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ABSTRACT

Short interfering RNAs (siRNAs) are mediators of RNA interference (RNAi), a commonly used technique for selective down-
regulation of target gene expression. Using an equimolar mixture of A, G, C, and U phosphoramidites during solid-phase
synthesis, we introduced degenerate positions into RNA guide and passenger strands so that, when annealed, a large pool of
distinct siRNA duplexes with randomized base pairs at defined sites was created. We assessed the randomization efficiency by
deep sequencing one of the RNAs. All possible individual sequences were present in the pool with generally an excellent
distribution of bases. Melting temperature analyses suggested that pools of randomized guide and passenger strands RNAs with
up to eight degenerate positions annealed so that mismatched base-pairing was minimized. Transfections of randomized
siRNAs (rnd-siRNAs) into cells led to inhibition of luciferase reporters by a miRNA-like mechanism when the seed regions of
rnd-siRNA guide strands were devoid of degenerate positions. Furthermore, the mRNA levels of a select set of genes associated
with siRNA off-target effects were measured and indicated that rnd-siRNAs with degenerate positions in the seed likely show
typical non-sequence-specific effects, but not miRNA-like off-target effects. In the wake of recent reports showing the
preponderance of miRNA-like off-target effects of siRNAs, our findings are of value for the design of a novel class of easily
prepared and universally applicable negative siRNA controls.
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INTRODUCTION

RNA-interference (RNAi) is a standard technique used for
post-transcriptional gene silencing (Ghildiyal and Zamore
2009). It is mediated by short interfering RNAs (siRNAs)
composed of a ∼19 bp, double-stranded (ds)-RNA with two
nucleotide (nt) overhangs on the 3′ termini of both strands
(Elbashir et al. 2001). After delivery into cells, the strand
with the lower internal thermodynamic stability at its
5′ end is preferentially loaded into the RNA-induced silenc-
ing complex (RISC) (Khvorova et al. 2003; Schwarz et al.
2003). The remaining sense strand or “passenger” is cleaved
by the RISC protein Argonaute2 (Ago2) (Matranga et al.
2005; Rand et al. 2005; Leuschner et al. 2006). The siRNA
guide or antisense strand in the activated RISC binds to com-
plementary target RNAs sequence-selectively and the target
mRNA is cleaved opposite to the central positions of the
siRNA guide by Ago2 (Elbashir et al. 2001). Although the
guide strand is selected to be uniquely complementary to

the target mRNA, some highly homologous binding sites in
other mRNAs are inevitably also suppressed by cross-hybrid-
ization, albeit less strongly, leading to sequence-dependent
“off-target effects” (OTEs).
OTEs are considered a major nuisance in RNAi ex-

periments that can lead to unexpected phenotypes and mis-
lead researchers (Echeverri et al. 2006; Jackson et al. 2006;
Jackson and Linsley 2010). In addition to Ago2-mediated
sequence-dependent OTEs, additional sequence-dependent
OTEs can derive fromRISC activation of the passenger strand
(Clark et al. 2008), immunostimulation (Sledz et al. 2003;
Hornung et al. 2005; Judge et al. 2005), and RISC-mediated
silencing of mRNAs in a microRNA (miRNA)-like fashion
(Doench et al. 2003; Saxena et al. 2003; Birmingham et al.
2006; Jackson et al. 2006; Aleman et al. 2007; Vickers et al.
2009; Shin et al. 2010; Marine et al. 2012). Indeed, a recent
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study declared that most of the phenotypic effects in three
independent genome-wide siRNA screens stemmed from
miRNA-like OTEs rather than from on-target silencing
(Franceschini et al. 2014). Sequence-independent OTEs are
also known and derive from saturation of RNAi machinery
components (Jackson and Linsley 2010) and cell toxicity
leading to cell death/growth inhibition. Different types of ex-
perimental controls have been introduced to help researchers
validate the outcome of RNAi experiments (Whither RNAi?
[Editorial] 2003; Echeverri et al. 2006). For instance, the re-
dundancy approach uses independent effector siRNAs for a
given target. Hence, a common phenotypic effect that is ob-
served from use of multiple siRNAs can be attributed
with reasonable certainty to target-mRNA silencing. More
demanding are “rescue” experiments in which an siRNA-
induced phenotype in cells is reverted by ectopic expression
of a target gene bearing a mutated or deleted siRNA target
site. Finally, a variety of negative control siRNAs are avail-
able: scrambled siRNAs where an effector siRNA sequence
is shuffled to abolish target gene silencing; siRNAs that
have minimal sequence complementarity to the transcrip-
tome; or mismatched controls where a small number of mis-
matches (MMs) are introduced into the effector sequence
and attenuate suppression of the target RNA (Buehler et al.
2012).
While exploring the properties of short RNAs containing

randomized base pairs, we discovered that duplexes assem-
bled from RNAs with randomized nucleotides at several
selected positions hybridize to produce surprisingly thermo-
dynamically stable duplexes that are substrates for RISC.
SiRNAs with randomized base pairs (rnd-siRNAs) have at-
tractive properties as a new class of pragmatic negative con-
trol siRNAs.

