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Abstract

Geographic atrophy (GA), an untreatable advanced form of age-related macular degeneration, 

results from retinal pigmented epithelium (RPE) cell death. Here we show that the microRNA 

(miRNA)-processing enzyme DICER1 is reduced in the RPE of humans with GA, and that 

conditional ablation of Dicer1, but not seven other miRNA-processing enzymes, induces RPE 

degeneration in mice. DICER1 knockdown induces accumulation of Alu RNA in human RPE cells 

and Alu-like B1 and B2 RNAs in mouse RPE. Alu RNA is increased in the RPE of humans with 

GA, and this pathogenic RNA induces human RPE cytotoxicity and RPE degeneration in mice. 

Antisense oligonucleotides targeting Alu/B1/B2 RNAs prevent DICER1 depletion-induced RPE 

degeneration despite global miRNA downregulation. DICER1 degrades Alu RNA, and this 

digested Alu RNA cannot induce RPE degeneration in mice. These findings reveal a miRNA-

independent cell survival function for DICER1 involving retrotransposon transcript degradation, 
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show that Alu RNA can directly cause human pathology, and identify new targets for a major 

cause of blindness.

Age-related macular degeneration (AMD), which is as prevalent as cancer in industrialized 

countries, is a leading cause of blindness1,2. In contrast to neovascular AMD, the more 

common atrophic form of AMD is without effective therapy3,4. Extensive atrophy of the 

retinal pigment epithelium (RPE) leads to severe vision loss and is termed GA, whose 

pathogenesis is unclear. Here, we identify dysregulation of the RNase DICER1 (ref. 5) and 

the resulting accumulation of transcripts of Alu elements, the most common small 

interspersed repetitive elements in the human genome6, as a potential cause of GA, and 

demonstrate strategies to inhibit this pathology in vivo.

DICER1 loss in GA induces RPE death

In human donor eyes with GA (n=10), DICER1 mRNA abundance was reduced in the 

macular RPE by 65±3% (mean±SEM; P=0.0036; Mann-Whitney U test) compared to 

control eyes (n=11) (Fig. 1a). In contrast, there was no change in the abundance of DROSHA 

and DGCR8 mRNAs, whose gene products form a complex that processes pri-miRNAs into 

pre-miRNAs7, or of the gene encoding Argonaute 2 (AGO2, encoded by EIF2C2), the core 

component of the miRNA effector complex8,9. DICER1 protein expression was reduced in 

the RPE, but not the neural retina, of eyes with GA compared to controls (Fig. 1b, c and 

Supplementary Figs. 1 and 2).

Because DICER1 is downregulated in chemically stressed cells6, we tested whether 

DICER1 reduction is common to dying retina. DICER1 protein levels were not reduced in 

the RPE of human eyes with other retinal diseases (vitelliform macular dystrophy, retinitis 

pigmentosa, retinal detachment; Supplementary Fig. 3). Also, Dicer1 abundance in the RPE 

was not reduced in numerous mouse models of retinal degeneration including Ccl2−/− 

Ccr2−/− (refs. 7,8) and Cp−/− Heph−/− mice9 (Supplementary Fig. 3; Supplemental Notes). 

These data argue that DICER1 depletion in the RPE of eyes with GA is not a generic 

damage response.

To determine the consequence of DICER1 reduction in the RPE, we interbred Dicer1f/f 

mice10 with BEST1 Cre mice11, which express Cre recombinase under the control of the 

RPE cell-specific BEST1 promoter. BEST1 Cre; Dicer1f/f mice uniformly exhibited RPE 

cell degeneration whereas littermate controls did not (Fig. 1d–f). We also deleted Dicer1 in 

adult mouse RPE by subretinal injection of an adeno-associated viral vector coding for Cre 

recombinase under the control of the BEST1 promoter12 (AAV1-BEST1-Cre) in Dicer1f/f 

mice (Supplementary Fig. 4). These eyes uniformly developed RPE cell degeneration, 

whereas contralateral eyes that underwent subretinal injection of AAV1-BEST1-GFP and 

wild-type mouse eyes injected with subretinal AAV1-BEST1-Cre did not (Fig. 1g–i and 

Supplementary Fig. 4). RPE cell dysmorphology in Dicer1-depleted mice resembled that of 

human GA eyes (Supplementary Fig. 5). When Dicer1f/f mouse RPE cells were infected 

with an adenoviral vector coding for Cre recombinase (Ad-Cre), cell viability was reduced 

(Fig. 1j). Similarly, antisense oligonucleotide mediated knockdown of DICER1 in human 
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RPE cells increased cell death (Fig. 1k). Collectively, these data suggest that DICER1 

dysregulation is involved in the pathogenesis of GA.

DICER1 phenotype not due to miRNA dysregulation

We tested whether depleting other miRNA-processing enzymes induces RPE degeneration. 

