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Although the use of RNAs has enormous therapeutic potential, these RNA-based therapies can trigger unwanted
inflammatory responses by the activation of pattern recognition receptors (PRRs) and cause harmful side
effects. In contrast, the immune activation by therapeutic RNAs can be advantageous for treating cancers. Thus,
the immunogenicity of therapeutic RNAs should be deliberately controlled depending on the therapeutic
applications of RNAs. In this study, we demonstrated that RNAs containing 2¢fluoro (2¢F) pyrimidines dif-
ferentially controlled the activation of PRRs. The activity of RNAs that stimulate toll-like receptors 3 and 7 was
abrogated by the incorporation of 2¢F pyrimidine. By contrast, incorporation of 2¢F pyrimidines enhanced the
activity of retinoic acid-inducible gene 1-stimulating RNAs. Furthermore, we found that transfection with
RNAs containing 2¢F pyrimidine and 5¢ triphosphate (5¢ppp) increased cell death and interferon-b expression in
human cancer cells compared with transfection with 2¢hydroxyl 5¢ppp RNAs, whereas RNAs containing 2¢O-
methyl pyrimidine and 5¢ppp completely abolished the induction of cell death and cytokine expression in the
cells. Our findings suggest that incorporation of 2¢F and 2¢O-methyl nucleosides is a facile approach to
differentially control the ability of therapeutic RNAs to activate or limit immune and inflammatory responses
depending on therapeutic applications.

Introduction

During the last two decades, the use of a diverse spec-
trum of RNA species to treat a wide range of disorders

has been the focus of much ongoing biomedical research. For
example, small interference RNA (siRNA), short hairpin
RNA, and microRNA are broadly used to induce targeted
gene silencing for the treatment of cancers [1]. RNA apta-
mers targeting coagulation, complement, and vasculogenesis
are currently undergoing clinical trials for thrombotic disor-
der and macular degeneration [2]. Transfection with mes-
senger RNA encoding tumor antigens, immune modulatory
molecules, and transcription factors is an emerging strategy
for cancer immunotherapy and cellular reprogramming [3–
5]. Uptake of these RNAs in mammalian cells, however, often
stimulates pattern recognition receptors (PRRs) and triggers
innate immune and inflammatory responses, which diminish
therapeutic effects of RNAs and may cause detrimental in-
flammatory side effects [6,7].

In contrast, the RNA-induced innate immune activation
can be beneficial for inducing antitumor immunity and tumor
cell death. Certain viral RNA analogs that have potent im-

mune stimulatory activities are currently being developed as
vaccine adjuvants and anticancer agents [8–14]. Further-
more, anticancer siRNAs containing PRR motifs increase the
therapeutic effects of siRNAs compared with non-
immunogenic siRNAs [15,16]. To increase therapeutic ben-
efits of RNA therapeutics, it will be important to control
RNA-induced innate immune and inflammatory responses.

PRRs are pivotal components of host innate and adaptive
immunities. These receptors recognize structurally diverse
molecules associated with pathogens and damaged cells and
trigger the host defense mechanisms against harmful insults,
such as infection and injury [17]. Viral, bacterial, and cellular
RNAs can be recognized by multiple families of PRRs in
mammalian cells. Retinoic acid-inducible gene-I (RIG-I),
melanoma differentiation-associated gene-5 (MDA-5), and
RNA-activated protein kinase R (PKR) are cytoplasmic
RNA-sensing PRRs that recognize specific motifs in viral
RNAs, for example, double-stranded RNA (dsRNA) and 5¢
triphosphate (5¢ppp), while toll-like receptors (TLRs) 3, 7, 8,
and 13 are localized primarily in endosomal compartments
and are activated by long dsRNA, AU- or GU-rich single-stranded
RNA (ssRNA), and ssRNA containing CGGAAAGACC

1Division of Surgical Sciences, Department of Surgery, Duke University, Durham, North Carolina.
2Duke Translational Research Institute, Duke University, Durham, North Carolina.
*These authors contributed equally to this work.
{Current affiliation: MorphoSys AG, Discovery Alliances Technologies, Martinsried/Planegg, Germany.

NUCLEIC ACID THERAPEUTICS
Volume 26, Number 3, 2016
ª Mary Ann Liebert, Inc.
DOI: 10.1089/nat.2015.0575

173



sequence, respectively [18–21]. PRR signaling, irrespective
of which PRR is activated, culminates in the activation of
MAP kinases, NF-kB, and interferon (IFN) regulatory factors
and engenders the production of inflammatory cytokines [eg,
tumor necrosis factor-a (TNF-a), interleukin (IL)-6, and
IFNs] and the induction of cell death [22].

The activation of individual PRRs synergistically or ad-
ditively inhibits the spread of infection and promotes the
healing of injury, but uncontrolled activation of PRRs also
causes various pathogeneses [23].

