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Alu retroelements propagate via retrotransposition by hijacking
long interspersed nuclear element-1 (L1) reverse transcriptase
(RT) and endonuclease activities. Reverse transcription of Alu
RNA into complementary DNA (cDNA) is presumed to occur exclu-
sively in the nucleus at the genomic integration site. Whether Alu
cDNA is synthesized independently of genomic integration is un-
known. Alu RNA promotes retinal pigmented epithelium (RPE)
death in geographic atrophy, an untreatable type of age-related
macular degeneration. We report that Alu RNA-induced RPE de-
generation is mediated via cytoplasmic L1–reverse-transcribed Alu
cDNA independently of retrotransposition. Alu RNA did not induce
cDNA production or RPE degeneration in L1-inhibited animals or
human cells. Alu reverse transcription can be initiated in the cyto-
plasm via self-priming of Alu RNA. In four health insurance data-
bases, use of nucleoside RT inhibitors was associated with reduced
risk of developing atrophic macular degeneration (pooled ad-
justed hazard ratio, 0.616; 95% confidence interval, 0.493–0.770),
thus identifying inhibitors of this Alu replication cycle shunt as
potential therapies for a major cause of blindness.

Alu | retrotransposon | macular degeneration | retina |
health insurance databases

Reverse transcription of RNA into DNA occurs as part of the
replication cycle of retroelements, genetic elements that reproduce

via a copy-and-paste mechanism using a retrotransposon-encoded
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reverse transcriptase (RT). Retroelements have multiplied to oc-
cupy ∼42% of the human genome (1), yet the fate of
retroelement-derived cDNA not integrated into the genome is
poorly understood.
Age-related macular degeneration (AMD) is a blinding dis-

ease that affects 180 million people (2). In geographic atrophy,
an advanced vision-threatening form of AMD without effective
therapies (3), Alu RNA expressed from endogenous Alu retro-
transposons by RNA polymerase III accumulates in the retinal
pigmented epithelium (RPE) (4, 5). Alu RNA induces RPE cy-
totoxicity in human cells and mice; surprisingly, numerous RNA
sensors are dispensable for this toxicity, and several other
structurally similar RNAs are not toxic to the RPE (4, 6, 7).
Therefore, we explored the replication cycle of the nonautono-
mous retrotransposon Alu, which includes reverse transcription
of the Alu RNA by the L1-encoded RT in trans at the nuclear
genomic insertion site—termed target-primed reverse tran-
scription (TPRT)—and integration of the Alu cDNA into the
genome (8–10).
Here, we demonstrate the existence of endogenous reverse-

transcribed Alu cDNA synthesized in the cytoplasm of human
cells independently of TPRT and provide evidence that Alu
RNA can undergo self-priming to form Alu cDNA in the cyto-
plasm. We also present evidence from four independent patient
health records databases that nucleoside reverse transcriptase
inhibitor (NRTI) use is associated with reduced development of
atrophic AMD; thus, these clinically approved drugs potentially
could be repurposed for this disease.

Results
L1 Is Required for Alu RNA Toxicity. Previously, we demonstrated
NRTIs have two distinct inhibitory targets: RT and the NLRP3
inflammasome (11). While the RT-inhibitory function was dis-
pensable for the anti-inflammatory effects of NRTIs, whether
reverse transcription of Alu RNA is required for its toxicity was
not tested. Thus, we examined whether endogenous L1-encoded
RT mediated Alu RNA toxicity because L1-encoded ORF2p
harboring RT and endonuclease (EN) activities can use Alu
RNA as a template for reverse transcription in trans (12, 13).
We identified two mouse L1 (mL1) small interfering RNAs

(siRNAs) that reduced endogenous L1 ORF2p abundance in
mouse RPE cells (SI Appendix, Fig. S1 A and B). Subretinal de-
livery of either mL1 siRNA, synthesized in a cell-permeable,
nonimmunogenic format (14, 15), prevented Alu RNA-induced
RPE degeneration in wild-type (WT) mice (Fig. 1A and SI Ap-
pendix, Figs. S1C and S2A). These similar outcomes argue against
off-target siRNA activity; nevertheless, several mRNAs contain
embedded sequences corresponding to varying L1 segments.
However, mouse mRNAs containing sequences complementary to

mL1 siRNA were not down-regulated following mL1 siRNA
treatment in mouse RPE cells (SI Appendix, Fig. S1D). Next, we
performed in vivo functional rescue of endogenous L1 RT via ei-
ther of two expression plasmids: one encoding a synthetic and
codon-optimized full-length human L1 element [pORFeus-Hs
(16)] and the other encoding rat L1 ORF2p [pORF2-Rn (17)]
(SI Appendix, Fig. S1E). Both these siRNA-refractory L1 expres-
sion constructs restored Alu RNA toxicity in mice despite coad-
ministering mL1 siRNAs (SI Appendix, Fig. S1 F and G). These
data suggest L1 activity is necessary and sufficient for Alu RNA
toxicity in mice.
Next, we studied whether retrotransposition, i.e., genomic in-

