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IMMUNOLOGY

Alu complementary DNA is enriched in atrophic
macular degeneration and triggers retinal pigmented
epithelium toxicity via cytosolic innate immunity
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Long interspersed nuclear element-1 (L1)-mediated reverse transcription (RT) of Alu RNA into cytoplasmic Alu complemen-
tary DNA (cDNA) has been implicated in retinal pigmented epithelium (RPE) degeneration. The mechanism of Alu cDNA-
induced cytotoxicity and its relevance to human disease are unknown. Here we report that Alu cDNA is highly enriched in the
RPE of human eyes with geographic atrophy, an untreatable form of age-related macular degeneration. We demonstrate
that the DNA sensor cGAS engages Alu ¢cDNA to induce cytosolic mitochondrial DNA escape, which amplifies cGAS activa-
tion, triggering RPE degeneration via the inflammasome. The L1-extinct rice rat was resistant to Alu RNA-induced Alu cDNA
synthesis and RPE degeneration, which were enabled upon L1-RT overexpression. Nucleoside RT inhibitors (NRTIs),
which inhibit both L1-RT and inflammasome activity, and NRTI derivatives (Kamuvudines) that inhibit inflammasome,
but not RT, both block Alu cDNA toxicity, identifying inflammasome activation as the terminal effector of RPE degeneration.

INTRODUCTION

Age-related macular degeneration (AMD) is a vision-threatening disease
estimated to affect 200 million people worldwide (1). Geographic atrophy;,
an advanced form of AMD characterized by progressive retinal pigment
epithelium (RPE) cell death (2), has no approved treatments. The accu-
mulation of Alu retrotransposon RNAs in the RPE is implicated in the
pathogenesis of geographic atrophy (3, 4). These noncoding RNAs act as
an endogenous trigger for NLRP3 inflammasome activation, leading to
production of the proinflammatory, cytotoxic cytokines (5).

The replication cycle of Alu involves its reverse transcription
(RT) and genomic insertion, a process termed target-primed RT, which
involves long interspersed nuclear element-1 (L1) RT and L1 endo-
nuclease (EN) activities (6-8). These events enabling retrotransposition
of Alu are thought to be coupled in the nucleus (9, 10). However, we
recently demonstrated that Alu RNA can also be reverse-transcribed into

Alu complementary DNA (cDNA) via L1-RT activity in the cytoplasm,
independent of retrotransposition, and that cytoplasmic Alu cDNA
promotes RPE degeneration in mice (11). However, whether the product
of this newly discovered shunt pathway in the Alu replication cycle is
detectable and enriched in human geographic atrophy is unknown.
Previously, we also determined that Alu RNA-induced RPE de-
generation requires both canonical (caspase-1-mediated) and non-
canonical (caspase-4-mediated) inflammasome activation (5, 12). The
latter is triggered by Alu RNA-induced cytosolic escape of mitochondrial
DNA (mtDNA) and its recognition by the DNA sensor cyclic guanosine
3',5"-monophosphate-adenosine 3’,5'-monophosphate (cGAMP) syn-
thase (cGAS), whose abundance is increased in human geographic
atrophy eyes and whose activation promotes RPE degeneration (12). How-
ever, it is also unknown how the newly described cytosolic Alu cDNA col-
laborates with mtDNA for cGAS and subsequent inflammasome activation.
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Here, we report an increased abundance of endogenous L1 mRNA
and Alu cDNA in the RPE of human geographic atrophy eyes. We also
demonstrate that Alu cDNA engages cGAS via a guanosine-rich im-
munostimulatory motif (ISM) to induce cytosolic mtDNA release,
which induces RPE degeneration via subsequent amplification of cGAS
activation. Last, we demonstrate the linearity of the Alu RNA-Alu
cDNA-mtDNA-cGAS inflammasome activation cascade in triggering
RPE degeneration by demonstrating that U.S. Food and Drug Admin-
istration (FDA)-approved nucleoside RT inhibitors (NRTIs), which
inhibit both L1-RT and inflammasome activation, and Kamuvudines,
alkylated NRTI derivatives that inhibit inflammasome activation but
not L1-RT, both block Alu cDNA-induced RPE degeneration.

RESULTS

Endogenous Alu cDNA in human geographic atrophy
Previously, we demonstrated that Alu RNA-induced RPE degeneration
and inflammation are mediated via cytoplasmic L1-reverse-transcribed
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Alu cDNA independently of retrotransposition in human RPE cells
and mice (11). In geographic atrophy, an untreatable, advanced
vision-threatening form of AMD (2), Alu RNA expressed from en-
dogenous Alu retrotransposons by RNA polymerase III accumulates
in the RPE (3, 4). We performed in situ hybridization of Alu cDNA
in ribonuclease A (RNase A)-treated RPE whole mounts of human
donor eyes with geographic atrophy. Alu cDNA was enriched at the
center of the junctional zone and its border with the atrophic area
(Fig. 1, A to D, and fig. S1, A to E), less abundant in peripheral disease-
free areas of affected eyes (Fig. 1D), and only faintly detected in normal
control eyes (Fig. 1C). Geographic atrophy is topographically het-
erogeneous within the retina: A junctional zone is interposed between
a central area of atrophy and a peripheral area of surviving RPE cells.
This metastable region consists of stressed and degenerating RPE
cells (13), displays impaired visual function (14), and undergoes atrophy
over time as the disease expands centrifugally (15). Thus, Alu cDNA
is spatially enriched in the most dynamic zone of disease and nearly
undetectable in disease-free regions, suggestive of its contribution
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Fig. 1. Endogenous Alu cDNA in RPE of human geographic atrophy. (A and B) Photographs of normal human donor eye retina illustrating peripheral and peri-central areas (A) and
geographic atrophy (GA) retina illustrating peripheral and junctional zone center (JZC) areas (B). Scale bars, 1 mm. (C and D) In situ hybridization of RPE whole mounts with Alu cDNA-
specific probes in peripheral and peri-central areas of normal eyes (C) and in peripheral and JZC areas of GA eyes (D). Insets show higher magnification. Red, Alu cDNA; green, autoflu-
orescence. Scale bars, 10 um. (E) Northern blotting of Alu RNA and equator blotting of Alu cDNA in macular (Mac) and peripheral (Peri) RPE of human GA (n=7) and normal (n=4) eyes.
Densitometry of the bands corresponding to Alu RNA and Alu cDNA normalized to loading control (U6) with the mean densitometry ratio of macular RPE of normal eyes set to 1.0.
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to geographic atrophy progression. S1 nuclease abolished the Alu
cDNA signal, confirming its single strandedness (fig. S1F).

We next used “equator blotting,” a new variation of nucleic acid
blotting we recently described (11). This technique combines South-
ern and Northern blotting functionally to detect extrachromosomal
DNAs and their size (11). Equator blotting detected increased abun-
dance of Alu cDNA in the macular RPE of geographic atrophy eyes,

and Northern blotting detected increased abundance of Alu RNA in
the same region of disease (Fig. 1E and fig. S1G). As the Alu cDNA
signal was approximately 300 nts long, it was compatible with bona
fide nongenomic Alu cDNA molecules. We did not detect Alu cDNA
in numerous other human retinal diseases (Fig. 2, A and B), sug-
gesting a disease specificity to Alu cDNA accumulation in geographic
atrophy. Furthermore, primary human RPE cells did not synthesize
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Fig. 2. Absence of endogenous Alu cDNA in human retinal diseases other than GA. (A) Ex vivo fundus photograph of a human eye with RPE atrophy that developed sub-
sequent to treatment of central retinal vein occlusion with anti-angiogenic drugs. In situ hybridization of RPE whole mounts showing no detectable endogenous Alu cDNA in
peripheral RPE or at the border of the atrophic RPE. Scale bars, 200 um. Red, Alu cDNA; green, autofluorescence of RPE cells. (B) Abundant endogenous Alu cDNA detected in
the RPE of a human GA eye but not in the RPE of human eyes with Leber congenital amaurosis, Joubert syndrome, Stargardt macular dystrophy, or autosomal recessive retini-
tis pigmentosa. Red, Alu cDNA; green, RPE65; blue, 4',6-diamidino-2-phenylindole (DAPI). Scale bars, 50 um. (C) In situ hybridization of Alu cDNA formation in primary human
RPE cells subjected to Alu RNA transfection, osmotic stress (distilled H,0), or acid injury (hydrochloric acid; HCl, pH 4.0 medium). Alu cDNA, green; DAPI, blue. Scale bars, 10 um.
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Alu cDNA when exposed to osmotic stress or acid injury (Fig. 2C),
indicating that Alu cDNA generation is not a generic response of
dying cells.