Subretinal injection of AAV1-BEST1-Cre in Droshaf/f (ref. 13), Dgcr8f/f (refs. 13,14), or 

Ago2f/f mice15 did not damage the RPE (Supplementary Fig. 6), suggesting that miRNA 

imbalances are not responsible for RPE degeneration induced by DICER1 depletion. 

However, some miRNAs are generated by Dicer1 independent of Drosha and Dgcr8 (refs. 

16,17). There is also debate whether Ago2 is essential for miRNA function15,18–21. Mice 

deficient in Ago1, Ago3, or Ago4 had normal RPE (Supplementary Fig. 7). TRBP (encoded 

by Tarbp2) recruits DICER1 to the four Argonaute proteins to enable miRNA processing 

and RNA silencing (ref. 22 and R. Shiekhattar, personal communication); Tarbp2−/− mice 

too had no RPE degeneration (Supplementary Fig. 7). These data suggest that RPE 

degeneration induced by Dicer1 ablation involves a mechanism specific to Dicer1 and not to 

miRNA machinery in general.

To further investigate whether miRNA imbalances might contribute to the DICER1 

depletion phenotype, we studied human HCT116 colon cancer cells in which the helicase 

domain in exon 5 of DICER1 was disrupted. Despite impaired miRNA biogenesis in these 

HCT-DICER1ex5 cells23, baseline cell viability was not different between HCT-DICER1ex5 

and parent HCT116 cells (Supplementary Fig. 8). These findings suggest that the principal 

biological effect of DICER1 deficit contributing to the development of GA is not miRNA 

dysregulation, but do not exclude miRNA dysregulation promoting GA through other 

pathways.

Alu RNA accumulation in GA

Because miRNA perturbations were not implicated, we speculated that impaired processing 

of other dsRNAs might be involved. Using an antibody24,25 that recognizes long dsRNA 

(J2), we detected abundant dsRNA immunoreactivity in the macular RPE of human eyes 

with GA (n=10; Fig. 2a–c) but not in control eyes (n=10; Fig. 2d). We immunoprecipitated 

RPE lysates with J2 antibody and then sequenced the dsRNA using a T4 RNA ligase-aided, 

adaptor-based PCR amplification strategy. Approximately 300-nt long dsRNA species were 

found in the macular RPE of human eyes with GA (12/12) but not in eyes without GA (0/18) 

(P=1.210−8 by Fisher’s exact test) (Fig. 2e).

We recovered clones from 8 of the 12 GA eyes and identified two distinct sequences with 

high homology (E = 3.3×10−103; 1.1×10−76) to Alu RNAs (Supplementary Fig. 9). These 

sequences showed homology to the Alu Sq subfamily consensus sequence. Alu RNAs were 

the only dsRNA transcripts identified specifically in the J2-immunoprecipitated GA 

samples. We confirmed that J2 recognized Alu RNA (Supplementary Fig. 10). There was a 

dramatic increase in the abundance of Alu RNAs in the RPE of human eyes with GA 

compared to control eyes (n=7), but not in the neural retina (Fig. 2f, Supplementary Fig. 11). 

The reference genome did not contain exact matches to these Alu sequences. This could be 

attributed to genetic variations or regions not represented in the reference genome or to 
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chimeric Alu formation. Further studies should elucidate the genomic origin of and 

regulatory factors involved in transcription of these Alu RNAs.

DICER1 depletion induces Alu RNA cytotoxicity

We tested whether Alu RNA accumulation in the RPE of GA was due to deficient DICER1 

processing. DICER1 knockdown in human RPE cells using antisense oligonucleotides 

increased Alu RNA accumulation (Fig. 3a, Supplementary Fig. 12). Ad-Cre infection of 

Dicer1f/f mouse RPE cells induced accumulation of B1 and B2 RNAs (Fig. 3b, c). DICER1 

was expressed in the nucleus and cytoplasm of RPE cells and its depletion induced 

accumulation of Alu/B1/B2 RNA in both compartments (Fig. 3b–d, Supplementary Fig. 13). 

Recombinant DICER1, but not heat-denatured DICER1, degraded Alu RNA (Fig. 3e). 

Enforced expression of DICER1 in human RPE cells reduced the abundance of 

overexpressed Alu RNA (Fig. 3f), consistent with their degradation by DICER1 in vivo. 

These data confirm that DICER1 dysregulation can trigger Alu/B1/B2 RNA accumulation.

Because cell stresses can induce generalized retrotransposon activation, we wondered 

whether Alu RNA accumulation in GA might be a generic response in dying retina. 

However, in the RPE of human eyes with GA and in DICER1-depleted human RPE cells, 

there was no increase in the abundance of RNAs coded by L1.3, human endogenous 

retrovirus-W envelope, or hY3 (Supplementary Fig. 14). These data demonstrate that Alu 

RNA accumulation is a biologically specific response to DICER1 depletion.

Alu RNA upregulation induced by DICER1 knockdown was inhibited by tagetitoxin (an 

RNA Pol III inhibitor) but not α-amanitin (an RNA Pol II inhibitor) (Supplementary Fig. 