To avoid unwanted activation of PRRs, mammalian RNA-
sensing PRRs distinguish non-self-RNAs from self-RNAs.
The mammalian RNA-sensing PRRs preferentially recognize
RNAs containing unique structural motifs of viral and bac-
terial RNAs, such as a 5¢ppp [24], whereas these PRRs avoid
the recognition of cellular RNAs that contain cellular RNA-
specific motifs, including posttranscriptional modifications,
such as pseudouridylation and 2¢-O-methylation [25–27].
These RNA modifications are broadly used to decrease im-
munogenicity of siRNA and mRNA [28,29]. However, these
RNA modifications may limit anticancer siRNA-induced
stimulation of antitumor immune responses and, thereby,
reduce overall therapeutic effects of anticancer siRNAs [30].
Development of a novel approach to increase antitumor im-
mune activation and decrease inflammatory side effects of
RNAs is an unmet need of RNA therapeutics against cancers.

In the current study, we demonstrated that unlike natu-
rally existing 2¢O-methyl (2¢OMe) modification, the 2¢fluoro
(2¢F) modification of RNAs differentially controlled the
ability of RNA ligands to activate RNA-sensing PRRs. The
incorporation of 2¢F pyrimidine abrogated the ability of
RNA ligands to stimulate RNA-sensing TLRs 3 and 7, but
enhanced the activity of RIG-I-stimulating RNAs. Fur-
thermore, transfection with 2¢F-modified 5¢ppp-containing
RNAs increased programmed cell death and IFN-b expres-
sion in human cancer cells compared with transfection with
unmodified 2¢hydroxyl (2¢OH) 5¢ppp-containing RNAs,
whereas transfection with 2¢OMe-modified 5¢ppp RNAs
completely abolished cell death and IFN-b expression in the
human cancer cells.

Materials and Methods

Cell culture

WM266-4 (human melanoma cell line; ATCC) was
maintained in the Eagle’s minimum essential medium sup-
plemented with 10% fetal bovine serum (FBS), 1· nones-
sential amino acid solution, and 1 mM sodium pyruvate (all
from Invitrogen). Huh7.0 and Huh7.5 human hepatic carci-
noma cell lines were kindly provided by Dr. Stacy M. Horner,
Duke University (Durham, NC), and the cells were main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% FBS. HEK-Blue hTLR3 and HEK-
hTLR7 (human TLR reporter cell lines; InvivoGen) were
maintained by following the manufacturer’s instructions.
Cells were incubated at 37�C in a humidified atmosphere
with 5% CO2.

Generation of RNAs

All 2¢F-modified and unmodified 5¢ppp RNAs used in this
study were established by in vitro transcription from DNA

templates using the Y639F mutant T7 RNA polymerase, as
previously described [31]. Unmodified purine ribonucleoside
triphosphates (NTPs) and 2¢F-modified pyrimidine NTPs were
used at a 1 mM and 3 mM final concentration, respectively,
in the in vitro transcription reaction. 2¢OMe-modified RNA
was transcribed from DNA templates using the Y639F/H784A
double-mutant T7 RNA polymerase [32]. Unmodified and
2¢OMe-modified NTPs were used at 3 mM in the in vitro tran-
scription reaction. PolyI:C and R848 were purchased from In-
vivoGen. 2¢F-modified 5¢OH 9.14T10 was nonenzymatically
synthesized by TriLink.

RNA-induced PRR activation

To stimulate RNA-sensing PRRs, RNAs were transfected
with the DharmaFECT� Duo liposomal transfection reagent
(Thermo Scientific) at a transfection reagent (mL):RNA (mg)
ratio of 3:1, according to the manufacturer’s instructions.
Unless otherwise indicated, RNAs (500 ng/mL) were trans-
fected into 60%–80% confluent cells. Cells were incubated
with an RNA transfection agent complex for 5 h, followed by
replenishment with fresh complete medium. To electroporate
cells, 1 · 105 cells suspended in 200mL Opti-MEM I (In-
vitrogen) were mixed with 1 mg of RNAs in 2-mm cuvettes
and were electroporated at 300 V for 500ms using an Electro
Square Porator ECM 830 (BTX).

siRNA knockdown of RIG-I, PKR, MDA-5,
and IPS-1 expression

siRNAs with 3¢ TT overhangs for knockdown studies were
purchased from Invitrogen and had the guide strand se-
quences 5¢-CCACCUUGAUGCCUGUGAA-3¢ (for IPS-1),
5¢-AUCACGGAUUAGCGACAAA-3¢ (for RIG-I), and 5¢-
GUAUCGUGUUAUUGGAUUA-3¢ (for MDA-5). The anti-
PKR siRNA was purchased as a pool of three target-specific
19–25 nt siRNAs from Santa Cruz Biotechnology. For the
knockdown of RNA-sensing PRRs, cells were transfected
with PRR-specific siRNAs (25 nM) twice at 2-day intervals
using DharmaFECT-1 (Thermo Scientific). At 5 h after the
second siRNA transfection, cells were harvested, replated
into a 96-well plate, and incubated overnight. Cells were then
treated with immune stimulatory RNAs.

