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The RNA interference (RNAi) pathway in animal cells can be harnessed to silence gene expression with
artificial small interfering RNAs (siRNAs) or transgenes that express small hairpin RNAs (shRNAs). The
transgene-expressing shRNA approach has been adapted into large-scale resources for genome-wide
loss-of-function screens, whereas focused studies on a narrow set of genes can be achieved by using indi-
vidual shRNA constructs from these resources. Although current shRNA repositories generally work, they
might fail in certain situations and therefore necessitate other alternatives. We detail here a new highly-
accessible and rational design of custom shRNAs that utilizes a refined backbone configuration termed
the ‘organic’ shRNA (OshR) platform. The OshR platform is ‘organic’ because it conforms more naturally
to the endogenous vertebrate miRNAs by maintaining specific bulges and incorporating strategic mis-
matches to insure the desired guide strand is produced while reducing the accumulation of passenger
strands that might contribute to off-target effects. We also demonstrate that the reliability of the OshR
platform for gene silencing is increased when sequences target the 30 UnTranslated Region (30UTR) of a
gene. We further compare the OshR platform with the current and emerging shRNA designs, and propose
that the OshR platform is a novel approach that can allow investigators to generate custom and effective
shRNAs for individual gene functional studies.

� 2013 Published by Elsevier Inc.
1. Introduction areas of biology because it has enabled highly specific reverse
RNA interference (RNAi) is a broad genetic phenomenon in ani-
mals where gene expression can be interfered by small RNAs, such
as microRNAs (miRNAs), endogenous small interfering RNAs
(endo-siRNAs) and Piwi-interacting RNAs (piRNAs). Together,
these pathways can be considered as different ‘‘arms’’ of the RNAi
phenomenon in animals [1]. Because RNAi is a natural and robust
gene silencing process in animal cells, investigators can harness
these pathways to silence the expression of nearly any gene of
interest. The power and versatility of RNAi stems from the relative
ease in synthesizing and introducing small RNAs with enormous
variety of different sequences that efficiently incorporate into the
RNA Induced silencing complex (RISC) as Guide strands [2]. Guide
strands direct the RISC to specific transcripts that are complemen-
tary to the Guide, and RISC can trigger catalytic turnover of the tar-
geted transcripts. The harnessing of RNAi has revolutionized many
genetics analyses in animal cultured cells and has become an
essential tool in studying diseases from cancer to diabetes to neu-
rological disorders [3–5].

In most vertebrate cells, one of the main biological functions of
the RNAi pathway is to regulate the expression of the transcrip-
tome through miRNAs (Fig. 1). Genome-encoded miRNA genes
are transcribed by RNA-Polymerase (Pol) II as a long primary tran-
script (pri-miRNA) which is processed into a small hairpin-shaped
precursor (pre-miRNA) by the Drosha enzyme, and then further
processed by the Dicer enzyme into a small duplexed RNA [2]. This
small RNA duplex is then sampled on both ends of the duplex for
ease in unwinding the RNA ends according to the thermodynamics
of RNA base-pairing [6,7]. Typically, the RNA strand whose 50 start
is at the duplex end that is easier to unwind will predominantly
accumulate as the ‘Guide’ strand, while the other ‘Passenger’
strand will either be discarded or accumulate only modestly. Thus,
a single-stranded guide RNA such as a mature miRNA sequence
then becomes incorporated into an Argonaute protein that is the
core effector protein of the RISC.

The RISC loaded with a small RNA can bind transcripts with as
few as 7–8 nt of complementarity with the ‘seed’ sequence in the 50
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Fig. 1. Exogenous RNAi by shRNAs may compete with the microRNA pathway. (A) Schematic of the biogenesis pathway for miRNAs which requires Drosha and Dicer to
sequentially and specifically cut the miRNA and shRNA precursor into a small RNA duplex. The Guide strand will be incorporated into the Argonaute (Ago1–4) proteins and
the Ago2-RISC targets mRNA degradation. shRNAs may compete with miRNAs for specific limiting factors like Ago2 and Exportin5. (B) The secondary structure for the pri- and
pre- miRNA-30a from mouse, top, and Xenopus, bottom, with the miR-30a-5p noted in red and the miR-30a-3p noted in blue. There is conservation in the mechanism that
directs greater accumulation of miR-30a-5p as the guide strand (red) in both mouse (10 fold–300 fold, [55]) and frog (3 fold, [56]).
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end of the Guide RNA to trigger inhibition of translation and pro-
mote mRNA destabilization [8]. However, complete complemen-
tarity through the entire �22 nt length of the Guide RNA can
trigger catalytic cleavage of the mRNA and lead to more robust
gene silencing. Although seed pairing is one of the best understood
modes for predicting and observing miRNA-mediated silencing,
there are other less understood mechanisms that can contribute
to gene silencing events such as extensive 30 end pairing between
an miRNA and target transcript [9] and non-canonical interactions
between Argonaute/miRNA complexes and endogenous transcripts
[10,11].

