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The expression of short hairpin RNAs (shRNAs) may result in
unwanted activity from the co-processed passenger strand.
Recent studies have shown that shortening the stem of conven-
tional shRNAs abolishes passenger strand release. These Dicer-
independent shRNAs, expressed from RNA polymerase III (Pol
ITI) promoters, rely on Ago2 processing in resemblance to miR-
451. Using strand-specific reporters, we tested two designs, and
our results support the loss of passenger strand activity. We
demonstrate that artificial primary microRNA (pri-miRNA)
transcripts, expressed from Pol II promoters, can potently
silence a gene of choice. Among six different scaffolds tested,
miR-324 and miR-451 were readily re-targeted to direct effi-
cient knockdown from either a CMV or a U1 snRNA promoter.
Importantly, the miR-shRNAs have no passenger strand activ-
ity and remain active in Dicer-knockout cells. Our vectors are
straightforward to design, as we replace the pre-miR-324 or
-451 sequences with a Dicer-independent shRNA mimicking
miR-451 with unpaired A-C nucleotides at the base. The use
of Pol II promoters allows for controlled expression, while
the inclusion of pri-miRNA sequences likely requires Drosha
processing and, as such, mimics microRNA biogenesis. Since
this improved and tunable system bypasses the requirement
for Dicer activity and abolishes passenger strand activity
completely, it will likely prove favorable in both research and
therapeutic applications in terms of versatility and enhanced

safety.

INTRODUCTION

RNAi is a process in which small noncoding RNAs silence gene
expression in a post-transcriptional manner."” MicroRNAs
(miRNAs) are endogenous effector molecules in mammals, and
they exert their repressing function in the RNA-induced silencing
complex (RISC) by binding to target mRNA.>* Conventional miRNA
biogenesis involves consecutive cleavage of a longer folded primary
microRNA (pri-miRNA) precursor transcript, by first Drosha and
then Dicer, that results in the formation of a duplex composed of
two individual ~22-nt RNA strands with 3’ overhangs.”® While
both miRNA strands may direct silencing, only one strand is prefer-
ably loaded into RISC.”
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The miRNA pathway can be exploited using several entry points for
the targeted downregulation of gene expression, and RNAi remains
an attractive method for research or therapeutic purposes.'’ One pop-
ular entry point is the expression of artificial short hairpin RNAs
(shRNAs) that mimic the hairpin structure of the pre-miRNAs pro-
duced in the nucleus by the Microprocessor complex Drosha/
DGCRS.""""* In the cytoplasm, Dicer cleaves of the loop and terminal
duplex stability favors preferential loading of the guide strand, which
is designed to be fully complementary to the target mRNA.”"* How-
ever, RISC loading of the passenger strand can occur, and this con-
tributes to the cytotoxicity associated with RNAI, as off-target genes
can be repressed by partial complementarity and binding within the

L 15-18
seed region. ’

Recent discoveries have shown that shortening the stem of expressed
shRNAs below 20 bp results in alternative processing that bypasses
Dicer.'”*° These Dicer-independent shRNAs rely on slicing of the
3’ arm by Argonaute-2 (Ago2) between nucleotides 10 and 11 from
the 5" end, which yields a single RNAi-active strand and eliminates
unwanted activity of the 3’ arm.'”*® Further trimming by the
poly(A)-specific ribonuclease (PARN) results in shorter RNA species
that effectively guide target knockdown.”' Dicer-independent
shRNAs mimic the recently described non-canonical biogenesis of
miR-451, which also depends on Ago2 and trimming-tailing pro-
cesses rather than Dicer.”” >* The Dicer-independent shRNA expres-
sion systems reported so far have been limited to RNA polymerase III
(Pol IIT) promoters,”” and tunable systems based on RNA polymerase
IT (Pol II) promoters are lacking.

In this study, we investigated if Dicer-independent shRNA structures
embedded within pri-miRNA transcripts could elicit target knock-
down when expressed from Pol II promoters. We demonstrate that
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both Ul and cytomegalovirus (CMV) promoter-derived miR-324 and
miR-451 can be equipped with hairpins that potently target a gene of
choice, without any passenger strand activity.

RESULTS

Identification of the Potent Dicer-Independent shRNA agsh12.3
To optimize existing ShRNA constructs,”® we set out by re-config-
uring a potent shRNA from the T.J.C. lab for Dicer-independent pro-
cessing. This shRNA, named sh9, is targeted toward site 9 in human
(h) and murine (m) vascular endothelial growth factor (VEGF), and,
expressed from the H1 promoter, it suppresses a transiently expressed
reporter by ~90%.>° As illustrated in Figure 1A, the sh9 design is con-
ventional, with a sense-loop-antisense structure, a 21-bp stem, and a
frequently used UUCAAGAGA loop,'" which likely extends the stem
further.

Inspired by the work from others,”**” we designed two different Dicer-
independent shRNAs, entitled agosh9 and agsh9 (see Figure 1A), based
on the guide RNA strand from sh9 as predicted by the 5’ counting rule
for Dicer processing.”® While agosh9 utilizes the 19/5 design as pro-
posed by Liu and colleagues,” agsh9 mimics pre-miR-451 with an un-
paired basal A-C fork®” (Figure 1A). Dedicated luciferase reporters,
sensitive to either guide or passenger strand release (T9-sense and
T9-antisense, respectively; Figure S1A), demonstrated high activity of
both sh9 strands when expressed from a modified U6 promoter®’
(see Figure S1B). As expected, both Dicer-independent shRNA designs
eliminated passenger strand activity; however, in the context of VEGF
target 9, neither of them retained effective target silencing (Figure S1B).
We also tested the activity of agosh9 and agosh9/3, a 19/3 variant with
reduced loop size as described by Liu et al.”* when expressed from
the H1 promoter, and we compared it directly to the published
pSUPERretro-based sh9 construct (see Figure S1C). While passenger
strand activity was abolished from agosh9 and agosh9/3 (data not
shown), we again observed only limited activity of the guide strand in
our luciferase reporter assay (Figure SID).

We decided to proceed only with the agsh design,”” due to the
simplicity of design and the invariant 5" A nucleotide, which is ideal
in terms of precision and efficacy of transcription when using the Pol
I1I promoter U6.>° Using a Renilla luciferase (Rluc) reporter fused to
full-length cDNA sequence of mVEGF for screening knockdown ef-
ficiency, we cloned five additional VEGF targeting hairpins based on
the agsh design in our pFRT-U6 vector™ (Figure 1B). Two of these
agshRNA, entitled agsh12.3 (illustrated in Figure 1C) and agshl3,
suppressed the Rluc reporter by approximately 90% (Figure 1D).
Given the potent knockdown efficacy, we next verified lack of passen-
ger strand activity of the agsh12.3 construct by using luciferase re-
porters encompassing ~100 nt of mVEGF sequence around the
12.3 target site in either sense or antisense orientation (T12-sense
and T12-antisense reporter, respectively, as illustrated in Figure 1B).
For comparison, we engineered a conventionally designed sh12.3 tar-
geting the same VEGF sequence (illustrated in Figure 1C). As shown
in Figure 1E, both designs effectively suppressed the T12-sense
luciferase reporter, while the T12-antisense reporter, as expected,

demonstrated an absence of passenger strand activity from
agsh12.3. Northern blot analysis supported the absence of RNA in
the size range of mature miRNA or small interfering RNA (siRNA)
for the agsh12.3 construct (Figure 1F).

Using probes complementary to the guide (antisense probe) or the
passenger strand (sense probe), as illustrated in Figure 1G, we de-
tected a prominent ~30-nt band for agsh12.3, which is consistent
with Ago2 processing (Figure 1F, bands b and f). The antisense probe
also detected a slightly shorter band (labeled c), which is consistent
with 3’ end tailing and PARN-directed trimming.*"*>*'
that our 17-nt locked nucleic acid (LNA)-doped sense probe, comple-
mentary to the entire agshRNA 3’ stem region, may likely detect the
30-nt Ago2 cleavage product, which encompasses part of the 3’ stem.
Shortening the sense probe 4 nt in the 3’ end reduced detection of
the ~30-nt band, although not fully (data not shown). The conven-
tional sh12.3 gave rise to a precursor band of ~35 nt (Figure 1F, bands
a and e), and it showed release of both guide and passenger strand
species in the size range consistent with Dicer processing (Figure 1F,
bands d and g). Surprisingly, we could not detect the predicted full-
length sh12.3 precursor transcript (~49 nt), and we speculate that
this may reflect aberrant processing due to overexpression.

