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Although some information is available for specific subsets of
miRNAs and several factors have been shown to bind oligonucle-
otides (ONs), no general transport mechanism for these molecules
has been identified to date. In this work, we demonstrate that the
nuclear transport of ONs, siRNAs, and miRNAs responds to cellular
stress. Furthermore, we have identified a stress-induced response
complex (SIRC), which includes Ago-1 and Ago-2 in addition to the
transcription and splicing regulators YB1, CTCF, FUS, Smad1, Smad3,
and Smad4. The SIRC transports endogenous miRNAs, siRNAs, and
ONs to the nucleus. We show that cellular stress can significantly
increase ON- or siRNA-directed splicing switch events and endogenous
miRNA targeting of nuclear RNAs.
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MicroRNAs (miRNAs), siRNAs, and chemically modified
oligonucleotides (ONs) have been employed for many

years for research and, increasingly, for therapeutic purposes (1).
miRNAs, which may control the expression of more than half of
all human genes, are active predominantly in the cytoplasm, but
they also form complexes in the cell nuclei with components of
the RNAi machinery (2). Various regulatory nuclear functions
have been attributed to miRNAs and other noncoding RNAs
(ncRNAs), including the much-debated question of transcrip-
tional gene silencing (3). Similarly, ONs delivered by gymnosis (4)
are active in the cytoplasm (5), and can also be transported to and
are effective in the nucleus (5, 6). Although various candidate
proteins have been reported to bind ONs (5, 7, 8), the mechanism
that determines whether a miRNA or an ON exerts its function in
the cytoplasm or shuttles to the nucleus and acts at an earlier step
in the gene regulation pathway is unknown. It is also unclear if the
nuclear/cytoplasmic shuttling of these small molecules is a con-
tinuous endogenous process or if it is the result of a specific signal.
We previously demonstrated that ONs can utilize elements of

endogenous miRNA pathways to optimize function. This is due
to their ability to bind to the RNA-induced silencing complex
(RISC) components such as Argonaute-2 (Ago-2) (5). Although
Ago-2 can affect ON function, the degradation products of ON-
targeted RNAs are not generated by Ago-2–directed cleavage.
We concluded that Ago-2 is employed by the ONs as a method
of transport and localization to RNA targets. This is supported
by our observations that when ONs were delivered via gymnosis
(4), their mode of uptake and cellular localization seemed to be
identical to that of siRNAs (5). Therefore, ONs could be
employed to identify protein complexes and mechanisms used by
exogenous siRNAs and, most importantly, endogenous miRNAs.
In this work, ONs have been used to identify a complex con-

sisting of transport proteins, splicing regulators, and transcrip-
tion factors bound to the ONs and, in addition, to miRNAs. The
formation and nuclear translocation of this complex increase
subsequent to cellular stress. This cytoplasmic/nuclear shuttling
brings the associated miRNA (and ONs) to the nucleus, where
they are functional and can potentially alter gene expression and
participate in cell stress response mechanisms. We also show that
inducing a cell stress response by adding small, clinically relevant

concentrations of arsenite [arsenic trioxide (As III)] results in
greatly increased ON, siRNA, or miRNA targeting and sup-
pression of nuclear RNAs, demonstrating the validity of our
findings. The fine-tuning of this process may be of extreme im-
portance for the manipulation of miRNAs, siRNAs, and ONs in
a therapeutic setting.

Results
ONs Bind Shuttling Proteins That Are Involved in the Cell Stress
Response. We previously demonstrated that ONs delivered by
gymnosis (ON delivery to cells that produces function in the
absence of any carriers or conjugations) are bound by Ago-1–
Ago-4 (5) and may utilize multiple endogenous mechanisms
employed by cellular miRNAs. Ago-2 binding augments ON
function, which we proposed was due to Ago-2 facilitation of ON
transport (5). We speculated Ago-2 could be part of a transport
complex that differed from RISC.
To test the hypothesis that ONs were bound to an Ago-

2 transport complex and to identify additional proteins belonging
to this complex, we performed immunoprecipitations (IPs) of
Ago-1 or Ago-2 using cell lysates harvested from HEK293 cells
that were (i) untreated, (ii) treated with a control ON delivered
by gymnosis, or (iii) transfected with a control siRNA. All of the
ONs used in our studies are phosphorothioate (PS), locked
nucleic acid (LNA) gapmer (3′ and 5′ end sugar modifications),
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or mixmer (alternating sugar modifications) ONs (9, 10) (all PS-
LNA-ONs are indicated as ONs), which increase stability and
cellular uptake by gymnosis. We performed a mass spectrometric
analysis of the precipitates and analyzed only those proteins that
were common in both lysates of cells treated with the control
siRNA and lysates treated with the ON but were absent in all
other samples and controls. Under our experimental conditions,
apart from ribosomal proteins, tubulin, and immunoprecipitated
Argonautes, we found nucleolin, SRSF1, and six splicing factors
(YB1, DbpA, PABP1, HSP-70, KIF11, and elongation factor 1α)
(Dataset S1). Nucleolin is a shuttling protein (11) that has been
previously reported to bind ONs (7). SRSF1 and SRSF7 are
members of the SR protein family, which has been shown to act
on nuclear export factor 1 (NXF1) (12). The heat shock protein
HSP-70 is a chaperone, stress-response protein that, among other
functions, increases the stability of nucleolin during oxidative
stress (13), and it is known to associate with YB1 during stress
(14). YB1 is involved in a myriad of cellular functions; it is also a
chaperone and a key player in the cellular stress response, which
leads to its translocation into the nucleus (15). YB1 is also in-
volved in stress granule (SG) formation, where it localizes (14).
DbpA (YBX3) is also a Y-box binding protein (16, 17), while
PABP1 binds to the mRNA poly(A) tail and is important in
mRNA translation and nonsense-mediated decay. PABP1 also
concentrates in SGs (18). KIF11 is a kinesin-related protein that
plays a role in cell division and enhances the efficiency of mRNA
translation (19). Elongation factor 1α also plays a role in trans-
lation and, in addition, a central role in the nuclear export of
proteins (20). Therefore, nearly all of the proteins identified are
involved in transport and in the cellular stress response.
In this context, we found nucleolin and YB1 to be of special

significance. Nucleolin is known to bind ONs (7) but has not
been previously shown to bind siRNAs. However, it has been
reported to interact with the microprocessor complex and to
affect the processing of specific miRNAs (21).
We proceeded to confirm the binding of these two proteins to

the Argonautes by immunoprecipitation and immunoblotting
with specific antibodies (Fig. 1 A and B).
Next, as most of the factors identified in our mass spectro-

metric assay, including Ago-1 and Ago-2, are known to shuttle
from the cytoplasm to the nucleus (3), we employed tetracycline
(Tet)-inducible stable cell lines expressing anti–Ago-shRNAs (22)
to study the effects of Argonaute (Ago-1, Ago-2, or Ago-3) de-
pletion on ON cellular localization (Fig. 1C and SI Appendix, Fig.
S1 A and B). The nuclear-to-cytoplasmic RNA ratio can be
compared, after loading the samples, either by volume (samples
suspended in equal amounts of loading buffer) or by weight
(equivalent number of micrograms of sample loaded, which is
shown in this experiment). However, neither of these methods
represents the entire amount of RNA in each of these cellular
compartments. Furthermore, it is inevitable that some of peri-
nuclear cytoplasmic components will be precipitated with the
nuclear fraction. The nuclear and cytoplasmic fractionations
shown in this work were analyzed based on changes in the relative
ratio between the two fractions, rather than on the absolute
amount of signal detected in each fraction. The analysis of three
independent experiments is shown in SI Appendix, Fig. S1B.
Down-regulation of Ago-2, but not Ago-1 or Ago-3, resulted

in ON localization that favors the cytoplasmic compartment [Fig.
1C, compare Ago-2 (Dox−) with Ago-2 knockdown (Ago-2 kd)
(Dox+) versus Ago-1 or Ago-3 (Dox−) with Ago-1 kd or Ago-
3 kd (Dox+), respectively]. Down-regulation of the Argonautes
following Tet induction in these cell lines has been previously
validated by us and others (22).

