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Abstract: RNA interference (RNAI) is an evolutionary conserved mechanism by which small double-stranded RNA
(dsRNA) — termed small interfering RNA (siRNA) — inhibit translation or degrade complementary mRNA sequences.
Identifying features and enzymatic components of the RNAi pathway have led to the design of highly-effective SiRNA
molecules for laboratory and therapeutic application. RNA activation (RNAa) is a newly discovered mechanism of gene
induction also triggered by dsRNAs termed small activating RNA (saRNA). It offers similar benefits as RNA interference
(RNAI), while representing a new method of gene overexpression. In the present study, we identify features of RNAa and
explore chemical modifications to saRNAs that improve the applicability of RNAa. We evaluate the rate of RNAa activity
in order to define an optimal window of gene induction, while comparing the kinetic differences between RNAa and
RNAI. We identify Ago2 as a conserved enzymatic component of both RNAa and RNAI implicating that saSRNA may tol-
erate modification based on Ago2 function. As such, we define chemical modifications to saRNAs that manipulate RNAa
activity, as well as exploit their effects to design saRNAs with enhanced medicinal properties. These findings reveal func-
tional features of RNAa that may be utilized to augment saRNA function for mechanistic studies or the development of

RNAa-based drugs.
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INTRODUCTION

RNA interference (RNAI) is an evolutionally conserved
mechanism of gene regulation by which small double-
stranded RNA (dsRNA) molecules inhibit translation or de-
grade complementary mRNA sequences [1-3]. Synthetic
dsRNA duplexes, termed small interfering RNAs (siRNAs),
mimic naturally processed dsRNAs [e.g. microRNAs (miR-
NAs)] to exploit endogenous enzymatic machinery and enter
the RNAI pathway.

More recently, short dsSRNAs have also been shown to
induce gene expression in a phenomenon referred to as RNA
activation (RNAa) [4-6]. This class of dsSRNA molecule -
termed small activating RNAs (saRNAs) to distinguish from
siRNAs — triggers an effect opposite to that of RNAI. Several
models of RNAa have been described including transcrip-
tional activation by targeting promoter-derived sequences [5-
8] and/or gene antisense transcripts [9,10]. Regardless of the
target, it is becoming clear that RNAa has potential to induce
the expression of a variety of genes. As such, RNAa offers a
promising new therapeutic strategy for diseases that can be
corrected by stimulating gene expression.
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Identifying features of the RNAi pathway have improved
its therapeutic application and development as a laboratory
tool. Early studies evaluating the rate of RNAI activity de-
fined the optimal window for target knockdown and func-
tional gene analysis [11,12]. Medicinal chemistry also en-
abled usage and identification of modifications to siRNAs
that improved mechanistic analysis and pharmacological
properties [13-15]. As such, it is equally important to under-
stand the functional nuances of RNAa. In this report, we
evaluate the rate of RNAa activity to define an optimal win-
dow of gene induction, as well as identify kinetic differences
between RNAa and RNAIi. We also identify chemical modi-
fications to saRNAs that manipulate RNAa function and
specificity. These findings reveal functional features of
RNAa that may be utilized in mechanistic studies, as well as
benefit its medicinal development for in vivo application.

RESULTS
The Kinetics of Gene Induction by RNAa

We have previously shown that E-cadherin and p21 are
susceptible to RNAa in a variety of cells lines including PC-
3 (prostate adenocarcinoma) cells [5,16]. In order to evaluate
the rate of gene induction, we transfected PC-3 cells with
saRNAs targeting E-cadherin (dsEcad-215) or p21 (dsP21-
322) and monitored gene induction throughout a 72-hour
time course. As shown in Figs. (1A-B), induction of E-
cadherin and p21 expression began to emerge following 48
hours of saRNA transfection with levels continuing to in-
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crease by 72 hours. To compare the kinetics of RNAa to
RNAI, we also transfected PC-3 cells with siRNA targeting
the MOF (siMOF) or E2F1 (siE2F1) gene transcripts and
observed the rate of mRNA knockdown. Unlike RNAa,
knockdown by RNAi was observed as early as 6 hours with
levels almost maximally subsiding by ~24 hours following
siRNA transfection (Figs. 1C-D). MOF and E2F1 were se-
lected as suitable targets to monitor RNAI activity based on
specific and efficient knockdown by their corresponding
siRNAs; MOF and E2F1 were downregulated >80% follow-
ing 72 hours of siRNA transfection (Supplementary Fig. 1).
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Quantifying the expression levels of each transcript fol-
lowing saRNA or siRNA transfection can be utilized to cal-
culate the relative activity of RNAa and RNAI, respectively,
at each individual time point to allow for the direct compari-
son of RNAa and RNAI kinetics in PC-3 cells. As shown in
(Fig. 1E), the rate at which RNAa activity emerges is de-
layed by ~24-48 hours in comparison to RNAI.

