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ABSTRACT

RNase H1-dependent, phosphorothioate-modified
antisense oligonucleotides (PS-ASOs) can enter
cells through endocytic pathways and need to be
released from the membrane-enclosed organelles,
a limiting step for antisense activity. Accumulating
evidence has suggested that productive PS-ASO re-
lease mainly occurs from late endosomes (LEs).
However, how PS-ASOs escape from LEs is not well
understood. Here, we report that upon PS-ASO incu-
bation, COPII vesicles, normally involved in ER–Golgi
transport, can re-locate to PS-ASO-containing LEs.
Reduction of COPII coat proteins significantly de-
creased PS-ASO activity, without affecting the levels
of PS-ASO uptake and early-to-late endosome trans-
port, but caused slower PS-ASO release from LEs.
COPII co-localization with PS-ASOs at LEs does not
require de novo assembly of COPII at ER. Interest-
ingly, reduction of STX5 and P115, proteins involved
in tethering and fusion of COPII vesicles with Golgi
membranes, impaired COPII re-localization to LEs
and decreased PS-ASO activity. STX5 can re-locate
to LEs upon PS-ASO incubation, can bind PS-ASOs,
and the binding appears to be required for this path-
way. Our study reveals a novel release pathway in
which PS-ASO incubation causes LE re-localization
of STX5, which mediates the recruitment of COPII
vesicles to LEs to facilitate endosomal PS-ASO re-
lease, and identifies another key PS-ASO binding
protein.

INTRODUCTION

Antisense oligonucleotides (ASOs) have been developed
and used as both research tools and therapeutic agents by
modulating gene expression via different mechanisms, and
several ASO drugs have been approved by FDA and mul-

tiple drugs are on clinical trials to treat various diseases
(1–5). RNase H1-dependent ASOs are designed as gap-
mer configuration, with ∼10 deoxynucleotides in the cen-
ter to support RNase H1 activity to degrade target RNAs,
and the flanking sequences (3–5 nts at each end) contain
2′-modified nucleotides to enhance drug performance (6).
Commonly used 2′ modifications include but not limited to
2′-O-methyloxylethyl (MOE), constrained ethyl or locked
nucleic acids (LNA). In addition, ASOs are linked with
phosphorothioate (PS) backbone, which has been shown to
ensure efficient ASO delivery and cellular uptake, in addi-
tion to other pharmacological benefits (7–9).

PS-ASOs exhibit stronger binding affinity to proteins rel-
ative to phosphodiester (PO) backbone ASOs, and ASO–
protein interactions can affect ASO performance, which
is also influenced by other factors, such as RNA struc-
ture, splicing and translation (3,10–16). The tighter protein
binding property can prevent PS-ASOs from being excreted
and ensure sufficient ASOs reach target tissues to achieve
pharmacological activities (17,18). PS-ASOs can interact
with cell surface proteins, e.g. stablin, asialoglycoprotein
receptor (ASGR) and Epidermal growth factor receptor
(EGFR), which can mediate ASO uptake mainly through
endocytic pathways (19–21), although ASOs can also en-
ter cells via macropinocytosis especially at high ASO con-
centrations (9,22–24). After internalization, however, only
a small portion of cellular ASOs appear to be active, as the
majority of ASOs remain entrapped in membrane-enclosed
organelles (25). Thus, ASO release from endocytic pathways
is a major limiting factor for ASO delivery to target RNAs
(9,26,27).

Internalized ASOs can traffic through early endosomes
(EE) within 10–30 min, transport to late endosomes (LEs)
within 20–60 min and ultimately reach the lysosomes (9,28).
Previous studies suggested that ASOs present in lysosomes
are not active, and ASO release that leads to antisense ac-
tivity (productive release) most likely occurs from LEs, and
not from EEs (9,25,28–31). We recently found that upon
ASO incubation, Annexin A2 (ANXA2), a lipid binding
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protein that localizes to EE and is required for EE to LE
transport (32), re-located to LE and was present on LEs
and at intraluminal vesicles (ILVs) inside LEs, or multivesic-
ular bodies (MVBs) (28). Reduction of ANXA2 delayed
ASO trafficking from EE to LE and reduced ASO activ-
ity. Kinetic studies suggested that productive ASO release
mainly occurs from LEs, and can be mediated by a back-
fusion process involving the fusion of ILV membrane and
LE limiting membrane, leading to the release of ILV con-
tents (9,28,30). Further, we demonstrated that lysobisphos-
phatidic acid (LBPA), a late endosome/ILV specific lipid, is
involved in ASO release from LEs and can affect ASO ac-
tivity (30). LBPA is required for LE membrane deformation
and for ILV formation (33). Inactivation of LBPA using an
antibody or reduction of the LBPA level by small interfering
RNA (siRNA)-mediated reduction of ALIX (ALG-2 inter-
acting protein X) decreased ASO activity and localization
in ILVs, without affecting ASO uptake (30). These results
further suggest that ASO release from LE via a back-fusion
process contributes to ASO activity. However, as not all LE-
localized ASOs are present in ILVs, and inhibition of LBPA
only partially reduced ASO activity, it is possible that mul-
tiple pathways of ASO release from LEs may exist that act
together to contribute to ASO activity (9). Nevertheless, in-
formation on the pathways of ASO release from LEs is still
very limited. Identifying new pathways and understanding
the detailed mechanisms of transport and release are thus
important for enhancing ASO release and therefore drug
potency.

Inside cells, multiple membraned vesicles exist that are
involved in different intracellular transport pathways of bi-
ological materials. One such vesicle is coat protein com-
plex II (COPII), which is required for anterograde trans-
port of many newly synthesized proteins from endoplas-
mic reticulum (ER) to Golgi, including membrane pro-
teins and secreted proteins (34–36). COPII vesicles are as-
sembled in a stepwise process on ER membranes, specifi-
cally the ER exit site (ERES), where cargo proteins emerge
(37–39). Initiation of COPII assembly requires the activa-
tion of the small GTPase Sar1 by SEC12, an ER-bound
transmembrane guanine nucleotide exchange factor for
Sar1 (40). COPII assembly may also require SEC16, an-
other ERES localized protein (41,42). Subsequently, pre-
assembled SEC23/SEC24 sub-complex interacts with Sar1,
forming a pre-budding complex. Next, SEC13/SEC31 sub-
complex joins and forms the outer layer coat. These five pro-
teins (Sar1, SEC23/SEC24, SEC13/SEC31) constitute the
minimum coat proteins of COPII vesicles, as determined in
in vitro reconstitution studies (38,43–45). After membrane
deformation, the cargo-containing COPII vesicles bud from
ER, traffic via the microtubule network, and reach the ER–
Golgi intermediate complex (ERGIC), where the cargo con-
tinues to move forward to Golgi and ultimately to its desti-
nation (36,46). The tethering and fusion of COPII vesicles
with Golgi membranes require additional proteins, such as
the docking protein P115 and the SNARE protein STX5
(47–51). The membrane materials return to the ER through
the retrograde transport pathway via coat protein com-
plex I (COPI) vesicles, which contain ARF1, another small
GTPase and other coat proteins such as coatomer subunit
beta (�-COP) (38).

To better understand how ASOs are released from
membrane-enclosed organelles and traffic inside cells, we
have been characterizing the effects of different transport
pathways on ASO activity and distribution. Here, we re-
port that upon ASO incubation, COPII vesicles can co-
localize with ASOs mainly at LEs. Such ASO/COPII co-
localization does not require de novo COPII assembly on
ERES, suggesting that budded COPII vesicles are recruited
to LEs upon ASO incubation. COPII/ASO co-localization
at LEs is affected by STX5 and P150, proteins involved in
normal COPII vesicle interactions with Golgi membranes.
STX5 binds to PS-ASOs and it can re-locate to LE upon
ASO incubation, likely mediated by ASO–protein interac-
tions. Importantly, reduction of COPII proteins, as well as
STX5 and P115, significantly reduced ASO activity. Kinetic
studies suggest that reduction of COPII proteins did not
affect ASO uptake and transport from EE to LEs, rather,
ASO release was decreased. Together, our results indicate
that COPII vesicles can be recruited to LEs in a STX5-
dependent manner, and can enhance ASO activity by facil-
itating ASO release from LEs.

MATERIALS AND METHODS

ASOs, siRNAs, antibodies and primer probe sets for qRT-
polymerase chain reaction (PCR) are listed in Supplemen-
tary Data.