L1-RT activity is required for Alu RNA-induced toxicity
L1-encoded mRNA and ORF?2 protein were enriched in the macu-
lar RPE of human geographic atrophy eyes (Fig. 3, A and B, and fig.
S2, A to E). Therefore, to determine whether L1 activity is required
for Alu toxicity, we investigated Alu RNA toxicity in a heterologous
system using the rice rat (Oryzomys palustris), an “L1 extinct spe-
cies” (16-19) whose genome lacks retrotransposition-competent L1
loci due to insertions, deletions, and stop codons within formerly
intact L1 sequences. Endogenously expressed rat L1 mRNAs harbor-
ing L1 ORF1 or L1 ORF2 sequences were not detected in O. palustris
RPE cells (fig. S3A). Alu RNA induced RPE degeneration in L1Rn-
competent Brown-Norway rats [Rattus norvegicus also designated
as wild-type (WT) rat] but not in L1-incompetent O. palustris (Fig. 3C).
In vivo-enforced expression (fig. S3B) of plasmid-encoded rat L1
ORF2p (which encodes L1’s RT and EN activities), but not of rat L1 ORF1p,
restored Alu RNA toxicity in O. palustris (Fig. 3D). These data suggest
L1Rn-encoded ORF2p activity is required for Alu RNA toxicity.

As expected, Alu cDNA formation after Alu RNA transfection
was not detectable in L1l-extinct O. palustris RPE cells compared
with R. norvegicus RPE cells (Fig. 4, A and B). Enforced expression
of rat L1 ORF2p, but not of rat L1 ORFlp, increased Alu cDNA
formation in O. palustris RPE cells; this was inhibited by high doses
of the non-nucleoside reverse transcriptase inhibitor (NonNRTT)
efavirenz (EFV) (Fig. 4C), which inhibits L1-RT at high doses (20). Un-
like Alu RNA, which did notinduce RPE degeneration in O. palustris
(Fig. 3C), subretinal administration of Alu cDNA, which bypasses
L1 deficiency, induced RPE degeneration in O. palustris just as in
R. norvegicus (Fig. 4D). Together, these data are consistent with the
concept that L1-mediated formation of Alu cDNA is essential for
Alu RNA toxicity.

Next, we enforced expression of an EN-deficient (EN-) rat L1
ORF2p mutant and a RT-deficient (RT-) rat L1 ORF2p mutant,
both of which were incapable of supporting Alu retrotransposition
in a trans-mobilization assay (fig. S4). Alu RNA transfection into
cultured O. palustris RPE cells induced Alu cDNA formation in the
presence of L1 ORF2p (EN-) but not in the presence of L1 ORF2p
(RT-) (Fig. 4C). Similarly, in vivo-enforced expression of the (EN-)
L1 ORF2p mutant restored the ability of Alu RNA to induce RPE
degeneration in O. palustris (Fig. 4E). In contrast, Alu RNA did not
induce RPE degeneration in O. palustris following in vivo—enforced
expression of the (RT—) L1 ORF2p mutant (Fig. 4E). These data
identify L1 ORF2p’s RT activity as crucial and its EN activity as dis-
pensable for cytoplasmic Alu cDNA synthesis and Alu RNA-induced
retinal toxicity. To monitor Alu cDNA formation in the cytoplasm,
we probed the association between L1 ORF2p, Alu RNA, and Alu
cDNA in O. palustris RPE cells. We transfected O. palustris RPE
cells with rat pORF2 and Alu RNA, and we observed colocalization
of both Alu RNA and Alu ¢cDNA with ORF2p (Fig. 5, A and B).
These data support a model in which Alu RNA associates with L1
ORE2p in the cytoplasm and is reverse-transcribed into Alu cDNA,
which is consistent with our previous report that Alu cDNA can be
synthesized in the cytoplasm (11).

The NonNRTIs EFV and delavirdine (DLV) inhibit L1-RT at
high doses but not at low doses (20). At low doses equimolar to the ef-
fective concentration of the NRTI lamivudine (3TC) (21), intravitreous
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Fig. 3. Endogenous L1 is required for Alu cDNA synthesis. (A) Endogenous L1
MRNA abundance, monitored by real-time polymerase chain reaction (PCR)
in the macular RPE of human GA eyes (n = 8) compared with normal human eyes
(n=5). *P <0.05 by Mann-Whitney U test. Error bars show SEM. (B) Immu-
noblotting analysis of cell extracts from macular RPE from individual human
donor eyes. Lysates were used to detect endogenous L1 ORF2p. (C) Fundus
photographs and RPE morphology stained for zonula occludens-1 (ZO-1; red) in
R. norvegicus (WT rat) or O. palustris (Oryzomys) following Alu RNA administra-
tion. n=5 to 9. (D) Fundus photographs and RPE morphology stained for
ZO-1in O. palustris after Alu RNA administration following enforced expression
of rat L1 ORF2p orrat L1 ORF1p. n =5 to 9. Binary and morphometric quantifica-
tion of RPE degeneration are shown (*P < 0.05; ***P < 0.001). PM, polymegethism
[mean (SEM)]. Arrowheads in fundus images denote the boundaries of RPE
hypopigmentation.
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Fig. 4. Cytoplasmic Alu cDNA is synthesized via retrotransposition-independent RT. (A) Alu cDNA formation monitored by in situ hybridization of RPE cells of
R. norvegicus (WT rat) and O. palustris (Oryzomys) transfected with Alu RNA. Green, Alu cDNA; red, SiR-actin; blue, DAPI. Scale bars, 10 um. Representative of n = 6.
(B) Quantitative PCR (qPCR) of Alu cDNA generated by endogenous RT activity in cytoplasmic fractions of RPE cells of WT rat and O. palustris incubated with Alu RNA.
*P < 0.05, Mann-Whitney U test. (C) Quantification of Alu cDNA products in cytoplasmic fractions of O. palustris RPE cells by Alu-specific PCR as described above. Cells were
transfected with a control plasmid (pEmpty) or plasmids to enforce expression of rat L1 ORF1p, ORF2p (in the presence or absence of EFV), EN-deficient (EN-) ORF2p, or
RT-deficient (RT-) ORF2p. *P < 0.05, Mann-Whitney U test. The error bars in (B) and (C) represent the means + SEM. (D and E) Fundus photographs (left) and corresponding
representative RPE sheet micrographs stained for ZO-1 (red) (right) of WT rat and O. palustris. Scale bars, 10 um. Arrowheads in fundus images 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 to 12. (D) RPE morphology in WT rats and Oryzomys after administration of Alu cDNA or mock in-

jection. (E) RPE morphology in Oryzomys after Alu RNA administration following enforced expression of EN- or RT-deficient L1 ORF2p.

administration of EFV or DLV did not block Alu RNA-induced
RPE degeneration in WT mice (Fig. 6A). However, EFV and DLV
blocked Alu RNA toxicity at high doses (Fig. 6A). At these high doses,
EFV and DLV did not inhibit NLRP3 inflammasome activation (as
monitored by caspase-1 activation) by lipopolysaccharide (LPS) and
adenosine triphosphate (ATP) stimulation (Fig. 6B). Therefore, the
cytoprotective effect of high-dose EFV and DLV is attributed to L1-RT
inhibition and not to inflammasome inhibition. In contrast, the
NonNRTTI nevirapine (NVP), which does not inhibit L1-RT (20) or
NLRP3 inflammasome activation (Fig. 6B), did not prevent Alu RNA
toxicity at low or high doses (Fig. 6A). DLV also blocked Alu RNA
toxicity in O. palustris reconstituted with rat L1 ORF2p (fig. S5).
The results of these three complementary L1-RT inhibitory strate-
gies further suggest that endogenous L1-RT activity mediates Alu
RNA toxicity. High doses of EFV and DLV (20) also prevented Alu
cDNA synthesis by endogenous L1-RT in primary human RPE cells
after Alu RNA transfection, heat shock, or DICERI knockdown
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(Fig. 6, C to E). We injected Alu RNA in Caspl™'~ Casp4™'~ mice, which
are resistant to Alu RNA toxicity (5, 12), to avoid distortions arising
from degenerating cells that would impair visualization of Alu cDNA
signals in WT mice, and we found that high doses of EFV and DLV
also prevented Alu cDNA formation in these mice (Fig. 6F). In con-
trast, NVP was unable to prevent Alu cDNA formation in any of
these settings (Fig. 6, C to F). These findings suggest overactive con-
version of Alu RNA to Alu cDNA by endogenous L1-ORF2p con-
tributes to RPE cell death.