sertion of reverse-transcribed Alu cDNA, which occurs infre-
quently in somatic cells, was responsible for Alu RNA toxicity. We
synthesized a mutant Alu element with two mutations (G25C/
G159C) (Fig. 1B), which has diminished retrotransposition ability
(18). Despite retrotransposition deficiency, reconfirmed in a
transmobilization assay (Fig. 1C), AluG25C/G159C RNA induced
RPE degeneration in WT mice (Fig. 1D and SI Appendix, Fig.
S2B) in a dose-dependent manner alike WT Alu RNA (SI Ap-
pendix, Fig. S3 A and B). Alu G25C/G159C toxicity was prevented
by the NRTI lamivudine (3TC) (Fig. 1E and SI Appendix, Fig.
S2C) or mL1 siRNA (Fig. 1F and SI Appendix, Fig. S2D). Ola-
parib, a chemical inhibitor of L1 retrotransposition (19), inhibited
Alu retrotransposition (SI Appendix, Fig. S4A) but did not block
reverse transcription of Alu RNA into Alu cDNA in primary hu-
man RPE cells (SI Appendix, Fig. S4B) or Alu RNA-induced RPE
degeneration in WT mice (Fig. 1G and SI Appendix, Fig. S2E).
These findings suggest L1-mediated reverse transcription, but not
retrotransposition, is essential for Alu RNA toxicity. Hence, we
hypothesized that Alu cDNA reverse transcribed by L1 RT but not
inserted into the genome is a key intermediate in Alu RNA
toxicity.

Reverse-Transcribed Alu cDNA in Cells and Mice. We generated a
strand-specific probe to detect endogenous single-stranded Alu
cDNA (SI Appendix, Fig. S5 A–C). Using in situ hybridization,
we detected an artificially synthesized single-stranded Alu DNA
transfected into primary human RPE cells in a dose-dependent
manner; this signal was abolished by single-strand–specific S1
nuclease (SI Appendix, Fig. S5B). We next developed a variation
of nucleic acid blotting that we term “equator blotting”: a
functional combination of northern and Southern blotting (SI
Appendix, Supplementary Methods) to detect extrachromosomal
DNAs and their size. An equator blot is similar to a Southern
blot in that it probes for a target DNA sequence, yet unlike a
typical Southern blot, does not involve restriction enzyme di-
gestion of the DNA. Instead, the DNA is separated without
enzyme digestion prior to hybridization, per the typical northern
blot procedure. Hence, we refer to the procedure of hybridiza-
tion of undigested DNA as an equator blot. Alu RNA and Alu
cDNA were probed in nuclear and cytoplasmic fractions. A
probe recognizing U6 RNA was hybridized to fractions before
RNase A treatment to confirm successful nuclear fractionation.
Equator blotting using the Alu-specific probe, we detected ac-
cumulation of Alu cDNA, ∼300 nt in length, after Alu RNA
transfection in primary human RPE cells; this signal was resistant
to RNase A and double-stranded DNase but sensitive to S1
nuclease (SI Appendix, Fig. S5C), consistent with its specificity
for nongenomic Alu sequences.
Using equator blotting and in situ hybridization, we assessed

whether Alu cDNA synthesis is modulated by titrating Alu RNA
levels. Increasing Alu RNA levels by any of three methods
[transfection of in vitro transcribed synthetic RNA (4), heat
shock (20), or DICER1 knockdown by antisense oligonucleotide
(4)] induced Alu cDNA formation, which was abrogated by in-
hibition of endogenous RT with 3TC in primary human RPE
cells (Fig. 2 A and B and SI Appendix, Figs. S6 and S7 A–D). This

Significance

Alu elements, comprising more than 10% of the human genome,
propagate via retrotransposition. This genomic expansion re-
quires enzymatic activity of L1 that reverse transcribes Alu RNA
into Alu cDNA in the nucleus. We report Alu also undergoes L1-
mediated reverse transcription via self-priming in the cytoplasm
independent of retrotransposition, providing evidence of human
DNA synthesis in this cellular compartment. This newly discovered
shunt molecule in the Alu replication cycle also induces death of
the retinal pigmented epithelium, a hallmark of atrophic age-
related macular degeneration. A Big Data Archeology analysis of
multiple health insurance databases reveals that use of FDA-
approved nucleoside reverse transcriptase inhibitors is associ-
ated with protection against macular degeneration, identifying
a repurposing candidate for this blinding disease.
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Fig. 1. Endogenous L1 is required for Alu RNA-induced RPE toxicity. (A) RPE sheet micrographs of mice. RPE cellular boundaries were visualized by
immunostaining flat mounts with zonula occludens-1 (ZO-1, red) antibody. Loss of regular hexagonal cellular boundaries in flat mounts represents degen-
erated RPE. (Scale bars, 10 μm.) Binary and morphometric quantification of RPE degeneration are shown. (*P < 0.05; **P < 0.01; ***P < 0.001, Fisher’s exact
test for binary; two-tailed t test for morphometry.) PM, polymegethism [mean (SEM)]. RPE morphology in wild-type (WT) mice administered with Alu RNA or
PBS, and Alu RNA with either of two L1-targeted siRNAs or control siRNA. n = 6–15. (B) Schematic of secondary structure of an Alu RNA harboring G25C/G159C
mutations. (C) Retrotransposition frequency of Alu G25C/G159C double mutant RNA compared to Alu RNA in a cellular Alu retrotransposition reporter assay
(described in SI Appendix, Supplementary Methods). *P < 0.05, Mann–Whitney U test. The error bars represent the mean ± SEM. (D and E) RPE morphology in
WT mice following administration of Alu RNA or Alu G25C/G159C double-mutant RNA. (Scale bars, 10 μm.) n = 6. (E) Alu G25C/G159C double-mutant RNA-
induced RPE degeneration in WT mice was blocked by 3TC. (Scale bars, 10 μm.) n = 5–6. (F) Alu G25C/G159C double-mutant RNA or PBS subretinal injection
into WT mice with mL1 siRNA or control siRNA. (Scale bars, 10 μm.) n = 6–11. (G) RPE degeneration (ZO-1 flat mounts) in WT mice treated with Alu RNA and
olaparib, a chemical inhibitor of L1 retrotransposition. (Scale bars, 10 μm.) n = 4–7.
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endogenous Alu cDNA was ∼300 nt long (Fig. 2A), suggesting it
does not correspond to Alu sequences in fragmented genomic
DNA. Little or no Alu cDNA was observed in untreated cells,
suggesting it was newly synthesized and that the detection
methodology was not identifying genomic DNA.
Alu cDNA accumulation resulting from all three methods was