Cell culture and transfection

HeLa, A431, HepG2 or SVGA astrocyte cells expressing
GFP-Rab7 (a kind gift from Dr Tomas Kirchhausen’s lab)
were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% fetal bovine serum (FBS), 0.1 �g/ml
streptomycin and 100 units/ml penicillin. Normal human
primary neonatal dermal fibroblast (HDFn) cells (Life
Technologies) were grown in 106 medium supplemented
with low serum growth supplements (Life Technologies).
Cells were seeded at ∼60% confluency and grown for 16 h
before transfection. siRNA was transfected into cells using
Lipofectamine RNAiMax (Life Technologies), at 3–6 nM
final siRNA concentration. For ASO activity assays under
free uptake, HeLa or A431cells were treated or not treated
with siRNAs for 48 h, or as indicated in figure legends. Cells
were then re-seeded in 96-well plates at ∼75% confluency.
After 8 h, ASOs were added to the medium and cells were
continued to grow for overnight before RNA preparation.
For ASO transfection, siRNA-treated cells were re-seeded
in 96-well plates, incubated for overnight, and ASOs were
transfected for 4 h using Lipofectamine 2000 (Life Tech-
nologies).

RNA preparation and qRT-PCR analysis

RNA preparation and qRT-PCR assay using TaqMan
primer probe sets were performed as described previously
(16). Briefly, total RNA was prepared using RNeasy mini
kit (Qiagen). qRT-PCR was performed in triplicate us-
ing StepOne Real-Time PCR system and TaqMan primer
probe sets with Ag-PathID™ One-step RT-PCR kit (Ap-
plied Biosystems). qRT-PCR in 20 �l reactions was per-
formed using the following program: 48◦C for 10 min, 94◦C
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for 10 min and 40 cycles of 20 s each at 94◦C and 60◦C. The
qRT-PCR results were quantified using StepOne Software
V2.3, calculated and plotted using Excel. Target RNA lev-
els were normalized to the levels of total RNA measured
using SYBR Green (Life Technologies). Statistics analysis
was performed using Prism, with F-test for curve compari-
son based on non-linear regression (dose–response curves)
for XY analyses, using equation ‘log(agonist) versus nor-
malized response –Variable slop’. The Y axis (relative mes-
senger RNA (mRNA) level) was directly used as the nor-
malized response.

Western analysis

Cells were collected using trypsin, or using scraper in
1× phosphate buffered saline (PBS) buffer when detect-
ing cell surface proteins, and washed once with 1× PBS.
Cell lysate was prepared using radioimmunoprecipitation
assay (RIPA) buffer (ThermoFisher) and cleared by cen-
trifugation at 10 000 × g for 10 min at 4◦C. Proteins
(20–40 �g/lane) were separated by 4–12% sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to membranes using iBlot transfer system (Life
Technologies), and proteins were detected with specific an-
tibodies, and visualized using enhanced chemiluminescence
(ECL), as described previously (13).

Immunofluorescent staining

Cells were washed with 1× PBS, fixed with 4%
paraformaldehyde for 0.5–1 h at room temperature and
permeabilized for 4 min with 0.1% Triton in 1× PBS. After
blocking at room temperature for 30 min with block buffer
(1 mg/ml bovine serum albumin in 1× PBS), cells were
incubated with primary antibodies (1:100–1:300) in block
buffer for 2–4 h, washed three times (5 min each) using
wash buffer [0.1% nonyl phenoxypolyethoxylethanol-40
( NP-40) in 1× PBS] and incubated for 1 h with secondary
antibody conjugated with fluorophores (1:200). After
washing three times, cells were mounted with Anti-fade
reagent containing DAPI (Life Technologies), and images
were acquired using confocal microscope (Olympus FV-
1000) and processed using FV-10 ASW 3.0 Viewer software
(Olympus). Z-stacks were generated from images taken at
0.1–0.11 �m depth per section, and 3D images or movies
were generated using FV-10 ASW-3.0 viewer. For early
time staining after ASO incubation (within 2 h), cells were
washed three times with acidic buffer (0.1 M acetic acid,
500 mM NaCl) and one time with 1× PBS, to remove cell
surface-associated ASOs before fixation. Quantification
of co-localization events was performed manually from
∼20 cells, by counting overlapping foci of which images
from both channel have clearly defined boundary without
saturation. Statistics analysis was performed based on
unpaired t-test using prism.

Affinity selection

Affinity selection using biotinylated ASO IONIS386652
was performed as described previously (52). Proteins were
eluted using PS-MOE gapmer ASO IONIS116847, or a 2′-
O-methylated PO-ASO XL273.

BRET assay for ASO-binding affinity to proteins

Amino-terminal NLuc fusions were created using the
vector pFN31K Nluc CMV-neo (Promega). Briefly,
Sar1a and SEC13 were amplified from the plasmids
RC201450 and SC111014 (Origene) using PCR. The
forward PCR primer was comprised of sequence following
the AUG start codon preceded by a XhoI site, whereas
the reverse primer was complementary to the sequence
preceding the stop codon followed by an EcoRI site. Sar1a
primers: N-F, 5′-gcattcgaCTCGAGCTCTTTCATCTTTG
AGTGGATCTAC; N-R, 5′- CTGGCTCTCCCAGTAT
ATTGACtaggaattcgcattcga. SEC13 primers: N-F, 5′-
gcattcgaCTCGAGCGTGTCAGTAATTAACACTGTGG
AT; N-R 5′-GCCAGCAGAACGAGCAGTGAtaggaattcg
cattcga. The PCR product was digested with XhoI and
EcoRI then ligated into the pFN31K Nluc CMV-neo
vector. A 6× HIS-tag (CAT CATCATCACCACCAC)
was inserted upstream of the NLuc cassette by site di-
rected mutagenesis using a Q5 Site-Directed Mutagenesis
Kit (New England BioLabs). STX5 (NM 003164) was
amplified by PCR from the full-length complementary
DNA clone (Origene SC118144). The forward PCR primer
(5′ gctagcAGCCACCATGATCC CGCGGAAACGCTA
-3′) was comprised of sequence complimentary to the
STX5 sequence, including the ATG start codon and
preceded by a Kozak sequence and an NheI site (GC-
TAGCAGCCACC), whereas the reverse primer (5′-
CATCTTTGTGGTCTTCCT TGCgactcgag) was comple-
mentary to the STX5 sequence up to amino acid 355, then
followed with an XhoI site. The PCR product was ligated
into NheI and XhoI sites of the NanoLuc expression vector
pFC32K Nluc CMV-Neo (Promega) with a 6× HIS-tag
(CATCATCATCACCACCAC) inserted downstream of
the NLuc cassette by site-directed mutagenesis using a Q5
Site-Directed Mutagenesis Kit (New England BioLabs)
according to the manufacturer’s protocol.

Fusion proteins were expressed by transfecting the plas-
mids into 6 × 105 HEK 293 cells using Effectene (Qia-
gen). Following a 24-h incubation, cells were collected by
trypsinization, washed with 1× PBS, then resuspended in
250 �l Pierce IP Lysis Buffer (Thermo Scientific). Lysates
were incubated 30 min at 4◦C while rotating, then debris
pelleted by centrifugation at 15 000 rpm for 5 min. The fu-
sion protein was purified by adding 20 �l HisPur Ni-NTA
Magnetic Beads (Thermo Scientific) and 10 mM imidazole
then incubating at 4◦C for 2 h. Beads were then washed four
times with 1× PBS + 10 mM imidazole and 0.01% Tween-
20. Fusion protein was eluted from the beads in 100 �l 1×
PBS + 200 mM imidazole, followed by dilution with 200 �l
IP buffer.

Bioluminescence resonance energy transfer (BRET)
binding affinity assays were performed as described (53).
Alexa-linked ASOs (766634) at the indicated concentrations
were incubated at room temperature for 15 min in 1× bind-
ing buffer with 106 RLU/well of Ni-NTA purified NLuc fu-
sion protein or whole cell lysate. Following the incubation,
NanoGlo substrate (Promega) was added at 0.1 �l/well.
Readings were performed for 0.3 s using a Glomax Discover
system using 450 nm/8 nm bandpass for the donor filter,
and 600 nm long pass for the acceptor filter. BRET was cal-
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culated as the ratio of the emission at 600/450 nm [fluo-
rescent excitation emission/relative light units (RLU)]. For
competitive binding assays, the Alexa-linked ASO (766635)
was added at approximately the kd, and the unconjugated
competing ASOs (XL948-XL952) added at the indicated
concentrations in 50 �l water. About 106 RLU/well of puri-
fied fusion protein or whole cell lysate well was then added
in 50 �l 2× binding buffer for a final volume of 100 �l. Af-
ter incubation at room temperature for 15 min, substrate
addition and BRET readings were carried out as detailed
above.

Glycoprotein protein staining

HeLa cells grown in 10 cm dishes with serum-free medium
(Life Technologies) were incubated with or without 10 �M
ASO116847 for 24 h, and 1 ml medium was collected and
cleared by centrifugation at 2000 × g for 4 min. Proteins
in the medium were precipitated using trichloroacetic acid
. Cells were collected using scrapper, washed and cellular
proteins were prepared using RIPA buffer. The precipitated
proteins from the medium and 30 �g cellular protein were
separated on a 4–12% SDS-PAGE gel. The gel was stained
for glycoprotein using Glycoprotein Detection Kit (Sigma).
Subsequently, the gel was stained again using Coomassie
blue to visualize total proteins.