Alu cDNA toxicity is mediated by cGAS

We next investigated whether various DNA sensors mediated Alu
cDNA toxicity. Alu cDNA induced RPE degeneration in mice lack-
ing the gene encoding absent in melanoma 2 (AIM2) and in mice
lacking the genes encoding multiple Toll-like receptors (fig. S6A).
In contrast, mice lacking cGAS were protected (Fig. 7A). To deter-
mine whether the catalytic activity of cGAS was essential for Alu
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Fig. 5. Colocalization of L1 ORF2p, Alu RNA, and Alu cDNA. (A) Fluorescence
imaging of O. palustris RPE cells coexpressing ORF2p-V5 (detected by anti-V5 anti-
body, red) and fluorescein-labeled Alu RNA (transfected 48 hours after V5-ORF2
transfection, green). Images were acquired 2 and 8 hours after Alu RNA transfec-
tion. Note the diffuse localization of ORF2p-V5 and punctate foci of fluorescein-Alu
RNA after 2 hours and cytoplasmic colocalization of multiple punctate foci 8 hours
after Alu RNA transfection. ORF2p-V5 localization remained diffuse in the ab-
sence of transfected fluorescein-Alu RNA (mock, bottom). (B) In situ hybridiza-
tion of O. palustris RPE cells shows coexpression of V5-ORF2 (red) and Alu cDNA
(teal), detected by an Alu cDNA specific probe (48 hours after V5-ORF2 transfec-
tion and 8 hours after Alu RNA transfection). Note the cytoplasmic colocalization of
ORF2p-V5 (red) and Alu cDNA at 8 hours after Alu RNA transfection. DAPI, blue.
Scale bars, 10 um.

c¢DNA toxicity, we generated a mouse strain containing two homo-
zygous point mutations in ¢cGAS that eliminated its ability to cata-
lyze cGAMP synthesis in human embryonic kidney (HEK) 293T
cells (22). In these cGASUCIBAA SSINAA hice ATy ¢cDNA did not
induce RPE degeneration (Fig. 7B).

c¢GAS-STING-driven type I interferon (IFN) signaling licenses
the caspase-4-dependent noncanonical inflammasome in a gasdermin
D-mediated fashion in the context of Alu RNA-induced RPE de-
generation (12). Similar to Alu RNA, Alu cDNA did not induce RPE
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degeneration in mice lacking STING (encoded by Tmem173), the
type I IFN-0/p receptor (encoded by Ifnarl), the transcription fac-
tor IRF3 that induces IFN-f production, caspase-4, or gasdermin D
(fig. S6B).

A synthetically generated cDNA of 7SL RNA, the evolutionary
precursor of Alu sequences (23), did not induce RPE degeneration in
WT mice (Fig. 7C and fig. S7A) except at a dose 250 times greater than
the least toxic dose of Alu cDNA (fig. S7B), possibly due to nonspecific
DNA sensing. Using the mfold secondary structure prediction algo-
rithm (24), we observed that Alu cDNA contained a guanosine-rich
ISM that has been found to enhance cGAS-mediated IFN-J induc-
tion (25), whereas 7SL cDNA did not (fig. S8, A and B). To investigate
the importance of this ISM, we generated Alu cDNA™™", a mutant
form of Alu cDNA lacking this motif (fig. S8C), and 7SL cDNASM*
amutant form of 7SL cDNA containing this motif (fig. S8D). In WT
mice, Alu cDNA™™" did not induce RPE degeneration (Fig. 7C and fig.
SSE), whereas 7SL cDNA™* did induce RPE degeneration (fig. S8F),
suggesting that this ISM motif is indeed critical for Alu cDNA toxicity.

We monitored binding of Alu cDNA, 7SL cDNA, and Alu cDNAISM-
to cGAS by incubating digoxigenin (DIG)-labeled cDNAs with re-
combinant His-tagged cGAS. Labeled Alu cDNA readily bound
cGAS and was displaced by unlabeled Alu cDNA (Fig. 7D); in con-
trast, 7SL cDNA and Alu cDNA™™" did not interact with cGAS as
efficiently (Fig. 7, E and F). We also examined cGAS-cDNA interac-
tion in cell culture using cGAS™'~ immortalized mouse embryonic
fibroblasts (MEFs) reconstituted with hemagglutinin (HA)-tagged
cGAS, which express HA-cGAS from a genomic transgene at levels
similar to endogenous expression (26). Immunoprecipitation fol-
lowed by real-time polymerase chain reaction (PCR) revealed enrich-
ment of Alu cDNA in the HA-cGAS immunoprecipitate relative to 7SL
cDNA or Alu cDNA™M" (fig. $8, G and H). Consistent with differ-
ential cGAS binding, Alu cDNA stimulated greater cGAMP synthesis
when incubated with recombinant cGAS compared to 7SL cDNA or
Alu cDNASM- (Fig. 7G) and more robustly induced IFN- (Fig. 7H)
and caspase-4 activation (Fig. 7I) in human RPE cells, which we demon-
strated was driven by cGAS-induced IFN signaling (12).

Alu RNA-induced RPE degeneration requires mitochondrial
peptidyl-prolyl cis-transisomerase F (PPIF)-mediated cytosolic re-
lease of mtDNA and its activation of cGAS (12). We sought to under-
stand the interrelationship of Alu cDNA and mtDNA in this system.
Alu RNA-induced mtDNA release was blocked when Alu cDNA for-
mation was disabled by RT inhibitors (EFV/DLV) or L1 inactivity
(O. palustris cells) (Fig. 8, A and B). Conversely, disabling mtDNA
release by Ppifablation did not block Alu cDNA formation (Fig. 8C).
Thus, Alu cDNA synthesis is upstream of and required for mtDNA
release. Alu cDNA-induced mtDNA release in WT MEFs was in-
hibited in cGAS™~ MEFs but restored after cGAMP transfection, sug-
gesting that cGAS-catalyzed cGAMP promotes Alu cDNA-induced
mtDNA release (Fig. 8D). Alu cDNA-induced mtDNA release was
also inhibited in Ppif '~ mouse RPE cells (F1g 8E). Also, Alu cDNA-
induced RPE degeneration was inhibited in Ppif "~ mice but was restored
by coadministering mtDNA (Fig. 8F). Collectively, these data sup-
port a model in which Alu cDNA uses cGAS to induce mtDNA re-
lease, which subsequently amplifies cGAS activation to induce RPE
toxicity (fig. S9).

NRTIs block toxicity by inhibiting RT and inflammasome
Downstream of cGAS-mediated IFN signaling, Alu RNA induced
caspase-1 cleavage via the NLRP3 inflammasome (5, 12). We investigated
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Fig. 6. Effects of NonNRTIs on Alu cDNA synthesis. (A) RPE degeneration (fundus photos, left; ZO-1 flat mounts, right) in WT mice after treatment with low doses (50 pmol)
of 3TC, EFV, DLV, or NVP (top row) and with high doses (500 pmol) of 3TC, EFV, DLV, or NVP (bottom row). ZO-1 (red). Scale bars, 10 um. n=6. Binary and morphometric quan-
tification 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)].
Arrowheads in fundus images denote the boundaries of RPE hypopigmentation. (B) Detection of caspase-1 activation by immunoblotting of primary mouse bone marrow-
derived macrophages (BMDM:s) treated with LPS and ATP, in the presence of 3TC, EFV, DLV, or NVP. Densitometry of the bands corresponding to active caspase-1 (Casp1 p20)
normalized to loading control (B-actin). (C to E) In situ hybridization of Alu cDNA (green) in primary human RPE cells after treatment with in vitro transcribed Alu RNA, DICERT
antisense oligonucleotides (DICER1 AS), or heat shock after treatment with high doses of EFV, DLV, and NVP. SiR (F-actin, red), DAPI (blue). Scale bars, 10 um. (F) In situ hybrid-
ization to detect Alu cDNA (green) of RPE whole mounts from Caspl'/' Casp4'/' mice after subretinal administration of in vitro-transcribed Alu RNA after treatment with EFV,
DLV, or NVP. ZO-1 (red). Scale bars, 10 um. Bar graph (right) of signal intensity. **P < 0.01 by Mann-Whitney U test. Error bars show SEM. n=6.
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ng a guanosine-rich ISM (Alu cDNA"™"). n=6 to 8. (D to F) Immunoblotting of recombinant
down with anti-digoxigenin (DIG) antibody in the presence or absence of DIG-labeled or

unlabeled competitor Alu cDNA (D), DIG-labeled or unlabeled competitor 7SL cDNA (E), or DIG-labeled or unlabeled competitor Alu cDNA lacking an ISM (Alu ¢DNA"™) (F). Low- and
high-exposure blots are presented in (E). (G) Enzyme-linked immunosorbent assay quantification of cGAMP production by recombinant cGAS in the presence of Alu cDNA, 7SL cDNA,
or Alu cDNA®M". (H) gRT-PCR quantification of IFNB1 mRNA in human RPE cells transfected with Alu cDNA, 7SL cDNA, or Alu cDNA®M~, %P < 0,05, ***P < 0,001, Mann-Whitney U test.

