for Dicer 1™ oxCref+
(black) versus Dicer1™°/f1ox, Djcer1™°foxCref* (black) versus Cre®", Dicer1™1°%Cref* (5-10%) versus Cre®*, Dgcr8™*/1°*Cref* (black) versus Dgcr8"/*, and
Dgcr8™1oxCreB versus CreB*; *, p < 0.05 for Dicer1™°/f10CreB* (5-10%) versus Dicer 172X, Dicer17°/foxCreB* (40— 60%) versus Dicer 1™/, Dgcrgo/foxCreb+

(5-10%) versus Dgcr8™/°X, and Dgcr8*/"*Cref* (40-60%) versus Dgcr8™/"°%; %, p < 0.001 for Dicer 171 Cref* (40 - 60%) versus Cre®™, Dgcr8"*/oxCref*
versus Cre®*, and Dgcr8/"°*CreB versus Cref+.

were noted in Dicer /"**/"**Cre®" and Dgcr8"*/"**Cre”* mice

in the phenotypic consequences of Dgcr8 loss and Dicer1 loss.
(Fig. 7B).

Dicerl is the enzyme responsible for the second, cytoplasmic
cleavage step associated with processing of mature miRNAs.

These results strongly suggest that along with accumulation of
The results presented here demonstrate that loss of DGCRS, ~Alu element-derived RNAs (31), loss of miRNAs plays a funda-

a component of the nuclear microprocessor complex needed to  mental role in the mechanism of RPE cell death in the absence
support the first cleavage step of miRNA biogenesis, is essential — of DICERI.

for the survival and function of mature post-mitotic RPE cells in A previous report showed that AAV-mediated delivery of a
mice. Using two independent RPE cell-specific Cre recombi- Cre recombinase expression cassette to the RPE of mice carry-
nase-expressing mouse lines, we found a remarkable similarity ing conditional alleles for the microprocessor components

Discussion
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FIGURE 7. Constitutive Dgcr8™°*Cre®+ mice exhibit defects in RPE
monolayer integrity and visual function. A, immunostaining of flat
mounted RPE for the tight junction protein ZO-1 revealed a disruption of RPE
organization in 8-week-old Dgcr8™™*Cre* mice proportional to their
amount of white fur. Scale bar, 50 um. B, ERG recordings revealed decreased
amplitudes for both scotopic a-waves and photopic b-waves in
Dicer1™/M1xCref* and Dgcr8™/°*Cre® " mice with a high proportion of
white fur. p values were statistically sifg}nificant when calculated for
Dgcr8/1oxCref* (5-10%) versus Dgcr8™/™°x Dgcrg™™/ oxCref* (40-60%)
versus Dgcr8™/f1ox, * p < 0,001 for Dicer1™°"*Cref* (40-60%) versus Cre®™,
Dgcr8™oxCreB*  versus Cre*, and Dgcr8"1Cref* versus Cref*;
Dicer1™¥1xCreB* (black) versus Dicer17/fox, Dicer1™o1xCreB+ (black) versus
CreB*, Dicer1™/oxCreB+ (5-10%) versus Cre®*, Dgcr8™®/1°Creb* (black) ver-
sus Dgcr8™/1ox and Dgcr8™/"°CreP* versus Cre®*, Dicer1™/foxCref*
(5-10%) versus Dicer17/°x Dicer1o/foxCreB* (40-60%) versus Dicer17o/flox,

flash intensity (log cd-s/m?)