Investigators can harness RNAi by programming the RISC
with two types of triggers: chemically synthesized small inter-
fering RNA (siRNA) or vector-driven transgenes that express a
short hairpin RNA (shRNA). siRNAs were the original molecule
that the Tuschl lab used to demonstrate that RNAi could silenc-
ing genes in vertebrate cells [12,13], and although they are still
extensively used [14], siRNAs have the restrictions of relatively
higher cost and more transient gene knockdown effects when
the siRNA is diluted from cell division and RNA turnover [15].
Since recombinant DNA technology is inexpensive and highly
scalable, the next evolution was the shRNA: a plasmid that ex-
pressed a short transcript driven by RNA Pol III type of promot-
ers to make a small fold back structure which would be short
enough not to trigger the undesired innate immunity response
[16–19]. These original shRNAs were reasonably successful in
silencing gene expression in mammalian cultured cells while
avoiding innate immunity toxic effects because they likely mim-
icked the endogenous miRNAs and entered the RISC through the
same miRNA biogenesis factors.

However, the original shRNA design was tested when miRNA
strand biogenesis was not yet fully understood. Now we know that
the Drosha and Dicer enzymes work sequentially and measure inti-
mately the length of the shRNA0s stem base and loop to know
where to cut to yield a particular duplex [20]. If the register for
Drosha and Dicer cutting is unclear, inadvertent small RNA
duplexes are generated that display thermodynamic properties
which cause loading of an undesired Passenger strand instead of
a Guide strand [21]. The majority of pri-miRNA and pre-miRNA
precursors contain various mismatched bulges in the secondary
structure that drive the predominant accumulation of one Guide
strand, either from the 50 or 30 arm [2,22,23]. However, there are
some miRNA genes whose secondary structures are much more
evenly double-stranded and have sequence features that allow
for similar accumulation of the miRNA-5p and miRNA-3p to denote
strands from both arms [24–28].
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A second generation shRNA platform took more lessons from
nature by borrowing structural elements from the mammalian
miR-30a backbone, such as an RNA Pol II promoter, and parts of
the endogenous stem base and loop features [29–31]. This plat-
form has revolutionized reverse genetic studies in mammalian
cells because shRNA libraries have been scaled up to genome-wide
screens for functional discovery of biological processes, to name a
few like the DNA damage response gene, oncogenesis, or viral re-
sponses [32–35]. The 2nd generation shRNA platform has even
been co-opted back into invertebrates like Drosophila [3,36].
Although the RNAi machinery in these organisms is receptive to
siRNA generation from long double-stranded RNA triggers
[37,38], it appears that germline gene silencing is more effective
with shRNAs.

Nevertheless, there is continuing interest to improve the effi-
cacy and reliability of shRNA design and deployment [21]. When
researchers target individual genes with shRNAs, they must obtain
a panel of multiple shRNA constructs in order to sort out variable
efficacies as well as mitigate potential off-targeting effects from
each individual shRNA [39,40]. In some instances however, an en-
tire panel of shRNAs can fail. It is unclear if failure is due to com-
petition with the endogenous miRNA pathway [41–44],
unpredictable Guide versus Passenger strand production [21,45],
secondary structures, or RNA binding proteins that occlude the
RNAi machinery from accessing the mRNA [9,46–54]. In fact, the
2nd generation shRNA design is subtly different from the endoge-
nous miR-30a gene in two aspects. First, it utilizes a perfectly dou-
ble-stranded duplex that omits natural mismatches present in the
natural miR-30a gene [4,44,45]. Second, it places the Guide strand,
the sequence that is antisense to the target mRNA sequence, on the
30 arm of the shRNA. This design contrasts with the natural miR-
30a gene that causes miR-30a-5p to accumulate from 3–300 fold
greater than miR-30a-3p in multiple vertebrate cell types [55,56].
Although 2nd generation shRNAs do mature and incorporate into
RISC, they may not fully exploit all the subtle features of the sec-
ondary structure of miR-30a that has been conserved from frogs
to mammals (Fig. 1B).