We note

Efficient Target Knockdown by agsh12.3 Embedded in Long Pol
II-Expressed pri-miRNA Transcripts

Using the potent agsh12.3-mediated silencing of VEGF as a model for
shRNA-encoded Dicer-independent RNAi, we next wanted to
explore whether we could transfer the benefits of passenger strand-
free knockdown from small Pol IIT transcripts to larger Pol II-ex-
pressed systems. Since the agsh design mimics miR-451 in terms of
the stem length and the basal A-C fork, exploiting the flanking se-
quences of pri-miR-451 was an obvious choice (see Figure 2A). We
decided to include five additional miRNAs as potential scaffolds for
heterologous expression of agshRNAs (see Figure S2). All stem loop
structures and prominent Drosha/Dicer cleavage sites shown in
Figure S2 are based on data from miRBase’” and the RNA secondary
structure prediction algorithms MFOLD.** Human miR-215, miR-
324, and miR-409 were chosen as they are predicted to have a bulge
structure at the native Drosha cleavage site, which makes it conve-
nient to design the pri-miRNA or agshRNA break point. Human
miR-30a has often been used to derive potent shRNA-miRNA
mimics,”*” and we have previously utilized the miR-106b cluster
for the expression of shRNAs.>® However, due to the sequence
composition of miR-30a, we embedded the agsh12.3 part either to
maintain the predicted secondary structure of miR-30a (miR30a-
v1) or to mimic the bulge present in miR-451, which allows keeping
the unpaired basal A-C fork (miR30a-v2). Similarly, we made a struc-
tural miR-106b mimic after using the natural Drosha 5’ cut site as the
break point (miR106b-v1) or keeping the A-C fork from agsh12.3 or
miR-451 in an asymmetric or symmetric bulge (miR106b-v2 and -v3,
respectively). We created two Pol II expression vectors based on the
pcDNA3.1 with an identical multiple cloning site (MCS) flanked by
either the human Ul small nuclear RNA (snRNA) promoter and a
Ul termination signal or the CMV promoter and the bovine growth
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Figure 1. Comparison of Dicer-Independent shRNA
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Antisense probe

U6 control

mVEGF-fused reporter, as illustrated in the top part of (B).
Renilla luciferase (Rluc) and Firefly luciferase (Fluc) activ-
ities were measured in relative units of light (RLU). The
Rluc:Fluc ratio was normalized to the empty control (black
bar) and plotted as the mean of three replicates plus SDs.
An irrelevant agshlRR was included as a non-targeting
* control (gray bar). (E) Guide and passenger strand activity
for agsh12.3 and a conventionally designed shRNA pre-
dicted to target site 12.3 using the dedicated T12-sense
and T12-antisense reporters, respectively (see B). The
Rluc:Fluc ratio was normalized to the empty control and
plotted as the mean of three replicates plus SDs. (F)
Northern blot analysis of small RNA from transfected

Antisense probe
Detects guide
strand RNA

sh12.3

agsh12.3

Detects passenger
strand RNA

HEK293 cells using probes detecting guide strand RNA (antisense probe, autoradiogram on the left side) or passenger strand RNA (sense probe, autoradiogram on the right
side). Size of 20-, 30-, and 40-nt bands of the RNA decade marker is indicated, and agsh12.3- and sh12.3-specific bands are marked by arrows and labeled a—g. A cropped

image with detection of the native U6 snRNA band (loading control) is shown below.

(G) Diagram indicating probe specificity. Antisense probe, light green; sense probe, light

red; Fluc, Firefly luciferase; HSV-tk, Herpes simplex virus thymidine kinase promoter; mVEGF, murine vascular endothelial growth factor; pA, polyadenylation signal; Rluc,
Renilla luciferase; shRNA, short hairpin RNA; SV40, simian virus 40 promoter; T6, T-rich Pol Il termination signal; U8, human U6 snRNA promoter.

hormone polyadenylation signal. Synthetic DNA fragments encoding
the pri-miRNA-agshRNA chimeras, including ~90- to 130-nt flank-
ing sequences, were cloned into the Ul or CMV expression vector.

Using the target 12.3 sensitive reporter T12-sense (Figure 1B) in a co-
transfection assay, we found potent knockdown from the Ul-driven
miR324-12.3 and miR451-12.3 vectors and intermediate activity
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from miR215-12.3 (Figure 2B). Of note, overexpression of the wild-
type miRNA transcript in some cases affected the activity of the inter-
nal Firefly luciferase (Fluc) control, as, for instance, reflected in the
low Rluc:Fluc ratio for miR-451 in Figure 2B. Due to unspecific
(and reporter-dependent) effects of miRNA overexpression in our
dual luciferase reporter assay, we in all cases in this study estimated
and report knockdown efficacy relative to the empty control.
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Embedding the agsh12.3 hairpin crude (v1) in pri-miR-30a, -106b,
or -409 showed limited knockdown of the reporter, although
mimicking the symmetric loop at the Drosha cleavage site improved
silencing substantially (mir30a-v2 and miR106b-v3). Screening of our
panel of 12.3 targeting miRNA-agshRNA chimeras expressed from
the CMV promoter showed the same tendency and rank as the
Ul-driven transcripts (Figure S3A; data not shown).

Based on these results we decided to proceed with the miR-324 and
miR-451 scaffolds only. First, we investigated if the miRNA-agshRNA
vectors retained a lack of passenger strand activity, as demonstrated
for the U6-expressed version. Using the T12-antisense reporter (Fig-
ure 1B), both the Ul- and CMV-expressed vectors showed no sign of
active passenger strand release (Figure 2C; Figure S3B). Northern blot
analysis using the sense probe (as used to detect passenger strand
release for the U6-driven hairpins) detected a prominent ~30-nt
band for both miRNA scaffolds (Figure 2D, band c). This is consistent
with Drosha processing of the primary miRNA transcript and cleav-
age of an agshRNA-like molecule by Ago2, which in theory would
leave eight bases in the 3’ end for (partial) hybridization with our
sense probe. Importantly, no miRNA or siRNA-sized bands were
detectable with the sense probe. The antisense probe (Figure 2D,

below, and lines and arrows indicate protein size markers
and the position of the mVEGF band, respectively.
Endogenous miR-451 and U6-driven agsh12.3 were
included as a non-targeting and a positive control,
respectively.

left side) detected two specific bands of processed (guide) RNAs,
which we estimated to be approximately 29-30 nt and ~25 nt long
(bands a and b, respectively). This is consistent with detection of
the Ago2-cleavage product (band a), the 3'-trimming-tailing pro-
cesses,”?>*! and the generation of shorter RNA species (band b)
not detected by the sense probe. However, the resolution does not
allow unequivocal distinction between the sizes of band a and band
¢, and we cannot rule out that these bands have undergone partial
3’ trimming or tailing. Finally, we verified the targeting ability of
the U1-miR451-12.3 construct in an independent assay using western
blot analysis of cellular and secreted murine VEGF in co-transfected
HEK293 cells, which resulted in substantial knockdown (Figure 2E).

Functional knockdown and detection of siRNA-sized species strongly
suggested that the miRNA-agshRNA transcripts mature in the nu-
cleus by the Drosha/DGCR8 complex. If the native Drosha cleavage
site is faithfully used, a short pre-miR-451- or U6-agshRNA-like
hairpin-structured intermediate is released, which may subsequently
be exported and processed further in the cytoplasm in accordance
with the non-canonical Ago2-dependent pathway (as illustrated in
Figure 2A). Hence, we would predict functionality of the miRNA-
agshRNA system to be completely independent of Dicer.
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Figure 3. Knockdown Activity of miRNA-agshRNAs Is Dicer Independent
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(A Knockdown levels of U-driven constructs in Dicer-knockout cells®” (NoDice 2-20, purple bars) and the parental 293T control cells (gray bars), as based on psiCHECK-mVEGF-
T12-sense reporter activity. The Rluc:Fluc ratio was normalized to the empty control and plotted as the mean of three replicates plus SDs. Aniirrelevant agshIRR was included as a
non-targeting control. For the hatched bars, the agshRNA or shRNA dose was lowered from 34 t0 0.5 ng. p values for selected statistical tests are indicated. (B) Knockdown activity
of U1-driven miR324- and miR451-agsh12.3 in Dicer-knockout cells (purple bars) and the parental 293T control cells (gray bars) measured and plotted as described in (A).
Endogenous miR-30a and miR-451 were included as negative controls. (C) Northern blot analysis of small RNA from transfected DcrKO 293T cells (NoDice 2-20) using probes
detecting guide strand RNA (antisense probe, autoradiogram on the left side) or passenger strand RNA (sense probe, autoradiogram on the right side). Arrows indicate RNA size
markers for the 20-, 30-, and 40-nt bands, and agsh12.3-specific bands are marked by arrows and labeled a—c. A cropped image with detection of the native U6 snRNA band

(loading control) is shown below.

