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Retinal gene therapy using RNA interference (RNAi) to silence
targeted genes requires both efficacy and safety. Short hairpin
RNAs (shRNAs) are useful for RNAi, but high expression levels
and activity from the co-delivered passenger strand may cause
undesirable cellular responses. Ago2-dependent shRNAs
(agshRNAs) produce no passenger strand activity. To enhance
efficacy and to investigate improvements in safety, we have
generated VEGFA-targeting agshRNAs and microRNA
(miRNA)-embedded agshRNAs (miR-agshRNAs) and inserted
these RNAi effectors in Pol II/III-driven expression cassettes
and lentiviral vectors (LVs). Compared with corresponding
shRNAs, agshRNAs and miR-agshRNAs increased specificity
and safety, while retaining a high knockdown efficacy and abol-
ishing passenger strand activity. The agshRNAs also caused
significantly smaller reductions in cell viability and reduced
competition with the processing of endogenous miR21
compared with their shRNA counterparts. RNA sequencing
(RNA-seq) analysis of LV-transduced ARPE19 cells revealed
that expression of shRNAs in general leads to more changes
in gene expression levels compared with their agshRNA
counterparts and activation of immune-related pathways.
In mice, subretinal delivery of LVs encoding tissue-specific
miR-agshRNAs resulted in retinal pigment epithelium (RPE)-
restricted expression and significant knockdown of Vegfa in
transduced RPE cells. Collectively, our data suggest that agshR-
NAs and miR-agshRNA possess important advantages over
shRNAs, thereby posing a clinically relevant approach with
respect to efficacy, specificity, and safety.

INTRODUCTION
RNA interference (RNAi) is a powerful mechanism that allows post-
transcriptional regulation of a selected target gene through comple-
mentary base pairing between a small regulatory RNA and the target
mRNA.1,2 The use of RNAi-based therapeutics including promoter-
driven short hairpin RNAs (shRNAs) holds a great potential for use
in gene therapy applications.3 Several concerns regarding the use of
RNAi must, however, be considered carefully. These include (1) the
risk of affecting the expression levels of non-target genes through
off-target effects caused by the guide strand or the co-delivered
passenger strand of the hairpin, (2) the risk of competing with the
processing of endogenous microRNAs (miRNAs) through saturation
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of the miRNA processing pathways, and (3) the risk of initiating a
cellular response to the overexpression of an exogenous small regula-
tory RNA.

The use of Dicer-independent shRNAs (Ago2-dependent shRNAs
[agshRNAs]), which produce only a single effector strand,4 may offer
compelling advantages compared with classical shRNAs. Notably, the
absence of a co-delivered passenger strand is expected to reduce
the risk of off-target effects caused by loading of this strand into
the RNA-induced silencing complex (RISC).5,6

High-level expression of exogenous shRNAs in vivo has previously
been described to cause severe toxicity in several organ systems
and, in some cases, even lethality,7–10 the cause of which has been
speculated to be overloading of the endogenous miRNA processing
machinery. The agshRNA biogenesis utilizes parts of the miRNA pro-
cessing machinery, but Dicer is not needed and there is evidence that
agshRNA-like species are preferentially or exclusively loaded into the
catalytically competent Ago2.11–13 Hence, Ago1, Ago3, and Ago4
loading of endogenous miRNAs may be unaffected. Furthermore,
several studies suggest that endogenous miRNAs are affected to a
lesser extent by the expression of an agshRNA-like RNAi effector
than by a Dicer-dependent shRNA.6,14 Nonetheless, the expression
level of the RNAi effector will likely be the most important factor
determining the impact on the endogenous miRNAs.

Another potential concern that must be addressed regarding the
therapeutic use of RNAi effectors is the risk of eliciting an immune
response. Activation of the interferon pathway has previously been
detected in cells transduced with lentiviral vectors (LVs) encoding
classical shRNAs.15,16 This activation was, however, found to be
dependent on retinoic-acid-inducible gene I (RIG-I) recognition
of the 50 triphosphate, which is present in the RNA polymerase III
thors.
//creativecommons.org/licenses/by-nc-nd/4.0/).
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(Pol III) transcripts15 but not in Drosha-processed precursor
miRNA (pre-miR)-like species.

The agshRNA design that is used in this study builds upon previously
published design guidelines17 based on the endogenous Dicer-inde-
pendent miR451 (hsa-mir-451a) featuring a stem of 17 base pairs,
which allows bypass of Dicer processing.4,18,19 agshRNAs are instead
cleaved by Ago2 at their 30 arm to produce a single guide strand,4,5,20

while classical shRNAs are processed by Dicer into a guide strand and
a passenger strand.18,21,22 In our recent study,23 we described the
embedding of agshRNAs into primary miRNA (pri-miRNA) scaf-
folds of miR451 and miR324, which accommodate the incorporation
of the agshRNAs, allowing tunable RNA polymerase II (Pol II)-driven
expression of the agshRNAs, while preserving knockdown efficacy.
We have named these chimeric pri-miRNA-embedded agshRNAs
miR-agshRNAs and use the term RNAi effector to describe classical
shRNA, agshRNAs, or miR-agshRNAs.

In this study, we explored the efficacy, specificity, and safety of two
vascular endothelial growth factor A (VEGFA)-targeting agshRNA-
shRNA pairs and a non-targeting pair using reporter-based in vitro
assays and a VEGFA-expressing cell line. Additionally, we investi-
gated the Pol II-driven miR-agshRNA versions of the most potent
VEGFA-targeting agshRNA. We incorporated the RNAi effector
expression cassettes into LVs and show that they can be efficiently
packaged and delivered, and that knockdown efficacy can be retained.
Furthermore, we successfully used an LV encoding a tissue-specific
promoter for the expression of a Vegfa-targeting miR-agshRNA
and confirmed the in vivo expression in retinal pigment epithelium
(RPE) cells and significant knockdown of Vegfa after a single subre-
tinal injection. Lastly, we investigated the global effects of overexpres-
sion of the agshRNAs and classical shRNAs in an RPE cell line by
means of RNA sequencing (RNA-seq) and identified affected path-
ways that include immune-related pathways that were activated in
shRNA-treated cells.

RESULTS
Characterization of two VEGFA-targeting agshRNA-shRNAs

pairs, Pol II-drivenmiR-agshRNAs, and their competitionwith an

endogenous miRNA

We designed two VEGFA-targeting agshRNAs (agsh12 and agsh13)
and corresponding shRNAs (Figures 1A and S1). Both agshRNA-
shRNA pairs target human VEGFA and murine Vegfa. The classical
(Dicer-dependent) shRNAs were designed so that the predicted guide
strand sequence based on the 50 and the loop counting rules for Dicer
processing24,25 are identical in the corresponding agshRNA and
shRNA (Figures 1A and S1). The agshS1 and shS1, which target the
HIV-1 tat-rev transcript site 1 (S1),26 serve as non-targeting controls.

The agshRNAs and shRNAs were expressed using a modified human
Pol III U6 snRNA (U6) promoter and the knockdown efficacy and
passenger strand activity of each pair was evaluated using dedicated
Vegfa or HIV-1 tat-rev sense and antisense (AS) luciferase reporters
(Figures 1B, 1D, and S2A–S2C). A sense reporter knockdown efficacy
of up to 95% was observed, with the agshRNAs producing similar
or improved knockdown compared with their corresponding
shRNA (Figure 1B). The passenger strand activity, as measured by
the knockdown of the AS reporter, was abolished in all agshRNAs,
while the shRNAs produced 45%–90% AS reporter knockdown
(Figure 1B).

To investigate how the expression of agshRNAs or classical shRNAs
competes with the processing of endogenous miRNAs, we employed a
reporter containing a perfect miR21 (hsa-mir-21) target (Figure 1C).
Endogenous miR21 has previously been shown to silence the
reporter in HEK293 cells.27 By co-transfecting the miR21-sensitive
reporter with the U6-driven RNAi effectors, we observed increases
in reporter expression ranging from 60% to 220% (Figure 1C). We
attribute this increased reporter expression to a decrease in endoge-
nous miR21-mediated silencing caused by competition. For each of
the three corresponding agshRNA-shRNA pairs, the competition
was more pronounced for the shRNA than for the corresponding
agshRNA. For example, the sh13 produced a �160% increase in the
expression of the miR21-sensitive reporter, whereas the agsh13 only
caused a�60% increase (p < 0.0001) (Figure 1C). Nevertheless, there
were also large differences between the pairs. The H1-driven miR21-
specific tough decoy (TuD21), which has been shown to efficiently
reduce miR21-mediated knockdown,27 was included as a positive
control.

Having established the knockdown efficacy of the U6-driven
agshRNAs, we went on to explore the Pol II-driven miR-agshRNAs.
We investigated the hsa-mir-451a (miR451)-embedded and hsa-mir-
324 (miR324)-embedded agsh12 (miR451-12 and miR324-12,
respectively; Figures 2A and S1). The miR451-S1 (miR451-embedded
agshS1) and miR451 (endogenous miR451, which does not target
VEGFA) were included as controls (Figure S1). miR451-12 and
miR324-12 both produced a sense reporter knockdown of �75%,
while there was no knockdown of the AS reporter (Figure 2B), in
line with the results in our previous publication.23

While we have shown that the agshRNAs and miR-agshRNAs are
processed Dicer independently,23 the miR-agshRNAs were expected
to be processed by Drosha, yielding the pre-miRNA451-like
agshRNA. This was confirmed using a Drosha-deficient HCT116
cell line28 in which the cytomegalovirus (CMV)-driven and U1
snRNA Pol II promoter (U1)-driven miR451-12 and miR324-12 pro-
duced no knockdown (Figures S3A and S3B), while the knockdown
efficacy of the U6-driven agsh12 was unaffected (Figure S3C).

We assessed the competition of the CMV-driven RNAi effectors,
endogenous miR30a (hsa-mir-30a), endogenous miR451, miR451-
12, and miR324-12 with the endogenous miR21 using the experi-
mental design described above. Despite the use of a strong viral
promoter, the CMV-driven RNAi effectors produced only negligible
changes in the miR21-sensitive reporter levels, translating into largely
unaffected functional miR21 levels and no competition detectable
with this experimental design (Figure 2C).
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Figure 1. agshRNAs provide efficacy, lack of

passenger strand activity, and reduced competition

with an endogenous miRNA compared with classical

shRNAs

(A) The U6-driven RNAi effector expression cassette.