We also transfected HelLa (cervix adenocarcinoma) and
A498 (kidney carcinoma) cell lines with dsP21-322 and
monitored p21 induction. In both cell lines, induction of p21
was detectable by ~48 hours (Fig. 1F). These results indicate

RNAa RNAi
A 0 6 12 24 48 72 Hrs c 0 6 12 24 48 72 Hrs
B 0 6 12 24 48 72 Hrs D. Hrs
E
wo l e
= e
5:— 80 .O"’ -
z o
= 60 |
U ’.‘
> g —&— RNAa (dsEcad-215)
z® 7 --A-— RNAa (dsP21-322)
el —
< 2 .’g O RNAi (siMOF)
- ~-O-- RNA (SiE2F1)
0 G——r——1"
0 12 24 36 48 60 72
Hours
E RNAa
0 6 12 24 Hrs
Hela A498
G RNAa
0 1 2 3 5 7* 9 12 15 23 :Days
H RNAi
0 1 2 3 5 7* 9 12 15 23 :Days

Fig. (1). The kinetics of RNAa and RNA. activity. (A-B) PC-3 cells were transfected at 50 nM dsEcad-215 (A) or dsP21-322 (B) for the
indicated lengths of time in order to monitor target gene induction via RNAa. Expression levels of E-cadherin (A) and p21 (B) were assessed
by standard RT-PCR. GAPDH was also evaluated and served as a loading control. (C-D) PC-3 cells were transfected at 50 nM siMOF (C) or
siE2F1 (D) in order to monitor RNAI at the indicated time points. Expression levels of MOF (C) and E2F1 (D) were assessed by standard
RT-PCR. (E) Expression levels of E-cadherin, p21, MOF, and E2F1 following saRNA/siRNA treatments were quantified by optical densi-
tometry at each time point. Maximal RNAa activity (100%) correlates to E-cadherin and p21 levels at 72 hours of saRNA transfection, while
maximal RNAI activity (100%) correlates to MOF and E2F1 levels at 72 hours following siRNA treatments. Target expression levels at 0
hours designated no activity (0%) for both RNAa and RNAI. Rate of gene induction or target knockdown signify RNAa (dsEcad-215 and
dsP21-322) and RNAI (siMOF and siE2F1) kinetics, respectively. (F) HeLa and A498 cells were transfected with dsP21-322 at the indicted
time points. Expression of p21 and GAPDH were evaluated by RT-PCR. (G-H) PC-3 cells were transfected at 50 nM dsEcad-215 (G) or
siMOF (H) for the indicated lengths of time. Cells were passed following day 7 as denoted by an asterisk (*). Expression levels of E-
cadherin (H) or MOF (1) were assessed by standard RT-PCR. GAPDH was also amplified to serve as a loading control.
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that the delayed response in RNAa activity in comparison to
RNAI is a general feature of RNAa and not specific to any
particular cell line. Taken together, these results indicate that
the emergence of RNAa activity occurs at a different rate
than RNAI emerging ~48 hours after initial treatments.

To compare the duration of RNAa and RNA.I activity, we
transfected PC-3 cells with dsEcad-215 or siMOF for up to
23 days and monitored E-cadherin and MOF transcript lev-
els, respectively. As shown in (Fig. 1G), induction of E-
cadherin was observed at days ~2-12 with optimal levels of
induction between days 3-7. Remarkably, E-cadherin induc-
tion was detectable through cell passage, which occurred
after day 7. Knockdown of MOF was observed at days ~1-7
with optimal activity between days 1-3 (Fig. 1H). MOF lev-
els quickly rebounded following passage of cells at day 7.
This data indicates that the optimal window for RNAa activ-
ity is between days ~3-7 and generally lasted longer (~10
days) than RNAI activity (~7 days) in PC-3 cells.

