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Degeneration of the retinal pigmented epithelium (RPE) and aberrant
blood vessel growth in the eye are advanced-stage processes in
blinding diseases such as age-related macular degeneration (AMD),
which affect hundreds of millions of people worldwide. Loss of
the RNase DICER1, an essential factor in micro-RNA biogenesis, is
implicated in RPE atrophy. However, the functional implications of
DICER1 loss in choroidal and retinal neovascularization are un-
known. Here, we report that two independent hypomorphic mouse
strains, as well as a separate model of postnatal RPE-specific
DICER1 ablation, all presented with spontaneous RPE degenera-
tion and choroidal and retinal neovascularization. DICER1 hypo-
morphic mice lacking critical inflammasome components or
the innate immune adaptor MyD88 developed less severe RPE
atrophy and pathological neovascularization. DICER1 abundance
was also reduced in retinas of the JR5558 mouse model of
spontaneous choroidal neovascularization. Finally, adenoassoci-
ated vector-mediated gene delivery of a truncated DICER1
variant (OptiDicer) reduced spontaneous choroidal neovasculari-
zation in JR5558 mice. Collectively, these findings significantly
expand the repertoire of DICER1 in preserving retinal homeo-
stasis by preventing both RPE degeneration and pathological
neovascularization.
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Age-related macular degeneration (AMD) is a prevalent
disease affecting an estimated 1 in 40 persons worldwide

(1). In its advanced, blinding stages, AMD manifests as pro-
gressive atrophy of retinal pigmented epithelium (RPE) and
neuronal and vascular components of the choroid and retina. In
contrast to atrophic AMD, wet or neovascular AMD is typified
by the invasion of immature blood vessels into the outer retina
from the retina and choroid. Although characterized by apparently
distinct pathological processes, atrophic and neovascular AMD
are overlapping conditions, with both forms of AMD observed in
fellow eyes of an individual (2), within the same eye at sequential
times, or even concurrently within the same eye (3).
Deficiency of DICER1, an RNase that processes double-

stranded and self-complementary RNAs including a majority of
premature micro-RNAs (miRNAs) into their bioactive forms (4–
6), is among the inciting molecular events implicated in atrophic
AMD (7–11). DICER1 also metabolizes transcripts from short
interspersed nuclear element genetic repeats, principally Alu
RNAs in humans and B1 and B2 RNAs in rodents (8, 9, 12–18).
DICER1 deficiency is implicated in RPE cell death in atrophic
AMD due to accumulation of unprocessed Alu RNAs, which

results in noncanonical activation of the NLRP3 inflammasome,
an innate immune pathway resulting in caspase-1–dependent
maturation of IL-1β and IL-18 and RPE death (7–11, 19, 20).
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DICER1 processes micro-RNAs into their bioactive forms and
metabolizes RNAs from short interspersed nuclear element ge-
netic repeats, principally Alu RNAs in humans. DICER1 deficiency
is implicated in retinal pigmented epithelium (RPE) degenera-
tion in atrophic age-related macular degeneration (AMD). Here,
we report that three independent mouse models of DICER1
deficiency develop RPE degeneration and aberrant choroidal
and retinal neovascularization (CRNV), both hallmarks of ad-
vanced AMD. These pathologies were dependent on inflam-
matory caspases 1 and 11 and the signaling adaptor MyD88. We
observed reduced DICER1 abundance in a separate model of
spontaneous CRNV and developed an adenoassociated vector-
mediated DICER1 delivery construct, which reduced the severity
of established spontaneous CRNV. Thus, persistent deficiency in
DICER1 results in RPE degeneration and CRNV.
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Conversely, the extent to which DICER1 activity affects vas-
cular homeostasis of the choroid and outer retina is largely
unknown. The outer retina is normally avascular, situated be-
tween the retinal and choroidal vascular networks. Mainte-
nance of these strict vascular boundaries is essential for vision;
anatomic disruption and exudation from aberrant neovessels
into the outer retinal space are responsible for blindness in
numerous ocular conditions, including neovascular AMD,
pathologic myopia, polypoidal choroidal vasculopathy, and angioid
streaks.
In this study, we investigated three different mouse models of

DICER1 deficiency and performed restorative gene transfer in a
separate model of spontaneous choroidal neovascularization,
which collectively reveal that, in addition to promoting RPE atrophy,
chronic DICER1 deficiency also stimulates pathological choroidal
and retinal neovascularization (CRNV). These findings significantly
expand the repertoire of DICER1 activities in maintaining choroidal
and retinal vascular homeostasis in pathological processes that im-
pair the vision of millions of individuals.

Results
Genetic Deficiency of Dicer1 Induces Spontaneous RPE Atrophy and
Choroidal and Retinal Neovascularization in Three Independent Mouse
Strains. Because loss of DICER1 is implicated in advanced atrophic
AMD (7–11, 19, 21), we investigated whether chronic DICER1

