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Oncolytic adenoviruses are being developed as new anti-cancer
agents. Their efficacy can be improved by incorporating RNA
interference (RNAi) molecules. RNAi molecules can be ex-
pressed in various precursor formats. The aim of this study
was to determine the most effective format. To this end, we
constructed three D24-type oncolytic adenoviruses, with hu-
manmicroRNA-1 (miR-1) expression cassettes in short hairpin
RNA (shRNA), precursor microRNA (pre-miRNA), and pri-
mary miRNA (pri-miRNA) format, respectively. The viruses
were compared for virus replication, mature miR-1 expression,
and target gene silencing in cancer cells. Incorporation of the
cassettes had only minor effects on virus replication. Mature
miR-1 expression from the pri-miRNA format reached on
average 100-fold higher levels than from the other two formats.
This expression remained stable upon long-term virus propa-
gation. Infection with the pri-miR-1-expressing virus silenced
the validatedmiR-1 targets FOXP1 andMET.Drosha knockout
almost completely abrogated mature miR-1 expression, con-
firming that processing of adenovirus-encoded pri-miR-1 was
dependent on the host cell miRNA machinery. Using simple
in vitro recombination cloning, a similar virus expressing
miR-26b was made and shown to silence the validated miR-
26b target PTGS2.We thus provide a platform for construction
of oncolytic adenoviruses with high expression of RNAi mole-
cules of choice.
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INTRODUCTION
Although many advances were made in the treatment of cancer in
recent years, cancer still remains one of the leading causes of death
worldwide. There is, therefore, a great need for new treatments.
One promising approach is oncolytic virus therapy, using viruses
that selectively replicate in and kill cancer cells, evoking an antitumor
immune response.1,2 Several different oncolytic viruses are evaluated
for this purpose, adenoviruses being among the most extensively
studied. While preclinical results with these viruses are very prom-
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ising, their anticancer efficacy as single agents in humans has gener-
ally beenmodest,3 leaving room for improvement. Several approaches
are investigated to accomplish this. One of the strategies is to use RNA
interference (RNAi) technology. We previously showed that a short
hairpin RNA (shRNA) can be expressed from the genome of an on-
colytic adenovirus to silence a target gene in cancer cells.4 This
opened the way to develop more powerful oncolytic adenoviruses,
by expressing selected shRNAs or microRNAs (miRNAs) during on-
colytic virus replication in cancer cells (reviewed in Brachtlova et al.5).
For example, oncolytic adenoviruses were made to silence VEGF to
inhibit angiogenesis or an apoptosis inhibitor to promote cell death.6,7

The results of these approaches were variable, which could be related
to interactions between virus replication and RNAi biology, the
choice of target genes, or the level of gene silencing that was achieved.5

The current study was initiated to assess an optimized format for
high-level expression of RNAi molecules from the oncolytic adeno-
virus genome, tomaximize gene silencing in infected cancer cells. Fig-
ure S1 illustrates the processing of endogenous host cell miRNAs and
oncolytic adenovirus-encoded miRNA precursors in the RNAi ma-
chinery. Exogenous RNAi molecules can be expressed in different
precursor formats that engage the cellular RNAi machinery at
different levels.8,9 To facilitate nuclear export and subsequent cyto-
plasmic processing into mature silencing duplexes, the RNAmolecule
Author(s).
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should be transcribed and folded in at least the short hairpin-like
structure that can be recognized by exportin 5 and Dicer (i.e., as
shRNA or precursor miRNA [pre-miRNA]). Alternatively, the
RNA can be transcribed as a long primarymiRNA (pri-miRNA) tran-
script with embedded stem-loop RNA structure. Prior to nuclear
export, this pri-miRNA is processed by the endonuclease DROSHA
to release the pre-miRNA. During replication in host cells, adenovi-
ruses express virus-associated RNAs (VA-RNAs), which are pro-
cessed by the RNAi machinery into viral miRNAs.10 In cells infected
with miRNA-expressing adenoviruses, endogenous miRNAs, exoge-
nous miRNAs, and VA-RNAs may thus compete for the processing
capacity of the miRNA biogenesis pathway (Figure S1).

pri-miRNAs and pre-miRNAs typically contain imperfect hairpin
structures with one or more mismatches in the double-stranded
stem. In contrast, designed shRNAs that are matured by the RNAi
machinery into short interfering RNAs (siRNAs) or miRNA mimics
usually have (near) perfect sequence complementarity in the stem. To
investigate the effects of nuclear DROSHA processing and of stem
sequence complementarity on the efficiency of adenovirus-encoded
miRNA processing, we compared oncolytic adenoviruses expressing
a human miRNA in shRNA, pre-miRNA, or pri-miRNA format for
production of mature miRNA and gene silencing efficiency. In addi-
tion, we compared oncolytic replication and assessed stability of
RNAi molecule expression. We found that the pri-miRNA format
outperformed the other two formats. It produced mature miRNA at
2 orders of magnitude higher levels and silenced target genes with
an efficiency comparable to that achieved with optimized miRNA
mimic transfection.