Ago2 is Required for RNAa Activity

Argonaute (Ago) family of proteins are key regulators of
RNAI that function, in part, by recruiting small dsRNAs [17-
20]. Since duplex RNA is the trigger for both RNAa and
RNAI, we transfected PC-3 cells with siRNAs targeting
Agol-4 (siAgol, siAgo2, siAgo3, or siAgo4) in combination
with dsEcad-215 or siMOF to compare the functional role of
each Ago family member on RNAa and RNAI activity,
respectively. As shown in Fig. (2A), the expression of each
Ago family member was knocked down by its corresponding
siRNA,; however, only siAgo2 prevented E-cadherin induc-
tion. In support, we have previously reported that selective
knockdown of Ago2 also prevented dsP21-322 activity [5].
Since Ago2 is the catalytic core to conventional RNAI [17],
depletion of Ago2 also abolished the RNAi-mediated knock-
down of MOF transcript (Fig. 2B). Taken together, this data
suggests that Ago2 is a conserved factor required by both
RNAa and RNA..

RNAa
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Strand Modifications to Manipulate RNAa Activity

Modification to the 5’-terminus of the guide strand in
siRNA duplexes is known to interfere with Ago2 function
and abolish RNAI activity [21,22]. Since Ago2 is also re-
quired for RNAa, we decided to test if blocking the 5’-
termini in saRNA modulates RNAa activity. We synthesized
modified saRNA molecules derived from dsEcad-215 and
dsP21-322 that were covalently linked to biotin at either the
5-end of the antisense (dSRNA-AS-5’Bio) or sense
(dsRNA-S-5’Bio) strand (Fig. 3A). As shown in Fig. (3B),
transfection of dsEcad-215 modified at its 5’-end of the an-
tisense strand (dsEcad-215-AS-5’Bio) completely blocked
induction of E-cadherin, while 5’-modification to the sense
strand (dsEcad-215-S-5’Bio) retained RNAa activity. Like-
wise, dsP21-322-AS-5’Bio abolished activation of p21,
while dsP21-322-S-5’Bio induced p21 levels equivalent to
unmodified dsP21-322 (Fig. 3C).

Selection of the guide strand in RNAI is determined by
the terminal thermodynamic characteristics within siRNA
molecules. The strand with lower thermodynamic stability at
its 5’-end is preferentially loaded into Ago2 to become the
guide strand [23]. Given that RNAa is also dependent on
Ago2, we synthesized modified saRNA molecules that pos-
sessed mismatched bases opposite the 5° most nucleotide of
either the antisense (dASRNA-AS-MM) or sense (dSRNA-S-
MM) strand (Fig. 3D). Presumably, the intentional mismatch
would lower the thermodynamic stability of the 5’-terminus
at either strand and forcibly select it as the guide strand. As
shown in Fig. (3E), transfection of dsEcad-215 with a mis-
match at the 5’-end of the antisense strand (dsEcad-215-AS-
MM) resulted in robust activity, while the 5 mismatch of the
sense strand (dsEcad-215-S-MM) inhibited E-cadherin in-
duction. Similarly, dsP21-322-AS-MM enhanced p21 ex-
pression, while dsP21-322-S-MM sequestered RNAa activity
(Fig. 3F). It is also important to note that mismatches at the
5’-end of the antisense strand of both dsEcad-215 (dsEcad-
215-AS-MM) and dsP21-322 (dsP21-322-AS-MM) further
enhanced RNA activity (Fig. 3E-F).

RNAi

Fig. (2). Knockdown of Ago2 inhibits RNAa and RNAI function. (A) PC-3 cells were transfected at 50 nM siCon or dsEcad-215 for 72
hours. Combination treatments of dsEcad-215 and Ago-specific SiRNAs (siAgol, 2, 3, or 4) were performed using 25 nM concentrations of
each RNA duplex. E-cadherin, Agol-4, and GAPDH expression levels were assessed by standard RT-PCR. GAPDH served as a loading
control. (B) PC-3 cells were transfected at 50 nM siCon or siMOF for 72 hours. Co-treatments of siMOF with siAgo1-4 were performed at
25 nM each siRNA. mRNA expression levels were assessed by standard RT-PCR.
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Interestingly, dsP21-322-S-MM possessed some residual
RNAa function (Fig. 3F). To determine if the remaining
RNAa activity may have resulted from the sense strand, we
synthesized a modified dsP21-322 molecule that possessed
both a mismatch at the 5’-end of the sense strand and a biotin
modification at the 5’-terminus of the antisense strand to
forcibly load the sense strand and block any residual activity
of the antisense strand, respectively (Fig. 3G). As shown in
Fig. (3H), transfection of the modified dsP21-322 molecule
(dsP21-322-AS-5’Bio-S-MM) completely suppressed p21
gene activation. Utilizing both modifications in combination
clearly defined strand function in dsP21-322; the antisense
strand of dsP21-322 is responsible for RNAa activity. As
such, the residual activity of dsP21-322-S-MM most likely
resulted from the occasional selection of the antisense strand
to guide p21 activation.