Sequence and predicted secondary structure of the agsh12

and the classical sh12 with expected Ago2 and Dicer

cleavage sites. The predicted guide strand seed sequence

(blue) and the predicted passenger strand seed sequence

(orange) are shown in bold. The 13 and S1 agshRNA-

shRNA pairs are shown in Figure S1. (B) Knockdown effi-

cacy of the U6-driven RNAi effectors in HEK293 cells

measured using co-transfected dedicated dual luciferase

reporterswith the Renilla luciferase (Rluc) fused to a Vegfa or

S1 target sequence in the sense or the ASdirection (see also

Figure 1D) and the firefly luciferase (Fluc) serving as an

internal control for normalization. Data for each individual

experiment are presented in Figures S2A–S2C. (C) The

competition of the U6-driven RNAi effectors with the

endogenous miR21 was investigated in HEK293 cells using

a co-transfected dual luciferase reporter with a perfect

miR21 target sequence. An increase in the expression of the

miR21-sensitive reporter may be interpreted as reduced

functional miR21 levels caused by RNAi effector-mediated

competition. The H1-driven miR21-specific tough decoy

(TuD21), which has previously been shown to efficiently

reduce miR21-mediated silencing,27 was included as a

positive control, along with an empty control vector for

normalization of this control. (D) Left: schematics of the

Vegfa mRNA and the position of target region 12 and 13,

which were fused to the Rluc of the psiCHECK dual lucif-

erase reporters in the sense or the AS direction to create the

dedicated luciferase reporters psiCHECK2-mVEGF-T12-

Sense/AS or psiCHECK2-mVEGF-T13-Sense/AS. Right:

schematics of the HIV-1 tat transcript with the S1 target sequence that was fused to the psiCHECK reporter in the sense or the AS direction to create psiCHECK2-S1-

Sense/AS. The psiCHECK reporters also encoded Fluc. Rluc/Fluc ratio is the mean of triplicates ± SD normalized to a control. (C) A one-way ANOVA was performed followed

by �Sı́dák’s multiple comparisons test between each of the agshRNAs and their corresponding shRNAs. The multiplicity-adjusted p values are reported. ****p <0.0001.
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Lentiviral delivery of U6-driven agshRNAs produces potent

knockdown of VEGFA in vitro

To allow lentiviral delivery, we introduced the U6-driven RNAi effec-
tors into a pCCL-based LV.29 The resulting LVs are designated LV/
U6-[RNAi effector] in the following. The U6-driven cassette was in-
serted in a unidirectional orientation with the PGK-EGFP cassette in
the vector (Figure 3A). This orientation has previously been shown to
be preferable in terms of obtaining high LV titers.30 Each of the LV
preparations produced functional titers within the range of 4–70 �
106 infectious units (IU)/mL in the viral supernatant as well as clearly
detectable levels of EGFP upon transduction (data not shown).

The knockdown efficacy was evaluated using the dedicated Vegfa
luciferase reporters. For the LV/U6-agsh12 and LV/U6-sh12, a sense
reporter knockdown efficacy of�90%–95% was retained, comparable
with the transfection-based assays (compare Figures 3B and 1B). The
sh12 produced �35% AS reporter knockdown, while the agsh12, as
expected, produced no AS reporter knockdown (Figure 3B). The
LV/U6-agsh13 and LV/U6-sh13 produced �65% sense reporter
knockdown (Figure 3C). The sh13 produced �60% knockdown of
60 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
the AS reporter, whereas the agsh13 produced a small reduction in
the expression of the AS reporter (�15%) (Figure 3C). The LV/U6-
agshS1 and LV/U6-shS1 produced �75%–80% S1-sense reporter
knockdown, and the shS1 produced �30% S1-AS reporter knock-
down (Figure S4A).

The efficacy of the LVs encoding theVEGFA-targeting RNAi effectors
was further investigated using a Flp-In-293-based cell line with stable
high-level expression of human VEGFA16531 (293-hVEGFA). In
these cells, the LV/U6-agsh12 or LV/U6-sh12 reduced the intracel-
lular levels of VEGFA by �80% or �90%, respectively (Figures 3D
and 3E), and the LV/U6-agsh13 and LV/U6-sh13 produced a
decrease of �65% (Figures 3D and 3E). For both VEGFA-targeting
agshRNA-shRNA pairs, the reduction of extracellular VEGFA was
more pronounced, reaching �95% or more (Figures 3D and 3E).
The observed reduction in the extracellular levels of VEGFA
compared with the non-transduced (NT) control may in part be
ascribed to the reduced number of cells at the time of harvest caused
by the LV transduction. The knockdown efficacy was also detectable
in the VEGFA mRNA levels of the 293-hVEGFA cells where the



Figure 2. Pol II-driven miR-agshRNAs produce potent knockdown and

cause no competition with endogenous miR21

(A) The CMV-driven miR-agshRNA expression cassette. Sequence and predicted

secondary structure of the miR451-12 with expected Ago2 and Drosha cleavage

sites. The pri-miR451 scaffold includes �100 nt on both sides of the hairpin. The

miR451-S1, miR324-12, and the endogenous miR451 are shown in Figure S1. (B)

The knockdown efficacy of the CMV-driven RNAi effectors was investigated using a

co-transfected dedicated dual luciferase Vegfa reporter in HEK293 cells. (C) The

effect of the expression of the CMV-driven RNAi effectors on the knockdown effi-

cacy of the endogenous miR21 was investigated in HEK293 cells as in Figure 1C. A

tough decoy with an irrelevant target miRNA (TuDIrr) was included as a control for

normalization. Rluc/Fluc ratio is the mean of triplicates ± SD normalized to a control.
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LV/U6-agsh12 and LV/U6-sh12 reduced the levels by �80% and
�70% respectively and the LV/U6-agsh13 and LV/U6-sh13 by
�65% and 50%, respectively (Figure 3F).

In our studies, we observed a decrease in viability in the cells trans-
duced with the LVs encoding some of the U6-driven RNAi effectors,
which became evident several days post transduction, most pro-
nouncedly for the sh12. To investigate how the sustained expression
of the RNAi effectors affected proliferation and viability, an RPE cell
line (ARPE19) was transduced with the LVs encoding the U6-driven
RNAi effectors and the viability was assessed 5 days post transduction
using the MTT cell proliferation assay. Compared with the untreated
control (NC), the sh12 and sh13 both caused the largest reduction in
cell number (�75%). The agsh12 and agsh13 caused smaller reduc-
tions in viability compared with their corresponding shRNA
(�50% and �25%, respectively, p < 0.0001 for both). The agshS1
and shS1 caused �65% or �35% reduction in viability, respectively
(p < 0.0001). No reduction in viability was detected in an NT
control treated with the transduction-enhancing reagent Polybrene
(Figure 3G).
LVs encoding Pol II-driven miR-agshRNAs produce VEGFA

knockdown in 293-hVEGFA cells

A cassette encoding the U1-driven endogenous miR451, miR451-12,
ormiR324-12 was inserted into the pCCL-based lentiviral transfer vec-
tor in a manner similar to the U6-driven RNAi effectors (Figure 4A).
This orientation has also previously been shown to be preferable in
terms of obtaining high LV titers.32 We have previously shown that
the knockdown efficacy of U1-driven miR451-12 and miR324-12
was superior to or comparable with the CMV-driven miR-
agshRNAs.23 These LVs will be designated LV/U1-[miR-agshRNA].
Each LV yielded a titer within the range of 1.8–5.4 � 106 IU/mL
and clearly detectable levels of EGFP upon transduction (Figure S5B).

To evaluate the knockdown efficacy of the LVs encoding the U1-
driven miR-agshRNAs in a stable reporter cell line, we transduced
HEK293 cells with an LV encoding a fluorescent reporter
(E2Crimson) and firefly luciferase (Fluc) followed by a minimal
agsh12-target in the sense or AS direction allowing evaluation of
knockdown through the Fluc activity or E2Crimson expression (Fig-
ure S5A). Based on the reduction in Fluc activity, the U1-driven
miR451-12 and miR324-12 both produced �60% knockdown of
the sense reporter, and 10%–15% reduction in the expression of the
AS reporter, compared with the reporter cells without RNAi effector
(Figure 4B). The E2Crimson fluorescent reporter followed the same
pattern, with 25%–30% reduction in the sense reporter median fluo-
rescence intensity (MFI) for both scaffolds (Figure S5B) and no
reduction for the AS reporter (Figure S5B).

The knockdown of VEGFA by the LV/U1-miR451-12 and LV/U1-
miR324-12 was further investigated using the 293-hVEGFA cell
line where the miR451-12 and miR324-12 reduced VEGFA mRNA
levels by �20% or �25%, respectively (Figure 4C). The effect on
VEGFA protein levels was more pronounced; miR451-12 and
miR324-12 decreased the intracellular VEGFA levels by �30%–35%
(Figures 4D and 4E) and the extracellular VEGFA levels were reduced
by�70% or�60%, respectively, compared with non-transduced 293-
hVEGFA cells (NT). However, it is possible that part of the observed
reduction in extracellular VEGFA might be ascribed to the reduced
number of cells at the time of harvest caused by the transduction.

The effects of sustained expression of the U1-driven miR-agshRNAs
on the viability of ARPE19 cells was investigated using the MTT
assay. The viability was affected by the transduction in all cases, but
no large differences were observed between the endogenous
miR451, miR451-12, and miR324-12 where the reduction in cell
number compared with the untreated control (NC) was in the range
of �25%–35% for all (Figure 4F). An NT control treated with Poly-
brene reagent was included, which in this experiment produced a
reduction in viability of 25% (Figure 4F).

LVs encoding VMD2-driven anti-VEGFAmiR-agshRNAs produce

knockdown of Vegfa and allow RPE-specific expression in vivo

To demonstrate that our miR-agshRNA system can be employed with
a tissue-specific Pol II promoter, and to prepare for the in vivo
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Figure 3. LVs encoding the Pol III-driven RNAi

effectors produce potent VEGFA knockdown but

also affect viability

(A) A schematic vector map of the pCCL-based lentiviral

transfer vector encoding the U6-driven RNAi effectors.

CMV, cytomegalovirus promoter; cPPT, central poly-

purine tract; EGFP, enhanced green fluorescent protein;

DU3, LTR unique 30 region (U3) with self-inactivating

deletion; PGK, phosphoglycerate kinase 1 promoter; J,

packaging signal; R, LTR repeat region; RRE, Rev-

responsive element; T6, T-rich Pol III termination signal;

U5, LTR unique 50 region; U6, U6 snRNA promoter;

WPRE, woodchuck hepatitis virus post-transcriptional

regulatory element. (B and C) Knockdown efficacy of LVs

encoding the U6-driven 12 and 13 agshRNA-shRNA

pairs. HEK293 cells were transduced with the LVs en-

coding the RNAi effectors and then transfected with

dedicated dual luciferase reporters. Rluc/Fluc ratio is the

mean of triplicates ± SD normalized to agshS1. (D and E)

Western blot-assessed VEGFA levels in 293-hVEGFA

cells transduced with the LVs encoding the U6-driven

RNAi effectors, quantification, and representative blot.