deficiency in mice recapitulates retinal pathologies such as those
observed in human AMD. Global ablation of Dicer1 results in
early embryonic lethality in mice (22, 23). Developmental or
postnatal cell type-specific deletion of Dicer1 in the RPE results
in rapid and profound RPE and retinal atrophy (9, 24). In con-
trast, the Dicer1Gt(β-geo)Han mouse line, hereafter referred to as
Dicer1d/d, harbors a gene trap insertion in intron 24 of the Dicer1
locus, which results in a functional reduction in Dicer1 expres-
sion by ∼80% (25). The Dicer1d/d line is viable, with susceptibility
to viral infections, exacerbated experimental rheumatoid arthri-
tis, and infertility due to insufficient corpus luteal angiogenesis
among its reported phenotypes (25–29). Consistent with its
C57BL/6J background, Dicer1d/d did not exhibit hallmark fea-
tures of the rd8 mutation, a prevalent confounder of retinal
phenotypes (30). DNA sequencing revealed that Dicer1d/d tested
negative for the rd8 mutation (SI Appendix, Fig. S1). Consistent
with other tissues previously analyzed from this strain, retinal
Dicer1 mRNA abundance was reduced by ∼80% compared to
wild-type littermate mice (SI Appendix, Fig. S2). As expected from
prior studies on acute DICER1 deficiency in the RPE (7–11, 19,
21), Dicer1d/d mice exhibited spontaneous focal hypopigmented
patches in fundus retinal images (Fig. 1A). Spectral domain optical
coherence tomography (SD-OCT) revealed apically projected
hyperreflective foci in the outer retina and RPE layers (Fig. 1B).
The incidence of focal hypopigmentation of the fundus was age

Fig. 1. (A) Representative fundus retinal photographs of age-matched 10-mo-old wild-type (WT) and Dicer1d/d mice. Note focal hypopigmentation present in
Dicer1d/d eye denoted by red arrows. (B) Image-guided spectral-domain optical coherent tomography (SD-OCT) of a focal hypopigmented area of a WT (Top)
and Dicer1d/d eye (Bottom). Note outer retinal discontinuity denoted by red arrows. (C) Incidence of focal hypopigmentation, tabulated as percentage of eyes,
in WT and littermate Dicer1d/d with respect to age. n = 48 Dicer1+/+ and 64 Dicer1d/d examinations were included in this analysis. Age was significantly as-
sociated with incidence of hypopigmentation by linear regression; P = 0.0079. (D) Toluidine blue-stained 1-μm-thick section of 15-mo-old Dicer1d/d (Bottom)
demonstrates vacuolar, atrophied RPE layer compared to WT mice (Top). (E) Transmission electron micrograph of the basal aspect of RPE of 15-mo-old WT
(Top) and Dicer1d/d (Bottom). RPE from Dicer1d/d mice exhibited large cytoplasmic vacuoles (V), loose basal infoldings (*), and debris at the interface of Bruch’s
membrane characteristic of basal laminar deposit (BLam). (Scale bar, 2 μm.) (F) Representative fluorescent micrographs of Dicer1d/d and WT littermate RPE flat
mounts labeled with anti-Zonula Occludens-1 to label RPE tight junctions.
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related, with 50% of eyes affected at 8 wk of age, and increased in
frequency up to 75% at 10 mo of age (P = 0.008 by Spearman’s rank
coefficient test; Fig. 1C). Histological analysis revealed disorga-
nized, hypertrophic RPE with large vacuoles (Fig. 1D). Ultra-
structural analysis of Dicer1d/d retina revealed loose, disorganized
RPE basal infoldings and extracellular sub-RPE debris consistent
with basal laminar deposits (Fig. 1E), considered to be a general
feature of distressed RPE that may have a role in AMD, but that is
not specific for human AMD (31). Hypertrophy, disorganization,
and RPE degeneration were also observed by flat-mount imaging of
the RPE layer (Fig. 1F).
In addition, fluorescein angiography (FA) of Dicer1d/d mice

revealed spontaneous hyperfluorescent foci that expanded over
time, consistent with the behavior of immature vessels of active
subretinal neovascular lesions (Fig. 2A). Conversely, no angio-
graphically active lesions were observed in any eye from wild-
type littermate at any age. SD-OCT ofDicer1d/d mice revealed outer
retinal discontinuities consistent with choroidal neovascularization
(Fig. 2B). The incidence and severity of FA-positive lesions were
quantified using an established grading scale (32, 33). Both le-
sion incidence and severity were significantly associated with age
(P < 0.001 by Spearman’s rank coefficient test; Fig. 2C). In the
majority of Dicer1d/d mouse eyes harboring angiogenic lesions,
most exhibited one discrete lesion, but occasionally more than
one lesion was present. Histological examination revealed
type 1 (sub-RPE) (Fig. 2D) and type 2 (subretinal) choroidal

neovascular (CNV) lesions and type 3 chorioretinal anastomoses
in the outer retina (SI Appendix, Fig. S3). Vessels were patent
with erythrocytes observed surrounded by an intimal layer of
endothelial cells. Choroidal endothelial cells were observed
traversing Bruch’s membrane (SI Appendix, Fig. S4). These
findings are consistent with CNV in humans and in other ex-
perimental models. Administration of a Vegfa-neutralizing anti-
body (B20-4.1.1) into the vitreous humor reduced the angiographic
activity of neovascular lesions (Fig. 2E), suggesting that neo-
vascularization due to Dicer1 deficiency recapitulates the thera-
peutic response to anti-VEGFA compounds observed in aberrant
neovascularization in human patients.
To more thoroughly evaluate the effect of genetic inhibition

of Dicer1 on atrophic and neovascular retinal pathologies, we
investigated a second Dicer1 hypomorphic mouse strain,
Dicer1Gt(RRF266)Byg (hereafter Dicer1H/H), generated by a dif-
ferent laboratory by inserting a gene trap vector into a different
region (intron 22) of the Dicer1 locus and maintained on a dif-
ferent genetic background (34, 35). Dicer1 abundance in the
retina of Dicer1H/H mice was ∼65% less than their wild-type
littermate controls (SI Appendix, Fig. S5). Dicer1H/H mice also
exhibited spontaneous RPE degeneration, as evidenced by focal
hypopigmentation on fundus photography (Fig. 3A) and foci of
active neovascular lesions by FA (Fig. 3B), which localized to the
subretinal space upon imaging with SD-OCT (Fig. 3C). Histo-
logical analysis revealed focal RPE thinning and choroidal neo-
vascularization (Fig. 3 D–G). Aberrant angiogenic lesions were
absent in littermate controls; angiographic leakage was detected
in 0 of eight eyes Dicer1wt/wt vs. six of eight eyes Dicer1H/H (P =
0.003 by Fisher’s exact test). Thus, two independent mouse
models of systemic DICER1 deficiency, developed by different
laboratories, targeting distinct regions of the Dicer1 locus, and
maintained on different genetic backgrounds both exhibit spon-
taneous RPE atrophy and choroidal neovascularization.
Given that Dicer1 ablation in the RPE can promote RPE at-