In this study, we provide a method that we call the organic
shRNA platform (OshR): a do-it-yourself strategy for investigators
to rationally design more natural shRNAs targeting any gene of
interest. Drawing from the analogy of organically grown foods,
which have not replaced conventional foods but instead provide
a useful and desirable alternative, the OshR platform is a desirable
alternative to current shRNA designs. OshRNAs perform well in al-
ways specifying the production of the desired Guide strand be-
cause the natural miR-30a features in our design more
consistently suppress passenger strand accumulation. Further-
more, we demonstrate in cell culture that organic shRNAs are
effective at targeting the open reading frame (ORF) of vertebrate
genes for knockdown studies, however a much higher probability
of obtaining functional shRNAs can be achieved by targeting the
30UnTranslated Region (30UTR) of a target gene. Finally, we com-
pare the OshR platform to a current 2nd generation shRNA plat-
form and an emerging miR-451-backbone platform for versatility
and gene silencing capacity.
2. Materials and methods

2.1. Design and cloning of shRNA constructs

Candidate shRNAs were designed by following the OshR work-
flow (Fig. 2) and a custom Microsoft Excel Worksheet (Table Sup-
plementary1). Oligonucleotides corresponding to the template
and restriction enzyme sites were ordered from Integrated DNA
Technologies. A 100 ll PCR reaction with 0.2 lM of template and
oligonucleotides was subjected to 30 rounds of extension with a
60 �C annealing temperature. A single amplicon was verified on
agarose gel electrophoresis and purified on a spin column before
restriction enzyme digestion. The digested PCR amplicon was then
purified on spin columns and cloned into a CMV promoter-driven
expression vector called pGSH0 that has an intron interrupting
the coding sequence of GFP. This intron has a multiple cloning site
for insertion of the shRNA PCR amplicon in a single direction. The
parent shRNA expression plasmid described in this study as pGSH0
is available from Addgene. All plasmids were confirmed by
sequencing and scaled up for transfection grade purification by a
Midiprep column (Epoch Biosciences).

2.2. Cell culture and transfection

HEK293T cells were grown in DMEM medium (Invitrogen) sup-
plemented with 10% heat-inactivated FBS (Lonza) and incubated in
a humidified 37 �C, 5% CO2 incubator. All shRNA constructs (1 lg
DNA per well of a 6-well dish) were co-transfected with a 200 ng
of a plasmid expressing myc-tagged NEK2 or 3xFLAG-tagged
Xt_Tyrosinase into HEK293T cells according to the FuGENE�HD
Transfection Reagent protocol (Promega) for the Xt_Tyr transgene
or by the calcium phosphate method for the NEK2 transgene
[57]. Transfection efficiency was monitored by GFP fluorescence.
The NEK2 cDNA was a kind gift from Erich Nigg.

2.3. Western blotting

Cells were washed twice with PBS and lysed in RIPA buffer
(50 mM Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, and 0.1% SDS) supplemented with protease inhibitor cock-
tail (Roche) or in 3� Sample Buffer (6% SDS, 0.1% bromophenol
blue, 150 mM Tris pH 6.8, 30% glycerol, and 10% beta-mercap-
toethanol). Protein was separated by SDS–PAGE, followed by trans-
fer to PVDF or nitrocellulose membranes. Membranes were
incubated in blocking buffer (5% nonfat milk in PBS-
0.05%Tween-20) for 1 h and immunoblotted with primary anti-
body diluted in blocking buffer for 1 h at room temperature. Pri-
mary antibodies include mouse anti-FLAG (M2, Sigma, 1:1000
dilution), mouse anti-a-tubulin (E-7a, Developmental Studies
Hybridoma Bank, 1:10000 dilution), anti-beta-actin (Abcam,
1:5000), anti-myc (Sigma, 1:500), and rabbit anti-GFP (a gift from
Michael Blower at Harvard Medical School, 1:1000). Membranes
detected with ECL (GE Healthcare) and films were probed with
HRP-conjugated goat-anti-mouse and goat-anti-rabbit IgG second-
ary antibodies (KPL, 1:5000 dilution). Membranes detected by the
Odyssey Imaging system were probed with anti-mouse IR800CW
(Licor; 1:10000) or anti-rabbit IR680LT (Licor; 1:10000) secondary
antibodies.