RESULTS
Construction of Gene-Silencing Oncolytic Adenoviruses

To allow rapid introduction of gene-silencing molecules into the on-
colytic adenovirus genome, we made use of Gateway recombination
(Figure 1A). To this end, we constructed recipient plasmid
pAdD24E3-DEST-R that carries the full-length genome of an
AdD24-type oncolytic adenovirus with a Gateway Destination
cassette inserted between the adenovirus E4 region and the right-
hand inverted terminal repeat. This locale does not overlap with
any adenovirus transcript. Expression cassettes for gene-silencing
molecules can be introduced in pAdD24E3-DEST-R using a two-
step cloning procedure. First, synthetic hairpin-encoding DNA frag-
ments are inserted in entry plasmid pSHAG-1, which places
transcription of the hairpin RNA under direction of the U6 promoter.
Second, the hairpin expression cassette is transferred to the oncolytic
adenovirus genome by in vitro recombination with pAdD24E3-
DEST-R. Bacterial transformation of the recombination products
and ampicillin selection yields only bacteria carrying plasmids with
the hairpin-containing adenovirus. Upon plasmid isolation from
these cells and PacI digestion, the released linear viral genome is
transfected into human cancer cells to start virus propagation. Using
this method, five recombinant viruses were made. In addition to an
empty expression cassette control, made by recombining pSHAG-1
without insert with pAdD24E3-DEST-R, we made three viruses ex-
pressing a human microRNA-1 (miR-1) and one virus expressing a
human microRNA-26b (miR-26b) precursor. Human miR-1 was
chosen because this tumor-suppressor microRNA is expressed at
very low levels in many cancer cells,11 allowing sensitive detection
of exogenous expression. miR-26b was used because of its assumed
effect on adenovirus propagation in prostate cancer cells.12 All in-
serted sequences are given in Table S1. miR-1 was expressed in three
different formats, each predicted to be processed by the RNAi ma-
chinery into mature hsa-miR-1-3p (Figure 1B). To create shmiR-1
(i.e., a miR-1 precursor in shRNA format), the sequences in the
stem of the firefly luciferase shRNA that we previously expressed
from the genome of an AdD24-type virus4 were replaced by those
of the hsa-miR-1 mimic duplex used by Lim et al.13 The sequences
in the shmiR-1 stem are mostly complementary, with a mismatch
near the 50 end of the miR-1-3p sense strand to promote its incorpo-
ration into the RNA-induced silencing complex (RISC).13 A miR-1
precursor in pre-miRNA-like format was derived from hsa-miR-1-2
to include the endogenous hsa-miR-1-2 loop and stem until the
end of the mature hsa-miR-1-3p sequence, with its natural mis-
matches between the sense and antisense strands. The shmiR-1 and
pre-miR-1 constructs have their 50 start nucleotide set to be guanine
(G indicated in bold in Figure 1B), to accommodate the transcription
start preference of the U6 promoter.14 At the 30 end of the hairpin,
following the cytosine complementary to the 50 guanine, a track of
5 thymines was added to direct proper transcription termination leav-
ing 2 or more uracils in the 30 transcript overhang as a substrate for
processing by Dicer.15 The third miR-1 precursor, in pri-miRNA
format, comprises the endogenous hsa-miR-1-1 sequences with
approximately 120 nucleotides of flanking sequences on both sides
of the hairpin. Also here, a guanine was placed at the +1 position after
the U6 promoter and a 5-thymine tail was added. For this construct,
the pri-miR-1-1 sequence was preferred over that of pri-miR-1-2,
because the latter contains a stretch of 5 thymines in one of the flanks
that would serve as a premature termination signal for RNA polymer-
ase III. Finally, following the same design strategy, a pri-miR-26b en-
coding adenovirus was constructed. The predicted secondary folding
structures (generated with RNAfold Webserver16) of the pri-miR-1
and pri-miR-26b transcripts are shown in Figures 1C and 1D,
respectively.

Comparison of Three Different Formats for miRNA Expression

from the Adenovirus Genome

To investigate which expression format is most suited for effective
gene silencing in the context of oncolytic adenovirus replication,
the newly constructed miR-1 precursor-carrying viruses were
compared for their oncolytic replication potency and stable miRNA
expression in human cancer cells. The three viruses exhibited similar
titers as the empty expression cassette control virus when produced in
A549 non-small cell lung cancer cells (Table S2). Their oncolytic
potency was determined by infecting A549 cells with virus dilution se-
ries and measuring cytotoxicity 7 days post infection. A549 cells were
chosen for these experiments because they efficiently support human
adenovirus propagation, allowing sensitive detection of differences in
oncolytic potency. The virus concentration required to kill 50% of the
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Figure 1. Construction of Gene-Silencing Oncolytic Adenoviruses

(A) Schematic strategy for rapid production of oncolytic adenoviruses with incorporated RNAi molecule expression cassette. (B) RNA transcript sequences of the three

different miR-1 precursor designs. Mature and passenger strand sequences are shown in red and blue, respectively. (C and D) Predicted optimal secondary folding

structures of adenovirus-encoded hsa-pri-miR-1 (C) and hsa-pri-miR-26b (D), with the microRNA stem-loops pointing down. Predicted structures are based on minimum

free energy and base-pairing probability calculation using RNAfold WebServer.16 The positions of the mature miRNA sequences are indicated.
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cells (EC50) values derived from dose-response curves (Figure 2A)
were used to calculate average oncolytic potencies (1/EC50), which
were 186 for AdD24E3-U6 (95% probability range, 137–254), 25
for AdD24E3-U6.shmiR-1 (range, 18–34), 15 for AdD24E3-U6.pre-
334 Molecular Therapy: Oncolytics Vol. 19 December 2020
miR-1 (range, 7–35), and 46 for AdD24E3-U6.pri-miR-1 (range,
30–72). Thus, insertion of hairpin-encoding sequences decreased
oncolytic virus cytotoxicity 4- to 12-fold. While the pri-miR-1-
carrying virus exhibited the highest oncolytic potency of the three



Figure 2. Analysis of Oncolytic Adenoviruses

Expressing Different MicroRNA Precursor

Molecules

(A) Dose-response cytotoxicity analysis of oncolytic ade-

noviruses expressing different miR-1 precursor mole-

cules on A549 lung cancer cells. Data shown are means

of two independent experiments in triplicate. (B) Quanti-

tative RT-PCR analysis of mature miR-1-3p expression in

HCT116 parental and Drosha knockout (KO) colorectal

carcinoma cells infected with oncolytic adenoviruses

expressing different miR-1 precursor molecules. (C)

Expression of mature miR-1-3p in different cancer cell

lines infected with AdD24E3-U6 or AdD24E3-U6.pri-

miR-1. (D) Time course analysis of mature miR-1-3p

expression in A549 cells infected with oncolytic adeno-

viruses expressing different miR-1 precursor molecules.

(E) Comparison of mature miR-1-3p expression in

HCT116 cells infected with AdD24E3-U6 or AdD24E3-

U6.pri-miR-1, before and after 6 weeks of virus propa-

gation. Data shown in (B)–(E) are means of three inde-

pendent experiments with cells infected at 100 IU/cell in

duplicate and are given relative to uninfected cells.
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insert-containing viruses, differences were not significant, indicating
that their hairpin sequence insertions were similarly compatible with
adenovirus biology. This allows direct comparison of miRNA expres-
sion in infected cancer cells, without a potential confounding effect of
temporal differences in virus-host interactions.