15). Northern blotting revealed that Alu RNA from the RPE of human eyes with GA was 

approximately 300-nt in length, consistent with the length of non-embedded Pol III Alu 

transcripts. Our Northern probe specifically detected Alu RNA and not 7SL RNA, the 

evolutionary precursor of Alu. Northern blotting revealed no difference in 7SL RNA 

abundance between the RPE of GA and control eyes. Real-time RT-PCR analysis showed 

that 7SL RNA was not dysregulated in the RPE of human eyes with GA or in DICER1-

depleted human RPE cells (Supplementary Fig. 16). DICER1 knockdown did not upregulate 

several Pol II-transcribed genes (ADAR2, NICN, NLRP, SLFN11) containing exon-

embedded Alu sequences. These data suggest that Alu RNA in the RPE of human eyes with 

GA are primary Alu transcripts and not passenger or bystander sequences embedded in other 

RNAs. Conclusive assignment of these Alu sequences as Pol III transcripts must await 

precise determination of their transcription start site.

We tested whether Alu RNA accumulation could induce GA. Transfecting human or wild-

type mouse RPE cells with a plasmid coding for Alu (pAlu) reduced cell viability 

(Supplementary Fig. 17). Subretinal transfection of plasmids coding for two different Alu 

RNAs or for B1 or B2 RNAs induced RPE degeneration in wild-type mice (Fig. 4a, 

Supplementary Fig. 17, and data not shown). Treating human RPE cells with a recombinant 

281-nt long Pol III-derived Alu RNA isolated from a human embryonal carcinoma cell line 

dose-dependently increased cell death (Fig. 4b), suggesting that endogenous DICER1 

degrades small amounts of Alu RNA but can be overwhelmed. Accordingly, DICER1 
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overexpression blocked pAlu-induced cell death in human RPE cells and RPE degeneration 

in wild-type mice (Supplementary Fig. 17).

Subretinal injection delivered Alu RNA to RPE cells in wild-type mice (Supplementary Fig. 

18), consistent with the ability of long RNAs with duplex motifs to enter cells26. We cloned 

a 302-nt long Alu RNA isolated from the RPE of a human eye with GA and transcribed it in 

vitro to generate partially and completely annealed structures that mimic Alu RNAs 

transcribed by Pol III and Pol II, respectively. Subretinal injection of either of these Alu 

RNAs induced RPE degeneration in wild-type mice (Fig. 4f, Supplementary Fig. 19), 

supporting the assignment of disease causality. In contrast, subretinal injection of these Alu 

RNAs digested with DICER1 did not induce RPE degeneration (Fig. 4g, Supplementary Fig. 

19). When these Alu RNAs were subjected to mock DICER1 digestion, they induced RPE 

degeneration, suggesting a role for DICER1 in protecting against Alu RNA-induced 

degeneration.

In contrast, subretinal transfection of transfer RNA or plasmids coding for 7SL RNA or two 

different primary miRNAs did not induce RPE degeneration in wild-type mice 

(Supplementary Fig. 20). Chemically synthesized dsRNAs that mimic viral dsRNA can 

induce RPE degeneration by activating toll like receptor-3 (TLR3)27; however, pAlu 

transfection did not induce TLR3 phosphorylation in human RPE cells and did induce RPE 

degeneration in Tlr3−/− mice (Supplementary Fig. 21). Therefore, Alu RNA-induced RPE 

degeneration cannot be attributed solely to its repetitive or double-stranded nature, as it 

exerted effects distinct from other structured dsRNAs of similar length.

The mechanism of RPE cell death in GA is undefined. DNA fragmentation has been 

identified in RPE cells in human eyes with GA28, and Dicer1 knockdown has been 

associated with induction of apoptosis in diverse tissues10,29. We now provide evidence of 

caspase-3 cleavage in regions of RPE degeneration in human eyes with GA (Supplementary 

Fig. 22). Caspase-3 cleavage was also observed in the RPE cells of BEST1 Cre; Dicer1f/f 

mice and in Alu RNA-stimulated or -overexpressing human RPE cells. These data suggest a 

role for Alu RNA-induced RPE cell apoptosis triggered by DICER1 dysregulation in GA.

To study whether an imbalance in small RNA species produced from long Alu RNAs could 

contribute to RPE degeneration, we exposed human RPE cells or wild-type mice to DICER1 

cleavage fragments of Alu RNA. Subretinal transfection of these fragments did not damage 

wild-type mouse RPE cell, and co-administering these fragments did not prevent RPE cell 

degeneration induced by pAlu (Supplementary Fig. 23). Similarly, these fragments did not 

prevent human RPE cell death induced by Alu RNA overexpression. These data suggest that 

upregulation of long Alu RNA rather than imbalance in Alu RNA-derived small RNA 

fragments is responsible for RPE degeneration induced by DICER1 reduction.