ASO uptake assay

HeLa cells treated with different siRNAs for 48 h were re-
seeded in 96 plates, incubated for overnight and Cy3-labeled
PS-ASO (IONIS446654) was added to the medium. After 3
h, cells were washed with 1× PBS, trypsinized and resus-
pended in 1× PBS supplemented with 3% FBS for analysis
by flow cytometry using an Attune NxT Flow Cytometer
(ThermoFisher Scientific).

RESULTS

COPII vesicles can co-localize with ASOs

To better understand the mechanisms of ASO endocytic re-
lease and intracellular trafficking, we sought to determine
whether ASOs can co-localize with cellular vesicles other
than endosomal organelles. The active and dynamic traf-
ficking vesicles in the ER–Golgi transport pathways, in-
cluding the COPII vesicles mediating anterograde trans-
port and COPI vesicles mediating the retrograde trans-
port between ER and Golgi, appear to be attractive can-
didates. For this purpose, we stained a COPII coat pro-
tein, SEC31a, in HeLa cells incubated for 16 h with a Cy3-
labeled PS/MOE gapmer ASO (IONIS446654) by free up-
take, i.e. without transfection reagents. We note that PS-
backbone ASOs were used throughout the study, unless
specified. In addition, we recommend visualizing the confo-
cal images on screen for better resolution. Consistent with
previous observations (52), ASOs delivered by free uptake
were typically localized as punctate structures in the cyto-
plasm (Figure 1A). As expected, SEC31a localized both at

the perinuclear region and as punctate cytoplasmic struc-
tures, in agreement with previous reports (54). Surpris-
ingly, co-localization between ASO and SEC31a was read-
ily detected. However, not all ASO foci co-localized with
SEC31a, and not all SEC31a foci co-stained with ASOs,
suggesting that the observed co-localization between ASO
and SEC31a was not a staining artifact, e.g. channel cross-
talk. Indeed, similar co-localization was observed when us-
ing different fluorescent dyes (Supplementary Figure S1A),
or using a different SEC31a antibody (Supplementary Fig-
ure S1B). Treatment with a SEC31a-specific siRNA reduced
the mRNA level and the staining signal intensity (Sup-
plementary Figure S1C and D), validating the specificity
of the antibody staining. In addition, ASO-SEC31a co-
localization is not unique to this ASO sequence, as four
additional PS-MOE gapmer ASOs also showed similar co-
localization with SEC31a (Supplementary Figure S2A).
Such co-localization is not unique to PS-MOE ASOs, since
a 5-10-5 PS-LNA ASO co-localized with SEC31a as well
(Supplementary Figure S2B). Furthermore, ASO/SEC31a
co-localization was also observed using unlabeled ASOs
that were stained with a PS-ASO specific antibody (Sup-
plementary Figure S2C), suggesting the co-localization was
not a result of fluorophore labeling of the ASOs, consistent
with our previous observations that fluorophore labeled or
unlabeled ASOs localized similarly in cells and similarly
induced protein re-localization (52,55). However, no sub-
stantial co-localization between ASO and SEC31a was de-
tected when one channel (SEC31a) was rotated 90◦ (Sup-
plementary Figure S2D), indicating that the observed co-
localization was not a random coincidence.

To determine whether other COPII coat proteins also
co-localize with ASOs, HeLa cells were stained for Sar1,
a small GTPase in the inner layer of COPII vesicles. Co-
localization was detected between ASO and Sar1 protein
(Figure 1B). In addition, Sar1 and SEC31a co-localized
with the same ASO foci, when the two proteins were
co-stained (Figure 1C). Approximately 36 and 40 co-
localization events per cell were observed in this case for
ASO/Sar1 and ASO/SEC31a, respectively, as quantified
from ∼20 cells (data not shown). ASO/SEC31a/Sar1 co-
localization was also confirmed using 3D-imaging (Figure
1D and E; Supplementary Movie S1). These results sug-
gest that ASOs most likely co-localize with COPII vesicles,
and not with free SEC31a protein. This view is further sup-
ported by the observations that SEC23a or SEC24c, middle
layer coat proteins of COPII vesicles, also co-localized with
SEC31a in ASO containing foci (Supplementary Figure
S3A and B). In addition to HeLa cells, ASO/SEC31a/Sar1
co-localization was observed in A431 cells (Supplementary
Figure S4A) and in normal primary human dermal fibrob-
last cells (HDFn) (Supplementary Figure S4B and C), sug-
gesting that ASO/COPII co-localization was not unique to
HeLa cells or to stable cell lines. However, no substantial co-
localization was detected between ASO and COPI vesicles,
as determined by co-staining of COPI coat proteins ARF1
(Supplementary Figure S5A) or �-COP (Supplementary
Figure S5B). These results indicate that COPII vesicles can
co-localize with ASOs in cytoplasmic foci. Based on the
quality of the antibody for immunofluorescent staining,
SEC31a was stained in subsequent studies.
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Figure 1. COPII coat proteins can co-localize with ASOs. (A) Immunofluorescent staining for SEC31a in HeLa cells incubated with 2 �M ASO446654 for
16 h. (B) Immunofluorescent staining for Sar1b in HeLa cells incubated with 2 �M ASO446654 for 16 h. (C) Co-staining of SEC31a and Sar1 in HeLa
cells incubated with ASOs for 16 h. ASO–protein or protein–protein co-localization is exemplified by arrows. The nucleus was stained with DAPI (blue).
ASOs are shown in red. Proteins are shown in green or cyan, as indicated in the figures; scale bars, 10 �m. (D) Immunofluorescent staining for SEC31a and
Sar1b as in panel (B). Co-localizations are exemplified by arrows. (E) 3D-imaging of the same view as in panel (D). The same foci are marked by arrows
and numbered as in panel (D).
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COPII vesicles co-localize with ASOs in a time dependent
manner

Next, the kinetics of COPII vesicle co-localization with
ASOs was determined. HeLa cells were incubated with
ASOs for different times, and SEC31a was stained (Fig-
ure 2A). ASO/SEC31a co-localization was quantified from
∼20 cells (Figure 2B). No substantial co-localization was
detected within 4 h after ASO incubation, although signif-
icant amount of ASOs has already entered cells. After 6–8
h, SEC31a started to co-localize with ASOs, and such co-
localization became more robust after 10 h of ASO incu-
bation. The kinetics of ASO/COPII co-localization corre-
lated with the kinetics of ASO activity, which showed that
detectable reduction of the targeted NCL or Drosha mRNA
also occurred between 6 and 8 h after incubation of unla-
beled ASOs, as determined using qRT-PCR assay (Figure
2C), consistent with previous reports (9,28). The gapmer
ASOs used for activity assays were chosen as they have been
well characterized in our previous studies (16,56).

To evaluate whether ASO/COPII co-localization is a
dynamic process, HeLa cells were incubated with ASOs
for 11, 24, 36 or 48 h, before reaching confluence. Cells
were stained with SEC31a (Supplementary Figure S6 and
data not shown), and co-localization events were quanti-
fied (Figure 2D). The results indicate that ASO/COPII co-
localization increased over time and reached highest level
at 24–36 h after ASO incubation, then declined. These re-
sults suggest that COPII co-localization with ASOs is time
dependent and a dynamic process.

COPII vesicles can re-locate to late endosomes upon ASO
incubation

It is known that ASOs can migrate from EE to LE within
20–40 min after incubation, and mainly localize to LEs and
lysosomes in the cytoplasm after 2 h (28,30). As COPII
vesicles co-localized with ASOs at later time points in
punctate cytoplasmic structures, it is possible that those
structures represent LEs or lysosomes. We thus co-stained
SEC31a with LE marker proteins. Without ASO incuba-
tion, SEC31a did not substantially co-localize with Rab7
(approximately <2 overlapping per cell) (Supplementary
Figure S7A), an LE marker protein, nor with LAMP1 (ap-
proximately <4 overlapping per cell) (Supplementary Fig-
ure S7B), which stains both LEs and lysosomes, suggesting
that under normal conditions, COPII vesicles do not sub-
stantially localize to LEs. This was further confirmed in a
SVGA cell line stably expressing GFP-Rab7 (Supplemen-
tary Figure S7C). No substantial co-localization was de-
tected between Rab7 and stained SEC31a in the absence
of ASOs. However, upon ASO incubation, SEC31a was
readily found to co-localize with ASOs and with Rab7 in
HeLa cells (∼23 overlapping per cell) (Figure 3A) and in
GFP-Rab7 expressing SVGA cells (Supplementary Figure
S8A–C), indicating that the ASO-positive COPII vesicles
co-localize with LEs in different cell types. However, we
note that not all ASO-positive COPII vesicles co-localized
with Rab7, as exemplified with arrows (Figure 3A-d and
A-e), implying that some ASO-containing COPII vesicles
may not be present at LEs. In addition, some ASO-positive

COPII vesicles partially overlapped with LE (Figure 3A-
f, marked with arrowheads), suggesting a possibility that
at least some ASO-positive COPII vesicles associated with
LE membrane, and not inside LEs. To further confirm this
observation, SEC31a was co-stained with LAMP1, which
showed a better staining resolution of the limiting mem-
brane of LE/Lysosomes (Figure 3B). Again, some ASO-
positive COPII vesicles partially co-localized with the limit-
ing membrane of LAMP1-stained structures (Figure 3B-f).
This is more clearly seen in the enlarged image and the sig-
nal intensity profile (Figure 3C and D), and by the 3D image
(Figure 3E). Although COPII vesicles can co-localize with
LEs, no SEC31a was detected to co-localize with ILVs in-
side LE, even with extensive search (data not shown).