To test this, we took advantage of 293T-derived Dicer-knockout cells®”
(NoDice 2-20 and 4-25) for our co-transfection assays. As expected, the
U6-expressed agsh12.3 construct silenced the T12-sense reporter just as
efficiently in Dicer-deficient cells as the parental 293T cells (Figure 3A;
data not shown for NoDice 4-25 cells). In contrast, the conventional
sh12.3 lost activity in Dicer-deficient cells, albeit only partially using
our standard experimental conditions. The ability of sh12.3 to silence
the reporter target in the absence of Dicer could be a result of miR-
451-like Ago2-dependent processing, or it may also be a result of sheer
overloading and aberrant shRNA processing into antisense molecules
acting in a RISC-independent manner. Lowering the shRNA plasmid
DNA dose from 34 to 0.5 ng resulted in a more prominent loss of
knockdown activity in Dicer-deficient cells (Figure 3A, hatched bars),
which tentatively argues that aberrant processing may be in play. As
predicted, the Pol II-driven miRNA-agshRNA vectors were equally
potent in the absence of cellular Dicer activity (Figure 3B; Figure S3C).
Consistent with Dicer-independent processing, we obtained a similar
pattern of bands in northern blots of RNA from transfected Dicer-
knockout cells as for parental 293T cells (compare Figure 2D with Fig-
ure 3C; see Figure S4 for short time exposures).

miR324- and miR451-agshRNAs Are Readily Re-targeted to a
Gene of Choice

Based on the potent silencing achieved with our VEGF-targeting
miRNA-agshRNA vectors, we next wanted to examine whether the
miRNA-based platform could be generalized and used as scaffolds
for insertion of heterologous (Dicer-independent) shRNAs designed
to target other genes. We took advantage of two published and potent
hairpins based on the agshRNA design scheme (agsh887 and
agsh1354), both targeting the Ribonucleotide reductase regulatory
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subunit M2 (RRM2) gene.”” As for our VEGF-targeting agsh12.3
hairpin, we simply replaced the endogenous pre-miRNA sequence
of miR-324 or miR-451 with the agsh887 and agsh1354 structure,
modifying only the 3’ UU tail to either GG or UG, respectively, to
maintain base pairing of the distal part of the natural stem. We also
included the miR-215 and miR-409 scaffolds, which in the context
of VEGF silencing showed moderate or no activity, respectively.

To assess the potency of these constructs, we designed luciferase re-
porters encompassing a minimal-sized target region for RRM2 target
887 and 1354, and we co-transfected these with the corresponding
Ul-miRNA-agshRNA constructs. Indeed, miR-324 and miR-451
again showed efficient target silencing. In the context of the RRM2
targets, miR-215 and miR-409 showed improved knockdown perfor-
mance as compared to silencing of VEGF (Figure 4A). Of note, the
RRM2 target 1354, is highly compatible with our Pol II expression
system, and it displays a hyper-potent knockdown reminiscent of
Pol III-based expression.

To further study the targeting flexibility of the Pol II-expressed
miRNA-agshRNA system, we decided to test if a conventionally de-
signed (and Pol IlI-expressed) shRNA could be directly converted
for our Ul- or CMV-driven miRNA scaffolds (Figure 4B). We took
advantage of a previously published shRNA construct (shS1) that
potently targets the HIV-1 tat-rev transcript (site 1).°° As illustrated
in Figure 4C, the shS1 has a conventional sense-loop-antisense design
and an elongated stem of 27 bp. Based on the predicted guide strand
of shS1, we designed miR324- and miR451-agshS1 vectors (Fig-
ure 4C). Both miRNA-agshS1 vectors potently suppressed the
HIV-1 site 1-fused luciferase reporter, and they showed comparable
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A Figure 4. Easy Design and Efficient Targeting of a
Knockdown activity activity for Ul-driven Gene of Choice
iR-agshRNAs chi for t ted hRNA t t: p
120 miR-ags s chimeras for two reported ags argets (A) Knockdown activity of U1-driven agshRNA? targeted
BVEGF (12.3) against.the human RRM2 gene (site §87, (liark gray; site
g 100 4 ERRM2 (887) 1354, light gray;) when embedded in miR-215, -324,
§ ORRM2 (1354) -409, or -451 scaffolds. For comparison, data from Fig-
é 80 1 ure 2B have been replicated (VEGF targeting shown in
g 60 | green). The Rluc:Fluc ratio, as measured by dedicated
; psSiICHECK-based reporters, was normalized to the
% 40 empty control and plotted as the mean of three replicates
§ 2 plus SDs. Endogenous miR-30a and miR-451 were
= 1 included as negative controls. (B) Schematic diagram of
o H i i |.| i o — i i the CMV and U1 Pol Il expression cassettes used to
Q oD o> S N & & generate miRNA-agshRNA transcripts. CMV transcripts
N 6‘\3‘ & &5 &£ & 5 ; ; i
R & &;\; a,w“' w“(?’ v@‘ terminate using the bovine growth hormone poly-
© & & & & adenylation signal (denoted pA), while the U1 snRNA
miR324-agshs1 transgglpts stop using an .U1. termlnatc?r bcl)xl (denoted
B c (RNA pol-Il promoter) U1t).”> (C) Diagram depicting the simplicity of re-
«Vc ” configuring an existing conventional shRNA (here illus-
u1 miR scaffold Uit UU—AU G ¢ U trated for the HIV-1 site 1-targeting shRNA denoted shS1)
-G
OR predicted giﬁ E - (G; into a miR324-agshRNA scaffold for Pol Il expression. The
m miR scaffold m Dicer cut j_:g ch: é 21-mer guide strand for a given target forms the 5’ side
él_g g: é and the loop (highlighted in green), while complementary
D §:§ ch: é ‘jfe‘zfed sequences constitute the 3’ side (shown in yellow). The
A:U Conv G- cC Ago2 cut . . . B . . .
Knockdown activity pol-Il driven miR324- or 6-¢ do e ﬁ - g !n\f;rlant uhnpi)[il,;eg A. c fo;k (hlgbhghted I?Eu.rpl?)' plreieni
miR451-agshRNAs designed from an shRNA Ay G-C inthe ags esign shownin Figure 1A, 1S simply kep
140 c-G f, - ﬁ and placed at the natural miR-324 Drosha cleavage site.
G-C
mul A=y Ej é (D) Knockdown activity of U1- (dark blue) or CMV- (light
8 120 1 acmy A-U Al e blue) expressed agshRNA targeted against the HIV-1 site
% 100 | aze €18 R 19587 from miR-324 or -451 scaffolds, measured and
o — [ - atura
£ , & 5~ & Drosha cut plotted as described in (A).
T 80 56 c.¢
3 us c u
5 60 - shs1 3 G U
% (U6-based) w-e
g 40 A u-aA
5 5’ pri-miR IC‘* G 3 pri-miR X . . 2027
z 5 | flank 22Y¢  flank In accordance with previous studies,”””" we
. 135 . .
o F\2on "y  have designed and tested two designs for Pol
&0&« (&&c 4&@ @@» @@» III-based expression of 1_)1cer—1ndependent
& DN shRNAs. Using strand-specific reporters and
~ < .
N & & northern blot analysis, we confirmed the lack

efficacy when using either the U1 or the CMV promoter (Figure 4D).
A knockdown efficacy of approximately 90% is comparable to the
potency of the published shRNA construct (shS1) using our experi-
mental conditions (Figure S5).

DISCUSSION

Vector-encoded shRNAs are often used for gene therapy or long-term
gene suppression directed by the encoded guide strand. However, un-
wanted silencing of off-targets remains an important side effect that
needs careful attention for any RNAi application. Conventional
shRNA design inherently co-delivers a passenger strand with poten-
tial off-target-silencing capacity,’® and several strategies to limit this
unwanted effect have been reported. These include the following:
(1) co-expressing tough decoys to sequester or sponge for the passen-
ger strand,” (2) adapting structural features such as bulges to favor
accurate Dicer processing and asymmetric loading,'”*° and (3) utiliz-
ing Dicer-independent shRNAs.***"*!

of passenger strand activity. In terms of optimal

target specificity, it is preferable to have exact
processing and, if possible, release of a single guide strand species
with high silencing potency. For Ago2-matured shRNA vectors, the
5 end of the guide strand, which dictates target recognition and
seed site match, is dependent on precise transcriptional initiation.
The U6 promoter initiates on A or G as compared to the more sloppy
H1 promoter.”” Conventional shRNAs, encoding the guide strand on
the 3’ arm, in contrast, rely on Dicer cleavage for 5" end determina-
tion, a process that may be imprecise.'”** We favor the agshRNA
design”” in combination with the U6 promoter, since the invariant
5’ A nucleotide (in the A-C fork) (1) likely favors accurate transcrip-
tional initiation,”®*® (2) reflects the abundant presence of 5’ As in
mature miRNAs** and may enhance Ago2 binding,*>*® and (3) imi-
tates the pre-miR-451 structure.

Elimination of the passenger strand may not only alleviate off-target
activity but also potentially improve safety by limiting overloading of
RISC-Argonaute proteins and Dicer, thereby reducing cell toxicity
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and competition with endogenous miRNAs.*’~>° Hence, it is crucial
to identify hyper-potent target sites and not least control the shRNA
dose. Balanced expression using Pol II promoters, combined with
tight processing and nuclear export, has been suggested to improve
safety as compared to strong Pol III-based systems.”' By incorpo-
rating flanking pri-miRNA sequences, we are the first to demonstrate
that Dicer-independent shRNAs can be adapted for expression using
Pol II promoters. Among six different miRNA scaffolds tested, we
demonstrated that miR-324 and -451 can readily be equipped with
shRNAs based on the agshRNA design”’ and direct potent target
suppression. Notably, the miRNA-agshRNA system showed no pas-
senger strand activity, as suggested by northern blot analysis and
strand-specific reporters.