To dissect the contribution of Alu RNA accumulation versus that of miRNA dysregulation to 

RPE degeneration in the context of DICER1 deficit, we re-examined HCT-DICER1ex5 cells 

in which miRNA biogenesis is impaired but long dsRNA cleavage is preserved due to the 

intact RNase III domains. Alu RNA levels were not different between HCT-DICER1ex5 and 

parent HCT116 cells (Supplementary Fig. 24). In contrast, DICER1 knockdown in HCT116 
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cells upregulated Alu RNA. Also, Alu RNA induces similar levels of cytotoxicity in HCT-

DICER1ex5 and parent HCT116 cells, suggesting that coexisting miRNA expression deficits 

do not augment Alu RNA-induced RPE degeneration. In conjunction with the discordance in 

the RPE degeneration phenotype between ablation of Dicer1 and that of various other small 

RNA biogenesis pathway genes in mice, our findings suggest that Alu RNA accumulation is 

critical to DICER1 reduction-induced cytotoxicity.

RPE degeneration blocked by Alu RNA inhibition

We tested whether DICER1 reduction-induced cytotoxicity is due to Alu RNA 

accumulation. DICER1 knockdown-induced human RPE cytotoxicity was inhibited by 

antisense oligonucleotides targeting Alu RNA sequences but not by scrambled antisense 

control (Fig. 5a and Supplementary Fig. 25). Ad-Cre infection of Dicer1f/f mouse RPE cells 

reduced cell viability, and this was blocked by antisense oligonucleotides targeting B1/B2 

RNAs but not by scrambled antisense control (Fig. 5b and Supplementary Fig. 25). 

Subretinal administration of antisense oligonucleotides that reduced accumulation of B1/B2 

RNAs inhibited RPE degeneration in AAV1-BEST1-Cre-treated Dicer1f/f mice (Fig. 5c and 

Supplementary Fig. 25), providing evidence of in vivo functional rescue.

We tested whether Alu inhibition also rescued miRNA expression deficits as a potential 

explanation for the functional rescue of DICER1 depletion-induced RPE degeneration. As 

expected, DICER1 knockdown in human RPE cells reduced the abundance of numerous 

miRNAs (Fig. 5d). However, inhibition of Alu RNA did not recover miRNA expression. 

Thus, rescue of RPE cell viability by Alu RNA inhibition despite persistent global miRNA 

expression deficits argues that RPE degeneration induced by DICER1 deficit is due to Alu 

RNA accumulation and not miRNA dysregulation.

Collectively, these data support a model in which primary Alu transcripts are responsible for 

RPE degeneration. Whether similar pathology can also result from upregulation of as yet 

undefined Pol II transcripts with embedded Alu sequences is an intriguing possibility that 

requires further study. Importantly, we demonstrated that primary Alu transcripts are 

elevated in human disease, that Alu transcripts recapitulate disease in relevant experimental 

models, and that targeted suppression of Alu transcripts successfully inhibits this pathology. 

These observations have direct relevance for clinical strategies to prevent and treat GA.

Discussion

Our findings elucidate a critical cell survival function for DICER1 by functional silencing of 

toxic Alu transcripts. This unexpected function suggests that RNAi-independent mechanisms 

should be considered in interpreting the phenotypes of systems in which Dicer1 is 

dysregulated. For example, it would be interesting to test whether Dicer1 ablation induced 

cytotoxicity in mouse neural retina30 and heart31 might also involve B1/B2 RNA 

accumulation. More broadly, recognition of DICER1’s hitherto unidentified function as an 

important controller of transcripts derived from the most abundant genomic repetitive 

elements can illuminate new functions for RNases in cytoprotective surveillance. DICER1 

expression is reduced in GA and partial loss of DICER promotes RPE degeneration; thus 
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loss of heterozygosity in DICER1 may underlie the development of GA, similar to its 

function as a haploinsufficient tumor suppressor32–34.

This also is, to our knowledge, the first example of how Alu could cause a human disease via 

direct RNA cytotoxicity rather than by inducing chromosomal DNA rearrangements or 

insertional mutagenesis through retrotransposition, which have been implicated in diseases 

such as α-thalassemia35, colon cancer36, hypercholesterolemia37,38, and 

neurofibromatosis39. Future studies should determine the precise chromosomal locus of the 

Alu RNA elements that accumulate in GA and the nature of transcriptional and post-

transcriptional machinery that enable their biogenesis.

In addition to processing miRNAs5, DICER1 has been implicated in heterochromatin 

assembly40,41. Since Alu elements are abundant within heterochromatin42, whether 

perturbations in centromeric silencing underlie the pathogenesis of GA warrants study. The 

finding that chromatin remodelling at Alu repeats can regulate miRNA expression43 raises 

the intriguing possibility of other regulatory intersections between DICER1 and Alu. It also 

remains to be investigated whether centromeric satellite repeats that accumulate in Dicer1-

null mouse embryonic stem cells44,45 might be involved in the pathogenesis of GA.