To demonstrate if other molecules taken up by cells
through endocytic pathways can also trigger COPII vesi-
cle re-localization to LEs, cells were incubated for 16 h with
dextran, a fluid phase marker that can enter cells through
macropinocytosis pathway (57). Immunofluorescent stain-
ing results showed that, although dextran clearly localized
to LEs as previously reported (57), no significant SEC31a
co-localization with LE or with dextran was detected (Sup-
plementary Figure S9A). Similarly, SEC31a did not co-
localize with Rab7 or with incubated transferrin (Supple-
mentary Figure S9B), which enters the cell via receptor me-
diated endocytosis (58). These observations indicate that
dextran or transferrin incubation did not re-locate COPII
to LEs, and that COPII re-localization to LEs is uniquely
induced by PS-ASO incubation.

Since ASO incubation can re-locate some COPII vesicles
to LEs, we evaluated whether COPII function was affected
under these conditions. We analyzed the levels of different
groups of proteins in HeLa cells incubated for 24 h with high
concentration (10 �M) of ASOs (116847, same as 446654
but without Cy3 dye) (Supplementary Figure S10A). It is
known that COPII vesicles are required for ER-to-Golgi
transport of many proteins, including membrane and se-
creted proteins (35). However, ASO incubation did not sig-
nificantly change the levels of the tested proteins, includ-
ing cell surface proteins EGFR and LDLR, mitochondria
proteins P32 and LRPPRC, Golgi-localized protein STX5,
the COPII protein SEC31a, as well as RNase H1, which
localizes in mitochondria, cytosol and the nucleus (56). In
addition, the levels and patterns of secreted glycoproteins
in the medium and in cells were not affected by ASO in-
cubation, as determined by glycoprotein staining (Supple-
mentary Figure S10B, left panel). Furthermore, Coomassie
blue staining results indicated comparable levels of total
cellular proteins and secreted proteins in the medium with
or without ASO incubation (Supplementary Figure S10B,
right panel). Moreover, although COPII vesicles are in-
volved in autophagy biogenesis (59), ASO incubation did
not substantially induce autophagy in HeLa cells, as indi-
cated by immunofluorescent staining (Supplementary Fig-
ure S10C) and western analysis for LC3 (Supplementary
Figure S10D), a marker protein of autophagy. No ASO-
LC3 co-localization or elevated levels of LC3-II was ob-
served. Together, these results suggest that ASO incubation
did not inhibit normal functions of COPII vesicles, likely
because only a small portion of COPII vesicles re-located
to LEs and the process is dynamic.
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Figure 2. ASO/COPII co-localization is time dependent. (A) Staining of SEC31a (green) in HeLa cells incubated with 2 �M ASOs (red) for different times,
as indicated. Examples of ASO-SEC31a co-localization are circled; scale bars,10 �m. (B) Quantification of ASO/SEC31a co-localization, as detected in
panel (A). P-values were calculated based on unpaired t-test using prism. (C) qRT-PCR quantification for the levels of NCL and Drosha mRNAs in
cells incubated for different times with 10 �M NCL-targeting ASO110080 or Drosha-targeting ASO25960. The error bars represent standard deviations
from three independent experiments. (D) Quantification of ASO/COPII co-localization in HeLa cells incubated with 2 �M ASOs for different times, as
indicated. Error bars are standard deviations of co-localization events counted from 20 cells in each case. P-values were calculated based on unpaired t-test
using prism. NS, not significant; *, P<0.05; **, P<0.01; ***, P<0.001. We note that the experiments were performed three times and similar trends were
observed.

Reduction of COPII proteins decreased ASO activity

The re-localization of COPII vesicles to LEs upon ASO in-
cubation suggests that COPII vesicles may affect ASO ac-
tivity, particularly as the onset of ASO activity appeared
to be roughly at the same time as the ASO/COPII co-
localization. To evaluate this possibility, SEC31a and the
two isoforms of SEC23 proteins (SEC23a and SEC23b)
were reduced in HeLa cells by siRNA treatment (Figure
4A), followed by incubation with unlabeled ASOs targeting
different RNAs. qRT-PCR analyses showed that reduction
of either SEC23 or SEC31a protein decreased the activities
of the ASOs targeting NCL or Drosha mRNAs (Figure 4B
and C). We note that this and subsequent activity assays
were performed more than three times with similar observa-
tions, and were also confirmed with different siRNAs (data
not shown). Only representative results are presented.

Next, we determined if the observed effects of reduction
of COPII proteins on ASO activity are unique to HeLa
cells. We attempted several times without success in pri-
mary HDFn cells, due to extremely low siRNA transfec-
tion efficiency and lack of ASO activity upon free uptake
in these cells (data not shown), which is not surprising as
many cell lines do not exhibit ASO activity upon free up-
take, such as HepG2 cells. We then evaluated the effects of
COPII proteins in A431 cells, which exhibit robust ASO ac-
tivity upon free uptake (28). SEC31a and the two isoforms
of Sar1 proteins were reduced by siRNA treatment (Figure
4D). Reduction of the coat proteins in these cells also de-
creased the antisense activities of ASOs targeting NCL (Fig-
ure 4E), Drosha (Figure 4F and G) or Malat1 RNA (Figure
4H). Furthermore, reduction of two additional COPII coat
proteins, SEC13 and SEC23, also reduced ASO activity in
A431 cells (Supplementary Figures S11A and B). However,



10232 Nucleic Acids Research, 2018, Vol. 46, No. 19

Figure 3. COPII vesicles can co-localize with ASOs at LEs. (A) Immunofluorescent staining of SEC31a and Rab7 in HeLa cells incubated with 2 �M
ASOs for 16 h. Nucleus was stained with DAPI; scale bars, 10 �m. (B) Co-staining of SEC31a and LAMP1 in HeLa cells incubated with ASOs as above.
Yellow arrows exemplify SEC31a overlapping with LAMP1-stained foci. White arrows indicate COPII/ASO foci partially overlapping with the limiting
membranes of LAMP1-stained foci; scale bars, 5 �m. The boxed region was enlarged and Z-section image was taken, as shown in panels (C), (D) and (E),
using the same color code. (C) An enlarged image area as boxed in Figure 3B-f. The dashed line indicates the section used to analyze signal intensity profile,
as shown in panel (D). The LAMP1 staining boundaries of one organelle (a,b) and the center of another organelle (c) are indicated. (E) A 3D image for
the enlarged foci.
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was as a control for loading. (B) qRT-PCR quantification for the levels of NCL mRNA in siRNA-treated HeLa cells that were incubated with ASO for
overnight. (C) qRT-PCR quantification for the levels of Drosha mRNA, as in panel (B). (D) Western analyses of the levels of SEC31a and Sar1 proteins
in A431 cells treated with siRNAs for 72 h. Sar1 was detected using an antibody that recognizes both isoforms (07-692, Millipore). The levels of other
proteins known to be important for ASO activity were also determined. GAPDH was served as a control for loading. The siRNA-treated A431 cells were
incubated for overnight with different ASOs targeting NCL (panel (E)), Drosha (F and G), or Malat1 (H) RNAs. The levels of the targeted RNAs were
determined by qRT-PCR. The error bars represent standard deviations from three independent experiments. P-values were calculated with F-test using
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reduction of ARF1, a COPI vesicle protein that did not co-
localize with ASOs, had no significant effect on ASO activ-
ity, as tested in A431 cells (Supplementary Figures S11C–E)
and in HeLa cells (data not shown). Together, these results
indicate that reduction of various COPII coat proteins can
decrease ASO activity in different cells.