The error bars in (G) and (H) represent the means + SEM. (I) Immunoblots for pro-Casp4

whether this terminal inflammasome pathway was also involved in
Alu cDNA toxicity. Alu cDNA, like Alu RNA, activated caspase-1in
primary human RPE cells (fig. SI0A). Alu cDNA transfection led
to greater caspase-1 activation compared to an equal quantity of

Fukuda et al., Sci. Adv. 2021; 7 : eabj3658 29 September 2021

and Casp4 p30 of human RPE cells transfected with Alu cDNA, 7SL cDNA, or Alu cDNASM-,

Alu RNA, which was reflected in vivo: On a molar basis, Alu cDNA
was at least 100 times more potent in inducing RPE degeneration
(fig. S7B) than the doses of Alu RNA required to induce toxicity
[figure S3 in (11)]. This inflammasome pathway was critical as Alu
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Fig. 8. Alu cDNA-induced mtDNA release is cGAS-dependent. (A and B) mtDNA was quantified in cytoplasmic DNA free of intact mitochondria and normalized to mock-treated
cells as described previously (72) in (A) mouse RPE cells after transfection with Alu RNA following treatment with RT inhibitors (EFV or DLV) or (B) O. palustris cells lacking
functional genomic L1 loci. This cytoplasmic DNA was subjected to 125 and 16S mtDNA qPCR. n=4to 8. **P<0.01; ***P < 0.001 by Mann-Whitney U test. Error bars show SEM.
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test for binary; two-tailed t test for morphometry). PM, polymegethism [mean (SEM)]. Arrowheads in fundus images denote the boundaries of RPE hypopigmentation.

¢DNA did not induce RPE degeneration in Caspl™~ or Nlrp3™~ Consistent with its intrinsic anti-inflammatory function (21),
mice (Fig. 9A), consistent with the impaired caspase-1 activation 3TC protected against Alu cDNA-induced RPE death (Fig. 9B and
induced by Alu cDNA in Nlrp3™~ bone marrow-derived macro-  fig. S11). Therefore, 3TC appeared to have dual mechanisms of pro-
phages (BMDMs; fig. S10B). tection against Alu RNA toxicity: (i) blocking conversion of Alu
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RNA to Alu ¢cDNA and (ii) inhibiting Alu cDNA-mediated NLRP3
inflammasome signaling. Doses of NonNRTIs capable of inhibiting
L1-RT (Fig. 6, C to E), however, did not block Alu cDNA toxicity
(Fig. 9C). Thus, in contrast to 3TC, the protective effect of high dose
NonNRTTs against Alu RNA toxicity is due to their inhibition of RT,
whereas their inability to protect against Alu cDNA toxicity is due to
their lack of NLRP3 inflammasome antagonism. In contrast, the
Kamuvudines TM-3TC and DE-AZT, alkylated NRTI derivatives that
inhibit inflammasome activation but not L1-RT (27), blocked Alu
c¢DNA-induced caspase-1 activation in RPE cells (fig. S10C) and RPE
degeneration in WT mice (Fig. 9C and fig. S11). Collectively, these
data indicate that Alu cDNA is interposed between Alu RNA and in-
flammasome activation and that inflammasome inhibition is suffi-
cient to block RPE degeneration induced by Alu RNA or Alu cDNA.

DISCUSSION
Our studies reveal the existence of Alu cDNA accumulation in patient
samples from a human disease. These findings expand upon our recent
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description of cytoplasmic synthesis of Alu cDNA reverse-transcribed
from Alu RNA via L1-RT activity in experimental systems. Our new
data demonstrate the relevance of Alu cDNA to the pathogenesis of
geographic atrophy in particular and, possibly, to other human dis-
eases in which Alu RNA dysregulation has been reported (28-30).

We previously also demonstrated that mtDNA release induced
by Alu RNA accumulation promotes cGAS activation and RPE de-
generation (12). Building on these findings, our new data support a
model wherein Alu RNA is first reverse-transcribed into Alu cDNA
in the cytoplasm, which then uses cGAS to induce mtDNA release
in a PPIF-dependent manner, boosting cGAS activation to induce
RPE toxicity. The threshold of cGAS activation required to induce
RPE degeneration is crossed only after the first signal—Alu cDNA—
induces a second signal—cytosolic escape of mtDNA. These obser-
vations suggest that RPE cells have some resistance to endogenous
DNA accumulation. The higher cytotoxic potency of Alu cDNA com-
pared to Alu RNA might reflect stoichiometric inefficiencies in L1-
mediated RT of Alu RNA. In addition, it is conceivable that some
fraction of the pool of Alu RNA does not encounter L1.
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We also identify an ISM within Alu cDNA that is responsible for
its activation of cGAS, which we demonstrate is an essential media-
tor of Alu cDNA-induced cytotoxicity. Structural features such as
this motif and its lack of fully complementary double-stranded
DNA as well as subcellular localization characteristics might explain
why Alu cDNA engages cGAS rather than AIM?2 or Toll-like recep-
tor 9. Deciphering how Alu cDNA is trafficked or chaperoned to cGAS
versus other DNA sensors could provide additional mechanistic
insights and therapeutic targets.

Geographic atrophy spreads centrifugally outward from the le-
sion’s margins (31). Our findings proffer Alu cDNA, which is en-
riched in the junctional zone interposed between atrophic and healthy
regions of the retina, as a pathogenic candidate for the centrifugal
expansion of RPE death in geographic atrophy, whose etiology has de-
fied explanation.

Repurposing NRTTIs for inflammasome-driven diseases such as
AMD has been supported by extensive preclinical data and large ob-
servational studies in humans (11, 21, 29). In the present study, we
expand our understanding of the mechanisms by which NRTIs in-
hibit RPE degeneration in animal models of geographic atrophy.
Both NRTIs and certain NonNRTTs have activity against L1-RT. How-
ever, NonNRTTIs lack potent inflammasome inhibition and require
much higher doses to prevent RPE degeneration compared to NRTTs.
Moreover, modified NRTIs known as Kamuvudines retain the abil-
ity to inhibit inflammasome activation and block RPE degeneration
in multiple models of geographic atrophy (32) as well as NRTIs despite
their inability to inhibit RT. Collectively, our findings establish a
new pathway in geographic atrophy’s pathological mechanism and
provide a rationale for prospective clinical testing of NRTIs or the
less-toxic Kamuvudines (21) for geographic atrophy.

MATERIALS AND METHODS

Animals

WT C57BL/6] mice, Ppif "~ mice, and Brown Norway BN/RijHsd
rats (R. norvegicus) were purchased from The Jackson Laboratory (Bar
Harbor, ME) and Envigo (Frederick, MD), respectively. Caspl ™’
Casp4'?™/12M (denoted Casp1/4 dko) and Nlrp3~~ mice were ob-
tained from G. Nuiez (University of Michigan School of Medicine),
and cGAS™~ mice were obtained from K.A. Fitzgerald (University of
Massachusetts Medical School). Casp1™~ Casp4"?™/12*"" Casp4™8
mice expressing functional mouse caspase-4 from a bacterial artifi-
cial chromosome transgene (denoted Caspl ™) were obtained from
V.M. Dixit (Genentech). Mice lacking TIr2, Tir3, Tir4, Tlr7, and
Tlr9 (denoted Tlr234797'~ mice) were obtained from C.J. Kirschning
(University of Duisbur§—Essen). To generate cGAS catalytic mutant
mice (cGASCUCI8AASSIIAAY * e _cell-fertilized C57BL/6) embryos
were microinjected with a mixture of guide RNA (50 ng/ul; 5'-GGT-
GTGGAGCAGCTGAACACTGG-3'), ssODN (50 ng/ul; 5'-GAATA-
AAGTTGTGGAACGCCTGCTGCGCAGAATGCAGAAACGG-
GAGTCGGAGTTCAAAGGTGTGGAGCAGCTGAACACTgccg-
ccTACTATGAACATGTGAAGGTGAGCGTCAAGACCTGCT-
GGAGGGGCTCCGGCCCCACTCCTCACTTGCCTCCTCA-3'),
and Cas9 protein (40 ng/ul; PNA Bio). Injected embryos were implanted
into pseudopregnant recipients, and pups were genotyped at weaning
via subcloning of amplified fragments and Sanger sequencing. Founder
mice were bred to C57BL/6] mice to generate F1s. Rice rats (O. palustris)
have been previously described (16-19). For all procedures, anesthesia
was achieved by intraperitoneal injection of ketamine hydrochloride
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(100 mg/kg; Ft. Dodge Animal Health) and xylazine (10 mg/kg; Phoenix
Scientific), and pupils were dilated with topical 1% tropicamide and 2.5%
phenylephrine hydrochloride (Alcon Laboratories). Mice and rats were
treated in accordance with the guidelines of the University of Virginia
and University of Kentucky Institutional Animal Care and Use Com-
mittees and the Association for Research in Vision and Ophthalmology.
Both male and female mice between 6 and 10 weeks of age were used, and
male rats between 2 and 3 months of age were used.

Fundus photography
Fundus imaging of dilated mouse and rat eyes was performed using a
TRC-50 IX camera (Topcon) linked to a digital imaging system (Sony).