Next, we compared the viruses for their mature miR-1 expression in
infected cells and studied the involvement of DROSHA in exogenous
miR-1 processing. To this end, an isogenic pair of wild-type and Dro-
sha knockout HCT116 colorectal cancer cell lines was infected with the
different viruses, and 32 h later mature miR-1-3p was measured by
qRT-PCR. The cells were infected at a high multiplicity of infection
(MOI) of 100 IU/cell. At this MOI, cells are efficiently infected (Fig-
ure S2), which allowsmonitoring ofmiRNA expression during a single
virus life cycle. MicroRNA expression was measured 32 h after infec-
tion, because we had previously seen that transgene expression from
replicating adenovirus vectors by then had reached a plateau, and
knockdown of firefly luciferase by adenovirus-encoded shRNA was
evident.4,17 As can be seen in Figure 2B, in wild-type HCT116 cells,
all three hairpin formats were expressed from the adenovirus genome
and processed into mature miR-1-3p, reaching levels that were sub-
Molecular The
stantially higher than the endogenous miR-1-
3p levels measured in uninfected cells or in cells
infected with empty control virus AdD24E3-U6
(p < 0.001). Strikingly, the virus carrying miR-1
in the pri-miRNA format clearly stood out,
yielding on average more than two orders of
magnitude higher levels of mature miR-1-3p
than the other two formats. Although this differ-
ence did not reach significance (p = 0.08), it was
highly reproducible (Figure S3). High levels of
mature miR-1-3p expression were also measured when AdD24E3-
U6.pri-miR-1 was used to infect other cancer cell lines representing
several different tumor types (Figure 2C). To investigate the course
of miR-1 expression after host cell infection, A549 cells were infected
with the three miR-1-expressing viruses, and mature miR-1-3p was
quantified at various time-points between 4 and 48 h post infection.
As can be seen in Figure 2D, miR-1-3p expression from all three pre-
cursor formats rapidly increased during the first day after infection
and reached maximum values after 32–48 h. As expected, miRNA
expression levels in infected cells correlated with the MOI (Figure S4).
Drosha knockout almost completely abolished mature miR-1-3p
expression in AdD24E3-U6.pri-miR-1-infected cells (p < 0.001; Fig-
ures 2B and S3), confirming that processing of the pri-miRNA by
DROSHA was essential for efficient entry into the host cell miRNA
machinery. In contrast, processing of shmiR-1 and pre-miR-1 was
not inhibited by Drosha knockout, which is in line with their
DROSHA-independent design. In fact, Drosha knockout seemed
to slightly elevate mature miR-1-3p production in AdD24E3-
U6.shmiR-1- and AdD24E3-U6.pre-miR-1-infected cells, suggesting
that Drosha knockout reduced competition by endogenous miRNAs
for use of the RNAi machinery.
rapy: Oncolytics Vol. 19 December 2020 335
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Figure 3. Replication of Oncolytic Adenoviruses

Expressing miR-1 or miR-26b in Cancer Cells

(A) Analysis of adenovirus DNA copy numbers in A549

cells infected with AdD24E3-U6, AdD24E3-U6.pri-miR-1,

or AdD24E3-U6.pri-miR-26b by qPCR for adenovirus

packaging signal sequences. Data shown are the means

of two independent experiments in duplicate. (B)

Dose-response cytotoxicity analysis of AdD24E3-U6,

AdD24E3-U6.pri-miR-1, and AdD24E3-U6.pri-miR-26b

on A549 cells. Data shown are means of two

independent experiments in triplicate. (C) Analysis of

mature miR-26b-5p levels in A549 cells 32 h after infection

with AdD24E3-U6, AdD24E3-U6.pri-miR-1, or AdD24E3-

U6.pri-miR-26b. Data shown are means of three

independent experiments in duplicate and are given

relative to uninfected cells.
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Having established the superiority of the pri-miRNA format, we
further investigated whether miR-1 expression from AdD24E3-
U6.pri-miR-1 remains stable upon long-term virus propagation. To
this end, HCT116 cells were infected with AdD24E3-U6 and
AdD24E3-U6.pri-miRNA-1 adenoviruses at a low MOI of 0.25 IU/
cell and cultured until near-complete cytopathic effect (CPE) was
observed. Viruses were then harvested, diluted, and used to infect
newly seeded cells. This procedure was continued for a total of
6 weeks, equaling an estimated 15 virus life cycles. The virus progeny
in the final harvest was titrated and used to measure mature miR-1-3p
expression in HCT116 cells in a side-by-side comparison with the
start material (Figure 2E). miR-1-3p expression did not change
upon prolonged viral replication, showing that the functional
silencing cassette was stably maintained in the adenovirus genome.
The same observation was made when AdD24E3-U6.pri-miR-1 was
propagated on A549 cells (not shown).

Expression of a Different pri-miRNA from the Oncolytic

Adenovirus Genome

We also constructed AdD24E3-U6.pri-miR-26b, using the same clon-
ing procedure. In contrast to miR-1, expression of miR-26b could
perhaps influence virus replication. We previously observed that
miR-26b overexpression in prostate cancer cell lines promoted adeno-
virus-induced cell death and increased adenovirus progeny release, re-
sulting in larger plaque sizes.12 While this had not been investigated in
cells other than prostate cancer cells, similar effects could perhaps be
anticipated in the cells used in this study. Interestingly, AdD24E3-
U6.pri-miR-26b grew to 30- to 55-fold higher titers in A549 cells
than the other four viruses used in this study (Table S2). In fact, the
titer of the unpurified AdD24E3-U6.pri-miR-26b virus batch was
higher than we usually obtain for any oncolytic adenovirus. To inves-
tigate possible mechanisms of miR-26b-mediated enhancement of
adenovirus production, we measured adenovirus DNA replication
and cytotoxic virus replication on A549 cells, in comparison to the
empty control virus and the pri-miR-1-expressing virus. Figure 3A
shows that adenovirus DNA copy numbers in cells infected with
AdD24E3-U6, AdD24E3-U6.pri-miR-1, and AdD24E3-U6.pri-miR-
336 Molecular Therapy: Oncolytics Vol. 19 December 2020
26b increased with similar rates. In addition, the three viruses ex-
hibited similar oncolytic potencies on A549 cells (Figure 3B). Thus,
the considerable increase in infectious progeny virus production by
miR-26b expression remains unexplained. Figure 3C shows that infec-
tion of A549 cells with AdD24E3-U6.pri-miR-26b increased the levels
of mature miR-26b-5p 10-fold compared to controls. The apparently
smaller increase of mature miRNA expression compared to that seen
with AdD24E3-U6.pri-miR-1 (approximately 100,000-fold; Figure 2)
is explained by much higher endogenous levels of miR-26b-5p than
miR-1-3p (estimated 10,000-fold difference, data not shown).