In the mouse germline, Dicer1 has been implicated in generating endogenous small 

interfering RNAs (endo-siRNAs) from repeat elements46,47. If this process is conserved in 

mammalian somatic tissues, it would be interesting to learn whether endo-siRNAs serve a 

homeostatic function in preventing the development of GA. Given that caspases can cleave 

Dicer1 and convert it into a DNase that promotes apoptosis in nematodes48, our finding that 

Alu RNA induces caspase activation introduces the possibility of bidirectional regulation 

between DICER1 and Alu that triggers feed-forward disease-amplifying loops.

The inciting events that trigger an RPE-specific reduction of DICER1 in patients with GA 

are unknown. Potential culprits could include oxidative stress, which is postulated to 

underlie AMD pathogenesis4, as we found that hydrogen peroxide downregulates DICER1 

in human RPE cells (Supplementary Fig. 26). While upstream triggers of DICER1 

dysregulation and the role of other DICER-dependent, DROSHA/DGCR8-independent 

small RNAs in GA await clarification, the ability of Alu RNA antisense oligonucleotides to 

inhibit induced by DICER1 depletion-induced RPE cytotoxicity provides a rationale to 

investigate Alu RNA inhibition or DICER1 augmentation as potential therapies for GA.

METHODS SUMMARY

Subretinal injections (1 µL) were performed using a Pico-Injector (PLI-100, Harvard 

Apparatus). Plasmids were transfection in vivo using 10% Neuroporter (Genlantis). 

Immunolabeling was performed using antibodies against dsRNA (clone J2, English & 

Scientific Consulting), DICER1 (Santa Cruz Biotechnology), zonula occludens-1 

(Invitrogen), Cre recombinase (EMD4Biosciences), or cleaved caspase-3 (Cell Signaling). 

dsRNA was isolated by immunoprecipitating homogenized tissue lysates with 40 µg of J2 

for 16 h at 4 °C. Purified dsRNA was ligated to an anchor primer and purified by MinElute 

Gel extraction columns (Qiagen). Ligated dsRNA was denatured, reverse transcribed, and 
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amplified by PCR. Amplified cDNA products were cloned into PCRII TOPO vector 

(Invitrogen) and sequenced. Homology to Alu consensus sequences was determined using 

CENSOR. Cell viability was assessed using CellTiter 96 AQueous One Solution Cell 

Proliferation Assay (Promega). Total RNA (1 µg) was reverse transcribed using qScript 

cDNA SuperMix (Quanta Biosciences) and amplified by real-time quantitative PCR 

(Applied Biosystems 7900 HT) with Power SYBR green Master Mix. Relative expressions 

were determined by the 2−ΔΔCt method. miRNA abundance was quantified using All-in-

One™ miRNA qRT-PCR Detection Kit (GeneCopoeia).

Full Methods and any associated references are available in the online version of the paper 

at www.nature.com/nature.

METHODS

Human tissue

Donor eyes or ocular tissues from patients with GA due to AMD or patients without AMD 

were obtained from various eye banks in Australia and the United States of America. These 

diagnoses were confirmed by dilated ophthalmic examination prior to acquisition of the 

tissues or eyes or upon examination of the eye globes post mortem. The study followed the 

guidelines of the Declaration of Helsinki. Institutional review boards granted approval for 

allocation and histological analysis of specimens.

Animals

All animal experiments were in accordance with the guidelines of the University of 

Kentucky Institutional Animal Care and Use Committee and the Association for Research in 

Vision and Ophthalmology.

Immunolabeling and Histology

Fixed human tissue was stained with the antibodies against dsRNA (clone J2, English & 

Scientific Consulting) or human DICER1 (Santa Cruz Biotechnology). Bound antibody was 

detected with alkaline phosphatase streptavidin solution (Invitrogen) and the enzyme 

complex was visualized by Vector Blue (Vector Laboratories). Mouse RPE/choroid flat 

mounts were fixed with 4% paraformaldehyde or 100% methanol and stained with rabbit 

antibodies against human zonula occludens-1 (Invitrogen), Cre recombinase 

(EMD4Biosciences), or human cleaved caspase-3 (Cell Signaling) and visualized with 

Alexa594- or Cy5-conjugated secondary antibodies. Fixed primary human RPE cells were 

stained with antibodies against dsRNA or human DICER1 and visualized with Alexa Fluor - 

conjugated secondary antibodies. Nuclei were visualized with DAPI counterstaining.

Subretinal injections

Subretinal injections (1 µL) in mice were performed using a Pico-Injector (PLI-100, Harvard 

Apparatus). In vivo transfection of plasmids was achieved using 10% Neuroporter 

(Genlantis). AAV1-BEST1-Cre12 or AAV1-BEST1-GFP were injected at 1.0×1011 pfu/mL 

and recombinant Alu RNAs were injected at 0.3 mg/mL. Cell-permeating cholesterol 

conjugated-B1/B2 antisense oligonucleotides or cholesterol conjugated-control antisense 
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(both from Integrated DNA Technologies) were injected (2 µg in 1 µL) 10 days after AAV1-

BEST1-Cre was injected in Dicer1f/f mice.

dsRNA isolation

Human eyes were stored in RNAlater (Ambion). Homogenized lysates were 

immunoprecipited with 40 µg of mouse antibody against dsRNA (clone J2) for 16 h at 4 °C. 