2.4. Small RNA Northern blotting

Total RNA was isolated with TRI reagent RT (Molecular Research
Center), followed by ethanol precipitation overnight at �20 �C.
RNA samples were separated on 15% urea polyacrylamide denatur-
ing gels, transferred onto Hybond N + membrane (GE Healthcare)
for UV crosslinking or Hybond NX membrane (GE Healthcare) for
chemical crosslinking with 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC, Sigma), and probed with c-32P-labeled DNA
oligonucleotides antisense to guide strand or passenger strand of
the individual shRNA overnight at 42 �C. The membranes were
washed with 3� SSC/5% SDS/10 � Denhardt0s solution/25 mM
NaH2PO4, pH7.5 at 42 �C four times, 10 min for the first two washes
and 30 min for another two washes, and were last washed with
1� SSC/1% SDS for 5 min. The radioactive signals were then de-
tected by phosphorimaging. For reprobing, the membrane was



Fig. 2. The design and decision workflow of the OshR platform. (A) Flowchart for how to pick a target sequence and design custom shRNAs based on the OshR platform. See also
Table Supplementary1 for the worksheet. (B) Diagram of the shRNA expression vector, pGSH0, used in this study. The shRNA is cloned into the intron of GFP and is generated
after splicing and Drosha processing. (C) Diagram of an example OshR Passenger strand sequence in relation to the Guide strand sequence, with base positions numbered above
and below the sequences. Arrowheads note the deletion of bases at positions ‘‘11, 12’’ and arrow notes the mismatch at position ‘‘19’’ of the Passenger strand.
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stripped using 1% SDS in water at 88 �C for 40 min prior to
hybridization.
3. Results

3.1. The organic shRNA (OshR): a do-it-yourself shRNA design

Although there are many web-based portals for shRNA de-
sign as well as multiple genome-wide repositories for purchas-
ing sets of pre-designed shRNAs against a gene of interest,
there is a lack of transparency of how each of these commer-
cial shRNA designs are generated and whether the shRNAs are
validated to produce the desired guide strand. Occasionally, an
investigator may find that an entire panel of shRNAs pur-
chased from these commercial sources fails to exhibit gene
silencing even after controlling for transfection or transduction
efficiency. In addition, investigators may want a less expensive
alternative to commercial RNAi products, or require complete
knowledge of the shRNA construct for the purposes of their
experimental design. To address this need for an open-access
alternative to shRNA design, we have devised the organic
shRNA (OshR) strategy that investigators can follow from the
workflow in Fig. 2.

This workflow begins by taking the complete mRNA se-
quence of the gene of interest and first determining if the
mRNA has a stable and extensive 30UTR that most metazoan
genes possess. Our experience has been that targeting a gene’s
30UTR increases the probability that an shRNA will not encoun-
ter refractory mRNA sequences, however ORFs are the next
logical sequence to examine should a 30UTR sequence be
unavailable or too short (<50 bp). The workflow then describes
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a sequence-gazing method that can be conducted manually to
pick an optimal sequence base composition (Fig. 2A, Step 3–4),
and a BLAST-N query approach to try to minimize off-target
sequences (Step 5–7). An iterative procedure is followed to
find optimal candidate GUIDE strand sequences of 22 nt long.
A Passenger strand sequence is then designed by taking the re-
verse complement of the Guide strand, deleting bases "11" and
"12"; and then mutating base "19" of Passenger strand so it is
mismatched with Guide strand (see Fig. 2C). These GUIDE and
PASSENGER strand sequences are typed into a spreadsheet that
concatenates the sequences into a �90 bp single-stranded DNA
template that is ordered from an oligonucleotide vendor (See
Table Supplementary1).