rophy (9, 24), we sought to determine whether loss of Dicer1 in
the RPE was likewise sufficient to promote neovascularization.
Enforced Dicer1 ablation in RPE was accomplished by sub-
retinal injection of an adenoassociated virus (AAV) that en-
coded codon-optimized Cre recombinase (iCre) under the control
of an RPE-specific promoter (0.8 kb of the human RPE65 pro-
moter) [AAV2-hRPE(0.8)-iCre-WPRE; Vector Biolabs] into
Dicer1flox/flox mice (36). As in prior studies (9), we observed RPE
degeneration in nine of nine AAV-Cre-treated eyes by fundus
photography and SD-OCT within 10 d of AAV treatment, con-
sistent with the latency of Cre expression in this system.
Within 24 d of AAV administration, we found evidence of
active choroidal neovessels by FA and SD-OCT in six of nine
treated eyes, compared to 0 of four AAV-Cre–treated wild-
type eyes (P = 0.043, log-rank test; Fig. 4 A–C). We confirmed
the choroidal origin of these neovessels by immunofluorescent
histology (Fig. 4D). We interpret these findings to indicate
that Dicer1 deficiency in RPE is sufficient to promote CNV
in mice.
Collectively, findings from three models of Dicer1 deficiency

indicate that, in addition to maintaining RPE integrity, Dicer1
plays a critical role in maintaining outer retinal avascularity.

RPE Degeneration and Aberrant Angiogenesis due to DICER1 Loss
Depends on Innate Immune Signaling. Acute DICER1 antago-
nism in the RPE promotes activation of the inflammasome,
leading to RPE degeneration (11). We sought to determine the
extent to which inflammasome contributes to RPE atrophy and
CNV due to chronic DICER1 deficiency. We first investigated
inflammasome activity in Dicer1d/d mice. Transcripts encoding
the NLRP3 inflammasome-related genes Casp1 and Nlrp3, and
the effector cytokine Il18 were up-regulated in retinas of Dicer1d/d

mice compared to littermate controls (SI Appendix, Fig. S6).

Fig. 2. (A) Fundus retinal imaging (Left) and early, mid, and late fluorescein
angiograms of wild-type (WT) littermate and Dicer1d/d mice. The black arrow
in fundus retinal image denotes circular image artifact. The red arrow de-
notes focal hyperfluorescent neovascular lesion. (B) Image-guided SD-OCT of
a WT littermate (Top) and Dicer1d/d mouse eye (Bottom). The red arrows
denote neovascular lesion. (C) Incidence and severity of neovascular lesions
Dicer1d/d with respect to age. Ninety individual examinations were included
in this analysis. No vascular lesions were detected in WT littermate mice at
any age. Age was significantly associated with incidence and severity of
neovascular lesions by linear regression (P = 0.0184) and Spearman’s rank
(P < 0.00058), respectively. (D) High-magnification toluidine blue-stained
1-μm-thick section of a neovascular lesion in a 12-mo-oldDicer1d/dmouse shows
RPE delamination and migration. Scale bar, 20 microns. (E) Representative early
and late fluorescein angiograms of Dicer1d/d mouse prior to and 3 d after
intravitreous injection of Vegf neutralizing antibody or isotype. The red arrows
denote neovascular lesion that resolved following Vegf neutralization.
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Inflammasome activation, measured by in situ proteolytic activity
of a fluorescent Caspase-1 peptide substrate, was also observed
in the outer retinae of Dicer1d/d mice in areas of neovascularization
(SI Appendix, Fig. S7).
We next sought to ascertain the relationship between DICER1

deficiency and immune signaling constituents in promoting
spontaneous retinal pathologies. Dicer1-deficient mice lacking
the inflammatory effector caspases 1 and 11 (Dicer1d/d; Casp1−/−;
Casp11−/−) exhibited a significantly reduced incidence of focal
hypopigmentation compared to caspase-1 and -11 sufficient
Dicer1d/d mice (P < 0.001 by multinomial logistic regression; Fig.
5A). Ablation of caspases 1 and 11 also reduced the incidence
and severity of pathological neovascular lesions by FA grading
(P < 0.001; Fig. 5 B and C). The adaptor MyD88, a putative drug
target for AMD (11), transduces several inflammatory stimuli
emanating from Toll-like receptors (TLRs) (excluding TLR3)
and receptors for inflammasome effector cytokines IL-1β and IL-
18. Dicer1-deficient mice lacking MyD88 (Dicer1d/d; Myd88−/−)
also exhibited significantly reduced incidence of focal RPE
hypopigmentation (P < 0.001; Fig. 5A) and incidence and se-
verity of pathological neovascular lesions (P < 0.001; Fig. 5C).
Together, we interpret these findings to indicate that signaling
through caspases 1 and 11 and MyD88 mediate both atrophic
and neovascular retinal pathologies that arise due to chronic
DICER1 deficiency.

