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ABSTRACT

Antisense oligonucleotides (ASOs) with phospho-

rothioate (PS) linkages are broadly used as research

tools and therapeutic agents. Chemically modified

PS-ASOs can mediate efficient target reduction by

site-specific cleavage of RNA through RNase H1.

PS-ASOs are known to be internalized via a num-

ber of endocytotic pathways and are released from

membrane-enclosed endocytotic organelles, mainly

late endosomes (LEs). This study was focused on

the details of PS-ASO trafficking through endocytic

pathways. It was found that lysobisphosphatidic acid

(LBPA) is required for release of PS-ASOs from

LEs. PS-ASOs exited early endosomes (EEs) rapidly

after internalization and became co-localized with

LBPA by 2 hours in LEs. Inside LEs, PS-ASOs and

LBPA were co-localized in punctate, dot-like struc-

tures, likely intraluminal vesicles (ILVs). Deactivation

of LBPA using anti-LBPA antibody significantly de-

creased PS-ASO activities without affecting total PS-

ASO uptake. Reduction of Alix also substantially de-

creased PS-ASO activities without affecting total PS-

ASO uptake. Furthermore, Alix reduction decreased

LBPA levels and limited co-localization of LBPA with

PS-ASOs at ILVs inside LEs. Thus, the fusion proper-

ties of ILVs, which are supported by LBPA, contribute

to PS-ASO intracellular release from LEs.

INTRODUCTION

Antisense oligonucleotides (ASOs) are widely used as re-
search tools and therapeutic agents (1). ASOs can di-
rect sequence-speci�c cleavage of target RNAs by a con-
served mechanism mediated by endonuclease RNase H1

(2). To improve chemical stability and pharmacological ef�-
cacy, ASOs are generally linked via phosphorothioate (PS)
backbone and terminal residues are modi�ed with 2′-O-
methoxyethyl (MOE) at the 2′-position of the ribose (3).
PS-ASOs are effective even when they are applied to cells
without prior complexation in liposomes or conjugation to
cell-penetrating peptides (4). Although molecular details of
the process of endocytic internalization of PS-ASOs may
depend on the type of cell, PS-ASOs are able to escape
from intracellular organelles in endocytotic pathways (5,6).
Understanding the mechanisms by which PS-ASOs release
from those membrane enclosed organelles is critical to un-
derstand the processes of uptake that lead to accumulation
of PS-ASO at target sites (productive uptake).
Recently, it was found that intracellular traf�cking plays

an important role in regulating the pharmacological activity
of PS-ASOs (7). It was proposed that there are productive
and less-productive cellular uptake or distribution routes
of PS-ASOs (7). Substances, such as PS-ASOs, endocy-
tosed by different pathways are generally delivered to early
endosomes (EEs) (8,9). EEs determine whether molecules
are routed back to the cell surface through recycling en-
dosomes or into late endosomes (LEs), also called multi-
vesicular bodies (MVBs) (9). Cargos in LEs are packaged
for degradation through ‘non-productive’ pathways such as
lysosomes, for exosome secretion upon fusion with plasma
membranes, or for being released intracellularly through
back fusion processes (9). PS-ASOs were shown to traf�c
rapidly through EEs, resulting in progressive increases of
target cleavage, suggesting that productive PS-ASO release
mainly occurs at LEs (8). Thus, a small portion released
from LEs/MVBs appears to be productive; while the larger
portion remained in LE/lysosomes is non-productive. It is
still not known how PS-ASO intracellular release processes
are modulated by membrane fusion events at LEs.
One of intrinsic features of the endosomal pathway from

EEs to LEs is the biogenesis of intralumenal vesicles (ILVs).

*To whom correspondence should be addressed. Tel: +1 760 603 2363; Fax: +1 760 603 2600; Email: swang@ionisph.com

C© The Author(s) 2017. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which

permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact

journals.permissions@oup.com

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
5
/9

/5
3
0
9
/3

1
0
0
2
2
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



5310 Nucleic Acids Research, 2017, Vol. 45, No. 9

There are two major mechanisms involved in ILV for-
mation. One involves the protein machinery that recog-
nizes ubiquitin to assemble the endosomal sorting com-
plexes required for transport (ESCRT) proteins; the ES-
CRT proteins potentiate ILV formation beginning in EEs
(10,11). The other mechanism is lipid mediated, mainly by
bis(monoacylglycero)phosphate/lysobisphosphatidic acid
(BMP/LBPA) (12,13). ILV formation is mechanistically
coupled with membrane invagination or budding (14).
LBPA is uniquely present at LEs and indispensable for LE
membrane deformation (13). ILVs can fuse back to LE
membranes to exchange lipid or protein contents. The re-
lease of cargo into the cytosol through this process is re-
ferred to as back fusion (15). It is not known whether PS-
ASOs can be sorted to ILVs and which mechanisms con-
tribute to the formation of such ILVs. Nor is it known
whether back fusion processes are one of the productive
pathways resulting in the release of PS-ASOs from LEs.
Here, we sought to determine the mechanism through

which PS-ASOs are productively released from LEs. We
�rst determined that the pharmacological activities of PS-
ASOs require intracellular release from endocytic path-
ways.We then focused on the details of PS-ASOs traf�cking
through endocytic pathways. We found that PS-ASOs exit
EEs rapidly after internalization and become co-localized
with LBPA within 2 h. The co-localization between PS-
ASOs and LBPA was also observed inside LEs. The pres-
ence of PS-ASOs at ILVs was con�rmed in cells overex-
pressing a constitutively active form of Rab5(Q79L). To
determine how the formation of ILVs contributes to pro-
ductive ASO release, we �rst reduced the key components
of ESCRT complexes, HRS and TSG101, and found that
these proteins do not regulate PS-ASO activity. We further
demonstrated a positive regulatory role of LBPA in PS-
ASO release using an antibody that deactivates LBPA, or
by reducing Alix, a protein that binds to LBPA-containing
bilayers to stabilize LBPA levels in LEs. Based on our data,
we propose that intra-endosomal traf�cking mediated by
LBPA signi�cantly contributes to PS-ASO productive in-
tracellular release.

MATERIALS AND METHODS

Antibodies, siRNAs, ASOs and quantitative real-time PCR
(qRT-PCR) primer probe sets are described in Supplemen-
tary Data.