predominantly cytoplasmic (Fig. 2B and SI Appendix, Fig. S6);
however, following DICER1 knockdown, Alu cDNA was occa-
sionally nuclear (SI Appendix, Fig. S7C). S1 nuclease eliminated
the Alu cDNA signal, confirming it as single-stranded DNA (SI
Appendix, Fig. S7D). These data confirm RT activity is required
for generating Alu cDNA.
To quantify reverse transcription of Alu RNA into Alu cDNA,

we subjected cytoplasmic fractions of primary human RPE cells
to adaptor-based PCR quantification (Alu c-PCR) (SI Appendix,
Fig. S8 A–F). This method avoids detecting circular forms of
extrachromosomal Alu DNAs (SI Appendix, Fig. S8B) (21). 3TC
down-regulated Alu cDNA in primary human RPE cells (SI Ap-
pendix, Fig. S8A), suggesting reverse transcription of endogenous
Alu RNA generates Alu cDNA in human RPE cells. Increased
levels of Alu cDNA in primary human RPE cells following
transfection of in vitro transcribed Alu RNA, heat shock, or

DICER1 knockdown were abolished by 3TC in primary human
RPE cells (Fig. 2C), further confirming endogenous RT activity is
required for generating Alu cDNA under conditions that elevate
Alu RNA levels.
Using in situ hybridization of RPE whole mounts, we tested

whether Alu cDNA was generated in mice after subretinal Alu
RNA transfection. We performed this study using mice func-
tionally deficient in the inflammasome components caspase-1
and caspase-4 (termed Casp1/4 dko mice), which are protected
from Alu RNA toxicity (6, 22), to visualize Alu cDNA signals free
of distortions arising from degenerating cells. In these mice, Alu
cDNA accumulation was detected after Alu RNA transfection
and blocked by 3TC, suggesting Alu cDNA production in vivo
required reverse transcription (SI Appendix, Fig. S9).

Alu cDNA Formation Requires Human L1 RT Activity. Two human L1
(hL1) siRNAs that down-regulated endogenous L1 ORF2 in
primary human RPE cells (SI Appendix, Fig. S10 A and B) pre-
vented Alu cDNA production in primary human RPE cells after
Alu RNA transfection, heat shock, or DICER1 antisense treat-
ment, as monitored by in situ hybridization (SI Appendix, Fig. S11)
and real-time PCR (Fig. 2D). In situ hybridization revealed hL1

Fig. 2. Endogenous L1 reverse-transcribed cytoplasmic Alu cDNA. (A) Northern blotting for Alu RNA (top bands), equator blotting for Alu cDNA (middle
bands), and northern blotting for U6 RNA (bottom bands) of cytoplasmic fractions of primary human RPE cells transfected with Alu RNA, exposed to heat
shock, or transfected with a DICER1-targeted antisense oligonucleotide (DICER1 AS) in the presence or absence of 3TC. Representative of n = 3 experiments.
(B) Fluorescent micrographs of in situ hybridization of Alu cDNA in human RPE cells (green) colabeled with DAPI (blue) to identify nuclei. Cells were
transfected with Alu RNA in the presence or absence of 3TC. Representative of n = 3 experiments. (Scale bar, 10 μm.) (C) Alu c-PCR of cytoplasmic fractions of
primary human RPE cells transfected with Alu RNA, exposed to heat shock, or transfected with a DICER1 AS in the presence or absence of 3TC. Representative
of n = 3 experiments. *P < 0.05, Mann–Whitney U test. (D) Direct amplification by real-time PCR (without reverse transcription) of Alu cDNA in primary human
RPE cells treated with in vitro-transcribed Alu RNA, heat shock, or DICER1 AS after transfection with hL1 siRNA #1 compared with control siRNA. *P < 0.05 by
Mann–Whitney U test. n = 4. Error bars show SEM.
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siRNA down-regulated Alu cDNA in ARPE-19 cells after heat
shock and DICER1 antisense treatments (SI Appendix, Fig.
S12). Conversely, L1 overexpression enhanced Alu cDNA
production in Alu RNA-transfected ARPE-19 cells (SI Appendix,
Fig. S13).
Supportive of the idea that reverse transcription, but not ret-