Modifying the 2’-backbone in siRNA molecules is
known to increase endonuclease resistance and abrogate im-
mune stimulation [15,24,25]. In order to determine the toler-
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ance of saRNA molecules to 2’-backbone modification, we
designed two dsP21-322 variants that contained 2'-O-methy!|
(2-OMe) modifications in either the sense (dsP21-322-S-
20Me) or antisense (dsP21-322-AS-20OMe) strand. As
shown in Fig. (4A-B), 2'-OMe modification within the
sense strand suppressed RNAa ectivity of dsP21-322; p21
induction by dsP21-322-S-220OMe was ~50% less than
dsP21-322 or dsP21-322-AS-2’OMe in both PC-3 and Hel.a
cells. This data suggests that excessive modification to the
2 -backbone of the passenger strand in saBRNA molecules
may interfere with RNAaactivity.

To determine if modification of the 3’-termini within
saRNA interferes with RNAa activity, we synthesized dsE-
cad-215 with biotin linked to the 3’-end of both the sense
and antisense strands (dsEcad-215-3’Bio; Fig. 4C). As
shown in Figs. (4D-E), transfection of dsEcad-215-3’Bio
still induced the expression of E-cadherin. This data indi-
cates that saRNA modified at the 3’-termini retain RNAa
activity.
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Fig. (3). Strand modifications that manipulate RNAa activity. (A) Schematic representation of modified saRNA covalently linked to bio-
tin at the 5’-end of the antisense (dASRNA-AS-5’Bio) or sense (dSRNA-S-5’Bio) strand. Unmodified saRNA (dsRNA) is also depicted. The
antisense strand in each duplex is red, while the sense strand is in black. (B-C) PC-3 cells were transfected at 50 nM concentrations of the
indicated saRNAs for 72 hours. Mock samples were transfected in the absence of saRNA. Expression levels of E-cadherin (B) or p21 (C)
were assessed by standard RT-PCR. GAPDH levels were also evaluated to serve as loading controls. (D) Schematic representation of modi-
fied saRNA possessing a mismatched base opposite the 5’ most nucleotide of either the antisense (dSRNA-AS-MM) or sense (dSRNA-S-
MM) strand. (E-F) PC-3 cells were transfected with the indicated saRNAs for 72 hours. Expression levels of GAPDH and E-cadherin (E) or
p21 (F) were assessed by standard RT-PCR. (G) Schematic depiction of dsP21-322-AS-5’Bio-S-MM. (H) PC-3 cells were transfected with
the indicated saRNAs for 72 hours. Expression of p21 and GAPDH were evaluated by standard RT-PCR.
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Fig. (4). Modification to the 2'-backbone and 3’-termini in
saRNA. (A-B) PC-3 (A) and HeLa (B) cells were transfected with
50 nM concentrations of dsControl, dsP21-322, dsP21-322-S-
2’0OMe, or dsP21-322-AS-2’0OMe for 72 hours. Mock samples were
transfected in the absence of saRNA. Expression of p21 and
GAPDH were evaluated by standard RT-PCR. (C) Schematic rep-
resentation of dsEcad-215-3’Bio possessing biotin covalently
linked to both 3’-termini. The antisense strand is in red, while the
sense strand is black. (D) PC-3 cells were transfected at 50 nM
dsControl, dsEcad-215, or dsEcad-215-3’Bio for 72 hours. Expres-
sion of E-cadherin and GAPDH mRNA levels were evaluated by
standard RT-PCR. (E) Induction of E-cadherin protein was con-
firmed by immunoblot analysis. GAPDH was also detected and
served as a loading control.