Delivery of ONs by Gymnosis Results in Increased Ago-2/YB1 Complex
Formation. Some reports have indicated an active role for
nucleolin in the binding of ONs (23), but others have not been

able to find a functional role for it in ON activity (8). It is pos-
sible that nucleolin either has a redundant function or that its
contribution to ON function is measurable only in certain cell
systems and under specific experimental conditions (24). Sub-
sequent to downregulating nucleolin expression by an siRNA
approach, and consistent with these observations, we detected
only a marginal effect (up to 30%) on ON function, and then
only if ONs were delivered by gymnosis rather than by lipofection.
Therefore, we focused on the role of YB1, which we also found in
the Ago/ON immunoprecipitated complexes. We performed ad-
ditional IP experiments that complemented the original Ago IPs
by using HeLa cell lysates and a YB1 antibody to confirm (i) the
interaction of YB1 with Ago-1 and/or Ago-2 (Fig. 2A), and (ii) the
increase of this interaction on the presence of the ON (Fig. 2B).
Both Ago-1 and Ago-2 proteins immunoprecipitated with the
anti-YB1–specific antibody (Fig. 2 A and B). Strikingly, the
amount of Ago-2, but not Ago-1, in the YB1 immunoprecipitates
increased when cells were treated with ONs delivered by gymnosis
(compare Fig. 2 A, Bottom, Ago-1, Ago-2, and YB1 lanes with B,
Bottom, Ago-1, Ago-2, and YB1 lanes).

Ago-2 and YB1 Directly Interact as a Consequence of Cellular Stress
and Colocalize in the Same Cellular Compartments. To determine
whether a direct interaction between YB1 and Ago-2 occurred,
we conducted proximity ligation assays (PLAs) (25, 26) using
YB1 and Ago-1 or Ago-2 with PLA antibodies (which are primer-
conjugated; Fig. 2 D–F). The simultaneous double recognition by
the mixed probes required to obtain a fluorescence signal is highly
selective and specific for protein recognition and protein–protein
interaction (25, 26). The fluorescence signal detected in the sample

Fig. 1. Ago-2 appears to shuttle ONs into the nucleus and forms a complex
with the nucleolin and YB1 proteins. (A and B) IP reactions were performed
with an anti-Flag antibody employing lysates of cells stably expressing the
Flag-HA–tagged Ago-1–Ago-4 (as indicated) or the Flag-HA vector control.
Nucleolin and YB1 proteins are detected in the Ago-Flag cells but not in the
control cells. The starting input for each IP is shown [nucleolin (Ncl)-Inp and
YB1-Inp]. Immunoblotting of Flag and HA was used to determine the effi-
ciency of the IP for each sample. (C) ON was delivered by gymnosis to Tet-
inducible stable cell lines expressing anti–Ago-shRNAs specific for the Ago-1,
Ago-2, or Ago-3 sequence. Doxycyclin (+DOX) was added to induce expres-
sion of the shRNA and silencing of Ago-1–Ago-3 expression. The cytoplasmic
(Cy) and nuclear (Nc) fractions are shown. The U6 snRNA (U6), which is lo-
calized to the nucleus, and cytoplasmic tRNA (tRNA) were used as controls.
The verification of Argonaute silencing under these experimental conditions
is shown in SI Appendix, Fig. S1A.
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treated with the Ago-2– and YB1-specific probes (Fig. 2D, Ago-2/
YB1), but not in the controls [Fig. 2D; anti-YB1 and anti-Flag
antibodies (YB1/Flag), anti–Ago-2 and anti-Lamin antibodies
(Ago-2/Lamin), and anti-YB1 and anti-Lamin antibodies (YB1/
Lamin)], supported a direct interaction between Ago-2 and YB1
and demonstrated intracellular colocalization in the perinuclear
region and in the cell nucleus (Fig. 2 D and E). The signal, when
the anti–Ago-1– and anti-YB1–specific mixed probes were employed,
was present but reduced relative to Ago-2/YB1 (Fig. 2D, com-
pare Ago-2/YB1 with Ago-1/YB1). This supports a close, al-
though not necessarily a direct, interaction. To further validate
the specificity of the PLAs and the reliability of these results,
Ago-2 and/or YBX-1 (the gene producing YB1) expression was
silenced with specific siRNAs (SI Appendix, Fig. S3 A and B,
siAgo-2 and siYBX-1). Down-regulation of these genes was
verified by Western blot (SI Appendix, Fig. S3A) and qPCR
analyses (SI Appendix, Fig. S3B) before performing the PLAs.
Fluorescent signal was lost (Fig. 2D) when the expression of either
protein (Ago-2 or YB1) was silenced [Fig. 2D, compare Ago-2/
YB1 and siCntr (control) Ago-2/YB1 with siAgo-2 Ago-2/YB1 or
siYBX1 Ago-2/YB1].
A more intense fluorescent signal was detected for the Ago-2/

YB1 interaction in the siRNA control sample (siCntr Ago-2/
YB1), which underwent transfection. Following this stress signal
that was triggered by lipofection, we observed an increased in-
teraction between these two proteins, consistent with the IP re-
sults (Fig. 2 A and B). This Ago-2/YB1 interaction also resulted
in an increased nuclear accumulation of this complex in nuclear
speckles, as seen in Fig. 2E, which shows a magnified view of the
Ago-2/YB1 PLA results with or without transfection of the
siRNA control.
To examine if the interaction between Ago-2 and YB1 was a

general response to stress or specific only to the delivery of siRNA
and ONs, we performed YB1 IPs after lipofecting an empty
plasmid backbone into HEK293 cells (Fig. 2C). Lipofection alone
was sufficient to increase the association of Ago-2 and YB1 [Fig.
2C, compare the ratios between the immuno-precipitated YB1
and the amount of bound Ago-2 in the Mock (Mock YB1ab) vs.
control transfected cells (Cntr-Tx-YB1ab)].