Cell culture, transfection, PS-ASO free uptake and activity
assay

A431, HeLa, HepG2, MIA PaCa and Huh7 cells were
grown according to the protocols provided by the American
Type Culture Collection (ATCC, Manassas, VA, USA) (6).
Cells were seeded at 70% con�uency 1 day before transfec-
tion or drug treatment. siRNAs were transfected at 3 nM
�nal concentration using RNAiMAX (Life Technologies,
Carlsbad, CA, USA), according to the manufacturer’s pro-
tocol. At 48 h after siRNA transfection, cells were re-seeded
in either 96-well plates or collagen-coated dishes (MatTek,
Ashland, MA, USA) at 50% con�uency. Cells were incu-
bated with PS-ASOs diluted to �nal concentration for 16 h,

and then the PS-ASO activity assay or immuno�uorescence
analysis was performed.

RNA preparation and qRT-PCR

Total RNA was prepared using an RNeasy mini kit (Qia-
gen, Valencia, CA, USA) from cells grown in 96-well plates
(around 10 000 cells per well). qRT-PCR using TaqMan
primer probe sets were performed essentially as described
previously (16). Brie�y, ∼50 ng total RNA in 5 �l water
was mixed with 0.3 �l primer probe sets containing forward
and reverse primers (10 �M of each) and �uorescently la-
beled probe (3 �M), 0.3 �l RT enzyme mix (Qiagen), 4.4 �l
RNase-free water, and 10 �l of 2× PCR reaction buffer in a
20�l reaction. Reverse transcriptionwas performed at 48◦C
for 10 min, 40 cycles of PCR were conducted at 94◦C for 20
s and 60◦C for 20 s using the StepOne Plus RT-PCR system
(Applied Biosystems, Phoenix, AZ, USA). The mRNA lev-
els were normalized to the amount of total RNA present in
each reaction as determined for duplicate RNA samples by
Ribogreen assay (Life Technologies).

Immuno�uorescence staining

Cells were �xed with 4% paraformaldehyde for 30 min
at room temperature and were permeabilized with 0.05%
saponin (Sigma) in PBS for 5 min. Cells were treated with
blocking buffer (1 mg/ml BSA in PBS) for 30 min and then
incubatedwith primary antibodies (1:100–1:200 in blocking
buffer) at room temperature for 2–4 h or at 4◦C overnight.
After three washes using 0.1% Triton in PBS, cells were
incubated with �uorescently labeled secondary antibodies
(1:200 in blocking buffer) at room temperature for 1–2 h.
After washing, slides were mounted with Prolong Gold
anti-fade reagent with DAPI (Life Technologies) and im-
aged using a confocal microscope (Olympus FV-1000). Co-
localization between PS-ASOs and different organelles was
analyzed using software of the FV10-ASW 3.0 viewer. Im-
age intensities were also quantitated using the same soft-
ware.

Protein isolation and western blotting

Cells were lysed, and samples were incubated at 4◦C for
30 min in RIPA buffer (50 mM Tris–HCl, pH 7.4, 1% Tri-
ton X-100, 150 mM NaCl, 0.5% sodium deoxycholate and
0.5 mM EDTA). Proteins were separated by PAGE using
6% to 12% NuPAGE Bis-Tris gradient Gels (Life Tech-
nologies) and electroblotted onto PVDF membranes using
the iBLOT transfer system (Life Technologies). The mem-
branes were blockedwith 5% non-fat drymilk in PBS at 4◦C
for 30 min. Membranes were then incubated with primary
antibodies (Supplementary Data) at room temperature for
1 h. After three washes with PBS, the membranes were in-
cubated with appropriate HRP-conjugated secondary an-
tibodies (1:2000) at room temperature for 1 h to develop
the image using ECL reagents (Abcam, Cambridge, MA,
USA).

Flow cytometry

Indicated Cy3-labeled PS-ASO was added to A431 cell cul-
ture. After 3 h, cells were washed with PBS, trypsinized
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and resuspended in PBS supplemented with 3% fetal bovine
serum for analysis by �ow cytometry using a BD Bio-
sciences CellQuest Pro system (BD Biosciences, San Jose,
CA, USA).

RESULTS

Kinetics of PS-ASOs uptake and activity

Given that PS-ASOs are internalized and transported along
the endocytic pathways, PS-ASO activity could be deter-
mined either by levels of uptake or levels of intracellular re-
lease. To evaluate these two possibilities, we �rst performed
kinetic studies on PS-ASO uptake and activity during a
time course of 24 h in human epidermoid carcinoma A431
cells. The levels of uptake were determined by �ow cytome-
try using different concentrations of Cy3-labeled PS-ASOs
(IONIS ID 446654, see Supplementary Data for sequence
and chemical modi�cations). Activity was determined by
quanti�cation of the RNAs, Drosha or Malat1, targeted
by the two PS-ASOs (IONIS ID 395254 for Malat1; IO-
NIS ID 25690 for Drosha), at different time points. Up-
take of Cy3-labeled PS-ASO increased in a concentration-
dependent manner as a function of time and was not sat-
urated at the 24-h time point (Figure 1A and B). Activity
was not detected for either Drosha- orMalat1-targeted PS-
ASOs until 8 h after the PS-ASO treatment (Figure 1C and
D). The uptake of PS-ASO increased ∼2 folds from 8 to 16
h post PS-ASO treatment, but the IC50 values dropped∼10-
fold during this time period (Figure 1E). These observations
indicate that there is a signi�cant delay from the time that
PS-ASOs are internalized to the time that PS-ASOs reach
their RNA targets.
To further understand the relationship between PS-ASO

uptake and antisense activity, we analyzed uptake and ac-
tivity in different human cell lines. Similar kinetics of PS-
ASO uptake and activity were observed in another human
cell line, MIA PaCa cells, upon free uptake (Supplementary
Figure S1A). PS-ASOs are active in human A431 cells, less
active in human HeLa and HEK cells and least active in
human HepG2 and Huh7 cells; however, uptake levels of
PS-ASOs were comparable in A431, HeLa andHepG2 cells
(data not shown). Taken together, these observations indi-
cate that the amount of PS-ASO internalized is not directly
correlated with activities as measured by RNA target re-
duction and that the rate limiting step of PS-ASO to gain
its activity is PS-ASO intracellular release, and not cellular
uptake.