The intracellular VEGFA levels are presented relative to the

total protein content, while the extracellular samples are

volume normalized. Mean of triplicates ± SD, normalized

to NT control. (F) RT-qPCR quantification of the mRNA

levels of VEGFA in 293-hVEGFA cells transduced with the

LVs encoding the U6-driven RNAi effectors. Geometric

mean of the PPIA-normalized VEGFA fold change (FC)

with geometric SD relative to NT. (G) MTT-based cell

number assessment of ARPE19 cells 5 days post trans-

duction with the LVs encoding the U6-driven RNAi effec-

tors. The background-subtracted absorbance at 570 nm

relative to the untreated negative control (NC) is pre-

sented. Means of quintuplicates ± SD. The NT and NC are

in triplicates. (G) A one-way ANOVA was performed fol-

lowed by �Sı́dák’s multiple comparisons test between each

of the agshRNAs and their corresponding shRNAs. The

multiplicity-adjusted p values are reported. ****p <0.0001.
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application of the anti-VEGFA miR-agshRNA, we implemented a
design that we have previously used for LV delivery of RNAi effec-
tors,33 placing the RPE-specific vitelliform macular dystrophy 2
(VMD2) promoter driving the miR451-S1 or the miR451-12 in a
back-to-back configuration with the PGK promoter, allowing simul-
taneous expression of EGFP (Figure 5A). These LVs will be desig-
nated LV/VMD2-[RNAi effector]. Titers of 2.0–2.3 � 108 IU/mL
were obtained after ultracentrifugation, and EGFP expression was
clearly detectable upon transduction (Figure S5C).

The efficacy of the VMD2-driven miR451-12 was evaluated in a mel-
anoma-based reporter cell line, as the VMD2 promoter is active in
these cells.34 We applied the LV-based minimal Vegfa target 12
reporter introduced above (Figure S5A) to create a melanoma-based
reporter cell line. Using this cell line, the LV/VMD2-miR451-12 pro-
duced�40% knockdown of the sense reporter, and no knockdown of
the AS reporter (Figure 5B) based on the Fluc activity. The sense re-
porter MFI was reduced �34% (Figure S5C), while no reduction was
observed for the AS reporter (Figure S5C).
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To evaluate the expression of the VMD2-driven miR451-12 and the
knockdown of Vegfa in vivo, we performed subretinal injections
with the LV/VMD2-miR451-12 and LV/VMD2-miR451-S1 in
C57BL/6J mice. Using this route of delivery with VSV-G pseudotyped
LV, the transduction is limited almost exclusively to the RPE cells.35

First, we compared the Vegfa mRNA expression levels in RPE cells
from the whole eye cup day 56 post injection (p.i.). We compared
eyes from mice that had received the LV/VMD2-miR451-12 or LV/
VMD2-miR451-S1, and uninjected eyes. The Vegfa mRNA levels
were reduced in the RPE cells in both groups compared with unin-
jected eyes, but we detected no reduction in the LV/VMD2-
miR451-12 group compared with the LV/VMD2-miR451-S1 group
(Figure S6A). To investigate the expression of the vector, we quanti-
fied the level of pri-miR451-agshRNA transcript and EGFP mRNA
(Figure S6B). The pri-miR451-agshRNA was detected in three out
10 mice injected with the LV/VMD2-miR451-12 and in four out of
10 mice injected with the LV/VMD2-miR451-S1 (Figure S6B), and
the expression generally correlated with the EGFP levels as expected
(Figures S6B–S6D).



Figure 4. LVs encoding the U1-driven miR-

agshRNAs produce knockdown of VEGFA and no

reduction in viability

(A) A schematic vector map of the pCCL-based

lentiviral transfer vector encoding the U1-driven RNAi

effectors. U1, U1 snRNA promoter; U1t, U1 terminator

box. (B) HEK293 cells were transduced with LVs

encoding minimal Vegfa target 12 reporters (see Fig-

ure S5A). Then they were transduced with the LVs

encoding the U1-driven RNAi effectors, and the Fluc

activity was measured after 3 days. Mean Fluc levels

(relative light units [RLU]) of triplicates ± SD, normalized

to HEK293 cells transduced with the reporter only. See

Figure S5B for flow cytometry evaluation. (C) RT-qPCR

quantification of the mRNA levels of VEGFA in the 293-

hVEGFA cells transduced with the LV encoding the

indicated U1-driven RNAi effector. Geometric mean of

the PPIA-normalized VEGFA FC relative to the NT

control with geometric SD. (D and E) Western blot-as-

sessed VEGFA levels in 293-hVEGFA cells transduced

with the LV encoding the U1-driven RNAi effectors,

quantification, and representative blot. The intracellular

VEGFA levels are presented relative to the total protein

content, while the extracellular samples are volume

normalized. Mean of triplicates ± SD, normalized to the

NT samples. (F) MTT-based cell number assessment of

ARPE19 cells 5 days post transduction with the LVs

encoding the indicated U1-driven miR451 or miR-

agshRNAs. The background-subtracted absorbance

at 570 nm relative to the untreated NC is presented.

Mean of quintuplicates ± SD. The NT and NC are in

triplicates.
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To account for the variability of the transduction profile across the
retina after subretinal injections as shown by the different sizes of
EGFP-positive area in fundoscopy (Figures S6C and S6D), we
refined our experimental approach; 14 days after subretinal injec-
tions of the LV/VMD2-miR451-12 and LV/VMD2-miR451-S1, we
isolated the transduced EGFP+ RPE cells using fluorescence-acti-
vated cell sorting (FACS), allowing us to detect changes in the Vegfa
mRNA levels specifically in the transduced cells (Figures 5C and S7).
The Vegfa mRNA level was reduced by �55% in the EGFP+ RPE
cells from mice injected with the LV/VMD2-miR451-12 compared
with EGFP+ RPE cells from mice injected with the LV/VMD2-
miR451-S1 (p = 0.0288) (Figure 5D). Similarly, a �55% reduction
was observed in the EGFP+ RPE cells compared with the EGFP�

RPE cells from mice injected with the LV/VMD2-miR451-12 (Fig-
ure 5D). Unexpectedly, the Vegfa levels were reduced by 45%–55%
both in the EGFP+ and EGFP� RPE cells from LV/VMD2-
miR451-S1-injected eyes, and in the EGFP� RPE cells from LV/
VMD2-miR451-12-injected eyes, compared with uninjected eyes
(Figure 5D, see also the section “discussion”).
Molecular
The expression of the VMD2-driven miR451-
12 in vivo was further investigated using
miRNAscope, a novel advanced method for
detection of small RNAs. We examined cross
sections of one of the eyes injected with the LV/VMD2-miR451-12,
which had a high level of EGFP expression in the RPE cells at day
57 p.i. when the mice were sacrificed for this analysis (Figures 6A–
6C and 6E). The miR451-12 signal was detected in several RPE
cells, although the detection of the red chromogenic signal was
impeded slightly by the presence of naturally occurring pigment
in the RPE cells (Figures 6D, 6F, and 6G). The miR451-12 signal
was also detectable as a more easily distinguishable red fluorescent
signal (Figure 6H). Importantly, no signal was detected in other
cell types in the retina or choroid (Figures 6D and 6F–6H). We
examined the EGFP expression in the sections adjacent to the
ones that were used for detection of miR451-12 and confirmed
that the miR451-12 signals co-localized with EGFP-positive RPE
cells (Figures 6E and 6F). The analysis of retinal cross sections
of an LV/VMD2-miR451-S1-injected eye showed no miR451-12
signal inside or outside the EGFP-positive area (Figures 6I and
S8). Thus, our data demonstrate that we can use a tissue-specific
promoter for expression of the miR451-12 and achieve expression
in vivo.
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Figure 5. In Vivo knockdown of Vegfa by LVs

encoding the VMD2-driven miR451-12

(A) A schematic vector map of the pCCL-based lentiviral

transfer vector encoding the VMD2-driven RNAi effectors

inserted back to back with the PGK-EGFP expression

cassette. pA, bovine growth hormone polyadenylation

signal; VMD2, vitelliformmacular dystrophy-2 promoter. (B)

Melanoma cells were transduced with LVs encoding mini-

mal Vegfa target 12 reporters (see Figure S5A). Then they

were transduced with the ultracentrifuged LVs encoding

the VMD2-driven RNAi effectors, and the Fluc activity was

measured after 3 days. Mean Fluc levels (RLU) of

triplicates ± SD, normalized to melanoma cells transduced

with the reporter only. See Figure S5C for flow cytometry

evaluation. (C) The RPE cells of mice injected with the LV/

VMD2-miR451-12 or LV/VMD2-miR451-S1 were har-

vested at day 14 p.i. Prior to FACS, RPE cells from three

injected or two contralateral uninjected eyes were pooled.

The two upper panels show pools of RPE cells from three

eyes injected with the LV/VMD2-miR451-S1 or LV/VMD2-

miR451-12, respectively. The lower panel shows a pool of

RPE cells from two uninjected eyes. The EGFP+ cells were

identified based on fluorescence measured in the EGFP

detector (530/30 nm, x axis) and proportional fluorescence

measured in the neighboring PE detector (585/42 nm,

y axis). An equal level of fluorescence in the EGFP and PE

detectors placing the cells in the diagonal of the plots was

interpreted as autofluorescence, and these cells were

excluded. The percentages of EGFP+ RPE cells in each

pool are indicated. The full gating strategy is shown in

Figure S7. (D) Twelve mice were injected in each group,

producing four pools, but only three pools in each group

yielded sufficient EGFP+ cells for purification of RNA. RNA

was purified from the sorted pools, and Vegfa mRNA was

quantified using RT-qPCR. Actb-normalized Vegfa FC

relative to uninjected control eyes with the geometric mean

indicated. Each data point represents a pool of FACS-

sorted RPE cells. (D) The data was log transformaed and a

one-way ANOVA was performed followed by the uncor-

rected Fisher’s least significant difference (LSD) test be-

tween the LV/VMD2-miR451-S1 EGFP+ group and the LV/

VMD2-miR451-12 EGFP+ group.
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Sequence-dependent and Sequence-independent Effects of

overexpression of RNAi effectors in ARPE19 cells

Having confirmed the efficacy of the LVs encoding the agshRNAs
or miR-agshRNAs, we sought to further evaluate the specificity of
the agshRNAs compared with the corresponding classical shRNAs,
as well as the more general effects of overexpression of the
agshRNAs and shRNAs. To this end, we employed RNA-seq of
ARPE19 cells transduced with the LVs encoding the U6-driven
VEGFA-targeting agshRNA-shRNA pairs (12 and 13), and the
non-targeting S1 pair.