YB1, Ago-2, and the miRNA machinery are involved in the
cellular stress response (27, 28). Furthermore, YB1 has been
shown to be important in the regulation of the Smad-signaling
pathway (29). Smad transcription factors are a critical piece of
one of the most multifaceted cytokine signaling pathways: the
transforming growth factor-β pathway (30). Once activated by
phosphorylation, these proteins translocate to the nucleus, where
they regulate gene expression (30). Therefore, we hypothesized
that they are also potential partners of the stress-induced YB1/
Ago-2 complex. To determine if Ago-2 also interacts with the
Smad complex, we performed a PLA with Smad-1– and Ago-2–
specific mixed probes. The fluorescent signal detected (Fig. 2F)
supports that a direct or indirect interaction is occurring.
We then examined protein kinase R (PKR) activation under

our experimental conditions. PKR is at the center of the stress
response pathway. The delivery of ONs by gymnosis triggers an
increase in PKR expression as a function of time and ON con-
centration (SI Appendix, Fig. S4).

Cellular Stress Increases siRNA and ON Function in the Nucleus and
Concomitantly Reduces Their Function in the Cytoplasm. To establish
if this increased interaction between Ago-2 and YB1 translated
to augmented ON function, we delivered a splice-switching ON
(SSO-654) by gymnosis to the HeLa-EGFP-654 cell line (31),
which was either untreated or previously lipofectamine-transfected
with a stressor (in this case, a nontargeting siRNA). The SSO-
654 was designed to induce skipping of an exon that disrupts
the EGFP coding sequence expressed in these cells; therefore, the
potency of this SSO is directly proportional to the signal of the
EGFP that is produced (31), and thus is a measure of ON function
in the nucleus. The stress induced by the siRNA transfection
resulted in more effective splicing switch activity and higher EGFP
expression at three different SSO-654 concentrations [SI Appendix,
Fig. S5A; compare 0.5 μM, 1 μM, and 2 μM SSO-654 in non-
transfected HeLa-EGFP-654 cells (Mock) and HeLa-EGFP-
654 cells transfected with a nontargeting siRNA (40 nM siCntr)
before ON delivery]. The improvement in SSO-654 activity was
also observable at an early time point (24 h) following SSO-
654 delivered by gymnosis, and with a lower concentration (10 nM)
of the nontargeting transfected siRNA control (SI Appendix, Fig.

Fig. 2. YB1 forms a complex with Ago-2, which is increased by cellular stress. (A–C, Bottom) IP of YB1 from HeLa lysates reveals the presence of Ago-1 and Ago-
2 in the complex as indicated by the arrows. Lysates were collected 48 h subsequent to initiation of gymnosis. The association of Ago-2 increases when stress is
induced by adding an ON (+ON; B) or by lipofection [transfection (Tx); C]. (A–C, Top) Ago-1, Ago-2, and YB1 inputs are shown. Mock represents untreated cells
(no ON). IgG was used as the IP control. (D–F) Antibody primers specific for YB1, Flag, Ago-1, Ago-2, Lamin, and Smad1 (the specific pairings are shown) were
used in a PLA reaction. (E, Bottom) Adding a control nontargeting siRNA (siCntr) augments the red fluorescence signal, indicating increased colocalization of
Ago-2 and YB1. Blue shows DAPI-stained nuclei. (Magnification: 400×.) Enlargements of the panels showing positive signals are provided in SI Appendix, Fig. S2.
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S5B, 10 nM siCntr) or with uncomplexed lipofectamine (SI Ap-
pendix, Fig. S5B, Lip only). The enhancement of ON function in-
creased with time (SI Appendix, Fig. S5B, Lower, Gymnosis 48 hrs).
The increase in ON function could be recapitulated with As

III, a standard cellular stressor. We chose As III, although it can
cause oxidative damage (32), because at the appropriate con-
centrations, it also has therapeutic properties (33, 34). We found
that SSO-654 potency improved, as determined by EGFP pro-
duction in HeLa-EGFP-654 cells, when low concentrations (0.5–
2 μM) of As III were combined with SSO-654 treatment (Fig. 3 A
and B).
We confirmed the increased production of EGFP as a function

of the As III concentration (1 and 2 μM) by microscopy and flow
cytometry measurements (SI Appendix, Fig. S6 A–C). We also
quantified EGFP protein expression by Western blot analyses at
two SSO-654 concentrations (SI Appendix, Fig. S6B). Finally, to
exclude the possibility that the enhanced SSO-654 function was
due to changes in ON uptake or cell viability, we evaluated (i)
the efficiency of ON delivery by gymnosis in two separate cell
lines (SI Appendix, Fig. S7A, HeLa-EGFP-654 and SI Appendix,
Fig. S7B, LNCaP) in untreated cells or cells treated with As III
(1 μM) and (ii) the viability of HeLa-EGFP-654 cells treated
with the SSO-654 alone or in combination with As III (SI Ap-
pendix, Fig. S7 C and D). No significant changes in ON uptake or
cell viability were detected when cells were treated with ONs in
combination with As III (SI Appendix, Fig. S7 A–D). These data
corroborated that the increased ON potency is related to a
general cellular stress response. Indeed, additional cell stressors,
such as hydrogen peroxide (H2O2) or heat shock, also increased
SSO-654 function (SI Appendix, Fig. S8), in addition to causing
increased PKR expression (SI Appendix, Fig. S9). Cold shock,

which does not significantly trigger cellular stress, was used as a
control and did not activate PKR (SI Appendix, Fig. S9) or in-
crease SSO-654 potency (SI Appendix, Fig. S8). Notably, treat-
ment with ammonium ions (NH4

+) did not elicit a PKR response
(SI Appendix, Fig. S9) but still increased the potency of SSO-654
(SI Appendix, Fig. S8) and PS-LNA antisense ONs (35). We
hypothesized that NH4

+ potentiates ON activity via a different
mechanism than As III. Because two separate pathways leading to
ON activation seem to exist, combining both compounds (As III
and NH4

+) resulted in a synergistic increase in ON function (35).

Nuclear Translocation of YB1 Coincides with Increased RNAi and ON
Potency. The increased potency of SSO-654 was a reflection of its
increased concentration in the nuclear compartment and co-
incided with the nuclear translocation of YB1. We performed
nuclear/cytoplasmic fractionations of the HeLa-EGFP-654 cells
treated with ONs with or without As III. As III induces accu-
mulation of YB1 in the nucleus [Fig. 4A, compare the YB1 ratio
between the cytoplasmic and nuclear fractions in cells treated
with ONs but not As III (−) and the same fractions from lysates of
As III-treated cells (+)]. The nuclear translocation of YB1 after
As III treatment corresponds to concomitant accumulation of
ONs in the nucleus (Fig. 4B). It has been shown that YB1 can bind
to and regulate the biogenesis of specific miRNAs (36), and that
its interaction with Ago-2 increases during cellular stress (this
work). We have also previously shown that ONs behave similar to
siRNAs, and may hijack endogenous siRNA/miRNA cellular
pathways (5). Therefore, we investigated whether the nuclear
translocation and improvement in function observed using ONs in
the stress condition could be recapitulated with siRNA and
miRNA. We performed an IP using anti-YB1–specific antibodies,

