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ABSTRACT

Phosphorothioate (PS) modified antisense oligonu-
cleotide (ASO) drugs that act on cellular RNAs must
enter cells and be released from endocytic organelles
to elicit antisense activity. It has been shown that
PS-ASOs are mainly released by late endosomes.
However, it is unclear how endosome movement in
cells contributes to PS-ASO activity. Here, we show
that PS-ASOs in early endosomes display Brown-
ian type motion and migrate only short distances,
whereas PS-ASOs in late endosomes (LEs) move lin-
early along microtubules with substantial distances.
In cells with normal microtubules and LE movement,
PS-ASO-loaded LEs tend to congregate perinucle-
arly. Disruption of perinuclear positioning of LEs by
reduction of dynein 1 decreased PS-ASO activity,
without affecting PS-ASO cellular uptake. Similarly,
disruption of perinuclear positioning of PS-ASO-LE
foci by reduction of ER tethering proteins RNF26,
SQSTM1 and UBE2J1, or by overexpression of P50
all decreased PS-ASO activity. However, enhancing
perinuclear positioning through reduction of USP15
or over-expression of RNF26 modestly increased PS-
ASO activity, indicating that LE perinuclear position-
ing is required for ensuring efficient PS-ASO release.
Together, these observations suggest that LE move-
ment along microtubules and perinuclear positioning
affect PS-ASO productive release.

INTRODUCTION

PS-ASOs must enter cells and reach the target RNAs in the
cytosol and the nucleus to elicit antisense activity (1,2). It
has been shown that PS-ASOs enter cells primarily via the
endocytic pathways (1,3,4). Internalized PS-ASOs bud off
from plasma membrane and transport quickly into early
endosomes (EEs) and late endosomes (LE), and finally lo-
calize to lysosomes. However, PS-ASO release from endo-
cytic organelles is a relatively slow process and a rate limit-

ing step affecting PS-ASO activity (1,5). Only a small por-
tion of internalized PS-ASOs are released from the mem-
braned endocytic organelles (6). LEs, or multivesicular bod-
ies (MVBs) appear to be the major sites for productive PS-
ASO release (1,3,7–9).

Recently we identified the pathways and protein factors
involved in PS-ASO intracellular transport and endosomal
release (10). We found that many pathways and proteins
are involved and can act in parallel to affect PS-ASO en-
dosomal release (1). For example, upon PS-ASO cellular
uptake, endoplasmic reticulum (ER)-derived COPII vesi-
cles and trans-Golgi network (TGN)-derived M6PR vesi-
cles are recruited to LEs, mediated by Syntaxin 5 (STX5)
and GRIP and Coiled-Coil Domain Containing 2 (GCC2)
proteins, respectively, to independently facilitate PS-ASO
release from LEs (5,11). These proteins and vesicles can re-
localize to LEs upon PS-ASO cellular uptake, in a time- and
dose-dependent manner, and the protein relocalization is
most likely mediated by PS-ASO-protein interactions. Some
additional proteins, such as Annexin A2 (ANXA2) and
Golgi-58K, can also relocate to LEs after PS-ASO uptake
and mediate endosomal release of PS-ASOs through dif-
ferent mechanisms, with ANXA2 affecting EE-to-LE mat-
uration and endosomal release and Golgi-58K affecting
the GCC2-M6PR transport pathway (12,13). These var-
ious proteins/vesicles may trigger PS-ASO release either
through vesicular escape, or through membrane deforma-
tion when contacting LE limiting membranes. Additionally,
PS-ASOs can also localize in intralumenal vesicles (ILVs)
inside LE limiting membranes, and may be released through
a back-fusion-mediated process (7,9,11,13). Due to the exis-
tence of multiple PS-ASO release pathways, blocking a par-
ticular pathway normally causes only modest defects in PS-
ASO release and thus activity.

The above observations highlight the importance of LEs
and TGN in productive PS-ASO release. However, since
LEs (and other cellular organelles including Golgi and ER)
undergo dynamic movement in cells, and can encounter
other organelles during the movement (14), it is possi-
ble that LE movement might affect PS-ASO positioning
and productive release, and subsequently antisense activity.
However, such a possibility has not been thoroughly eval-
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uated for PS-ASOs. Microtubules are organized by the in-
teraction of the minus end of the microtubules to the mi-
crotubule organizing center (MTOC) residing in the perin-
uclear region and the plus end of microtubules grows to-
ward the plasma membrane (15). The perinuclear area ap-
pears to have important roles, since some organelles, includ-
ing endosomes/lysosomes and Golgi, tend to localize to this
region, and perinuclear translocation of certain proteins or
enzymes was found to be important for their function (16).