First, we investigated the number of differentially expressed genes
compared with the LV/U6-agshS1-transduced ARPE19 cells, which
served as a reference throughout these analyses. For bothVEGFA-tar-
geting agshRNA-shRNA pairs, the number of downregulated genes
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was larger in the cells transduced with the LVs encoding the shRNA
compared with the corresponding agshRNA (Figures 7A and S9A).
The number of upregulated genes was higher in the cells transduced
with the LV/U6-agsh12 compared with sh12, although the highest
number of upregulated genes was observed in the cells transduced
with the LV/U6-sh13 (Figures 7B and S9B). The sh13 also produced
the largest changes in expression levels, with�23% of the downregu-
lated genes and �34% of the upregulated genes reaching a log2 fold
change (log2FC) >1 (Figures 7A and 7B), whereas with the agsh13
only �9% of the downregulated genes and �17% of the upregulated
genes reached a log2FC >1 (Figures 7A and 7B). Themagnitude of the
changes of the expression levels for the agsh12 and sh12 was compa-
rable, with �15% of downregulated genes and �22% of the upregu-
lated genes having a log2FC >1 (Figures 7A and 7B). The shS1 caused
the fewest downregulated and upregulated genes and produced the



Figure 6. RPE-specific expression of the VMD2-driven miR451-12 in vivo

(A and B) Brightfield fundoscopy and EGFP detection of the LV/VMD2-miR451-12-

injected eye, which was used for the in situ detection of miR451-12 57 days p.i. The

expected position of the cross section used in the analysis is indicated with the

dashed line. Fifty-seven days p.i. (C) Formalin-fixed and paraffin-embedded cross

section of the LV/VMD2-miR451-12-injected eye, harvested at day 57 p.i. EGFP

signal and DAPI staining. (D) Cross section adjacent to the section in (C), which was

used for chromogenic in situ detection of the miR451-12 with the miRNAscope

probe detecting the agsh12 guide strand. Brightfield image with hematoxylin

counterstain. (E) Magnification of the EGFP-positive section indicated in (C). (F)

Magnification of the section indicated in (D). The arrows show the location of the red

chromogenic signal indicating the detection of miR451-12. (G and H) Magnification

of the section indicated in (F) with detection of the chromogenic or fluorescent signal

of the miR451-12 probe. (I) Formalin-fixed and paraffin-embedded cross section of

the LV/VMD2-miR451-S1-injected eye (NC), harvested at 57 days p.i., treated with

the miRNAscope probe detecting the agsh12 guide strand. Brightfield image with

hematoxylin counterstain. (I0) EGFP signal in the LV/VMD2-miR451-S1-injected eye,

in the section adjacent to the one shown in (I). See also Figure S8.
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smallest changes in expression levels (Figures 7A and 7B), which is
not surprising considering the shared guide strand with the agshS1
reference sample. Taken together, these data show that the expression
of a classical shRNA in general leads to more changes in gene expres-
sion levels compared with its agshRNA counterpart, although these
effects unsurprisingly are also highly sequence dependent.

To investigate the effects of overexpression of RNAi effectors, both in
terms of sequence-dependent effects and pathways that were affected
by sequence-independent or sequence-dependent effects, we em-
ployed a self-organizing map (SOM) analysis of the 3,000 most vari-
ably expressed genes among differentially expressed genes in pairwise
comparisons (Figure 8A). In this analysis, the genes were divided into
nodes with genes that had a similar expression profile across the
samples. For example, the turquoise node in the upper left corner
contains genes with a low level of expression in the LV/U6-sh13-
transduced cells (represented by the red wedge), and a high level of
expression in the LV/U6-shS1-transduced cells (pale orange wedge)
(Figure 8A). The nodes were then grouped into clusters containing
nodes with similar gene expression profiles, such as the three tur-
quoise nodes in the upper left corner, which constitute cluster 1
(Figure 8A).

To discover the pathways to which the genes in a particular cluster
belong, we performed Gene Ontology (GO) enrichment analysis for
GO biological process (GO-BP) terms. Figure 8B shows the enriched
pathways that were identified in the different clusters in an enrich-
ment plot with colors corresponding to the SOM clusters and descrip-
tions of key pathways (see also Table S1). Furthermore, to address the
question of sequence-specific off-target effects of the RNAi effectors,
we explored the number of guide and passenger strand heptamer seed
matches (HSMs, matching nt 2–8 of the RNAi effector strand) in the
30UTR region of the genes in the different clusters. For each cluster,
we determined the number of genes that contained a particular
HSM and calculated the fraction of HSM-containing genes relative
to both the total number of HSMs for this guide or passenger strand
in all expressed genes and to the number of genes in the cluster
(normalized fraction, Figure 8C). Notably, the number of HSMs
that were identified in the genes expressed in the ARPE19 cells
differed remarkably from a few hundred for the 13 and S1 guide
strands to several thousand genes (Figure S9C).

Some of the clusters that were identified in the SOM analysis appeared
to be composed largely of genes that were downregulated in the cells
transduced with the LV encoding the agshRNA or the corresponding
shRNA. An example of this is cluster 3, which contains genes with a
low level of expression in the agsh12 and sh12 samples (Figure 8A,
light purple nodes). Indeed, the largest normalized fraction of genes
containing 12 guide HSMs that may be directly targeted and hence
downregulated by off-target effects of the shared 12 guide strand
was found in cluster 3 (Figure 8C). Accordingly, as sequence-specific
off-target effects are expected to affect genes independently of their
function and of the pathways in which they are involved, no GO-
BP terms were enriched in this cluster.

Similarly, cluster 11 included genes with a low expression level in the
agshS1- and shS1-treated samples (Figure 8A, mint green nodes),
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Figure 7. Changes in gene expression caused by LVs encoding the U6-

driven RNAi effectors

(A) Log2 fold change (log2FC) distribution for the genes that were downregulated in

the ARPE19 cells transduced with the LVs encoding the U6-driven RNAi effectors,

compared with the cells transduced with the LV/U6-agshS1. The inset shows the

number of downregulated genes compared with the cells transduced with the LV/

U6-agshS1. (B) As in (A), but with upregulated genes. EDCF, empirical cumulative

distribution function.
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which may represent genes that are downregulated by off-target ef-
fects of the shared S1 guide strand. Accordingly, the highest normal-
ized fraction of genes containing S1 guide HSMs was found in cluster
11 (Figure 8C), and no GO-BP terms were enriched in this cluster.
Clusters 1 and 6 (Figure 8A, turquoise and orange nodes) included
genes with a low level of expression in the sh13 or sh12 samples,
respectively, which might represent genes that were downregulated
by the sh13 or sh12 passenger strand. In agreement with this interpre-
tation, the highest normalized fraction of genes containing sh13 pas-
senger strand HSMs was found in cluster 1 (Figure 8C), indicating
sh13 passenger strand off-target effects.

Interestingly, the genes in cluster 12 with a high level of expression
in the sh12- and sh13-treated cells (Figure 8A, mustard yellow no-
des) were involved mainly in immune-related pathways and partic-
ularly antiviral mechanisms (Figure 8B). Similarly, several immune
system process-related GO-BP terms were enriched among the
genes in cluster 7 (Figure 8B), which was composed mainly of genes
that were highly expressed in the sh13 samples (Figure 8A, green no-
des). Thus, the high expression level of immune system-related
genes in cluster 12 and 7 in the sh12- and/or sh13-treated cells
may be linked to a class-specific effect shared by the classical target-
ing shRNAs.
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Overall, the transduction with an LV encoding a Pol III-driven RNAi
effector, whether an agshRNA or a classical shRNA, produced a wide
range of effects that were reflected in the changes in the gene expres-
sion levels. Some of the changes may be attributed to sequence-
specific off-target effects or downstream effects of these, while others
are more likely a result of a more general cellular response to the
overexpression of an RNAi effector. Furthermore, the on-target
efficacy does not seem to be correlated with the off-target effects, as
exemplified by the sh13, which produces a wide range of off-target
effects but only moderate on-target knockdown efficacy.

DISCUSSION
The present study investigates the use of Dicer-independent RNAi ef-
fectors, and in particular tissue-specific Pol II-driven miR-agshRNAs
for future therapeutic applications. We have shown that the
agshRNAs and miR-agshRNAs produce knockdown of VEGFA
in vitro, and that they may provide important advantages in terms
of specificity and safety, including reduced competition and improved
viability compared with classical shRNAs. Additionally, we have
shown that the miR-agshRNAs are expressed in RPE cells in vivo
following subretinal delivery of an LV encoding a Vegfa-targeting
miR-agshRNA driven by the VMD2 promoter and produce signifi-
cant knockdown of Vegfa in vivo.

Numerous investigations have explored the features that determine the
efficacy of Dicer-independent RNAi effectors.5,13,17,20,36–40 While these
have provided highly useful design guidelines, empirical evaluation of
the efficacy is still needed. In comparison with classical shRNAs, we
observe an overall increase in the efficacy of the agshRNAs, both in re-
porter-based assays and on the level of VEGFA, in agreement with
other studies comparing classical and Dicer-independent RNAi effec-
tors.4,14 The efficacy is nevertheless highly sequence dependent. Impor-
tantly, we detected significant knockdown of Vegfa in vivo specifically
in the EGFP+ RPE cells from mice injected with the LV/VMD2-
miR451-12. The observed �55% reduction in Vegfa levels compared
with EGFP+ RPE cells from mice injected with the LV/VMD2-
miR451-S1 was superior even to the knockdown produced in vitro in
the melanoma reporter cell line. The reduction in Vegfa levels in the
LV/VMD2-miR451-S1-treated group and the EGFP� RPE cells in
the LV/VMD2-miR451-12 group compared with uninjected control
eyes might be ascribed to effects of the injection or transduction pro-
cess, which may affect the overall health of the RPE cells and reduce
the expression of Vegfa. In contrast, we did not detect knockdown
by the LV/VMD2-miR451-12 in the RNA isolated from RPE cells
from the whole eye cup, likely because the Vegfa expression level in
the untransduced RPE cells occluded the detection of knockdown in
the transduced cells, which comprised only a fraction of the RPE cells
as estimated by the EGFP-positive area detected by fundoscopy. This
finding underscores the importance of isolating the transduced cells
to obtain an accuratemeasure of the in vivo knockdown efficacy.While,
surprisingly, no reduction of VEGFA mRNA was detectable in the
ARPE19 cells transduced with the LVs encoding the U6-driven
RNAi effectors in vitro (Figure S9D), we ascribe this finding to the
modest expression level of VEGFA in the ARPE19 cells.