DICER1 Dysregulation in Spontaneous CNV JR5558 Mice. Given the
findings that Dicer1 deficiency in mice promotes spontaneous
neovascularization, we sought to quantify the expression of
DICER1 in the JR5558 mouse line, which develops spontaneous
CNV (37, 38) that is dependent on the rd8 mutation in the Crb1
gene locus (39). Similar to CNV in humans and in Dicer1-

deficient mice, neovascular lesions in JR5558 also respond to
VEGF neutralization (38, 40) and depend on innate immune
processes (38, 41, 42). Compared to age-matched wild-type mice,
Dicer1 abundance was significantly reduced in the RPE of
JR5558 mice at postnatal days 9–10 (P9–P10), coincident with
the earliest reported neovascular abnormalities, and reduced
DICER1 levels persisted to P28–P37 (Fig. 6A and SI Appendix,
Fig. S8). Conversely, Dicer1 abundance in neural retina was el-
evated compared to age-matched wild-type controls when mea-
sured in P9–P10 and reduced at P28–P37 (Fig. 6B). Thus, Dicer1
dysregulation is coincident with the earliest stages of neovascular
defects in JR5558 mice, and Dicer1 deficiency in RPE precedes
loss in neural retina at later time points. We interpret these data
to indicate that Dicer1 expression is dysregulated in spontaneous
CNV of mice.

Development of the OptiDicer Construct. To determine the func-
tional contribution of Dicer1 deficiency to retinal and choroidal
neovascularization in JR5558 mice, we developed a gene therapy
capable of restoring Dicer1 activity. We selected adenoasso-
ciated vector (AAV) because this modality has demonstrated
safety and efficacy in treating blinding diseases in human patients
(43, 44) and in experimental models of CRNV (45–50). The
human and mouse DICER1 genes are encoded by sequences of
5.7 kb, which is too large to be packaged into a traditional AAV
with a size limit of ∼5.2 kb (51, 52). The large N-terminal heli-
case domain of DICER1 is known to be dispensable for miRNA
substrate specificity and processing activity (53–55). In a tube
assay, we confirmed that purified helicase domain-deleted hu-
man DICER1 (Δhel-DICER1) retained pre-miRNA processing
activity, and that purified human DICER1 lacking the PAZ
domain necessary for pre-miRNA recognition (ΔPAZ-DICER1)

Fig. 3. (A) Representative fundus retinal photograph of Dicer1H/H and littermate control. The black arrows denote camera artifact. The blue arrowheads
denote patches of focal hypopigmentation. (B) Representative early, middle, and late fluorescein angiograms show active areas of neovascularization in
Dicer1H/H eyes. No fluorescein leakage was detected in littermate wild-type (WT) eyes. (C) Image-guided SD-OCT image of normal littermate WT eye (Left) and
a neovascular lesion in a Dicer1H/H mouse showing disruption of outer retinal architecture (Right). The black arrow in fundus retinal image denotes circular
image artifact. (D–G) Hematoxylin and eosin-stained sections from WT littermate and Dicer1H/H eyes. Whereas WT (D) and areas of Dicer1H/H (E) appear
anatomically normal, focal areas of Dicer1H/H mice exhibited RPE atrophy (F) and subretinal neovascular membranes (G).

2582 | www.pnas.org/cgi/doi/10.1073/pnas.1909761117 Wright et al.
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(56, 57) did not (Fig. 7A and SI Appendix, Fig. S9). The coding
sequence of Δhel-DICER1 is 3.9 kb, which is compatible with
efficient AAV packaging. Δhel-DICER1 cDNA was cloned into
pAAV-MCS, with a total packaging genome size, including
regulatory elements and AAV inverted terminal repeats,
of 5.0 kb.
Transient transfection of Δhel-DICER1 resulted in robust

expression in HeLa cells as detected by immunoblotting (Fig.
7B). However, transfection into human RPE cells resulted in no
detectable expression of the truncated protein. Therefore, we
hypothesized that DICER1 expression in RPE was subject to
negative autoregulation, potentially arising due to the enhanced
miRNA processing activity of DICER1. Consistent with this
hypothesis, transient Δhel-DICER1 expression was observed
within 4 h of transfection, but reduced to undetectable levels
soon thereafter (Fig. 7C). Furthermore, cotransfection with
double-stranded RNA, which can compete with DICER1 pro-
cessing and RISC loading (58), restored Δhel-DICER1 expres-
sion to detectable levels (Fig. 7D). We interpret these results to
indicate that impaired Δhel-DICER1 expression was due to
negative feedback via RNA interference.
Because the Δhel-DICER1 insert lacks a native 3′-untranslated

region, we hypothesized that miRNA binding sites within the
coding sequence were responsible for negative feedback. Forman
et al. (59) demonstrated that let-7 miRNAs specifically target
the DICER1 coding region, identifying three putative target
regions. Based on this study, we generated let-7–resistant Δhel-
DICER1 with silent mutations of these three targets. Although
let-7–resistant Δhel-DICER1 was robustly expressed in HeLa
cells, it too failed to express in human RPE cells in detectable

levels (Fig. 7E). Therefore, we next sought to generate a pan-
miRNA–resistant Δhel-DICER1. We utilized miRDB (http://
mirdb.org/miRDB/index.html) (60, 61), which identified 44
miRNA seed sequences (37 human and 7 mouse) within the
Δhel-DICER1 coding region. We successfully removed 33 of
these putative seed sequences (28 human and 5 mouse) by in-
troducing silent mutations. The resulting construct, OptiDicer,
exhibited robust and stable expression in human RPE cells
(Fig. 7E).