Previous studies have demonstrated that LEs undergo bi-
directional movements along microtubules (17). The mi-
gration toward the minus end of microtubules that are an-
chored to the MTOC is defined as retrograde transport (17–
19). LE movement along microtubules depends on differ-
ent motor proteins, with cytoplasmic Dynein 1 mainly re-
sponsible for movement towards minus end, and a set of ki-
nesin proteins for the movement towards the plus end of mi-
crotubules (18). During the movement, LEs can encounter
other cellular structures such as other microtubule struc-
tures, or other organelles including Golgi and ER, affecting
the status of LEs (20). Indeed, ER-LE contact sites have
been shown to affect LE maturation, positioning, and en-
dosome fission (21). Recently, it was found that Ring Finger
Protein 26 (RNF26), an ER-localized E3 ubiquitin-protein
ligase, is required for tethering LEs to ER and for their per-
inuclear positioning; whereas Ubiquitin Specific Peptidase
15 (USP15) opposes RNF26 effect by allowing LE release
from ER to move away from the perinuclear areas (22). The
dynamic movement of LEs and their interactions with other
organelles suggest a possibility that these events may affect
PS-ASO release from LEs and subsequently antisense ac-
tivity.

Here, we characterized the movement of PS-ASO con-
taining endosomes, and found that PS-ASO containing EEs
move within a short distance and in a largely non-linear
fashion. EE movement and PS-ASO activity do not appear
to depend on actin filaments in human cells. In contrast,
we demonstrated that PS-ASO-containing LEs move along
microtubules relatively rapidly over longer distances in the
periphery of the cytoplasm, but the movement is slower and
over a shorter distance in the perinuclear area. The move-
ment of PS-ASO laden LEs can be affected by other cellu-
lar structures, including ER, altering the direction or paus-
ing the movement. Importantly, disruption of microtubules
using small molecules caused LE clumping and abolished
perinuclear positioning. Disruption of perinuclear accumu-
lation of LEs by siRNAs reducing dynein 1 or RNF26
and its partner proteins, or by over expression of P50 pro-
tein, all reduced PS-ASO activity. However, enhancing per-
inuclear accumulation of LEs by reduction of USP15 or
over-expression of RNF26 increased PS-ASO activity. Al-
together, our results strongly suggest that perinuclear posi-
tioning of LEs can enhance PS-ASO activity, most likely by
enhancing PS-ASO release from LEs.

MATERIALS AND METHODS

Reagents and materials

Colchicine (C9754), demecolcine (D7385), nocodazole
(SML1665) and latrunculin (L5163) were purchased from
Sigma. Transferrin-AF647 (T23366), CellLightTM virus for

GFP-Tubulin (C10613), GFP-Actin (C10506) and GFP-
Late endosome (C10588) were purchased from Ther-
moFisher. The P50 expression plasmid (RC214771) and
RNF26 over expression plasmid (RC200846) were from
Origene.

siRNAs and primer probe sets (Supplementary Table S1),
antibodies (Supplementary Table S2), and ASOs (Supple-
mentary Table S3) are listed in Supplementary Information.

Cell culture, siRNA and PS-ASO treatment

HeLa, A431, GFP-Rab7 expressing SVGA cells (a kind
gift from Dr Tomas Kirchhausen’s lab), and mouse MHT
cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS), 0.1 �g/ml streptomycin, and 100 units/ml peni-
cillin. Cells were seeded at 70% confluency one day before
siRNA transfection or PS-ASO treatment. siRNAs were
transfected at 3 nM final concentration into HeLa cells
or at 10 nM final concentration for A431 and MHT cells
using Lipofectamine RNAiMAX (Life Technologies), ac-
cording to the manufacturer’s protocol. At 48 h after siRNA
transfection, cells were reseeded into 96-well plates for PS-
ASO activity or uptake assays or were seeded into collagen-
coated glass-bottom dishes (MatTek) at 70% confluency for
immunofluorescent staining and imaging.

ASO activity assay

Cells grown in 96-well plates were added with PS-ASOs at
different concentrations without transfection reagent (free
uptake), and 18–24 h later, cells were collected for RNA
preparation. For transfection, cells grown in 96-well plates
were refed with pre-warmed Opti medium, and transfected
with PS-ASOs at different concentrations using Lipofec-
tamine 2000, as described previously (23). 4–6 h after trans-
fection, cells were collected for RNA preparation. For small
molecular inhibitor treatment, cells were treated with the
inhibitors in complete DMEM medium first for differ-
ent times as described in figure legends, then medium was
changed with fresh medium and ASOs were then imme-
diately added to the medium. Cells were collected after
overnight PS-ASO incubation. Alternatively, cells were first
incubated with PS-ASOs for different times, followed by
treatment with various inhibitors for 2–4 h, as described in
figure legends. Next, cells were collected for RNA prepara-
tion. PS-ASO activity was determined by qRT-PCR for the
levels of PS-ASO-targeted RNAs.

RNA preparation and qRT-PCR

Total RNA was prepared using a RNeasy mini kit (Qia-
gen) from cells grown in 96-well plates based on the manu-
facturer’s protocol. qRT-PCR was performed in triplicate
using TaqMan primer probe sets as described previously
(24). Briefly, approximately 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 fluorescently la-
beled probe (3 �M), 0.5 �l RT enzyme mix (Qiagen), 4.2
�l RNase-free water, and 10 �l of 2× PCR reaction buffer
in a 20 �l reaction. Reverse transcription was performed at
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48◦C for 10 min, followed by 94◦C for 10 min, and then 40
cycles of PCR were conducted at 94◦C for 30 s, and 60◦C
for 30 s within each cycle using the StepOne Plus RT-PCR
system (Applied Biosystems). The mRNA levels were nor-
malized to the amount of total RNA present in each reac-
tion as determined for duplicate RNA samples using the Ri-
bogreen assay (Life Technologies). Statistical analyses were
performed from three independent experiments using Prism
with either t-test or F-test for curve comparison based on
non-linear regression (dose-response curves) for XY anal-
yses, using equation ‘log (agonist) versus normalized re-
sponse – variable slope’. The Y axis (relative level) was used
as the normalized response.