Exploiting saRNA Modifications to Optimize RNAa
Function

Improper selection of the passenger strand in saRNA
duplexes may lead to off-target effects by interacting with

Place et al.

non-specific transcripts or gene promoters complementary to
the passenger strand. In order to optimize RNAa activity and
suppress the off-target effects of the passenger strand, we
designed and synthesized dsEcad-215 possessing a blocked
5’-terminus on the sense strand and a mismatched base op-
posite the 5 most nucleotide of the antisense strand (dsEcad-
215-S-5'Bio-AS-MM) to suppress sense strand activity and
enhance selection of the antisense strand, respectively (Fig.
5A). Transfection of dsEcad-215-S-5’Bio-AS-MM readily
induced E-cadherin expression with increased activity simi-
lar to dsEcad-215-AS-MM, while dsEcad-215-S-5’Bio
matched levels achieved by unmodified dsEcad-215 (Figs.
5B-C). In order to validate reduced off-target effects caused
by selection of the sense strand, we cloned a target site com-
plementary to the sense strand into a luciferase reporter vec-
tor (pOffTar-luc) and quantified luciferase activity in the
presence of several modified dsEcad-215 molecules. As
shown in Fig. (5D), dsEcad-215 resulted in reduced lu-
ciferase activity of pOffTar-luc, while the activity of a non-
specific luciferase reporter construct (pNonSpec-luc) was not
altered by saRNA treatment. dsEcad-215-S-MM served as a
positive control since the mismatched base present in the
duplex would forcibly enhance sense strand selection and
subsequent off-target activity. The reduction in pOffTar-luc
activity by dsEcad-215 and dsEcad-215-S-MM confirms the
off-target potential of the sense strand. However, modified
saRNAs (dsEcad-S-5’Bio, dsEcad-215-AS-MM, and dsE-
cad-215-S-5’Bio-AS-MM) caused luciferase activity of
pOffTar-luc to rebound demonstrating inhibition of off-
target function (Fig. 5E). Overall, dsEcad-215-S-5’Bio-AS-
MM possessed both enhanced RNAa activity toward E-
cadherin expression and inhibition of non-specific function
of the sense strand. This data indicates that functional modi-
fications to saRNA molecules can be utilized to both en-
hance RNAa activity and reduce non-specific off-target ef-
fects.

DISCUSSION

The optimal window of RNAa activity was delayed by
~24-48 hours in comparison to RNAI. Perhaps, the delay in
RNAa activity reflects a more complicated mechanism with
additional rate-limiting steps. In nematode, a special ribonu-
cleoprotein is required to shuttle small siRNAs into nuclei in
order to facilitate nuclear RNAI [26]. Although this protein
is not conserved in humans, cytoplasmic miRNA has been
shown to actively migrate into the nuclear fraction of living
human cells [27]. Because RNAa is a nuclear process acting
on gene transcription, acquiring access to the nucleus may
serve as an additional rate-limiting step for RNAa. Changes
in chromatin structure are also associated with RNAa
[4,5,28], which may further contribute to the delayed kinet-
ics. Regardless, identifying the delay and defining the opti-
mal window of RNAa activity allows for proper assessment
for gene induction and functional analysis of saRNAs. As-
sessing the rate of RNAa activity in cell culture also gives
insight into the anticipated in vivo pharmacological proper-
ties of RNAa. For instance, RNAa-based drugs may require
several days before target gene induction or beneficial
changes in phenotype are evident. Moreover, the longer-
lasting effect of RNAa may result in less frequent admini-
stration of saRNA; a potential benefit as duplex RNA in ex-
cess can have toxic consequences [29].
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Fig. (5). Utilizing strand modifications to improve RNAa function. (A) Depiction of dsEcad-215-S-5’Bio-AS-MM possessing biotin co-
valently linked to the 5’-terminus of the sense strand and a mismatched base opposite the 5’ most nucleotide of the antisense strand. The
antisense strand is in red, while the sense strand is black. (B) PC-3 cells were transfected with 50 nM concentrations of the indicated E-
cadherin saRNAs for 72 hours. Expression levels of E-cadherin and GAPDH were assessed by standard RT-PCR. GAPDH served as a load-
ing control. (C) Relative expression of E-cadherin was determined by real-time PCR (mean * standard error from three independent experi-
ments). Values of E-cadherin were normalized to GAPDH. The level of E-cadherin induction signifies the RNAa activity generated by each
saRNA molecule. (D) Relative luciferase activity of pOffTar-luc or pNonSpec-luc in PC-3 cells transfected with mock, dsControl, dsEcad-
215, or dsEcad-215-S-MM. Treatment with dsEcad-215-S-MM served as a positive control for targeted reduction of pOffTar-luc activity.
(E) Luciferase activity of pOffTar-luc in PC-3 cells transfected with the indicated saRNA molecules. Off-target activity was validated by a

reduction in pOffTar-luc luciferase activity.