Gene Delivery of OptiDicer Improves Spontaneous Chorioretinal
Neovascularization in Mice. Stable expression of AAV-encoded
OptiDicer was confirmed in retina of JR5558 mice by immuno-
blotting and in situ hybridization achieved by probes recognizing
OptiDicer sequence (Fig. 8 A and B). Consistent with the
established tropism of AAV serotype 2 (62, 63), transgene ex-
pression was localized to multiple outer retinal cell types, in-
cluding RPE (Fig. 8B). To determine whether DICER1 gene
delivery affected CRNV in JR5558 mice, first, FA was per-
formed on naive 6-wk-old JR5558 mice with established CNV.
Then, AAV-OptiDicer or an empty AAV2-control was admin-
istered by subretinal injection in contralateral eyes. Fourteen and
28 d after injections, follow-up FA revealed significant im-
provement in both the frequency and severity of neovascular
lesions within injected areas compared to eyes transduced with a
control vector (Fig. 8 C and D). Together, we interpret these
studies to suggest that subretinal delivery of a bioactive DICER1
variant by AAV antagonizes CRNV in JR5558 mice.

Fig. 4. (A) Image-guided SD-OCT image and FA of a wild-type eye 24 d after
subretinal injection with AAV encoding RPE-specific Cre recombinase. Rep-
resentative of n = 4 eyes. (B) Image-guided SD-OCT image and FA of a
Dicer1flox/flox eye 24 d after subretinal injection with AAV encoding RPE-
specific Cre recombinase. (C) Kaplan–Meier plot of CNV-free survival in
AAV-treated Dicer1wild-type and Dicer1flox/flox eyes. By 24 d after AAV ad-
ministration, RPE degeneration was observed in 100% (nine of nine) eyes of
Dicer1flox/flox mice and active neovascular lesions were detected in 67% (six
of nine) eyes. (D) Histopathology of AAV-treated Dicer1flox/flox eye demon-
strating choroidal vessels traversing Bruch’s membrane (BM). The white ar-
rows denote VE-cadherin–positive (pseudo-colored blue) endothelial cell
crossing BM (black arrow).

Fig. 5. (A) Analysis of the incidence of focal hypopigmentation with respect
to age in Dicer1d/d (n = 64 examinations), Dicer1d/d; Casp1−/−; Casp11−/− (n =
47), and Dicer1d/d;Myd88−/− (n = 62). The effect of genotype on the presence
of focal hypopigmentation was quantified by nominal regression using ge-
notype and age as dependent variables and the presence or absence of focal
hypopigmentation as an independent variable. Ablation of Casp1/ Casp11
and Myd88 were associated with significantly reduced hypopigmentation;
***P < 0.001. (B and C) Angiogram grading of Dicer1d/d (n = 91), Dicer1d/d;
Casp1−/−; Casp11−/− (n = 48), and Dicer1d/d; Myd88−/− (n = 64). (B) Incidence
of vascular lesion-positive eyes with respect to age. (C) Severity of neo-
vascular lesions with respect to age. The effect of genotype on the severity
of neovascular lesions was quantified by nominal regression using genotype
and age as dependent variables and the neovascular lesion grade as an in-
dependent variable. Ablation of Casp1/ Casp11 and Myd88 were associated
with significantly reduced neovascular severity; ***P < 0.001.
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Discussion
We report that genetic suppression of Dicer1 in three in-
dependent mouse models manifests in the eye as focal RPE at-
rophy and aberrant CRNV, and that DICER1 expression is
reduced in a mouse model of spontaneous CNV. Furthermore,
we report that AAV-enforced expression of a DICER1 con-
struct, which successfully escaped miRNA negative feedback,
reduces spontaneous CNV in mice. In addition to expanding
upon prior studies of DICER1 loss in atrophic AMD, these
findings identify maintenance of outer retinal avascularity as
another critical function of DICER1 in maintaining retinal
homeostasis.
One limitation of the current study is that one cannot con-

clude whether neovascularization in Dicer1-deficient mice is an
independent, pleiotropic effect of Dicer1 deficiency, or whether
it is secondary to the RPE changes that develop with age in this
strain. Importantly, CRNV lesions occur in Dicer1-deficient
mice in the absence of frank RPE degeneration (Fig. 2D and SI
Appendix, Fig. S3) and in JR5558 mice in which DICER1 ex-
pression is reduced. Additionally, sodium iodate administration,
a well-characterized model of RPE death (64, 65), is not
reported to promote spontaneous neovascularization. Thus,
CRNV is not a generic response secondary to RPE death, and if
CRNV arises due to secondary effects of RPE changes, it is likely
due to RPE damage that occurs in a Dicer1-specific manner.
Similar to organism-wide hypomorphic strains, Dicer1 abla-

tion in RPE specifically resulted in neovascularization. Although
these findings suggest that Dicer1 deficiency in RPE is sufficient
to drive neovascularization, the role of Dicer1 deficiency in cells
other than RPE on neovascularization cannot be excluded. Im-
portant similarities of these models include the insult of Dicer1
deficiency, although the degree and cell type specificity differ.
The phenotypes of RPE atrophy and CNV occur in all three
models. Key differences among these models include that,
compared to the hypomorphic strains, the RPE ablation model
develops relatively large, diffuse vascular lesions that colocalize
to areas of profound RPE defects. They also differ in kinetics of
pathologies, wherein the Dicer1d/d strain develops outer retinal
pathologies over months compared to weeks in the ablation
model. These differences may arise as a consequence of the
different degrees of Dicer1 insufficiency (hypomorphic expres-
sion vs. knockout) or cell type-specific effects of Dicer1 loss.
The established role of DICER1 in mediating developmental

and pathological angiogenesis and neovascularization is largely
context- and tissue type-dependent. For example, whereas DICER1