RESULTS

Synthesis of RNAs containing randomized
nucleotide positions

As part of a program to study the multitargeting properties
of short dsRNAs, we introduced randomized or degenerate
positions into guide and passenger strands, so that when an-
nealed a large combinatorial pool of distinct siRNA duplexes,
with randomized matched and mismatched base pairs at de-
fined sites, was created (Supplemental Table 1). For instance,
with four degenerate positions, a library of 256 distinct RNA
strands can theoretically be produced; with eight degenerate
positions, 65,536 RNAs can be produced. After annealing of
randomized strands, a huge combinatorial pool of individual
siRNA duplexes can be produced, shaped by the thermody-
namic stability of formed pairs.We postulated that the target-
ing profile of such libraries would be distributed across a very
large number of individual targets and, because of the low
concentrations of individual siRNAs, any sequence-depen-
dent effects will likely be at biologically insignificant levels

(Buchholz et al. 2006; Myers et al. 2006; Parsons et al.
2009; Hannus et al. 2014). We synthesized 12 RNAs and as-
sembled them into six randomized siRNAs (rnd-siRNAs)
with four, six, or eight randomized positions (siRND1–
siRND6; Fig. 1A). For an efficient randomization of DNA
oligonucleotides during synthesis, an equimolar mixture of
the four deoxyribonucleotide phosphoramidites is often
used (Zon et al. 1985; Mandecki 1990). We were not aware
of any reports of variations in the coupling efficiencies of
the four ribonucleotide phosphoramidites; therefore we
used a 1:1:1:1 mixture of A, G, C, and U phosphoramidites.
To assess the efficiency of random ribonucleoside incor-
poration during solid-phase synthesis, we performed a
deep-sequencing analysis of the guide strand of siRND3.
The sequence coverage was well sufficient to cover all individ-
ual sequences in the library (see Materials and Methods). It
also showed an excellent distribution of bases in the positions
directly following G, A, and other randomized sites (Fig. 1B).
On the other hand, reaction of a phosphoramidite mixture
with cytidine, close to the 3′-terminus of the strand, showed
a bias for incorporation of G, in the order G > U > A >> C.
However, we cannot rule out that this skewing of the repre-
sentation did not derive from an artifact during one of the
steps of the library preparation for sequencing.

SiRNAs with randomized base pairs adopt stable
duplex structures

Sense and antisense strands bearing randomized positions
were annealed to form duplexes, which were analyzed using
native polyacrylamide gel electrophoresis (PAGE) (Fig. 1C).
The rnd-siRNAs migrated through the gel matrix more
slowly than single-stranded controls and covered a com-
parable migratory path as a double-stranded commercially
available siRNA control of undisclosed sequence (siCon), in-
dicating their stable duplex structure. Subsequently, melting
temperatures (Wada et al. 1980) of the rnd-siRNAs were cal-
culated from melting curves obtained under standard condi-
tions (Fig. 1D; Supplemental Fig. 1). Although we analyzed
complex mixtures of siRNA duplexes, only single discrete in-
flection points were observed at a ramp rate of 0.1°C/min.
The height of the first derivative of individual melting
curves corresponded to the rate of transition; hence, broader
melting curves (slower transitions) were observed for the
population of siRNAs in siRNDs than for perfectly comple-
mentary siRNA controls. Only a minor degree of hysteresis
was observed during the annealing and melting processes,
suggesting that melting curves were obtained under thermo-
dynamic equilibrium. The data revealed that, generally, in-
creasing the number of degenerate positions in a duplex
reduced the stability (lower TMs) of an rnd-siRNA (Fig.
1D). Consistent with the results from the PAGE, the rnd-
siRNAs bearing up to eight randomized positions (siRND3,
siRND6) were surprisingly stable. The TM of siRND3
was compared with those of five perfectly complementary
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siRNA homologs that differed in the number of G–C base
pairs. The variant base pairs (either A–U or G–C) were posi-
tioned at identical locations as the randomized base pairs of
siRND3 (Fig. 2A). As expected, we found that increasing G–C
pairs content in the siRNAs raised the TM values from 54°C

(siRNA3-0GC: 7 A–U pairs) to 76°C
(siRNA3-7GC: 7 G–C pairs) (Fig. 2B;
Supplemental Fig. 1). Thus, siRND3 pos-
sessed a comparable thermal stability
to that of a perfectly complementary
siRNA homolog carrying one to two G–
C pairs (compare TM of siRNA3-1GC).
Intuitively, it seemed likely that the pop-
ulation would also comprise a significant
fraction ofmismatched duplexes (and G–
U pairs), not least in part because of the
imperfect nucleoside distributions of
the single strands (Fig. 1B). We could
not envisage an experiment to determine
the fraction of mismatched duplexes pre-
sent in an rnd-siRNA. Instead, we select-
ed one siRNA sequence (siRNA3) based
on the scaffold of siRND3 and intro-
duced a series (zero, two, four, or six)
of mismatches (MMs) into the sense
strand at identical locations as the ran-
domized sites of siRND3 (Fig. 2C). The
complementary duplex siRNA3 had a
TM of 70°C; with two MMs it dropped
to 58°C; with four MMs it was 35°C;
and with six MMs it was 29°C (Fig. 2D;
Supplemental Fig. 1). SiRND3 exhibited
a ΔTM of −12°C compared with its fully
complementary counterpart, and a ΔTM

of +28°C compared with an analogous
duplex carrying six MMs (Fig. 2D).
Hence, the stability of siRND3 (TM =
57.6°C), a population of siRNAs with
eight randomized sites, most closely
matched the siRNA carrying two mis-
matches (siRNA3-2MM) (TM = 58°C).
Taken together, we concluded there-

fore that for the most part, single-
stranded randomized RNAs of siRND3
hybridized to form their most ther-
modynamically stable (complementary)
duplexes.