A set of primers that contain restriction enzyme (RE) sites are
used to carry out a PCR reaction to generate an amplicon that
can be cloned directionally into an animal expression vector.
To express the OshRs in HEK293T cells, we cloned the OshR into
a multiple cloning site of an intron that bisects GFP driven by a
strong CMV promoter (Fig. 2B). This format allows the matura-
tion of the shRNA to occur independently of GFP expression,
and further mimics the natural occurrence of many mammalian
miRNAs that reside in the introns of host genes [22]. We believe
that the OshR construct will also function in other expression
vectors that insert shRNAs into the 30UTR of a GFP transcript,
as other groups have successfully demonstrated for other shRNA
formats [4,58–61]. However, natural miR-30a appears to be tran-
scribed as an RNA Pol II transcript [62,63], thus we cannot pre-
dict how our OshR format would perform if inserted into 1st
generation shRNA vectors that use a U6 snRNA promoter that
drives RNA Pol III transcription [16,17,21]. We verified the se-
quences of all plasmids and transfection-grade quality plasmids
were prepared by ion exchange columns such as a commercial
midiprep kit. Plasmids were then introduced by standard trans-
fection protocols into cells along with epitope-tagged transgenes
to monitor gene silencing.
Fig. 3. The OshR platform ensures proper Guide strand production. (A) Current shRNA de
and Passenger strand. (B) The organic shRNA design builds in mismatches to direct speci
against the X. tropicalis Tyrosinase (Tyr) mRNA. Guide strand is in red, Passenger stran
Northern blots indicate OshR designs yield predominant accumulation of the Guide stran
vector transfection; P.ctrl: synthetic Passenger strand mimic; G. ctrl: synthetic Guide st
3.2. The OshR platform enhances guide strand accumulation over the
passenger strand

Although current shRNA designs contain the human miR-30a
loop and RNA unwinding thermodynamics features that favor the
Guide sequence, these designs lack all internal bulges and instead
utilize a complete duplex that places the Guide strand on the 30

arm of the hairpin [4,30,31,64]. Generally, the 2nd generation shR-
NAs are effective in generating the proper Guide strand for gene
silencing, but occasionally undesired passenger strands can be pro-
duced. When we originally designed a 2nd generation shRNA to
target the Xenopus tropicalis Tyrosinase gene (Tyr) that synthesizes
melanin and is implicated in albinism [65,66], we also encountered
issues of Guide strand specificity (Fig. 3). The passenger strand
accumulated as abundantly as the Guide strand as detected by
Northern blotting, and this is undesirable because off-target effects
could result from the Passenger strand.

We reasoned that a truly organic shRNA design should com-
pletely mimic the base stem and the loop features of miR-30a to
include all the features that naturally direct major accumulation
of miR-30a-5p from 3–50-fold over the mir-30a-3p [55,56]
(Fig. 1B). Therefore, we devised our OshR scheme to place a pro-
grammable Guide strand on the 50 arm of the hairpin in place of
mirR-30a-5p, and we maintained key mismatched bases within
the stem and the loop (Fig. 3B, Fig. 2C). Next, we placed the Passen-
ger strand on the 30 arm of the hairpin in place of miR-30a-3p, but
instead of a perfect duplex, we engineered a mismatched base at
the 30 end of the Passenger strand and deleted two bases in the
middle, which are also natural features of miR-30a-3p that ensure
it is degraded simultaneously with the biased accumulation of
miR-30a-5p. Finally, we formed the rest of the miR-30a backbone
using sequences that happened to derive from the X. tropicalis
miR-30a gene, but are equally tolerated in mouse and human cells.

To test whether the OshR platform would encourage Guide
strand production while suppressing Passenger accumulation, we
signs can display variability in specifying the accumulation of both the Guide strand
fic Drosha and Dicer cleavage sites. (C) Secondary structures of the OshR 2A and 6C
d is in blue, and intentional mismatched bases are underlined and uppercase. (D)
d over Passenger strand. Mock is a mock transfection; OshR is the shRNA expression
rand mimic. Red dashed rectangles mark lanes of shRNA production.
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constructed nine additional shRNAs against the X. tropicalis Tyr
gene and transfected each plasmid into HEK293T cells. We ob-
served equivalent, highly efficient transfection for all plasmids as
judged by > 90% of the cells brightly fluorescing green (data not
shown). By Northern blotting with probes that either detected
the Guide strand or the Passenger strand, we consistently detected
strong accumulation of the Guide strand sequence and very low or
negligible production of the Passenger strand (Fig. 3D). The size of
the shRNA signal is consistent with mature small RNAs that would
be incorporated into the RISC (21–23 nt long). These data support
the conclusion that our rational organic shRNA design enforces
predominant Guide strand production while significantly prevent-
ing Passenger strands from accumulating and causing off-target
effects.
3.3. Targeting the 30UTR of a transcript increases probability of shRNA
efficacy