Quantification of cytotoxicity and cell death

Cytotoxicity relative to untreated cells was quantified at
72 h after treatments with immune stimulatory RNAs using
an MTT Cell Proliferation Assay Kit (Cayman Chemicals),
according to the manufacturer’s instructions. The percent
cytotoxicity was calculated using the following equation: %
cytotoxicity = ([O.D.]untreated - [O.D.]treated)/[O.D.]untreated ·
100. The induction of cell death was measured at 24 h after
RNA transfection by flow cytometry after staining with An-
nexin V-PE and 7-aminoactinomycin D using the PE An-
nexin V Apoptosis Detection Kit I (BD Biosciences) and
analyzed using the CellQuest software (BD Biosciences).

Enzyme-linked immunosorbent assay

At 24 or 48 h after stimulation, culture supernatants were
collected and stored at -80�C for later analyses. The pro-
duction of human IL-6, IL-8, and TNF-a was analyzed
with BD OptEIA� ELISA sets (BD Biosciences). IFN-b
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production was determined with a human IFN-b ELISA Kit
(PBL Biomedical Laboratories) by following the manufac-
turer’s instructions.

Immunoblot analysis and antibodies

Cell lysates were prepared in a 1· RIPA buffer (Sigma) in
the presence of the complete protease inhibitor cocktail and
phosphatase inhibitor cocktail (Sigma). Thirty micrograms of
protein lysates was electrophoretically separated on 4%–
20% Mini-PROTEAN� TGX� polyacrylamide gels (Bio-
Rad) and transferred to polyvinylidene fluoride membranes
(PolyScreen�; PerkinElmer). After rinsing with TBST20,
membranes were blocked for 1 h in 5% dry milk in TBST20,
followed by overnight incubation with primary antibodies,
including anti-IPS-1 (1:200) (E-3; Santa Cruz Biotechnol-
ogy), anti-RIG-I (1:500) (D14G6; Cell Signaling), anti-
MDA-5 (1:500) (D74E4; Cell Signaling), anti-PKR (1:350)
(Catalog No 3072; Cell Signaling), anti-cleaved caspase-7
(1:1,000) (D6H1; Cell Signaling), anti-cleaved caspase-9
(1:500) (D2D4; Cell Signaling), anti-cleaved poly(ADP-
ribose) polymerase (PARP) (1:1,000) (D64E10; Cell Sig-
naling), or anti-beta-tubulin (1:1,000) (9F3; Cell Signaling).
When different proteins were sequentially detected on the
same membrane, membranes were treated for 8 min with
Restore Western Blot Stripping Buffer (Thermo Scientific),
washed, blocked, and probed again, as described above.
Primary antibodies were detected using horseradish peroxi-
dase (HRP)-conjugated anti-rabbit (1:2,000) (Cell Signaling)
or anti-mouse (1:4,000) (NA931; GE Healthcare) secondary
antibodies. The HRP activity was visualized using the Wes-
tern Lightning Plus Kit (PerkinElmer). To determine caspase
activation and PRR expression, cell lysates were harvested at
24 h after treatment with immune stimulatory RNAs. To
confirm siRNA-mediated knockdown of IPS-1 and PRRs,
cell lysates were harvested 6 days after the first transfection
of siRNA.

Statistical analysis

Two-tailed, paired Student’s t-test was applied for deter-
mining statistical significance. Confidence intervals equal to
or less than 0.05 constitute statistical significance.

Results

2 ¢F pyrimidine incorporation decreases
dsRNA-induced TLRs 3 and 7 activation,
but increases RIG-I activation

TLR3, TLR7, and RIG-I can be activated by long dsRNA
(>90 bp) [33], AU- and GU-rich RNA [34], and base-paired
RNA containing 5¢ppp [24], respectively. AU- and GU-rich
element of hepatitis C virus (HCV) 3¢untranslated region
(3¢UTR) is a potent TLR7 ligand [35]. Using this HCV
3¢UTR element, we generated 140 bp dsRNAs containing
AU- and GU-rich sequences and 5¢ppp, named dsRNA-140,
to simultaneously activate multiple RNA-sensing PRRs, in-
cluding TLR3, TLR7, and RIG-I. Furthermore, 23 bp
dsRNAs containing 5¢ppp and AU- and GU-poor sequences,
named dsRNA-23, were generated to activate RIG-I but not
TLRs 3 and 7. Interestingly, the incorporation of 2¢F py-
rimidine or 2¢OMe pyrimidine completely abrogated the
ability of dsRNA-140 to activate RNA-sensing TLRs 3 and 7

(Fig. 1A). In contrast, both dsRNA-140 and dsRNA-23
containing 2¢F pyrimidines significantly increased cell death
in Huh7.0, the human hepatocarcinoma cell line with wild-
type RIG-I, compared to the dsRNAs containing unmodified
2¢OH pyrimidines (Fig. 1B, C). By contrast, dsRNAs con-
taining 2¢OMe pyrimidines did not induce any significant
cytotoxicity in the cells (Fig. 1B).

