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ABSTRACT

Phosphorothioate (PS) modified antisense oligonu-
cleotide (ASO) drugs can trigger RNase H1 cleavage
of cellular target RNAs to modulate gene expression.
Internalized PS-ASOs must be released from mem-
braned endosomal organelles, a rate limiting step
that is not well understood. Recently we found that
M6PR transport between Golgi and late endosomes
facilitates productive release of PS-ASOs, raising the
possibility that Golgi-mediated transport may play
important roles in PS-ASO activity. Here we further
evaluated the involvement of Golgi in PS-ASO ac-
tivity by examining additional Golgi proteins. Re-
duction of certain Golgi proteins, including Golgi-
58K, GCC1 and TGN46, decreased PS-ASO activity,
without substantial effects on Golgi integrity. Upon
PS-ASO cellular uptake, Golgi-58K was recruited to
late endosomes where it colocalized with PS-ASOs.
Reduction of Golgi-58K caused slower PS-ASO re-
lease from late endosomes, decreased GCC2 late
endosome relocalization, and led to slower retro-
grade transport of M6PR from late endosomes to
trans-Golgi. Late endosome relocalization of Golgi-
58K requires Hsc70, and is most likely mediated by
PS-ASO–protein interactions. Together, these results
suggest a novel function of Golgi-58K in mediat-
ing Golgi-endosome transport and indicate that the
Golgi apparatus plays an important role in endoso-
mal release of PS-ASO, ensuring antisense activity.

INTRODUCTION

Antisense oligonucleotide (ASO) drugs hybridize with tar-
get RNAs and modulate gene expression by triggering dif-
ferent post-hybridization mechanisms (1–5). Gapmer ASOs
that induce RNase H1-mediated target RNA degradation

are normally designed with a ∼10-nucleotide (nt) central
DNA portion flanked at both ends with 3–5 2′-modified
nucleotides, such as 2′-methoxyl ethyl (MOE), constrained
ethyl (cEt) or 2′-fluoro (F) modifications. In addition, com-
monly used gapmer ASOs are modified with phospho-
rothioate (PS) backbones that dramatically increase pro-
tein binding compared with phosphodiester (PO) backbone
ASOs while also enhancing stability, distribution into tis-
sues and cells, and pharmacological properties (6).

ASOs must enter cells and reach the target RNAs in
cytosol and nucleus to elicit antisense activity (7). PS-
ASOs enter cells primarily via the endocytic pathways and
PS-ASO internalization mediated by cell-surface receptors
tends to direct PS-ASOs to productive pathways, through
which PS-ASOs can act on target RNAs (8–12). Internal-
ized PS-ASOs transport quickly into early endosomes (EEs)
and late endosomes (LE) within 10–50 min, and finally lo-
calize to lysosomes (Figure 1) (13). However, PS-ASO re-
lease from endocytic organelles is a relatively slow process
since PS-ASO activity is observed only after 6–8 hours of
PS-ASO incubation without transfection reagent (referred
to here as free uptake) (14). It appears that LEs, or multi-
vesicular bodies (MVBs) are major sites for productive PS-
ASO release (8,11,15–17). Only a small portion of internal-
ized PS-ASOs are released from the membraned endocytic
organelles (18), and endosomal release appears to be a lim-
iting factor of PS-ASO antisense activity. Thus, a better un-
derstanding of PS-ASO release mechanisms will facilitate
the design of PS-ASOs to improve drug performance.

Previously, we found that some proteins are recruited to
LEs in cells incubated with PS-ASOs by free uptake and
contribute to ASO activity (19). For example, a lipid inter-
acting protein, ANXA2, is enriched in LEs after PS-ASO
cellular uptake and enhances PS-ASO activity by facilitat-
ing PS-ASO transport from EEs to LEs and endosomal re-
lease (Figure 1) (13,19). PS-ASOs can localize in intralu-
menal vesicles (ILVs) inside LE-limiting membranes, and
some proteins can also colocalize with PS-ASOs at ILVs
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Figure 1. Schematic representation of intracellular trafficking and endosomal release pathways of PS-ASOs. Internalized PS-ASOs quickly localize to
EEs, and traffic through LEs, as indicated by thick black lines. PS-ASOs localization to lysosomes (marked with a red arrow) is considered to be non-
productive. LEs appear to be the major site of productive PS-ASO release. Some cellular proteins, including ANXA2, can relocalize to LEs, either on LE
limiting membranes or at ILVs inside LEs, and facilitate PS-ASO release. Several release mechanisms have been proposed, including membrane deformation
facilitated by protein interaction with LE membranes, ILV-mediated back-fusion process, and vesicle-mediated release. STX5-mediated COPII vesicles that
normally traffic between ER and Golgi, and GCC2-mediated M6PR vesicles that normally traffic between LE and TGN (blue line), can relocate to LEs
upon PS-ASO cellular uptake and facilitate ASO release.