Identifying features and key factors involved in the
RNAa pathway can influence saRNA design. As such, defin-
ing Ago2 as an important mechanistic component implicated
that chemically-modified saRNAs may function to manipu-
late RNAa activity in a manner similar to RNAIi [21,22].
Utilizing dsP21-322 and dsEcad-215 as functional examples
of saRNA molecules revealed that blocking the 5’-end or
incorporating intentional mismatches can determine strand
function. Studies have revealed an abundance of sense and
antisense transcription within the promoters and flanking
regions of active genes [30-32]. Furthermore, overlapping
noncoding RNAs and upstream cryptic transcripts have been
shown to play substantial roles in regulating gene expression
[33-37]. As such, models for RNAa have included saRNAs
targeting antisense transcripts and/or promoter-derived se-
quences to facilitate gene activation [5-10]. RNAs tran-
scribed in sense and antisense orientations have already been
shown to serve as docking sites for transcriptional gene si-
lencing (TGS) mediated by small duplex RNAs [38-40].
Likewise, nascent sense and antisense transcripts may both

serve as the targets for RNAa, as well. Utilizing modified
saRNAs can not only improve mechanistic studies by defin-
ing strand activity, but also assist in determining orientation
of such putative target transcripts.

Identifying functional modifications is also necessary for
therapeutic development in order to improve the medicinal
properties of saRNAs. In the case dsP21-322 and/or dsEcad-
215 (i) blocking the 5’-end of the sense strand completely
inhibited its potential off-target effects; (ii) incorporating an
intentional mismatch opposite the 5’ most nucleotide in the
antisense strand enhanced target gene induction, as well as
reduced the off-target activity generated by the sense strand,;
(iii) 2’0Ome modification to the sense strand inhibited RNAa
activity, while the same modification to the antisense strand
did not interfere with gene induction; (iv) modifying the 3’-
end of either the sense or antisense strand had minimal ef-
fects on RNAa activity. Although the preferred guide strand
may vary between the sense or antisense strand in different
saRNAs, each modification may still be applied to manipu-
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late saRNA activity or define strand function. As such, ex-
trapolating these modifications to fit other saRNAs based on
strand activity will also improve their medicinal properties.

Development of saRNAs for therapeutic application may
also require multiple modifications to optimize medicinal
benefits. For instance, we were able to enhance dsEcad-215
activity by blocking both the 5’-end of the sense strand and
incorporating a mismatch opposite the 5 most nucleotide of
the antisense strand. The combination of both modifications
alleviated any potential off-target effects that would arise
from improper use of the sense strand and enhanced gene
induction; features needed to manipulate in order to develop
RNAa therapeutics. Modification to the sense and antisense
backbones (i.e. 2’-OMe, 2’-flouro, etc.) in saRNA duplexes
may also improve therapeutic application by increasing en-
donuclease resistance and serum stability, much as they are
utilized to stabilize siRNAs, as long the passenger strand is
devoid of inhibitory modifications. Tethering small mole-
cules (i.e. cholesterol) to the 3’-ends of saRNAs could also
be used to improve systemic delivery of RNAa-based drugs.
Conjugation of other compounds (i.e. flurogenic labels) to
the 3’-termini may be effective at providing visual confirma-
tion of saRNA uptake into target cells or tissue, as well.

RNAI is rapidly developing into a promising new ap-
proach for combating disease at the genetic level; however, it
can only provide antagonism of specific molecular targets.
By utilizing saRNAs as therapeutic compounds, RNAa of-
fers similar benefits as RNAI, while facilitating the exact
opposite response — gene activation. This approach addresses
a missing void in RNA-based gene therapies and offers a
novel solution to provide greater efficacy in disease control.
RNAa has already been shown to activate genes capable of
suppressing cancer cell growth (e.g. p21, E-cadherin, p53,
NKX3.1, ect.), triggering angiogenesis (e.g. VEGF), or in-
fluencing stem cell maintenance (e.g. CXCR4) [5,16,28,41].
As such, the ability to selectively up-regulate genes acting
against a disease state can have far-reaching impacts in al-
most every therapeutic realm. However, application of
RNAa is not limited to only cancer therapeutics. RNAa also
has potential to function as a surrogate tool for vector-based
gene overexpression systems. RNAa offers a new approach
to enhance endogenous gene expression that may be manipu-
lated to target a variety of genes. As momentum within the
biological sciences increases, RNAa may become an impor-
tant technique to augment gene expression for therapeutics
and functional gene studies.