PS-ASO cargos bud as ILVs inside EEs and LEs in live cells

Previously, we reported that productive PS-ASO release
mainly occurs after the PS-ASOs reach LEs/MVBs (8). To
understand the mechanisms of productive PS-ASO release
from LEs, we overexpressed a constitutively active form
of Rab5, Rab5(Q79L), which impairs endosomal traf�ck-
ing and induces the formation of enlarged endosomes that
contain ILVs (17,18). If PS-ASOs are cargos that bud in-
ward endosomes, they are expected to be inside enlarged
endosomes with outer membranes labeled by RAB5(Q79L)
(19). To test that possibility, HeLa cells overexpressing
RAB5(Q79L)-GFP were treated with Cy3-labeled PS-ASO

(IONIS ID 446654) for 4 h. PS-ASOs were indeed detected
in dot-like structures inside the lumen of enlarged endo-
somes marked by RAB5(Q79L)-GFP (Figure 2A).
HeLa cells that overexpressed RAB7a-GFP were next in-

cubated with Cy3-PS-ASO and then treated with the PIK-
fyve inhibitor YM201636 to enlarge LEs (20). Under these
conditions, the �uorescently labeled PS-ASOs were also
observed inside the lumen of enlarged LEs and concen-
trated in punctate structures with outer membranes marked
by RAB7a-GFP (Figure 2B). Similar localization patterns
were also observed in the enlarged EEs marked by Rab5 in
Hela cells treated with YM201636 (Supplementary Figure
S2). These observations con�rm that PS-ASO cargos are
able to bud as ILVs inside EEs and LEs in live cells.
ILVs can be labeled by a �uorescent lipid

analog N-(lissamine rhodamine B sulfonyl)-
phosphatidylethanolamine (N-Rh-PE) during membrane
fusion events along the endocytic pathway (21). HeLa cells
that overexpressed RAB5(Q79L)-GFP were co-treated
with N-Rh-PE and Cy5-labeled PS-ASO (IONIS ID
851810) for 4 h. As expected, N-Rh-PE labeled ILVs inside
enlarged LEs, and some co-localization with PS-ASO was
observed in live cells (Figure 2C).

Internalized ligands tend to dissociate from receptors at
either EEs or LEs due to the acidic environment of EEs
and LEs (9). As PS-ASOs can be considered as ligands, it
was surprising to �nd that PS-ASOs are mainly concen-
trated in ILVs. We then compared the localization pattern
of PS-ASOs with other ligands such as LDL and trans-
ferrin in cells that overexpressed RAB5(Q79L)-GFP. LDL
and transferrin accumulated in enlarged endosomesmarked
by RAB5(Q79L)-GFP. In contrast to PS-ASO, which is
present in a punctate pattern, LDL or transferrin showed a
diffuse pattern inside of LEs (Figure 2D). This difference in
localization pattern suggests that LDL and transferrin are
freed from receptors, whereas PS-ASOs are still tied up with
either receptors or certain subcellular structures in LEs af-
ter internalization. There are at least two possible explana-
tions for this. One is that PS-ASOs bind tightly to receptors
or receptor-like proteins, and these complexes do not readily
dissociate in EEs or LEs. The other is that PS-ASOs, either
with or without binding proteins, may undergo changes in
topology to translocate into the lumen of ILVs, whichmight
result in PS-ASO release from ILV upon its fusion with the
limiting membrane of the LEs (22).

PS-ASOs co-localize with LBPA-containing ILVs inside LEs

LBPA is abundant in the ILVs of LEs but not in EEs, re-
�ecting active membrane deformation of LEs (23). To test
whether PS-ASOs are present in LBPA-containing ILVs of
LEs, we analyzed the cellular localization of Cy3-labeled
PS-ASO (IONIS ID 446654) in HeLa cells stained for
EEA1, a marker of EEs (24), and for LBPA over a time
course from 0.5 to 8 h after PS-ASO addition to cells. Co-
localization of PS-ASO with EEA1 peaked at 0.5 h. By 2 h,
the majority of PS-ASO was co-localized with LBPA (Fig-
ure 3A). The quantitation of co-localization between PS-
ASOs and LBPA indicates that more than 80% PS-ASOs
were present in LBPA-positive organelles after cells were
incubated with PS-ASOs for 2 h or longer (Supplementary
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Figure 1. Activity of PS-ASOs through free uptake is mainly determined by intracellular release. (A and B) Intracellular �uorescence of Cy3-PS-ASO
was quanti�ed by �ow cytometry to determine uptake (RFU) as a function of time at indicated given PS-ASO concentrations (A) and uptake (RFU) as
a function of PS-ASO concentration at indicated time points (B). (C and D) Expression of Drosha (C) and Malat1 (D) RNAs as a function of PS-ASO
concentration at indicated time points quanti�ed by qRT-PCR. Data are relative to no PS-ASO control. The error bars represent standard deviations from
three independent experiments. (E) Values of IC50 were calculated from data plotted in panels based on a non-liner regression model.

Figure S3A). These results suggest that PS-ASOs can traf�c
to ILVs containing LBPA. The kinetics of PS-ASO localiza-
tion to LBPA-containing ILVs also suggests a delay from
the time that PS-ASOs are internalized to the time that PS-
ASOs reach LEs to release.
To further con�rm that PS-ASOs are co-localized with

LBPA at ILVs inside LEs, we analyzed the cellular lo-
calization of LBPA and PS-ASO in cells overexpressing
RAB5(Q79L). Cells were treated with Cy3-labeled PS-
ASOs for 8 hours and then stainedwith LBPAantibody. PS-
ASOs were observed in dot-like structures mainly present
inside these enlarged endosomes as shown in Figure 2A
and Figure 2C. LBPA was also detected in structures, likely
ILVs, inside these enlarged endosomes (Figure 3B). Some
PS-ASOs were clearly co-localized with structures stained
by LBPA inside LEs. When the experiment was performed
with Cy5-labeled PS-ASO, a similar co-localization of Cy5-
PS-ASO and LBPA was also observed (data not shown);
arguing that localization of the PS-ASO is not in�uenced
by the �uorescent tag. The localization of proteins known
to be present in ILVs, including mannose-6 phosphate re-
ceptor 1 and CD63 (25), was also examined in HeLa cells
that overexpressed RAB5(Q79L)-GFP. Co-localization be-
tween PS-ASOs and these endocytic receptors was also ob-
served (Figure 3C and Supplementary Figure S3B). Taken
together, these observations suggest that some, if not all, PS-
ASOs traf�c to LBPA-containing ILVs inside LEs.