The Pol I miRNA-agshRNA transcripts are presumably cleaved by
Drosha and Ago2 and trimmed by PARN, in accordance with miR-
451 biogenesis and Dicer-independent shRNAs.*"*>*! In support of
this notion, we found that the miRNA-agshRNA-mediated knock-
down and the pattern of RNA processing were unaffected in 293T-
knockout cells lacking Dicer. Imprecise Drosha cleavage could
potentially result in the release of hairpin structures with a stem
length <20 bp and, hence, canonical shRNA properties.”>” The
efficient on-target knockdown, the complete lack of passenger strand
activity in reporter assays, and the absence of siRNA-sized species on
northern blots when probing for the passenger strand collectively
suggest that the Drosha/DGCR8 complex releases an agshRNA-like
structure from both the miR-324 and the miR-451 scaffolds. Exact
mapping of Drosha cleavage sites is currently ongoing and requires
experimental validation, such as deep sequencing. Northern blot
analysis using a guide strand-specific probe indicates that both the
miR-324- and miR-451-derived agshRNA transcripts give rise to
two abundant RNA classes with the approximate sizes of 25 nt and
29-30 nt. This is consistent with the trimming-tailing processes of
miR-451 and supported by processing studies of artificial substrates,
which led to mainly 23- to 26-mer guide RNA species.”"*”?">*>
While structural features and sequence composition in the pre-
miRNA region may influence precision and efficiency of Drosha,***’
we believe that the miR-324 and -451-based vectors are robust for
pre-miRNA replacement, as all the artificial agshRNA structures we
tested resulted in efficient target suppression.

We have used the viral CMV promoter and the Ul snRNA promoter
to drive miRNA-agshRNA expression. Both promoters display a
comparable efficacy in terms of target knockdown. The ability to
control Dicer-independent shRNA expression by Pol II promoters
evidently allows researchers to use a wide range of application-spe-
cific promoters. We have achieved doxycycline-inducible miRNA-
agshRNA expression using the CMV-TetO promoter in T-REx-293
cells, and we restricted miRNA-agshRNA-mediated knockdown to
retinal pigment epithelium (RPE) cells by utilizing the VMD?2 pro-
moter (L.A. and T.J.C., unpublished data).

We believe that our novel Pol II-based miRNA-agshRNA vectors are
of general use, as we successfully silenced four independent targets,
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and may support efficient knockdown of previously identified siRNA
targets by simply converting the design. Parameters underlying effi-
cient target suppression by Dicer-independent shRNA are not fully
understood, and identifying potent targets sites may be a trial-and-
error process. As also noted in the recent review by Herrera-Carrillo
and Berkhout,” current algorithms for predicting efficient siRNAs
are not suited for the design of Dicer-independent shRNAs. A very
recent paper suggests that synthetic sli-siRNAs (dependent on
Ago2 slicing) are more potent than conventional siRNAs but may
also be more mismatch tolerant and, hence, display increased off-tar-
geting.”* It remains to be established if this is also the case for vector-
encoded Dicer-independent shRNAs and for our Pol II-based
miRNA-agshRNA vectors in particular. We speculate that our
miRNA-agshRNA vectors may favor RISC incorporation compared
to previous Dicer-independent shRNAs, as Drosha cleavage results
in a pre-miR-451-like agshRNA structure with a 5’ phosphate group
in contrast to the triphosphate group present on Pol III-expressed
transcripts.” ®> Moreover, if Drosha processes our miRNA-
agshRNA accurately, well-defined 3’ overhangs may also facilitate
handoff to Ago2, as compared to the 3’ end of Pol III transcripts
with varying numbers of uracils,”"** although the details of RISC
loading for this non-canonical pathway remain to be clarified.

In summary, we demonstrate that Ul- and CMV-driven miR-324
and miR-451 can be equipped with Dicer-independent shRNAs
and elicit efficient target knockdown, without concomitant passen-
ger strand activity. Combining our miRNA-agshRNA system with
the plethora of alternative Pol II promoters would facilitate vectori-
zation and allow restricted or controlled expression, which may
advance the safe and efficient use of Dicer-independent shRNAs
for fundamental research, biotechnology applications, or therapeutic
purposes.

MATERIALS AND METHODS

Plasmid Construction

RNAi targets were cloned into the psiCHECK2.2 vector (Promega,
Nacka, Sweden) using the multiple cloning site in the 3 UTR of the
SV40-RLuc gene cassette, using standard cloning procedures.
Two ~100-nt regions of the mouse VEGF gene (cDNA positions
300-405 and 463-563) were PCR amplified using NotI-tagged
primers and psiCHECK-mVEGF as template,”® and they were ligated
into Notl-linearized psiCHECK.2 plasmid in both orientations to
generate sense and antisense reporters with target sites surrounding
VEGF site 9 and site 12. The resulting reporter plasmids are abbrevi-
ated psiCHECK-mVEGF-T9-sense and -antisense and psiCHECK-
mVEGEF-T12-sense and antisense, respectively (see Figures 1B and
S1B). Reporters for the RRM2 gene were constructed on the basis
of the reported sequence of agsh887 and agsh1354”” and cloning
complementary target sequences into Xhol/Notl-linearized
psiCHECK2.2 plasmid. Oligonucleotide cassettes bearing XhoI- and
Notl-compatible 4-nt overhangs at each end were generated by
annealing two in vitro-phosphorylated partially overlapping oligonu-
cleotides, as described previously.”> psiCHECK.2-HIV-S1 and
psiCHECK-mVEGF have been described previously.”**°
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The shRNA expression vector pFRT-U6 harbors the human RNA Pol
III promoter U6 modified at positions -2 and -4 to create a BglII site
that allows direct oligonucleotide-mediated cloning of shRNAs.*” The
shRNA constructs were cloned directionally into BglII/Xhol sites of
pFRT-U6 or pSUPER.retro.puro”® as double-stranded oligonucleo-
tide cassettes with 4-nt compatible overhangs, as described previ-
ously.”> The pri-miRNA expression vectors pcDNA3-CMV-MCS
and pcDNA3-U1-MCS harbor the viral Pol II CMV promoter and
the human snRNA promoter U1, respectively. pcDNA3-CMV-MCS
was constructed from pcDNA3.1+1 (Invitrogen, Life Technologies,
Carlsbad, CA) by cloning an oligonucleotide cassette into the Nhel/
Apal sites, creating a new MCS with the following unique restriction
sites (5'-3' order): Nhel, Xhol, BamHI, EcoRI, BspEl, Agel, and Apal.
pcDNA3-U1-MCS was made from pcDNA3.1+1 by substituting the
Miul/Apal fragment holding the CMV promoter with a PCR ampli-
con harboring the U1 promoter, an MCS, and the U1 terminator, pre-
pared using the pSK-U1-MCS-Ulstop plasmid as template (generous
gift from the J.J. Rossi lab, City of Hope).

For expression of the endogenous human pri-miR-30a, pri-miR-
106b, and pri-miR-451 genes, we amplified and cloned 255-, 281-,
and 243-nt regions, respectively, from human genomic DNA using
Xhol-tagged forward primer and Agel-tagged reverse primer for
directional cloning into the MCS of pcDNA3-CMV-MCS and
pcDNA3-U1-MCS. Chimeric miRNA-agshRNA sequences were pur-
chased as synthetic DNA (GenScript, Piscataway, NJ) in the form of
Xhol- and Agel-flanked inserts in the pUC57 plasmid, and they were
subcloned into the MCS of pcDNA3-CMV-MCS and pcDNA3-U1-
MCS. We included 80- 120-nt 5" and 3’ pri-miRNA-flanking se-
quences similar to the endogenous control genes. All primers were
purchased from MWG/Eurofins (Ebersberg, Germany) or TAG Co-
penhagen (Frederiksberg, Denmark), and oligonucleotide and syn-
thetic DNA sequences are available in Table S1. All vector plasmids
have been verified by sequencing of inserts and restriction enzyme
digest.

Cell Culturing

HEK293, 293T, or 293T-derived Dcr knockout (KO)*” (NoDice 2-20
or 4-25) cells were cultured at 37°C in 5% (v/v) CO, and maintained
in DMEM supplemented with 10% fetal calf serum, glutamine
(2 mM), penicillin (100 U/mL), and streptomycin (0.1 mg/mL), all
purchased from Sigma-Aldrich (Milwaukee, W1, USA).