SiRNA duplexes carrying degenerate
sites produce active RISC populations

To assess the impact of randomized po-
sitions in siRNAs on their silencing
potential, dual luciferase assays were per-
formed. We cloned a perfectly com-

plementary target site for the antisense strand (AS) of
siRNA3 into a Renilla luciferase reporter plasmid, which
also carried a firefly luciferase for normalization purposes.
First, we investigated siRNAs containing the mismatched
base pairs (siRNA3-2MM, -4MM, -6MM; Fig. 2C). Small
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numbers of mismatches in RNA duplexes do not preclude
loading into RISC, as evidenced by the loading of natural
miRNAs and artificial mismatched siRNAs (Yoda et al.
2010). The siRNAs were cotransfected with the reporter plas-
mid into HeLa cells (Fig. 3A). We observed a concentration-

dependent repression of luciferase by
siRNA3 and siRNA3-2MM of eight- to
ninefold at the highest concentrations,
consistent with a recent report (Yoda
et al. 2010) that two centrally placed
mismatched base pairs do not attenuate
silencing potency. With increasing num-
bers of mismatches in the sense strand,
the repression of luciferase was reduced:
2.2-fold repression for four MMs
(siRNA3-4MM) and 1.5-fold repression
for six MMs (siRNA3-6MM) (Fig. 3A).
Nevertheless, even with four MMs in
the siRNA and a low duplex stability at
37°C, the guide strand was still able to re-
press its complementary target. These
observations suggested that siRNAs con-
taining up to eight randomized sites,
equivalent to approximately two MMs,
would also produce RISC-active guide
strands. Targeting, however, would be
distributed across a large number of
individual mRNAs at biologically in-
significant levels (Myers et al. 2006).
Consistent with this, siRND3 showed
weak, nonsignificant repression of lucif-
erase (Fig. 3A).

To support our hypothesis that rnd-
siRNAs (e.g., siRND3) activate RISC
and produce a broadly distributed, low
level of silencing, we annealed six sense
strands carrying four to eight random-
ized sites to six antisense strands carrying
no randomized sites (Fig. 3B). Random-
ized positions in the sense strand were
base paired to either G or U, thereby
increasing the bona fide base-pairing
probability per randomized nucleotide
incorporation from P = 0.375 to P = 0.5.
Two dual luciferase reporter plasmids
were then prepared: In one (pTS1-3),
target sites for the three antisense strands
of AS/RNDs 1–3 were cloned into a
single vector; in the second (pTS4-6),
target sites for AS/RNDs 4–6 were insert-
ed. The siRNA heteroduplexes were then
cotransfected with their appropriate re-
porter vector into HeLa cells. All siRNA
heteroduplexes showed concentration-
dependent repression of the target re-

porter, ranging from 10.8-fold repression in AS/RND4 to
3.5-fold repression in AS/RND6 (Fig. 3C). From these obser-
vations, and consistent with the previous experiments, we
concluded that the presence of up to eight randomized sites
produced on average a sufficiently small number of
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mismatches in the heteroduplex that RISC loading and target
silencing was not dramatically affected.

Position of randomized sites influences the silencing
properties of rnd-siRNAs

Next, we assessed the influence of strand position of random-
ized sites on silencing. We cotransfected siRNDs 1–3 and
siRNDs 4–6 together with reporter plasmids TS1-3 and
TS4-6, respectively, into HeLa cells and measured lumines-
cence 72 h post-transfection. The siRNA heteroduplexes
AS/RND3 and AS/RND4 were used as positive controls.
We also included previously characterized siRNAs targeting
Renilla (siRen) and the negative control siRNA (siCon).
The silencing efficiency of siRen on both constructs was
similar, whereas siCon was inactive (Fig. 3D,E). SiRND1,
siRND4, and siRND5 showed significant silencing of their
reporters (1.9-fold, 4.2-fold, and 4.4-fold at the highest
concentrations, respectively). SiRND3 was slightly active
(1.3-fold). SiRND2 and siRND6 were inactive. Overall, we
saw that rnd-siRNAs with randomized sites in the seed region
(nt 2–6) of the antisense strand (siRND2, siRND3, siRND6)

were largely inactive. In contrast, rnd-siRNAs with no
randomized sites in the seed region (siRND1, siRND4,
siRND5) showed robust concentration-dependent target
suppression (Fig. 3D,E), highly suggestive of a miRNA-like
mechanism of inhibition. In fact, siRND1 and siRND5, which
bear the same seed region in their antisense strands, showed
similar targeting efficiency when normalized to the activity
of siRen on pTS1-3 and pTS4-6, respectively (P = 0.1634;
data not shown). Furthermore, comparing the performance
of AS/RND4 with that of siRND4 revealed that the former
is ∼16-fold more potent, consistent with their presumed
siRNA-like and miRNA-like mechanisms, respectively.
In a post-analysis of three genome-wide siRNA screens