rotransposition, is essential for Alu RNA toxicity, the
retrotransposition-deficient Alu G25C/G159C RNA (Fig. 1 B
and C), which induced RPE degeneration in WT mice (Fig. 1D
and SI Appendix, Fig. S2B), also induced Alu cDNA formation in
mouse embryonic carcinoma F9 cells and primary human RPE
cells (SI Appendix, Fig. S14 A and B) and in vivo in Casp1/4 dko
mice (SI Appendix, Fig. S14C). These data demonstrate Alu
cDNA is produced and exerts toxicity in the absence of L1-
mediated Alu retrotransposition.
We investigated Alu cDNA formation in multiple human cell

types using direct amplification by real-time PCR. Basal levels of
endogenous Alu cDNA varied more than 100-fold among 11
different primary cells and cell lines (SI Appendix, Fig. S15).
Among the cells tested, those with the highest expression of
endogenous Alu cDNA were, in order of abundance, NTera2D
cells, primary human peripheral mononuclear cells, ARPE-19
cells, primary human RPE cells, and human embryonic kidney
293-T cells.
Since Alus exhibit sequence heterogeneity, we investigated

from which Alu subfamilies the identified Alu cDNA sequences
were derived. Alu sequences are broadly grouped into J, S, and Y
families based on sequence divergence throughout millions of
years of genomic Alu element propagation (23–25). We per-
formed next-generation sequencing of cytoplasmic fractions of
primary human RPE cells, restricted to 200- to 800-nt-long
species to exclude genomic DNA contamination and embedded
Alus. AluS and AluJ sequences were overrepresented in the cy-
toplasmic fractions covering ∼92% of all obtained reads,
whereas AluY reads comprised ∼8% (SI Appendix, Fig. S16A).
These fractions are comparable to the distribution of subfamilies
of expressed Pol III-derived Alu RNAs in multiple cell types
(26–28) (SI Appendix, Fig. S16B).

Cytoplasmic Synthesis of Alu cDNA. Canonically, reverse tran-
scription of Alu RNA by L1 is thought to occur in the nucleus,
coupled with genomic integration of Alu DNA. However,
whether Alu cDNA is also synthesized in the cytoplasm is un-
known. To determine the locus of synthesis of Alu cDNA that is
not genomically integrated via TPRT, we used 3TC formulations
that restrict it to either nuclear or cytoplasmic compartments.
Conjugation of a cyclic peptide (Cpep) targets 3TC for nuclear
localization (29), whereas a mixture of an amino acid/fatty acyl
moiety (PA-4) restricts 3TC to the cytoplasm (30). Consistent
with the model that TPRT of Alu RNA occurs in the nucleus and
results in Alu retrotransposition, we confirmed that Cpep-3TC,
but not PA-4–3TC, blocked Alu retrotransposition (Fig. 3 A and
B). Conversely, cytoplasmic Alu cDNA formation in primary
human RPE cells and Alu RNA-induced RPE degeneration in
WT mice were blocked by PA-4–3TC but not Cpep-3TC (SI
Appendix, Fig. S17 A and B), indicating that inhibition of cyto-
plasmic RT activity is critical for preventing Alu RNA toxicity
and that toxic Alu cDNA did not leak from nucleus to cytoplasm
following aborted Alu retrotransposition.
We then performed an ex vivo reverse transcription assay of

Alu cDNA synthesis by incubating Alu RNA with protein extracts
of nuclear or cytoplasmic fractions of WT mouse RPE cells or F9
cells, which have robust L1 expression (31). We observed higher
amounts of synthesized Alu cDNA with cytoplasmic fractions
than with nuclear fractions in both cells (Fig. 3C). Heat dena-
turation of cytoplasmic fractions eliminated Alu cDNA synthesis
(Fig. 3D), compatible with its formation by a heat-labile enzyme.
Cytoplasmic fractions isolated from mL1 siRNA-treated cells

produced less Alu cDNA than from control siRNA-treated cells
(Fig. 3E). Treatment of cytoplasmic extracts with AZT-
triphosphate (AZT-TP), the active form of the NRTI zidovu-
dine (AZT) that inhibits reverse transcription, reduced Alu
cDNA synthesis, whereas diethyl-AZT (DE-AZT), an alkyl-
modified NRTI derivative that does not block RT (11, 32), did
not inhibit Alu cDNA formation (Fig. 3F). Furthermore, mouse
platelets, which lack a nucleus and contain L1 ribonucleoprotein
particles harboring endogenous L1 RT activity (33), also syn-
thesize Alu cDNA following Alu RNA transfection (SI Appendix,
Fig. S18 A–C). These data support the conclusion that Alu
cDNA can be synthesized via L1-mediated reverse transcription
in the cytoplasm and that this cytoplasmic Alu cDNA is re-
sponsible for its retinal cytotoxicity.
To monitor cytoplasmic Alu cDNA formation, we probed the