Figure 8. LVs encoding the U6-driven RNAi effectors produce a wide range of sequence-dependent and sequence-independent effects

(A) Self-organizing map (SOM) analysis of the 3,000 most differentially expressed genes among differentially expressed genes in pairwise comparisons in the ARPE19 cells

transduced with the LVs encoding the U6-driven RNAi effectors. Genes with similar expression profiles are grouped in the circular nodes. Nodes with similar profiles are

organized in clusters. The polar area charts inside the nodes represent the expression profile of the genes in the node across the different samples. (B) Enrichment plot

showing the enriched gene ontology biological processes (GO-BP) terms in the clusters from the SOM analysis. Captions for enriched pathways in selected clusters are

shown (see Table S1). (C) Genes that contain heptamer seed site matches (HSMs, matching nt 2–8 of the RNAi effector strand) in their 30UTR were identified for each

predicted guide and passenger strand. The fraction of genes containing HSMs relative to both the number of genes in the SOM cluster and the total number of HSMs in the

expressed genes was calculated for each SOM cluster and strand (normalized fraction). Arrows designate bars mentioned in the text.
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The utility of an RNAi effector tool is, however, determined not only by
the efficacybut also by the level of undesired effects of theRNAi effector,
including off-target effects, competitionwith endogenousmiRNAs, and
unanticipated cellular responses such as activation of immune system
processes. The data presented in this study indicate that agshRNAs
and miR-agshRNAs offer compelling advantages in these regards.
Awell-known potential pitfall for RNAi-based therapeutics is the risk
of off-target effects caused by guide or passenger strand seed sequence
complementarity to the 30UTR of genes other than the intended target
gene, thereby affecting their expression level throughmiRNA-like off-
target effects.41 agshRNAs may intrinsically produce fewer sequence-
specific off-target effects, since passenger strand off-target effects are
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avoided. Additionally, the preferential loading of the agshRNAs into
Ago211–13 may contribute to the increased specificity of the
agshRNAs, since off-target effects caused by partial complementarity
to the 30UTR have been coupled to the association of the RNAi
effector with the catalytically incompetent Ago1, 3, and 4.12,42 Indeed,
a recent study by Shang et al. reported a high level of specificity of an
agshRNA-like RNAi effector.6 Conversely, a study by Sun et al. sug-
gested that there may be an increased risk of guide strand off-target
effects by agshRNA-like RNAi effectors, due to a higher mismatch
tolerance.37 Generally, our data indicate that the agshRNAs cause
fewer off-target effects than a corresponding shRNA, comparing
the number of downregulated genes between the agshRNA and cor-
responding shRNA. The striking difference between the number of
identified HSMs, however, suggests that the sequence of the RNAi
effector also plays a major role in determining the off-targeting
potential.

To predict the off-targeting potential of an RNAi effector, several
tools exist (e.g., the siSPOTR tool).43 Although prediction of off-tar-
gets can provide valuable information, off-targeting should also be
investigated in the specific cell type or tissue in which the RNAi
effector will be expressed, and at the dose where the RNAi effector
has the desired efficacy, to detect the true effects of RNAi effector
expression, both sequence dependent and sequence independent.
This is evident when considering the sh13, which, although it has
the fewest guide and passenger HSMs compared with the sh12 and
shS1, produces a wide range of cellular responses.

In the present study, we explored the off-target effects using RNA-
seq-based transcriptome analysis of cells treated with LVs encoding
the U6-driven RNAi effectors. We investigated the number of down-
regulated genes compared with the cells transduced with the LV
encoding the agshS1. Naturally, this means that any gene that is
designated as downregulated in a particular sample might as well
be upregulated in the cells transduced with the LV/U6-agshS1 and
vice versa, but agshS1, being a non-targeting control with few
HSMs, nevertheless provides a common reference point that allows
internal comparisons between the RNAi effectors. To explore the
sequence-specific off-target effects of the RNAi effectors, we utilized
the information from the SOM analysis of the 3,000 most variably ex-
pressed genes among differentially expressed genes in pairwise com-
parisons and compared the normalized fraction of HSMs for each of
the guide and passenger strands of the RNAi effectors in all the clus-
ters. While this approach excludes both less differentially expressed
genes and shorter hexamer seed matches, our data indicated that,
in some cases, sequence-specific off-target effects were indeed at
play, and, importantly, we were able to distinguish these effects
from the multitude of other effects that we observed in this analysis.

Although the concerns for off-target effects are certainly valid, issues
regarding the RNAi effector competition with the processing of
endogenous miRNAs may be equally important to address, and
high-level expression of exogenous RNAi effectors has been described
to cause severe toxicity in vivo.7–10 The nuclear karyopherin XPO5,
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which exports pre-miRNAs as well as shRNAs, has been identified
as a common saturable factor,7,44 but other studies suggest that the
competition takes place at several levels of processing from XPO5
to RISC incorporation.45 Our data indicate that the agshRNAs overall
compete less with the expression of endogenous miRNAs than the
corresponding shRNAs, as exemplified by the competition with
miR21 in HEK293 cells. This observation is corroborated by several
studies,6,14 and may be attributed to the bypass of Dicer and the
preferential loading into Ago211–13 leaving Ago1, Ago3, and Ago4
loading largely unaffected. The pattern was, however, less clear for
the upregulated genes in the RNA-seq analysis of the ARPE19 cells
transduced with the LVs encoding the U6-driven RNAi effectors,
which might include genes that are targets of out-competed endoge-
nous miRNAs. The level of competition is evidently influenced not
only by the structural features of the RNAi effector but also by the
sequence, as reported previously.45 Nevertheless, Pol III-driven
RNAi effectors are likely to be unsuitable for some applications.
With our experimental design, we observe no competition caused
by the Pol II-driven miR-agshRNAs, echoing the effects of shRNA
incorporation into an miRNA backbone.45

In addition to the sequence-specific off-target effects and the compe-
tition with the processing of endogenous miRNAs, we observed an
effect on immune system-related pathways in the ARPE19 cells that
were transduced with the LV/U6-sh12 and LV/U6-sh13. Induction
of interferon-based immune responses elicited by shRNAs delivered
through transient plasmid transfections16 or through LVs15,16 has
been described previously. While the induction of an interferon
response appears to be linked to the recognition of the 50 triphosphate
of the U6-driven transcript by RIG-I,15 sequence-specific effects also
seem to be at play,15 whichmight explain why no similar response was
observed in the LV/U6-shS1-transduced cells. Noticeably, we did not
observe any such induction of interferon-based immune responses in
the cells transduced with the LVs encoding the agshRNAs. Although
we cannot rule out that this was owing to the sequence composition of
the agshRNAs, it is possible that the structural features of the
agshRNAs preclude the activation of an immune response. Addition-
ally, the 50 triphosphate is not present in the Drosha-processed miR-
agshRNAs, and there is no indication that the miR-agshRNAs will
elicit a similar response.

The sustained expression of the U6-driven RNAi effectors caused an
unexpected reduction in proliferation or viability as shown by the
reduced number of ARPE19 cells 5 days post transduction. While
this effect appeared to be dependent both on the sequence and on
the type of RNAi effector, the sh12 and sh13 caused the largest reduc-
tion in viability. We speculate that this may be linked to the activation
of immune system-related and antiviral pathways described above.
Importantly, the sustained expression of miR451-12 did not appear
to cause a similar reduction in proliferation.

To be useful for therapeutic applications, RNAi effectors must have a
high intrinsic efficacy that allows the use of controlled tissue-specific
Pol II expression and a minimal dose of delivery vector while
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retaining therapeutic effect. Additionally, the safety and specificity,
including the consideration of competition with endogenous
miRNAs and of the risk of eliciting an immune response, is of
the utmost importance. We have previously shown that VMD2-
driven intron-embeddedVegfa-targeting miRNA-embedded shRNAs
reduce the Vegfa levels and Vegfa-driven formation of choroidal neo-
vascularization in a mouse model,33,46 but additional studies are
required to further investigate the efficacy of the miR-agshRNAs in
an in vivomodel. Furthermore, application of atypical RNAi effectors
in the form of mirtrons has recently been pursued for RNA knock-
down/replacement therapy.47 Our present findings, combined with
the fact that bicistronic adeno-associated viruses (AAVs) encoding
RNAi effectors and proteins have been engineered,46 suggest that
application of our miR-agshRNAs in RNA replacement gene therapy
might add additional advantages over current technologies, facili-
tating broad treatment options of dominantly inherited diseases.

In the present study, we deliver an anti-VEGFA miR-agshRNA with
an LV, supporting the notion that the miR-agshRNA system is easily
adaptable for numerous targets,23 and, owing to the small size of the
expression cassette, other delivery systems will likely be equally useful,
thus expanding the therapeutic applicability. Collectively, our data
suggest that the agshRNAs, and particularly the Pol II-driven miR-
agshRNAs, possess important advantages in terms of efficacy, high
intrinsic specificity, safety, and versatility over classical shRNAs, mak-
ing them highly suitable for future gene therapy-based applications
both inside and outside of the eye.

MATERIALS AND METHODS
Naming and design of the agshRNA-shRNA pairs

The VEGFA-targeting agsh12 was described in our previous publica-
tion with the name agsh12.3.23 We have in this study renamed the
agsh12.3 as agsh12, and redesigned the corresponding classical
shRNA, sh12, so that the predicted guide strand sequence based on
the 50 and the loop counting rules for Dicer24,25 is the same for
agsh12 and sh12 (Figures 1A and S1). Similarly, the miR451- and
miR324-embedded agsh12.3 have been renamed miR451-12 and
miR324-12, respectively. The VEGFA-targeting agsh13 has also
been introduced in our previous publication23 and is here investigated
along with the corresponding sh13. Both agshRNA-shRNA pairs
were designed to target human VEGFA and murine Vegfa.