conducted to uncover genes involved in bacterial/viral infec-
tions (Franceschini et al. 2014), investigators concluded that
the majority of the phenotypic effects were not derived from
the full siRNA sequence but rather from the siRNA seed re-
gions. To assess the effects of an rnd-siRNAwith randomized
positions in the seed on a whole-transcriptome scale, we
transfected HeLa cells with siRND2 at 40 nM and purified
total RNA 72 h post-transfection. Total RNA was used for
small RNA sequencing library preparation and the samples
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FIGURE 3. Silencing properties of siRNDs. (A) Dual luciferase reporter assay. SiRND3 and the nonrandomized mismatch controls were cotrans-
fected with a dual luciferase reporter plasmid carrying a target site for siRNA3 antisense strand. Relative Renilla/firefly luciferase activity (hRLuc/
hluc+) normalized to the 0-nM dose is shown in means of triplicate transfections ± SD. (B) Sequences of siRND sense strand and nonrandomized
siRNA antisense strand heteroduplexes 1–6. Watson–Crick base pairs are indicated with a dash. Randomized positions are indicated with a dot. (C)
Dual luciferase reporter assay. AS/RND siRNA heteroduplexes 1–6 were cotransfected with a reporter plasmid carrying the respective nonrandomized
target site. Mock treatment corresponded to empty reporter plasmid transfection (psiCHECK-2) with increasing doses of AS/RND4. Relative lucif-
erase activity (hRLuc/hluc+) was normalized to the 0 nM treatment and shown in means of triplicate transfections ± SD. (D,E) Dual luciferase re-
porter assays. Rnd-siRNAs were cotransfected with a reporter plasmid carrying the respective target sites. Heteroduplexes AS/RND’s 3 and 4 were
used as positive controls for the target site. SiRen and siCon served as positive and negative controls for the dual luciferase plasmid. Relative luciferase
activity (hRLuc/hluc+) was normalized to the 0 nM treatment and shown in means of triplicate transfections ± SD.
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sequenced on an Illumina HiSeq2000. We included siCon
and mock treatments as references. An unrelated siRNA test-
ed in the same experiment served as a control for efficient
transfection (data not shown). We compared the siRND2
and siCon treatments to the mock-treated samples. We
found that siRND2-treated cells showed a smaller variance
of transcript levels when compared with mock cells than
siCon-treated cells. This can be seen by the longer “tail” in
the distribution of expression fold changes (Fig. 4A).
SiRND2 caused a moderate increase in two transcripts but
it did not reduce the level of any mRNA with statistical sig-
nificance (P-value < 0.05). In contrast, siCon treatment
produced overall a longer tail of suppressed mRNAs and
in addition, significantly repressed 15 transcripts (Fig. 4A;
Supplemental Tables 5, 6). These observations are consistent
with the data from the aforementioned reporter assays, sug-
gesting that although siRND2 is a substrate for RISC, it has
no inherent miRNA-like or siRNA-like inhibitory activity.
The treatment of cells with dsRNA reagents often have

anti-proliferative effects and can even cause apoptosis. We
therefore assessed the effects of rnd-siRNA transfections on
apoptosis induction using caspase-3/7 luminescent assays.
We used miRNA-34a-5p mimic as a positive control, as we
have shown previously that this mimic has a pro-apoptotic
effect (Guennewig et al. 2014), and siRNA3 and siCon as
conventional siRNAs. We transfected HeLa cells with differ-
ent doses of dsRNAs and measured the conversion of a lumi-
nescent caspase-3/7 substrate in the supernatants (Fig. 4B)
and lysates (data not shown) of cells to gauge apoptosis in-
duction caused by the treatments. Robust (6.6-fold) induc-
tion of apoptosis was found from miR-34a-5p mimic at the
25-nM concentration compared with mock-transfected cells.
The nonrandomized siRNA3 as well as siCon induced apo-
ptosis from two- to threefold at the same concentrations.
SiRND1 appeared to reduce the caspase-3/7 activity, whereas
siRND4 induced apoptosis 1.8-fold. The seed sequence of
siRND 4 (UAGAUU) has no known functional miRNA
counterpart; however, it is possible that the sequence
UXGC on the AS strand might be responsible for apoptosis
induction: When the randomized position in this motif is oc-
cupied with a G, a UGGC stretch is present. This motif was
previously identified as immunostimulatory (Fedorov et al.
2006) and is not present in any of the other rnd-siRNAs.
SiRNA3 may induce apoptosis via a UGUGU motif on the
AS strand that has been shown to be immunostimulatory
in a previous study (Judge et al. 2005). SiRND2, siRND3,
siRND5, and siRND6 showed no significant induction of
apoptosis.