Fig. 3. Stress-induced As III treatment increases nuclear function and concomitantly decreases the cytoplasmic function of ONs and siRNAs. (A) SSO-654 was
delivered by gymnosis to HeLa-EGFP-654 cells with or without As III before fluorescent microscopy. (B) Western blot analysis of HeLa-EGFP-654 treated with
1 μM SSO-654 and increasing concentrations of As III, as indicated, for 2 d. α-Tub., α-Tubulin. (C) Anti-EGFP ON (+ON-EGFP) was delivered by gymnosis to HeLa
(Top) and HEK293-T (Bottom) cells before the transfection of EGFP mRNA. Right panels show As III (+ON-EGFP + As III)-treated cells. (D) SSsi-654 was
transfected to HeLa-EGFP-654 cells with or without As III (+As III) before fluorescent microscopy. A control nontargeting siRNA (siRNA-Cntr) is shown. (E)
Graph represents the combined analysis of three different experiments, including three technical replicates. The fluorescent signal was quantified over the
entire surface of wells containing equivalent number of cells with Image Pro Premier 9.2. (F and G) HEK293-T (Top) and HT1080 (Bottom) (EGFP-mRNA)–
treated cells (EGFP-mRNA) were transfected with an anti-EGFP siRNA (siRNA-EGFP) or a nontargeting control (siRNA-Cntr). Right shows As III (EGFP-mRNA + As
III)-treated cells. (Magnification: 180×.)
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extracted the nucleic acids from the lysate precipitates of un-
treated cells (Mock) or cells treated with 1.5 μM ON (+ON), and
performed a gel analysis. An increased association of three sepa-
rate miRNAs (two, miR-29b and miR-16, are shown; miR-21 fol-
lowed the same pattern but is not included in the figure) with the
YB1-precipitated complex was observed when cells were pre-
viously treated with the ON [Fig. 4C, compare miR-29b and miR-
16 in the Mock (YB1 lane) vs. in the +ON (YB1 lane)]. We then
performed nuclear/cytoplasmic fractionations of untreated cells or

cells treated with the ON, or with a combination of the ON and As
III. Shuttling of the miRNAs to the nucleus increased proportion-
ally to the extent of the stress signal [Fig. 4D and SI Appendix, Fig.
S10, compare the miRNA ratio of the cytoplasmic and nuclear
fractions of untreated cells (lanes 1 and 2) with those of cells treated
with the ON (lanes 3 and 4) and cells treated with a combination of
the ON and As III (lanes 5 and 6)].
To verify that the augmented nuclear shuttling of miRNAs

translated into their increased activity in the nucleus, we designed
a splice-switching siRNA (SSsi-654) with the same sequence as
SSO-654. This is a canonical siRNA, and thus functions primarily
in the cytoplasm; however, we were still able to detect splice-
switching activity in the nucleus (Fig. 3 D, first column, compare
siRNA-Cntr with SSsi-654 and E). This nuclear function can be
increased by As III treatment (Fig. 3 D, +As III and E), indicating
that shuttled mature siRNA/miRNA is active in the nucleus.
The augmentation of nuclear targeting by the nuclear-translocated

siRNAs or ONs is expected to occur with a concomitant decrease of
their cytoplasmic function. We monitored cytoplasmic gene silencing
using a 5′-end-capped, 3′-polyadenylated EGFP mRNA (EGFP
mRNA) (5). The transfected mRNA is rapidly bound by the ribo-
some and remains localized in the cytoplasm, where it is transcribed
to rapidly generate EGFP (5). We delivered low concentrations
(10 nM) of an anti-EGFP siRNA (siRNA-GFP) or a nontargeting
control (siRNA-Cntr) to HEK293-T or HT1080 cells. The next day,
cells were replated and As III was added to half of the samples. The
EGFP mRNA was then delivered to the cells, and fluorescence
images were acquired shortly thereafter (Fig. 3 F and G). Increased
siRNA nuclear function (Fig. 3 D and E) was accompanied by de-
creased cytoplasmic function [Fig. 3 F and G, compare EGFP si-
lencing in As III-untreated cells (EGFP-mRNA, siRNA-Cntr vs.
siRNA-GFP; first column) with As III-treated cells (second col-
umn)]. The same phenomenon could be reproduced when delivering
an EGFP-targeted ON (ON-EGFP) before the EGFP mRNA in
HeLa cells (Fig. 3C, Top, compare +ON-EGFP with +ON-EGFP
+As III) and HEK293-T (Fig. 3C, Bottom) cells.
Finally, to confirm that the increased nuclear function extended

to endogenous miRNAs, we selected two separate systems that
rely on miRNA-guided target suppression in the nucleus of the
CDR-1-AS and the noncoding Malat-1 RNAs. CDR-1-AS (or
ciRS-7) is the circular, naturally occurring antisense RNA product
of the CDR-1 gene and acts as a sponge of cellular miR-7. This
leads to increased expression of the miR-7–targeted transcripts
(37–39). CDR-1-AS is, in turn, targeted in the nucleus by miR-
671, whose binding supports Ago-2 cleavage and the subsequent
destruction of the sponge (37). Reduction of CDR-1-AS results in
destabilization of the CDR-1 sense strand, an mRNA localized to
the cytoplasm (37). We predicted that treating cells with As III
would result in increased migration of miR-671 to the nucleus,
followed by the targeting of CDR-1-AS and the subsequent re-
duction of the CDR-1 mRNA. The second system we investigated
is based on miR-9 regulation of Malat-1 gene expression, which
has been shown to also occur in the nucleus (40). Similar to the
CDR-1 mRNA, the Malat-1 RNA should be suppressed by
treatment of cells with As III and the resultant shuttling of miR-
9 to the nucleus. As hypothesized, both CDR-1 and Malat-1 gene
expression was silenced as a function of increasing As III con-
centrations (0.5–1.5 μM), while the expression of HDAC-2 mRNA,
which is conventionally targeted by miRNAs in the cytoplasm,
did not significantly change (Fig. 4E).
The silencing of Malat-1 and CDR-1 was reverted by trans-

fecting the miR-9 or miR-671 antagomir, respectively, before As
III treatment (Fig. 4F), indicating that the miR-directed target
reduction is specific.
The miR-671 degradation of the CDR-1 sponge would pre-

dictably increase the available miR-7 in the cytoplasm, thus
enhancing miR-7 regulation of its targets. Under our experimen-
tal conditions, decreased CDR-1 expression was consistently