Dual Luciferase Assay

HEK293, 293T, or 293T-derived Dcr KO (NoDice 2-20 or 4-25)
cells were seeded at a density of 3,000 cells/well in white 96-well
plates (Nunclon Delta surface, Thermo Scientific, Denmark).
DNA co-transfections were carried out the following day using
34 ng (or 0.5 ng when indicated) shRNA-expressing plasmid and
6 ng psiCHECK.2 reporter plasmid, using X-tremeGENE 9 (Roche,
Basel, Switzerland), according to the manufacturer’s protocol. At
2 days after transfection, Rluc and Fluc expression levels were
analyzed using the Dual-Glo Luciferase Assay System (Promega,
Madison, WI, USA), according to the manufacturer’s protocol. A

multisample platereading luminometer (MicroLuminat plus LB
96V, Berthold Technologies, Bad Wild-bad, Germany) was used
for measurements of the luminescence. Rluc expression levels
were normalized to the Fluc expression levels and presented relative
to a negative control. At least three biological replicates were made
for all experiments.

VEGF Detection by Western Blot Analysis

HEK?293 cells were seeded in 6-well plates at approximately 15% con-
fluency. The next day cells were transfected with 2.1 pg DNA/well
(700 ng pT2/CMV-mVEGF164-SV40-neo plasmid®® encoding
mVEGF and 1,400 ng plasmid encoding the RNA species) using
X-tremeGENE 9 transfection reagent at a DNA-to-transfection re-
agent ratio of 1:3, according to the manufacturer’s protocol. At
24 hr post-transfection, media were changed to serum-free media.
Approximately 48 hr post-transfection, cells and media were
harvested. Media were filtered through a 0.20-pM filter (Sarstedt,
Niirnbrecht, Germany). Cells were lysed using 150 pL RIPA Lysis
and Extraction Buffer/well (Thermo Scientific) supplemented with
cOmplete Mini Protease Inhibitor Cocktail (Sigma-Aldrich), accord-
ing to the manufacturer’s protocol, except that incubation time on ice
was 15 min. Total protein concentration of the lysates was determined
using Bio-Rad protein assay.

40 g cell lysates and 32 pL media were electrophoresed on a Mini-
PROTEAN TGX 4%-15% stain-free gel (Bio-Rad) in 1x Tris-Glycin-
SDS (TGS) buffer (Bio-Rad) and activated for 45 s or two times 45 s
using the ChemiDoc MP imaging system (Bio-Rad), before transfer to
a polyvinylidene difluoride membrane (Bio-Rad) using the Trans-
Blot Turbo Transfer system (Bio-Rad). Total protein was quantified
after transfer using the ChemiDoc MP imaging system, and back-
ground was subtracted using Image Lab Software (Bio-Rad). The
membrane was blocked in 5% w/v skim milk powder (WVR, Radnor,
PA, USA) in 1x Tris-buffered saline (TBS) buffer (Thermo Fisher
Scientific) with 0.1% v/v Tween20 (Sigma-Aldrich) (TBS-T) for
1 hr at room temperature (RT), and it was incubated with rabbit
anti-VEGF antibody (ab46154, Abcam, Cambridge, UK) at a concen-
tration of 1:2,000 overnight at 4°C with constant rocking. The mem-
brane was washed 3 times 5 min in TBS-T before incubation with the
secondary horseradish peroxidase (HRP)-conjugated goat-anti-rabbit
antibody (Dako, Glostrup, Denmark) for 1 hr at RT. The membrane
was washed again, and detection was done using the Clarity Western
ECL substrate (Bio-Rad). Imaging was done using the ChemiDoc MP
imaging system.

Small RNA Purification and Northern Blot Analysis

For detection of the U6-expressed agsh12.3 and sh12.3, HEK293 cells
were transfected with 0.094 pmol inhibitor DNA plasmid and 30 ng
GFP DNA plasmid in 6-well plates at approximately 15% confluency.
For detection of the Ul-expressed transcripts 293T or 293T-derived
Dcr KO, (2-20 and 4-25) cells were transfected with 26.25 ug
DNA in culture flasks (surface area, 75 cm?) at approximately 15%
or 20% confluency, respectively, in all cases using X-tremeGENE 9
(Roche Applied Science). Media were replaced after 24 hr.
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RNA enriched for small RNAs was isolated 48 hr after transfection
using the mirVana miRNA Isolation Kit (Ambion, Austin, TX). For
detection of the Ul-expressed transcripts, RNA samples were
precipitated and resolubilized in 22 pL Gel Loading Buffer IT (Am-
bion), and 10 pL of each sample was electrophoresed in two sepa-
rate lanes. For the detection of U6-driven siRNA expression,
250 ng small enriched RNA was electrophoresed. Eletrophoresis
was done in 10% denaturing polyacrylamide gels (Criterion Precast
gel 10% Tris-borate-EDTA [TBE]-urea; Bio-Rad, Copenhagen,
Denmark) in 1x TBE buffer for 55-60 min at 150 V, together
with a RNA size marker (decade marker RNA; Ambion). The
RNA was transferred to a positively charged nitrocellulose mem-
brane, Amersham Hybond-N (GE Healthcare, Little Chalfont,
UK) by electroblotting (Trans-blot SD semi-dry transfer cell; Bio-
Rad). Ultraviolet-fixed membranes were hybridized overnight in
PerfectHyb solution (Sigma-Aldrich, St. Louis, MO) at 42°C with
purified 5 32P-labeled oligos complementary to the guide strand,
the passenger strand, or U6 snRNA. The oligonucleotide probes
(10 pmol) were end-labeled with polynucleotide kinase (PNK) (10
units; New England Biolabs) and y32P-ATP (10 pCi) in 10-pL re-
actions for 1 hr, and they were purified with G-25 Sephadex spin-
columns (GE Healthcare). Hybridized membranes with LNA-doped
oligonucleotide probes were washed three times with 6x saline-
sodium citrate (SSC)/0.2% SDS and then twice with 2x SSC/0.1%
SDS, both at 38°C, before exposure to film (CL-XPosure Film,
Rockford, IL). Hybridized membranes with DNA oligonucleotide
probes were washed twice with 6x SSC/0.2% SDS at 38°C, before
exposure to film. DNA probes were purchased from MWG/Eurofins
(Ebersberg, Germany), and LNA-doped oligonucleotide probes
were purchased from QIAGEN (Copenhagen, Denmark). Probe se-
quences are available in Table SI.

Statistical Analysis

Data are presented as the mean + SD. Statistical differences between
two groups were evaluated using a two-tailed Student’s t test
assuming equal variance. p < 0.05 was considered statistically
significant.
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Supplemental Figure 2