Toward better negative controls for RNAi experiments

The unexpected properties of rnd-siRNAs prompted us to in-
vestigate their potential as a novel class of negative control re-
agents for RNAi experiments. A good negative control for any
given effector siRNA has two important properties: It does

not exhibit any “sequence-dependent” siRNA- or miRNA-
like effects, and it shows the same “sequence-independent”
effects as the effector siRNA.
We transfected rnd-siRNAs into HeLa cells at two concen-

trations and analyzed total RNA 24 h post-transfection using
RT-qPCR (Supplemental Table 4) for a set of genes with well-
characterized roles in cell cycle regulation, TGF-β and IFN-γ
signaling, immunostimulation, and apoptosis. Target expres-
sion levels in rnd-siRNA-transfected cells were compared
with mock-treated cells (Fig. 4C). SiCon negative control
served as a benchmark. Of the eight genes, CDKN1A expres-
sion was stable to all treatments. As expected, many of
the genes were affected by the treatments: three genes showed
induction (SP1, PTEN, CCND1) and three genes were re-
pressed (RB1, PKR, SMAD2) by rnd-siRNAs as well as
siCon, 24 h post-transfection. Given the diversity of the guide
sequences in the six rnd-siRNAs treatments, we concluded
that the common effects on the six marker genes were se-
quence-independent effects of dsRNA treatments in this ex-
periment, which could not be attributed to siRNA- and
miRNA-like activities. This conclusion cannot be drawn
from analysis of the data for siCon, a conventional chemically
unmodified siRNA, which based on previously published
findings probably exhibits a combination of sequence-depen-
dent and sequence-independent OTEs. Taken together, we
conclude that rnd-siRNAs can be used to reveal genes suscep-
tible to sequence-independent OTEs of effector siRNAs in
RNAi experiments.

DISCUSSION

In this study, we have investigated the preparation and prop-
erties of dsRNAs containing randomized base pairs. We syn-
thesized them on solid-phase using an equimolar mixture of
RNA phosphoramidites for coupling steps at defined posi-
tions. We confirmed by deep sequencing of one RNA that
all possible sequences were represented in the library and
therefore a very high level of sequence diversity was obtained,
but incorporation of randomized bases at some positions was
possibly not perfectly randomized. We measured the thermal
stability of several rnd-siRNA pools. By comparing their TMs
with those of analogous complementary andmismatched du-
plexes, we concluded that in a rnd-siRNA the average num-
ber of mismatches at randomized positions wasmuch smaller
than expected for a random annealing of randomized guide
and randomized passenger strands. The data implied that un-
der annealing conditions two highly diverse RNA popula-
tions each with almost 40% of the sequence randomized
were, to a large extent, able to locate and hybridize to com-
plementary partners in a diverse population of RNAs. It is
conceivable that with a perfectly random incorporation of
nucleotides at degenerate positions during synthesis, one
could assemble a population of perfectly complementary
siRNAs over time. We then confirmed that rnd-siRNAs du-
plexes provide guide strands that are loaded into RISC and
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are capable of post-transcriptional gene silencing. Interest-
ingly, but consistent with previous findings (Doench et al.
2003), randomized guide strands were able to silence effi-

ciently target reporters when their seed regions were devoid of
randomized positions, presumably by a miRNA-like mecha-
nism. We found by means of RNA deep sequencing that

A B

C

FIGURE 4. Sequence-independent effects of siRNDs. (A)MA plot comparing gene expression of cells from treatments with siRND2 and siCon versus
a mock treatment. Differential expression analysis was performed using DESeq2. P-values for differential expression were adjusted for multiple testing
using the Benjamini–Hochberg procedure and are shown in gray if <0.05. (B) Caspase 3/7 assays using supernatants of siRNA transfected HeLa cells.
The figure shows caspase-3/7 activity 72 h post-transfection. Cells were transfected with siRNDs, siRNA3, or siCon. MicroRNA 34a-5p mimic served
as a positive control. Data from averaged triplicates of one representative experiment are shown. Error bars represent ± SD. (C) SYBR green RT-qPCR
analysis of rnd-siRNA transfections. SiRNDs and siCon were transfected into HeLa cells and the expression of select mRNAs involved in cell viability
was measured. Cp values were normalized to GAPDH/ACTB and calibrated to the mock transfection. Bars represent the average normalized fold
change of triplicate measurements ± SD from one representative experiment.
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siRND2 treatment caused fewer gene perturbations of overall
smaller intensity than a nonrandomized, commercially avail-
able control siRNA. Testing of a small panel of genes as-
sociated with cell signaling, immunostimulation, and
apoptosis using qPCR provided insight that rnd-siRNAs in-
duced sequence-independent off-target effects similar to
nonrandomized siRNAs.
There has beenmuch discussion on how to best design and

use negative controls in RNAi experiments (Whither RNAi?
[Editorial] 2003). A good negative control sequence for an ef-
fector siRNA is one that helps to confirm that the phenotypic
effect produced by the effector siRNA is due to the inhibition
of its intended target. Here, we suggest that the unique prop-
erties of rnd-siRNAs render them a new pragmatic class
of negative control siRNAs. They are superior to convention-
al controls (scrambled, commercially available nontargeting
controls, mismatch controls) because they will not silence the
effector’s target, they do not exhibit their own sequence-de-
pendent effects, and thus they can reveal sequence-indepen-
dent effects in an RNAi experiment. Compared with other
classes of pooled siRNAs that might be used as negative con-
trols (e.g., esiRNAs or diced siRNAs), they hold additional
advantages: They are easy to chemically synthesize reproduc-
ibly and quickly in large quantities, and they have a massive
sequence complexity, yet they can be designed to avoid inclu-
sion of known toxic motifs (e.g., UGGC; Fedorov et al. 2006).
For large-scale screening applications or experiments using
multiple siRNAs, an rnd-siRNA such as siRND2 can be of
value as a general negative control. Testing these reagents and
applications in our laboratory is under further investigation.