LBPA plays an indispensable role in regulating PS-ASO ac-
tivity

The biogenesis of ILVs starts at EEs, which is mainly me-
diated by ESCRT protein complexes (25). To determine
the role of ESCRT proteins in regulating PS-ASO activ-
ity, we reduced two major components in ESCRT, HRS
(Hepatocyte Responsive Serum phosphoprotein) in ES-
CRT0 or TSG101 (Tumor Susceptibility Gene 101) in ES-
CRTI (25) using siRNAs targeting HRS or TSG101. The
siRNAs decreasedHRS or TSG101 protein levels by >90%
(Figure 4A and Figure 4B). Reduction of HRS or TSG101
had no signi�cant effect on PS-ASO activity, as demon-
strated by qRT-PCR analyses forDroshamRNA orMalat1
RNA in control and HRS or TSG101-de�cient cells incu-
bated with the Drosha- or Malat1-speci�c PS-ASOs (Fig-
ure 4A and B). The experiments were repeated at least three
times and similar resulted were observed. These results in-
dicate that ESCRT proteins do not signi�cantly contribute
to productive release of PS-ASOs.
To examine the role of LBPA in PS-ASO activity, we used

the monoclonal antibody (mAb, 6C4) to block the func-
tionality of LBPA (13). LBPA-containing ILVs have been
proposed to mediate substance release from ILVs through
back fusion between limiting membranes and ILVs. LBPA
antibody (mAb, 6C4) has been shown to deactivate this
process (13). Pre-treatment with anti-LPBA antibody re-
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Rab5(Q79L) ASO Merged

A   B

Rab7a ASO

C  D

Rab5(Q79L) Transferrin Merged

Rab5(Q79L) LDL Merged

Rab5(Q79L)

Rab5(Q79L) ASO

RH-PE Merge 

Figure 2. PS-ASO cargos bud as ILVs inside LEs in live cells. (A) Representative images of cells overexpressing RAB5(Q79L)-GFP (green) treated with
2 �M Cy3-labeled PS-ASO (red) for 4 h. The nuclei were stained with Hoechst 33342 (blue). Scale bar, 5 �m. (B) Representative merged images of cells
overexpressing RAB7a-GFP (green) incubated with 2 �M Cy3-labeled PS-ASO (red) for 4 h followed by treatment with YM201636 for an additional 8
h. The nuclei were stained with Hoechst 33342 (blue). Scale bar, 5 �m. (C) Representative images of cells overexpressing RAB5(Q79L)-GFP (gray) and
treated with Cy5-labeled PS-ASO (red) andN-Rh-PE (green) for 4 h. The nuclei were stainedwithHoechst 33342 (blue). Scale bar, 5�m. (D) Representative

images of cells overexpressing RAB5(Q79L)-GFP (green) treated with Cy5-labeled-transferrin (red) or Alexa Fluor® 594-LDL (red) for 4 h. The nuclei
were stained with Hoechst 33342 (blue). Scale bar, 5 �m.

sults in accumulation and inactivation of LBPA in LEs (26).
A431 cells were pre-treated with anti-LBPA antibody or an
IgG control and subsequently treated with either Drosha-
or Malat1-speci�c PS-ASOs. As show in Figure 5A, anti-
LBPA antibody reduced activities of both PS-ASOs. Since
PS-ASOs are localized in LBPA-containing ILVs (Figure 3)
and treatment of LBPA antibody decreases PS-ASO activ-
ities in cells, it is likely that PS-ASOs are productively re-
leased through the process of back fusion.
The small molecule U18666A treatment causes acute ac-

cumulation of cholesterol in LEs, which inhibits the activity
of LBPA in membrane deformation (27). U18666A-treated
cells have enlarged LEs and defects in intra-endosomal
traf�cking such as back fusion processes (28). We pre-
treated A431 cells with U18666A for 6 h and then added
Drosha- or Malat1-speci�c PS-ASOs. As shown in Fig-
ure 5B, U18666A signi�cantly reduced activities of both
PS-ASOs. This result suggests that LBPA-mediated intra-

endosomal traf�cking is important for the release of PS-
ASOs from LEs.

LBPA does not in�uence uptake or endocytic traf�cking of
PS-ASOs to LEs

To evaluate the possibility that LBPA directly contributes
to PS-ASO internalization, we analyzed the effect of LBPA
inactivation on levels of PS-ASO cellular uptake. A431 cells
treatedwith anti-LBPA antibody (50�g/ml) or an IgG con-
trol were incubated with 1 �M Cy3-labeled PS-ASO for 3
h, and then samples were analyzed by FACS. The levels of
internalized PS-ASOs were increased ∼20% in cells treated
with anti-LBPA antibody compared with cells treated with
an IgG control (Figure 5C). Similarly, treatment of cells
with U18666A (2.5 �M) did not decrease internalization of
Cy3-PS-ASOs (Figure 5D). These results indicate that de-
creased PS-ASO activities in cells treated with anti-LBPA
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0.5 hr