Human tissue

Following procedures previously described in (12), all studies on
human tissue followed the guidelines of the Declaration of Helsinki.
The study of de-identified tissue collected from deceased individu-
als and obtained from various eye banks in the United States was
exempted from IRB review by the University of Virginia Institu-
tional Review Board for Health Sciences Research, in accordance
with U.S. Health and Human Services human subject regulations.
Donor eyes from patients with geographic atrophy or age-matched
patients without AMD were obtained from various eye banks. These
diagnoses were confirmed through ophthalmic examination of di-
lated eyes before acquisition of the tissues or eyes or after examina-
tion of the eye globes postmortem. Enucleated donor eyes isolated
within 6 hours postmortem were immediately preserved in RNAlater
(Thermo Fisher Scientific) or formalin. The neural retina and sclera
were removed, and tissues comprising both macular RPE and cho-
roidal tissue were snap-frozen in liquid nitrogen. For in situ hybrid-
ization, eyes were transferred to 70% (v/v) ethanol after fixation.
For eyes with geographic atrophy, the RPE and choroidal tissues
were collected and divided into atrophic, junctional, and peripheral
areas (13). Frozen section of eyes with Leber congenital amaurosis,
Joubert syndrome, Stargardt macular dystrophy, or autosomal re-
cessive retinitis pigmentosa have been previously described (33-36).

Chemicals

The NRTI lamivudine (3TC), as well as the NonNRTIs EFV, DLV,
NVP, and ATP, were purchased from Sigma-Aldrich. LPS was pur-
chased from InvivoGen. A trimethyl-modified version of 3TC (TM-
3TC) and a diethyl-modified version of AZT (DE-AZT) were
synthesized as previously described (27).

In vitro-transcribed Alu RNA

Alu RNA was synthesized from a linearized plasmid containing a
consensus AluY sequence with an adjacent 5’ T7 promoter (37), sub-
jected to AmpliScribe T7 Flash Transcription kit (Epicentre) according
to the manufacturer’s instructions. Deoxyribonuclease (DNase)-
treated RN A was purified using MEGAclear (Ambion), and integrity
was confirmed by agarose gel electrophoresis.

Assessment of RPE degeneration

Following procedures previously described in (12), subretinal injec-
tions were performed as previously described (3, 5, 12, 21, 37, 38).
Seven days after subretinal injection, RPE health was assessed by
fundus photography and immunofluorescence staining of zonula
occludens-1 (ZO-1) on RPE flat mounts (whole mount of posterior
eye cup containing RPE and choroid layers). Mouse RPE/choroid
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flat mounts were fixed with 2% paraformaldehyde (PFA), stained with
rabbit polyclonal antibodies against mouse ZO-1 (1:100; Invitrogen)
and visualized with Alexa 594 (Invitrogen). All images were ob-
tained by microscopy (model SP-5, Leica or A1R Nikon confocal mi-
croscope system, Nikon). Imaging was performed by an operator blinded
to the group assignments.

Quantification of RPE degeneration

Following procedures previously described in (12), quantification
of RPE degeneration was performed using two methodologies (bi-
nary assignment and cellular morphometry) as described previous-
ly (27): Binary assignment (healthy versus unhealthy) (5, 12, 21, 37)
was independently performed by two blinded raters (inter-rater
agreement = 99.5%; Pearson 1* = 0.98, P < 0.0001; Fleiss x = 0.99,
P <0.0001). Quantifying cellular morphometry for hexagonally packed
cells was performed in semi-automated fashion by three masked
graders by adapting our previous analysis of the planar architecture
of corneal endothelial cell density (39), which resembles the RPE in
its polygonal tessellation. We quantified polymegethism (coeffi-
cient of variation of cell size), a prominent geometric feature of RPE
cells in geographic atrophy (3, 5, 40-42), using the Konan Cell Check
software (ver. 4.0.1), a commercial FDA-cleared software that has
been used for registration clinical trials, as previously described (12).

Subretinal and intravitreous injections

Subretinal injections (1 pl for mice, 3 ul for rat) or intravitreous in-
jections (0.5 pl for mice, 2 pl for rats) in mice or rat were performed
using a 35-G needle (Ito Co. Fuji, Japan). In vivo transfection of Alu
RNA or mutant Alu RNA (3.6 to 300 ng per eye), Alu cDNA (0.0036
to 90 ng per eye), Alu cDNA™™" (3.6 to 90 ng per eye), 7SL cDNA (3.6
t0 90 ng per eye), or 7SL cDNA™M* (3.6 to 90 ng per eye) was performed
using 10% NeuroPORTER (Genlantis) as previously described (3, 37).
3TC, TM-3TC, DE-AZT, EFV, DLV, or NVP (50 uM/1 ul or 500 uM/1 pl)
was administered by intravitreous injection. Similarly, in O. palustris,
rat L1 plasmids expressing ORF1p, ORE2p, reverse transcriptase—
deficient ORF2p [pORF2 (RT-)], or endonuclease-deficient ORF2p
[pORF2 (EN-)] was delivered via subretinal injection 3 days before
administering Alu RNA or vehicle. The choice of eye for experimental
versus control injection was chosen randomly. Plasmids encoding
rat L1-encoded ORF1 and ORF2 have been described previously
(43). Therat L1 ORF2 (EN-) construct contained mutations D207A
and H232A, which, based on CLUSTALW alignment, correspond
to D205A and H230A (44) in the EN domain of human L1 ORF2p.
The rat L1 ORF2 (RT-) construct contained mutation D703A, which,
based on CLUSTALW alignment, corresponds to D702A (45) in the
RT domain of human L1 ORF2p. Plasmids expressing rat L1 ORF2
(EN-) and L1 ORF2 (RT-) mutant proteins were created by introduc-
ing specific point mutations via site-directed mutagenesis (performed
by GenScript services) into the rat L1 ORF2p expression plasmid
PORF2 [pEF6-ORF2 (43) expressing rat L1 ORF2p-V5]. Generation
of both L1 ORF2p mutant expression plasmids included PCR muta-
genesis, cloning of the point mutations harboring DNA fragments
[Kpn I/Afe I for the ORF2 (EN-) construct and Sna BI/Not I for the
ORF2 (RT-) construct], and sequencing to verify the presence of the
introduced point mutations in the expression plasmids.

cDNA synthesis
Single-stranded Alu cDNA, Alu cDNA™M", 7SL ¢DNA, and 7SL
cDNA®™M* (DNA were isolated from biotinylated double-stranded
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PCR products synthesized from a linearized plasmid containing a con-
sensus Alu Y or 7SL sequence using Dynabeads M-270 Streptavidin
(Life Technologies) and then purified using QIAquick PCR puri-
fication kit (Qiagen catalog no. 28104) (46). Briefly, PCR products
were biotinylated on one strand by synthesis with a biotinylated
primer (forward 5'-biotin-GGGCCGGGCGCGGTG-3' and reverse
5'-GTACCTTTAAAGAGACAGAGTCTCGC-3' for Alu Y and forward
5'-biotin-CGTGCCTGTAGTCCCAGCTA-3’ and reverse 5'-AGAC-
GGGGTCTCGCTATGTT-3’ for 7SL). Dynabeads M-270 Streptavidin
magnetic beads were used to capture the biotin-tagged PCR product.
The PCR product was heated at 95°C for 10 min for strand separa-
tion, and isolation of the nonbiotinylated strand was performed using
a magnetic stand followed by alcohol precipitation according to the
manufacturer’s instructions.