Efficiency of Adenovirus-Encoded miRNA Processing by the

RNAi Machinery and Silencing of Target Genes in Host Cells

We next compared the levels of mature miRNA delivered by pri-
miRNA-expressing adenoviruses to those that are achieved by trans-
fection with miRNA mimics. HCT116 cells were infected with
AdD24E3-U6.pri-miR-1 or AdD24E3-U6.pri-miR-26b or were trans-
fected with miR-1 or miR-26b mimics under optimized conditions.
After 32 h, RNA was isolated and mature miRNA was quantified
by qRT-PCR. As can be seen in Figures 4A and 4B, both viruses
elevated the expression levels of their encoded miRNA, but these
levels were considerably lower than was achieved by transfecting
miRNA mimics. High-level exogenous pri-miRNA expression could
potentially inhibit processing of endogenous miRNA in the host
cell. However, exogenous overexpression of pri-miR-1 did not reduce
endogenous miR-26b processing (Figure 4B), and, vice versa, exoge-
nous overexpression of pri-miR-26b did not reduce endogenous
miR-1 processing (Figure 4A). Because efficient miRNAmimic trans-
fection or high pri-miRNA expression could perhaps exceed RISC-
loading capacity, we next investigated binding of adenovirus-encoded
miRNA-26b and miR-26b mimics to the Argonaut (AGO) RNA
binding protein of the RISC. To this end, small RNA associated
with AGO proteins was isolated using peptide-based pull-down18

(Figure S5A). Total cellular RNA and pan-AGO-bound RNAs were
analyzed by miR-26b-5p (mature strand)-specific and miR-26b-3p
(passenger strand)-specific qRT-PCR, and amounts were compared
(Figure S5B). All cells contained more mature miR-26b-5p than



Figure 4. Processing of IntroducedmiRNAPrecursorMolecules by theHost

Cell RNAi Machinery

(A) Comparison of mature miR-1-3p levels in HCT116 cells treated with miR-1

mimics, pri-miR-1-expressing virus, or control pri-miR-26b-expressing virus. (B)

Comparison of mature miR-26b-5p levels in A549 cells treated with miR-26b

mimics, control pri-miR-1-expressing virus, or pri-miR-26b-expressing virus. Data

shown are means of three independent experiments in duplicate and are given

relative to uninfected cells.
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passenger miR-26b-3p. Under most conditions, AGO pull-down
slightly enriched for mature miR-26b-5p. Only upon miR-26b-mimic
transfection, less (approximately 30%) miR-26b-5p mimic RNA was
found associated with Argonaut proteins. Nevertheless, much more
miR-26b-5p was loaded into RISC in miR-26b mimic-transfected
cells than in AdD24E3-U6.pri-miR-26b-infected cells. Endogenous
miR-26b, oncolytic adenovirus-encoded miR-26b hairpins, and
transfected miR-26b mimic duplexes exhibited a strong preference
for incorporation of the mature miR-26b-5p strand into RISC. Exog-
enous expression of oncolytic adenovirus-encoded pri-miR-1 did not
detectably influence RISC loading of endogenous miR-26b. Thus,
RISC was properly loaded with the mature antisense strand of adeno-
virus-expressed pri-miRNA, and the RISC-loading capacity exceeded
the amount of adenovirus-produced microRNA.

To investigate if the amounts of adenovirus-encoded miRNA ex-
pressed and processed in the RNAi machinery were sufficient for
effective gene silencing, we measured expression levels of validated
miR-1 and miR-26b target genes in infected cancer cells.19–22

MDA-MB-231 breast cancer cells, which express high endogenous
levels of miR-1 target genes FOXP1 and MET as well as miR-26b
target gene PTGS2, were infected with AdD24E3-U6.pri-miR-1 or
AdD24E3-U6.pri-miR-26b, and FOXP1, MET, and PTGS2 mRNA
was quantified by qRT-PCR. In these experiments, the two viruses
served as mutually irrelevant controls. Figure 5A shows that miR-1-
3p and miR-26b-5p were expressed in MDA-MB-231 cells infected
with the pri-miRNA-expressing viruses. Expression increased expo-
nentially over a 2-day period, leveling off at 48 h post infection.
Both viruses exhibited the anticipated target gene knockdown, with
AdD24E3-U6.pri-miR-1 infection decreasing FOXP1 and MET
expression and AdD24E3-U6.pri-miR-26b infection decreasing
PTGS2 expression (Figure 5B). Although there was considerable in-
ter-experimental variation, which was in line with the observed vari-
ation in miRNA expression levels, specific knockdown was significant
(all: p < 0.01). To investigate if oncolytic adenovirus-encoded exoge-
nous pri-miRNA or VA-RNA expression could saturate and thereby
inhibit the miRNA biogenesis pathway, cells were infected with
AdD24E3-U6 or AdD24E3-U6.pri-miR-1 and non-target PTGS2
mRNAs was quantified or with AdD24E3-U6 or AdD24E3-U6.pri-
miR-26b and non-target FOXP1 and MET mRNAs were quantified.
As can be seen in Figure 5C, PTGS2 and MET expression appeared
similarly, but not significantly, increased upon infection with both
viruses. Thus, there was a trend suggesting collateral inhibition by
VA-RNA expression but not by exogenous pri-miRNA expression.
To confirm that the observed gene silencing was caused by direct
miRNA-mediated knockdown, we used an HCT116 reporter cell
line expressing an optimized Renilla luciferase variant (RenSP) with
human FOXP1-30UTR. These cells were infected with the three
miR-1 precursor-expressing oncolytic adenoviruses or transfected
with miR-1 mimics, and knockdown was measured after 24 and
32 h (Figure 5D). As can be seen, all treatments significantly reduced
luminescence intensity. Notably, AdD24E3-U6.pri-miR-1 induced
the most efficient gene silencing. At 32 h post infection, it even ex-
ceeded that of miR-1 mimic transfection. This was remarkable in
view of the much higher mature miR-1-3p levels observed upon
mimic transfection (Figure 4A). In addition, in AdD24E3-U6.pri-
miR-1-infected cells, target gene silencing became apparent sooner af-
ter infection than in cells infected with the other two viruses. At 24 h
after treatment, luminescence was decreased upon infection with
AdD24E3-U6.pri-miR-1 or transfection with miR-1 mimics but not
yet upon infection with the other two viruses. To discriminate
between adenovirus and miR-1-dependent effects on RenSP-
FOXP1-30UTR expression, we compared luminescence in reporter
cells infected with AdD24E3-U6.pri-miR-1 or AdD24E3-U6.pri-
miR-26b (Figure 5E). AdD24E3-U6.pri-miR-26b infection did not
significantly reduce luminescence. In contrast, AdD24E3-U6.pri-
miR-1 infection silenced RenSP-FOXP1-30UTR expression with
similar efficiency as miR-1 mimic transfection (p < 0.05). Hence,
the expression of adenovirus-encoded pri-miRNA and its processing
in the RNAi machinery was sufficient to bring about gene silencing,
with an efficiency and a velocity equal to or exceeding that of miRNA
mimic transfection under optimized conditions.