MATERIALS AND METHODS

Cell culture and transfections

HeLa cells (ATCC, CCL-2) were maintained in Dulbecco’s Modified
Eagle’s medium (Gibco, Invitrogen) supplemented with 10%
fetal bovine serum (FBS; Sigma-Aldrich). SiCon negative control
siRNA (Silencer Negative Control No. 5 AM4642) was purchased
from Ambion. The miRIDIAN microRNA mimic hsa-miR-34a-5p
(MIMAT0000255) was purchased from Dharmacon. Renilla siRNA
was obtained from Dharmacon (5′-GAGCGAAGAGGGCGAGAAA
UU-3′). RNAs were transfected into HeLa cells using oligofectamine
(No. 12252-011, Invitrogen) according to the manufacturer’s in-
structions. Plasmid vectors were transfected into HeLa cells using
jetPEI (Polyplus).

Cloning of target sites into dual luciferase
reporter plasmid

DNA oligonucleotides (sense and antisense) containing tandem tar-
get sites complementary to either siRND’s 1–3 or siRND’s 4–6 were
chemically synthesized (Supplemental Table 2), annealed and
cloned into psiCHECK-2 (Promega) dual reporter plasmids
(pTS1-3, pTS4-6) using XhoI and NotI restriction endonucleases.
Ligated plasmids were transformed and propagated in DH5alpha

competent cells. Incorporation of the inserts was validated by
sequencing of the extracted plasmids.

Randomized siRNA design

Six different siRNA randomized duplexes were designed with the
following properties: 21-nt RNA strands each with 29%–50% GC
content, G or C at the 5′ end of each strand, 2 nt (dTdT) overhangs
at the 3′ ends. The siRNA ends were designed to have similar G/C
content and stability taking into account the eight last base pairs
of the duplex. Next we introduced four, six, or eight randomized
bases per strand in such a way that randomized positions would
pair in the annealed siRNA. The probability of randomized pairs
to form a Watson–Crick or G–U base pair, assuming a perfect ran-
domized mixture of all 4-nt bases, is P(x=1) = 0.375. For eight ran-
domizations the total amount of mismatched bases would account
to 5(8 × (1− P(x = 1)) = 8 × 0.625 = 5). The sequences were designed
with maximally two consecutive randomized positions per strand in
order to minimize the size of internal loops (Supplemental Table 1).
SiRND4 and siRND5 were based on the randomization pattern of
siRND1, with siRND5 carrying the same hexamer seed sequence
as siRND1 in the antisense strand. SiRNDs 1, 4, and 5 carried intact
hexamer seeds that were not present in any known miRNA. Sense
and antisense strands of rnd-siRNAs showed no consensual align-
ment to reference sequence RNA using nucleotide BLASTn algo-
rithm (search parameters: word size = 7, Match/Mismatch score =
1, −3, Gap cost = 5, 2). As strand bias in siRNA loading is thought
to be evoked by differences in the thermodynamic stability of the
siRNA ends (Khvorova et al. 2003; Schwarz et al. 2003), we tried
to place similar numbers of randomized bases at both duplex ends.
Randomized positions have a mismatch probability of 62.5% and
therefore reduce the duplex stability. A similar thermodynamic
stability of the duplex ends should evenly distribute loading of
both strands into RISC. SiRNDs 1, 4, and 5 showed asymmetrical
end stability, carrying two randomizations at the 5′ sense strand du-
plex end, whereas the other duplex end carried none in the last 7 nt
(sense strand should be loaded preferentially on to RISC in those
siRNAs). Additionally, we analyzed the predicted silencing potency
of sense and antisense strands individually using a set of 17 nonre-
dundant criteria defined by four publications (Amarzguioui and
Prydz 2004; Reynolds et al. 2004; Ui-Tei et al. 2004; Pei and
Tuschl 2006). Based on those parameters the two strands were pre-
dicted to be similarly potent in most siRNDs, with the exception of
siRND4, where we found a potency bias for the antisense strand
(Supplemental Table 3). We calculated the number of individual
siRNA strand sequences contained per rnd-siRND (permutations),
assuming a perfect randomization (Pb = 0.25) (Supplemental Table
1). We found that a minimum amount of 7.15 fmol of RNA was re-
quired per rnd-siRNA in order to obtain one duplex of every possi-
ble siRNA combination for x = 8 randomizations:

n = bx × bx

NA
,

where n = RNA in moles, NA = Avogadro constant, b = four RNA
bases (A, G, C, U), x = randomized positions per strands, assuming
that all siRNA strands would form duplexes. The amount of siRND
synthesized ranged from 20 to 40 nmol thereby assuring that the full
combinatory potential of our approach was tapped (at least 2.8 × 106

unique strand molecules). The lowest possible transfection dose
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(7.15 fmol) in 80 µL volume would equal a minimal dose of 89.4
pM, which was not undershot in this study.