Immunocomplexes were collected on protein A/G agarose (Thermoscientific) and dsRNA 

species were separated and isolated using Trizol (Invitrogen) according to the 

manufacturer’s instructions. Purified dsRNA was then ligated to an anchor primer and 

purified by MinElute Gel extraction columns (Qiagen). Ligated dsRNA was then denatured, 

reverse transcribed into cDNA, and amplified by PCR. Amplified cDNA products were 

cloned into PCRII TOPO vector (Invitrogen) and sequenced at the University of Kentucky 

Advanced Genetic Technologies Center. The homology of isolated cDNA sequences to 

known Alu consensus sequences was determined using the CENSOR server49.

Cell culture

All cell lines were cultured at 37 °C and 5% CO2. Primary mouse RPE cells were isolated as 

previously described50 and grown in Dulbecco Modified Eagle Medium (DMEM) 

supplemented with 10% FBS and standard antibiotics concentrations. Primary human RPE 

cells were isolated as previously described27 and maintained in DMEM supplemented with 

20% FBS and antibiotics. Parental HCT116 and isogenic Dicerex5 cells23 were cultured in 

McCoy’s 5A medium supplemented with 10% FBS. Transient tranfections of plasmid and 

antisense oligonucleotides were performed with Lipofectamine2000 (Invitrogen) and 

Oligofectamine (Invitrogen) respectively. Cell viability measurements were performed using 

the CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega) in according to 

the manufacturer’s instructions.

Alu RNA Synthesis

Two Alu RNAs were synthesized: 281 nt Alu sequence originating from the cDNA clone TS 

103 which is known to be expressed in human cells51 and a 302 nt Alu sequence isolated 

from the RPE of a human eye with GA. Alu RNAs were synthesized using a RNA 

polymerase T7 promoter and runoff transcription followed by gel purification as previously 

described52, yielding ssRNAs that fold into a defined secondary structure identical to Pol III 

derived transcripts. We also synthesized a fully complementary dsRNA form (resembling a 

Pol II derived transcript) of the 302 nt human GA Alu using linearized PCRII TOPO plasmid 

templates using T7 or SP6 RNA polymerases (MegaScript, Ambion) according to the 

manufacturer’s recommendations. After purification, equal molar amount of each transcript 

were combined and heated at 95 °C for 1 min, cooled and then annealed at room temperature 

for 24 h. The Alu dsRNA was precipitated, suspended in water and analyzed on 1.4% non-

denaturing agarose gel using the single-stranded complementary strands as controls.

Real-time PCR

Total RNA was extracted from tissues or cells using Trizol reagent (Invitrogen) according to 

manufacturer’s recommendations and were treated with RNase free DNase (Ambion). Total 
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RNA (1 µg) was reverse transcribed as previously described2 using qScript cDNA 

SuperMix (Quanta Biosciences). 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 DICER1 (forward 5'-

CCCGGCTGAGAGAACTTACG-3' and reverse 5'-

CTGTAACTTCGACCAACACCTTTAAA-3'), DROSHA (forward 5'-

GAACAGTTCAACCCCGATGTG-3' and reverse 5'-

CTCAACTGTGCAGGGCGTATC-3'), DGCR8 (forward 5'-

TCTGCTCCTTAGCCCTGTCAGT-3' and reverse 5'-CCAACACTCCCGCCAAAG-3'), 

EIF2C2 (forward 5'-GCACGGAAGTCCATCTGAAGTC-3' and reverse 5'-

CCGGCGTCTCTCGAGATCT-3'), human 18S rRNA (forward 5'-

CGCAGCTAGGAATAATGGAATAGG-3' and reverse 5'-

GCCTCAGTTCCGAAAACCAA-3'), Alu (forward 5'- 

CAACATAGTGAAACCCCGTCTCT-3’ and reverse 5'-

GCCTCAGCCTCCCGAGTAG-3'), LINE L1.3 (ORF2) (forward 5'-

CGGTGATTTCTGCATTTCCA-3' and reverse 5'-TGTCTGGCACTCCCTAGTGAGA-3'), 

HERV-WE1 (forward 5'- GCCGCTGTATGACCAGTAGCT-3' and reverse 5'-

GGGACGCTGCATTCTCCAT-3'), human Ro-associated Y3 (hY3) (forward 5'-

CCGAGTGCAGTGGTGTTTACA-3' and reverse 5'-

GGAGTGGAGAAGGAACAAAGAAATC-3'), 7SL (forward 5'-

CGGCATCAATATGGTGACCT-3' and reverse 5'-CTGATCAGCACGGGAGTTTT-3'), 

B1 (forward 5'-TGCCTTTAATCCCAGCACTT-3' and reverse 5'-

GCTGCTCACACAAGGTTGAA-3'), B2 (forward 5'-

GAGTTCAAATCCCAGCAACCA-3' and reverse 5'-

AAGAGGGTCTCAGATCTTGTTACAGA-3'), Dicer1 (forward 5'-

CCCACCGAGGTGCATGTT-3' and reverse 5'-

TAGTGGTAGGAGGCGTGTGTAAAA-3'), mouse 18S rRNA (forward 5'- 

TTCGTATTGCGCCGCTAGA-3' and reverse 5'- CTTTCGCTCTGGTCCGTCTT-3') were 

used. The QPCR cycling conditions were 50 °C for 2 min, 95 °C for 10 min followed 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 using the dissociation protocol from 

the Sequence Detection system to exclude contamination with unspecific PCR products. The 