The effect of COPII proteins on ASO activity is mediated by
endocytic pathways

To achieve antisense activity, internalized ASOs need to be
released from membrane-enclosed endocytic organelles to
the cytosol and nucleus, where ASOs can hybridize to tar-
get RNAs and recruit RNase H1 for cleavage (9,56). Thus,
ASO activity can be affected at different stages, e.g. before
or after release from endocytic organelles. As COPII vesi-
cles are required for transport of many proteins during their
biogenesis, reduction of COPII coat proteins may unexpect-
edly affect the levels of proteins important for ASO activity
after release, leading to decreased ASO activity. For exam-
ples, we previously found that some cellular proteins, e.g.
PSF, P54nrb, TCP1, Ku70, La or NPM1 (13,52,60), can af-
fect ASO activity upon transfection, which bypasses normal
endocytic and release pathways and delivers ASOs largely
to the cytosol and the nucleus. However, results of western
blots showed that under the experimental conditions, reduc-
tion of SEC31a or Sar1 did not affect the levels of these
proteins or RNase H1 (Figure 4D), implying that reduc-
tion of COPII proteins may not affect ASO activity once
ASOs are released from endocytic organelles. Indeed, this
is supported by the observations that reduction of Sar1 or
SEC31a as in Figure 4D–H did not impair ASO activity
upon transfection (Supplementary Figure S12A and B).

Although COPII vesicles are required for transport of
many proteins out of ER, under the experimental condi-
tions we used, reduction of COPII coat proteins did not
cause ER stress, as the level of phosphorylated eIF2a pro-
tein was not significantly altered (Supplementary Figure
S13A). In addition, even induction of ER stress by thap-
sigargin treatment did not substantially alter ASO activity
(Supplementary Figure S13B and C), indicating that the al-
tered ASO activity upon COPII protein reduction did not
stem from ER stress. Altogether, these results suggest that
COPII vesicles are important participant in productive traf-
ficking of ASOs and that the effects of reduction of COPII
proteins on ASO activity must occur during or before re-
lease of ASOs from endocytic organelles.

Reduction of COPII protein can decrease ASO release from
late endosomes

Next, we analyzed the effects of reduction of COPII coat
proteins on ASO endocytic trafficking. Even though COPII
vesicles are required for transport of secreted and mem-
brane proteins, reduction of Sar1 or SEC31a did not reduce
the levels of ASO uptake, as determined by flow cytometry
using Cy3-labeled ASOs incubated with HeLa cells for 3 h
(Figure 5A and B). This result suggests that under our ex-
perimental conditions, surface proteins important for ASO
uptake may not be substantially affected by reduction of the
COPII proteins. This is supported by the observations that

reduction of SEC31a did not substantially alter the surface
localization pattern and the signal intensity of EGFR pro-
tein (Supplementary Figure S14A), which normally local-
izes in plasma membranes and is associated with produc-
tive ASO trafficking and activity (21). In addition, the ASO
localization pattern and signal intensity also appear compa-
rable at 2 h after incubation between control and SEC31a
reduced cells (Supplementary Figure S14B), suggesting that
ASO transport to LE/Lysosome was not inhibited, since 2 h
after incubation ASOs had already passed through EE and
were mainly localized in LE/Lysosomes (28,30).

To further determine whether ASO trafficking from EE
to LE is affected by reduction of SEC31a, ASOs were in-
cubated with HeLa cells for 20 or 40 min, early time points
at which ASOs have entered EE and LE (28). Cells were
stained for EE marker protein EEA1 and LE marker pro-
tein Rab7 (Supplementary Figure S14C and D). Quantifi-
cation of ASO-positive EEs and LEs showed that reduction
of SEC31a did not substantially affect ASO transport from
EE to LE, as comparable levels of ASO-positive EEs or LEs
were observed between control and SEC31a reduced cells at
these time points (Figure 5C). In addition, SEC31a did not
co-localize with ASOs in EEs at these times in control cells
(Supplementary Figure S14C and data not shown), consis-
tent with later co-localization between ASO and COPII as
described above. Together, these results indicate that ASO
uptake and transport to LE were not impaired by reduction
of SEC31a.

Next, we analyzed whether ASO release from LEs was
affected by COPII reduction. HeLa cells were incubated
with an unlabeled ASO targeting Drosha mRNA for 2 h
to ensure sufficient uptake of ASOs to achieve antisense
activity. Medium was then changed to remove ASOs thus
to eliminate further uptake (Figure 5D, upper panel), as
we described previously (28,30). Cells were collected at dif-
ferent times after ASO removal and the levels of targeted
Drosha mRNA was determined by qRT-PCR (Figure 5D,
lower panel). The results showed that reduction of SEC31a
decreased ASO activity under these conditions. As ASO
uptake is not affected by SEC31a reduction and internal-
ized ASOs can pass through EE and enter LE within 1–2
h (28,30), the decreased ASO activity after ASO removal
should mainly reflect reduction of ASO release from LEs.
These results together suggest that reduction of COPII coat
protein decreased ASO release from endocytic organelles.

ASO incubation can induce the recruitment of pre-assembled
COPII vesicles to LEs

Co-localization between ASO and COPII vesicles at LE
may occur through different pathways. For example, re-
leased ASOs on the cytosolic side of LE may interact with
the surface components of COPII vesicles; COPII vesicles
may contact ASO-containing LEs, or ASOs may be loaded
into COPII vesicles during vesicle assembly at ER and sub-
sequently re-localize to LEs. To distinguish between these
possibilities, we first determined whether ASOs can bind to
the core coat proteins. Affinity selection was performed us-
ing a biotinylated PS-ASO and bound proteins were eluted
by competition using non-biotinylated ASOs, as we re-
ported previously (52). Western analyses showed that none
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Figure 5. Reduction of COPII coat proteins can impair ASO release from endocytic pathways. (A) Flow cytometry analysis of the levels of ASO uptake
in control or SAR1 siRNA-treated HeLa cells. (B) Flow cytometry analysis of the levels of ASO uptake in control or SEC31a siRNA-treated HeLa cells;
RSU, relative fluorescence unit. The error bars represent standard deviations from three independent experiments. P-values were calculated using unpaired
t-test. (C) quantification of ASO localization to EE or LE at 20 or 40 min after ASO incubation in HeLa cells treated with different siRNAs. The error bars
represent standard deviations of the results counted from 20 cells in each case. P-values were calculated using unpaired t-test. (D) Reduction of SEC31a
decreased ASO activity when ASO uptake was terminated early. Upper panel indicates the procedure of ASO incubation, removal and time points for
cell harvest. Lower panel indicates the qRT-PCR quantification of Drosha mRNA in HeLa cells incubated with ASOs for different times. The error bars
represent standard deviations from three independent experiments. P-values were calculated with F-test using Prism.

of the five core coat proteins was co-isolated with PS-ASOs
(Supplementary Figure S15A), whereas a known ASO-
binding protein, Ku80, was effectively co-isolated (13). This
observation was further confirmed using a more sensitive
approach, the BRET binding assay that we recently devel-
oped (53). The binding between ASO and Sar1, or between
ASO and SEC13, appeared to be weak, with a kd above the
highest concentration tested (>3 �M) (Supplementary Fig-
ure S15B), whereas the kd for many ASO-binding proteins
were detected in the low nanomole range (53). Although it
is possible that additional COPII-associated proteins may
interact with released cytosolic ASOs, this seems unlikely,
since upon transfection, with which ASOs were largely re-
leased to the cytosol and the nucleus (61), no ASO/COPII
co-localization was detected (Supplementary Figure S15C).

Together, these results argue against the possibility that re-
leased ASOs associate with the surface of COPII vesicles.

Next, we determined whether COPII vesicles associated
with ASOs before re-localization to LEs. One possibility
is that ASO/COPII association occurs at EE during en-
docytic trafficking. However, no COPII/EE co-localization
was detected when ASOs localized to EEs at early times
after ASO incubation (Supplementary Figures S14C and
S15D), or at later times when ASO/COPII co-localization
occurred (Supplementary Figure S15E). These results im-
ply that ASO/COPII association may not occur at EE.
Next, we analyzed if ASO/COPII association occurred dur-
ing COPII vesicle assembly and/or transport from ER to
Golgi. We reasoned that if ASO and COPII associate dur-
ing COPII assembly, ASOs might be detected at ERES
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where COPII assembly occurs. However, co-localization
was not detected between ASOs and SEC16, an ERES
marker protein (42), although ASOs could co-localize with
SEC31a in cytoplasmic foci lacking SEC16 (Figure 6A,
white arrows), and SEC31a could co-localize with SEC16 at
ERES without ASO (yellow arrows). These results indicate
that ASO/COPII co-localization does not occur at ERES.
In addition, upon ASO incubation, COPII vesicles could
reach ERGIC, as indicated by the co-localization between
SEC31a and ERGIC-53 (Supplementary Figure S16A and
B), consistent with previous reports (62). However, ERGIC-
localized COPII did not contain ASO (dashed circle), and
ASO-containing COPII did not co-localize with ERGIC
(solid circle) (Supplementary Figure S16A and B), further
suggesting that ASO/COPII association did not occur dur-
ing COPII assembly on ER or during transport from ER to
ERGIC.