DISCUSSION
Expression of RNAi silencing molecules from the genome of repli-
cating viruses is considered a useful strategy to achieve more effective
oncolytic virotherapy of cancer.5,23 Useful microRNAs and target
genes for this purpose are identified by functional genetic
screening24–27 or are chosen on the basis of their known func-
tions.6,7,23,28,29 While the tested approaches were generally successful,
reported gene silencing efficiencies were variable. We envisioned that,
depending on the target gene, more consistent knockdown could be
required to achieve a therapeutic effect.

Although shRNA-like stem-loop vectors are most commonly used,
RNAi molecules can be expressed in cells in different precursor
Molecular Therapy: Oncolytics Vol. 19 December 2020 337
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Figure 5. Silencing of Validated Target Genes by

Adenovirus-Encoded miRNAs

(A) Time course of mature miRNA expression in MDA-

MB-231 cells infected with AdD24E3-U6.pri-miR-1 or

AdD24E3-U6.pri-miR-26b. Data shown are the individual

results and means of three independent experiments,

each measured in duplicate, and are given relative to

uninfected cells. (B) Analysis of mRNA knockdown of miR-

1 targets FOXP1 and MET and of miR-26b target PTGS2

in MDA-MB-231 cells infected with pri-miRNA-expressing

adenoviruses. Data are from 5 or 3 independent experi-

ments, each measured in duplicate, and are normalized

to the expression measured in irrelevant virus-infected

cells. Paired t test was used to test for significance of

mRNA knockdown. (C) Comparison of collateral inhibition

of gene silencing in cells infected with miRNA-expressing

adenovirus. MDA-MB-231 cells were infected with

AdD24E3-U6, AdD24E3-U6.pri-miR-1, or AdD24E3-

U6.pri-miR-26b, and expression of non-target genes was

quantified. Data are from 3 independent experiments,

each measured in duplicate, and are normalized to the

expression measured in uninfected cells. (D) Analysis of

miRNA-mediated silencing of FOXP1 by measuring lumi-

nescence in an HCT116 reporter cell line carrying a

FOXP1-30UTR-RenSP plasmid, at 24 and 32 h after

infection with miR-1 precursor-expressing adenoviruses

or transfection with miR-1 mimics. Data shown are

means + SD from three independent experiments done in

triplicate. Repeated-measures one-way ANOVA was

used to test for differences between groups. The results

shown are from the analysis done on the data at 32 h after

treatment. (E) Analysis as in (D), measuring luminescence

24 h after infection with the pri-miR-1 or pri-miR-26b-

expressing adenovirus or transfection with miR-1 mimics.

Data shown are means + SD from a representative

experiment done in triplicate.
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formats. Recently, three different formats were compared in the
context of replication-defective adenovirus shuttle plasmids.30

Expression in pre-miRNA or pri-miRNA format or as two single-
strand complementary RNAs yielded similar expression levels and
knockdown efficiencies. As far as we know, however, a side-by-side
comparison of different silencing formats has not been made using
replication-competent adenoviruses. In this context, virus-host inter-
actions are expected to impact miRNA biogenesis, in particular via
VA-RNA expression,10 and therefore the processing not only of
endogenous miRNAs but also of exogenous virus-encoded silencing
molecules could be inhibited (Figure S1). In addition, because onco-
lytic adenoviruses in contrast to replication-defective adenovirus
vectors kill their host cancer cell, effective gene knockdown should
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be achieved rapidly after infection to be mean-
ingful. Therefore, we set out to compare
different precursor formats expressed from the
genome of oncolytic adenoviruses during their
replication in cancer cells. In contrast to what
was previously reported for transfected replica-
tion-defective adenovirus shuttle plasmids,30
we found that expression from a conditionally replicating adenovirus
genome in pri-miRNA format yielded 2 orders of magnitude higher
production of mature silencing molecules than expression in shRNA
or pre-miRNA format and that this increased production resulted in
the most efficient and rapid knockdown of endogenous target genes.
A possible explanation for the striking difference between the obser-
vation with replication-defective adenovirus vector plasmids made
before30 and with replicating adenoviruses made here is competition
between VA-RNA and miRNA precursors for processing in the
miRNA biogenesis pathway (Figure S1). pri-miRNAs enter the
canonical miRNA biogenesis pathway in the nucleus by binding
to the microprocessor complex consisting of multiple nuclear pro-
teins, including DROSHA.31 The DROSHA-cleaved intermediate
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pre-miRNA products are subsequently handed over to the nuclear
export receptor exportin 5 (XPO5) for further processing by the cyto-
plasmic RNAi machinery. It has been proposed that interleukin
enhancer-binding factor 3 (ILF3) shuttles pre-miRNAs from the
microprocessor complex to XPO5.32 In contrast, VA-RNAs, shRNAs,
and pre-miRNAs interact with XPO5 for nuclear export without the
aid of the microprocessor complex and ILF3. It is tempting to specu-
late that the ILF3-mediated delivery of pri-miRNAs to XPO5 is more
effective, imparting pri-miRNAs, but not shRNAs and pre-miRNAs,
a competitive advantage over VA-RNAs to enter the miRNA biogen-
esis pathway.

Competition of endogenous pri-miRNAs with adenovirus-encoded
miRNAs was probably very small. This can be deduced from the
observation that expression of shRNA or pre-miRNA precursors,
which do not require DROSHA for processing, resulted in only
slightly more mature miRNA produced in Drosha-knockout cells
than in Drosha-wild-type cells. Only the latter cells process endoge-
nous pri-miRNAs via the canonical pathway that could perhaps
compete with the adenovirus-encoded molecules. Endogenous pri-
miRNAs thus did not saturate XPO5 or the cytoplasmic RNAi
machinery, leaving sufficient processing capacity for adenovirus-en-
coded precursors. In addition, miRNA mimic transfection resulted
in much more RISC loading than could be reached with adeno-
virus-pri-miRNA infection. Hence, also at the final effector level,
the capacity of the miRNA biogenesis pathway was not limiting exog-
enous pri-miRNA processing. Conversely, a possible concern of high-
level expression of exogenous miRNA precursors is oversaturation of
the miRNA biogenesis pathway, reducing the processing of endoge-
nous miRNAs (Figure S1). While this possible collateral effect of
oncolytic adenovirus-encoded pri-miRNA expression was not inves-
tigated extensively, our results suggest that inhibition of endogenous
miRNA biogenesis does not occur prominently. Exogenous pri-
miRNA expression did not detectably reduce endogenous miRNA
processing. It also did not increase expression of a non-target
miRNA-regulated gene. Thus, in the context of adenovirus replica-
tion and VA-RNA expression, the potential inhibitory effect on the
RNAi machinery by additionally expressing an exogenous pri-
miRNA is probably limited.