miR451 stem-loop structure

A GA A
UUGGG AUGGCAAG AACCGUUACCAUUACUG G
GACCC UAUCGUUC UUGGUAAUGGUAAUGAU U

A uc U

miR451-12.3 stem-loop structure

A GA C
UUGGG AUGGCAAG GUAGGAAGCUCAUCUCU C
GACCC UAUCGUUC CAUCCUUCGAGUAGAGA U

A uc A

miR324 stem-loop structure

GC C uc A U U AAAG
GACUAU CUCCC GCA C CCU GGGCA UGG GU C
CUGAUG GGGGG CGU G GGA CCCGU ACC CA U

uu U cu C C - GAGG

miR324-12.3 stem-loop structure

GC A C
GACUAU CUCCC GUAGGAAGCUCAUCUCU C
CUGAUG GGGGG CAUCCUUCGAGUAGAGA U

uu C A

miR215 stem-loop structure

A AA A -U U UAUAG
GAA UGGUAU ACAGGA A UG CCUA GAA UGACAGACAA C
CUU AUCGUG UGUCUU U AC GGAU CUU ACUGUCUGUU U

C UCAGUA AA C uu U UGAG

miR215-12.3 stem-loop structure

S AAA C
GAA UGGUAU ACAGGA  GUAGGAAGCUCAUCUCU C
CUU AUCGUG UGUCUU  CAUCCUUCGAGUAGAGA U

C UCAGUA AUC A



Supplemental Figure 2

miR409 stem-loop structure

u GG A AC - - AUC
GGUAC CG GAG GGUU CCGAGCAAC UUUG C u
CUAUG GC UUC CCAA GGCUCGUUG AAGC G G

- C GU U A CAG

miR409-12.3 stem-loop structure

u GG A C
GGUAC CG GAG GUAGGAAGCUCAUCUCU C
CUAUG GC UUC CAUCCUUCGAGUAGAGA U

- W C A

E miR30a stem-loop structure

A uc - A
GCG CUGUAAACAUCC GACUGGAAGCU GUG A
CGU GACGUUUGUAGG CUGACUUUCGG CAC G

C — GUAGA C

miR30a-v1-12.3 stem-loop structure

A C
GCG CAGUAGGAAGCUCAUCUCU C
CGU GUCAUCCUUCGAGUAGAGA U

C A

miR30a-v2-12.3 stem-loop structure

ACA C
GCG GUAGGAAGCUCAUCUCU C
CGU CAUCCUUCGAGUAGAGA U

CGC A



Supplemental Figure 2

miR106b stem-loop structure

C -UA G A A -- UuC
CCUGC GGGGC  AAGUGCU ACAGUGC G UAGU GG C
GGACG CCUCG UUCAUGG UGUCACG C AUCG CC U

A UCG G C - UG UuC

miR106b-v1-12.3 stem-loop structure

C AG C
CCUGC GGGGC UAGGAAGCUCAUCUCU C
GGACG CCUCG  AUCCUUCGAGUAGAGA U

A AGA A

miR106b-v2-12.3 stem-loop structure

C A C
CCUGC GGGGC GUAGGAAGCUCAUCUCU C
GGACG CCUCG CAUCCUUCGAGUAGAGA U

A AC A

miR106b-v3-12.3 stem-loop structure

C CA C
CCUGC GGGG GUAGGAAGCUCAUCUCU C
GGACG CCUU CAUCCUUCGAGUAGAGA U

A uc A
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Supplemental Figure 4
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Supplemental Figure 5
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Supplemental Figure 1: Comparison of conventional and Dicer-independent shRNA designs
and two agoshRNA designs with varying loop size. A) Schematic diagram of the dedicated T9-
sense and T9-antisense psiCHECK2-based luciferase reporters used for comparing guide and
passenger strand activity, respectively, for the various shRNA designs shown in Figure 1A. The
illustration at the bottom shows the 100 nt long cDNA region of mMVEGF (dubbed T9) encompassing
‘site 9’ which was cloned into the psiCHECK2-based reporter shown above in sense or antisense
orientation (numbers indicate cDNA position). B) Knockdown activity of the shRNA designs
depicted in Figure 1A when expressed by the human U6 promoter (pFTR-U6),% estimated by co-
transfection a psiCHECK2-based Renilla luciferase reporter fused to a 100 nt stretch of the VEGF
gene (T9-sense) or a corresponding antisense reporter (T9-antisense) as illustrated in panel A. Renilla
luciferase (Rluc) and Firefly luciferase (Fluc) activity was measured in relative units of light (RLU).
The Rluc/Fluc ratio was normalized to the empty control and plotted as the mean of three replicates
plus standard deviations. C) Predicted secondary structure of the conventionally designed sShRNAs
targeting ‘site 9 in the VEGF gene?® (sh9, left side), or two loop variants of the Ago2-dependent

agoshRNA structure, either a “19/5” (agosh9, middle part) or a “19/3” (agosh9/3, right side) design as



reported by the Berkhout lab.%* The guide and passenger strands are depicted in green and red,
respectively. The ‘Brummelkamp’ loop is shown in blue. The diagrams above show the constructs
used in co-transfection assays. Upper part the psiCHECK?2-based reporter fused to the full-length
mMVEGF cDNA, lower part the pSUPERretro-based H1-driven shRNA expression plasmid.? D)
Knockdown activity of the sShRNA designs shown in panel C when expressed by the human H1
promoter. The Rluc/Fluc ratio was normalized to the empty control and plotted as the mean of three
replicates plus standard deviations. Abbreviations: Fluc, Firefly luciferase; HSV-tk, Herpes simplex
virus thymidine kinase promoter; mVEGF, murine Vascular endothelial growth factor; pA,
polyadenylation signal; R-luc, Renilla luciferase; ShRNA, short hairpin RNA; SVV40, simian virus 40

promoter; T6, T-rich pol-111 termination signal; U6, human U6 snRNA promoter.

Supplemental Figure 2: Predicted secondary structure of the stem loop region of native pri-
miRs and VEGF 12.3 targeting derivatives. A) Upper diagram depicts the stem loop structure of
miR-451. The mature miR-451 is highlighted in pink. Lower diagram shows the structure of the miR-
451 scaffold re-targeted towards VEGF (site 12.3). The VEGF targeting guide strand (21 nt) is shown
in green. B) Upper diagram shows central part of pri-miR-324 and the location of the mature species
(miR-324-5p and -3p, both highlighted in pink). Bottom diagram shows how the agsh12.3 stem loops
structure was embedded in the pri-miR-324 scaffold at the predicted Drosha cleave site (VEGF
targeting guide strand shown in green). C) Structure of the stem loop part of pri-miR-215 (top) and
the corresponding miR215-agsh12.3 chimera (bottom). Mature miR strands and the 12.3 guide strand
is shown in pink and green, respectively. D) Structure of the stem loop part of pri-miR-409 (top) and
the corresponding miR409-agsh12.3 chimera (bottom). Colors as described above. E) Upper diagram
shows the stem loop structure of pri-miR-30a. Diagrams below shows how the agsh12.3 stem loops

structure was embedded in the pri-miR-30a scaffold at the predicted Drosha cleave site. The first



version (v1) mimics the miR-30a structure at the Drosha cleavage site and does not include the basal
A-C *fork’ from the agsh12.3 “pre-miR structure’, while the second version (v2) includes the A-C
“fork’. F) Upper diagram shows the stem loop structure of pri-miR-106b. The diagrams below show
three different strategies to embed agsh12.3. The first version (v1) mimics the miR-106b large bulge
at the Drosha cleavage site and does not include the basal A-C “fork’ from the agsh12.3 hairpin. The
second (v2) includes the A-C *‘fork’, while the third version (v3) includes an A-CUU ‘fork’

reminiscent of pol-111 termination (Te box). All stem loop structures and prominent Drosha/Dicer
cleavage sites shown in this figure, are based on data from miRBase®’ and the RNA secondary

structure predictions algorithms MFOLD. 8

Supplemental Figure 3: Knockdown of VEGF in luciferase-based reporters using Dicer-
independentshRNAsexpressedas CMV-driven pri-miR-324 or -451 transcripts. A) Knockdown
activity of VEGF-targeting CMV-expressed agshRNA embedded in various miR scaffolds, estimated
by co-transfection with psiCHECK-mVEGF-T12-sense. The Rluc/Fluc ratio was normalized to the
empty control (black bar) and plotted as the mean of three replicates plus standard deviations.
Endogenous miR-451 was included as a non-targeting control (grey bar). B) Passenger strand activity
for CMV-driven miR324-and miR451-agshRNAs as measured using the psiCHECK-mVEGF-T12-
antisense reporter and plotted as described in panel A. C) Knockdown levels of CMV-expressed miR-
agsh12.3 constructs in Dicer knockout cells® (purple bars) and the parental 293T control cells (grey
bars) as based on psiCHECK-mVEGF-T12-sense reporter and plotted as described in panel A,

including miR-30 as a non-targeting control.



Supplemental Figure 4: Processing of miR-324- and miR-451-agshRNAs transcripts is Dicer-
independent: Northern blot analysis of small RNA from transfected 293T cells and DcrKO 293T
cells (NoDice 2-20) using probes detecting guide strand RNA (antisense probe, autoradiogram on left
side) or passenger strand RNA (sense probe, autoradiogram on right side). The autoradiograms are
short time exposures of the cropped images seen in Figure 2D (293T cells) and Figure 3C (Dcr KO
cells). Size of 10, 20, 30, 40, and 50 nt band of the RNA decade marker is indicated, and agsh12.3-
specific bands are marked by arrows and labeled a-c. A cropped image with detection of the native

U6 snRNA band (loading control) is shown below.

Supplemental Figure 5: Knockdown activity of the U6-driven shS1: Knockdown activity of the
conventionally designed (pBluescriptlISK-based) shS1 construct targeting the HIV-1 tat/rev

transcript (site 1)*

, using experimental conditions similar to the data presented in Figure 4 for the
pol-11 driven miR-agshS1 constructs. The Rluc/Fluc ratio as measured by the psiCHECK-HIV-S1
reporter was normalized to the empty control (pBluescriptlISK-based) and plotted as the mean of

three replicates plus standard deviations. An irrelevant HIV-1 *site 2’ targeting ShRNA (shIRR) was

included as a non-targeting control.

Supplemental table 1

Oligo | Name Sequence (5°-3°)

ID

Sequencing primers

350 CMV-F GCAAATGGGCGGTAGGCGTGTAC
351 BGH-R AGGGGCAAACAACAGATGGC

352 BGH-R2 GAAGGCACAGTCGAGGCTGATCA
353 5AMP-R AAGGGAATAAGGGCGACACG




354 3hLuc-F GAGGACGCTCCAGATGAAATG
355 5TK-R CGTCAGACAAACCCTAACCAC
350 CMV-F GCAAATGGGCGGTAGGCGTGTAC
489 pcDNAS3-5prom-F TAAGCTACAACAAGGCAAGGCT

Cloning of psiCHECK2.2 based reporters

487 MVEGF-R3-Notl-F | GAGAGCGGCCGCCATCACCATGCAGATCATGC

488 MVEGF-R3-Notl-R | GAGAGCGGCCGCTCTGTCTTTCTTTGGTCTGC

361 MVEGF-R4-Notl-F | GAGAGCGGCCGCGAGAAAGCATTTGTTTGTCCAAG

362 MVEGF-R4-Notl-R | GAGAGCGGCCGCTCACCGCCTTGGCTTGTCAC

481 RRM2-887-A TCGAAGGCTACCTATGGTGAACGTGTTGTAGC

482 RRM2-887-B GGCCGCTACAACACGTTCACCATAGGTAGCCT

483 RRM2-1354-A TCGAGTGATGTCAAGTCCAACAGAGAATTCTT

484 RRM2-1354-B GGCCAAGAATTCTCTGTTGGACTTGACATCAC
HIV-S1-A TCGAAAGCGGAGACAGCGACGAAGAGCT
HIV-S1-B GGCCAGCTCTTCGTCGCTGTCTCCGCTT