Fig. 4. Cellular stress promotes the nuclear translocation of a YB1 complex
containing miRNAs, siRNAs, and ONs. Nuclear (Nc) and cytoplasmic (Cy)
fractions of HeLa cells with (+) or without (−) As III and ON treatment, fol-
lowed by (A) Western blot analysis and (B and D) Northern blot analysis for
the detection of YB1 (A), ON (B), or miR16 and miR29b (D). Antibodies
specific for H2AX and GAPDH were used to assess the purity of the protein
fractions, and γ-32P–labeled probes base-pairing to the U6 snRNA and
tRNAlys were used for the RNA/ON fractions. (C) Northern analysis of RNA
and ON extracted from YB1 immunoprecipitated samples (YB1 IP) that were
harvested from lysates of untreated (Mock) or treated (+ON) HeLa cells. The
starting input for the IPs is shown. The γ-32P–labeled probes were used to
detect ON, miR29b, and miR16 as indicated. (E) RT-PCR detection of the
reduction of miR671- and miR9-regulated nuclear RNA target (CDR1 and
Malat-1, respectively) levels in HEK293-T cells treated with different con-
centrations (0.5 μM, 1 μM, and 1.5 μM) of As III. Amplification of a miRNA-
regulated cytoplasmic target (HDAC) was used as a control and did not
significantly change at 1 μM and 1.5 μM As III concentrations (Student’s
t test, compared with untreated control and based on the mean value ± SD;
n = 3; P = 0.0002 and P = 0.012, respectively). (F) RT-PCR detection of
CDR1 and Malat-1 expression levels in HEK293-T cells treated with As III
(1.5 μM) and either an miR9- or miR671-specific miRNA antagomir. Cntrl, Control.
(G) RT-PCR detection of the expression levels of the miR7 cellular targets
PAX6 and CCND1 in HEK293-T cells treated with increasing concentrations
(0.5 μM, 1 μM, and 1.5 μM) of As III. Graphs represent three technical repli-
cates. Three biological replicates were performed in triplicate for each
treatment. Consistent results were obtained.
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mirrored by the suppression of PAX-6 and by an increase in ex-
pression of CCND1 (Fig. 4G), both of which are miR7 targets (41,
42). CCND1 expression has been shown to be activated by miR7
via suppression of KLF4, a negative regulator of CCND1 ex-
pression (42, 43).

ONs and Ago-2 Colocalize in SGs and in the Nucleus. Our data sup-
port the occurrence of a YB1/Ago-2 interaction that shuttles
siRNAs and miRNAs into the nucleus, likely as a mechanism of
gene regulation in response to cellular stress. ONs delivered by
gymnosis hijack this pathway to reach the nucleus. To examine
where within the cell the interaction between ONs and this en-
dogenous cellular pathway occurs, we delivered 5′-Cy5–labeled
ONs to cells with and without As III treatment and performed an
immunofluorescence assay using anti–Ago-2–specific antibodies
(Fig. 5A).
The Cy5-ONs and Ago-2 colocalized to the perinuclear region

and the nucleus, where nuclear speckles can be seen (Fig. 5A,
Middle, white arrows). However, the nuclear colocalization of
Ago-2 with the ONs significantly increased after As III treatment
(Fig. 5A, Bottom, white arrows). Since this complex responded to
cellular stress, we speculated that the structures observed in the
perinuclear region of the cells largely represented SGs. YB1 and
Ago-2 are known to localize with both p-bodies and SGs (27, 44),
and these compartments seem to physically interact and share
their contents (44, 45). Of note, we previously demonstrated
substantial localization of ONs in p-bodies and in nonidentified
cytoplasmic structures (5).
We visualized the SGs in HT1080 cells using an SG marker,

fluorescent G3BP protein, and delivered the 5′-Cy5–labeled ONs
via gymnosis. The colocalization of the 5′-Cy5–labeled ONs to
the SGs, as well as their shuttling to the nucleus, was enhanced
by doubling the ON concentration (from 1 to 2 μM; Fig. 5B,
compare second and third rows) and by As III treatment (Fig.
5B, compare second and fourth rows).

Additional Proteins Bind to YB1/Ago-2/miRNAs to Generate a Shuttling
Stress-Induced Response Complex. The YB1/Ago-2 complex, in ad-
dition to nucleolin and Ago-1 (shown in this work), would be

expected to include other proteins, some of which would likely
be involved in gene regulation as a response to cellular stress.
These proteins would likely not have been identified in the
original mass spectrometry analysis, which was not performed
under stress conditions. Based on the known interactions of
proteins with ONs and/or YB1 and Ago-2, we analyzed Ago-
1 and Ago-2 IPs from the lysates of untreated or ON- and As
III-treated cells for the presence of additional proteins present
in the stress-induced response complex (SIRC) (Fig. 6 A
and B).
We confirmed the interaction of Ago-2 with the Smad com-

plex by immunoblotting the IPs with antibodies specific for
Smad-1, Smad-3, and Smad-4. The binding of Smad-1 and Smad-
4 to Ago-2 significantly increased upon stress [compare Fig. 6 A
with B, SIRC]. The nuclear protein FUS quickly associates with
cytoplasmic SG during cellular stress (46) and affects miRNA
biogenesis (47). Furthermore, FUS binds to RNA and single-
and double-stranded DNA.
Under normal growth conditions, there is only a minimal as-

sociation of FUS with the Argonaute complex (Fig. 6A). Its as-
sociation with Ago-2 increases upon the induction of stress
(compare Fig. 6 A, FUS, Ago-2 IP with B, FUS, Ago-2 IP). This
same shift in Ago-2 association could also be seen for (i) CTCF,
a master regulator of transcription that has been shown to in-
teract with YB1 (48) and the Smad proteins (49); (ii) Ago-1; and
(iii) TNRC6A, a GW182 protein that localizes to p-bodies and is
capable of shuttling active RNAi factors and miRNAs into the
nucleus (2, 50). The association of Ago-2 with Smad-3 and
nucleolin was not affected by stress (Fig. 6 A and B). The input
controls for these experiments are shown in SI Appendix,
Fig. S11.

Discussion
It is well established that ONs are highly potent in the cell nu-
cleus. However, it is unclear why and how they translocate to that
cellular compartment since they can effectively function in the
cytoplasm (5). Because of their charge and their ensuing ability
to bind heparin-binding cellular proteins, PS ONs (e.g., PS-LNA-
ONs) can enter cells and hijack endogenous miRNA pathways

Fig. 5. ONs colocalize with Ago-2 in perinuclear SGs and in the nucleus, where they translocate as a result of As III treatment. (A) Immunofluorescence (IF)
assay of HeLa-EGFP-654 cells treated with 1 μM SSO-654 spiked with 50 nM Cy5-labeled ON, with or without 1 μM As III treatment. Cells were fixed before
Ago-2 antibody staining and confocal Z-section imaging. (Left and Center) Treatments are indicated. (Right) Merged images are shown. (Top) Ago-2 (green)
cellular distribution in the absence of ON. (Middle) Ago-2 (green) and ON (magenta) with mostly perinuclear colocalization. This appears as a pink/white color
in the merged image. (Bottom) Strong nuclear colocalization in cells in which the ON delivered by gymnosis was combined with As III treatment. Cell nuclei
were stained by DAPI. The images were taken 24 h after ON delivery. (B) Perinuclear localization of the ON overlaps with G3BP, an SG marker. The first row
shows a few SGs (green) in untreated HT1080 cells (G3BP-Cntr). The second row shows mostly perinuclear colocalization of 1 μM ON (magenta) with G3BP
(green). The third row shows increased colocalization and when 2 μM ON was delivered to the cells. The fourth row shows the greatest ON-G3BP perinuclear
and nuclear colocalization (pink/white) following As III treatment. The last column (merged-Z) for all rows shows a zoomed section (magnification: 630×) of
the merged images. All micrographs are confocal Z-section images. White arrows highlight colocalization. (Magnification: 400×.)
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(5). The miRNAs also shuttle to and function in the nuclear
compartment (3, 51). A small miRNA subset has been proven to
participate in the cellular stress response (52).
In this work, we show that the translocation of these small