Although adenovirus-encoded pri-miRNA expression clearly stood
out compared to pre-miRNA or shRNA expression, the amount of
mature miRNA produced in adenovirus-pri-miRNA-infected cells
and loaded into RISC was considerably lower than could be reached
by miRNA mimic transfection. This suggests that there is still room
for further improvement. For endogenous miRNAs, it has been found
that the efficiency of pri-miRNA cleavage in the microprocessor com-
plex rather than their primary transcription is a key regulatory step in
the biogenesis.33 Although it is not known if this is also true for
adenovirus-encoded pri-miRNAs, efforts to improvemiRNA produc-
tion are therefore best focused on hairpin sequence modifications that
increase processing efficiency rather than primary transcription
efficiency. However, despite the large difference in mature miRNA
abundance in pri-miRNA-expressing adenovirus-infected cells and
miRNA mimic-transfected cells, gene-silencing efficiency measured
in the former cells was at least equivalent. This suggests that attempts
to further increase miRNA production from the adenovirus genome
might not be urgent.

Expression of mature miRNA from adenovirus-encoded pri-miRNA
was highly dependent on DROSHA, showing that processing mainly
occurred via the canonical miRNA biogenesis pathway. Nevertheless,
a small fraction above background was detected in Drosha-knockout
cells, suggesting that non-canonical DROSHA-independent miRNA
biogenesis of adenovirus-encoded pri-miRNA could also occur. Several
DROSHA-independent miRNA biogenesis pathways have been identi-
fied that could perhaps explain this observation.31 The abundance of
non-canonically processed pri-miRNAs was, however, so low that their
contribution to gene silencing can probably be neglected.

In our experiments, we also sought to develop a simple construction
method for gene-silencing oncolytic adenoviruses, where different
silencing cassettes could be inserted into the relatively large adeno-
virus genome. For this, we introduced a Gateway recombination
destination cassette into the full-length genome of an oncolytic
adenovirus with E1A-D24 modification.34 We tested the utility of
this cloning system by generating five different viruses expressing—
in addition to a negative control—two different human microRNAs
in different precursor formats. All viruses could easily be generated
and propagated, suggesting that the cloning system will be of use to
construct new oncolytic viruses silencing target genes identified in
functional genetic screens. A similar approach, based on recombina-
tion in bacteria rather than in vitro as we did here, was recently used
to generate a pooled miRNA expression library in replication-compe-
tent adenoviruses.26 The simplicity of these cloning methods thus
allows production of not only specific gene-silencing viruses but
also gene-silencing libraries. Notably, we found that regardless of
the precursor format used, introduction of short hairpin-encoding
sequences had a small negative impact on the replication properties
of the virus. Introduction of the most effective silencing molecules
in pri-miRNA format reduced oncolytic replication potency on
average 4-fold. Although the effect was small, it was significant and
can therefore not be neglected. The benefit of expressing therapeutic
miRNAs from the virus genome, at least using the designs tested by
us, should thus be balanced against the modestly reduced cancer
cell-killing rate of the virus. Modifications to the adenovirus genome
that inhibit replication could impose a negative selection pressure,
causing outgrowth of revertants lacking the modification. At
least in the extent of our in vitro experiments, this did not appear
to take place, as miRNA expression remained stable during virus
propagation.

Our experiments were not designed to investigate effects of expressed
miRNAs on adenovirus biology. Nevertheless, we found that the on-
colytic adenovirus expressing miR-26b produced much higher titers
than empty control or miR-1-expressing adenoviruses on A549 cells.
Although this observation could not be explained by differences in the
rate of virus replication, it complements our previous observation that
Molecular Therapy: Oncolytics Vol. 19 December 2020 339
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miR-26b overexpression in prostate cancer cells enhanced propaga-
tion of wild-type human adenovirus serotype 5.12 The latter observa-
tion was made on cells that already overexpressed miR-26b before
they were infected with adenovirus. Thus, in those experiments
miR-26b could influence the entire adenovirus life cycle. In our cur-
rent work, miR-26b was expressed from the virus genome and target
gene knockdown was delayed until the late phase of adenovirus infec-
tion. More research is needed to assess the impact of miR-26b on
adenovirus biology, with particular attention for the timing of
miRNA expression during the virus life cycle.

In conclusion, we developed a platform for easy construction of on-
colytic adenoviruses that express high levels of RNAi molecules of
choice. These viruses induce effective gene knockdown in infected
cancer cells. The platform offers opportunities to design next-gener-
ation viruses for more effective oncolytic virotherapy of cancer.

MATERIALS AND METHODS
Cell Lines

A549 non-small cell lung cancer cells, MDA-MB-231 breast cancer
cells, and 911 adenovirus E1-complementing cells were grown in Dul-
becco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS) (GIBCO-
Thermo Fisher Scientific, Waltham, MA) and antibiotics (100 IU/
mL penicillin and 100 mg/mL streptomycin) (Sigma-Aldrich).
HCT116 colorectal cancer cells—a parental and Drosha knockout
clone35 (product numbers BP1230983 and BP1230984, respec-
tively)—were obtained from the Korean Collection for Type Cultures
(KCTC, Jeollabuk-do, South Korea) and grown in McCoy’s 5A me-
dium (Lonza, Basel, Switzerland), supplemented with 10% FBS, anti-
biotics, and 2 mM glutamine. H1299 non-small cell lung cancer cells,
SW620 colorectal cancer cells, PC-3 and DU145 prostate cancer cells,
and Mel-BRO and WM9 melanoma cells were grown in RPMI 1640
medium (Sigma-Aldrich) supplemented with 10% FBS and antibi-
otics. All cells were maintained at 37�C in 5% CO2. FOXP1-30UTR
reporter cells were made by co-transfection of LightSwitch FOXP1-
30UTR GoClone reporter plasmid (Switchgear Genomics, Menlo
Park, CA) and pTK-Hyg Hygromycin selection plasmid (Clontech,
Mountain View, CA) into HCT116 cells using FuGene HD Transfec-
tion Reagent (Promega, Madison, WI) according to the manufac-
turer’s instructions, followed by selection of individual transfected
clones in complete McCoy’s 5A medium (supplemented as
mentioned above) with additional 75 mg/mL Hygromycin B (Carl
Roth, Karlsruhe, Germany). Individual resistant clones were main-
tained in the same medium, and expression of Renilla luciferase
from the GoClone reporter plasmid was confirmed using the Renilla
Luciferase Assay System (Promega).