Immunoblotting
Cells and tissue were homogenized in radioimmunoprecipitation
assay (RIPA) buffer (Sigma-Aldrich) with protease and phosphatase
inhibitors (Roche) or lysed directly in Laemmli buffer. Protein con-
centration was determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). Equal quantities of protein (10 to 50 pg)
prepared in Laemmli buffer were resolved by SDS-polyacrylamide
gel electrophoresis (PAGE) on Novex tris-Glycine Gels (Invitrogen)
or Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) and trans-
ferred onto Immobilon-FL polyvinylidene difluoride membranes
(0.2 or 0.45 pm) (Millipore). The transferred membranes were blocked
in Odyssey Blocking Buffer [phosphate-buffered saline (PBS)] for
1 hour at room temperature and then incubated with primary anti-
body at 4°C overnight. Immunoreactive bands were visualized using
species-specific secondary antibodies conjugated with IRDye. The
blot images were captured on Odyssey imaging systems. Rabbit poly-
clonal anti-human caspase-1 (1:1000; Cell Signaling catalog no. 2225),
mouse monoclonal anti-mouse caspase-1 (1:1000; AdipoGen cata-
log no. AG-20B-0042-C100), anti-human caspase-4 (1:200; Santa Cruz
Biotechnology, 1229), rabbit monoclonal anti-human lamin B1 (1:1000;
CST catalog no. 12586), rabbit monoclonal anti human L1 OREF2p
(MT9 antibody; 1:1000; gift of K.H. Burns, Dana-Farber Cancer In-
stitute) (47), rabbit polyclonal anti-human vinculin (1:2000; Sigma-
Aldrich catalog no. V4139), mouse monoclonal anti-B-actin (1:50,000;
Sigma-Aldrich catalog no. A2228), goat-polyclonal anti-B-actin
(1:50,000; Abcam catalog no. ab8229), chicken polyclonal anti-B-actin
(1:50,000; Abcam catalog no. ab13822), chicken polyclonal anti-
tubulin (1:50,000; Abcam catalog no. ab89984), or mouse monoclonal
anti-tubulin (1:5000; Sigma-Aldrich catalog no. T6199) was used.
Cell lysates isolated from HAPI1, HeLa, hFF1 (human foreskin
fibroblasts), and HEK-293Typ cells expressing L1-ORF2p-3xFlag
(48) were separated on 4 to 12% NuPAGE bis-tris gradient gels, and
subsequent immunoblotting was performed by wet blot transfer.
After protein transfer, the membranes was blocked for 2 hours at
room temperature in a 10% solution of nonfat milk powder in 1x
PBS-T [137 mM NaCl, 3 mM KCl, 16.5 mM Na2 HPO,, 1.5 mM
KH,POy, 0.05% Tween 20 (Sigma-Aldrich Chemie GmbH, Germany)],
washed in 1x PBS-Tween (PBS-T), and incubated overnight with the
monoclonal 0-L1 ORF2p antibody MT9 (fig. S2A) (48) or with the mono-
clonal anti-FLAG M2 antibody (Sigma-Aldrich; product number:
F1804) (fig. S2B) in a 1:1000 dilution in 1x PBS-T containing 5% milk
powder at 4°C. Subsequently, both membranes were washed thrice
in 1x PBS-T. As secondary antibody, we used horseradish peroxidase
(HRP)-conjugated anti-rabbit immunoglobulin G (IgG) antibody
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from donkey (GE Healthcare NA934-1ML) in the case of the MT9
primary antibody and HRP-conjugated anti-mouse IgG antibody
from sheep (GE Healthcare NXA931V) in the case of the anti-FLAG
primary antibody at a 1:10,000 dilution in 1x PBS-T/1.67% milk
powder each and incubated the membrane for 2 hours at 4°C. After
stripping the membranes and subsequent blocking for 2 hours at room
temperature as described above, the membrane of fig. S2A was probed
with anti-FLAG M2 antibody to confirm the presence of the FLAG-
tagged L1 ORF2p. To detect L1 ORF1p (fig. S2E), the membrane of fig.
S2B was probed with the polyclonal rabbit-anti-L1 ORF1p antibody
#984 (49) at a 1:2000 dilution and HRP-conjugated donkey anti-rabbit
IgG antibody (Amersham Biosciences) at a 1:30,000 dilution. After strip-
ping and subsequent blocking for 2 hours at room temperature had been
repeated, B-actin expression was detected using a monoclonal anti--
actin antibody (clone AC-74, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) at a dilution of 1:30,000 as primary antibody and an anti-
mouse HRP-linked species-specific antibody (from sheep) at a dilution
of 1:10,000 as secondary antibody (fig. S2F). Immunocomplexes were
visualized using lumino-based ECL immunoblot reagent (Amersham
Biosciences Europe GmbH, Freiburg, Germany).

Cell culture and transfection

Primary mouse, human, R. norvegicus, and O. palustris RPE cells were
isolated by adapting previously described protocols (11, 12). All cells
were maintained at 37°C in a 5% CO, environment. Mouse RPE
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 20% fetal bovine serum (FBS) and penicillin/
streptomycin antibiotics at standard concentrations; primary hu-
man RPE cells were maintained in DMEM supplemented with 10%
FBS and antibiotics. The human RPE cell line ARPE19 was cultured
as previously described (12) and maintained in DMEM-F12 contain-
ing penicillin/streptomycin, Fungizone, and gentamicin. HEK293T
cells were cultured in DMEM with 10% FBS with penicillin/streptomycin
(100 U/ml) and 2 mM L-glutamine. Primary WT mouse BMDMs were
isolated and cultured in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 30% L929 supernatant containing macrophage-
stimulating factor, nonessential amino acids, sodium pyruvate, 10%
FBS and antibiotics, and 50 uM B-mercaptoethanol (50) and serum-
starved in IMDM with 1% FBS and penicillin/streptomycin (100 U/ml)
overnight before LPS stimulation. NRTIs or NonNRTIs were added
30 min before LPS stimulation and again 30 min before ATP activa-
tion. LPS (100 ng/ml) was added for 3 to 4 hours before the addition
of ATP. Cell lysates were collected 30 min after addition of ATP (5 mM).
Transfections were performed according to the manufacturer’s in-
structions (Lipofectamine 2000, Invitrogen). NRTIs were adminis-
tered 60 min before transfection and added again upon replacement
of media at 8 hours. ARPE-19 cells were pretreated with 3TC or
TM-3TC (200 uM) for 1 hour and again after transfection with in vitro-
transcribed Alu cDNA. Proteins were extracted 48 hours after trans-
fection. To induce acid injury or osmotic stress, primary human RPE
cells were treated with HCI (pH 4.0 media) or H,O for 30 min, 1, and
2 hours at 37°C in 5% CO», respectively. NIH3T3 Tet-ON cells were
cultured in DMEM with 10% tetracycline-free FBS with penicillin/
streptomycin (100 U/ml). O. palustris RPE cells were transfected with
pL1IMd-Gf (p99-GFP-TGF21; full-length mouse L1GF element; gift
of J.L. Garcia-Pérez, University of Edinburgh) (51), and mouse L1
ORE2p abundance was measured. O. palustris RPE cells were transfected
with prtTA and pLD401, and human L1 ORF2p abundance was
measured after 24 hours of doxycycline exposure.
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The following cell lines were used in immunoblotting analyses.
The lymphoblastic tumor cell line HAP1 (52) harbors a PRPF19 trans-
gene expression cassette under transcriptional control of the consti-
tutive RPBSA-EF1a promoter (53). The expressed 55-kDa PRPF19
protein is N-terminally tagged with the 3XFLAG peptide (DYKDHDG-
DYKDHDI-DYKDDDD) and served as positive control for the
detection of Flag-tagged proteins. HEK-293Typ, cells express a full-
length L1 element ectopically from the expression plasmid pMT302
(54, 55). The resulting protein machinery includes L1-ORF1p and a
Flag-tagged full-length L1-ORF2p (ORF2p-3xFlag) (48, 54). Handling
of cryo-milled HEK-293T1y cells ectopically expressing L1 from pMT302
was previously described (54, 56).

Induction of Alu RNA by various stimuli

In vitro-transcribed Alu RNA, DICERI antisense (AS) oligonucleotide
(5'- GCUGACCTTTTTGCTUCUCA-3’), or control scrambled AS
(5'- TTGGTACGCATACGTGTTGACTGTGA-3’) (Integrated DNA
Technologies) was transfected into human and mouse RPE cells using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s in-
structions. Heat shock was induced by placing cells in a 42°C incuba-
tor for 20 min and then allowed to recover at 37°C for 1 hour (57).

In situ hybridization

RPE from mice was collected at 24 hours after subretinal injection.
Cells in culture were collected after 6 to 8 hours after Alu RNA
transfection. RPE flat mounts or cells were fixed in 4% PFA/PBS for
20 min. For Alu cDNA detection, all samples were treated with RNase
A. To confirm whether the target was single-stranded DNA, S1 nu-
clease (Thermo Fisher Scientific) was treated for 30 min at room tem-
perature. RNA probes, prepared from linearized Alu cDNA templates
using a T7 fluorescein RNA labeling kit or T7 DIG RNA labeling kit
(Roche), were hybridized overnight at 37°C in a mixture containing
10% dextran sulfate, 2 mM vanadyl-ribonucleoside complex, 0.02%
RNase-free bovine serum albumin (BSA), 40 pg of Escherichia coli
tRNA, 2x SSC, 50% formamide, and RNA probe. Cells were then
subjected twice to stringent washing at 50°C in 50% formamide, 0.1x
SSC for 30 min. Following washing, samples were incubated with a
HRP-conjugated anti-fluorescent antibody (PerkinElmer catalog
no. NEF710001EA) or HRP-conjugated anti-DIG antibody (PerkinElmer
catalog no. NEF832001EA) at a 1:200 dilution. Visualization of fluorescein-
labeled probe was performed with the TSA plus fluorescence system
or the TSA plus Cy5 system (PerkinElmer). The fluorescent or Cy5
signals were detected using a Leica SP-5 or A1R Nikon confocal mi-
croscope system. For L1 overexpression, ARPE-19 cells were trans-
fected with the L1 expression vector pES2TE1 (gift of J.V. Moran,
University of Michigan Medical School) (58). Then, Alu cDNA synthesis
was monitored by in situ hybridization after Alu RNA transfection.