nucleic acids into the nucleus seems to be a general response to
cell stress, which triggers formation of the SIRC. This complex
contains both shuttling and gene expression modulator proteins
(Fig. 6 and SI Appendix, Fig. S11). We also established an in-
teraction between Ago-2 and YB1 (Fig. 1) that increases as a
response to cell stress (Fig. 2) and leads to the translocation of the
SIRC into the nucleus (Figs. 2, 4, and 5). The SIRC may include
miRNAs and ONs (Figs. 4 and 5); a surge in nuclear shuttling
corresponds to a proportional rise in the nuclear function of ONs,
siRNAs, and miRNAs (Figs. 3 and 4 and SI Appendix, Figs. S5, S6,
and S8). The cytoplasmic function of ONs and siRNAs appears to
decline concomitantly (Figs. 3 and 4). The loss of cytoplasmic
miRNA potency is consistent with the previously observed nuclear
relocalization of Ago-2 and decreased cytoplasmic RNAi, all of
which are linked to cell stress (53). Our results also support the
initial formation of the SIRC, including the binding to ONs, and
possibly to miRNAs, to be occurring in cytoplasmic SGs (Fig. 5B).
The data reported in this work could help explain why the in-
tracellular localization of ONs appears to be different based on
the mode of delivery. Gymnosis (which, by itself, at lower ON
concentrations and shorter treatment times is not a significant
stressor) results in predominantly perinuclear localization of the
ONs. This is in contrast to lipofection, which is a potent cell
stressor, and directs the ONs to the nucleus (5).
We propose a model (Fig. 6C) in which cell stress induced by

ONs and/or As III treatment leads to the formation of SGs,
where the interaction between the ONs, siRNAs, or miRNAs
with Ago-2, YB1, FUS, and TNRC6A first occurs. Consistent
with this model is the observation that the binding of FUS and
TNRC6A to Ago-2 increases upon cell stress (Fig. 6). Notably,
TNRC6A has been proposed to mediate miRNA-directed nu-
clear silencing by transporting Ago-2 to the nucleus (50) and its
return to the cytoplasm via a CRM1 (Exportin1) interaction (50).

We previously reported that mature, shuttling miRNAs also
return to the cytoplasm via CRM1 (51).
We suggest that cell stress leads to phosphorylation of the R-

Smads (Smad-1/5/8) and their binding to Smad-4 (30) and the
SIRC, followed by the nuclear relocalization of this complex
(Fig. 6C). Smad-1 has also been shown to interact with CRM1
(54). Once in the nucleus, Smad-4 binds Smad-3, normally found
predominantly in the nucleus. Subsequent to this binding, Smad-
4 could be retained in this compartment (30), together with the
SIRC (Fig. 6C).
Smad-1 and Smad-4 are important transcription regulators

that can induce or repress a number of transcripts. These pro-
teins, together with CTCF, a master regulator of transcription,
would allow the cell to have a wide-ranging stress response,
which we speculate may include chromatin remodeling. It is in-
teresting to point out that the TNRC6 family contains homolo-
gies to domains of the Schizosaccharomyces pombe Tas3 and
Chp1 proteins, which are part of the RNA-induced transcrip-
tional silencing complex (55). Further investigation is needed,
however, to confirm the existence and validity of this model as a
general cell stress response mechanism.
miRNAs play crucial roles in modulating gene expression.

Their deregulation has been shown to be a hallmark of cancer
and other diseases. Furthermore, nuclear long ncRNAs like
Malat-1 have been implicated in promoting tumor metastasis
(56) and are promising therapeutic targets for the inhibition of
tumor progression. We have shown that small, and thus clinically
relevant, concentrations of As III can induce SIRC formation
and can shuttle siRNAs, miRNAs, and ONs delivered by gym-
nosis to the cell nucleus. As a result, the potency of nuclear
targeting is significantly increased by As III treatment. This is
also an important finding with respect to ONs, whose gene si-
lencing function relies on nuclear RNase-H activity. Improving
nuclear targeting by increasing their local concentration could
diminish the need for escalating ON doses, which may result in
toxicity. A combinatorial strategy employing small nucleic acids
and As III may have therapeutic potential, considering that As

Fig. 6. SIRC includes Argonautes, transcription factors, and splicing regulators. (A) Anti-Flag antibodies were used to immunoprecipitate Ago-1, Ago-2, and
the Flag-control from lysates of cells maintained under normal growth conditions. Specific antibodies were used to detect the presence of additional proteins,
as indicated. (B) Experiment shown in A was performed in parallel using lysates of cells grown under stress conditions. (C) Model of SIRC assembly in which
cellular stress (also caused by delivery of ONs and siRNAs) leads to localization of ON, siRNAs, and miRNAs first to SGs and then to cell nuclei.
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III at low concentrations is a U.S. Food and Drug Administration-
approved antileukemia drug (33, 57).

Materials and Methods
Cells, Culture Conditions, and Reagents. For most of the experiments, cells
were grown in DMEM (Media Tech/Cellgro) supplemented with 10% FCS
(Gemini), 1 mM L-glutamine, and 10% nonessential amino acids. The pros-
tate cancer cell lines LNCaP were grown in RPMI 1640 (Media Tech/Cellgro)
supplemented with 10% FBS and 2 mM L-glutamine. Cultures of all cell lines
were maintained at 37 °C in a humidified 5% CO2 incubator.

Cells were seeded at ∼50% confluency 24 h before treatment or seeded at
80% confluency for immediate treatment. Varying concentrations of ONs, as
indicated above, were added to the culture medium for gymnotic delivery
or, alternatively, for transfection as indicated below. The cells were further
incubated for 48 h, after which time they were collected for analyses. The
HEK293 Tet-inducible cells were seeded in six-well plates at 50% confluency
in DMEM [Media Tech/Cellgro containing 10% Tet-free FBS (Clontech)].
Twenty-four hours after seeding, cells were treated with doxycycline (5 μg/mL)
for an additional 48 h. The medium was then replaced, and 1 μM ON (ON-1)
was added. Six hours later, the doxycycline was reintroduced, and cells were
collected and fractionated after an additional 48-h incubation. The experi-
ment was confirmed with a different ON (ON-2) nontargeting sequence. All
ONs were PS-LNA–modified. The 2′O-methyl modifications were incorporated
into the last two nucleotides (overhangs) of the siRNAs and into every nu-
cleotide of the antagomirs to improve target binding and/or the stability of
the RNA duplex. The sequences of the miRNA probes are fully complementary
to the antisense (active) miRNA strand. All other ON sequences used in this
work are listed in SI Appendix, Table S1.

AS III (As2O3) was purchased from Sigma–Aldrich and dissolved in a
minimal volume of 1 M sodium hydroxide (NaOH). The arsenite solution
(referred to as As III) was then diluted with PBS to a 10 mM concentration
and used as a stock solution.