The cell death induced by both unmodified and 2¢F-
modified dsRNA-140 partially but significantly decreased in
Huh7.5 cells, RIG-I mutant cell line derived from Huh7.0
cells [36], compared with that in wild-type Huh7.0 cells,
while the cell death induced by 2¢F-modified and unmodified
dsRNA-23 was essentially abolished in Huh7.5 cells (Fig.
1B, C). Transfection with 2¢F-modified dsRNA-23 signifi-
cantly increased IFN-b expression and cell death in human
melanoma cells compared to unmodified dsRNA-23 (Fig.
1D, E). These data indicate that 2¢F ribose modification ab-
rogates the ability of dsRNA ligands to activate RNA-sensing
TLRs 3 and 7, but enhances the ability of dsRNA to activate
RIG-I, whereas 2¢OMe modification dramatically limits
dsRNA-induced PRR activation.

Intracellular delivery of structured 5¢ppp ssRNAs,
but not linear 5¢ppp ssRNAs, induces cell death
in human melanoma cells

RNA aptamers are highly structured ssRNAs that are often
made to bind to protein receptors. RNA aptamers generated
by in vitro transcription contain a 5¢ppp and a high degree of
secondary structure (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/nat). These
RNA aptamers often include 2¢ribose modifications to in-
crease the resistance of RNA aptamers to nuclease degrada-
tion in the serum (Supplementary Fig. S2). RNA aptamers
have been considered nonimmunogenic and nontoxic mole-
cules and thus might not be recognized by the host immune
system [37]. Although 2¢F-modified 5¢ppp RNA aptamers
(Supplementary Table S1) were not cytotoxic to cells without
intracellular delivery, transfection of most 2¢F-modified
5¢ppp RNA aptamers, except 9.14T14, readily induced more
than 70% cell death in human melanoma cells (Fig. 2A, B).
9.14T14 is 2¢F-modified 5¢ppp ssRNA with a 5¢overhang
stem–loop structure. This RNA showed 3- to 4-fold less cy-
totoxicity in human melanoma cells than other in vitro tran-
scribed RNA aptamers. 2¢F-modified 5¢ppp linear ssRNA,
poly(U)30, did not induce any significant cell death in human
melanoma cells (Fig. 2A). The RNA aptamer-induced cell
death is not dependent on nonspecific cytotoxicity associated
with liposomal transfection because direct intracellular de-
livery of 2¢F-modified 5¢ppp aptamer 10F by electroporation
induced melanoma cell death as efficiently as liposomal
transfection with the aptamer 10F (Fig. 2C). These data
suggest that 5¢ppp RNA aptamers are cytotoxic to cells when
delivered to the cytoplasm of cells.

Transfection with 2 ¢F-modified 5¢ppp RNA aptamers
induces caspase-mediated programmed cell death
and innate immune activation

Fluorouracil is a pyrimidine analog and broadly used as an
anticancer agent that induces apoptosis by inhibiting DNA
and RNA synthesis [38]. One can argue that 2¢F pyrimidine
may induce nonspecific cytotoxicity in melanoma cells. To
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test this possibility, human melanoma cells were electro-
porated with 2¢F NTPs containing 2¢F pyrimidines. The in-
tracellular delivery of NTPs did not show any significant
cytotoxicity in human melanoma cells (Fig. 2C). Further-
more, transfection with 2¢F 5¢ppp RNA aptamers induced the
activation of caspase-9, an initiator caspase of the intrinsic
apoptosis pathway and its downstream effector molecules,
including caspase-7 and PARP in human melanoma cells
(Fig. 2D). Moreover, transfection of 2¢F 5¢ppp RNA aptamers
led to a strong upregulation of innate immune RNA-sensing
PRRs, including RIG-I, MDA-5, and PKR, which was not
observed upon treatment of the cells with staurosporine, a
conventional apoptosis-inducing drug (Fig. 2E). These data
suggest that 2¢F 5¢ppp RNA aptamers use a unique mecha-
nism to induce cell death and innate immune activation
compared to a conventional cytotoxic agent.

The RIG-I signaling pathway regulates
the induction of cytotoxicity and innate
immune activation by 2 ¢F 5 ¢ppp RNA aptamers

Direct cytoplasmic delivery of RNA aptamers by electro-
poration results in similar cytotoxicity in melanoma cells
compared with liposomal transfection (Fig. 2C). We specu-
lated that 2¢F 5¢ppp RNA aptamers may activate cytoplasmic
RNA-sensing PRRs to induce cell death of melanoma cells.