DROSHA and DGCRS failed to result in RPE cell death
observed upon delivery of the same cassette to Dicer"**/*
mice (31). This result, combined with a lack of RPE morpholog-
ical changes upon loss of any of the four mammalian Argonaute
(AGO) family proteins involved in RNA silencing processes or
of the RISC-loading complex subunit TARBP, indicated that
RPE dysfunction in the absence of DICER1 is miRNA-indepen-
dent. Hence, the results of our more systematic assessment of
DGCRS8 loss over alonger time course contrast with those find-
ings reported previously (30). The impact of miRNA loss on
mature RPE could be masked by more rapid cell death resulting
from toxic SINE transcript accumulation in the absence of
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DICER1 (52). Alternatively, the timing or efficacy of gene exci-
sion, decay of existing protein, or loss of mature miRNAs could
differ dramatically between virus-driven DicerI disruption and
that of other factors associated with the miRNA response. For
example, although expression of Cre recombinase began at
postnatal day 6 in cone photoreceptor-specific Dgcr8 cKO
mice, significant loss of Dgcr8 protein was not obvious until
postnatal day 60 (20). If protein components of the nuclear
microprocessor complex are similarly stable in RPE cells, this
would complicate the interpretation of results gleaned from
comparing the effect of exogenous Cre recombinase delivery to
mouse lines carrying different conditional alleles, especially
when RPE morphology is assessed at a single post-injection
time point. Also, due to the well documented functional redun-
dancy of the four mammalian Argonaute family proteins to the
miRNA response, individual disruption of either of these fac-
tors would not be expected to yield consequences as severe as
those resulting from removal of DICER], even if the loss of
miRNAs were exclusively responsible for the phenotypic
defects.

Further research must provide more detailed quantifica-
tion of the miRNA and, most importantly, the resulting
changes in mRNA. Challenges necessary to overcome
include (i) the fact that deletion of DGCR8/DICER1 from
monolayer of the retina is on the background of expression
of the same miRNA in the neuronal retina and (ii) mosaic
expression of Cre in the RPE, as demonstrated in the present
study. The new study also will require additional genetic
models and techniques.

Taken together, the results of the current investigation
clearly demonstrate that DGCRS is essential for the survival
and function of mature RPE cells and adjacent photoreceptors
in mice. This finding strongly suggests a fundamental loss of
miRNA gene regulation in the mechanism of RPE dysfunction
in the absence of DICER1. Because DICERI1 depletion is a hall-
mark of GA, these results also implicate RPE miRNAs in the
pathological progression of dry AMD and motivate a search for
RPE miRNAs that could serve as biomarkers of disease progres-
sion or targets for novel interventions for this currently
untreatable retinal degenerative disorder.

Materials and Methods

Animals—All animal procedures were approved by the Case
Western Reserve University Animal Care and Use Committee.
Dicer V"% (39) and Dgcr8™*/"** (38) mice were purchased
from Jackson Laboratory (Bar Harbor, ME). Inducible
pVMAD2-rtTA-TRE-Cre (40) and non-inducible BESTI-Cre
line (41) mature RPE cell-specific Cre mice were kind gifts from
Yun Le (University of Oklahoma Health Sciences Center) and
Joshua Dunaief (University of Pennsylvania), respectively. cKO
animals were maintained by crossing conditional KO animals
with ¢cKO animals to generate 50% cKO progeny and 50% LoxP
controls (Dicer’"**/**Cre~ or Dgcr8"*/**Cre™). Thus, all
experiments were performed with littermate control animals.
Cre control animals (Dicerl*’* Cre™ or Dgcr8*'* Cre™) were
generated by crosses with C57BL/6] wild-type mice (Jackson
Laboratory). Genotyping was performed as described previ-
ously (38 —41). It should be noted that Cre expression is leaky,
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arising from the inducible allele, such that Cre expression does
not vary significantly between induced and uninduced animals.
For mice carrying the inducible mature RPE cell-specific Cre
transgene, expression was induced at postnatal day 21 by intra-
peritoneal injection of 100 ul of 10 mg/ml doxycycline in PBS
(136 mm NaCl, 2 mm KCl, 8 mm Na,HPO,, 1 mm KH,PO,, pH
7.4) on two sequential days. However, a problem with the
parental Cre”™ line is that Cre expression is leaky, arising from
the inducible allele, and therefore that Cre expression does not
vary significantly between induced and uninduced animals.
Animals were housed at the animal resource center at Case
Western Reserve University School of Medicine, where they
were maintained on a 12-h light (~10 lux)/12-h dark cycle and
fed a normal chow diet.