ablation prevents developmental and postnatal angiogenesis in
multiple diverse settings (23, 66–69), DICER1 deficiency can pro-
mote neovascularization in stroke (70), angiosarcoma (71), and
renal cell carcinoma (72, 73). Furthermore, exogenous de-
livery of DICER1 suppresses tumor angiogenesis (72) and
hypoxia-induced angiogenic responses in human endothelial
cells (74). The present findings suggest that, in the outer
retina, DICER1 expression serves to prevent pathological
neovascularization.
The downstream effects of DICER1 down-regulation, in-

cluding modulation of angiogenesis, have most commonly been
attributed to loss of miRNA biogenesis. It will be important in
future work to establish whether miRNA or noncanonical
DICER1 substrates such as Alu RNAs, which promote RPE
degeneration due to DICER1 loss, also contribute to neo-
vascular and degenerative phenotypes observed in this study.
Because of the unique features of the Dicer1d/d mouse line,

including exhibiting multiple AMD-related pathologies such as
DICER1 deficiency, inflammasome activation and dependence,
relatively early onset of phenotypes, age dependence of patho-
logical incidence and severity, and facile phenotypic scoring, this
model may be of interest to both basic discovery and trans-
lational research as a preclinical testing platform. Unlike other
more acute and severe models of CRNV such as the JR5558 and
Vldr−/− lines, the pathologies in Dicer1 hypomorphic mice are
less severe and incompletely penetrant at the ages reported. This
suggests that Dicer1 deficiency may promote an environment
wherein development of CRNV is stochastic with a threshold
that diminishes over time. Additionally, the outer retina may
possess compensatory mechanisms to abate the development of
pathologies due to DICER1 deficiency that are gradually lost
with age. The penetrance in Dicer1 hypomorphic mice is greater

Fig. 6. Densitometry of Dicer1 abundance by immunoblotting of RPE (A)
and retina (B) from WT and JR5558 mice of indicated ages. n = 5–11. Dicer1
levels were normalized to GAPDH. *P < 0.05, **P < 0.01 compared to WT
Dicer1 levels.

Fig. 7. (A) In vitro processing assay of pre-miRNA of DICER1, Δhel-DICER1,
and ΔPAZ-DICER1 purified from HEK 293T cells. (B) Immunoblotting of HeLa
and primary human RPE (hRPE) after transient transfection with plasmids to
express GFP (pMaxGFP), Δhel-DICER1 (pΔhel-DICER1), or full-length human
DICER1 (pDICER1). (C) Time course of Δhel-DICER1 expression in hRPE cells
after transient transfection. Note faint detection of Δhel-DICER1 at 4 and 8 h
after transfection. (D) Dose-dependent effect of dsRNA cotransfection on
Δhel-DICER1 in hRPE. (E ) Expression of endogenous and Δhel-DICER1
in primary hRPE 24 and 48 h after transfection with indicated DICER1
constructs.

2584 | www.pnas.org/cgi/doi/10.1073/pnas.1909761117 Wright et al.
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than other models of CRNV such as the Sod1−/− (75), and
Ccr2−/− and Ccl2−/− strains (76).
This study also suggests that restoring DICER1 expression in

the retina could itself be a viable therapeutic target in physio-
logic and pathologic conditions. Of note, the efficacious
DICER1 gene delivery does not necessarily implicate DICER1
deficiency as a proximal cause of neovascularization in JR5558
mice. For example, it is possible that restoring DICER1 levels
enhances activity of a beneficial miRNA through improved
miRNA processing, although its inefficient processing due to
DICER1 reduction was not a proximal cause of the neo-
vascularization. Identifying the precise molecular mechanisms by
which DICER1 gene therapy affects retinal phenotypes is an
important avenue of future research.

Materials and Methods
Mice. All experiments involving animals were approved by the University of
Virginia Animal Care and Use Committee and in accordance with the Asso-
ciation for Research in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Visual Research. Mice were maintained on a
constant 12:12-h light–dark cycle. Water and food were provided ad libitum.
Mice were euthanized with CO2 gas under constant gas flow. C57BL/6J wild-
type mice were obtained from The Jackson Laboratory. The Dicer1d/d mouse
strain backcrossed to C57BL/6J and the Dicer1H/H were maintained in a
heterozygous state, and homozygous wild-type and mutant littermates
were utilized for experiments. The Dicer1d/d strain was bred to Myd88−/−

(The Jackson Laboratory) and Casp1−/−/Casp11−/− (77), a generous gift from
Gabriel Nuñez (University of Michigan, Ann Arbor, MI). Dicer1flox/flox were
obtained from the Jackson Laboratory (JAX stock #006366). JR5558 mice
(The Jackson Laboratory) were maintained as previously described (37, 38).

Retinal Imaging and Angiography. Retinal photographs of dilated mouse eyes
were taken with a TRC-50 IX camera (Topcon) linked to a digital imaging

system (Sony) or with the Μm IV Retinal Microscope (Phoenix Research Labs).
SD-OCT was acquired with an OCT2 scan head attached to a Μm IV Retinal
Microscope (Phoenix). Fluorescein angiograms were used to measure the
incidence and severity of CRNV. In anesthetized mice with dilated eyes, so-
dium fluorescein (0.1 mL of 2.5% solution) was injected into the perito-
neum, and then eyes were imaged with a fluorescent microscopic camera
(TTRC-50IX, Topcon; or Μm IV, Phoenix) for up to 10 min to monitor dye
leakage. Images were graded by a trained operator blinded to the treat-
ment groups. For AAV treatment study, the parameter “FA score” was
developed to capture both the number and severity of angiographically
active lesions. Lesions were only counted in the area corresponding to the
injected site, determined anatomically. For each eye, FA score was
calculated as follows:

FA  Score=nGrade  0  lesions + 2*nGrade  1  lesions + 3*nGrade  2a  lesions + 4*nGrade  2b  lesions.