PS-ASO uptake assay

A431 cells were seeded into 96-well plates, incubated
overnight, and Cy3-labeled PS-ASO 446654 was added to
the medium. After 3 h, cells were washed three times with
1 × PBS, trypsinized, and pelleted by centrifugation. Cell
pellet was washed once with 1× PBS supplemented with
3% FBS, to remove residual medium and external PS-ASOs.
Cells were then resuspended in 1× PBS supplemented with
3% FBS for analysis by flow cytometry using an Attune
NxT Flow Cytometer (ThermoFisher Scientific).

Western analyses

Cell pellets were lysed by incubation at 4◦C for 30 min
in RIPA buffer (50 mM Tris–HCl, pH 7.4, 1% Triton X-
100, 150 mM NaCl, 0.5% sodium deoxycholate, and 0.5
mM EDTA). Proteins were collected by centrifugation. Ap-
proximately 20–40 �g protein were separated on 6–12%
NuPAGE Bis-Tris gradient SDS-PAGE gels (Life Tech-
nologies), and transferred onto PVDF membranes using
the iBLOT transfer system (Life Technologies). The mem-
branes were blocked with 5% non-fat dry milk in 1 × PBS
at room temperature for 30 min. Membranes were then
incubated with primary antibodies at room temperature
for 2 h or at 4◦C overnight. After three washes of 5 min
each with wash buffer (0.05% Tween-20 1× PBS), the mem-
branes were incubated with appropriate HRP-conjugated
secondary antibodies (1:2000) at room temperature for 1
h. After three washes with wash buffer, images were devel-
oped using Immobilon Forte Western HRP Substrate (Mil-
lipore), and visualized using ChemiDoc system (Bio-Rad).

Immunofluorescence staining and confocal imaging

For immunofluorescence staining, cells were washed with
1× PBS, fixed with 4% paraformaldehyde for 0.5 h at room
temperature, and permeabilized for 4 min with 0.1% Tri-
ton in 1× PBS. After blocking at room temperature for
30 min with 1 mg/ml BSA in 1 × PBS, cells were incu-
bated with primary antibodies (1:100–1:300) in 1 mg/ml
BSA in 1 × PBS for 2–4 h, washed three times (5 min each)
with 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 contain-
ing DAPI (Life Technologies). Images were acquired with

100× objective lens at 4 �s/pixel sampling speed, using con-
focal microscope (Olympus FV-1000) and processed using
FV-10 ASW 3.0 Viewer software (Olympus). For staining
within 2 h of PS-ASO addition, 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.

For live cell imaging, HeLa cells grown in glass-bottom
dishes were first transduced for 24 h with virus expressing
various GFP-labelled markers for Tubulin, actin, or LEs.
Next, cells were incubated with 2 �M PS-ASO 446654 for
different times, as indicated in figure legends, with or with-
out treatment by different inhibitors. Medium was then
changed to pre-warmed FluoroBrite DMEM Media (Life
Technologies), and images were continuously recorded us-
ing 100X objective lens and 2 �s/pixel sampling speed in
an environmental chamber at 37◦C for 2–10 min. Movies
and images were generated using FV-10 ASW 3.0 Viewer
software. Time projection data were generated from 2-min
movies, by overlaying all continuous images taken at ∼3 sec-
onds interval.

Quantification and measurement of images

Measurement of the distances between ASO foci and nuclei
was performed using Fiji-ImageJ (25). Briefly, the positions
of the nucleus (Xn, Yn) and ASO foci (Xi, Yi) were mea-
sured in pixels, and the distances between each ASO focus
and the nucleus were calculated using equation: distance =
((Xi– Xn)2+(Yi – Yn)2)0.5. The results obtained from ∼10
cells in each case were plotted using Excel. Measurement
of the movement of ASO foci was performed using Imaris
(Oxford Instruments). Briefly, time-lapse movies were re-
constructed using the ‘spots’ function with an automatic
background subtraction and an autoregressive motion al-
gorithm for particle tracking. For each individual cell, the
periphery and perinuclear area, as well as the whole cell
were measured for the mean speed, and total PS-ASO traf-
ficking distance every 1.25 s for ∼60 s. The mean speeds and
total distances at each time point were plotted in excel based
on the measurement from six cells, and P-values were calcu-
lated based on unpaired t-test using Prism.