association between L1 ORF2p, Alu RNA, and Alu cDNA in
RNase H2-deficient biotinylated-Alu RNA-transfected HeLa
cells expressing V5-tagged rat L1 ORF2p. Using pull-down as-
says, we captured the association of both Alu RNA and Alu
cDNA with L1 ORF2p in cytoplasmic extracts (SI Appendix, Fig.
S19 A–C). These data support a model in which Alu RNA as-
sociates with L1 ORF2p in the cytoplasm and is reverse tran-
scribed into Alu cDNA.
Consistent with this concept, we detected RNA–DNA hybrids

following Alu RNA transfection in mouse embryonic fibroblasts
(MEFs) (SI Appendix, Fig. S20). Following biotin-labeled Alu
RNA transfection and streptavidin-affinity pulldown, we de-
tected Alu cDNA in the biotin-bound fraction, but a ∼13-fold
greater amount of Alu cDNA in the biotin-unbound fraction (SI
Appendix, Fig. S20A), suggesting Alu RNA–Alu cDNA hybrids
are transient, as the majority of Alu cDNA is not bound to Alu
RNA. Evidence supportive of Alu RNA–Alu cDNA hybrid for-
mation was also found by immunostaining using an antibody that
recognizes RNA–DNA hybrids (34) (SI Appendix, Fig. S20B).
Biotin-labeled Alu RNA stability was greater in Rnaseh2−/−

MEFs compared to WT MEFs, suggesting RNaseH2 is involved
in degrading Alu RNA in these hybrids (SI Appendix, Fig. S20C).

Alu cDNA Formation via Self-Priming. We sought to determine how
priming of Alu reverse transcription might occur in the cytoplasm
given that the canonical model of Alu retrotransposition holds
that reverse transcription of Alu RNA by L1-ORF2p occurs in
the nucleus and via TPRT, wherein the endonuclease activity of
L1 exposes an oligo-T stretch of genomic DNA that serves to
prime reverse transcription of the 3′ oligo-A stretch of Alu RNA
(35). Alu RNA is capable of intramolecular base pairing (36);
therefore, we hypothesized Alu could be capable of self-priming
using its 3′ polyU-stretch (Fig. 4A). Indeed, the repetitive rodent
BC1 RNA can prime its own reverse transcription (37).
We disabled the potential self-priming capability of an in vitro-

synthesized Alu RNA via 3′ capping with the chain terminators
2′,3′-dideoxythymidine-5′-triphosphate (ddTTP) or cordycepin
(3′-deoxyadenosine) (Fig. 4A). Consistent with our hypothesis,
transfection of uncapped Alu RNA into WT mouse RPE cells
supported Alu cDNA formation, whereas transfection of 3′-
capped Alu RNA species did not (Fig. 4B). Also supportive,
incubating WT mouse RPE cell cytoplasmic protein extracts with
uncapped Alu RNA in an in-tube RT assay performed in the
absence of external DNA or RNA primers resulted in far more
Alu cDNA synthesis than with 3′-capped Alu RNA (Fig. 4 C and
D). As in vivo corroboration, subretinal administration of 3′-
capped Alu RNA species did not induce RPE degeneration in
WT mice (Fig. 4E).
Next, we tagged an Alu RNA by inserting an S1 aptamer se-

quence into its 3′ end (Fig. 4F) and transfected it into mouse F9
cells. We detected Alu cDNA formation in the cytoplasm of
these cells and confirmed that the complementary S1 aptamer
sequence was present in this Alu cDNA by using an Alu-specific
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forward primer and an S1 aptamer-specific reverse primer
(Fig. 4F). These data demonstrate that Alu RNA can undergo
self-priming to form Alu cDNA and suggest self-priming is one
mechanism by which Alu reverse transcription is initiated in the
cytoplasm.

NRTIs Associated with Lower Risk of Atrophic Macular Degeneration
in Humans. We analyzed whether NRTI use was associated with
altered risk of atrophic AMD in humans by analyzing four lon-
gitudinal health insurance databases in the United States:
Truven MarketScan Commercial Claims; US Veterans Health
Administration; PearlDiver Humana; and PearlDiver Mariner
(SI Appendix, Tables S1–S5). In all four databases, fewer HIV-
negative persons taking NRTIs for preexposure prophylaxis de-
veloped atrophic AMD compared to HIV-negative persons not
taking NRTIs (SI Appendix, Table S1).
We analyzed the risk of developing atrophic AMD using Cox