Equator blotting

We term “equator blot” as a combination of classic Southern and
Northern blotting procedures. An equator blot is similar to a South-
ern blot in that it probes for a target DNA sequence, yet unlike a
typical Southern blot, it does not involve restriction enzyme digest
of the DNA. Instead, the DNA is separated by agarose gel electro-
phoresis without prior enzyme digestion according to the typical
Northern blot procedure. Hence, we refer the procedure of hybrid-
ization of undigested DNA as an equator blot. Total nucleic acid or
nuclear and cytoplasmic fractions were extracted from cells as de-
scribed below. Primary human RPE cells were collected after AluY
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RNA transfection, and the cytoplasmic fraction was treated with RNase
A (Invitrogen). To confirm whether the target was single-stranded
DNA or double-strand DNA, S1 nuclease (Thermo Fisher Scientific;
30 min at room temperature) or double-strand DNase (Thermo
Fisher Scientific; 2 min at 37°C) was added after RNase treatment,
according to the manufacturer’s instructions. For human tissue, DNA
and RNA were extracted using the DNA and RNA Purification Kit
(Epicentre); RNase A was added for DNA isolation. DNA samples
were run on 10% tris-borate EDTA (TBE)-urea gels (Bio-Rad) accord-
ing to the manufacturer’s instructions. Samples were transferred and
ultraviolet (UV) cross-linked to a HyBond N+ nylon membrane and
blotted for Alu cDNA. Alu cDNA-biotinylated oligonucleotide probe
was synthesized by PCR from a linearized plasmid containing a consen-
sus Alu Y element as described above using the following primers for
Alu cDNA detection (forward 5’-biotin-GGGCCGGGCGCGGTG-3’
and reverse 5'-GTACCTTTAAAGAGACAGAGTCTCGC-3’) and
then purified. Blots were developed with the Pierce chemilumines-
cent nucleic acid detection kit (Thermo Fisher Scientific). The blot
images were captured on Odyssey imaging systems.

Northern blotting

Total nucleic acid or nuclear and cytoplasmic fractions were ex-
tracted from cells as described below. For human tissue, DNA and
RNA were extracted using the DNA and RNA Purification Kit (Epi-
centre); DNase I was added for RNA isolation. RNA samples were
run on 10% TBE-urea gels (Bio-Rad) according to the manufacturer’s
instructions. Samples were transferred and UV cross-linked to a HyBond
N+ nylon membrane and blotted for Alu RNA and U6 RNA. U6 bioti-
nylated oligonucleotide probe was synthesized by Integrated DNA
Technologies (5'-CACGAATTTGCGTGTCATCCTT-biotin-3"). Alu
RNA-biotinylated oligonucleotide probe was synthesized by PCR
from a linearized plasmid containing a consensus Alu Y element as
above using the following primers for Alu RNA detection (forward
5-GGGCCGGGCGCGGTG-3' and reverse 5'-biotin-GTACCTTTAAA-
GAGACAGAGTCTCGC-3') and then purified. Blots were developed
with the Pierce chemiluminescent nucleic acid detection kit (Thermo
Fisher Scientific). The blot images were captured on Odyssey imag-
ing systems.

Nuclear and cytoplasmic fractionation

Briefly, cells were collected and lysed with gentle extraction buffer
prepared in 1x PBS containing 1% (v/v) Triton X-100 (Sigma-Aldrich)
and 1 mM EDTA for 15 min on ice. Lysates were vortexed and cen-
trifuged at 1000g for 10 min at 4°C. For cytoplasmic fractionation,
the supernatant was collected, subjected to repeated centrifugation four
times, and then purified using a DNA purification column (Enzymax).
Lysis buffer was added to the pellet for reconstitution. The lysate
supernatant was vortexed and further centrifuged at 13,000g for
2 min at room temperature. The lysate supernatant was used as the
nuclear fraction and purified using a DNA purification column
(Enzymax). For cDNA detection, samples were treated with RNase
A (Ambion) for 30 min at 37°C.

Alu cDNA detection by real-time PCR

Cells were collected after counting the cell number and the cytoplas-
mic fraction was treated with RNase A (Ambion). The RNase-treated
cytoplasmic fraction was purified with a PCR clean-up kit (QIAquick,
Qiagen). Then, samples were directly amplified by real-time quan-
titative PCR (qPCR) (Applied Biosystems 7900 HT Fast Real-Time
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PCR system) with Power SYBR green Master Mix. Primers were spe-
cific for human Alu cDNA (forward 5-TTAGCCGGGAGTGGT-
GTCGG-3’ and reverse 5'-ACCTCCCGGGTTCACGCCATT-3').
The copy number of Alu cDNA was calculated using standard curves
that were obtained using serial dilutions of the plasmids containing
an AluY sequence. Alu cDNA copy number was normalized to
cell number.

Real-time PCR

For human tissue, total RNA was extracted using the MasterPure
Complete DNA and RNA Purification Kit (Epicentre) according to the
manufacturer’s recommendation. We exhaustively digested RNA
samples with RNase-free DNase (Turbo DNase) before cDNA prepa-
ration for L1 expression quantification. Effectiveness of the DNase
digestion was assessed using controls that omitted the RT enzyme.
The RT products (cDNA) were amplified by real-time qPCR (Applied
Biosystems 7900 HT Fast Real-Time PCR system) with Power SYBR
green Master Mix. Relative gene expression was determined by 274"
method using 18S ribosomal RNA (rRNA) as an internal control.
Primers specific for human L1 ORF1 (forward 5'-AGGAACAGCTC-
CGGTCTACA-3' and reverse 5'-GATGAACCCGGTACCTCAGA-3'),
human L1 ORF2 (forward 5-ACTGGCCATCAGAGAAATGC-3’
and reverse 5'-CAGCACCTGTTGTTTCCTGA-3’), human 18S rRNA
(forward 5'-CGCAGCTAGGAATAATGGAATAGG-3' and re-
verse 5'-GCCTCAGTTCCGAAAACCAA-3'), Rat L1 ORF1 (forward
5'-GCCAGAAGATCCTGGACT GAT-3' reverse 5-GTAACCTGG-
GCTGGCATTTG-3'), Rat L1 ORE2 (forward 5'-GCAGATCGATCCAT-
GCTTATCAC-3" and reverse 5-GATGTGGAGGTCCTTGATCCA-3),
and human IFNB1 (forward 5'-GCGACACTGTTCGTGTTGTC-3’
and reverse 5'-GCCTCCCATTCAATTGCCAC-3’) were used.

Ex vivo RT activity assay

Ex vivo RT activity in nuclear and cytoplasmic protein fractions was
assessed using an Alu RNA-templated reaction. Nuclear and cyto-
plasmic fractionation was prepared using an NE-PER nuclear cytoplasmic
extraction kit (Thermo Fisher Scientific), as per the manufacturer’s
instructions. Briefly, in this assay, exogenous Alu RNA and Alu-R
primer (5'- ACCTCCCGGGTTCACGCCATT-3’) were incubated
with nuclear or cytoplasmic protein lysate containing endogenous
L1 ORF2p, which interacts with Alu RNA in trans giving rise to an
Alu cDNA. The RT reaction was carried out in a 20-pl reaction mix
containing Alu RNA template (10 ng), Alu primer (10 pmol), dNTPs mix,
cytoplasmic or nuclear protein, and Quantiscript RT Buffer (Qiagen).
The reaction mixture was incubated at 42°C for 30 min. The result-
ing cDNA was quantified by qPCR using Alu RNA template-specific
primers. Heat denaturation of nuclear or cytoplasmic fraction was
performed by heat inactivation at 95°C for 10 min.

Alu retrotransposition reporter assay

Retrotransposition reporter assays were carried out as follows. Briefly,
2 x 10° HeLa-HA cells were plated in a six-well tissue culture dish and,
1 day later, were transfected in triplicate using FuGene 6 (Promega)
with 1 pg of the WT L1 reporter plasmid pJM101/L1.3Aneo as de-
scribed previously (59), pORF2, pORF2 (RT-), or pORF2 (EN-),
along with 1 ug of Alu retrotransposition indicator construct Alu
neo (gift of J.V. Moran, University of Michigan Medical School)
and Alu RNA with G25C/G159C mutations. After 72 hours, growth
medium was replaced by DMEM containing G418 (600 pug/ml) and
penicillin/streptomycin (100 ug/ml; Cellgro). Fourteen days later,
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the plates were washed with methanol, Giemsa-stained, and photo-
graphed. Colonies were counted manually using Image] (National
Institutes of Health). A total of 1 ug of Alu-neo plasmid with 1-ug
empty driver vector was used as a negative control.