To determine the cytoplasmic PRR responsible for the rec-
ognition of 2¢F 5¢ppp RNA aptamers, we transiently knocked
down the expression of cytoplasmic RNA-sensing PRRs,
including RIG-I, MDA-5, PKR, and IPS-1, an essential mi-
tochondrial adaptor for RIG-I and MDA-5 signaling, using
specific 5¢OH siRNAs. Consecutive knockdown of PRRs and
IPS-1 in the human melanoma cell line WM266-4 sustained
the knockdown effect at the protein level until day 6 post-
transfection (Fig. 3A, upper panel), which provided sufficient
time for studying the cytotoxic effect of 2¢F 5¢ppp RNA ap-
tamers. Depletion of either RIG-I or IPS-1 significantly res-
cued the cells from aptamer-induced cytotoxicity and
reduced IFN-b production by human melanoma cells (Fig.
3A, lower panel). Thus, RIG-I and IPS-1 are required for the
recognition of 2¢F 5¢ppp RNA aptamers and the downstream
signal transduction, respectively, ultimately inducing cell
death and IFN-b expression. In contrast, knockdown of
MDA-5 had no effect on cell viability, whereas depletion of
PKR may even enhance the cytotoxic effect of 5¢ppp 2¢F
RNA aptamer 10F. To confirm that effects observed result
from RIG-I-dependent cell death, we compared the 5¢ppp 2¢F
RNA aptamer-induced cytotoxicity in RIG-I-containing
Huh7.0 cells with that in RIG-I-deleted Huh7.5 cells. Huh7.0
cells transfected with 2¢F 5¢ppp RNA aptamers underwent
cell death, whereas Huh7.5 cells transfected with 2¢F 5¢ppp
RNA aptamers were almost completely resistant to the

FIG. 1. 2¢ribose modifications differen-
tially modulate the ability of 5¢ triphos-
phate (5¢ppp) double-stranded RNAs
(dsRNAs) to activate toll-like receptors
(TLRs) 3 and 7 and retinoic acid-inducible
gene 1 (RIG-I). (A, B) 5¢ppp-containing
long dsRNA-140 and (C–E) 5¢ppp-
containing short dsRNA-23 were trans-
fected into cells to stimulate RNA-sensing
TLR3, TLR7, or RIG-I. (A) HEK-blue
hTLR3 and HEK-hTLR7 reporter cells
stably express hTLR3 and hTLR7, re-
spectively. HEK-blue hTLR3 cells also
contain an NF-kB/AP-1-inducible secreted
embryonic alkaline phosphate (SEAP) re-
porter gene. RNAs (0.5mg/mL each) were
transfected into cells. Secretion of SEAP
and interleukin (IL)-8 from HEK-blue
hTLR3 and HEK-hTLR7, respectively,
was determined 16 h after transfection. (B,
C) The indicated RNAs (1mg/mL) were
transfected into Huh7.0 or Huh7.5 cells.
RNA-induced cytotoxicity was measured
using an MTT assay. (D, E) Dose–
response studies. The human melanoma
cell line, WM266-4, was transfected with
RNAs at various concentrations, and in-
terferon (IFN)-b secretion and cytotoxic-
ity were analyzed 16 h and 3 days after
transfection, respectively. Cells trans-
fected with transfection agent [Dharma-
FECT (DF)] alone were used as a mock
control. PolyI:C (TLR3) and R848 (TLR7/
8) (5mg/mL each) are used as positive
controls. The data represent two individual
experiments. Error bars are SD. *P < 0.05
compared with DF control. #P < 0.05
compared with 2¢OH RNA.
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aptamer-induced cytotoxicity (Figs. 3B and 4A). Further-
more, transfection with 2¢F 5¢ppp RNA aptamers did not
activate endosomal RNA-sensing TLRs 3 and 7 (Figs. 3C and
4B). Our data suggest that 2¢F 5¢ppp RNA aptamers are able
to induce innate immune and inflammatory responses in a
RIG-I-dependent manner.

Either lack of 5¢ppp or incorporation of 2 ¢OMe
pyrimidine abrogates the ability of RNA aptamers
to induce cell death and IFN-b expression

Attenuation of RNA aptamer-induced cytotoxicity and
IFN expression may be needed to avoid potential off-target
effects and inflammatory side effects of therapeutic RNA
aptamers that contain a 5¢ppp. 5¢ppp is a common RNA motif
recognized by RIG-I. Therefore, we examined whether ex-
tensive dephosphorylation or chemical synthesis to generate
RNA aptamers without a 5¢ppp would limit these effects.