8 h

4 h

EEA1  ASO  LBPA EEA1/ASO LBPA/ASOA 

B

C

Rab5(Q79L) ASO LBPA Merge

Rab5(Q79L) ASO CD63 Merged

2 h

0.5 h

Figure 3. PS-ASOs are predominantly co-localized with LBPA-containing ILVs inside LEs. (A) Representative images of immuno�uorescent staining for
EEA1 (green) and LBPA (green) in HeLa cells incubated with Cy3-labeled PS-ASO (red) for the indicated times. The nuclei were stained with DAPI (blue).
Enlarged images showed co-localization between PS-ASOs and EEA1 or LBPA in yellow, Scale bar, 5 �m. (B) Representative images of immuno�uorescent
staining for LBPA (cyan) in cells overexpressing RAB5(Q79L)-GFP (green) and treated with Cy3-PS-ASO (red). The nuclei were stained with DAPI (blue).
Scale bar, 5 �m. (C) Representative images of immuno�uorescent staining for CD63 (cyan) in cells overexpressing RAB5(Q79L)-GFP (green) and treated
with Cy3-PS-ASO (red). The nuclei were stained with DAPI (blue). Scale bar, 5 �m.
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Figure 4. ESCRT proteins do not regulate PS-ASO activity. (A) A431 cells were treated with control siRNA targeting luciferase (Luc-si) or siRNAs
targeting HRS as indicated. Left panel shows RNA and protein levels of HRS determined by qRT-PCR andWestern analyses, respectively. RNA levels are
relative to Luc-siRNA treated samples. GRP78 served as a Western loading control. Middle and right panels show data from cells treated with indicated
siRNAs for 48 h and then incubated with PS-ASOs targeting either Drosha or Malat1 for 16 h. Drosha and Malat1 RNA levels were quanti�ed using
qRT-PCR. The error bars represent standard deviations from three independent experiments. (B) A431 cells were treated with control siRNA targeting
luciferase (Luc-si) or siRNAs targeting TSG101 as indicated. Left panel shows RNA and protein levels of TSG101 determined by qRT-PCR and western
analyses. RNA levels are relative to control siRNA treated samples. GRP78 served as a western loading control. Middle and right panels show data from
cells treated with indicated siRNAs for 48 h and then incubated with PS-ASOs targeting either Drosha or Malat1 for 16 h. RNA levels were quanti�ed
using qRT-PCR. The error bars represent standard deviations from three independent experiments.

antibody or U18666A are not attributable to decreased in-
tracellular uptake of PS-ASOs.
Since PS-ASO release mainly occurs from LEs, delayed

traf�c of PS-ASOs to LEs could contribute to decreased
PS-ASO release (8). Previously, we found that reduction
of Annexin A2 delayed ASO traf�cking from EEs to
LEs as examined by PS-ASO co-localization in EEs or
LEs/lysosomes 2 h after incubation (8). To test whether
inactivation of LBPA affects endocytic traf�cking of PS-
ASOs to LEs, we analyzed the transport of PS-ASOs in
cells pre-treated with anti-LBPA antibody. HeLa cells were
treated with anti-LBPA antibody or an IgG control for 6 h.
Cells were then incubated with 2 �MCy3-labeled PS-ASOs
for another 2 h and stained with EEA1, an EE marker,
and LAMP1, a marker of late endosomes or lysosomes
(31). The anti-LBPA antibody treatment increased the sizes
of LEs/lysosomes with limiting membranes marked by
LAMP1, as published before (Supplementary Figure S3)
(29). However, quanti�cation of PS-ASO-positive EEs (PS-
ASOs and EEA1 co-staining) and PS-ASO-positive LEs or
lysosomes (PS-ASO and LAMP1 co-staining) showed that
the anti-LBPA antibody treatment did not alter the por-
tions of EEs and LEs that contained PS-ASOs (Supplemen-
tary Figure S3). This result indicates that LBPA inactivation

does not delay endocytic traf�cking of PS-ASOs to LEs.
Similar experiments conducted with cells pre-treated with
2.5 �M U18666A for 6 h followed by incubation with 2
�MCy3-labeled PS-ASOs for 2 h showed that traf�cking of
PS-ASOs from EEs to LEs was not disrupted by U18666A
treatment (data not shown). These data indicate that traf-
�cking of PS-ASOs from EEs to LEs is not impaired in cells
with LBPA inactivation.

Alix and NPC1 are important for PS-ASO activity

The protein Alix controls LBPA functions by binding to
LBPA-containing bilayers to stabilize LBPA levels in LEs
(15). To determine whether the function of LBPA in reg-
ulation of PS-ASO activity is also Alix dependent, we re-
duced the levels of Alix using siRNA and then evaluated
PS-ASO activity. A431 cells were treated with two differ-
ent siRNAs targeting Alix and both decreased Alix pro-
tein levels by >90% (Figure 6A). Similar to LBPA inacti-
vation, reduction of Alix signi�cantly decreased PS-ASO
activities (Figure 6A). This result was independently con-
�rmed inMHT cells (internal communication with Dr. Eric
Koller). This observation further supports our hypothesis
that LBPA plays a positive regulatory role in PS-ASO re-
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Figure 5. LBPA plays an indispensable role in regulating PS-ASO activity. (A) A431 cells were pre-treated with different concentrations of anti-LBPA
antibody or an mouse IgG (Ms IgG) as control for 6 h, followed by incubation with PS-ASOs targeting Drosha or Malat1 RNA for 16 h. The levels of
Drosha and Malat1 RNAs were determined by qRT-PCR. The error bars represent standard deviations from three independent experiments. P (in blue,
25 �g/ml) <0.01 versus Ms IgG; P (in red, 50 �g/ml) <0.01 versus Ms IgG. (B) A431 cells were pre-treated with different concentrations of U18666A or
control for 6 h, followed by incubation with PS-ASOs targetingDrosha orMalat1RNA for 16 h. The levels ofDrosha andMalat1RNAs were determined
by qRT-PCR. The error bars represent standard errors from three independent experiments. P (in blue, 1.2 �M) <0.01 versus Ms IgG; P (in red, 2.5 �M)
<0.01 versus 0 �M. (C) A431 cells were pre-treated with 50 �g/ml anti-LBPA antibody or an IgG control for 6 h, followed by incubation with 1 �MCy3-
labeled PS-ASO for 3 h. PS-ASO uptake was analyzed by �ow cytometry. The error bars represent standard errors from three independent experiments. *P
< 0.01 versus Ms IgG. (D) A431 cells were pre-treated with 2.5 �MU18666A or ethanol as control for 6 h, followed by incubation with 1 �MCy3-labeled
PS-ASO for 3 h. PS-ASO uptake was analyzed by �ow cytometry. The error bars represent standard deviations from 3 independent experiments. *P< 0.01
versus control.

lease from LEs to the cytoplasm or nucleus and shows that
the release also requires Alix.
The protein NPC1 controls intracellular cholesterol mo-

bilization and deletion of NPC1 phenocopies the treatment
of U18666A and causes cholesterol accumulation in LEs
(29). Reduction of NPC1 inhibits the activity of LBPA in
membrane deformation (28). A431 cells were treated with
two different siRNAs targeting NPC1. Reduction of NPC1
also decreased PS-ASO activities signi�cantly, as measured
by less reduction of RNAs targeted by the Drosha- or
Malat1-speci�c ASOs (Supplementary Figure S4). This re-
sult con�rms the importance of LBPA and its function in
membrane deformation in PS-ASO release from LEs.
To rule out the possibility that Alix in�uences PS-ASO

internalization, we also measured cellular uptake of Cy3-
PS-ASOs in cells treated with siRNAs targeting Alix. FACS
analyses indicated that reduction of Alix did not substan-
tially change cellular uptake of PS-ASOs (Figure 6B), sug-
gesting that Alix in�uences PS-ASO release from the endo-
cytic pathway.