proportional hazards models, adjusting for age, gender, race,

body mass index, smoking, and Charlson Comorbidity Index
score. NRTI exposure was associated with a reduced hazard of
developing atrophic AMD (Fig. 5A) in Humana [adjusted hazard
ratio (aHR) = 0.579; 95% confidence interval (CI), 0.439, 0.763]
and Mariner (aHR = 0.676, 95% CI, 0.522, 0.876). Given the low
event rate (38) among NRTI users in Truven and Veterans da-
tabases, we employed Bayesian proportional hazards Cox re-
gression models: NRTI exposure was associated with a reduced
hazard of atrophic AMD in Truven (aHR = 0.483; 95% CI,
0.430, 0.540) and Veterans (aHR = 0.776; 95% CI, 0.677, 0.917).
Sensitivity analyses varying the weight allotted to the exponential
distribution underlying the baseline hazard function in the
Bayesian Cox models also revealed protective associations of
NRTI use (SI Appendix, Table S6). We estimate the combined
risk across databases based on an inverse-variance–weighted
meta-analysis using random effects for two reasons. First, a
large amount of the variance across studies is attributable to
heterogeneity (I2 = 83.1%; 95% CI, 49.3–98.6%; P < 0.001, test

Fig. 3. Alu cDNA is synthesized in the cytoplasm. (A and B) Alu retrotransposition assays in the presence of (A) 3TC or nuclear targeted-3TC (Cpep-3TC), or (B)
cytoplasmic-targeted 3TC (PA-4–3TC). n = 3. *P < 0.05 by Mann–Whitney U test. Error bars show SEM. (C) Quantification of reverse transcription of Alu RNA by
Alu-specific qPCR in cytoplasmic and nuclear fractions of mouse embryonal carcinoma F9 cells. (D) Quantification of Alu cDNA production in heat-inactivated
cytoplasmic fractions. n = 7. (E) Quantification of Alu cDNA production in cytoplasmic fractions isolated from mouse L1 siRNA-treated cells. (F) Quantification
of Alu cDNA production in cytoplasmic fractions of WT mouse RPE cells incubated with AZT-triphosphate (AZT-TP) or diethyl-AZT (DE-AZT). n = 3. *P < 0.05;
***P < 0.001 by Mann–Whitney U test. Error bars show SEM.
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Fig. 4. Alu cDNA is synthesized via self-priming. (A) Schematic of putative Alu RNA transcription and self-priming by 3′ complementary hybridization. Alu
RNA was synthetically capped on the 3′ end via dideoxy thymidine base (ddTTP) or cordycepin triphosphate to prevent extension via RT. (B) In situ hy-
bridization of Alu cDNA after transfection of uncapped and or 3′-capped Alu RNAs into WT mouse RPE cells. Green, Alu cDNA; blue, DAPI. Representative of
n = 3 experiments. (Scale bar, 10 μm.) (C) Alu cDNA abundance in cytoplasmic fractions of WT mouse RPE cells via an ex vivo RT activity assay (SI Appendix,
Supplementary Methods), in the absence of external primers, followed by Alu-specific real-time PCR. PCR was performed with Alu RNA that was uncapped, or
3′-capped with ddTTP or cordycepin triphosphate. *P < 0.05 by Mann–Whitney U test. (D) Blotting analysis of cytoplasmic fractions of WT mouse RPE cells to
detect Alu cDNA, Alu RNA, and tubulin after performing an ex vivo RT activity assay in the absence of external primers (see above). Fractions were incubated
with uncapped or 3′-cordycepin triphosphate-capped Alu RNA. (E) Fundus photographs (Top) and corresponding representative RPE sheet micrographs
(Bottom) of WT mice administered uncapped Alu RNA or Alu RNAs capped on the 3′ end with the chain ddTTP or cordycepin triphosphate. (Scale bars, 10 μm.)
The arrowheads in fundus image denote the boundaries of RPE hypopigmentation. Binary and morphometric quantification of RPE degeneration are shown.
*P < 0.05; **P < 0.01; ***P < 0.001, Fisher’s exact test for binary; two-tailed t test for morphometry. PM, polymegethism [mean (SEM)]. n = 6–8. (F) Alu RNA
fused with S1 RNA aptamer at the 3′ end (Alu-S1) was transfected into mouse embryonic carcinoma cells (mF9) cells. Alu cDNA was detected in the RNase-
treated cytoplasmic fraction of these cells, and sequencing using an Alu specific-forward and S1 aptamer-specific reverse primer confirmed the presence of
the complementary S1 aptamer sequence in this Alu cDNA.
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Fig. 5. NRTI use is associated with reduced hazard of incident atrophic AMD. (A–C) Using methodology employed in ref. 58, aHRs estimated separately for
each database shown in black along with their 95% CIs, along with fixed-effect and random-effects meta-analyses shown in diamonds. The dashed vertical
line denotes a HR of 1.0, which represents no difference in risk between nucleoside reverse-transcriptase inhibitor (NRTI) exposure and nonexposure. The
horizontal bars represent 95% CIs. P values derived from z statistics for individual databases are reported. The estimates of heterogeneity (τ2), results of the
statistical test of heterogeneity using the χ2 test statistic and its degrees of freedom (df), and posterior probabilities of a nonbeneficial effect for each model
are shown below the plot. The Higgins I2 statistic and its 95% CI are presented. The results of the statistical tests of overall effect, the z-test statistics, and
corresponding P values are presented. (A) HRs based on a Cox proportional-hazards model and adjusted for the confounding variables listed in SI Appendix
were estimated separately for each database. Inverse-variance–weighted random-effects and fixed-effect meta-analyses were performed to obtain a pooled
estimate of the aHR of incident atrophic AMD for NRTI exposure (ever vs. never). (B) HRs based on a Cox proportional-hazards model and adjusted for the
confounding variables listed in SI Appendix, Supplementary Methods, were estimated separately for each database and are shown in black along with their
95% CIs. A Bayesian meta-analysis was performed using a random-effects model and a weakly informative hierarchical half-Cauchy prior distribution for
between-study variance with the assumption that it was unlikely for the between-study HRs to vary by more than threefold (scale = 0.280). A sensitivity
analysis to the choice of the prior by assuming that it was unlikely for the between-study HRs to vary by more than 10-fold was also performed (scale = 0.587).
The Bayesian shrinkage estimates and the summary estimates of the aHR of incident atrophic AMD for NRTI exposure (ever vs. never), along with the 95%
credible intervals, are shown in red (scale = 0.280) and blue (scale = 0.587). (C) HR estimates derived from propensity score-matched models adjusted for the
confounding variables listed in SI Appendix, Supplementary Methods, were estimated separately for each database. Inverse-variance–weighted random-
effects and fixed-effect meta-analyses were performed to obtain a pooled estimate of the aHR of incident atrophic AMD for NRTI exposure (ever vs. never).
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of heterogeneity). Second, the random-effects model is more
appropriate as the databases represent populations with differ-
ent underlying true effects (39–41). The random-effects meta-
analysis revealed a protective effect of NRTIs (pooled aHR =
0.616; 95% CI, 0.493–0.770; P < 0.0001) (Fig. 5A). For com-
pleteness, we also estimate a fixed-effect model, which also
revealed a protective NRTI effect.
A Bayesian meta-analysis employing a random-effects normal–