Histology, Immunohistochemistry, Immunofluorescence, and in Situ Hybridization.
For hematoxylin and eosin staining and immunofluorescence, fresh, unfixed
mouse eyes were embedded in Optimal Cutting Temperature Compound
(Fisher), frozen in isopentane precooled by liquid nitrogen, and cryosectioned
at 10 μm. Immunofluorescent staining was performed with a goat antibody
against VE-cadherin (1:50; Santa Cruz). Bound antibody was detected with
anti-goat secondary antibody (Thermo Fisher). For detection of OptiDicer mRNA,
in situ hybridization was performed using RNAscope (ACD Biosciences) according
to manufacturer’s instructions.

RNA Isolation and Real-Time Quantitative PCR Analysis. Tissue was collected
and homogenized in TRIZOL (Thermo Fisher) following the manufacturer’s
protocol. Total RNA was DNase treated and reverse transcribed using
QuantiTect Reverse Transcription Kit (Qiagen). The RT products (cDNA) were
amplified by real-time quantitative PCR (Applied Biosystems 7900 HT Fast
Real-Time PCR system) with Power SYBR green Master Mix. Oligonucleotide
primers specific for mouse Casp1 (forward, 5′-ACC CTC AAG TTT TGC CCT TT-
3′, and reverse, 5′-GAT CCT CCA GCA GCA ACT TC-3′), Il1b (forward, 5′-GGG
CCT CAA AGG AAA GAA TC-3′, and reverse, 5′-TAC CAG TTG GGG AAC TCT
GC-3′), Il18 (forward, 5′-GAC AGC CTG TGT TCG AGG AT-3′, and reverse, 5′-
TGG ATC CAT TTC CTC AAA GG-3′), Nlrp3 (forward, 5′-ATG CTG CTT CGA
CAT CTC CT-3′, and reverse, 5′-AAC CAA TGC GAG ATC CTG AC), and 18S
rRNA (forward, 5′- TTCGTATTGCGCCGCTAGA-3′, and reverse, 5′- CTTTCG-
CTCTGGTCCGTCTT-3′) were used. Oligonucleotide primers spanning exons
24 and 25 to detect Dicer1 abundance in Dicer1d/d mice were utilized as
previously described (25).

The qPCR cycling conditions were 50 °C for 2 min, 95 °C for 10 min, fol-
lowed by 40 cycles of a two-step amplification program (95 °C for 15 s and
58 °C for 1 min). At the end of the amplification, melting curve analysis was
applied to exclude contamination with unspecific PCR products. Relative
expressions of target genes were determined by the 2ΔΔCt method.

Western Blotting. Purified retina and RPE protein lysates were obtained using
an established protocol (78). For RPE, eyes from three to five eyes were
pooled, constituting one independent observation. Purified RPE isolation
was confirmed by the presence of the RPE-specific marker RPE65 and ab-
sence of the rod photoreceptor protein Rhodopsin by immunoblotting.
Protein concentrations were determined using a bicinchoninic acid assay kit
(Thermo Fisher) with BSA as a standard. Proteins (40 to 100 μg) were run on
Tris-glycine gels (Invitrogen or Bio-Rad) and transferred to PVDF membranes.
The transferred membranes were blocked for 1 h at room temperature (RT)
and incubated with antibodies against human and mouse DICER1 (Bethyl;
1:500), RPE65 (Novus; 401.8B11.3D9; 1:1,000), VE-cadherin (Santa Cruz; C-19;
1:250), Rhodopsin (Abcam; 1D4; ab5417; 1:1,000), GAPDH (Abcam; ab83956;
1:1,000), β-Actin (Abcam; ab8229; 1:1,000), and α-Tubulin (Abcam; ab89984;
1:1,000). IRdye-conjugated secondary antibodies were used (1:5,000) for 1 h
at RT. The signal was visualized by Licor Odyssey and densitometry quanti-
fied by ImageJ.

In Situ Caspase-1 Activity. In situ detection of Caspase-1 activity was con-
ducted as described previously (8). Briefly, unfixed eyes were enucleated and
immediately placed in OCT mounting media and snap frozen in isopentane
cooled by liquid nitrogen. Unfixed 5-μm-thick frozen sections of mouse eyes
were incubated with CaspaLux1-E1D2 (Oncoimmunin) for 40 min at 37 °C in
a humidified chamber. Afterward, slides were washed five times in PBS.
Coverslips were placed on the tissue sections, and fluorescent and bright-
field images were acquired on a Nikon Eclipse Ti inverted fluorescent
microscope.