Dephosphorylation of 2¢F 5¢ppp RNA aptamers using bac-
terial alkaline phosphatases significantly but only partially
prevented cell death and IFN-b expression in human mela-
noma cells (Fig. 4C, D). However, chemical synthesis of
aptamer 2¢F 9.14T10 without 5¢ppp completely lacked the
ability to induce cell death and IFN-b expression in human
melanoma cells. Thus, a 5¢ppp is essential for this effect, but
small amounts remaining after dephosphorylation are suffi-
cient to induce this effect, although to a lesser degree. In
addition, replacement of 2¢F pyrimidines with 2¢OMe py-
rimidines in 5¢ppp-containing RNA aptamers completely
abolished the cytotoxicity and IFN-b and inflammatory cy-
tokine expression in human melanoma cells. Interestingly,
incorporation of 2¢F pyrimidines into 5¢ppp RNA aptamers
significantly increased their cytotoxicity, as well as IFN-b
and IL-6 production, compared to 2¢OH 5¢ppp RNA aptamers
(Fig. 5A, B). Surprisingly, such 2¢F-modified 5¢ppp RNA
aptamers led to a strong induction of IFN-b expression and

FIG. 2. Transfection of 2¢fluoro (2¢F)-modified 5¢ppp RNA aptamers leads to cell death and pattern recognition receptor
(PRR) upregulation in human melanoma cells. WM266-4 cells were transfected with various 2¢F-modified 5¢ppp RNA
aptamers (0.5 mg/mL unless otherwise indicated) using either (A, C–E) DF or (B) electroporation (EP). (A) The cells
transfected with various 2¢F-modified 5¢ppp RNA aptamers, including 10F (melanoma surface receptor), 9.14T10 [von
Willebrand factor (vWF)], 9.14T17 (vWF), 9.14T14 (vWF), and E07 (epidermal growth factor receptor), and linear single-
stranded RNA (ssRNA) Poly(U)30, were harvested 72 h after transfection, and cytotoxicity was analyzed using an MTT
assay. (B) Cells were electroporated with PBS (mock), polyI:C, the 5¢ppp 2¢F 10F aptamer, or a 2¢F pyrimidine nucleoside
triphosphate mix (2¢F NTP). Cytotoxicity was assessed at 72 h after electroporation. (C) At 24 h after transfection, apoptotic
and necrotic cells were stained with 7-aminoactinomycin (7-AAD) and Annexin V and analyzed with a flow cytometer. (D)
Cleavage of caspase-7, -9, and poly(ADP-ribose) polymerase (PARP) was detected through western blot (WB) as markers
of apoptotic cells at 24 h after treatment. Staurosporine (2 mM) (Sigma) was used to induce apoptotic cell death as a positive
control. (E) The upregulation of RIG-I, melanoma differentiation-associated gene-5 (MDA-5), and protein kinase R (PKR)
in cells transfected with 2¢F-modified 5¢ppp RNA aptamers was evaluated using WB at 24 h after transfection. b-tubulin
level served as a loading control. The data represent two individual experiments. Error bars are SD. *P < 0.05 compared
with mock control.
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cell death that is comparable to levels engendered by the gold
standard viral RNA analog, polyI:C, which can activate
multiple RNA-sensing PRRs, including TLR3, RIG-I, PKR,
and MDA-5. Interestingly, cells transfected with 2¢F 5¢ppp
RNA aptamers produced significantly less proinflammatory
cytokine IL-6 than cells transfected with polyI:C. Moreover,
TNF-a was produced by cells transfected with polyI:C, but

not by cells transfected with 2¢F 5¢ppp RNA aptamers (Fig.
5B). Collectively, these data suggest that 2¢F 5¢ppp RNA
aptamers are potent RIG-I-stimulating RNAs that can induce
cytotoxicity and innate immune stimulation. The cytotoxicity
and immunogenicity of RNA aptamers can be deliberately
modulated using 2¢F and 2¢OMe modification at the ribose of
RNAs depending on their therapeutic applications.

FIG. 4. 2¢F-modified 5¢OH RNA apta-
mers do not activate RNA-sensing TLRs
and RIG-I. (A, B) 2¢F-modified 5¢ppp
9.14T10 aptamer was dephosphorylated
by treatment with a bacterial alkaline
phosphatase (BAP). The dephosphoryla-
tion was repeated thrice. 5¢OH 2¢F
9.14T10 aptamer was nonenzymatically
synthesized. To study 9.14T10 aptamer-
induced cell death and PRR activation,
RNA aptamers were transfected into (A)
Huh7.0 and Huh7.5 cells, (B) HEK-blue
TLR3 and HEK-TLR7 reporter cells, or
(C, D) WM266.4 cells. The data repre-
sent two individual experiments. Error
bars represent the SD.