normal hierarchical model (42, 43) was performed. A half-Cauchy
prior distribution for between-study variability assuming hazard
ratios (HRs) between studies were unlikely to vary greater than
threefold (scale = 0.280) was used. Collectively in the four data-
bases, NRTI users had a reduced hazard of atrophic AMD [aHR,
0.615; 95% credible interval, 0.448, 0.850; P(HR > 1) = 0.007]
(Fig. 5B). A sensitivity analysis assuming HRs between studies were
unlikely to vary greater than 10-fold (scale = 0.587) confirmed the
directionality of the summary effect: NRTI use was protective
[aHR, 0.615; 95% credible interval, 0.423, 0.902; P(HR > 1) =
0.013] (Fig. 5B).
We used falsification outcomes to detect residual confounding

(44–46). Appendicitis and hernia outcomes were selected as they
are causally unrelated to NRTI exposure. Among HIV-negative
patients not previously diagnosed with these outcomes, NRTI
exposure was not associated with reduced risk of appendicitis or
hernia (SI Appendix, Table S7).
Next, we used propensity-score matching, a causal inference

approach used in observational studies (47–50), to create cohorts
with similar baseline characteristics, reducing potential bias in
estimating treatment effects (SI Appendix, Tables S8–S11 and
Figs. S21–S24). To control further for residual covariate imbal-
ance, we adjusted for all factors employed in the unmatched
analyses. In all four databases, NRTI users had a reduced hazard
of atrophic AMD (Fig. 5C and SI Appendix, Table S12). The
combined risk, based on random-effects meta-analysis, revealed
a protective effect of NRTIs (pooled aHR = 0.794; 95% CI,
0.664, 0.949; P = 0.01), as did a fixed-effect model (Fig. 5C). The
difference in the summary HR estimates between unmatched
and propensity-score–matched analyses (0.616 vs. 0.794) suggests
there could be residual bias in the unmatched analyses that was
captured by propensity-score matching. However, the over-
lapping CIs of these summary HRs (0.493–0.770 vs. 0.664–0.949)
suggests such residual bias is not significant.

Discussion
The principal hazard of L1 to the human genome is perceived as
mutagenic retrotransposition and enzymatic activity of the
L1 ORF2-encoded endonuclease (EN) domain. Our findings
suggest L1 RT activity itself may contribute to the pathological
process of RPE degeneration independent of retrotransposition,
thus potentially revealing a mechanism of human disease driven
by reverse transcription of host genetic material. Previously, we
demonstrated NRTIs could, by virtue of inhibiting inflamma-
some activation, block Alu RNA-induced RPE degeneration
even when robbed of their RT-inhibitory activity (11). Our
findings suggest NRTIs also protect against RPE degeneration
by intercepting RT-dependent Alu cDNA synthesis upstream of
inflammasome activation.
The evolutionarily recent AluY elements are the most retro-

transpositionally active (18, 51). In contrast, the majority of Pol
III-transcribed Alu RNAs is expressed from the more ancient
AluJ and AluS elements (27–29). The similarity in the distribu-
tion of cytoplasmic Alu cDNA and Alu RNA subfamilies, i.e., the
finding that the majority of both pools comprises elements of
the more ancient J and S subfamilies, suggests that although the
majority of Pol III-transcribed Alu elements lack sequence fea-
tures important for retrotransposition capability (29) they re-
main reverse transcription competent. It also suggests that, in the
cytoplasm, L1 RT has no preference for any Alu subfamily as a