Construction of Recombinant Adenovirus Genomes withmiRNA

Expression Cassettes

First, microRNA-encoding sequences were inserted through ligation
into BseRI/BamHI-digested Gateway entry clone pSHAG-1 (gener-
ously provided by Dr. G.J. Hannon, Cold Spring Harbor Laboratory,
NY; http://hannonlab.cshl.edu/plasmids/pSHAG_maps.gif).
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pSHAG-1 contains a U6 promoter-driven expression cassette flanked
by the Gateway attL1 and attL2 recombination sites, such that the
expression cassette can be transported into destination plasmid vec-
tors using the Gateway system (Invitrogen, Carlsbad, CA). Synthetic
DNA encoding miRNA in short hairpin miRNA mimic or pre-
miRNA format was purchased from Dharmacon Thermo Scientific
as complementary single-strand oligonucleotides, which were an-
nealed to create duplexes with BseRI and BamHI compatible over-
hangs and then ligated into pSHAG-1. Plasmids carrying synthetic
DNA sequences encoding pri-miRNAs encompassing the stem-
loop with at least 119 nucleotides of flanking sequences on both sides
(based on the human Genome Reference Consortium build 37
[GRCh37]) and flanking BseRI and BamHI restriction sites for pri-
miR-1 or BsrDI and BamHI restriction sites for miR-26b were pur-
chased from Thermo Fisher Scientific GeneArt (Regensburg, Ger-
many). After digestion with BseRI or BsrDI (creating a 50-CG-over-
hang compatible with BseR1-digested pSHAG-1) and BamHI, the
released insert was ligated into BseRI/BamHI-digested pSHAG-1.
All synthetic insert sequences (hsa-miR-1 mimic, hsa-pre-miR-1-2,
hsa-pri-miR-1-1, and hsa-pri-miR-26b) including a 30 TTTTT tail
used herein are listed in Table S1.

A recipient vector carrying a Gateway recombination destination
cassette between the adenovirus E4 region and the right-hand ITR
wasmade to allow transfer ofmiRNAexpression cassettes to the adeno-
viral genome. To this end, the construct pEndK/SpeI4was used. pEndK/
SpeI carries Ad5map units 0–7 and 93–100 separated by a unique KpnI
site, PacI restriction sites flanking the two Ad5 ITRs, and a unique SpeI
site that was introduced by changingAd5 nucleotide 35813 fromA toT
by site-directed mutagenesis. pEndK/SpeI was made compatible with
the Gateway system by ligating the Gateway destination cassette rfa
(Gateway Vector Conversion System; Life Technologies Invitrogen)
as a blunt fragment into the SpeI site (filled inwithKlenowpolymerase).
A plasmid was selected that contained the Gateway destination cassette
with the coding sequence of the ccdB gene on the adenovirus R strand
andwasdesignatedpEndK/DEST-R.Next,Ad5-D24E334 linear dsDNA
was isolated from virions and recombined with linearized pEndK/SpeI
in E. coli BJ5183 bacteria to obtain plasmid clone pAdD24E3, from
which full-length AdD24E3 DNA was released by PacI digestion. This
DNA was recombined in E. coli BJ5183 bacteria with KpnI-digested
pEndK/DEST-R to obtain pAdD24E3-DEST-R. pAdD24E3-DEST-R
is propagated in E. coli strain STBL2-DB3.1, which contains a gyrase
mutation that renders it resistant to the lethal effects of theCcdBprotein
allowing propagation of plasmids carrying the ccdB gene in the DEST
cassette.

Empty and miRNA-encoding U6-driven expression cassettes were
transferred from pSHAG-1 to pAdD24E3-DEST-R via an in vitro
recombination reaction using the GATEWAY LR Clonase enzyme
mix (Invitrogen) according to manufacturer’s protocol.

Oncolytic Adenovirus Production and Characterization

Full-length adenovirus genomes with or without miRNA expression
cassette were released via PacI digestion and transfected into A549
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cells using Lipofectamine Plus (Invitrogen) transfection according to
the manufacturer’s instructions. Viruses were further propagated on
A549 cells. Lysates were prepared when CPE was observed by freeze-
thawing three times followed by clarification using centrifugation. Su-
pernatants were stored at�80�C until use in experiments. Functional
virus titers were determined by limiting dilution infection of 911 cells
and hexon staining using the Adeno-X Rapid Titer Kit (Clontech).
Titers of the produced virus batches are given in Table S2. Oncolytic
potency was assessed by in vitro cytotoxicity assay. To this end, A549
cells were infected with two-fold serial virus dilutions, and 7 days later
adherent cells were stained using the BCA Protein Assay kit (Thermo
Fisher Scientific) as described before.36 EC50 was calculated from
dose-response curves by standard non-linear regression using a
sigmoidal dose-response equation (GraphPad Prism, San Diego, CA).

Mature miRNA Expression Analysis Using qRT-PCR

RNA was isolated using TRIzol (Invitrogen) at the indicated time af-
ter infection with oncolytic adenovirus atMOI 100 or 32 h after trans-
fection with 25 nM hsa-miR-1 mimic (Dharmacon, Lafayette, CA;
cat. No. C-300585-05-0002) or hsa-miR-26b mimic (Dharmacon;
cat. No. C-300501-07) using DharmaFect 2 (Dharmacon) according
to the manufacturer’s instructions. For preservation of miRNAs,
0.4 mg/mL glycogen (Invitrogen) was added to the aqueous phase dur-
ing isolation. To quantify mature miR-1-3p expression, cDNA was
prepared using the TaqMan MicroRNA Reverse Transcription kit
(Applied Biosystems, Foster City, CA) and custom-ordered TaqMan
MicroRNA Assays specific for human miR-1-3p or RNU48 (Applied
Biosystems). The qPCR was performed on an Applied Biosystems
7500 Real-Time PCR system using TaqMan Universal Master Mix
II, no UNG (Applied Biosystems), and custom-ordered TaqMan
MicroRNA Assays as above. Mature miR-1-3p expression was
normalized by RNU48 expression using the DCt method, and fold
change over endogenous expression was calculated using the DDCt
method. To quantify mature miR-26b-5p or passenger strand miR-
26b-3p expression, cDNA was prepared using the TaqMan
MicroRNA Reverse Transcription kit and a custom miR-26b-5p-spe-
cific stem-loop (SL) primer12 or miR-26b-3p-specific SL primer. The
qPCR was performed on a Roche LightCycler 480 system using 5�
HOT FIREPol EvaGreen qPCR Mix Plus (no ROX) (Solis BioDyne,
Tartu, Estonia) using a custom miR-26b-5p-specific or miR-26b-
3p-specific forward primer and a custom reverse primer directed
against a sequence in the SL primer. Amplification of U6 small nu-
clear RNA (snRNA) was done for normalization as described.12

Custom primers were purchased from Invitrogen and are listed in
Table S3. Expression fold change was calculated as above. All exper-
iments were performed in three independent runs, each including
technical duplicates.