PCR products were also confirmed by agarose gel and showed only one specific band of the 

predicted size. For negative controls, no RT products were used as templates in the QPCR 

and verified by the absence of gel-detected bands. Relative expressions of target genes were 

determined by the 2−ΔΔCt method.

miRNA PCR

miRNA abundance was quantified using the All-in-One™ miRNA qRT-PCR Detection Kit 

(GeneCopoeia). Briefly, total RNA was polyadenylated and reverse transcribed using a poly 

dT-adaptor primer. Quantitative RT-PCR was carried out using a miRNA-specific forward 

primer and universal reverse primer. PCR products were subjected to dissociation curve and 

gel electrophoresis analyses to ensure that single, mature miRNA products were amplified. 

Data were normalized to ACTB levels. The forward primers for the miRNAs were as 

follows: miR-184 (5'-TGGACGGAGAACTGATAAGGGT-3'); miR-221/222 (5'-
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AGCTACATCTGGCTACTGGGT-3'); miR-204/211 (5'-

TTCCCTTTGTCATCCTTCGCCT-3'); miR-877 (5'-GTAGAGGAGATGGCGCAGGG-3'); 

miR-320a (5'-AAAAGCTGGGTTGAGAGGGCGA-3'); miR-484 (5'-

TCAGGCTCAGTCCCCTCCCGAT-3'); let-7a (5'-TGAGGTAGTAGGTTGTATAGTT-3'). 

The reverse primers were proprietary (Genecopoeia). The primers for ACTB were forward 

(5'-TGGATCAGCAAGCAGGAGTATG-3') and reverse (5'-

GCATTTGCGGTGGACGAT-3').

Western Blot

Tissues were homogenized in lysis buffer (10 mM Tris base, pH 7.4, 150 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40, protease and phosphatase inhibitor 

cocktail (Roche)). Protein concentrations were determined using a Bradford assay kit (Bio-

Rad) with bovine serum albumin as a standard. Proteins (40–100 µg) were run on 4–12% 

Novex Bis-Tris gels (Invitrogen). The transferred membranes were blocked for 1 h at RT 

and incubated with antibodies against DICER1 (1:1,000, ref. 45; or 1:200, Santa Cruz 

Biotechnology) at 4 °C overnight. Protein loading was assessed by immunoblotting using an 

anti-Tubulin antibody (1:1,000; Sigma-Aldrich). The secondary antibodies were used 

(1:5,000) for 1 h at RT. The signal was visualized by enhanced chemiluminescence (ECL 

Plus) and captured by VisionWorksLS Image Acquisition and Analysis software (Version 

6.7.2, UVP, LLC). Densitometry analysis was performed using ImageJ (NIH). The value of 

1 was arbitrarily assigned for normal eye samples.

RNA polymerase inhibition

Human RPE cells were transfected with DICER1 or control antisense oligonucleotides using 

Lipofectamine 2000. After a change of medium at 6 h, the cells were incubated with 45 µM 

tagetitoxin (Epicentre Technologies, Tagetin) or 10 µg/ml aamanitin (Sigma-Aldrich) and 

the total RNA was collected after 24 h.

Cell viability

MTS assays were performed using the CellTiter 96 AQueous One Solution Cell 

Proliferation Assay (Promega) in according to the manufacturer’s instructions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DICER1 deficit in GA induces RPE degeneration

a, DICER1 less abundant in RPE of human eyes with GA (n=10) compared to control RPE 

(n=11). P = 0.004 by Mann Whitney U test. DROSHA, DGCR8, and EIF2C2 (encoding 

AGO2) abundance not significantly different (P > 0.11 by Mann Whitney U test). n=10–11. 

b, DICER1 quantification, assessed by Western blotting (Supplementary Fig. 1), lower in 

human GA RPE (n=4) compared to control RPE (n=4). P = 0.003 by Student t test. c, 

Reduced DICER1 (blue) in human GA RPE compared to control eyes. d, e, Fundus 

photographs (d) and toluidine-blue-stained sections (e) show RPE degeneration in BEST1 

Cre; Dicer1f/f mice but not controls. Arrowheads point to basal surface of RPE. f, 

Flatmounts stained for zonula occludens-1 (ZO-1; red) show RPE disruption in BEST1 Cre; 