RESULTS

PS-ASO containing endosomes showed different movements
at different times and positions in cells after cellular uptake
of PS-ASOs

To characterize PS-ASO movement after internalization,
Cy3-labeled PS-ASOs were incubated with HeLa cells ex-
pressing GFP-Tubulin for 20 or 45 min, at which times
PS-ASOs can localize to EEs and LEs, respectively, or at
2 and 6 h, at which times the majority of PS-ASOs lo-
calize to LEs and lysosomes (12). Live cell images were
taken using confocal microscopy. As expected, 20 min af-
ter PS-ASO incubation, a few PS-ASO foci were detected in
cells (Figure 1A), mainly localized at EEs as determined by
co-localization with EE marker protein Rab5 (Supplemen-
tary Figure S1A). These PS-ASO-containing EEs showed
largely non-linear movement with relatively short distance,
as can be seen from the time projection image (Figure 1A,
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Figure 1. PS-ASO-containing endosomes tend to localize to perinuclear areas in a time dependent manner in live cells. Live cell imaging of PS-ASOs in
HeLa cells expressing GFP-Tubulin at 20 min (A), 45 min (B), 2 h (C) and 6 h (D) after PS-ASO incubation. Images were recorded for ∼2 min, and time
projections of PS-ASO foci are shown in right panels. MTOC, microtubule organizing center. Nu, nucleus. The perinuclear accumulation of PS-ASO foci
is indicated with red circles. In right panels, Brownian movement is exemplified with yellow arrows, and linear movement with blue arrows. Scale bars are
indicated in figures. (E) Quantification of the mean speed (left panel) and total trafficking distance (right panel) of PS-ASO foci in periphery cytoplasmic
area (Cyto) or in perinuclear areas, as measured from six cells in movies taken at 2 h after PS-ASO incubation, as described in Materials and Methods. (F)
Quantification of the mean speed (left panel) and total trafficking distance (right panel) of PS-ASO foci in whole cells (six cells each) from movies taken at
2 h or 6 h after PS-ASO incubation. P values were calculated based on unpaired t-test using Prism. ****P < 0.0001.
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right panel) and live cell movies (Supplemental Mov-1).
At 45 min, many PS-ASO-containing foci colocalized with
Rab7 (Supplementary Figure S1B), a LE marker protein,
suggesting that at this time, many ASO-containing EE al-
ready matured to LEs, consistent with our previous obser-
vations (12). At this time, some PS-ASO foci showed liner
movement with longer distance (Cyan arrows), although
some PS-ASO foci still showed non-linear movement with
shorter range (yellow arrows) (Figure 1B, right panel, and
Supplemental Mov-2).

At 2 h after PS-ASO incubation, most PS-ASO-foci co-
stained with Rab7 (Supplementary Figure S1C), suggest-
ing that most internalized PS-ASOs localized to LEs. At
this time, PS-ASO foci showed dominantly linear move-
ment over longer distances, especially in the periphery of
the cytoplasm of the cells (Figure 1C, Supplemental Mov-
3), suggesting a rapid, linear movement of LEs. However, at
the perinuclear area where more PS-ASO foci localized than
at the periphery, PS-ASO foci showed mostly non-linear
movement over shorter distances, indicating that around
the MTOC, the PS-ASO containing LEs have slower and
more localized movement compared with that in the pe-
ripheral cytoplasmic areas. Similarly, at 6 h after PS-ASO
incubation, PS-ASO foci tended to localize to the perinu-
clear area, where PS-ASO foci also showed slower move-
ment over shorter distance than at the peripheral areas (Fig-
ure 1D, Supplemental Mov-4). This is further supported
by the quantification results of the mean trafficking speed
and total trafficking distance of PS-ASO foci in the periph-
ery and perinuclear areas (Figure 1E). In addition, slower
speed and shorter trafficking distance of total cellular PS-
ASO foci were observed at 6 h relative to that at 2 h after
PS-ASO incubation (Figure 1F), consistent with the obser-
vations that at 6h, majority of PS-ASO foci already accu-
mulated at perinuclear areas.

Together, these results indicate that upon internalization,
PS-ASOs in EEs showed mostly non-linear movement over
shorter distances; whereas when PS-ASOs were localized to
LEs, PS-ASOs moved over longer distances in a linear man-
ner in the periphery of the cytoplasm. Overtime, PS-ASO
containing LEs exhibited a net migration toward the cyto-
plasmic perinuclear area and once there they were engaged
in non-linear, more localized movements. These observa-
tions are consistent with previous findings that LEs can have
both rapid, linear movement in peripheral cytoplasmic re-
gions and slower, non-linear movements in the perinuclear
areas (17).

The actin network has minor effects on ASO-EE movement
and PS-ASO activity

Although actin is required for clathrin-dependent endocy-
tosis in yeast by facilitating membrane invagination and
vesicle budding from the plasma membrane, in mammalian
cells actin only affects a subset of clathrin-mediated uptake
(18). In yeast, endosomes can move along actin cables, how-
ever, endosomal movement is largely microtubule depen-
dent in human cells (26,27). To examine whether PS-ASO-
containing EEs can move along actin filaments, HeLa cells
expressing GFP-actin were incubated with Cy3-PS-ASOs
for 15 min to allow PS-ASOs enter EEs, and PS-ASO move-

ment was recorded in live cells. No obvious colocalization
between PS-ASOs and actin filaments was found (Figure
2A). PS-ASOs, mostly in EEs at this time, showed predom-
inately Brownian movement and did not obviously move
along the actin filaments (Supplemental Mov-5). However,
certain PS-ASO-containing endosomes can move across
actin filaments (Figure 2B, Supplemental Mov-6). These re-
sults suggest that the movement of PS-ASO containing EE
does not substantially depend on actin filaments.