Long-Term Viral Propagation Assay

To investigate the stability of miRNA expression during adenovirus
propagation, 3 � 105 HCT116 cells were seeded per well in a 6-well
plate and infected with AdD24E3-U6 or AdD24E3-U6.pri-miR-1 at
MOI 0.25. Viruses were allowed to propagate for up to 7 days, until
80%–90% of cells were in CPE. Viruses were harvested by collecting
the cells and subjecting them to three freeze-thaw cycles. Harvested
viruses were diluted 10,000 times and used to infect freshly seeded
cells as above. This was repeated for a total of 6 cycles, after which
a final amplification was done in a T75 flask. Propagated viruses
were titrated as above, and titers are given in Table S2. HCT116 cells
were infected at MOI 10 side by side with original stock virus and
long-term propagated virus, and mature miR-1-3p expression was
measured by qRT-PCR as above.

Analysis of Adenovirus DNA Replication Using qPCR

DNAwas isolated fromA549 cells at the indicated time after infection
with oncolytic adenovirus at MOI 100 using the QIAamp DNA Blood
Mini kit (QIAGEN). qPCR was performed on a Roche LightCycler
480 system using 5� HOT FIREPol EvaGreen qPCR Mix Plus (no
ROX) and custom primers for the adenovirus packaging domain pur-
chased from Invitrogen (Table S3). Reactions were done in duplicate
and copy numbers are presented as 2^(-Ct) values.

Analysis of Target Gene Silencing Using qRT-PCR

MDA-MB-231 cells were infected with oncolytic adenoviruses at
MOI-100, and RNA was isolated 32 h post infection as above.
cDNA was prepared using the Cloned AMV First-Strand Synthesis
Kit (Invitrogen) or FireScript RT cDNA Synthesis Kit (Solis BioDyne)
according to the manufacturer’s recommendations. qRT-PCR was
performed on a Roche LightCycler 480 system using 5� HOT
FIREPol EvaGreen qPCR Mix Plus (no ROX). Human FOXP1,
MET, and PTGS2 primers were purchased as custom oligonucleotides
from Invitrogen (Table S3). Hs_GAPDH_2_SG QuantiTect Primer
Assay (QIAGEN, Hilden, Germany) was used for GAPDH. All
reactions were done in duplicate. GAPDH-normalized FOXP1,
MET, or PTGS2 gene expression was calculated using the DCt
method; knockdown compared to irrelevant control virus-infected
cells was calculated using the DDCt method.

Analysis of Direct Silencing of FOXP1 Using a Reporter Assay

HCT116-FOXP1-30UTR GoClone reporter cells were infected with
oncolytic adenoviruses at MOI-100 as above or transfected with
25 nM hsa-miR-1-3p mimic as above. Renilla luciferase expression
was measured after 24 and 32 h using the Renilla Luciferase Assay
System (Promega) according to the manufacturer’s instructions.
Data are normalized by the luminescence measured in untreated
reporter cells.

RISC Pull-Down Assay

We used a method similar to the one described by Hauptmann et al.18

In short, GST-TNRC6B peptide was produced from plasmid pEC-K-
3C-GST_TNRC6B_599-683, obtained from Gunther Meister (Re-
gensburg, Germany), in E. coli BL21 (New England Biolabs, Ipswich,
MA) and purified on a GST HiTrap 5 mL Column (GE Healthcare,
Chicago, IL). Next, glutathione Sepharose 4B-conjugated beads (GE
Healthcare) were pre-bound with the GST-TNRC6B peptide O/N
at 4�C under rotation at a ratio of 200 mg/100 mL bead slurry in a final
reaction volume of 1 mL of PBS. Unbound peptides were removed by
washing with cold PBS twice. Cell lysates were prepared in NET buffer
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(50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40,
10% glycerol, 1mM NaF, and 0.5 mM DTT) supplemented with pro-
tease inhibitor cocktail (Roche, Basel, Switzerland). Lysates were pre-
cleared at 10,000� g for 10 min at 4�C, and the supernatant’s protein
concentrations were determined by a BCA assay in duplicate. Three
milligrams of total protein was used as input for each reaction; these
were mixed with 100 mL of pre-bound beads and incubated for 2 h at
4�C. Beads were subsequently washed 4 times in lysis buffer and 1
time in PBS. After washing, RNA was isolated from 70% of the mate-
rial using TRIzol for 10min on ice, and protein was isolated from 30%
of the material by incubating at 70�C for 10 min in 2� LDS buffer
(Thermo Fisher) for Western analysis, which was done as follows.
LDS-containing isolates were separated on a 10% polyacrylamide
gel and wet-blotted using a Tris-glycine-based buffer (25 mM Tris,
192 mM glycine, 0.05% SDS, 20%MeOH, pH 8.3). For immunodetec-
tion 1:1,000 rabbit-anti-Ago2 (C34C6, Cell Signaling Technology,
Danvers, MA) and 1:2,000 goat-anti-rabbit immunoglobulins/horse-
radish peroxidase (Dako, Jena, Germany) antibodies were used. To
visualize the blots, SuperSignal West Pico PLUS Chemiluminescent
substrate (Thermo Scientific) was used.

Statistical Analyses

All statistical analyses were performed using GraphPad Prism
(v 8.0.2) or R Studio version 3.6.2.37 If datasets showed a skewed dis-
tribution, they were log-transformed to make the data distribution
closer to the normal. Two-way ANOVA followed by Tukey’s multiple
comparisons test was used, unless specified otherwise. Data are
expressed as mean + SD, and test results are summarized as “ns”
for not significant, *p < 0.05, **p < 0.01, and ***p < 0.001.

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