Randomized RNA synthesis

The rnd-siRNAs were synthesized on a MerMade 12 synthesizer
(Bioautomation Corporation) in DMT-On mode. We used phos-
phoramidites (Thermo Fisher Scientific) and UnySupport con-
trolled-pore glass 500 Å solid support (CPG; Glen Research).
Randomized positions were synthesized using an equimolar mixture
of all four phosphoramidites (A, G, C, U) neglecting a possible se-
quence bias due to different coupling efficiencies of the individual
RNA building blocks. Oligonucleotides were deprotected using gas-
eous methylamine at 70°C and 1.2 bar for 2 h. RNAs were vacuum-
dried at 25°C and eluted with ethanol/water (1:1). The deprotection
of the 2′ TBDMS group was carried out by addition of a premixed
solution of dry 1-methyl-2-pyrrolidone, triethylamine and tri-
ethylamine–trihydrofluoride (6:3:4 ratio) for 90 min at 70°C.
Ethoxytrimethylsilane was added to quench the reaction and RNA
was lyophilized at 25°C. RNA pellets were dissolved in doubly deion-
ized water (ddH2O) and purified using reverse-phase high perfor-
mance liquid chromatography (RP-HPLC, Agilent 1200 Series;
Agilent Technologies). The collected oligonucleotide was depro-
tected using 40% acetic acid for 60 min at 25°C. The dried pellet
was again dissolved in ddH2O and purified by HPLC using a C18
column (XBridge OST, particle size 2.5 mm, Waters). Purified sam-
ples were analyzed on an Agilent 6130 Series Quadrupole LC/MS
(Agilent Technologies) with electron spray ionization. Purity and
yields were determined by HPLC and Nanodrop 2000 (Thermo
Scientific) measurements, respectively. RNA was stored in aqueous
solution at −20°C.

RNA deep sequencing of siRND3 antisense strand

SiRND3 antisense strand linked to a 5′ RNA adapter (Illumina
TruSeq RA5) was synthesized (5′GUUCAGAGUUCUACAGUCCG
ACGAUCXGGUXXAUAXXAAUXXGXC-dTdT3′). The purified
oligonucleotide was ligated to a 3′ adapter (Illumina TruSeq RA3)
using T4 RNA ligase2 (1-249, K227Q, NEB). Ligation products
were PCR-amplified using DreamTaq polymerase (Thermo
Scientific) and standard RP index primers (Illumina). Amplification
products were purified and sequenced on an Illumina HiSeq2000.
Sequencing data were demultiplexed and analyzed using the Galaxy
web server (https://usegalaxy.org/). Sequencing reads were clipped
and low quality reads (Phred < 13) and reads <21 nt removed.
Datamatching the complete 21-nt-long siRND-AS sequencewere se-
lected (.GGT..ATA..AAT..G.CTTpattern) and aconsensusmotif cre-
ated using WebLogo3 from a total of 3.3 million reads. Raw data are
accessible online (http://www.genomespace.org/) with file name:
“BSSE_QGF_20638_CAGATC_random_siRND3AS.fastq.gz”.

RNA sequencing and differential expression analysis

RNAwas extracted from cells using TRIzol/PCA and poly(A)+ RNAs
enriched using Dynabeads Oligo(dT)25 kit (Life Technologies).
Subsequently, RNA was fragmented by adding 50 μL of alkaline
buffer (50 mM NaCO3, 1 mM EDTA, pH 9.2) and heating 5 min
at 95°C followed by cooling on ice. Purified RNAs were dephosphor-

ylated using fastAP enzyme (Life Technologies) and rephos-
phorylated using polynucleotide kinase (T4 PNK, NEB) after
purification. Next a preadenylated 3′ sequencing adapter (Illumina
TruSeq RA3, 5′-rAppTGGAATTCTCGGGTGCCAAGG-3′ ordered
from IDT) was ligated using T4 RNA Ligase 2, truncated K227Q
(NEB). Subsequently, the 5′ RNA adapter (Illumina TruSeq RA5,
5′-GUUCAGAGUUCUACAGUCCGACGAUC-3′) was ligated with
T4 RNA ligase (NEB), and samples were reverse transcribed using
Superscript III RT (Life Tech.) and RT primer (RTP). PCR pilot re-
actions were carried out using DreamTaq polymerase (Fermentas)
with universal RP-1 forward primer and RPI-n indexed reverse
primers. After identification of the optimal cycle numbers a final
PCR was carried out as described before. The PCR products were
purified using Agencourt AMPure XP kit (Beckman-Coulter) and
a small aliquot checked on analytical 2% agarose TBE gels. If the
quality was satisfactory, cDNA libraries were sent to the Biozentrum
Basel where samples were sequenced using an Illumina HiSeq2000.
RNA-Seq reads in FASTQ format were trimmed using Trimmo-
matic 0.30 (Bolger et al. 2014) and aligned to Genome Reference
Consortium Human genome build 38 (GRCh38) using STAR
2.4.0h (Dobin et al. 2013). The read counts for ENSEMBL 78 pro-
tein coding genes were quantified using HTSeq-count (Anders et al.
2015), discarding multimapping reads, as recommended by the au-
thors for differential expression analysis. Differential expression
analysis was performed using the Bioconductor package DESeq2
(Love et al. 2014). Read counts were normalized using the median
ratio method (Anders and Huber 2010) and dispersion for each
gene was estimated using the methods of Cox Reid-adjusted likeli-
hood maximization (McCarthy et al. 2012). Negative binomial gen-
eralized linear models (GLMs) were fitted and tested for significance
of coefficients using the Wald test in two scenarios: siCon vs. Mock
and siRND2 vs. Mock, each time testing for significantly differen-
tially expressed genes through the addition of a specific negative
control siRNA against the control experiment without transfection.
P-values for differential expression were adjusted for multiple test-
ing using the Benjamini–Hochberg procedure.