We previously showed that RNase H1 (30), P54nrb (31),
HSP90 (32) and Annexin A2 (8) affect PS-ASO activities
through different mechanisms. To dissect the function of
Alix, we measured levels of these proteins by western blot-
ting in cells treated with siRNA targeting Alix. Levels of
these proteins were not changed in cells depleted of Alix
(Figure 6C). These results indicate that the role of Alix
in PS-ASO activity is independent of proteins previously
shown to in�uence PS-ASO activity.

Alix reduction does not delay endocytic traf�cking of PS-
ASOs to LEs

In addition to controlling LBPA activity, Alix also regu-
lates endocytic traf�cking to LEs and exosome biogene-
sis (19). We therefore examined whether Alix functions in
endocytic traf�cking of PS-ASOs to LEs. A431 cells were
treated with Alix siRNA for 48 h and were then incubated
with 2 �M Cy3-labeled PS-ASOs (IONIS ID 446654) for
another 2 h. Cells were stained with EEA1 and LAMP1 to
monitor the kinetics of PS-ASO traf�cking to LEs. Unlike
the anti-LBPA antibody treatment, Alix reduction did not

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/n
a
r/a

rtic
le

/4
5
/9

/5
3
0
9
/3

1
0
0
2
2
7
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Nucleic Acids Research, 2017, Vol. 45, No. 9 5317

0

50

100

150

0

50

100

150
Luci-si

Alix-si1

Alix-si2

0 50 100 200 400 800 (nM)0 500 1000 2000 4000 8000 (nM)

Drosha Malat1

E
x
p

re
s
s
io

n
 l

e
v
e
ls

 (
%

)Alix

GRP78

Luci-si Alix-si1 Alix-si2

A

B  C   E

0

50

100

150

p54

HSP90

RNase H1

ANAX2

Alix

GRP78
0

100

200

300

400

500
Luci-si

Alix-si1

R
F

U

0.25  0.5  1 (µM)

[ASO]

36 kD

48 kD

68 kD

28 kD

98 kD Malat1

1 2 3 4 5 6
0

50

100

150

Luci-si+Alix-Ex

Alix-si

Luci-si+Luci-Ex

Luci-si
Alix-si+Luci-Ex

Alix-si+Alix-Ex

D

EEA1  ASO  LAMP1 EEA1/ASO LAMP1/ASO

Luci-si

Alix-si

0

5

10

15

20

A
S

O
 (

E
E

)/
A

S
O

 (
T

o
ta

l)
 %

Luci-si Alix-si

0

25

50

75

100

Luci-si Alix-si

Luci-si

Alix-si1

Alix-si2

P<0.01

P<0.01
P<0.01

P<0.01

P<0.01

Luci-si Alix-si

0 50 100 200 400 800 (nM)

E
x
p

re
s
s
io

n
 l

e
v
e
ls

 (
%

)
E

x
p

re
s
s
io

n
 l

e
v
e
ls

 (
%

)

A
S

O
 (

L
E

)/
A

S
O

 (
T

o
ta

l)
 %

E
x
p

re
s
s
io

n
 l

e
v
e
ls

 (
%

)

Figure 6. Alix is important for PS-ASO activity. (A) A431 cells were treated with control (Luc-si) or siRNAs targeting Alix as indicated. Left panel shows
RNA and protein levels of Alix determined by qRT-PCR and western analyses. RNA levels are relative to Luc-siRNA treated samples. GRP78 served as a
loading control.Middle and right panels show data from cells treated with siRNAs targeted Alix for 48 h and then incubated with PS-ASOs targeting either
Drosha orMalat1 for 16 h. RNA levels were quanti�ed using qRT-PCR. The error bars represent standard deviations from three independent experiments.
P < 0.01 (in green, Alix-si1) versus Luci-si; P < 0.01 (in blue, Alix-si2) versus Luci-si; (B) A431 cells treated with control siRNA or siRNA targeting
Alix (Alix-si1) were incubated with Cy3-PS-ASOs for 3 h. PS-ASO uptake was analyzed by �ow cytometry. The error bars represent standard deviations
from three independent experiments. (C) Western analyses for ANXA2, P54nrb, HSP90, RNase H1 and Alix proteins in cells treated with control or Alix
siRNAs for 48 h. GRP78 served as a loading control. (D) Representative images of immuno�uorescent staining for EEA1 (green), and LAMP1 (green)
in A431 cells incubated with Cy3-labeled PS-ASOs (red) for 2 h. Scale bar, 5 �m. The PS-ASO-positive EEs or LEs were counted in 20 cells, and the
percentage of the PS-ASO-positive EEs or LEs was calculated relative to the total numbers of the PS-ASO-positive organelles. (E) A431 cells treated with
control (Luc-si) or siRNA targeting Alix (Alix-si1) were incubated with PS-ASOs targeting Malat1 for 12 h, followed by the replacement of fresh media
without PS-ASOs for another 12 h to allow exosome secretion. Exosomes from either control or Alix-si1-treated cells were added to cells, which were
co-treated withMalat1-speci�c PS-ASOs at different doses. The RNA levels were quanti�ed using qRT-PCR. The error bars represent standard deviations
from three independent experiments. P < 0.01 (in blue, either of Alix-si curves) versus either of Luci-si curves.
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increase the sizes of LEs (Figure 6D). Quanti�cation of the
co-localization between EEs and PS-ASOs or LEs and PS-
ASOs showed that reduction of Alix did not reduce the per-
centage of PS-ASO-containing LEs (Figure 6D). This result
indicates that Alix is not essential for endocytic traf�cking
of PS-ASOs to LEs.
Exosome is known to transfer productive siRNAs be-