MATERIALS AND METHODS

Cell culture and dsRNA transfection. PC-3, HelLa, and
A498 cells were maintained in RPMI 1640 medium supple-
mented with 10% FBS, L-glutamine (2 mM), penicillin (100
U/ml) and streptomycin (100 pg/ml) in a humidified atmos-
phere of 5% CO, at 37°C. The day before transfection, cells
were plated in growth medium without antibiotics at a den-
sity of ~50-60%. Transfection of saRNA and/or siRNA was
carried out using Lipofectamine RNAiMax (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions.
All siRNAs, unmodified saRNAs, biotin-linked duplexes,
and mismatched derivates were synthesized by Invitrogen.
The 2’-OMe-modified saRNA molecules were synthesized
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by Dharmacon (Lafayette, CO). Sequences are listed in Sup-
plementary Table 1.

Analysis and quantification of mRNA expression. To-
tal RNA was extracted using the RNeasy RNA isolation kit
(Qiagen, Velencia, CA) according to the manufacturer’s pro-
tocol. One microgram of total RNA was reverse transcribed
using the Reverse Transcription System (Promega, Madison,
WI1) with oligo(dT) primers. The resulting cDNA samples
were amplified by PCR using primers specific for E-
cadherin, p21, MOF, E2F1, Agol-4, or GAPDH (Supple-
mentary Table 1) and visualized on an agarose gel. Optical
densitometry was utilized to quantify relative abundance of
each gene transcript in order to evaluate RNAa or RNAI ki-
netics. GAPDH served as an endogenous control used to
normalize data. RNAa activity of the E-cadherin saRNA
molecules and efficiency of the MOF and E2F1 siRNAs was
quantified by real-time PCR. Gene-specific TagMan® assay
kits (Applied Biosystems, Foster City, CA) for E-cadherin,
MOF, E2F1, and GAPDH were used in conjunction with the
7300 Real-Time System (Applied Biosystems) to measure
relative transcript levels. Each sample was analyzed in quad-
ruplicate and GAPDH levels were utilized to normalize data.
Relative expression and standard error were calculated by
the supplied 7300 Real-Time System software.

Immunoblotting. Cultured cells were washed with cold
phosphate buffered saline (PBS) buffer and lysed with M-
PER protein extraction buffer (Pierce, Rockford, IL) contain-
ing protease inhibitors. Cell lysates were centrifuged and
supernatants were collected. Equal quantities of protein were
resolved by electophoresis on sodium dodecyl sulfate (SDS)
polyacrlamide gels and transferred to 0.45 um nitrocellulose
membranes by voltage gradient. The resulting blots were
blocked with 5% non-fat dry milk and probed with primary
antibodies specific to E-cadherin (Zymed, South San Fran-
cisco, CA) or GAPDH (Chemicon, Temecula, CA). Immu-
nodetection occurred by incubating blots with appropriate
secondary HRP-linked antibodies and utilizing chemilumi-
nescence to visualize the antigen-antibody complexes.
GAPDH served as an internal control.

Analysis of off-target activity. A target site complemen-
tary to the sense strand of dsEcad-215 (pOffTar) was cloned
into the 3’UTR of the pMIR-Report luciferase reporter vec-
tor (Ambion, Foster City, CA) in order quantify the off-
target activity of dsEcad-215 and its modified variants (e.g.
dsEcad-215-S-5'Bio-AS-MM, etc.). A non-specific site
(pNonSpec) was also cloned to serve as a control for speci-
ficity. All oligonucleotide sequences used to create the
3’UTR constructs are listed in Supplementary Table 1. PC-3
cells were transfected with 0.6 ug pOffTar or pNonSpec, 0.4
ug pMIR-Report Beta-gal, and 30 nM dsRNA for 24 hours.
The pMIR-Report Beta-gal vector served as a control to
monitor transfection efficiency. The Dual-Light System®
chemiluminescent reporter gene assay (Applied Biosystems)
was used to quantify luciferase and B-galactosidase activity.
Off-target activity was confirmed by a reduction in luciferase
activity.
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