GFP (sc-9996), FUS/TLS (sc-373888), and SMAD4 (sc-7967) antibodies were
purchased from Santa Cruz Biotechnology; anti–α-tubulin antibody was pur-
chased from Sigma–Aldrich; and c-myc antibody was purchased from Thermo
Fisher (MA1-980). The nucleolin (ab22758), TCP1 (ab92746), CTCF (ab70303),
YB1 (ab76149), SMAD3 (ab40854), Ago-2 (ab57113), SMAD1 (ab126761),
CBX1/HP1 beta (ab10478), and KU-70 (ab108604) antibodies were purchased
from Abcam; the Ago 1 (04-083 6d8.2) antibody was purchased from EMD
Millipore; the FLAG (8146S) antibody was purchased from Cell Signaling; and
the TNRC6A antibody was purchased from Bethyl Laboratories. The PLA an-
tibodies were anti-YB1 (ab12148; Abcam) and anti–Ago-1 (015-22411; Wako)
or anti–Ago-2 (011-22033; Wako and ab57113; Abcam). Secondary antibodies
against rabbit (sc-2370) and mouse (sc-2060) primary antibodies were
obtained from Santa Cruz Biotechnology.

Plasmids, siRNA, mRNA Transfections, and Gymnotic Delivery of ONs. Cell were
seeded at 50% confluency in DMEM containing 10% FBS 24 h before trans-
fection. Five micrograms of the various plasmids per six-well dish was trans-
fected using Lipofectamine 2000 or 3000 (Life Technology) as recommended by
the manufacturer. The siRNAs were delivered at a final concentration of 20–
50 nM using TransIT siQUEST (Mirus Bio LLC) or Lipofectamine 3000 through
a reverse-transfection procedure, as recommended by the manufacturers.
For the experiment shown in Fig. 3 F and G, 40 nM anti-EGFP siRNA or a
nontargeting siRNA control were reverse-transfected into HT1080 or HEK293-
T cells for 5–6 h, after which the medium was removed and cells were washed
two to three times with PBS. Fresh medium with or without 1.5 μM As III was
then added to half of the samples for overnight treatment. Following this
treatment, the As III was removed by washing the cells once with PBS and
adding fresh medium. One hundred nanograms of EGFP mRNA was immedi-
ately delivered to the cells with Lipofectamine 2000 for 4 h, after which
fluorescence images were acquired with an EVOS FL cell imaging microscope
(Thermo Fisher). A similar protocol was used for the ONs (Fig. 3C). ONs were
delivered via gymnosis to HeLa or HEK293-T cells at ∼50% confluency, im-
mediately after seeding the cells, at a concentration of 1 μM. After ∼18 h, the
cells were lifted and reseeded in 96-well plates. Half of the samples were
treated with 1.5 μM As III and incubated overnight. The following day, cells
were washed with PBS to remove the As III, incubated for ∼30 min with fresh
medium, and transfected with 100 ng of EGFP mRNA (complexed with Lip-
ofectamine 2000) for 3 h. After this time, cells were washed with PBS; fresh
medium, with or without As III, was added for an additional 5-h incubation.
Fluorescence images were acquired with an EVOS FL cell imaging microscope.
In all other experiments where As III treatment was performed, the As III
was added to the cells at the time of seeding. In our experimental systems, 1–
1.5 μM concentrations of As III consistently gave the best results. However,

optimal concentrations and time of treatment could vary based on the cell line
used and must be determined empirically.

Cytoplasmic and Nuclear Fractionations. Cells were briefly treated with
trypsin-EDTA and gently resuspended in DMEM. They were then spun down
in Falcon tubes for 4 min at 225 relative centrifugal force (rcf) in a Beckman
tabletop centrifuge, washed once with PBS, and spun again for 5 min at
225 rcf. After completely aspirating the PBS, 800 μL of hypotonic buffer
[10 mM Hepes (pH 7.9), 1.5 mM MgCl2, 10 mM KCl] was added to each
sample; the pellet was then gently resuspended, transferred to a microfuge
tube, and placed in ice for 2 min. During the remainder of the protocol,
samples were kept in ice and spun at 4 °C. Ten percent Nonidet P-40 was
added to a final concentration of 0.4%. Samples were inverted several times
and spun at 900 rcf for 5 min. Of the supernatants (cytoplasmic fractions),
400 μL was collected for RNA processing and ∼300 μL was processed for
protein extraction. Samples were quickly spun again (900 rcf for 10 s) to
remove any leftover supernatant. Then, the pellet (nuclear fraction) was
gently resuspended in 500 μL of hypotonic buffer and spun at 900 rcf for
2 min. This washing step was repeated three times. At the final wash, 250 μL
of hypotonic buffer was transferred to an additional a fresh microfuge tube
and mixed with 250 μL of high-salt buffer [30 mM Hepes (pH 7.9), 1.5 mM
MgCl2, 800 mM NaCl, 0.4 mM EDTA (pH 8.0)], 4% Nonidet P-40, and freshly
added Complete Mini EDTA-Free Protease Inhibitor Mixture (Roche Diag-
nostics); vortexed; incubated on ice for 30 min; and quickly sonicated.
Samples were spun at 23,100 rcf for 30 min, and the supernatants were
collected for protein analysis. The other 250 μL of the nuclear fractions in
hypotonic buffer was used to extract RNA. The samples were spun down at
900 rcf for 2 min and, after removal of the supernatant, briefly spun once
again to remove any remaining buffer. To obtain cytoplasmic and nuclear
RNA, the fractions were processed following the RNA STAT-60 (TEL-TEST B)
protocol as recommended by the manufacturer (AMS Biotechnology).

Co-IP. Stable cell lines expressing FLAG-tagged Ago-1, Ago-2, Ago-3, or Ago-
4 or a control ORF-FLAG of the same size as the Ago coding sequence (Mock)
were seeded at 50% confluency in 10-cm dishes. Approximately 18 h later,
1 μM ON (final concentration) was added to the medium for gymnotic de-
livery or lipofected as described above, with or without As III treatment.
Forty-eight hours later, the medium was removed and the cells were washed
twice with 10 mL of cold PBS. One milliliter of cold low-salt lysis buffer
[50 mM Tris (pH 8.0), 5 mM EDTA, 10 mM NaCl, 0.1% Nonidet P-40] with 1×
protease inhibitors (cOmplete Mini; Roche Diagnostics) was added to the
plates. The plates were kept in ice while cells were scraped and collected into
microfuge tubes. Samples were incubated in ice for 30 min and then frozen
in liquid nitrogen. The samples were subsequently thawed in cool water and
drawn up and down in a narrow-gauge needle (27G1/2 309602; Becton
Dickinson) five to six times to ensure complete cell lysis. Cell debris was
collected by spinning samples in a microfuge tube at 4 °C at top speed for
5 min. The supernatant/lysate was then transferred to a new tube.