tween cells (33). It is possible that PS-ASOs can be traf-
�cked through exosomes across cells, which, in turn, con-
tributes to the productive release of PS-ASOs. We then ex-
amined the function of Alix in the biogenesis of PS-ASO-
containing exosomes (19). A431 cells were �rst treated with
control or Alix-targeted siRNA for 36 h to ef�ciently re-
duce Alix levels. Cells were then incubated with media con-
tainingMalat1-speci�c PS-ASOs for another 12 h, followed
by the replacement of fresh media without PS-ASOs. Cells
were further incubated with the fresh media for another 12
h to allowed suf�cient secretion of PS-ASO-containing ex-
osomes into the media. Thereafter, the media containing
PS-ASO exosomes from either control cells or Alix-reduced
cells were collected, and added to cells that were co-treated
with Malat1-speci�c PS-ASOs at different doses for 16 h.
If PS-ASO activity is, at least in part, attributable to PS-
ASO containing exosomes, PS-ASO activity should be ele-
vated in cells with co-treatment of PS-exosome containing
media. Interestingly, addition of the media containing ex-
osomes, from either control or Alix-reduced cells, did not
increase PS-ASO activity, suggesting that the exosomes do
not contain suf�cient productive PS-ASOs to increase activ-
ity (Figure 6E). These observations argue against the possi-
bility that Alix contributes to PS-ASO activity by affecting
PS-ASO exosome secretion. Therefore, it is most likely that
Alix positively regulates PS-ASO activities by controlling
the levels or stability of LBPA in LEs.

Alix reduction decreases LBPA levels and diminishes co-
localization of LBPA with PS-ASOs

To determine if reduction of Alix decreases PS-ASO ac-
tivities via destabilization of LBPA, we examined levels of
LBPA and the incidence of co-localization between LBPA
and PS-ASOs (28). We monitored LBPA staining pattern
and quanti�ed LBPA staining intensity in control cells and
cells de�cient in Alix. A431 cells were treated with control
or Alix-targeted siRNA for 48 h and then incubated with 2
�MCy3-labeled PS-ASOs for 4 h. The �uorescent intensity
of LBPA staining was quanti�ed and normalized to the in-
tensity of LAMP1. Compared to control cells, cells depleted
ofAlix had a∼40%decrease in LBPA signal, indicating that
Alix reduction indeed decreases LBPA levels in LEs (Figure
7A and B). This result is consistent with previous studies
showing that Alix is important for maintaining LBPA lev-
els in LEs (15,28). Although LBPA staining is weak, after
signal being intensi�ed, the incidence of co-localization be-
tween LBPA and PS-ASOs did not signi�cantly decrease in
Alix-de�cient cells compared to control cells (Figure 7C).
This observation is consistent with the fact that reduction
of Alix did not affect PS-ASO traf�cking from EEs to LEs
as LBPA is also a marker of LEs (Figure 6D).

To further examine how Alix reduction in�uences PS-
ASO activity through LBPA, we compared localization pat-

tern of LBPA in control cells and Alix-de�cient cells af-
ter the treatment of PIKfyve inhibitor YM201636. Cells
were incubated with 2 �M Cy3-labeled PS-ASOs for 4 h,
which allowed PS-ASOs to traf�c to ILVs before the treat-
ment of YM201636 for 8 h to enlarge the sizes of LEs. Cells
were further stained with LBPA and LAMP1. YM201636
treatment increased the sizes of LEs, resulting in a distin-
guishable inner space surrounded by LAMP1-stained lim-
iting membranes (Figure 7D). In control cells, LBPA was
mainly co-localized with PS-ASOs inside these enlarged en-
dosomes, likely ILVs. In cells, de�cient in Alix, LBPA stain-
ing signal was weak (Figure 7A) but after being intensi�ed,
it was mainly detected in the limiting membranes with com-
prised co-localization with PS-ASOs inside the enlarged en-
dosomes (Figure 7D). Interestingly, in Alix-reduced cells,
PS-ASOs were still predominantly observed inside enlarged
LEs (Figure 7D), suggesting that inward budding of PS-
ASOs is not solely dependent on either Alix or LBPA in
LEs. However, loss of Alix appears to decrease LBPA lev-
els at PS-ASO containing ILVs inside LEs. These LBPA-
de�cient ILVs may be unable to fuse with limiting mem-
branes, preventing PS-ASO release from LEs.

DISCUSSION

Previously we showed that productive PS-ASO release
mainly occurs fromLEs (8). In the present study, we demon-
strated a requirement of LBPA for PS-ASO release from
LEs. PS-ASOs exit EEs rapidly after internalization and are
further sorted to LBPA-containing ILVs in LEs. LBPA is
important for PS-ASO release from LEs into the cytoplasm
or nucleus where the PS-ASOs access RNA targets (Figure
8).

Our kinetic studies indicate that there is a signi�cant de-
lay from the time that PS-ASOs are internalized to the time
that PS-ASOs reach their RNA targets. This time lapse al-
lows suf�cient PS-ASOs to traf�c into and release from
LEs, which is re�ected as co-localization between LBPA
and PS-ASOs. In addition, the effects of PS-ASOs gradu-
ally increase over time, suggesting a continuous release of
PS-ASOs at low levels from LBPA-containing LEs. Inter-
estingly, the pharmacological effects of PS-ASOs are highly
varied among different cell types. Even when uptake levels
of PS-ASOs are comparable, activities of PS-ASOs can be
rather different between cell types. These cells, presumably,
all contain LBPA in their LEs, suggesting that there are dif-
ferent limiting factors that contribute to PS-ASO activity
due to LBPA-containing LEs and that other pathways may
also contribute to PS-ASO activity.
Internalized ligands such as LDL and transferrin tend to