Cloning of pcDNA3-based pri-miR contructs

465 miR106b-F ATATACTCGAGTGGTAAGTGCCCAAATTGCTG
466 miR106b-R TGTGTACCGGTGGATCTAGGACACATGGAGTG
467 miR451-F ATATACTCGAGCCAGCTCTGGAGCCTGACAAG
468 miR451-R TGTGTACCGGTACCCCTGCCTTGTTTGAGCTG

469 miR30a-F ATATACTCGAGCAGAATCGTTGCCTGCACATC
470 miR30a-R TGTGTACCGGTATGTATCAAAGAGATAGCAAGGT

Cloning of pcDNA3-based promoter and MCS variants

CTAGCCTCGAGGGATCCGAATTCTCCGGATTTTTTACC

207 MCS-A GGTGGGCC

208 MCS-B gACCGGTAAAAAATCCGGAGAATTCGGATCCCTCGAG

209 Ulprom-Mlul-F CAACAAACGCGTCTAAGGACCAGCTTCTTTGGGAGA
CAACAAGGGCCCGTCTACTTTTGAAACTCCAGAAAGT

210 Ulterm-Apal-R

GGATCACCGGTCTGCAGGAATTCGATATCAAGC

Cloning of pSUPERTretro-based H1 constructs

GATCCCCATTTACACGTCTGCGGATCCAAGAGATCCGC

451 | agoshd-A AGACGTGTAAATTTTTTC

452 | agosho-B TCGAGAAAAAATTTACACGTCTGCGGATCTCTTGGATC
CGCAGACGTGTAAATGGG

447 | agosha/3A GATCCCCATTTACACGTCTGCGGATCAGAGATCCGCAG
ACCTGTAAATTTTTTC
TCGAGAAAAAATTTACACGTCTGCGGATCTCTGATCCG

448 agosh9/3-B

CAGACGTGTAAATGGG

Cloning of pFRT-U6-based constructs

GATCGATCCGCAGACGTGTAAATGTTTCAAGAGAACAT

429 sh9-A TTACACGTCTGCGGATCTTTTT

430 sho-B TCGAAAAAACATCCGCAGACGTGTAAATGTTCTCTTGA
AACATTTACACGTCTGCGGATC
GATCATTTACACGTCTGCGGATCCAAGAGATCCGCAGA

425 agosh9-A

CGTGTAAATTTTTT




TCGAAAAAAATTTACACGTCTGCGGATCTCTTGGATCC

426 | agosh9-B GCAGACGTGTAAAT

475 agsh9-A GATCAATTTACACGTCTGCGGATCTTTCCGCAGACGTG
TAAATCTTTTT

476 agsh9-B TCGAAAAAAGATTTACACGTCTGCGGAAAGATCCGCA
GACGTGTAAATT

427 agsh11-A GATCAACATTTACACGTCTGCGGATCCGCAGACGTGTA
AATGTCTTTTT

428 agsh11-B TCGAAAAAAGACATTTACACGTCTGCGGATCCGCAGA
CGTGTAAATGTT

433 agsh12.1-A GATCACTGTAGGAAGCTCATCTCTCCAGATGAGCTTCC
TACAGCTTTTT

434 agsh12.1-B TCGAAAAAAGCTGTAGGAAGCTCATCTGGAGAGATGA
GCTTCCTACAGT

435 agsh12.2-A GATCATGTAGGAAGCTCATCTCTCCTGAGATGAGCTTC
CTACACTTTTT

436 agsh12.2-B TCGAAAAAAGTGTAGGAAGCTCATCTCAGGAGAGATG
AGCTTCCTACAT

437 agsh12.3-A GATCAGTAGGAAGCTCATCTCTCCTAAGAGATGAGCTT
CCTACCTTTTT

438 agsh12.3-B TCGAAAAAAGGTAGGAAGCTCATCTCTTAGGAGAGAT
GAGCTTCCTACT

477 sh12.3-A GATCGGAGAGATGAGCTTCCTACTTCAAGAGAGTAGG
AAGCTCATCTCTCCTTTTT

478 sh12.3-B TCGAAAAAAGGAGAGATGAGCTTCCTACTCTCTTGAAG
TAGGAAGCTCATCTCTCC

471 agsh13-A GATCAAAGTACGTTCGTTTAACTCAAGTTAAACGAACG
TACTTCTTTTT

472 agsh13-B TCGAAAAAAGAAGTACGTTCGTTTAACTTGAGTTAAAC
GAACGTACTTT

Synthetic pri-miR-dishRNA inserts (pUC57-based)

miR30a-v1-12.3

CTCGAGACAGAATCGTTGCCTGCACATCTTGGAAACAC
TTGCTGGGATTACTTCTTCAGGTTAACCCAACAGAAGG
CTAAAGAAGGTATATTGCTGTTGACAGTGAGCGACAGT
AGGAAGCTCATCTCTCCTAAGAGATGAGCTTCCTACTG
CTGCCTACTGCCTCGGACTTCAAGGGGCTACTTTAGGA
GCAATTATCTTGTTTACTAAAACTGAATACCTTGCTATC
TCTTTGATACATTTTTACAAAGCTGAAACCGGT

miR30a-v2-12.3

CTCGAGACAGAATCGTTGCCTGCACATCTTGGAAACAC
TTGCTGGGATTACTTCTTCAGGTTAACCCAACAGAAGG
CTAAAGAAGGTATATTGCTGTTGACAGTGACCGACAGT
AGGAAGCTCATCTCTCCTAAGAGATGAGCTTCCTACCG
CTGGCTACTGCCTCGGACTTCAAGGGGCTACTTTAGGA
GCAATTATCTTGTTTACTAAAACTGAATACCTTGCTATC
TCTTTGATACATTTTTACAAAGCTGAAACCGGT

miR106b-v1-12.3

CTCGAGTGGTAAGTGCCCAAATTGCTGGAGGGCCATCT
GTTTTGACCCTTAAAGGGGTAGCTCCTTACCGTGCTCTC




ATTGCCGCCTCCCCACCTCCCGCTCCAGCCCTGCCGGG
GCAGTAGGAAGCTCATCTCTCCTAAGAGATGAGCTTCC
TAAGAGCTCCAGCAGGGCACGCACAGCGTCCGTGGAG
GGAAAGGCCTTTTCCCCACTTCTTAACCTTCACTGAGA
GGGTGGTTGGGGTCTGTTTCACTCCATGTGTCCTAGATC
CTACCGGT

miR106b-v2-12.3

CTCGAGTGGTAAGTGCCCAAATTGCTGGAGGGCCATCT
GTTTTGACCCTTAAAGGGGTAGCTCCTTACCGTGCTCTC
ATTGCCGCCTCCCCACCTCCCGCTCCAGCCCTGCCGGG
GCAGTAGGAAGCTCATCTCTCCTAAGAGATGAGCTTCC
TACCAGCTCCAGCAGGGCACGCACAGCGTCCGTGGAG
GGAAAGGCCTTTTCCCCACTTCTTAACCTTCACTGAGA
GGGTGGTTGGGGTCTGTTTCACTCCATGTGTCCTAGATC
CTACCGGT

miR106b-v3-12.3

CTCGAGTGGTAAGTGCCCAAATTGCTGGAGGGCCATCT
GTTTTGACCCTTAAAGGGGTAGCTCCTTACCGTGCTCTC
ATTGCCGCCTCCCCACCTCCCGCTCCAGCCCTGCCGGG
GCAGTAGGAAGCTCATCTCTCCTAAGAGATGAGCTTCC
TACCTTTCCAGCAGGGCACGCACAGCGTCCGTGGAGGG
AAAGGCCTTTTCCCCACTTCTTAACCTTCACTGAGAGG
GTGGTTGGGGTCTGTTTCACTCCATGTGTCCTAGATCCT
ACCGGT

miR215-12.3

CTCGAGGTTTTATAAAATTAACAAATGATTAAGAATTA
ATATCAATTTTCTTAAATTCAAGTTTTGTAACACCAAAA
AGATCCAATAATGGAAGAGGATTAAAGTCATCATTCAG
AAATGGTATACAGGAAAAGTAGGAAGCTCATCTCTCCT
AAGAGATGAGCTTCCTACCTATTCTGTATGACTGTGCT
ACTTCAATATCAGAAATCGACTAACACCACGCAACCAA
CGCAATGGCAGGTACACAGAAGATAATCTGTAACACTA
CCATGTAAATGTATTGAGTAAATAAAACATAACCGGT

miR324-12.3

CTCGAGTTCTTAAAAGGGGTGGATGTAAGGGATGAGG
TAGAATTAACTTCTGGTACTGCTGGCAGGCACCTGAGC
AGAACATCATTGCTGTCTCTCTTCGCAGAAGCTGAGCT

GACTATGCCTCCCAGTAGGAAGCTCATCTCTCCTAAGA
GATGAGCTTCCTACCGGGGGTTGTAGTCTGACCCGACT
GGGAAGAAAGCCCCAGGGCTCCAGGGAGAGGGGCTTG
GGAGGCCCTCACCTCAGTTACATACTGCAGCATAACCA
TCCGTGCCAGCTTCTCCTGGATCAGCCCAAAGTTGTGA