FIG. 3. 2¢F-modified 5¢ppp RNA
aptamer-induced cell death and IFN-b
production by melanoma cells are depen-
dent on RIG-I and IPS-1 and independent
on MDA-5, PKR, TLR3, and TLR7.
(A) Small interference RNA (siRNA)-
mediated knockdown efficiency was as-
sessed 4 days after siRNA (lacking 5¢ppp)
transfections by WB using siRNA corre-
sponding antibodies (as indicated; upper
panel). Cells were further treated with 2¢F-
modified 5¢ppp 10F aptamer (0.125mg/
mL) at 24 h after the last siRNA trans-
fection. The cytotoxicity and IFN-b pro-
duction were analyzed at 72 h after aptamer
treatments (lower panel). (B) RIG-I-
dependent cell death was determined by
measuring cytotoxicity of RIG-I wild-
type Huh7.0 and RIG-I mutant Huh7.5
cells transfected with 10F aptamer (1mg/
mL). (C) The ability of the 10F aptamer
to stimulate TLR3 and TLR7 was ana-
lyzed using HEK-blue TLR3 and HEK-
TLR7 reporter cells. The data represent
two individual experiments. Error bars rep-
resent the SD; *P < 0.05.
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Discussion

2¢OMe and 2¢F modifications are two of the most com-
monly utilized RNA modifications. Unlike 2¢F modification,
2¢OMe modification is often found in mammalian ribosomal
and transfer RNAs. The 2¢OMe-modified RNAs have been
widely described as being able to evade innate immune rec-
ognition [26,27]. However, 2¢F-modified RNAs do not nat-
urally exist. The influence of 2¢F modifications on innate
immune recognition is controversial. It has been shown that
2¢OMe- and 2¢F-modified RNAs have competitive inhibitory
effects toward RNA-sensing PRRs, especially TLRs 7 and 8
[25–27,39–41]. Uzri and Gehrke demonstrated that trans-
fection of HCV 3¢UTR and polyU/UC activated RIG-I to
produce IFN-b in Huh7.0 cells, whereas 2¢F pyrimidine-
incorporated HCV 3¢UTR and polyU/UC competitively in-
hibited unmodified HCV 3¢UTR and polyU/UC to induce
IFN-b production by the Huh7.0 cells [39]. Furthermore, the
incorporation of 2¢OMe-modified uridine completely abol-
ished the immune stimulatory activity of 5¢ppp RNAs, and
these 2¢OMe-modified 5¢ppp RNAs did not induce RIG-I-
dependent type I IFN production by human monocytes and
dendritic cells [42].

In contrast, Hwang et al. generated a 2¢F-modified RNA
aptamer that binds to RIG-I with high affinity, and transfec-
tion with these RNA aptamers was able to induce RIG-I ac-
tivation and IFN-b production in the human hepatocellular
carcinoma cell lines, HepG2 and Huh7.0 [43]. Moreover,
Nallagatla et al. demonstrated that 2¢F-modified RNAs in-
creased the activation of PKR compared with unmodified
2¢OH RNAs [44]. In the current study, RNA aptamers and
dsRNAs containing 5¢ppp and 2¢F pyrimidine increase the
induction of RIG-I-mediated cell death and IFN-b expression
in human melanoma cells and Huh7.0 cells compared with
RNAs containing unmodified 2¢OH pyrimidines, whereas the
2¢F-modified RNAs inhibited the activation of endosomal

TLRs 3 and 7. Interestingly, cell death was significantly in-
creased in RIG-I-mutated Huh7.5 cells transfected with 2¢F
5¢ppp long dsRNAs compared to cells transfected with 2¢OH
5¢ppp long dsRNAs (Fig. 1B). These data suggest that 2¢F
modification can enhance the ability of RNAs to activate
multiple cytoplasmic RNA-sensing PRRs, for example, RIG-
I and MDA-5. In contrast, 2¢OMe-modified RNA aptamers
and dsRNAs lack the ability to induce cell death, IFN-b ex-
pression, and inflammatory cytokine expression (Table 1).

Biochemical and structural analyses show that 5¢ppp
dsRNAs containing 2¢OMe nucleosides completely lose their
RIG-I-stimulating activity mostly because of steric interfer-
ence between the 2¢OMe group on the nucleoside and the side
chain of the RIG-I C-terminal regulatory domain [45]. Fur-
thermore, the 2¢OMe modification has been reported to in-
terfere with the interaction of the RNA-binding protein with
the minor groove of siRNA duplex. By contrast, the 2¢F
modification is a relatively small group compared to the 2¢OH
group and has a high electronegativity and hydrophobicity,
resulting in a minor groove in an RNA duplex that can allow
additional interaction between RNA and protein [46]. Thus,
2¢F modification may enhance the interaction of 5¢ppp RNA
with RIG-I and other cytoplasmic RNA-sensing PRRs. Al-
ternatively, 2¢ribose-modified RNAs are not recognized by
endosomal RNA-sensing TLRs, suggesting that cytoplasmic
RNA-sensing PRRs and endosomal RNA-sensing TLRs have
distinct mechanisms to distinguish self- and non-self-RNAs.
Further studies are needed to elucidate the exact nature of the
interactions between 2¢F-modifed RNAs and RNA-sensing
PRRs and TLRs.