The above observations suggest the possibility that
ASO/COPII co-localization at LE does not require de
novo formation of COPII vesicles, rather, budded COPII
vesicles that have already exited the ER may contact LE
to co-localize with ASOs and to affect ASO activity. To
evaluate this possibility, we reduced SEC12 (Figure 6B),
which is required for the initiation of COPII assembly on
ER (36,63). Reduction of SEC12 by siRNA treatment for
72 h did not abolish ASO/COPII co-localization (Figure
6C) and did not inhibit ASO activity (Figure 6D). Sim-
ilarly, reduction of SEC16A, another protein involved in
COPII assembly (42,64), did not abolish ASO/COPII co-
localization 72 h after siRNA treatment (Supplementary
Figure S17A and B). Consistently, ASO activity was also
not affected at this time point by reduction of SEC16A in
both HeLa (Supplementary Figure S17C) and A431 cells
(Supplementary Figure S17D and E). These results fur-
ther suggest that ASO/COPII co-localization at LE does
not require de novo assembly of COPII vesicles at ERES.
However, reduction of SEC16A in HeLa cells for a longer
time (96-h siRNA treatment) decreased ASO activity (Sup-
plementary Figure S17F and G) and ASO/SEC31a co-
localization (Supplementary Figure S17H and I), implying
that blocking COPII assembly ultimately reduced the lev-
els of functional, pre-assembled COPII vesicles. In addi-
tion, treatment for 8 h with brefeldin A (BFA), an inhibitor
for ER–Golgi transport, did not abolish ASO/COPII co-
localization at LEs (Supplementary Figure S18), although
COPII vesicles became scattered in the cytoplasm in BFA-
treated cells, as compared with the perinuclear localization
pattern in control cells, consistent with previous observa-
tions (65). By contrast, treatment for 1 h with chloroquine,
an endosome/lysosome disruption agent that inhibits endo-
somal acidification, significantly impaired ASO/COPII co-
localization (Figure 6E). Altogether, these results strongly
suggest that pre-assembled COPII vesicles can re-locate
to LE upon ASO incubation, where they co-localize with
ASOs.

STX5 re-localizes to LE upon ASO incubation

Next, we sought to demonstrate what factors might be
required for COPII re-localization to LE. It is possible
that some other proteins also re-locate to LE upon ASO

incubation and are required for COPII re-localization to
LE. Although ANXA2 can re-locate to LE upon ASO in-
cubation and affects ASO activity as we reported previ-
ously (13), reduction of ANXA2 did not affect ASO/COPII
co-localization at LEs (data not shown). On the other
hand, P115 has been shown to be involved in docking of
COPII vesicles to the Golgi membrane, and COPII fusion
with the Golgi membrane requires STX5, an ER–Golgi
SNARE protein (47–51). We thus determined whether P115
and STX5 were recruited to LE upon ASO incubation.
In control HeLa cells, P115 and STX5 mainly localize at
Golgi (Supplementary Figure S19A), as previously reported
(66,67). However, after ASO incubation, STX5 and not
P115, substantially co-localized with ASOs in punctate cy-
toplasmic foci (Supplementary Figure S19B). ASO/STX5
colocalization was further confirmed using unlabeled ASOs
(Supplementary Figure S19C). In addition, ASO/STX5 co-
localization was also observed in A431 cells (Supplemen-
tary Figure S20).

To ascertain if STX5 co-localizes with COPII vesi-
cles, HeLa cells were co-stained with STX5 and SEC31a.
Without ASO incubation, co-localization between STX5
and SEC31a can be occasionally detected in small, punc-
tate cytoplasmic structures, as indicated by arrows (Fig-
ure 7A). However, upon ASO incubation, some scat-
tered STX5 foci appeared to be slightly larger and co-
localized with both SEC31a and ASO (Figure 7B), al-
though smaller STX5/SEC31a co-localization foci lacking
ASO could still be detected (marked with yellow arrows).
ASO/COPII/STX5 co-localization was also observed in
primary HDFn cells by co-staining of STX5 and Sar1 (Sup-
plementary Figure S21). In addition, chloroquine treat-
ment significantly abolished both SEC31a and STX5 co-
localization with ASOs (Figure 7C). These observations
suggest that some STX5 was recruited to LE upon ASO
incubation, as SEC31/ASO mainly co-localized at LEs.
This view was confirmed by co-staining of STX5 and Rab7
in HeLa cells. Although STX5 was not co-localized with
Rab7 in control cells without ASO treatment (Supplemen-
tary Figure S22A), substantial re-localization of STX5 to
ASO-containing LEs was observed upon ASO incubation
(Supplementary Figure S22B) and was confirmed using
3D-imaging (Supplementary Figure S22C). Additionally,
STX5/ASO co-localization with GFP-Rab7 was also de-
tected in SVGA cells (Supplementary Figure S22D). Fur-
thermore, ASO/STX5 co-localization appeared at similar
times with that of ASO/COPII co-localization, as deter-
mined by co-staining of STX5 and SEC31a in HeLa cells
incubated with ASOs for different times (Figure 7D and
Supplementary Figure S23).

Reduction of STX5 and P115 decreased ASO activity and
ASO/COPII co-localization

To determine if STX5 and P115 affect ASO activity, A431
cells were treated with corresponding siRNAs, which specif-
ically reduced the levels of two forms of STX5 derived from
alternative translation (68) (Figure 8A), and the P115 pro-
tein (Figure 8D). Reduction of STX5 or P115 significantly
decreased ASO activities, as demonstrated using unlabeled
ASOs targeting different RNAs (Figure 8B–F). Similarly,
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Figure 6. COPII/ASO co-localization does not require de novo COPII assembly at ERES. (A) Immunofluorescent staining of SEC16a and SEC31a in HeLa
cells incubated with 2 �M ASO446654 for 16 h. ASO/SEC31a co-localization is indicated with white arrows, whereas SEC16a/SEC31a co-localization is
marked with yellow arrows. (B) qRT-PCR quantification for the level of SEC12 mRNA in HeLa cells treated with luciferase siRNA (control) or SEC12
specific siRNA [(+)siRNA]. (C) Immunofluorescent staining of SEC31a in siRNA-treated HeLa cells incubated with 2 �M ASO446654 for 16 h. (D)
qRT-PCR quantification for the levels of Drosha mRNA in siRNA-treated HeLa cells incubated with ASOs. The error bars represent standard deviations
from three independent experiments. (E) Immunofluorescent staining of SEC31a and Rab7 in HeLa cells incubated with 2 �M ASOs for 16 h, followed by
treatment with control DMSO for 1 h (upper panel), or with 100 �M chloroquine for 1 h (lower panel); scale bars, 10 �m. ASO/SEC31a co-localization
events were quantified and plotted in right panel. P-value was calculated based on unpaired t-test. ***, P<0.001.
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Figure 7. STX5 can re-locate to LEs upon ASO incubation. (A) Co-staining of STX5 and SEC31a in HeLa cells without ASO incubation. Occasional
co-localization in scattered cytoplasmic foci is marked with arrows. (B) Co-staining of STX5 and SEC31a in HeLa cells incubated with 2 �M ASO446654
for 16 h. STX5/SEC31a/ASO co-localization is marked with white arrows in the enlarged images, whereas ASO negative STX5/SEC31a co-localization is
exemplified with yellow arrows; scale bars, 10 �m. (C) Co-staining of STX5 and SEC31a in HeLa cells treated with 2 �M ASO446654 for 16 h, following
by treatment with chloroquine for an additional 1 h; scale bars, 5 �m. (D) Quantification of ASO/STX5 and ASO/SEC31a co-localization at different
times after ASO incubation in HeLa cells. Error bars indicate standard deviations of co-localization events as counted in 20 cells in each case. P-values
were calculated using unpaired t-test. **, P<0.01; ***, P<0.001.
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Figure 8. Reduction of STX5 and P115 reduced ASO Activity and ASO/COPII co-localization. (A) Western analysis for the levels of STX5 proteins in
A431 cells treated with different siRNAs. P32 was served as a control for loading. Control or STX5-reduced cells were incubated with ASOs targeting
Drosha mRNA (B) or Malat1 RNA (C), and the levels of the targeted RNAs were analyzed using qRT-PCR. (D) Western analysis for the levels of P115 in
siRNA-treated A431 cells. P32 was served as a control for loading. Control or P115-reduced cells were incubated with ASOs targeting Drosha (E) or Malat1
(F), and the levels of the targeted RNAs were analyzed using qRT-PCR. The error bars represent standard deviations from three independent experiments.
(G) Immunofluorescent staining of SEC31a in HeLa cells treated with different siRNAs for 56 h, followed by incubation with 2 �M ASO446654 for an
additional 16 h. The co-localization between ASO and SEC31a is marked with circle; scale bars, 5 �m. (H) Quantification of ASO/COPII co-localization
in HeLa cells treated with different siRNAs as in panel (G). Error bars indicate standard deviations of co-localization events as counted in 20 cells in each
case. P-values were calculated using F-test except panel (H), which was calculated using t-test; ***P < 0.001. (I) qRT-PCR quantification for the levels
of mRNAs in A431 cells treated with different siRNAs. (J) qRT-PCR quantification for the levels of Drosha mRNA in different test cells treated with
ASO25691 for overnight. (K) qRT-PCR quantification for the levels of Malat1 RNA in different test cells treated with ASO395254 for overnight. The error
bars represent standard deviations from three independent experiments. P-values were calculated using F-test with Prism.
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reduction of these two proteins also reduced ASO activ-
ity in HeLa cells (Supplementary Figure S24A–C). To ex-
clude the possibility that the effect of STX5 reduction on
ASO activity is a general effect of Golgi-localized syntaxin
proteins, we tested STX6 and STX16, two other SNARE
proteins that are involved in retrograde transport between
endosomes and Golgi (69–72). Both STX6 and STX16
were localized to Golgi as expected (Supplementary Fig-
ure S25A and B), and co-localization between ASO and
STX6, and not STX16, could be observed (Supplementary
Figure S25A). However, reduction of either protein did not
affect ASO activity (Supplementary Figure S25C–E) and
ASO/COPII co-localization (Supplementary Figure S25F
and G). These results suggest that STX5 and P115 may have
specific roles in mediating ASO activity, most likely through
their involvement in COPII-mediated pathways.