Theoretically, any Guide strand with perfect complementarity
to a target transcript should direct RISC to degrade the target
mRNA efficiently. In reality, certain mRNA sites can be refractory
to RNAi in the cell because mRNA secondary structure, stalled ribo-
somes and other RNA binding proteins could conceivably block the
RISC. These factors are still difficult to determine other than
through empirical data, such as using an epitope-tagged transgene
assay described here. To test the gene silencing efficacy of three or-
ganic shRNAs targeting the ORF of the mouse NIMA related protein
kinase 2 (NEK2) gene, we co-transfected the OshR plasmids along
with a myc-tagged NEK2 into HEK293T cells (Fig. 4A). All three
of the OshRs against NEK2 exhibited strong knockdown of the
myc-tagged NEK2 transgene, and this knockdown could be circum-
vented with rescue constructs of NEK2 which had neutral muta-
tions that altered the mRNA from base pairing perfectly with the
shRNA. By validating these OshRs with epitope-tagged wild-type
Fig. 4. Gene silencing efficacy of various organic shRNAs. (A) Diagram of OshR target site
NEK2 (myc-NEK2) by all three OshRNAs (bottom). Actin is a loading control. Myc-NEK2 r
by the OshRs. (B) Diagram of OshR target sites against Xenopus Tyr (top) and Western bl
(bottom). Tubulin is a loading control and GFP indicates proper expression of the OshR
and rescue mutant transgenes (because antibodies are not always
available for endogenous genes), we have established a bank of
tools that will enable knocking down endogenous wild-type
NEK2, testing for function, and then rescuing the function with
shRNA-resistant transgenes. Thus, all the target sites we tested
for NEK2 yielded effective gene knockdown by our organic shRNAs.

However, we observed a very different scenario of variable
OshR silencing efficacy when targeting our FLAG epitope-tagged
Xenopus Tyr transgene (Fig. 4B). Only 2 out of 7 shRNAs targeting
the ORF of Tyr were able to elicit strong gene silencing despite
our confirmation that sufficient Guide strand was being produced
(Fig. 3D), and these two ORF-targeting shRNAs targeted the same
general locale of the Tyr mRNA. Strikingly, 3 out of 4 shRNAs tar-
geting the 30UTR significantly downregulated Tyr protein expres-
sion. In every transfection experiment, we confirmed nearly
equal expression of each of the shRNA constructs in the HEK293T
cells as judged by GFP fluorescence (data not shown) and Western
blot signal (Fig. 4B). Although we do not know if the region in the
ORF targeted by Tyr shRNAs OshRs 1C and 2C is less likely to form
secondary structures, the fact that the majority of OshRs targeting
the 30UTR were highly effective at gene silencing is consistent with
the natural targeting proficiency of miRNAs against the 30UTR of
their targets. Therefore, our OshR design workflow recommends
investigators to focus the sequence search first against a gene’s
30UTR, and if the 30UTR is too short or undefined then the ORF obvi-
ously follows. To fully determine the reliability of this process for
shRNA selection, this will demand future studies of endogenous
mRNA accessibility in the cell.
3.4. Comparison of the OshR platform to 2nd generation and miR-451-
backbone shRNA designs

The best way to directly compare specific Guide strand produc-
tion and targeting efficacy between our OshR platform and other
s against mouse NEK-2 (top) and Western blots showing knockdown of Myc-tagged
escue constructs with mismatched bases to the shRNAs are resistant to knockdown

ots showing knockdown of FLAG-tagged Tyr by OshRs marked by dashed rectangles
vector.
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shRNA formats was to take our two most effective OshRs 2A and 6C
(Fig. 3C) and remake them as 2nd generation shRNAs. We did this
by first placing the Guide strands of 2A and 6C onto the 30 arm and
setting the duplex to be completely complementary (Fig. 5). We
cloned these 2nd generation shRNAs into the intronic cloning site
of our GFP expressing vector, and co-transfected shRNA vectors
along with the 3 � FLAG tagged Tyr transgene into HEK293T cells.
In this case, both 2nd generation shRNAs generated the Guide
strand as abundantly and predominantly over the Passenger strand
as the OshRNAs (Fig. 5E); yet both Guide strands from the 2nd gen-
eration format where mainly 22 nt long and about 1nt shorter than
OshR Guide strands. In fact, nearly all Guide strands generated by
the OshR platform that we tested by Northern blots accumulate as
a �23–24 nt long RNA (Fig. 3D), which is also the most abundant
length of natural miR-30a [55].