Although RIG-I is expressed by most mammalian cell
types, malignant cells are much more sensitive than normal
cells to RIG-I-mediated cell death. Besch et al. have shown
that human melanoma cells were much more sensitive to
5¢ppp dsRNA and ssRNA-induced apoptosis than other types
of human skin cells [9]. Transfection with 5¢ppp short

FIG. 5. 5¢ppp RNA aptamers contain-
ing 2¢F pyrimidine but not 2¢O-methyl
(2¢OMe) pyrimidine induce cell death
and cytokine expression in human mela-
noma cells. (A) WM266-4 cells were
transfected with 5¢ppp 10F aptamers
containing 2¢F pyrimidine, 2¢OMe py-
rimidine, or 2¢OH pyrimidine at various
concentrations. Transfection with polyI:C
that stimulates multiple RNA-sensing
PRRs was used as an experimental con-
trol. Cytotoxicity was assessed at 72 h
posttreatment using the MTT assay. (B)
At 24 h after transfection of WM266-4
cells with RNAs (0.5mg/mL each), the
secretion of IFN-b, IL-6, and tumor ne-
crosis factor-a (TNF-a) by the melanoma
cells was analyzed by enzyme-linked
immunosorbent assay (ELISA). Error
bars represent the SD. The data represent
two individual experiments. *P < 0.05.

2¢FLUORO RNAS THAT INHIBIT TLRS AND ACTIVATE RIG-I 179



dsRNAs killed human glioblastoma cells and induced only
little toxicity in nonmalignant neuronal cells [47]. Ishibashi
et al. demonstrate that transfection with 5¢ppp short dsRNAs
increases cell death in human granulosa tumor cells, but
not in normal human granulosa cells [48]. Furthermore, the
human prostate cancer cell line, PC3, is highly sensitive to
apoptosis induced by viral RNA and polyI:C transfection,
while normal prostate epithelial cells are resistant [12]. Upon
treatment with PRR-stimulating RNAs, the cells that are
sensitive to RIG-I-induced cell death potently upregulate
proapoptotic molecules and/or downregulate antiapoptotic
molecules compared to resistant cells. Although it is still
unclear why tumor cells are much more sensitive to RIG-I-
mediated cell death compared to nonmalignant cells, PRR-
activating RNAs can be used as a selective antitumor agent.

Recent study shows that SELEX-generated DNA aptamers
can be potent immune stimulators to trigger innate and in-
flammatory responses [49]. This study raised concerns about
off-target and potential inflammatory adverse effects of
therapeutic DNA aptamers. Although no significant inflam-
matory adverse effects of RNA aptamers have been shown in
various animal studies [37], a recent phase III clinical trial
shows that systemic treatment with pegylated anticoagulant
RNA aptamers caused serious anaphylactic adverse events in
patients (unpublished). This study raised concerns about
immune stimulation by RNA aptamers. Our data show that
RNA aptamers are largely immunologically inert, unless they
are internalized into cells. Upon transfer into the cytoplasm,
RNA aptamers containing 5¢ppp can be recognized by cyto-
plasmic RNA-sensing PRRs and induce innate immune and
inflammatory responses. Cancer-specific delivery of thera-
peutic RNAs using RNA aptamers is an emerging strategy to
selectively deliver therapeutic RNAs into cancer cells and
eventually the cytoplasm of cells [50,51]. In this strategy,
RNA aptamers bind to cell surface receptors, internalizing
into the endosomal compartment in cells through a receptor-
mediated endocytosis. If the RNA aptamers escape from the
endosome to the cytoplasm, these RNA aptamers can be
recognized by RNA-sensing PRRs and may lead to off-target
effects and unwanted inflammatory side effects if they con-
tain 5¢ppp and 2¢F pyrimidine. Thus, studies utilizing in vitro
transcribed RNA aptamers have to be carefully controlled.

Intracellular delivery of viral RNAs and their analogs can
stimulate multiple RNA-sensing PRRs, including cytoplas-
mic RIG-I, MDA-5, PKR, NALP3, and endosomal TLRs 3

and 7. These PRRs are differentially expressed and function
in different cell types to mediate programmed cell death and
to lead to the expression of the proinflammatory cytokines
and type I IFNs, which can inhibit tumor growth and viral
spreading [52]. In addition to viral RNAs, cellular mRNAs
[53], miRNAs [54], and synthetic siRNAs [42,55] are able to
stimulate multiple RNA-sensing PRRs, and inappropriate
systemic exposure to such RNAs has been implicated in
various pathogeneses and adverse inflammatory responses.
The current study uncovers a novel feature of 2¢ribose mod-
ifications and indicates that such modifications can be used to
reduce adverse and off-target effects or increase anticancer
and anti-infection effects of therapeutic RNAs depending
upon the 2¢F modification by differentially modulating the
activation of RNA-sensing PRRs.
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