Next, the effects of reduction of STX5 and P115 on
ASO/COPII co-localization were determined.

HeLa cells treated with siRNA targeting STX5 or P115
were incubated with ASOs and SEC31a was stained. Re-
duction of STX5 or P115 led to a more scattered distri-
bution of SEC31a stained foci (Figure 8G and data not
shown), whereas in control cells SEC31a tended to local-
ize to the perinuclear region, consistent with previous stud-
ies and their roles in tethering and fusion of COPII vesi-
cles with Golgi membranes (47–51,73). Reduction of STX5
or P115 also decreased the ASO/COPII co-localization, as
compared with that in control cells (Figure 8G and H, data
not shown). On the contrary, reduction of SEC31a did not
abolish STX5/ASO co-localization (Supplemental Figure
S26), suggesting that STX5 re-localization to LE is nec-
essary but not sufficient to ensure ASO activity. Together,
these results showed that reduction of P115 and STX5 im-
paired both ASO activity and ASO/COPII co-localization.

To evaluate whether STX5 affected ASO activity through
altering the same pathway as COPII vesicles, STX5 and
SEC31a proteins were reduced by siRNA treatment either
individually or simultaneously. We reasoned that if the ef-
fects of STX5 and COPII vesicles on ASO activity resulted
from different pathways, additive effects should be expected
when these proteins are simultaneously reduced. However,
the results indicate that simultaneous reduction of both
STX5 and SEC31a decreased ASO activity to an extent sim-
ilar to that of reduction of either individual protein (Fig-
ure 8I–K). Altogether, these data suggest that STX5 affects
ASO activity most likely by affecting the same pathway as
COPII vesicles, and that STX5 may act at a step preceding
ASO/COPII co-localization.

STX5 re-localization to LEs is likely mediated by ASO–
protein interactions

Next, we attempted to determine what factor(s) is required
for STX5 re-localization to LEs upon ASO incubation. Al-
though the coat proteins of COPII vesicles do not interact
with PS-ASOs, STX5 was found to be able to bind PS-MOE
ASO (Figure 9A), as determined using the affinity selection
assay (52). This observation raises a possibility that STX5
re-localization to LE might be mediated by ASO–protein
interactions. To evaluate this possibility, five 20-mer deoxy-
oligonucleotides were synthesized that share the same se-

quence as ASO446654 but with different numbers of PS
moieties, as protein binding is significantly affected by the
numbers of continuous PS backbone (11,52). As expected,
reduction of the PS numbers decreased the binding affin-
ity of the ASOs with STX5, and no binding was observed
for the ASO with PO backbone (Figure 9B) as determined
using the BRET binding assay (53).

To demonstrate the effects of PS numbers on ASO/STX5
co-localization, the five ASOs with different PS num-
bers were conjugated with Cy3, and incubated with HeLa
cells. STX5/ASO co-localization was also dramatically de-
creased when the PS number of ASOs was reduced, and no
substantial co-localization was detected when the PS num-
ber was below 11 (Figure 9C and D). This ASO/STX5 co-
localization correlates with the ASO/STX5 binding, sup-
porting the hypothesis that recruitment of STX5 to LEs is
mediated via ASO–protein interactions.

To further confirm this observation and to exclude the
potential influence of PS numbers on ASO uptake, a 5-10-
5 PS-MOE ASO and a 5-10-5 PO-MOE ASO were conju-
gated with GalNAc, which interacts with ASGR thus me-
diating uptake of both ASOs (19,28,74). These GalNAc-
ASOs were incubated with HepG2 cells where ASGR are
expressed at relatively high levels, and STX5 and SEC31a
were stained. Consistent with above observations, signif-
icant ASO–protein co-localization was detected for the
PS-MOE ASO (Figure 9E), but not for the PO-MOE
ASO (Figure 9F), although similar levels of cellular ASOs
were observed. Together, these results further suggest that
ASO–protein interactions play a role in directing STX5 re-
localization to LEs upon ASO incubation.

DISCUSSION

ASO trafficking and proper release from endocytic path-
ways to reach the cellular RNA targets are essential steps to
achieve antisense activity. Accumulating evidence has sug-
gested that productive ASO release mainly occurs at LEs
or MVBs (9,23,25,26,31,75). Though potential pathways
of ASO release from membrane enclosed organelles have
been proposed previously, such as membrane fusion me-
diated leakage (26), little is known regarding the detailed
mechanisms and experimental evidence supporting the pro-
posed models is sparse. Recently, we showed that ASO re-
lease from LEs might be mediated by a back-fusion pro-
cess through ILVs (28,30), and interaction of proteins (e.g.
ANXA2) with the limiting membranes of LEs may also fa-
cilitate ASO release (28). In the current study, we demon-
strated that COPII vesicles can re-locate to LEs upon ASO
incubation and may enhance ASO activity by facilitating
ASO release from LEs.

In the absence of ASOs, COPII vesicles were barely de-
tected to co-localize with LEs. However, upon ASO incuba-
tion, COPII/LE co-localization was readily observed, as de-
termined by staining of different core coat proteins in differ-
ent stable cell lines and primary cells. COPII re-localization
to LEs is time-dependent, occurred ∼6–8 h after ASO incu-
bation, and the co-localization event declined at later time
(48 h), suggesting a dynamic process. These observations
also indicate that COPII vesicles re-localize to LEs after
ASOs accumulation in this organelle, as ASOs can local-
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Figure 9. ASO/STX5 co-localization at LEs is most likely mediated by ASO–protein interactions. (A) Western analyses for STX5 protein co-selected
with a biotinylated PS-MOE ASO. Ku80 was used as a positive control. *, a non-specific protein band. (B) BRET assay for binding of STX5 and ASOs
(XL948-XL952) with different numbers of continuous PS using a competition study. The binding kd are present below the curves. (C) Immunofluorescent
staining of SEC31a and STX5 in HeLa cells incubated for 16 h with 3 �M Cy3-labeled ASOs (XL953-XL958) containing different numbers of PS-modified
nucleotides, as indicated above the panels. ASO/Protein co-localization is exemplified with arrows. (D) Quantification of ASO/STX5 co-localization events.
Error bars indicate standard deviations of co-localization events as determined from 20 cells. The experiments were performed twice and similar trends
were observed. P-values were calculated based on unpaired t-test. ***, P<0.001; ****, P<0.0001. (E) Immunofluorescent staining of STX5 and SEC31a
in HepG2 cells incubated with 2 �M GalNAc-conjugated ASO730437 linked with PS backbones. (F) Immunofluorescent staining of STX5 and SEC31a
in HepG2 cells incubated with 2 �M GalNAc-conjugated ASO841226 linked with PO backbones; scale bars, 10 �m.
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ize to LEs within 1–2 h (28). The co-localization time be-
tween ASO/COPII at LEs correlates with the time when
ASOs exhibited antisense activity, implying a linkage be-
tween LE localization of COPII vesicles and ASO release
from the membrane-enclosed endosomes.