To determine if actin filaments are involved in PS-ASO
uptake and activity, A431 cells were treated for different
times with latrunculin A to disrupt the actin network, fol-
lowed by incubation for 16 h with RNase H1-dependent
gapmer PS-ASOs targeting NCL and drosha mRNAs or nu-
clear Malat1 RNA. A431 cells were used since these cells
show robust antisense activity when PS-ASOs are deliv-
ered by free uptake. The activity of PS-ASOs was evalu-
ated by qRT-PCR quantification for the levels of the target
RNAs. The results showed that pretreatment with latrun-
culin for 2–6 h did not substantially affect the antisense ac-
tivity of PS-ASOs (Figure 2C), although under these condi-
tions the actin network was disrupted (Supplementary Fig-
ure S2). These results suggest that actin filaments may not
be important for PS-ASO cellular uptake and endosomal
release. To further confirm this possibility, cells were first
incubated with PS-ASOs to allow normal uptake and en-
dosomal transport, followed by treatment with latrunculin
for different times. Again, such treatment did not substan-
tially affect the activity of PS-ASOs (Figure 2D). Together,
these results indicate that the actin network is not essential
for PS-ASO cellular uptake and endosomal release in these
cells.

PS-ASO-containing LEs move along microtubules that con-
tribute to the perinuclear localization

To determine if perinuclear concentration of PS-ASO con-
taining LEs is a result of traffic along the microtubule net-
work, HeLa cells incubated with Cy3-PS-ASOs for 6 h
were stained for Beta-tubulin (TUBB) and Rab7. Most PS-
ASOs colocalized with the LE marker protein Rab7, and
nearly all PS-ASO foci appeared to be associated with mi-
crotubule structures (Figure 3A). Next, Cy3-PS-ASOs were
incubated for 6 h with HeLa cells expressing GFP-Tubulin,
and PS-ASO movement was recorded in live cells. The re-
sults showed that PS-ASO containing LEs indeed can move
along the microtubule structures, as indicated for a partic-
ular LE in snapshots (Figure 3B), and in a live cell movie
(Supplemental Mov-7). The movement of some PS-ASO
containing LEs can be affected when encountering other
microtubule structures, leading to an altered direction or
slower movement, consistent with previous observations
that LEs can move in a ‘stop and go’ fashion (20).

LEs can move relatively rapidly along microtubules at the
periphery of the cytoplasm towards either the minus end
(MTOC in the perinuclear area) or toward the plus end
at the cell periphery (28). In the perinuclear area, the LE
movement is slower with short distance (Figure 1). These
observations suggest that PS-ASO containing LEs around
the MTOC area have limited movement. Indeed, the per-
inuclear PS-ASO colocalizes with the MTOC, resulting in
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Figure 2. Actin networks do not play important roles in PS-ASO activity. (A) live cell imaging of HeLa cells expressing GFP-actin incubated with PS-
ASOs for 15 min. (B) live cell imaging of GFP-actin expressing Hela cells incubated with PS-ASOs for 20 min. Snapshots were taken at different times. The
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a cloud of PS-ASOs (Figure 3C). The localization of PS-
ASOs at the MTOC is also supported by the observations
that perinuclear PS-ASOs are adjacent to � -tubulin, a pro-
tein localized to MTOC (29), and also adjacent to Golgi
(Figure 3D), an organelle that is normally present at MTOC
(30). However, ER and mitochondria do not exhibit obvi-
ous perinuclear positioning, as determined by co-staining
with Calnexin and P32, markers of these two organelles, re-
spectively (Supplementary Figure S3).

Disruption of the microtubule network altered PS-ASO-LE
positioning

To further confirm that perinuclear enrichment of PS-ASO
containing LEs is due to LE movement along microtubules,
HeLa cells expressing GFP-tubulin was incubated with
PS-ASOs for 6 h, then treated overnight with or without
colchicine, a small molecule that disrupts microtubule net-
work (31). In control cells, PS-ASOs appeared as some scat-
tered LE foci, but also enriched in the perinuclear area
where MTOC is localized (Figure 4A, upper panel). Upon
colchicine treatment, the microtubule structure was dis-
rupted, and PS-ASO perinuclear accumulation was also
abolished (Figure 4A, lower panel). In cells treated with
colchicine, PS-ASOs appeared as large clumps scattered in
the cytoplasm. As compared with control cells where PS-
ASOs showed linear movement over longer distances, dis-
ruption of microtubules with colchicine caused Brownian
movements of PS-ASO clumps within a short range, as seen
from the time projection results (Figure 4B) and a live cell
movie (Supplemental Mov-8). These PS-ASO clumps also
contained Rab7 (Supplementary Figure S4A), suggesting
that LEs clustered upon disruption of microtubules. Similar
observations were made when cells were treated with other
microtubule disrupting molecules, demecolcine or Nocoda-
zole (Supplementary Figure S4B, C). These results indicate
that disruption of the microtubule network abolished per-
inuclear concentration of PS-ASO containing LEs, leading
to LE clumping in the cytoplasm.