The lysates used for the YB1 co-IPs were obtained by adding high-salt
buffer [135 mM NaCl, 1% Nonidet P-40, 20 mM HCl·Tris (pH 7.5)] and 1×
protease inhibitor (5056489001; Roche Diagnostics) directly to the PBS-
washed cells, which were kept on ice for ∼30 min. Lysates were assayed
for protein concentration using a DC Protein Assay kit (500-0111; Bio-Rad
Laboratories). A total of 0.5–2 mg of protein was transferred to microfuge
tubes and rotated overnight at 4 °C. The YB1-specific antibody was added at
a 1:250 dilution. IgG, a nonspecific antibody of identical isotype and species,
was added to the negative control samples. The Flag-Ago proteins were
coimmunoprecipitated by adding 50 μL of 50% anti-Flag M2 beads (F3165;
Sigma–Aldrich) to the samples as recommended by the manufacturer. The
beads were pelleted by spinning at 4 °C at 685 rcf for 1 min. The super-
natants were removed, and pellets were washed three times with wash
buffer [50 mM Tris (pH 8.0), 5 mM EDTA, 150 mM NaCl]. After the final wash,
the immunoprecipitated complex was released from the beads by adding
25 μL of 3× Flag cleaving peptide (F4799; Sigma–Aldrich) or resuspended in
loading buffer. For RNA and ON analysis, the supernatants were collected by
a 2-min centrifugation at 845 rcf, fractionated in 7 M urea using 8% PAGE,
and transferred onto a Hybond-N+ membrane (Amersham-Pharmacia Bio-
tech). A 32P-radiolabeled 21mer probe complementary to the endogenous
miRNA guide sequences or a 32P-radiolabeled 16mer probe complementary
to the ONs was used for the hybridization reactions, which were performed
for 16 h at 37 °C. A 32P-radiolabeled 25mer probe (5′-TATGGAACGCTTCTC-
GAATT) complementary to a sequence present in the U6 small nuclear RNA
or a 21mer (5′-GGACCCTCAGATTAAAAGTCTGATGCTC) probe complemen-
tary to a sequence present in tRNAarg was used as a control to establish the
purity of the nuclear-cytoplasmic fractions.
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For protein analysis, samples were resuspended in 2× SDS/PAGE sample
buffer [62.5 mM Tris·HCl (pH 6.8), 2% SDS, 10% (vol/vol) glycerol, 0.002%
bromophenol blue, 5% 2-mercaptoethanol], boiled for 5 min, and separated
by 10% SDS/PAGE. The co-IPs were performed a minimum of two times for
each experiment with an identical outcome.

Western Blot Analysis. Cells were generally harvested 48 h after treatment
with trypsin digestion and washed once with PBS. Cell pellets were lysed in
cold radioimmunoprecipitation assay buffer (RIPA) containing protease in-
hibitors, sonicated for 2 s, and placed on ice for 5 min. After removal of the
cell debris by centrifugation, protein concentrations were determined using
a Pierce BCA Protein Assay kit (Thermo Fisher Scientific). Aliquots of cell
extracts containing 25–50 μg of protein were resolved by 10% SDS/PAGE and
imaged by an ECL or Odyssey system. The dilution of the various antibodies
followed the manufacturers’ instructions. The monoclonal mouse anti-human
α-tubulin antibody (Sigma–Aldrich) was added at a 1:4,000 dilution in TBS-
Tween containing 5% fat-free dry milk. The secondary ECL anti-mouse IgG-
HRP (GE Health Care) whole antibody was added at a 1:7,000 dilution. Protein
signals on the blot were quantified with the ImageJ program (NIH), and
protein expression was normalized to control (100%). Numbers were de-
termined using ImageQuant software in a nonsaturation range and after
subtracting the background signal.

Quantitative RT-PCR. RNA was extracted from cells using RNA-STAT 60 as
recommended by themanufacturer. The RNAwas treatedwith Turbo DNase I
(Ambion) to eliminate residual DNA according to the manufacturer’s in-
structions. First-strand cDNA was obtained by reverse-transcribing 2 μg of
total RNA with iScript Reverse Transcriptase (Bio-Rad). Fifty nanograms of
the resulting cDNA was analyzed via quantitative RT-PCR using SsoAdvanced
SYBR Green Supermix (Bio Rad) with the corresponding specific primer sets.
The PCR reactions were performed for 40 cycles at an annealing tempera-
ture of 60 °C for 30 s to 1 min, followed by a melting curve analysis. The
mRNA levels were normalized to the endogenous GAPDH or HPRT mRNA,
which served as an internal control. Numbers were determined from the
calculated threshold cycle using iCycler iQ Real-time Detection System soft-
ware. Each sample was analyzed in triplicate.

Flow Cytometry Analysis and Cell Viability. Flow cytometry data were collected
by a CyAn Flow Cytometer (Beckman Coulter) and were analyzed by the
FlowJo program (Tree Star, Inc.) to determine fluorescence intensity vs. cell
number. For cell viability assays, harvested cells were resuspended in PBS
containing 1 μg/mL DAPI (Molecular Probes). Cell growth and proliferation
were assayed by staining with sulforhodamine B. Absorbance determined at
510 nm by a microplate reader.

PLA. HeLa cells were fixed in 3.7% formaldehyde for 10 min at room tem-
perature and permeabilized by 0.3% Triton X-100 solution in PBS. After
washing three times with PBS, a standard PLA procedure was performed as
recommended by the manufacturer (DUO92102; Sigma–Aldrich). In brief,
cells were treated with blocking solution for 1 h. One of the primary anti-
bodies (anti-YB1, anti–Ago-1, anti–Ago-2, Smad-1, or Lamina-1) was diluted
1:200 and added to the cells for an overnight incubation at 4 °C. Diluted (1:5)
PLA probes were added to the cells after two consecutive 5-min washes
(wash buffer A) and incubated for 1 h at 37 °C. Following an additional
5-min wash with buffer A, diluted (1:5) ligation stock was added to the
samples and the incubation was extended for an additional 30 min. Cells
were washed twice for 2 min with buffer A. The amplification step was
performed by applying a mix of 1:5 diluted amplification stock and 1:80 di-
luted polymerase to the cells and incubating for 100 min at 37 °C. Cells were
washed with buffer B several times and mounted for imaging using Duolink
In Situ Mounting Medium with DAPI. After ∼15 min, Z-section fluorescent
images were acquired with a Zeiss LSM880 confocal microscope using a Plan-
Apochromat 20×/0.8 N.A. objective.

SG Imaging and Immunofluorescence. HT1080 cells were seeded on a 96-well
plate and transfected with 100 ng of the pCMV6-AC-GFP plasmid expressing
G3BP1 (NM_005754; OriGene), an SG marker, using Lipofectamine 3000. One
micromolar Cy5-ONwas delivered by gymnosis ∼2.5 h after transfection, with
or without 1 μM As III. Twenty-four hours later, cells were harvested by
trypsin digestion and reseeded into 24-well glass-bottomed plates (MatTeck
Corporation). The As III treatment was continued for an additional 24 h,
after which the cells were stained with Hoechst 33342 (Thermo Scientific
Pierce) and fixed with 4% paraformaldehyde at room temperature for
10 min. Cells were washed once and stored in PBS at 4 °C. Z-section images
were acquired using a Zeiss confocal microscope.

For the immunofluorescence analysis, HeLa cells were treated with 1 μM
ON and 50 nM Cy5-ON, delivered by gymnosis, with or without 1 μMAs III for
24 h. Cells were fixed with 4% paraformaldehyde and permeated with 0.5%
Triton X-100 before antibody staining. The Ago-2 antibody (ab57113;
Abcam) was used at a dilution of 1:100, and the secondary antibody (Alexa
Fluor 555 conjugate, no. 4409; Cell Signaling) was used at a 1:500 dilution.
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