The kinetics of ASO/COPII co-localization at LE ap-
pears to be slower than that of ASO-induced re-localization
of ANXA2 to LEs, which appeared as early as 1 h and be-
came more robust at 2–4 h after ASO incubation (28). As
ANXA2 is present at EE and is required for transport from
EE to LE (32), ANXA2 may co-translocate with ASOs from
EE to LE, as evidenced by the re-localization of ANXA2 at
ILVs, which could be formed during EE to LE maturation.
The EE-LE transport can lead to an early onset of LE local-
ization of ANXA2 after ASO incubation, although recruit-
ment of ANXA2 from cytosol to the limiting membrane
of LE may also occur later to further enhance ANXA2 re-
localization to LE (28). However, COPII re-localization to
LE was only weakly detected at 4–6 h, and became more ro-
bust at 8–10 h after ASO incubation, suggesting that COPII
vesicles may join LE from cytosolic environment, and less
likely by co-transport with ASOs from EE. This possibility
is supported by the following observations: (i) no COPII lo-
calization at ILVs within LEs was observed; (ii) COPII vesi-
cle was not detected to localize at EE with or without ASO
incubation and (iii) partial overlap between COPII vesicles
and LEs was often observed in the presence of ASOs, sug-
gesting contacts between two membraned compartments.

On the other hand, ASO/COPII co-localization does not
require de novo assembly of COPII vesicles at ERES, as re-
duction of either SEC12 or SEC16, ER proteins required
for COPII assembly, did not abolish COPII re-localization
at LE nor affect ASO activity at earlier time (72 h) af-
ter siRNA treatment. However, at later time after SEC16
reduction (96 h after siRNA treatment) both ASO activ-
ity and ASO/COPII co-localization were decreased, fur-
ther implying a role of budded COPII in ASO activity. In
addition, ASO-positive COPII vesicles did not co-localize
with ERES and ERGIC, whereas ASO-negative COPII
vesicles can normally localize to ERES and ERGIC, sug-
gesting that ASO/COPII association may not occur during
COPII assembly or during ER–Golgi transport to ERGIC.
Thus, we favor the possibility that pre-assembled COPII
vesicles from the ER–Golgi transport pathway re-locate to
LEs upon ASO incubation. This possibility is also sup-
ported by the observations that treatment with chloroquine,
a LE/Lysosome membrane disruption agent, quickly abol-
ished COPII/ASO co-localization at LE, whereas treatment
with the ER–Golgi transport inhibitor BFA did not. Al-
though it is theoretically possible that COPII vesicles may
assemble on LE membrane in the presence of ASOs, as nei-
ther SEC16 nor SEC12 was detected to re-locate to LE (data
not shown), and reduction of either protein by siRNA treat-
ment for 72 h did not abolish COPII/ASO co-localization
at LE, this possibility seems less likely.

Since the five core proteins of COPII vesicles do not bind
PS-ASOs, and transfected ASOs that are largely present
outside endosomes/lysosomes also do not co-localize with
COPII vesicles, COPII re-localization to LE is thus unlikely
caused by direct interactions between ASO and COPII pro-
teins. Interestingly, P115 and STX5 were found to be re-

quired for COPII/ASO co-localization at LEs. Reduction
of these proteins impaired COPII/ASO co-localization at
LEs and decreased ASO activity. As STX5 and P115 are
known to be involved in tethering and fusion of COPII vesi-
cles with Golgi membranes, it is possible that these proteins
may interact with pre-assembled COPII vesicles to medi-
ate COPII localization at LEs upon ASO incubation. This
possibility is supported by the observations that (i) STX5
could re-locate to LEs after ASO incubation, with a simi-
lar kinetics as COPII/ASO co-localization; (ii) chloroquine
treatment also abolished STX5 re-localization to LEs, simi-
lar to that of COPII vesicles and (iii) STX5 and COPII vesi-
cles affect ASO activity most likely by acting on the same
pathway (s), as no additive effect was observed when both
STX5 and SEC31a were reduced.

Although STX5 reduction decreased ASO activity and
inhibited ASO/COPII co-localization at LEs, reduction
of SEC31a decreased ASO activity but did not abol-
ish ASO/STX5 co-localization, suggesting that LE re-
localization of STX5 alone was not sufficient to facilitate
ASO release, and that the effects of STX5 on ASO activ-
ity were most likely mediated by COPII vesicles. STX5 ex-
hibited significant binding affinity to PS-ASOs, as deter-
mined using BRET assays. Importantly, ASO/STX5 co-
localization at LEs positively correlates with the binding
property of STX5 with ASOs. PS-ASOs that bind STX5
with high affinity can induce the re-localization of STX5
(and COPII vesicles) to LEs, whereas ASOs with fewer PS
backbone that bind STX5 with reduced affinity caused less
LE re-localization of STX5, and the PO-ASO that does not
bind STX5 failed to co-localize with STX5. It is thus likely
that ASOs present in LEs may interact with STX5 protein,
leading to re-localization of STX5 to LEs, which in turn re-
cruits ER-budded COPII vesicles to LEs, in a way medi-
ated by P115 (Figure 10A). In contrast, ANXA2 may co-
transport with ASOs from EE to LEs and co-localize with
ASOs at ILVs insides LEs, and may also be recruited from
cytosol to the membrane of LEs, where they can facilitate
ASO release, as proposed previously (28). Currently, it is
unclear how and from where STX5 is recruited to LEs by
ASOs present inside endosomes. It is possible that this event
is mediated by other ASO-binding proteins that may traf-
fic together with ASOs from EEs, or recruited from cytosol
to LEs. Understanding the detailed mechanisms and identi-
fying factors potentially mediating STX5 re-localization to
LEs await further investigation.

The kinetics of COPII/ASO co-localization at LEs corre-
lates with the time displaying antisense activity, suggesting
that COPII/LE interaction may play a role in ensuring ASO
activity. Indeed, reduction of COPII coat proteins, and not
COPI proteins, in both HeLa and A431 cells significantly re-
duced ASO activity, further suggesting that COPII vesicles,
and not the ER–Golgi transport pathway, facilitate ASO
activity. Reduction of SEC31a did not impair ASO uptake
and EE to LE transport, implying that COPII affects ASO
activity at steps after ASO transport to LEs. On the other
hand, reduction of SEC31a did not affect the activity of
ASOs upon transfection, suggesting pathways or proteins
required for ASO activity after release from membraned or-
ganelles were not affected. These observations suggest that
ASO release from endosomes was impaired by reduction of
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Figure 10. A proposed model for COPII vesicle-mediated ASO release from endosomes. (A) A potential pathway of COPII recruitment to the LEs upon
ASO incubation. ASOs present in LEs can interact with STX5, leading to re-localization of STX5 to LEs. This process may be mediated by other ASO-
binding proteins that can either translocate from EE to LE during ASO trafficking, or be recruited from cytosol upon ASO incubation, as indicated
by question marks. LE-localized STX5 may in turn recruit COPII vesicles that are pre-assembled and budded from ER, in a way mediated by P115.
STX5/COPII re-localization to LEs occurs at later time (6–8 h) after ASO incubation, in contrast to ANXA2, which can be co-transported from EE to
LE during ASO trafficking, and re-locate to LEs within 1–2 h after ASO incubation, and can also be present in ILVs. (B) A proposed model for COPII-
mediated ASO release from LEs. Upon internalization, ASOs enter EEs and LEs, and ultimately reach lysosomes. Accumulation of ASOs in LEs may
recruit some proteins, including STX5 and other proteins, to LEs. These proteins can mediate the LE re-localization of COPII vesicles, which are pre-
assembled at ERES and already leave ER. Interaction of COPII vesicles with LE may trigger membrane deformation, leading to ASO release from LE to
the cytosol. On the other hand, COPII vesicles may also extract some ASOs from LEs. In addition, ASOs present in ILVs inside LEs can also be released
via back-fusion processes mediated by ANXA2 and likely other proteins as well. Thus, in this model we show two independent pathways that can result in
LE accumulation and release of PS-ASOs and we suspect that there are other pathways yet to be discovered.

COPII proteins. Indeed, kinetic studies after ASO removal
from medium demonstrated that reduction of COPII pro-
teins caused slower ASO release (Figure 5D).

Taken together, these results suggest a potential ASO
release pathway that upon incubation, internalized ASOs
via endocytic pathways can traffic through EE, trans-
port to LEs and lysosomes (Figure 10B). ASO transport

to LEs may re-locate certain proteins to LE membrane
through ASO–protein interactions, and we have identified
such an important protein, STX5, that binds to PS-ASOs.
De-localized proteins, including STX5, may mediate re-
localization of COPII vesicles to LE membrane. The inter-
action between the two membraned organelles can thus trig-
ger ASO release from LEs to cytosol likely due to mem-
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brane deformation, ensuring antisense activity. It is also
possible that some ASOs may join COPII vesicles and leave
LEs. Our results, combined with previous observations that
ASOs can be released from ILVs via a back-fusion process
(30), suggest that multiple pathways are involved in ASO re-
lease from endosomes. Further understanding ASO release
pathways and detailed mechanisms will provide important
information that can facilitate ASO drug design towards ef-
ficient and specific release from endosomes.
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