Western blots indicated that the shTyr2A was equally robust at
silencing the 3 � FLAG-Tyr transgene regardless of whether it was
Fig. 5. Comparing the OshR platform to the 2nd generation and miR-451 backbone platf
backbone (B). GFP expression of the shRNAs in the 2nd generation (C) and miR-451 ba
Northern blots detecting shRNA production in the 2nd generation (E) and miR-451 ba
Passenger strands were not assayed in (F) and 5S rRNA is a loading control. Western blots
miR-451 backbone (H) directly compared with the analogous sequence in the OshR platf
vector. Abbreviations: miR-451-b.b.: miR-451 backbone; Untrns.: untransfected cells; M
in a 2nd generation or OshR format. However, the shTyr6C was
more effective at gene silencing when expressed from the OshR
format compared to the 2nd generation shRNA (Fig. 5G), despite
the fact that there was nearly equal Northern blot signal from
the OshR and 2nd generation shTyr6C Guide strands (Fig. 5E). Be-
tween sequences, shTyr2A was consistently more effective at
silencing the transgene to nearly undetectable levels, which may
be attributed to the sequence of shTyr2A being less G/C rich than
shTyr6C. One theory is that underlying base compositions within
siRNAs and miRNAs influence the multiple-turnover activity of
Ago proteins [8,67], and if a particular shRNA is so effective at
silencing like shTyr2A, it does not matter whether it is expressed
from a 2nd generation shRNA backbone or the more organic OshR
backbone. With other shRNAs like shTyr6C, the OshR enhances
gene silencing by these sequences with perhaps lower targeting
efficacy because the longer length of the major Guide strand in
OshR contributes to stronger gene silencing.
orms. Secondary structures of shTyr-2A in the 2nd generation (A) and the miR-451
ckbone (D) directly compared with the analogous sequence in the OshR platform.
ckbone (F) directly compared with the analogous sequence in the OshR platform.
testing the knockdown of FLAG-tagged Tyr by shRNAs in the 2nd generation (G) and
orm. Tubulin is a loading control and GFP indicates proper expression of the shRNA
ock: the empty vector.
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Next, we compared our OshR platform to a newly emerging
shRNA platform that uses the exemplary backbone of miR-451, a
vertebrate-specific miRNA with a non-canonical stem loop that
skips Dicer processing and instead matures through the Slicer
activity of Ago2 [58,61,68,69]. The extraordinarily short stem of
miR-451 directs only the 50 arm to be incorporated into RISC as
the Guide strand, and it has been shown that a variety of different
sequences can reprogram a miR-451-based shRNA with virtually
no passenger strand production. Furthermore, the Lai group has
fused the miR-451 backbone with substrates of the RNaseZ and
Integrator enzymes to create small RNA constructs that can be ma-
tured without requiring any RNaseIII activity [70,71]. Although the
miR-451 backbone theoretically only allows the Guide strand to
enter Ago2 [58,61,68] and has a relatively simpler structure com-
pared to the OshR backbone, we wondered whether the miR-
451-backbone would truly be as widely versatile to sequence
reprogramming and targeting efficacy.