substrate and that only the concentration of Alu transcripts from
the respective Alu subfamily determines the fraction of Alu
cDNAs resulting from reverse transcription of Alu RNAs. The
fact that, contrarily, RNAs from young AluY elements that are
underrepresented in the cytoplasmic pool of Alu RNAs and
cDNAs are transmobilized by the L1 protein machinery more
efficiently than the remaining Alu subfamilies suggests that there
are either host-encoded nuclear factors necessary for the retro-
transposition steps or cytoplasmic factors relevant for the
transfer of the Alu ribonucleoprotein into the nucleus but not
relevant for reverse transcription that have a bias for AluY
sequences.
Our finding that Alu cDNA can be synthesized in the cyto-

plasm expands our understanding of the Alu replication cycle
beyond the canonical model of TPRT-based Alu retro-
transposition (35). More broadly, it will be interesting to address
the possibility that various cytoplasmic RNAs (host or foreign)
could be templates for cDNA formation. mRNAs can serve as
substrates for L1-mediated retrotransposition, albeit at lower
efficiency than Alu or L1 substrates (12, 52); future studies can
determine the relative efficiency of cDNA formation from ret-
roelements vs. other RNAs (53, 54). Although we demonstrate a
pathogenic role for Alu cDNA, it might have functional roles in
other settings. In high abundance, Alu cDNA could induce cell
death to counteract excess L1 activity in cancers (55–57). Con-
versely, at low abundance, Alu cDNA might promote immuno-
logical self-tolerance to endogenous DNAs or prime immune
factors for more rapid pathogen responses.
A strength of our health insurance database analyses is that

findings were replicated in four independent cohorts diverse in
age, gender, race, and time period, collectively representing a
sizeable fraction of American adults with health insurance. The
results of propensity score matching and falsification testing
(which detects confounding, measurement error, selection bias)
(44–46) increase the internal validity of this conclusion. Limita-
tions include those inherent to health insurance database analyses,
particularly accurate documentation, coding, and granularity of
clinical phenotyping. Furthermore, despite confounder adjustment
and robust propensity score matching, we cannot exclude the
possibility of residual confounding or selection bias. Randomized
controlled trials can yield better causal insights. Recently, we
demonstrated NRTI use is associated with reduced development
of type 2 diabetes (58). The current findings provide a rationale
for prospective testing of NRTIs or alkylated NRTI derivatives,
which block inflammasome activation but are less toxic than
NRTIs (11), as potential therapies for geographic atrophy
as well.

Materials and Methods
Subretinal injections (1 μL) and/or intravitreous injections (0.5 μL) were
performed in mice using a 35-gauge needle. Seven days after subretinal
injection, RPE health was assessed by fundus photography and immunoflu-
orescence staining of zonula occludens-1 (ZO-1) on RPE flat mounts. Quan-
tification of RPE degeneration was performed as described previously (59).

For in situ hybridization the RPE from mice was collected at 24 h after
subretinal injection. Cells in culture were collected after 6 to 8 h afterAlu RNA
transfection. Visualization of fluorescein-labeled probe was performed with
the TSA plus fluorescence system under a confocal microscope.

The reaction to evaluate self-priming activity of Alu RNA was carried out
in the absence of priming oligos in a 20-μL reaction mix containing the
following: Alu RNA with 3′-U tail; dNTP mix; cytoplasmic protein from mouse
RPE cells; and Quantiscript RT Buffer (Qiagen). The resulting cDNA product
was quantified by qPCR using Alu RNA template-specific primers.

This study used claims from the 1) Truven MarketScan Commercial Claims
Database (IBM), which contains health care claims and medication usage
obtained from analysis of commercial insurance claims from employer-based
health insurance beneficiaries over the time period 2006 to 2018; 2) Veterans
Health Administration system from 2000 to 2019, which contains data
extracted from the Veterans Affairs Informatics and Computing Infrastruc-
ture (VINCI); 3) PearlDiver Patient Records Database, which captures health
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care claims and medication usage for persons in the Humana network be-
tween 2007 and the first quarter of 2017; and 4) PearlDiver Mariner data-
base, which captures health care claims and medication usage for persons in
provider networks from 2010 to the second quarter of 2018. Study approval
and waiver of Health Insurance Portability and Accountability Act authori-
zation for the Veterans dataset were provided by the Dorn Veterans Affairs
Medical Center Institutional Review Board. All data within the Truven and
PearlDiver databases are Health Insurance Portability and Accountability Act-
compliant and were thus deemed exempt from institutional review board’s
approval by the University of Virginia and University of South Carolina Institu-
tional Review Boards. The completeness, utility, accuracy, validity, and access
methods are described on these websites: https://www.virec.research.va.gov;
https://www.ibm.com/products/marketscan-research-databases; and http://www.
pearldiverinc.com/researchinfo.html.

The full materials and methods are provided in SI Appendix.

Data Availability.All data needed to evaluate the conclusions in this paper are
available in the main text and SI Appendix.
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