Dicerf/f mice compared to controls. g, h, Fundus photographs (g) and toluidine blue-stained 

sections (h) show RPE (g, h) and photoreceptor (h) degeneration in Dicer1f/f mice following 

subretinal injection of AAV1-BEST1-Cre but not AAV1-BEST1-GFP. i, Flatmounts show 

Dicer1f/f mouse RPE degeneration following subretinal injection of AAV1-BEST1-Cre but 

not AAV1-BEST1-GFP. Nuclei stained blue with Hoechst 33342. Representative images 

shown. n=16–32 (d–f); 10–12 (g–i). Scale bars, (c,e,h), 10 µm; (f,i) 20 µm. j, Adenoviral 

vector coding for Cre recombinase (Ad-Cre) treatment reduces Dicer1f/f mouse RPE cell 
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viability compared to Ad-Null or untreated (no Tx) cells. k, DICER1 antisense (as) reduces 

human RPE cell viability compared to control antisense (Ctrl as)-treated cells. n=6–8. All 

error bars indicate mean±s.e.m.
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Figure 2. Alu RNA accumulation in GA triggered by DICER reduction

a, b, dsRNA immunolocalized (blue) in RPE (a, b) and sub-RPE deposits (drusen; b) in 

human GA. c, d, No staining with isotype antibody in GA RPE (c) and with anti-dsRNA 

antibody in control eye (d). Scale bars, (a–d), 10 µm. n=10 (a–d) e, PCR amplification of 

immunoprecipitated dsRNA yielded amplicons with homology to Alu in GA RPE but not 

normal RPE. Water control (−) showed no amplification and recombinant dsRNA (+) 

showed predicted amplicon. f, Increased Alu RNA in GA RPE compared to control (n=7). P 
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< 0.05 by Student t test. No significant difference in Alu RNA in neural retina. Values 

normalized to abundance in normal eyes.

Kaneko et al. Page 19

Nature. Author manuscript; available in PMC 2011 September 17.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 3. DICER1 degrades Alu RNA

a, DICER1 antisense (as) increased Alu RNA in human RPE cells. b, c, Ad-Cre, but not Ad-

GFP, increased B1 and B2 RNAs in Dicer1f/f mouse RPE cells in nucleus (b) and cytoplasm 

(c). d, DICER1 as upregulated Alu RNA in human RPE cell nucleus (Nuc) and cytoplasm 

(Cyt). e, Agarose gel electrophoresis shows recombinant DICER1 (+), but not heat 

denatured DICER1, degrades Alu RNA isolated and cloned from human GA RPE. Image 

representative of 6 experiments. f, Alu RNA in human RPE cells upregulated by plasmid 

coding for Alu (pAlu) vs. pNull or no treatment (no Tx) at 24 h reduced by pDICER1. * P < 
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0.05. n=4–8 (a–d, f). Values normalized to control as-treated (for Alu) or Ad-GFP-infected 

cells (for B elements).
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Figure 4. DICER1 protects RPE cells from Alu RNA cytotoxicity

a, Subretinal pAlu, but not pNull, induced wild-type mouse RPE degeneration (fundus 

photographs, top row; ZO-1 stained (red) flatmounts, bottom row). b, Alu RNA induced 

human RPE cytotoxicity. Values normalized to pNull or vehicle. * P < 0.05 by Student t 

test. n=4–6. c, Subretinal Alu RNA isolated and cloned from human GA RPE induced wild-

type mouse RPE degeneration. d, Subretinal injection of this Alu RNA, when cleaved by 

DICER1, did not induce wild-type mouse RPE degeneration (fundus photographs, top row; 

flatmounts, bottom row) in contrast to mock-cleaved Alu RNA. Degeneration outlined by 

blue arrowheads (a,c,d). Scale bars (20 µm). n=10–15.
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Figure 5. DICER1 dyregulation induces RPE cell death via Alu RNA accumulation

a, Human RPE cytotoxicity induced by DICER1 as rescued by Alu RNA as. Values 

normalized or compared to control (Ctrl) as. b, Ad-Cre but not Ad-Null induced Dicer1f/f 

mouse RPE cytotoxicity. B1/B2 RNA as, but not control (Ctrl) as, rescued viability. Values 

normalized to untreated cells (no Tx). * P < 0.05 by Student t test. n=4–6 (a,b). c, Subretinal 

AAV-BEST1-Cre induced RPE degeneration (blue arrowheads in fundus photograph, top 

row; ZO-1 stained (red) flatmounts, bottom row) in Dicer1f/f mice 20 days after injection 

was inhibited by subretinal cholesterol-conjugated B1/B2 as, but not cholesterol-conjugated 

Ctrl as, 10 days after AAV-BEST1-Cre injection. Values normalized to Ctrl as-treatment. 

n=8. Scale bar, 20 µm. d, DICER1 as induced global miRNA expression deficits in human 
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RPE cells compared to Ctrl as. No significant difference in miRNA abundance between Alu 

as and Ctrl as-treated DICER1 depleted cells. n=3.
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