Fig. 8. Detection of Δhel-DICER1 in retina following subretinal injection of
AAV-OptiDicer by immunoblotting (A) and in situ hybridization using a
probe antisense to the synthetic OptiDicer sequence (B). (C) Representative
fluorescein angiograms of JR5558 mice prior to, and 14 and 28 d after
subretinal injection of AAV-OptiDicer or AAV-Empty. Injections were made
in an area encompassing the lower left quadrant of the fundus relative to
the optic nerve. Approximate injection site is denoted by an asterisk (*). (D)
Quantification of changes in total FA score and number of 2B lesions from
baseline after AAV-OptiDicer- and AAV-Empty-injected eyes (n = 7 eyes/
treatment). *P < 0.05; **P < 0.01.
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miRNA Preparation. The 5′ and 3′ prelet-7a miRNA constructs were synthe-
sized by Integrated DNA Technologies. Annealing and ligation protocols
were adapted from ref. 79. Briefly, a 20-μL mixture containing 200 pmol of 5′
strand and 100 pmol of 3′ strand in TE buffer with 100 mM NaCl was
annealed by heating to 95 °C, and then slowly cooling (−1 °C per 30 s) to
25 °C. Subsequent ligation was achieved by incubating the annealed sub-
strate with 3 μL of T4 RNA ligase (Ambion; 5 U/μL), 3 μL of 0.1% BSA, 5 μL of
10× ligation buffer, and 19 μL of ultrapure water at 16 °C for 24 h. RNA was
isolated by standard ethanol precipitation and resuspended in 10 μL of 2×
TBE-urea loading dye (Bio-Rad) and 10 μL ultrapure water. After separation
on a Novex 15% TBE-urea gel (Thermo Fisher Scientific), the gel was in-
cubated in GelStar Nucleic Acid Gel Stain 10,000× (Lonza) and visualized on a
UVP High Performance UV Transilluminator (AnalytikJena). Ligated miRNA
was excised from the gel, crushed in a 1.5-mL Eppendorf tube, and in-
cubated in 200 μL of 0.3 M NaCl-TE (pH 7.5) overnight. Crushed gel solution
was filtered through an EDGE DTR filter column (EdgeBio) and precipi-
tated via standard ethanol precipitation. 5′ sequence was as follows: 5′-
UGA GGU AGU AGG UUG UAU AGU UUU AGG GUC ACA CC-3′; 3′ sequence
was as follows: 5′-pCAC CAC UGG GAG AUA ACU AUA CAA UCU ACU GUC
Cy5UU CU-3′.

In Vitro DICER1 Tube Assay. DICER1 plasmids were transfected into HEK293T
cells with Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Protein was collected after 48 h as in ref. 80.
Briefly, cells were collected in 1 mL of lysis buffer (500 mM NaCl, 1 mM EDTA,
20 mM Tris [pH 8.0], 1% Triton X-100) and incubated on ice for 20 min. After
sonication, cells were centrifuged twice at 16,000 × g for 10 min, and su-
pernatant was transferred to 1.5-mL Eppendorf tube. One hundred micro-
liters of anti-FLAG M2 magnetic beads were equilibrated according to the
manufacturer’s protocol and incubated with protein supernatant overnight
on an end-to-end tube rotator at 4 °C. Beads were washed three times with
lysis buffer and four times with Buffer D (200 mM KCl, 20 mM Tris [pH 8.0],
0.2 mM EDTA). The FLAG-DICER1 was eluted from the beads by competition
with 250 μL of FLAG peptide (100 μg/mL; Sigma-Aldrich). To remove excess
FLAG peptide, eluate from the competition was passed through an Amicon
100-kDa cutoff filter (Millipore Sigma).

In vitro DICER1 cleavage assay was adapted from ref. 80. Briefly, reactions
were performed in a total volume of 10 μL containing 1 μL of 10× DICER
reaction buffer (100 mM Tris [pH 8.0], 1 mM EDTA, 1,000 mM KCl, 100 mM
MgCl2), 1 μL of purified DICER, 1 μL of 10 mM DTT, 0.5 μL of recombinant
RNase inhibitor (Takara; 5,000 U), prelet-7a miRNA (20 to 40 ng), and ul-
trapure water. Reactions were incubated for 0 to 90 min on a thermocycler
followed by addition of 2× TBE-urea loading dye and separation on a 15%
TBE-urea gel. Images were visualized on a Licor Odyssey Fc Imaging System
in the 700 channel.

Adenoassociated Vector Design, Production, and Delivery. AAV2-hRPE(0.8)-
iCre-WPRE and AAV2-CMV-null were obtained from Vector Biolabs. To
generate the OptiDicer virus, first Δhel-DICER1 cDNA was cloned into pAAV-
MCS (Agilent Technologies). The total packaging genome size to 5.0 kb. The
indicated plasmids were transfected into HeLa (ATCC) and primary human
retinal pigmented epithelial cells (hRPE) (Lonza), maintained in RtEBM
(Lonza) following the manufacturer’s instructions. Nucleofection with Basic
Epithelial Cells Nucleofector Kit (Lonza) was used for transient plasmid
transfection with program U-023. The transfection efficiency was >80% as
determined by pMaxGFP transfection with fluorescence microscopy. let-7–
resistant DICER1 and OptiDicer were synthesized by GeneArt Gene Synthe-
sis (Thermo Fisher Scientific). Expression of OptiDicer was driven by CMV
promoter and contained an SV40 polyadenylation signal in the 3′ end.
Production and purification of AAV2-OptiDicer were accomplished by
Vigene Biosciences.

Intraocular Injections. Subretinal injections and intravitreous injections (1 μL
each) were performed with a 35-gauge Exmire microsyringe (Ito Corpora-
tion). The VEGF neutralizing antibody B20-4.1.1 or an equivalent mass of
isotype antibody, both provided by Genentech, were delivered by intra-
vitreous injection (0.5 to 1 μg). One microliter of 1011 viral genomes (vg)/mL
(or 108 vg/μL) of AAV-OptiDicer, or AAV2-CMV-null were delivered by sub-
retinal injection. Separately, AAV2-hRPE(0.8)-iCre-WPRE was delivered at by
intravitreous injection at 1010 genome copies in 1 μL.

Data Availability Statement. The OptiDicer sequence reported in this paper
has been deposited in GenBank (https://www.ncbi.nlm.nih.gov/genbank/),
accession number MN910264. All data needed to evaluate the conclusions in
this paper are available in the main text and the supplementary materials.
Requests for additional data discussed in this paper will be made available to
readers upon request.
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