(15,17,20). It has been proposed that endosomal release of
PS-ASOs occurs through multiple pathways that co-exist
and that may act in parallel (Figure 1) (8,11,14,20). For in-
stance, membrane flip-flop may cause PS-ASOs inside LEs
to be exposed to the cytosol (21); interactions of proteins
with LE membranes may trigger membrane deformation
and PS-ASO leakage (13); and PS-ASO release may also oc-
cur when ILV membranes fuse with the limiting membranes
of LEs through a back-fusion process (17). 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 activity.

More recently, we demonstrated that cellular vesicle-
mediated transport pathways are also involved in PS-ASO
release from endosomes (Figure 1). Coat protein complex II
(COPII) vesicles, which normally transport membrane and
secreted proteins from the ER to the Golgi (22), can be re-
cruited to LEs upon PS-ASO uptake and facilitate PS-ASO
release (14). This process is mediated by Golgi related pro-

teins P115 and STX5. STX5 is recruited to LEs upon PS-
ASO cellular uptake, likely mediated by PS-ASO-protein
interactions (14). In addition, Mannose 6-phosphate recep-
tor (M6PR), which shuttles in vesicles between trans-Golgi
network (TGN) and LEs to transport newly synthesized
lysozymes (23), is also involved in PS-ASO release indepen-
dent of the COPII pathway (20). M6PR shuttling requires
a Golgi protein GCC2, which tethers incoming M6PR vesi-
cles to the membranes of TGN (24). Upon PS-ASO cellular
uptake, GCC2 is recruited to LEs (20), in a Hsc70 protein
dependent manner (25). Interestingly, Hsc70 was found to
be involved in M6PR vesicle budding from LEs (25).

Given the important roles of Golgi in material sorting
and transport between ER-Golgi-Endosomes, and the ob-
servations that some Golgi related proteins, for example,
STX5, GCC2 and M6PR, are involved in PS-ASO intracel-
lular trafficking and endosomal release, it is very likely that
the Golgi apparatus plays an important role in modulat-
ing PS-ASO activity. To further understand the role of the
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Golgi in PS-ASO activity and endosomal release, we char-
acterized the potential involvement of six additional Golgi
proteins in modulating PS-ASO activity. We found that re-
duction of Golgi-58K, Mannosidase II (Man2A1), TGN46,
and GCC1 also decreased PS-ASO activity. Golgi-58K is re-
cruited to LEs upon PS-ASO incubation, and can colocalize
with PS-ASOs at ILVs and on the LE membranes. Golgi-
58K relocalization to LEs requires Hsc70, and most likely
involves protein-ASO interactions. Importantly, Golgi-58K
affects GCC2 relocalization to LEs upon PS-ASO incuba-
tion, and is involved in M6PR shuttling, suggesting a novel
biological function of Golgi-58K. Thus, this study further
unveils the importance of the Golgi, especially TGN – LE
shuttling pathways, in endosomal release of PS-ASOs. In
addition, our study also identified a functional cluster of
proteins involved in M6PR shuttling-mediated PS-ASO re-
lease from LEs.

MATERIALS AND METHODS

Materials

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

Cell culture and treatment with siRNAs or ASOs

HeLa, A431, HEK293, HepG2, MHT or SVGA cells ex-
pressing GFP-Rab7 (a kind gift from Dr Tomas Kirch-
hausen’s lab) were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% Fetal Bovine Serum
(FBS), 0.1 �g/ml streptomycin and 100 units/ml penicillin.
Cells were seeded at ∼70% confluency and grown for 16 h
before transfection. siRNAs were transfected for 48–72 h
using 6 �g/ml Lipofectamine RNAiMax (Life Technolo-
gies), at 3–6 nM final siRNA concentration, as described
previously (26). For PS-ASO activity assays under free up-
take, siRNA treated cells were re-seeded into 96-well plates
at ∼75% confluency. After 8 h, PS-ASOs were added to the
medium without transfection reagent and cells continued to
grow overnight before RNA preparation the next day. PS-
ASO activity assay under transfection was performed as de-
scribed previously (27). Briefly, cells treated with siRNA for
48 h were reseeded in 96-well plates, incubated overnight,
followed by PS-ASO transfection for 4 h using 4 �g/ml
Lipofectamine 2000 (Life Technologies) before RNA prepa-
ration.