AACCGGT

miR409-12.3

CTCGAGTCTGGGCTCTGAATGCCCAGACCTTGTGCTGC
CCTTGGGGGAGGGTCTTCTGCAAGCACAGCCGCCTGCA
AGCATTCACCTTAGTCCGAGCATCTGAGCCTGGTACTC
GGGGAGAGTAGGAAGCTCATCTCTCCTAAGAGATGAG
CTTCCTACCCTTTTCGGTATCAGCTGGGGCACCTCGGGG
AAGGACGCCGGCATCAGCACCATTCTGGGGTACGGGG
ATGGATGGTCGACCAGTTGGAAAGTAATTGTTTCTAAT
GTACTTCAACCGGT




miR451-12.3

CTCGAGCCAGCTCTGGAGCCTGACAAGGAGGACAGGA
GAGATGCTGCAAGCCCAAGAAGCTCTCTGCTCAGCCTG
TCACAACCTACTGACTGCCAGGGCACTTGGGAATGGCA
AGGAGTAGGAAGCTCATCTCTCCTAAGAGATGAGCTTC
CTACCTCTTGCTATACCCAGAAAACGTGCCAGGAAGAG
AACTCAGGACCCTGAAGCAGACTACTGGAAGGGAGAC
TCCAGCTCAAACAAGGCAGGGGTACCGGT

miR324-HIV-S1

CTCGAGTTCTTAAAAGGGGTGGATGTAAGGGATGAGG
TAGAATTAACTTCTGGTACTGCTGGCAGGCACCTGAGC
AGAACATCATTGCTGTCTCTCTTCGCAGAAGCTGAGCT
GACTATGCCTCCCATCTTCGTCGCTGTCTCCGCTTGGAG
ACAGCGACGAAGACGGGGGTTGTAGTCTGACCCGACT
GGGAAGAAAGCCCCAGGGCTCCAGGGAGAGGGGCTTG
GGAGGCCCTCACCTCAGTTACATACTGCAGCATAACCA
TCCGTGCCAGCTTCTCCTGGATCAGCCCAAAGTTGTGA
AACCGGT

miR451-HIV-S1

CTCGAGCCAGCTCTGGAGCCTGACAAGGAGGACAGGA
GAGATGCTGCAAGCCCAAGAAGCTCTCTGCTCAGCCTG
TCACAACCTACTGACTGCCAGGGCACTTGGGAATGGCA
AGGATCTTCGTCGCTGTCTCCGCTTGGAGACAGCGACG
AAGACTCTTGCTATACCCAGAAAACGTGCCAGGAAGA
GAACTCAGGACCCTGAAGCAGACTACTGGAAGGGAGA
CTCCAGCTCAAACAAGGCAGGGGTACCGGT

miR215-RRM2-887

CTCGAGGTTTTATAAAATTAACAAATGATTAAGAATTA
ATATCAATTTTCTTAAATTCAAGTTTTGTAACACCAAAA
AGATCCAATAATGGAAGAGGATTAAAGTCATCATTCAG
AAATGGTATACAGGAAAACAACACGTTCACCATAGGT
AGTTATGGTGAACGTGTTGCTATTCTGTATGACTGTGCT
ACTTCAATATCAGAAATCGACTAACACCACGCAACCAA
CGCAATGGCAGGTACACAGAAGATAATCTGTAACACTA
CCATGTAAATGTATTGAGTAAATAAAACATAACCGGT

miR324-RRM2-887

CTCGAGTTCTTAAAAGGGGTGGATGTAAGGGATGAGG
TAGAATTAACTTCTGGTACTGCTGGCAGGCACCTGAGC
AGAACATCATTGCTGTCTCTCTTCGCAGAAGCTGAGCT

GACTATGCCTCCCACAACACGTTCACCATAGGTAGTTA
TGGTGAACGTGTTGCGGGGGTTGTAGTCTGACCCGACT
GGGAAGAAAGCCCCAGGGCTCCAGGGAGAGGGGCTTG
GGAGGCCCTCACCTCAGTTACATACTGCAGCATAACCA
TCCGTGCCAGCTTCTCCTGGATCAGCCCAAAGTTGTGA

AACCGGT

miR409-RRM2-887

CTCGAGTCTGGGCTCTGAATGCCCAGACCTTGTGCTGC
CCTTGGGGGAGGGTCTTCTGCAAGCACAGCCGCCTGCA
AGCATTCACCTTAGTCCGAGCATCTGAGCCTGGTACTC
GGGGAGACAACACGTTCACCATAGGTAGTTATGGTGAA
CGTGTTGCCTTTTCGGTATCAGCTGGGGCACCTCGGGG
AAGGACGCCGGCATCAGCACCATTCTGGGGTACGGGG
ATGGATGGTCGACCAGTTGGAAAGTAATTGTTTCTAAT
GTACTTCAACCGGT




miR451-RRM2-887

CTCGAGCCAGCTCTGGAGCCTGACAAGGAGGACAGGA
GAGATGCTGCAAGCCCAAGAAGCTCTCTGCTCAGCCTG
TCACAACCTACTGACTGCCAGGGCACTTGGGAATGGCA
AGGACAACACGTTCACCATAGGTAGTTATGGTGAACGT
GTTGCTCTTGCTATACCCAGAAAACGTGCCAGGAAGAG
AACTCAGGACCCTGAAGCAGACTACTGGAAGGGAGAC
TCCAGCTCAAACAAGGCAGGGGTACCGGT

miR215-RRM2-
1354

CTCGAGGTTTTATAAAATTAACAAATGATTAAGAATTA
ATATCAATTTTCTTAAATTCAAGTTTTGTAACACCAAAA
AGATCCAATAATGGAAGAGGATTAAAGTCATCATTCAG
AAATGGTATACAGGAAAAATTCTCTGTTGGACTTGACA
TTAAGTCCAACAGAGAATCTATTCTGTATGACTGTGCT
ACTTCAATATCAGAAATCGACTAACACCACGCAACCAA
CGCAATGGCAGGTACACAGAAGATAATCTGTAACACTA
CCATGTAAATGTATTGAGTAAATAAAACATAACCGGT

miR324-RRM2-
1354

CTCGAGTTCTTAAAAGGGGTGGATGTAAGGGATGAGG
TAGAATTAACTTCTGGTACTGCTGGCAGGCACCTGAGC
AGAACATCATTGCTGTCTCTCTTCGCAGAAGCTGAGCT
GACTATGCCTCCCAATTCTCTGTTGGACTTGACATTAAG
TCCAACAGAGAATCGGGGGTTGTAGTCTGACCCGACTG
GGAAGAAAGCCCCAGGGCTCCAGGGAGAGGGGCTTGG
GAGGCCCTCACCTCAGTTACATACTGCAGCATAACCAT
CCGTGCCAGCTTCTCCTGGATCAGCCCAAAGTTGTGAA
ACCGGT

miR409-RRM2-
1354

CTCGAGTCTGGGCTCTGAATGCCCAGACCTTGTGCTGC
CCTTGGGGGAGGGTCTTCTGCAAGCACAGCCGCCTGCA
AGCATTCACCTTAGTCCGAGCATCTGAGCCTGGTACTC
GGGGAGAATTCTCTGTTGGACTTGACATTAAGTCCAAC
AGAGAATCCTTTTCGGTATCAGCTGGGGCACCTCGGGG
AAGGACGCCGGCATCAGCACCATTCTGGGGTACGGGG
ATGGATGGTCGACCAGTTGGAAAGTAATTGTTTCTAAT
GTACTTCAACCGGT

miR451-RRM2-
1354

CTCGAGCCAGCTCTGGAGCCTGACAAGGAGGACAGGA
GAGATGCTGCAAGCCCAAGAAGCTCTCTGCTCAGCCTG
TCACAACCTACTGACTGCCAGGGCACTTGGGAATGGCA
AGGAATTCTCTGTTGGACTTGACATTAAGTCCAACAGA
GAATCTCTTGCTATACCCAGAAAACGTGCCAGGAAGAG
AACTCAGGACCCTGAAGCAGACTACTGGAAGGGAGAC
TCCAGCTCAAACAAGGCAGGGGTACCGGT

Northe

rn blot probes

382

U6

TATGGAACGCTTCTCGAATT

C146

12.3-antisense

AGAGATGAGCTTCCTAC

C145

12.3-sense

GTAGGAAGCTCATCTCT

C147

12.3-sense-short

GTAGGAAGCTCAT

Restriction site tags or compatible overhangs marked in bold. LNAs are underlined.
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