Polyacrylamide gel electrophoresis (PAGE)

Native 10% polyacrylamide gels with 0.75 mm thickness were pre-
pared. After 30 min of polymerization, gels were prerun in a
Mini-Protean Tetra Cell (BioRad) electrophoresis chamber for 20
min at 80 V. 50 ng of RNA duplexes or 100 ng of single-stranded
RNAs were prepared in a nondenaturing loading dye (2.5% Ficoll
400, 1 mM EDTA, 0.025% bromophenol blue) and loaded. The
gel was run for 30 min at 80 V followed by 45 min at 100 V or until
the bromophenol blue band was approaching the end of the gel. The
gel was stained using GelRed (Biotium) and an image was acquired
using ChemiDoc XRS (BioRad) light cabinet.

Melting curve acquisition

Melting temperatures of RNA duplexes were measured on a CARY
300 (Agilent) equipped with a thermocontroller. SiRNA sense and
antisense strands were combined to yield an equimolar concen-
tration of 2 μM in phosphate-buffered saline (2.5 mM Na2HPO4,
5 mM NaH2PO4, 100 mM NaCl, 0.5 mM EDTA). Absorptions at
260 nm were measured in 80 μL quartz cuvettes. The temperature
gradient was set to 0.1 × K ×min−1 (0.5 K/min for Fig. 2D) for
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the range of 20°C–90°C. Absorbance readings were taken every 30
sec. Each series was performed three times. Hold time was set to 5
min at 90°C and 20°C, respectively, to ensure thermal equilibrium.
The melting profiles were fitted to a sigmoidal and TM was deter-
mined by the derivative thereof.

Caspase-3/7 luminescent assays

Cell viability of RNA-transfected HeLa cells was analyzed using a
chemiluminescent substrate (Caspase-Glo 3/7 assay system,
Promega). Apoptosis induction was measured 72 h post-transfec-
tion in supernatants or cell lysates. Luminescent caspase substrate
(5 µL) was added to 5 µL of supernatant in a 384-well white micro-
titre plate. After 30-min incubation at room temperature, lumines-
cence was measured on a Mithras LB940 luminometer (Berthold
Technologies).

Dual luciferase reporter assays

Complementary target sites for either nonrandomized siRNA 1, 2,
and 3 AS strands or nonrandomized siRNA 4, 5, and 6 AS strands
(Fig. 3B) were cloned into psiCHECK-2 Vector (Promega). HeLa
cells were seeded in 96-well white plates at a density of 7000 cells
per well and RNAs were transfected in triplicates after at least 5-h
incubation with oligofectamine (Life Technologies). After 24 h,
plasmid DNA (40 ng/well) was transfected using jetPEI (Polyplus)
according to the manufacturer’s protocol. After 72 h, supernatants
were removed and firefly substrate (15 µL including Lysis Buffer;
Dual-Glo Luciferase Assay System, Promega) diluted with 15 µL
H2O was added. Luminescence was measured on a luminometer
(Mithras LB940, Berthold Technologies). After 30 min, 15 µL of
Renilla substrate (including firefly Quencher Solution; Dual-Glo
Luciferase Assay System, Promega) per well was added and the mea-
surement was repeated. Values were normalized to firefly luciferase
at the 0 nM treatment.

RNA extraction and RT-qPCR

Total RNA was extracted from HeLa cells 24 h post-transfection
using a TRIzol/PCA protocol (Rio et al. 2011) and quality and
yield assessed using Nanodrop 2000. Total RNA (1 µg) was re-
verse transcribed using ABI high capacity cDNA reverse tran-
scription kit (4368814, Life Technologies) according to the
manufacturer’s instructions. Expression levels were assayed using
Roche SYBR Green PCR Master Mix (Roche). The quantitative
real-time polymerase chain reaction was carried out on a
LightCycler 480 (Roche) using the following cycling conditions:
10 min at 95°C (activation), 40 cycles (15 sec at 95°C; 60 sec
at 60°C) followed by the acquisition of a melting curve from
95°C–40°C (ramp rate 0.11°C/sec, 5 acquisitions/sec). Cp values
and melting curves were extracted using LightCycler Software
V1.5 (Roche) and analyzed using the 2DDCp method. GAPDH
and ACTB mRNA were used for normalization and mock cells
as calibrators. Mock cells were treated with oligofectamine equiv-
alent to the 10 nM treatment. Primer sequences can be found in
the supplement (Supplemental Table 3). Standard deviation for
relative fold changes was calculated using error propagation
(Nordgård et al. 2006).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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