To further confirm this observation, HeLa cells incu-
bated with PS-ASO for 6h were fixed, and stained for
TUBB, and PS-ASO localization was examined in cells at
different stages of the cell cycle. At anaphase/metaphase,
cytoplasmic microtubule network disappears, and micro-
tubules attach to sister chromatids and facilitate their sep-
aration (32). Therefore, in such cells LE movement along
microtubules should be disrupted. Indeed, in a metaphase
cell, PS-ASO containing LEs also formed large clumps,
and no obvious ‘perinuclear’ positioning was observed,
whereas in the cell at interphase, PS-ASO-LE foci ap-
peared smaller and tended to localize to the perinuclear
area where colocalized with the MTOC (Figure 4C). In
cells that underwent cytokinesis, in which cytoplasmic mi-
crotubule structures were re-established, PS-ASOs again
tended to localize to the perinuclear region (Figure 4D).
These results together suggest that LE movement along
microtubules results in net movement of PS-ASOs to the
MTOC region in the perinuclear area where LE move-
ment is slow, causing perinuclear enrichment of PS-ASO
containing LEs.

PS-ASO containing LE movement along microtubules can
contribute to LE deformation

LE movement along microtubules may contribute to LE fis-
sion that may affect PS-ASO release from LEs. To deter-
mine if PS-ASO containing LE fission occurs when moving
along microtubules, PS-ASO foci movement was recorded
in live cells expressing GFP-tubulin. Although in most cases
PS-ASO containing foci appeared as round shaped struc-
tures, more oblong PS-ASO structures that moved along
the microtubule network could also be observed in live cells
(Figure 5A, Supplemental mov-9). Such tubular PS-ASO
structures contain GFP-Rab7 (Figure 5B), indicative of
membraned LEs. We note that tubular LEs are not unique
to PS-ASOs, since internalized transferrin could also be ob-
served in tubular LEs in live cells (Supplementary Figure
S5), and tubular endosomes have been observed previously
(33).

As observed with round shaped PS-ASO-LEs (Supple-
mental Mov-7), the linear movement of tubular PS-ASO
structures also showed a stop-and-go pattern and could
change directions when other microtubules were encoun-
tered (Supplemental Mov-9). It has been shown that LE
movement along microtubules in a cellular environment can
be affected by the presence of other structures, such as mi-
tochondria, ER, and actin filaments (34). We also observed
that PS-ASO containing LE movement was delayed when
an ER structure was encountered, as demonstrated in live
cells with GFP-ER labeling (Figure 5C, Supplemental Mov-
10). Thus, it is possible that LE movement along micro-
tubules may contribute to the deformation of LE structures
and fission/fusion events. Indeed, live cell imaging showed
that oblong or tubular PS-ASO-LEs and circular PS-ASO-
LEs along microtubules can be linked (Figure 5D), and cir-
cular PS-ASO-LEs can stretch out to form tubular shapes
(Supplemental Mov-11). The budding of a smaller PS-ASO
containing LE from a larger LE can also be mediated by
tubular LE structures, as shown in live cells (Figure 5E).

Reduction of dynein 1 disrupted perinuclear positioning of
PS-ASO-LEs and reduced PS-ASO activity

Next, we sought to understand how LE movement and po-
sitioning may affect PS-ASO activity. Since disruption of
global microtubule networks using small molecules may di-
rectly or indirectly affect many aspects of cellular processes,
making it difficult to interpret, we attempted to determine
whether LE perinuclear positioning itself affects PS-ASO
activity using more gentle approaches. It has been shown
that LE movement along microtubules towards MTOC
mainly depends on cytoplasmic Dynein 1, contributing to
the perinuclear localization of LEs, whereas Dynein 2 is
only required in certain cases especially in limited spaces
(28). LE movement toward the plus end of microtubules
(peripheral area of cells) is mediated by a group of kinesin
proteins (18).

To determine how perinuclear positioning of PS-ASO-
LEs affects PS-ASO activity, dynein 1 was reduced by
siRNA treatment (Figure 6A). As expected, reduction of
Dynein 1, and not Dynein 2 nor Kinesin 5, by siRNA treat-
ment decreased perinuclear positioning of PS-ASO foci,
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leading to more peripheral localization (Figure 6B). The re-
duced perinuclear positioning can also be seen from the in-
creased distance of ASO foci to the nucleus (Figure 6C).
However, reduction of Dynein 1, and not Dynein 2 nor Ki-
nesin 5, decreased PS-ASO activity (Figure 6D). The lev-
els of NCL, drosha and Malat1 RNAs were not substan-
tially affected by Dynein 1 reduction (Supplementary Fig-
ure S6A). Importantly, reduction of Dynein 1 did not af-
fect PS-ASO uptake (Supplementary Figure S6B), and de-
creased PS-ASO activity was also observed when a different
Dynein 1 siRNA was used (Supplementary Figure S6C, D).
However, when PS-ASOs were transfected into cells, no ac-
tivity loss was observed in cells depleted of Dynein 1 (Sup-
plementary Figure S6E, F), suggesting that Dynein 1 may
play a role in endosomal release of PS-ASOs upon free up-
take.