dissociate from receptors and are present in diffuse states
inside LEs. PS-ASOs, however, were detected as punctate
structures co-localized with ILVs inside LEs. This observa-
tion suggests that lease some PS-ASOs are still associated
with receptors and sorted to ILVs inside LEs after inter-
nalization. It is well known that PS-ASO uptake can occur
through receptor-mediated endocytosis at low concentra-
tions (<1 �M) (2). Receptors such as integrins (e.g. Mac-
1/CD18) (34), G-protein-coupled receptor (35), and scav-
enger receptors (Stabilin1 and 2) (36) have been implicated
in PS-ASOuptake. The route of internalization through dif-
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Figure 7. Alix reduction decreases LBPA levels and diminishes co-localization of LBPA with PS-ASOs at ILVs. (A) Representative images of immuno�u-
orescent staining for LBPA (green) and LAMP1 (green) in control- or Alix-siRNA treated A431 cells, which were further incubated with Cy3-labeled
PS-ASOs (red) for 2 h. The nuclei were stained with DAPI (blue). Scale bar, 5 �m. (B) Intensities of LBPA in 20 LEs from each of 15 cells were quanti�ed
and normalized to intensities of LAMP1 using FV10-ASW 3.0 viewer. P < 0.01, Alix-si versus Luci-si. (C)The PS-ASO-positive organelles co-stained
with LBPA were also counted in 20 Luci- or Alix-siRNA treated A431 cells. The percentage of the organelles positive for both PS-ASOs and LBPA was
calculated relative to the total numbers of the PS-ASO-positive organelles. (D) Representative images of immuno�uorescent staining for LBPA (green) and
LAMP1 (gray) in Luci- or Alix-siRNA treated HeLa cells, which were further treated with YM201636 after the incubation with Cy3-labeled PS-ASOs
(red) for 4 h. The nuclei were stained with DAPI (blue). Scale bar, 5 �m.
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Figure 8. Proposed model of LBPA-mediated PS-ASO traf�cking and re-
lease. PS-ASOs (purple twists) traf�c along endocytic pathways from EEs
to LEs. In EEs, PS-ASOs begin to be sorted into ILVs. In LEs, PS-ASOs
are further sorted into ILVs containing LBPA (green). The deformation
potential of LBPA drives the fusion between ILVs and limitingmembranes
to promote the productive PS-ASO release from LEs into the cytoplasm.

ferent surface proteins appears to affect the pharmacologi-
cal activity of PS-ASO (37). Uptake of PS-ASOs preferen-
tially by some pathways tends to increase PS-ASO activi-
ties (37), suggesting that these surface proteins can facili-
tate PS-ASO release from LEs more ef�ciently than others.
It is possible that these proteins can promote sorting of PS-
ASOs to ILVs, which, in turn, leads to the release of PS-
ASOs through back fusion mechanism.
There are twomajor mechanisms that are involved in ILV

formation. One is mediated by the ESCRT protein machin-
ery and the other by LBPA (9). These two mechanisms can
independently control ILV formation depending on sub-
stances to be sorted (38). ESCRT proteins do not appear to
play important roles in productive release of PS-ASOs be-
cause inhibition ofHRS or TSG101 expression did not alter
PS-ASO activities. ILVs are observed in cells even lacking
all components in the ESCRT protein machinery (25,39). It
appears that sorting PS-ASO cargos to ILVs was not solely
dependent onLBPAbecause inAlix reduced cells, PS-ASOs
were also observed inside LEs, likely ILVs. Therefore, the
mechanism that mediates PS-ASO sorting into ILVs needs
further investigation.
LBPA is uniquely present at both ILV membranes and

limiting membranes of LEs (23). LBPA is important for
membrane deformation and fusion (25) and is critical in
the back fusion that results in viral particle release from
LEs to cytoplasm (26). We have shown that PS-ASOs were
sorted to LBPA-containing-ILVs in LEs and that deactiva-

tion or destabilization of LBPA reduced PS-ASO activity. It
is not known whether LBPA at ILV membranes or at limit-
ing membranes or both contributes to productive PS-ASO
release from LEs. Nonetheless, in Alix reduced cells, LBPA
was mainly localized in limiting membranes while PS-ASO
activity was reduced. It appears that LBPA at ILV mem-
branes plays a major role in late endosomal release of PS-
ASOs.
Back fusion is a well-known mechanism by which LBPA

mediates substance release from LEs (15). Since deactiva-
tion of LBPA reduces PS-ASO activities, we speculate that
back fusion results in productive PS-ASO release from LEs
(Figure 8). Back fusion is the fusion between limiting mem-
branes and enclosed ILVs (14). Upon back fusion, the cargo
in the lumen of the ILV can be released into the cyto-
plasm (26). PS-ASOs were detected as punctate structures
co-localized with ILVs rather than diffusely inside LEs, rais-
ing the possibility that through an unknown mechanism,
PS-ASOs are able to enter the lumen of ILVs. If the sort-
ing of PS-ASOs to ILVs is only mediated by interactions
with PS-ASO binding receptor(s), retention of PS-ASOs at
the outer membranes of ILVs through association with ex-
tracellular domains of receptor(s) may take place. Given
the high propensity of PS-ASOs to bind to proteins, other
proteins than receptor(s) could be involved in translocat-
ing PS-ASOs into the lumen of ILVs (37). Nonetheless, this
mysterious process is the critical event that mediates topol-
ogy changes of PS-ASOs into the lumen of ILVs for release
through back fusion. Further study is necessary to elucidate
the mechanistic details in the process.
Different models have been proposed to explain PS-ASO

escape from LEs (22). One model is that protein binding
to certain lipid domains could create temporary curvature
of membranes with increased permeability, which leads to
PS-ASO release (5,40,41). Our previous study identi�ed
ANXA2 as such a protein that may facilitate PS-ASO re-
lease from LEs (8). Another model is that membrane �s-
sion or fusion during the intracellular traf�cking process
could lead to the formation of non-bilayer lipid domains
with increased membrane permeability, which would allow
PS-ASO release (5,14,42). Our present study emphasized
the importance of a membrane fusion event, back fusion
from ILVs to LEs, in the release of PS-ASOs. Thus, it ap-
pears that membrane �ssion or fusion process plays an im-
portant role in PS-ASO release from LEs. Nevertheless, our
data do not exclude the possibility that other pathways con-
tribute to PS-ASO activity.
Some small molecules, such as Ritro-1 (43), UNC7938,

UNC7832 and UNC7854 (44) can dramatically enhance
PS-ASO activity via novel mechanisms involving release
from LEs or redistribution to their action sites. Although
those molecules do not affect sub-cellular organization and
intracellular traf�cking in general, they are relatively low
potency, low stability and poor water solubility to use as
drugs. Therefore, small molecules need further development
if they are to be used to enhance PS-ASO actions through
highly selective modulation of intracellular processing (44).
On the other hand, based on our studies, it is conceivable
that the pharmacological effect of PS-ASOs can be further
improved by engineering chemical modi�cations that affect
binding to key proteins involved in PS-ASO traf�cking (37).
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Back fusion could be one of the mechanisms that medi-
ate productive PS-ASO release from LEs. Further under-
standing of the release pathways will guide development
of strategies to improve the pharmacological effects of PS-
ASO-based drugs (7).
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