For the sh13, an A-U base pair was swapped at position 20 from the 50

end of the hairpin to avoid a premature U6 termination signal. The
predicted guide strand sequence was not affected by this. The agshS1
and shS1 target the HIV-1 tat-rev transcript (site 1).26 Please note that
the shS1 refers to an shRNA with a 21-bp stem, different from the
shS1 presented in our previous publication.23 The guide strand of
agshS1 contains a target mismatch at position 1 to allow an A at
position +1. The shS1 guide strand contains target mismatches at po-
sitions 1, 19, and 20 to allow a G at position +1 for initiation of U6
transcription. The predicted shS1 passenger strand contains target
mismatches at positions 1, 19, and 20. These mismatches were
deemed unlikely to influence efficacy. See also Figure S1.
Plasmid construction

PsiCHECK reporter plasmids were constructed as previously
described,23,26,48 and the psiCHECK-S1-AS was generated by
inserting the S1 target sequence of the psiCHECK-S1 reporter in
the AS direction, 30 of the Rluc in the psiCHECK2 vector using
XhoI and NotI sites, using double-stranded oligos with compatible
overhangs.

For generation of Pol III expression vectors, agshRNA or shRNA con-
structs were cloned directionally into the pFRT-U6 expression
plasmid49 as double-stranded oligos, using BglII- and XhoI-compat-
ible overhangs as described previously.23 The pFRT-U6 expression
plasmid encodes a modified human U6 snRNA promoter, containing
modifications at position �4 and �2, creating a BglII site allowing
direct cloning of RNAi effector oligonucleotides.49 The generation
of the U1 and CMV-driven miR-agshRNA pcDNA3.1-based expres-
sion vectors has been described previously,23 as well as the H1-driven
tough decoys (TuDs).27

For generation of the lentiviral transfer plasmids, a third-generation
pCCL-based lentiviral transfer plasmid encoding PGK-driven
EGFP, named pCCL-PGK-EGFP-MCS, was employed. pCCL-PGK-
EGFP-MCS was constructed in two steps. First an “empty” vector,
named pCCL-PGK-MCS, with two unique restriction sites upstream
of the PGK promoter (ClaI and BsiWI) and seven unique restriction
sites downstream of the PGK promoter (BamHI, SalI, XbaI, ApaI,
XmaI, MluI, and XhoI) was created by excising the ClaI/XhoI
PGK-EGFP fragment from pCCL-PGK-EGFP50 and inserting a
restriction-site-flanked PGK promoter PCR fragment made using
restriction-site-tagged primers (see Table S2). Next, EGFP was rein-
troduced into pCCL-PGK-MCS at the BamHI/XbaI sites as a PCR
fragment made using restriction-site-tagged primers (see Table S2).
Of note, the MCS did not affect transfer as pCCL-PGK-EGFP-MCS
titers were equal to the original pCCL-PGK-EGFP (data not shown).

The lentiviral transfer plasmids encoding U6-driven RNAi effectors
were constructed by PCR amplifying a region spanning the pro-
moter as well as the RNAi effectors and T5 termination signal using
primers incorporating BsiWI and ClaI sites. The pCCL-PGK-EGFP-
MCS was cleaved with BsiWI and ClaI, and the PCR-amplified
expression cassette was inserted, orienting the promoters in a
unidirectional fashion. The lentiviral transfer plasmids encoding
U1-driven RNAi effectors were constructed in a similar manner,
inserting a PCR-amplified region spanning the promoter as well as
the RNAi effectors and U1 terminator box from the appropriate
pcDNA3.1-U1 expression plasmid with primer-incorporated BsiWI
and ClaI sites into the BsiWI and ClaI cleaved pCCL-PGK-EGFP-
MCS.

The lentiviral transfer plasmids encoding the VMD2-driven miR451-
S1 and miR451-12 were constructed using a previously cloned pCCL-
based lentiviral transfer plasmid encoding the CMV-driven miR451-
12 with the CMV promoter in a back-to-back configuration with the
PGK promoter in the pCCL-PGK-EGFP-MCS. This was produced by
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inserting a PCR-amplified region spanning the CMV promoter as
well as the RNAi effectors and bovine growth hormone polyadenyla-
tion signal from the pcDNA3.1-CMV-miR451-12 into the pCCL-
PGK-EGFP-MCS using BsiWI and ClaI restriction sites. The lentivi-
ral transfer plasmids encoding the CMV-driven miR451-12 was in
turn cleaved with Kpn2I and SalI, allowing replacement of the
CMV-PGK fragment with a PCR amplified VMD2-PGK fragment
with compatible overhangs, effectively replacing the CMV promoter
with the VMD2 promoter. The pCCL-PGK-EGFP-VMD2-miR451-
S1 was generated by amplifying the miR451-S1 from pcDNA3.1-
CMV-miR451-S1 with SalI and BclI tagged primers and inserting
the fragment into the SalI and BclI cleaved pCCL-PGK-EGFP-
VMD2-miR451-12.

The lentiviral transfer plasmids for production of the LV-based min-
imal Vegfa target 12 reporters, named pCCL-PGK-E2Crimson-P2A-
Fluc-min12-sense and pCCL-PGK-E2Crimson-P2A-Fluc-min12-AS,
were constructed by inserting a minimal Vegfa target 12 sequence in
the sense or AS direction into the pCCL-PGK-E2Crimson-P2A-Fluc
plasmid (Aagaard, unpublished) with MluI and XhoI. The minimal
target sequence consisted of a short part of the Vegfa T12 sequence
containing the predicted sh12 and agsh12 guide strand target in
the sense or the AS direction with five to eight additional nucleotides
50 to 30. All plasmids were verified using restriction analysis and
sequencing of inserts. Cloning oligo and primer sequences may be
found in Table S2.

Cell culturing

All cell lines were kept at 37�C and 5% v/v CO2. HEK293 (catalog no.
CRL-1573; American Type Culture Collection [ATCC], Manassas,
VA, USA), HEK293T (catalog no. CRL-11268; ATCC), 293-Flp-In-
hVEGFA,31 and the CD86 wild-type (WT) melanoma cell line51

were kept in Dulbecco’s modified Eagle’s medium (DMEM).
ARPE19 cells (catalog no. 2302; ATCC) were kept in 50/50%
DMEM/F12 medium. HCT116 cells and HCT116 Drosha knockout
cells were purchased from Korean Collection for Type Cultures
(KCTC, Jeongeup, Korea, reference numbers BP1230983 and
BP1230984, respectively) and kept in McCoy’s 5a medium (Sigma,
St. Louis, MO, USA). All media were supplemented with 10% fetal
calf serum (FCS), 2 mM glutamine, 100 U/mL penicillin, and
0.1 mg/mL streptomycin. F12 media and supplements were
purchased from Sigma-Aldrich [Sigma]). DMEM medium was pur-
chased from Sigma, Lonza Bioscience (Basel, Switzerland), or Gibco
(Thermo Fisher Scientific, Waltham, MA, USA).

Dual luciferase reporter assay

All dual luciferase reporter assays were performed using the Dual-Glo
Luciferase Assay System (Promega, Madison, WI, USA) according to
the manufacturer’s protocol. Luminescence was detected in an
opaque white 96-well plate using a multi-sample plate reading lumin-
ometer (MicroLuminat plus LB 96V, Berthold Technologies, Bad
Wildbad, Germany). Data are presented as averages of Rluc/Fluc
ratios or Fluc values of triplicates normalized to an empty or non-
targeting control.
70 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
For the transfection-based Vegfa reporter knockdown assays,
HEK293, HCT116, or HCT116 Drosha KO cells were seeded in a
white 96-well plate at a density of 3,000, 3,000, or 4,000 cells/well,
respectively. The next day, the cells were co-transfected with 6 ng
of psiCHECK2 reporter plasmid (psiCHECK2-mVEGF-T12 or psi-
CHECK2-mVEGF-T1323), and 34 ng of plasmid encoding an RNAi
effector, using XtremeGENE 9 (Roche, Basel, Switzerland) according
to the manufacturer’s protocol. Luminescence was evaluated 2 days
post transfection.

The transfection-based miR21 competition assays were inspired by an
experimental design described by Ma et al.14 HEK293 cells were
seeded at a density of 10,000 cells/well and co-transfected the
following day with 100 ng of psiCHECK2 reporter plasmid
(psiCHECK2-miR21perfect, encoding the Rluc fused to a perfect
miR21 target48) and 100 ng of plasmid encoding the RNAi effector.
Luminescence was evaluated 2 days post transfection.

PsiCHECK reporter-based assays evaluating the efficacy of the LVs
encoding the U6-driven RNAi effectors were performed as follows:
HEK293 cells were seeded in a white 96-well plate at a density of
2,000 cells/well. The next day, the cells were transduced with the
LVs at a multiplicity of infection (MOI) of 25. The following day,
the cells were co-transfected with 6 ng of psiCHECK reporter plasmid
(psiCHECK2-mVEGF-T12 Sense/AS or psiCHECK2-mVEGF-T13
Sense/AS23) and 34 ng of pcDNA3.1(+) stuffer plasmid, and the lumi-
nescence was evaluated 2 days post transfection.

LV reporter-based assays evaluating the efficacy of the LVs encoding
the Pol II-driven RNAi effectors were performed as follows: HEK293
or melanoma cells were transduced with the LV reporter using an
MOI of 20 or 10, respectively, more than 3 weeks before analysis,
to generate the reporter cells. The HEK293 or melanoma reporter
cells were seeded at a density of 2,000 cells/well or 3,000 cells/well
respectively, in a white 96-well plate for evaluation of luminescence.
The next day, 3 days before luminescence evaluation, the HEK293 re-
porter cells were transduced with the LVs encoding the U1-driven
RNAi effectors using an MOI of 25 and the melanoma reporter cells
were transduced with the LVs encoding the VMD2-driven RNAi ef-
fectors at an MOI of 35. For both experiments, the Fluc was evaluated
using the Dual-Glo reagent of the Dual-Glo Luciferase Assay System
according to the manufacturer’s protocol and a flow cytometry anal-
ysis was performed in parallel (see below).

Lentivirus production and titration

For each LV preparation 1 � 107 HEK293T cells were seeded in a
15-cm dish on day 1. On day 2, the cells were co-transfected with
6.75 mg of pRSV-REV, 8.43 mg of pMD.2G (all LVs were VSV-G
pseudotyped), 29.25 mg of pMDIg/p-RRE, and 29.25 mg of lentiviral
transfer plasmid using CaPO4 transfection. Medium was replaced
with medium containing 1 mM sodium butyrate (Sigma) and 2%
FCS on day 3. Supernatants containing the viral particles were har-
vested on day 4 by filtering the medium of the producer cells through
a 0.45-mm filter (Sarstedt, Nürnbrecht, Germany). For production of



www.moleculartherapy.org
ultracentrifuged LV preparations for subretinal injections, approxi-
mately 300 mL of viral supernatant was prepared as described above
and centrifuged through a 5% sucrose cushion at 25,000 rpm in an
SW28 or SW27 rotor for 2 h at 4�C. Pellets were resuspended in
Hanks Balanced Salt Solution (HBSS, Gibco, Thermo Fisher), and
the preparations were purified and concentrated by centrifugation
through an Amicon Ultra-15 Centrifugal Filter Unit (100-kDa
MWCO) (Millipore, Sigma) according to the manufacturer’s
protocol.