Morphological and Functional Studies—SD-OCT was per-
formed as described previously (19). For quantification, ONL
thickness measurements were made 0.45 mm from the optic
nerve head in the nasal, temporal, inferior, and superior direc-
tion of each eye, for a total of eight measurements per mouse.
Data are presented as the means and S.D. of the averages of
these eight measurements for at least five mice. For histology,
mice were euthanized by CO, asphyxiation, and their eyes were
removed and fixed for 48 h at room temperature in Hartmann’s
fixative (Sigma-Aldrich). Tissue processing, paraffin embed-
ding, immunostaining, and quantification were performed as
noted previously (19). For lower magnification images, 24-bit
color images were captured at X20 with an Olympus BX-60
upright microscope attached to a Retiga EXi camera (QImag-
ing, Surrey, Canada). Acquisition and processing of images
were done with Metamorph Imaging Software (Molecular
Devices, Downingtown, PA). For higher magnification images,
paraffin sections were imaged with an upright microscope
(LeicaDM 6000 B, Leica Microsystems Inc., Wetzlar, Germany)
equipped with a CCD color camera (Micropublisher version 5.0
RTV, QImaging) and Image-Pro software (Media Cybernetics,
Rockville, MD). Images were analyzed with Adobe Photoshop
(Adobe Systems Inc., San Jose, CA). To define the phenotype of
8-week-old Dgcr8 cKO and control mice, retinal sections were
prepared from six Dgcr8"*/°*Cre"™ mice, four Cre control
mice, and two Dgcr8™*/°* control mice. In total, 66 sections
were analyzed (28 sections from Dgcr8"/"*Cre’™ mice, 15
from Dgcr8"*/"°* mice, and 23 from Cre control mice). To
observe the phenotypic details of photoreceptors and RPE cells,
we imaged retinas with an HCX PL Fluotar X100/1.30 NA oil
lens (Leica Microsystems Inc.). Phenotypes of photoreceptor
and RPE cells also were characterized at an earlier stage (5
weeks of age). A total of 11 mice (5 Dgcr8™*/"**Cre"" and 6
Dgcr8™*7° control mice) were analyzed. Experimenters were
blinded to ensure unbiased interpretation of the data. To image
retinal structures in an unbiased manner, two defined regions
located at the middle between the ciliary marginal zone and the
center of the retina were imaged with an HCX PL Fluotar
X100/1.30 NA oil lens. Likewise, other retinal regions were
imaged where variable degrees of degeneration were discerni-
ble. With modifications, quantification of RPE phagocytosis
was performed as described previously (53). Briefly, slides were
incubated with xylene to remove paraffin and subjected to
immunohistochemistry with a monoclonal antibody, B6-30
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(54), that recognized the N terminus of rod opsin. The stained
foci in regions representing at least 100 wm were counted, and
the phagosomes per 100 um were calculated. Three slides per
eye were stained, two measurements were taken per eye, and
two eyes were studied per animal, for a total of 12 measurements/
animal. Quantitative data presented represent the means and S.D.
of the averages of these 12 measurements for at least five animals
per genotype and time point. Image stacks were collected in
0.2-um steps in 14 bits on a Leica DMI 6000 B inverted microscope
with a X63 objective (1.4 NA Plan Apo) connected to a Retiga EXi
Aqua camera. Metamorph Imaging software (Molecular Devices)
was used for both acquisition and production of maximal projec-
tion images to discern the phagosomes.