To further confirm the above effects of Dynein 1 reduc-
tion on perinuclear positioning and activity of PS-ASOs, we
next evaluated how PS-ASO activity changes upon disrup-
tion of perinuclear positioning by over expression of P50
protein, which inhibits dynein functions by disrupting the
dynactin complex (35). As expected, overexpression of P50
reduced perinuclear localization of PS-ASO-LEs (Supple-
mentary Figure S7A, B). Importantly, PS-ASO activity was
reduced, though modestly, in P50 overexpressed cells (Sup-
plementary Figure S7C), in which PS-ASO uptake was not
impaired (Supplementary Figure S6B), similar to the results
of Dynein 1 reduction. These observations suggest that LE
perinuclear positioning may facilitate PS-ASO activity.

Disruption of perinuclear positioning of PS-ASO-LEs by re-
duction of RNF26 and its partner proteins also decreased PS-
ASO activity

To further confirm the above hypothesis, LE perinuclear po-
sitioning was manipulated through different approaches. It
has been demonstrated recently that LEs can be tethered
to ER at the perinuclear area through interactions with an
ER-localized protein RNF26, causing perinuclear position-
ing of LEs (22). However, RNF26 effects on LE positioning
can be reversed by USP15, allowing LE movement along
microtubules. Thus, RNF26 was reduced by siRNA treat-
ment (Figure 7A), which led to more scattered localization
of PS-ASO foci in the cytoplasm (Figure 7B, C), consistent
with previous reports that RNF26 knockdown reduced per-
inuclear localization of LEs (22). In addition, reduction of
RNF26 also decreased the perinuclear positioning of lyso-
somes, as shown by staining of Lamp1, similar to the situ-
ation of Dynein 1 reduction (Supplementary Figure S8A).
Importantly, reduction of RNF26 decreased the activities
of PS-ASOs upon free uptake (Figure 7D), but not upon
transfection (Supplementary Figure S6E, F). PS-ASO-LE
linear movement appears not to be substantially affected
by RNF26 reduction, as determined in live cells (Supple-
mentary Figure S9). When RNF26 was reduced in mouse
hepatocyte derived MHT cells (7), both PS-ASO perinu-
clear positioning and PS-ASO activity were decreased (Sup-
plementary Figure S10), suggesting that this observation is
not unique to certain cell types or species. Although re-
duction of Dynein 1 caused Golgi fragmentation, reduc-
tion of RNF26 did not (Supplementary Figure S8B), con-
sistent with previous reports (22,36). However, reduction of

Dynein 1 or RNF26 both decreased perinuclear positioning
and activity of PS-ASOs.

It has been demonstrated that tethering of LEs to ER
through RNF26 is mediated by other proteins, including
SQSTM1 (22). We next reduced this protein by siRNA
treatment in HeLa cells (Supplementary Figure S11A).
Consistently, reduction of SQSTM1 disrupted perinuclear
positioning (Supplementary Figure S11B,C), and reduced
PS-ASO activity (Supplementary Figure S11D). Similarly,
reduction of SQSTM1 in A431 cells also decreased PS-ASO
activity (Supplementary Figure S11E, F). Moreover, reduc-
tion of UBE2J1, a protein found most recently to work to-
gether with RNF26 in LE tethering to ER (37), decreased
the perinuclear positioning and activity of PS-ASOs (Sup-
plementary Figure S12). These results together indicate that
perinuclear positioning can enhance PS-ASO activity. This
is further supported by the observations that reduction of
USP15 enhanced perinuclear aggregation of PS-ASOs (Fig-
ure 7E–G). However, reduction of USP15 caused increased
activity of PS-ASOs (Figure 7H), as compared with that in
control cells. In addition, over-expression of RNF26 also
increased perinuclear positioning and activities of PS-ASOs
in different cells (Figure 8), further confirming that perin-
uclear positioning enhances PS-ASO activity. As expected,
PS-ASOs also colocalized with Lamp1 (Figure 8), a lyso-
some marker protein that is also present in some Rab7 pos-
itive organelles (38).

DISCUSSION

PS-ASO endosomal trafficking and endosomal release play
important roles in ensuring PS-ASO activities. Previously
we and others have shown that LEs are the major site for
productive release that involves multiple proteins and in-
tracellular vesicles. Here, we characterized PS-ASO move-
ment in the endocytic pathways in the context of cellular
structures and found that the movement of LEs along mi-
crotubules affect PS-ASO activity, especially the perinuclear
positioning, which is required for ensuring PS-ASO activity.

Shortly after internalization, PS-ASOs appear in EEs.
EEs move relatively short distances in a Brownian type
movement pattern, as determined with live cell imaging.
It has been shown that endosomal movement in yeast is
mainly along actin filaments, whereas in mammalian cells
actin filaments may play a role only in a subset of endo-
cytic budding events (39). Consistently, the movement of
PS-ASO containing EEs did not appear to depend on actin
filaments in human cells, as evidenced by the observations
that PS-ASOs are barely found to move along actin fila-
ments and disruption of actin filaments using latrunculin
did not affect PS-ASO activity. This is consistent with pre-
vious findings that in mammalian cells actin only affects a
subset of clathrin-mediated uptake (18). This observation
is also in agreement with the current working model that
productive PS-ASO release occurs mainly at LEs (1,3).