We created miR-451-backbone shRNAs of our Tyr-targeting se-
quences 2A and 6C by maintaining necessary lower stem se-
quences and secondary structure features of miR-451 (i.e.
Fig. 5B). Although we were worried that shTyr-2A’s A/T rich mid-
section lacked a GC clamp region that is potentially required for
Ago2 cleavage activity [61], we could temper this concern with
shTyr-6C which retains the G/C pairs when inserted into the
miR-451-backbone. As expected, we could much more readily de-
tect the signal for the shTyr-6C mature shRNA compared to the
shTyr-2A when inserted in the miR451 backbone constructs as
well as the OshR backbone. However, the OshR backbone consis-
tently yielded an order of magnitude greater accumulation of the
mature Guide strand than the miR-451 backbone (Fig. 5F), despite
the fact that fluorescence and Western blotting signals of GFP from
miR-451 backbone vectors were greater than the OshR vectors
(Fig. 5H). This suggested that the poor accumulation of Guide
strands from the miR-451-backbone is more likely explained by is-
sues with incorporation into RISC rather than the miR-451 back-
bone effects on the precursor RNA, which contributes effectively
to GFP expression.

Finally, we compared the knockdown capacities of our organic
shRNAs and the miR-451 backbone via co-transfection of the
shRNA plasmid and the 3 � FLAG tagged Tyr into HEK293T cells.
Although some shRNAs like OshR-2C accumulate poorly but can
efficiently trigger gene silencing (see Fig. 3D and 4B), we were sur-
prised that we did not observe appreciable gene silencing by
shTyr-2A and -6C in the miR-451 backbone, perhaps because of
the relatively low accumulation of the guide strand (Fig. 5G and
5H). These results suggest that our OshR platform is more flexible
for shRNA design compared to the miR-451-based platform be-
cause it does not constrain the shRNA to only enter Ago2, but
rather may allow for the shRNA to accumulate to more significant
levels in the other Argonaute proteins.
4. Discussion

There is still a need for shRNA design improvements that enable
investigators to create their own custom shRNAs when commercial
shRNAs fail for some reason. We hypothesize these reasons could
be when the Passenger strand is produced instead of the Guide
strand, when exogenous shRNAs outcompete endogenous miRNAs
for the RNAi machinery, or when mRNA sequences are refractory to
targeting by shRNAs due to secondary structures or RNA binding
proteins blocking access to the RISC. Although commercial 2nd
generation shRNAs resources can be effective for gene silencing,
investigators still need more options at hand for knocking down
their gene of interest more completely and with fewer off-target
effects. We still maintain caution and mindfulness that off-target
effects could result from OshR format shRNAs since the BLAST-N
workflow is currently manual, but using multiple shRNAs against
a single gene should aid in differentiating an on-target phenotype
from an off-target effect.

One new approach to circumvent sites refractory to shRNA tar-
geting has been the development of a massively-parallel sensor as-
say that selects the sequences with the greatest potency from a
random pool of 2nd generation shRNAs [32,59]. This sensor assay
platform has contributed to the design and generation of trans-
genic mice with conditionally-expressed shRNAs for gene knock-
down studies in tissues [60]. However, this massively-parallel
sensor assay requires a large up-front commitment of resources
to generate the diverse random pools of shRNAs for a single gene
and having fluorescence activated cell sorter to perform the selec-
tion. Therefore, we believe our rational design of organic shRNAs
will be very attractive to many investigators looking for cost-effec-
tive procedures to construct a small pool of custom shRNAs to tar-
get their gene of interest.

Although our Organic shRNA design effectively specifies Guide
strand accumulation and suppress the Passenger strand, we could
not pinpoint why so many of the OshRs designed against the Tyr
ORF failed to exhibit strong gene silencing. Many studies have sug-
gested that thermodynamic analyses of target regions of ORFs that
exhibit less secondary structures are correlated with effective siR-
NAs [9,46–54,72]. If secondary structure somehow blocks access to
RISC, these structures do not seem to inhibit translation of the Tyr
transgene (Fig. 4B). Perhaps it is the processivity of the translating
ribosome that prevents RISC from accessing a transcript except at a
region downstream of a translational pause. Therefore, the in-
creased frequency of observing robust silencing when targeting a
gene’s 30UTR may reflect RISC not having to compete with transla-
tion. We postulate that the poor knockdown capacity of OshR
shTyr5C against the Tyr 30UTR might reflect RNA binding proteins
or secondary structures that block the shRNA-guided RISC. Our
pursuit of improving the shRNA platform offers an incremental
and important improvement in the suite of tools for gene function
analysis in animal cells. As the OshR platform exhibits a more ‘or-
ganic’ affinity with miRNAs, we foresee these and future studies
with the OshR system will inform on miRNA processing biology
and endogenous small RNA-mediated gene silencing mechanisms.
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