A functional LV titer was determined using a qPCR-based approach.
One-hundred thousand HEK293 cells were seeded. The next day, the
cells were transduced with three serial dilutions of each filtered viral
supernatant or ultracentrifuged viral preparation supplemented with
8 mg/mL Polybrene (hexamethrine bromide, Sigma) and cells from
one of the wells were counted to estimate the number of cells at the
time of transduction. Medium was replaced the following day and
genomic DNA (gDNA) was harvested 4 days post transduction using
the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). qPCR
samples were prepared using Maxima Probe qPCR Master Mix
(Thermo Fisher Scientific) according to the manufacturer’s protocol,
and appropriate primers and probes (see Table S2) and 50–100 ng of
the harvested gDNA per reaction. The qPCR and data analysis were
performed using the LightCycler 480 instrument and software
(Roche). TheWPRE copy number per cell was determined by relating
the sample values of WPRE and albumin to a plasmid-based standard
curve and assuming two copies of albumin per cell. The viral titers
were determined based on the three replicates and the number of
cells.

For all transduction experiments (except transduction of the
melanoma cells with the LV/VMD2-miR451-S1 and LV/VMD2-
miR451-12), transductions were performed using 8 mg/mL Polybrene,
and the medium was replaced the day after transduction. NT controls
were also treated with Polybrene. As all titers were estimated using
HEK293 cells, the actual MOI of ARPE19 and melanoma cells may
deviate from the calculated MOI.

VEGFA detection by western blot analysis

One-hundred thousand 293-hVEGFA cells were seeded in six-well
plates. The next day, they were transduced with the LVs at an MOI
of 25. Lysates were harvested 3 days post transduction using RIPA
Lysis and Extraction Buffer (Thermo Fisher Scientific) supplemented
with cOmplete Mini Protease Inhibitor Cocktail (Roche) according to
the manufacturer’s protocol, except incubation time on ice was
15 min. Medium was filtered through 0.20-mm filters (Sarstedt). Forty
micrograms of total protein of the lysates or 27 mL of medium were
loaded on a 4%–15% Mini-PROTEAN TGX gel with one-quarter
v/v 4� Laemmli sample buffer (Sigma) with 50 mM DTT after dena-
turation for 5 min at 95�C and electrophoresed. For the lysates, a
stain-free gel was used, which, after electrophoresis, was activated
for 45 s using the ChemiDoc MP imaging system (Bio-Rad, Hercules,
CA) before transfer to a polyvinylidene fluoride (PVDF) membrane
(Bio-Rad) and visualization of total protein using the ChemiDoc
MP imaging system (Bio-Rad). The membrane was blocked for 1 h
at room temperature (RT) in 5% w/v skim milk powder (VWR,
Radnor, PA) in Tris-buffered saline (TBS) buffer (Thermo Fisher
Scientific) with 0.1% Tween 20 (Sigma) (TBS-T). The membrane
was incubated overnight at 4�C with a Rb-anti-VEGF antibody
(ab46154, Abcam, Cambridge, UK) at a concentration of 1:2,000
with constant rocking before washing three times for 5 min in
TBS-T and incubation with a horseradish peroxidase (HRP)-conju-
gated goat-anti-rabbit antibody (Dako, Agilent, Agilent Technologies,
Santa Clara, CA) in a concentration of 1:10,000 for 1 h at RT. Detec-
tion was done using Clarity Western enhanced chemiluminescence
(ECL) substrate (Bio-Rad) and imaging was done using the
ChemiDoc MP imaging system. Data analysis was performed using
Image Lab software (Bio-Rad). Samples were analyzed in triplicates.

Purification of RNA from cell lines

For the purification of RNA from 293-hVEGFA cells, 50,000 cells
were seeded in 12-well plates. The next day, they were transduced
in triplicates with the LVs at an MOI of 25. Three days post transduc-
tion, RNA was harvested using the RNeasy mini plus kit (Qiagen)
according to the manufacturer’s protocol and frozen at �80�C. The
RNA concentration was determined using the NanoDrop One and
cDNA was synthesized from 0.161 mg of RNA in a 10 mL reaction
volume using the iScript cDNA synthesis kit (Bio-Rad) according
to the manufacturer’s protocol.

RT-qPCR analyses

For the detection of knockdown of VEGFA mRNA in 293-hVEGFA
cells, the qPCR was prepared using RealQ Plus Master Mix Green
(Ampliqon, Odense, Denmark) according to the manufacturer’s pro-
tocol, using 3 mL of the diluted (1:60) cDNA synthesis reaction as
template in a total reaction volume of 10 mL and a primer concentra-
tion of 1 mM. Cycling conditions were set according to the manufac-
turer’s protocol, with 10 s of denaturation, 20 s of annealing, and 30 s
of elongation for 40 cycles, and an annealing temperature of 57�C. For
all samples, a DNA contamination control without reverse transcrip-
tase was included. All reactions, except negative controls, were
analyzed in technical triplicates, and a standard curve made using a
mix of cDNA samples in 5-fold serial dilutions was included to deter-
mine the PCR efficiency, which was 90% for VEGFA and 92% for
PPIA, which was used as a reference gene for normalization. The
qPCR and data analysis were performed using the LightCycler 480
instrument and software (Roche, release 1.5.1.62) and Excel 365 for
Windows. Cq values were determined with the second derivative
max method. The specificity was confirmed using melt curve analysis
and/or gel electrophoresis. For both genes, the range of Cq values was
between 20 and 27.5, while the no-template control was above the
detection limit of Cq 35. Replicates that had a difference >0.5 in Cq

values compared with the other replicates were excluded from the
analysis. In addition to PPIA, HPRT1 and GAPDH were evaluated
as reference genes, and PPIA was selected as the most stable reference
gene using NormFinder for Excel.52 For each of the genes, concentra-
tions were calculated from the Cq values using the efficiency calcu-
lated from the standard curve. Then a relative quantity (RQ) was
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calculated by relating the concentrations for each sample to the con-
centration of the control samples. The RQ for VEGFA was then
normalized using the RQ for PPIA. The qPCR data analysis was based
on the method described by Taylor et al.53 Primers for VEGFA were
designed using NCBI’s Primer-BLAST with the forward primer span-
ning an exon-exon junction, producing an amplicon of 165 bp. The
PPIA,HPRT1, andGAPDH primers have been previously validated.54

The quantification of the Vegfa and EGFP mRNA and pri-miR451-
agsh transcripts in the RPE cells from the whole eye cups was
performed similarly. The qPCR was prepared using 3 mL of the
diluted (1:30) cDNA synthesis reaction. The annealing temperature
was 58�C for all primer sets, except the EGFP primers, where it was
60�C. The PCR efficiency was 106% for Vegfa, 99% for EGFP, 96%
for the pri-miR451-agsh transcript, and 88% for Actb, which was
used as a reference gene for normalization. The qPCR was performed
using the LightCycler 480 II instrument (Roche). The range of Cq

values was between 25.5 and 31.5 for Atcb and Vegfa. In addition to
Actb, Hprt and Rn18s were evaluated as reference genes, and Actb
was selected as the most stable reference gene using NormFinder
for Excel.52

The quantification of the Vegfa mRNA in the FACS-sorted murine
RPE cells was performed similarly, using the same primers for Vegfa
and using Atcb as a reference gene for normalization, but with
another primer set (Actb 2, see Table S3). Fifty amplification cycles
were used, but Cq values above 35 were not considered. If the differ-
ence in the technical triplicates values exceeded 0.5 Cq, the most
extreme value was excluded. The annealing temperature for both
primer sets was 58�C, and the primer concentration was 0.5 mM.
The standard curve from the previous experiment with RPE cells
was used, and the efficiency was 98% for Vegfa and 98% for Actb.
The qPCR was prepared using 3 mL of the diluted (1:6) cDNA synthe-
sis reaction. The range of Cq values was between 22 and 34.5 for Atcb
and Vegfa.

All primer sequences are available in Table S3.

Flow cytometry analysis

LV reporter-based assays evaluating the efficacy of the LVs encoding
the Pol II-driven RNAi effectors based on the reduction of E2Crimson
expression (Figure S5) were performed as follows: HEK293 cells or
melanoma cells were transduced with the LV reporter using an
MOI of 20 or 10, respectively, to generate reporter cell lines. The re-
porter cells were seeded at a density of 100,000 cells/well in a six-well
plate or 50,000 cells/well in a 12-well plate for flow cytometry analysis.
The next day, 3 days before flow cytometry analysis, the HEK293 or
melanoma reporter cells were transduced with the LVs encoding the
U1-driven or VMD2-driven RNAi effectors using anMOI of 25 or 35,
respectively. On the day of analysis, adherent cells were harvested by
trypsinization and centrifugation. The cells were washed twice in
phosphate buffered saline (PBS) (BioWest, Nuaillé, France), centri-
fuged, resuspended in PBS, and kept at 4�C until analysis shortly after
harvest. The samples were analyzed using a Novocyte 2100YB flow
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cytometer and the NovoExpress Software (both ACEA Biosciences,
Agilent Technologies).

MTT assay

ARPE19 cells were seeded at a density of 1,000 cells/well in a trans-
parent 96-well plate. The next day, the cells were transduced at an
MOI of 30 with the LVs encoding the U6-driven or U1-driven
RNAi effectors. Untreated controls (NC) and controls treated with
Polybrene only (NT) were included. Transductions were performed
in quintuplicates, while controls were in triplicates. Four days
post transduction, a standard curve of ARPE19 cells was seeded at
a density ranging from 3,125 to 100,000 cells/well and medium
was replaced for all wells. Five days post transduction, the MTT
assay was performed using the MTT cell proliferation assay kit
(Cayman Chemical, Ann Arbor, MI) according to the manufac-
turer’s protocol, measuring absorbance at 570 nm using the
ELx808 Absorbance Reader (BioTek, Agilent Technologies). The
background absorbance measured in wells containing only medium
was subtracted from all measurements, and the absorbance relative
to the untreated controls was reported. The standard curve was used
to ensure that the cell number was within or near the linear range of
measurement.