Consistent with previous observations that LEs move
along microtubules (18), we found that PS-ASOs, mainly
present in LEs/lysosomes 40 min after internalization (12),
also move along microtubules. This movement is largely lin-
ear toward both the peripheral cytoplasmic and the per-
inuclear areas. Over time, PS-ASO-LEs accumulate in the
perinuclear region, where the movement is slower and for
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shorter distances compared to that in the peripheral areas
of the cytoplasm. The PS-ASO-LE movement occurs in a
stop-and-go fashion, as observed previously for endosomes
(20). This movement can be affected by other cellular or-
ganelles, such as microtubule structures or ER, leading to a
pause of PS-ASO-LE movement.

It has been reported that the LEs moving along micro-
tubules may have high membrane tension when they meet
other structures (40). Thus, the moving LEs may undergo
fission, fusion, and membrane deformation when encoun-
tering other organelles. Indeed, we found the PS-ASOs can
be present in more tubular LEs along microtubules, which
can undergo fission to generate circular LEs. This observa-
tion suggests that LE movement along microtubules may
affect PS-ASO release during LE fission or membrane de-
formation. In addition, since many mRNAs are translated
on ER membranes, it is possible that PS-ASOs released
from LEs associated with the ER may have a higher chance
to meet and degrade RNA targets, due to the higher lo-
cal concentration of PS-ASOs. This possibility is supported
by the fact that RNase H1 is also present in the cytosol,
in addition to the nucleus and mitochondria, and can act
on translating mRNAs (2,41). However, the contribution of
PS-ASO release during LE movement to overall PS-ASO
activity is unclear, since at early time after PS-ASO inter-
nalization (e.g. within 2 h), majority of PS-ASO-LEs are
present in periphery areas and move relatively rapidly, how-
ever, no PS-ASO activity could be detected at this time (13).
At later times (after 6–8 h of PS-ASO internalization) when
PS-ASO activity could be detected, PS-ASO-LE foci were
found to mainly accumulate in perinuclear areas and moved
relatively slowly. It is possible that PS-ASOs released from
fast-moving LEs at early time is not sufficient to induce de-
tectable reduction of target RNAs, or that the release of PS-
ASOs from fast-moving LEs is weak relative to the release
from slow-moving, perinuclear enriched LEs.

The movement of LEs along microtubules contributes
to the perinuclear accumulation of PS-ASO-LEs, as mi-
crotubule disruption using inhibitors led to PS-ASO-LE
clumping in the cytoplasm. Under this condition, the ag-
gregated PS-ASO-LEs move within a short distance in a
Brownian fashion. Similar observations were also made in
dividing cells in which microtubules disappeared, indicating
the importance of microtubules in PS-ASO-LE position-
ing, consistent with previous reports (18). Perinuclear posi-
tioning of LEs appears to be important for PS-ASO activ-
ity. Disruption of perinuclear positioning of PS-ASO-LEs
through siRNA-mediated reduction of Dynein 1 or over
expression of P50 all reduced PS-ASO activity, suggesting
that perinuclear positioning may enhance PS-ASO release.
This possibility is supported by the following observations:
(i) reduction of RNF26, an ER-localized protein responsi-
ble for tethering of LEs to ER, reduced PS-ASO activity
and perinuclear positioning; (ii) reduction of SQSTM1, a
protein required for RNF26 function in perinuclear posi-
tioning of LEs, also decreased perinuclear positioning and
PS-ASO activity; (iii) depletion of UBE2J1, a protein that
works together with RNF26 to mediate LE tethering to
ER, similarly reduced perinuclear positioning and activity
of PS-ASOs. On the other hand, when perinuclear position-
ing of PS-ASO foci was enhanced by reduction of USP15
or by over-expression of RNF26, PS-ASO activity was in-

creased. These results indicate that perinuclear positioning
of PS-ASO-LEs can enhance PS-ASO activity, most likely
by facilitating PS-ASO release, since PS-ASO uptake was
not substantially affected. The importance of perinuclear
positioning in PS-ASO activity is also supported by a pre-
vious observation that more perinuclear accumulation of
PS-ASOs was found in cell types showing better PS-ASO
activity (42).

PS-ASOs that colocalized with Lamp1 can be found in
the perinuclear areas (Figure 8), raising a possibility that
PS-ASOs can also be released from lysosomes. Though such
a possibility cannot be completely excluded, previous data
from our and other’s studies suggest that LEs are the ma-
jor sites for PS-ASO release (9,43). In addition, since many
Lamp1 positive organelles are also Rab7 positive (38), it is
possible that many such Lamp1 stained organelles may not
be bona fide lysosomes. Interestingly, since Golgi are also
present in the perinuclear areas, and ER-Golgi transport
mediated by COPII vesicles as well as TGN-LE transport
pathway mediated by M6PR are known to play important
roles in PS-ASO release (5,11,13,44), the perinuclear posi-
tioning of PS-ASO-LEs may thus provide an ideal spatial
arrangement that facilitates PS-ASO release through Golgi-
derived vesicles.

Together, in this study we characterized the PS-ASO en-
dosomal movement in live cells, and showed that LE move-
ment along microtubules plays important roles in ensur-
ing PS-ASO activity, especially perinuclear positioning that
tends to enhance PS-ASO release. These observations, to-
gether with our previous identifications of multiple proteins
and intracellular trafficking pathways that affect PS-ASO
productive release, will pave the way towards the develop-
ment of approaches that enhance PS-ASO release and im-
prove PS-ASO drug potency.
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