For RFM, eyes of 8-week-old animals were isolated and the
RPE attached to choroid-sclera was flat mounted on a dissect-
ing microscope. RFMs were placed on a glass slide and fixed
with 4% paraformaldehyde (Electron Microscopy Sciences,
Hatfield, PA) in PBS for 15 min followed by washing twice in
PBST (PBS containing 0.05% Tween). REMs were incubated
with PBST for 10 min, blocked with 10% goat serum (Sigma-
Aldrich) in PBST for 5 min at room temperature. RFMs were
incubated with primary antibody (rabbit polyclonal antibody
against ZO-1; Invitrogen) (dilution 1:100) overnight at4 °Cina
moist chamber. RFMs were then washed with PBST three times
for 10 min. After these washes, the RFMs were incubated with
secondary antibody (Alexa Fluor 647-conjugated AffiniPure
goat anti-rabbit IgG; Jackson ImmunoResearch Laboratories
Inc., West Grove, PA) (1:200) for 2 h at room temperature in a
moist chamber. The RFMs were washed three times for 10 min
in PBST, followed by two 5-min washes with PBS. Washed RFMs
were transferred to a new slide, mounted in 50% glycerol medium,
and covered with a glass coverslip sealed with clear nail polish
(Electron Microscopy Science). These RFMs were imaged by flo-
rescence microscopy on a Leica DMI 6000 B inverted microscope
(NA 1.4 Plan Apo) connected to a Retiga EXi Aqua camera. Meta-
morph Imaging software was used for image acquisition.

ERG recordings were performed as described previously
(19). Data represent the means and S.D. of the scotopic a-wave
or photopic b-wave amplitudes derived from measurements of
at least 5 animals/genotype.

HPLC-based quantification of the rate of recovery of 11-cis-
retinal was performed as reported previously (55). Quantitative
data represent the means and S.D. of measurements from 4—6
animals/genotype per time point.

For quantitative RT-PCR, total RNA derived from the iso-
lated RPE/choroid of 8-week-old animals was used to create
c¢DNA with the quantiTect® reverse transcription kit (Qiagen,
Hilden, Germany). RT-PCR was performed with the Faststart
Universal SYBR Green Master mix (Rox) (Roche Applied
Science). Gapdh gene expression was used for normalization.
The primer sequences were as follows: mGapdh-F, 5'-gtgttc-
ctacccccaatgtg-3’ and mGapdh-R, 5'-ggagacaacctggtcctcag-3';
CreRT-F, 5'-taaactggtcgagcgatgga-3’ and CreRT-R, 5'-acc-
agagtcatccttagege-3'.

Ultrastructural Studies—Plastic sections prepared from four
Dgcr8Cre’* mice and one Dgcr8™*/"°* control mouse were
analyzed by TEM at 5 weeks of age. Fixation, sectioning, and
staining were performed according to Sakami et al. (56). Briefly,
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mouse eye cups were fixed with 2% formaldehyde and 2.5%
glutaraldehyde and then cut in half with a blade. Cut eye cups
were further fixed with the same solution and post-fixed with
ferrocyanide-reduced osmium tetroxide. Then cut eye cups
were stained with 0.25% uranyl acetate, dehydrated with a series
of increasing concentrations of ethanol and propylene oxide,
and infiltrated with epoxy resin. Cut eye cups were divided into
two groups. The first group of cut eye cups was simply polym-
erized at 60 °C for 4.5 days. To enhance the infiltration of epoxy
resin into pigmented granules of the RPE, the second group of
cut eye cups were incubated with epoxy resin at 37 °C for 1 day
and then polymerized at 60 °C for 2 days. The resulting plastic
blocks containing cut eye cups were first sectioned at 400 or 600
nm with an ultramicrotome (MT6000-XL, RMC, Inc., Tucson,
AZ). These sections were stained with Toluidine Blue O and
observed by light microscopy. Then plastic blocks were trimmed
to a small size and sectioned at ~80 nm. Thin plastic sections were
placed on Formvar supporting membranes on 100-mesh grids.
After staining and carbon coating, the ultrastructure of RPE and
photoreceptor outer segments was analyzed with TEM (Tecnai
F20, FEI, Hillsboro, OR) at 200 kV. TEM images were obtained
with a CMOS camera (TemCam-F416, TVIPS, Gauting, Ger-
many) and EM-MENU software (TVIPS).

Statistical Analyses—Data representing the means = S.D. for
the results of at least three independent experiments were com-
pared by one-way analysis of variance with a p value of <0.05
considered statistically significant.
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