Animals

Animals were handled as previously described.46 Briefly, 8-week-old
male C57BL/6J mice were purchased from Janvier Labs (Le Genest-
Saint-Isle, France) and kept on a 12 h/12 h light/dark cycle at the An-
imal Facilities at the Department of Biomedicine, Aarhus University,
Denmark with ad libitum access to water and Altromin maintenance
feed (Altromin, Brogaarden, Denmark). Prior to subretinal injection
or in vivo fundoscopy, mice were anesthetized with an intraperitoneal
injection of ketamine and medetomidine hydrochloride (Ketador
60–100 mg/kg [Richter Pharma AG, Wels, Austria] and Cepetor/
Domitor 0.8–1.2 mg/kg [ScanVet Animal Health A/S, Fredensborg,
Denmark]), and the pupils were dilated with a drop of 1%
tropicamide solution (Mydriacyl, Alcon Nordic A/S, Copenhagen,
Denmark). Eyes were kept lubricated with a carbomer eye gel (Visco-
tears Alcon Nordic). After the procedures, mice were brought out of
anesthesia with atipamezole 0.5–1 mg/kg (Antisedan, Orion Pharma,
Copenhagen, Denmark). Mice were treated with a subcutaneous in-
jection of carprofen (Rimadyl Bovis Vet, Zoetis Finland Oy, Helsinki,
Finland) (5 mg/kg) just before or immediately after the subretinal in-
jection and 3 days after via their drinking water (3.33 mg/100 mL) for
pain relief. Animals were handled in accordance with the Statement
for the Use of Animals in Ophthalmic and Vision Research from
the Association for Research in Vision and Ophthalmology
(ARVO). All animal experiments were performed under the approval
of The Danish Animal Inspectorate (case# 2020-15-0201–00745).

Subretinal injections

Mice were injected unilaterally with 4.13 � 105 IU (or 4.54 � 105 IU
of the LV/VMD2-miR451-S1 for the short-term experiment with
FACS) LV in a total volume of 2 mL as described previously.46 For
the study of miR451-12 expression in vivo with miRNAScope, eight
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mice received the LV/VMD2-miR451-S1 or LV/VMD2-miR451-12
(four mice in each group). For the study of Vegfa expression in
RPE cells from the entire eye cup, pri-miR451-agshRNA transcript
expression, and EGFP expression, 20 mice received the LV/VMD2-
miR451-S1 or LV/VMD2-miR451-12 (10 mice in each group).
For the study of Vegfa knockdown in FACS-sorted RPE cells, 24
mice received the LV/VMD2-miR451-S1 or LV/VMD2-miR451-12
(12 mice in each group). Fundoscopic examinations were carried
out with the Micron IV imaging system (Phoenix Research Labora-
tories, Pleasanton, CA) to detect the EGFP expression. In each exper-
iment, a fundoscopic examination was performed immediately before
the sacrifice of the animals (day 57 for miRNAScope, day 56 for RNA
purification from RPE cells in the whole eye cup, or day 14 for RNA
purification from FACS-sorted RPE cells).

Isolation of primary mouse RPE cells for FACS

On day 14 p.i., mice were sacrificed by cervical dislocation, the eyes
were enucleated, and the RPE cells were purified as follows: the
eyes were placed in ice-cold HBSS, periocular tissue was removed,
and subsequently the cornea and lens were removed by a circumfer-
ential incision. The eyecups were placed in hyaluronidase solution
(1 mg/mL hyaluronidase [Sigma] in HBSS) at 37�C for 45 min.
Then the eyecups were incubated in HBSS for 30 min on ice. The neu-
ral retina was removed, and the remaining eyecup was placed in a
0.25% trypsin/EDTA in HBSS solution (Sigma) at 37�C for 45 min.
The eyecups were transferred to FCS (Sigma) and the RPE cells
were detached by shaking the eyecup in a 20% FCS in HBSS solution.
The solution with the RPE cells, the trypsin/EDTA solution, and the
FCS were transferred to a 15-mL Falcon tube. RPE cells from three
injected eyes or two uninjected eyes were pooled in the same tube.
The pools were centrifuged at 2,300 rpm for 2 min at RT and the su-
pernatant was discarded. The pellet was resuspended in a 0.05%
trypsin/EDTA solution and incubated in a water bath at 37�C for
1 min. Four milliliters of FACS buffer (1% BSA [VWR], 2.5 mM
EDTA [Sigma], 25 mM HEPES [Alfa Aesar, Haverhill, MA] in
HBSS) was added to the RPE cell solution, which was transferred to
a 100-mmcell strainer (Falcon, Thermo Fisher Scientific). The strainer
was washed three times with 1 mL of FACS buffer, and the RPE cell
solution was centrifuged for 2 min at 2,300 rpm. The RPE cell pellet
was resuspended in FACS buffer, and the solution was kept at 4�C
until analysis. The contralateral eyes from six mice (four from the
LV/VMD2-miR451-S1 group and two from the LV/VMD2-
miR451-12 group) were used as uninjected controls.

FACS of primary murine RPE cells

The purified RPE cells were sorted on a three-laser (375 nm, 488 nm,
633 nm) BD FACSAria III (BD Biosciences, Franklin Lakes, NJ). The
cell population was identified based on forward scatter (FSC) and side
scatter (SSC), and FSC and SSC doublets were excluded. The EGFP+

cells were identified based on fluorescence measured in the EGFP de-
tector (530/30 nm) and in the neighboring PE detector (585/42 nm).
An equal level of fluorescence in both the EGFP and PE detectors was
interpreted as autofluorescence, and these cells were excluded. The
gating strategy is shown in Figure S7.
Purification of RNA from murine RPE cells

For the purification of RNA from RPE cells from the whole eye cup:
on day 56 p.i., the mice were sacrificed by cervical dislocation, the eyes
were enucleated, and the RNA was extracted from the RPE cells as
previously described.46 The contralateral eyes from five mice from
each group were used as uninjected controls. The RNA was eluted
in a volume of 10 mL and kept at�20�C for nomore than 1 day before
cDNA synthesis. For the cDNA synthesis, 2.5 mL of the eluate was
used in a 10-mL reaction using the iScript cDNA synthesis kit (Bio-
Rad) according to the manufacturer’s protocol.

For the purification of RNA from FACS sorted RPE cell pools were
centrifuged for 3� 5 min at 300, 500, and 1,000� g, the supernatant
was removed, and the cell pellet was frozen at �80�C until RNA pu-
rification. RNA was purified using the RNeasy Micro Kit (Qiagen) ac-
cording to the manufacturer’s protocol, except the gDNA eliminator
column was not used, and DNAse treatment was not performed on
the column. The RNA was eluted in a volume of 14 mL and treated
with DNAfree (Thermo Fisher Scientific) according to the manufac-
turer’s protocol, before cDNA was synthesized with 5 mL of the
DNAse-treated RNA using the iScript cDNA synthesis kit (Bio-
Rad) as described above. The RT-qPCR analyses are described above.

Detection of miR451-12 in RPE cells with chromogenic in situ

hybridization

The cellular localization of miR451-12 was investigated by chromo-
genic in situ hybridization (CISH) using miRNAscope high-definition
(HD) RED procedure (Advanced Cell Diagnostics [ACD], Hayward,
CA). The protocol provided by the manufacturer and the recommen-
ded conditions were followed. Mice were sacrificed 57 days p.i. and the
eyes were enucleated and immediately transferred to 4% formalin solu-
tion for fixation. Paraffin embedding and sectioning was performed at
the Department of Pathology, Aarhus University Hospital. In brief, for
the miRNAscope analysis, 5-mm thick paraffin sections from formalin-
fixed and paraffin-embedded blocks of LV/VMD2-miR451-12 and LV/
VMD2-miR451-S1-transduced mouse retinas were pretreated, post-
fixated, and hybridized with a custom-designed miRNAscope probe
targeting the predicted guide strand of the miR451-12 (50-AGUAG
GAAGCUCAUCUCUCC-30). The miR451-12-binding probe was de-
tected using six amplification steps combined with red-signal detection
and counterstaining with Gill’s Hematoxylin I solution. Data were
collected using an Olympus VS120 slide scanner and analyzed using
cellSens Entry 2.3, QuPath software version 0.2.3, and ImageJ software
version 1.53c for Windows.

Statistical analysis

GraphPad Prism version 9.2.0 was used for statistical analysis of the
competition, MTT, and RT-qPCR assays. For the competition and
MTT assays, a one-way ANOVA was performed followed by �Sídák’s
multiple comparisons test between each of the agshRNAs and their
corresponding shRNAs. The multiplicity-adjusted p values were
reported. For RT-qPCR assay, the data were log transformed
before a one-way ANOVA was performed followed by the uncorrec-
ted Fisher’s least significant difference (LSD) test between the
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LV/VMD2-miR451-S1 EGFP+ group and the LV/VMD2-miR451-12
EGFP+ group.

RNA-seq and analyses

One-hundred and twenty-five thousand ARPE19 cells were seeded in
six-well plates 1 day before transduction with the LVs at an MOI of
20. The cells were harvested 3 days post transduction. The cells
were lysed using the QIAzol lysis reagent (Qiagen) and RNA was ex-
tracted using phenol-chloroform extraction and propan-2-ol/ethanol
precipitation. Four replicates were included for each LV. The RNA
purity, integrity, and concentration were analyzed on the Agilent
2100 Bioanalyzer instrument (Agilent Technologies), and only
RNA with an RNA integrity number (RIN) value of 10 was used
for sample preparation.

Libraries were prepared using the NEBNext Ultra II Directional RNA
Library Prep Kit for Illumina with the NEBNext Poly(A) mRNA
Magnetic Isolation Module (New England Biolabs, Ipswich, MA) ac-
cording to the manufacturer’s protocol, substituting SPRIselect beads
for AMPure XP beads (Beckman Coulter, Brea, CA). The libraries
were then analyzed on the Agilent 2100 Bioanalyzer instrument,
and with the KAPA Library Quantification Kit for Illumina Platforms
(Roche).

Following sequencing, reads were trimmed using bbduk.sh55 and
mapped to the human hg38 genome using STAR56 version 2.6.1a
and to the human transcriptome using salmon57 version 0.14.1, in
both cases using Ensembl version 93 gene annotations.58 Gene counts
were obtained from transcript counts using tximport59 and differen-
tial expression determined using DESeq260 and apeglm.61 To identify
gene clusters, we employed SOMs using the kohonen package62,63 and
analyzed biological pathways using clusterProfiler64 followed by en-
richplot65 for plotting. Briefly, we first identified significantly differ-
entially expressed genes with respect to treatment with the two
RNAi effector sequences (12 or 13), mode of delivery (agsh or sh),
and the interaction between these. We then identified the 3,000
most variably expressed genes across all samples and used these in
our clustering analysis.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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