Immunofluorescence staining

To test for Alu RNA and L1 ORF2p colocalization, fluorescein-labeled
Alu RNA was transfected into O. palustris RPE cells at 48 hours af-
ter V5-tagged rat L1 ORF2 plasmid (43) transfection. Cells were
fixed in 4% PFA, and L1 ORF2p were detected using Dylight 549-
conjugated anti-V5 antibody (1:5000; Rockland, catalog no. 600-
442-378). To test for Alu cDNA and L1 ORF2p colocalization, Alu
RNA was transfected into O. palustris RPE cells at 48 hours after
V5-tagged rat L1 ORF2 plasmid transfection. Alu cDNA formation
was monitored by in situ hybridization and L1 ORF2p was detected
using anti-V5 antibody. RPE65 and Alu ¢cDNA in human tissue
were monitored by in situ hybridization staining of Alu cDNA fol-
lowed by immunostaining with anti-human RPE65 antibody conju-
gated with Dylight 488 (1:250; Thermo Fisher Scientific, catalog no.
MAS5-16042). Slides were mounted in ProLong Gold (Thermo Fisher
Scientific), and images were acquired using a A1R Nikon confocal
microscope system. For confirmation of in vivo-enforced expres-
sion of pORFeus-Hs or rat pORF2, mouse RPE/choroid flat mounts
were fixed with 2% and stained with fluorescein isothiocyanate—
conjugated anti-FLAG F4049 (10 pg/ml; Sigma-Aldrich) or Dylight
549-conjugated anti-V5 antibody (1:5000; Rockland, catalog no.
600-442-378). To monitor RNA-DNA hybrids, primary human
RPE cells were seeded on chamber slides (Thermo Fisher Scientific,
catalog no. 154941) and transfected with 12.5 pmol of Alu RNA for
2 hours and then washed with fresh medium to be collected with 2%
PFA fixation at the indicated time points. Cells were blocked and
incubated with §9.6 antibody (1:200; Kerafast, catalog no. ENH001),
followed by incubation with secondary antibody and DAPI (4',6-
diamidino-2-phenylindole) before image acquisition using confo-
cal microscopy (A1R Nikon).

To monitor expression of ORF2 and ORF2 mutant proteins, HeLa-HA
cells were plated in an eight-well chamber slide (Thermo Fisher Sci-
entific, catalog no. 154941) and transfected overnight with plasmids
encoding green fluorescent protein (GFP), V5-tagged rat L1 ORF2,
V5-tagged rat L1 ORF2 (EN-), or V5-tagged L1 ORF2 (RT-) mu-
tant proteins using Lipofectamine 3000 (Thermo Fisher Scientific).
Then, the cells were rinsed with prechilled PBS, fixed in 4% PFA,
permeabilized with 0.1% Triton X-100, and blocked with 3% normal
donkey serum in PBS. The cells were stained with rabbit monoclo-
nal antibody anti-V5 antibody (1:200; D3H8Q, Cell Signaling Tech-
nology) and washed twice with PBST and visualized with fluorescent
dye-conjugated secondary antibodies.

Pull-down assays

To monitor the association of L1 ORF2p with Alu RNA and Alu
cDNA, RNase H-deficient HeLa cells (gift of A.P.Jackson and
M.A. Reijns) (60) transfected with V5-tagged rat L1-ORF2p expres-
sion plasmid and biotinylated Alu RNA (versus mock) were used.
Briefly, biotinylated Alu RNA-transfected cells were cross-linked
with 1% formaldehyde for 15 min at room temperature and lysed to
collect cytosolic fractions. Streptavidin Dynabeads blocked with 1%
BSA (for 18 hours) were incubated with the cytosolic lysates diluted
in BC200 buffer [20 mM Hepes (pH 7.9), 0.2 mM EDTA, 0.5 mM
dithiothreitol, 20% glycerol, 0.2% NP-40, and 200 mM KCl] for 2 hours
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at 4°C. The beads were then washed twice with BC200, heated at
95°C for 30 min. The pull-down samples were subsequently ana-
lyzed by immunoblotting with anti-V5 antibody.

Using the same experimental system, a reverse pull-down assay
was performed to detect the presence of Alu RNA and Alu cDNA in
the V5-L1 ORF2p immunoprecipitate. Briefly, cytosolic lysates
(1 mg at 500 ng/ul) in BC200 buffer, prepared as above, were pre-
cleared by incubating with beads for 6 hours. Precleared cytosolic
lysates were subjected to immunoprecipitation using 15 pg of anti-
V5 antibody for overnight at 4°C. The immune complexes were
captured by incubation with preblocked beads (4 hours at 4°C). The
bead-captured immune complexes were washed twice with BC200.
Last, the bead-captured immune complexes were resuspended in
either 1 ml of TRIzol reagent followed by RNA purification (for de-
tecting Alu RNA) or subjected to Proteinase K treatment and re-
verse cross-linking (overnight) followed by ethanol precipitation of
DNA (for detecting Alu cDNA). The Alu RNA was detected by di-
rect blotting of biotinylated Alu RNA. DNA purified from these
assays was analyzed by equator blotting to detect Alu cDNA.

Binding assay for cDNA and cGAS interaction

Recombinant His-tagged ¢GAS (Cayman Chemical catalog no.
22810) was incubated with Alu cDNA, Alu cDNA™™- or 7SL cDNA
prepared as described above. cDNA-protein pull-down was per-
formed according to the instruction of Pierce Magnetic RNA-
protein pull-down kit (catalog no. 20164) with modifications. Briefly,
2 ug of His-tagged cGAS was added to 50 pmol of cDNA, mixed in
100 pl of binding buffer [0.2 M tris-HCl (pH 7.4), 0.5 M NaCl, 20 mM
MgCl,, and 1% Tween 20], and incubated on ice for 1 hour. Anti-His
magnetic beads (Thermo Fisher Scientific, catalog no. 88845) were
added to the preincubated cDNA/protein mixture, and the result-
ing preparation was gently rotated overnight at 4°C and then washed
with washing buffer thrice. Last, magnetic beads were eluted with
elution buffer (pH 2.8) at 70°C for 10 min. All eluted supernatants
were subjected to gPCR and immunoblot analysis. DNA that associated
with the recombinant protein was analyzed by qPCR using Alu-
specific or 7SL-specific primers.

Reverse cGAS-Alu cDNA interaction assay

Reverse pull-down assay was carried out using DIG-labeled Alu cDNA,
Alu cDNA™™", or 7SL cDNA. Briefly, 2 ug of recombinant His-
tagged cGAS was incubated with 50 pmol of DIG-labeled cDNA
within 100 pl of binding buffer [0.2 M tris-HCl (pH 7.4), 0.5 M
NacCl, 20 mM MgCl,, and 1% Tween 20] on ice for 1 hour, and then
the complex was pulled down using anti- DIG magnetic beads
(Thermo Fisher Scientific, catalog no. MA5-14746) by gently rotat-
ing overnight at at 4°C. Subsequently, the precipitate was washed with
washing buffer thrice. Last, magnetic beads were eluted with elution
buffer (pH 2.8) at 70°C for 10 min. The eluted supernatant was sep-
arated on a protein gel and submitted to immunoblot analysis.

Immunoprecipitation assays for Alu cDNA

and cGAS interaction

Immortalized ¢GAS™™ MEF cells were reconstituted with HA-
tagged mouse cGAS (HA-cGAS) were as previously described (26).
The interaction between Alu cDNA and cGAS was monitored by a
UV-cross-linked pull-down assay. Briefly, mock-, Alu cDNA-, and
7SL cDNA-transfected HA-cGAS-reconstituted ¢cGAS™~ MEFs
and cGAS™~ MEFs were washed twice with prechilled PBS and then
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UV-cross-linked (Spectrolinker, 200 mJ/cm?). The cells were then
lysed by sonication in RIPA buffer with protease inhibitors and cen-
trifuged for 10 min at 18,000¢ in a 4°C microfuge. The supernatant
containing cell lysate was collected, and cGAS was immunoprecipi-
tated using antibodies against HA (Abcam, catalog no. ab9110).
c¢DNA/protein complex in the immunoprecipitate was eluted as de-
scribed above. The supernatant of elution was analyzed by qPCR using
Alu- or 7SL-specific primers.

cGAS activity assay

In vitro reaction for cGAS activity was performed by mixing recom-
binant human cGAS protein (13 nM) with cDNA (0.2 nM) in buffer
containing ATP (50 uM), guanosine triphosphate (50 uM), MgCl,
(0.5 mM), ZnCl, (0.1 mM), BSA (0.2 mg/ml), and tris-HCI (pH 7.5,
20 mM). After incubation at 37°C for 1 hour, the reaction was ter-
minated by heat inactivation at 95°C for 5 min and followed by centrif-
ugation at 20,000g for 5 min. cGAMP abundance in the supernatant
was quantified by cGAMP enzyme-linked immunosorbent assay kit
(Arbor Assays).

Statistical analysis

Following procedures previously described in (12), the binary read-
outs of RPE degeneration (i.e., the presence or absence of RPE de-
generation on fundus and ZO-1-stained flat-mount images) were
analyzed with Fisher’s exact test. Cell morphometry data were as-
sessed with two-tailed Mann-Whitney U test. All other data were
expressed as means + SEM and were analyzed with Mann-Whitney
U test. P < 0.05 were deemed statistically significant. Sample sizes
were selected on the basis of power analysis 0 = 5%; 1 — B = 80%,
such that we were able to detect a minimum of 50% change, assum-
ing a sample SD based on Bayesian inference. Outliers were assessed
with Grubbs’ test. On the basis of this analysis, no outliers were de-
tected and no data were excluded. Fewer than 5% of subretinal in-
jection recipient tissues were excluded on the basis of predetermined
exclusion criteria (including hemorrhage and animal death due to
anesthesia complications) relating to the technical challenges of this
delicate procedure.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj3658

View/request a protocol for this paper from Bio-protocol.
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