RNA preparation and qRT-PCR analysis

Total RNA was prepared using RNeasy mini kit (Qia-
gen), based on the manufacturer’s instructions. Quantitative
real-time polymerase chain reaction (qRT-PCR) was per-
formed in triplicate using StepOne Real-Time PCR system
and TaqMan primer probe sets with Ag-PathID™ One-step
RT-PCR kit (Applied Biosystems). qRT-PCR in 20 �l re-
actions was performed using the following program: 48◦C
for 10 min, 94◦C for 10 min and 40 cycles of 20 s each
at 94 and 60◦C. The qRT-PCR results were quantified us-
ing StepOne Software V2.3, calculated and plotted using
Excel. Target RNA levels were normalized to the levels of

total RNA measured using SYBR Green (Life Technolo-
gies). Statistical analysis was performed using Prism, with
F-test for curve comparison based on non-linear regression
(dose–response curves) for XY analyses, using equation
‘log(agonist) versus normalized response –variable slop’.
The Y axis (relative mRNA level) was directly used as the
normalized response.

Western analysis

Cells were collected using trypsin and washed once with ice-
cold 1× PBS. Cell lysate was prepared using RIPA buffer
(ThermoFisher) and cleared by centrifugation at 10 000 ×
g for 10 min at 4◦C. Proteins (20–40 �g/lane) were sepa-
rated by 4–12% SDS-PAGE, transferred to membranes us-
ing iBlot transfer system (Life Technologies). Proteins were
detected with specific antibodies, and visualized using ECL,
as described elsewhere.

Immunofluorescence staining

Unless specified in figure legends, cells grown in glass-
bottom dishes were incubated with 2 �M Cy3-labeled PS-
ASOs for 16–24 h. Cells were then washed with 1× PBS,
fixed with 4% paraformaldehyde for 0.5–1 h, and perme-
abilized with 0.1% Triton in 1× PBS for 4 min at room
temperature. After incubation at room temperature for 30
min with block buffer (1 mg/ml BSA in 1× PBS), cells
were incubated with primary antibodies (1:100–1:300) in
block buffer for 4 h, washed three times (5 min each) using
wash buffer (0.1% NP-40 in 1× PBS), and incubated for 1 h
with fluorophore-conjugated secondary antibodies (1:200).
After washing three times, cells were mounted with Anti-
fade reagent containing DAPI (Life Technologies), and im-
ages were taken using confocal microscope (Olympus FV-
1000) and processed with FV-10 ASW 3.0 Viewer software
(Olympus). Z-stacks were generated from images taken at
0.1 �m depth per section, and 3D movies were generated
using FV-10 ASW-3.0 viewer. For early time staining after
PS-ASO incubation (20 min), cells were washed three times
with acidic buffer (0.1M acetic acid, 500 mM NaCl) and
one time with 1× PBS, to remove cell surface associated
PS-ASOs before fixation. Quantification of co-localization
events was performed manually from ∼20 cells, by count-
ing overlapping foci of which images from both channels
have clearly defined boundary without saturation. Statis-
tics analysis was performed based on unpaired t-test using
prism.

Live cell imaging and measurement of PS-ASO signal in live
cells

For the co-movement of PS-ASO foci in LEs, SVGA cells
expressing GFP-Rab7 were incubated with 2 �M Cy3-PS-
ASO for 16 h. Medium was then changed to prewarmed
Opti-MEM medium (Life Technologies). LE movement
was recorded at highest speed using confocal microscopy
(Olympus FV-1000), at 37◦C in an environmental chamber.
Live cell movie was then processed using FV-10 ASW-3.0
software.

For measurement of PS-ASO signal in live cells, SVGA
cells pretreated with siRNAs for 48 h were reseeded in glass-



8280 Nucleic Acids Research, 2021, Vol. 49, No. 14

bottom dishes, incubated at 37◦C for 8 h, and 3 �M Cy3-
PS-ASO was added to the medium. After 16 h, cells were
washed with PBS, and pre-warmed OPTI medium (Invitro-
gen) was added to the dishes. Live cell movies were taken
using confocal microscope in an environmental chamber at
37◦C, with GFP and Cy3 channels for RAB7 and PS-ASO,
respectively, for 100 rounds of free run (highest speed). Cy3
signal were measured using FV-10 ASW-3.0 software. Since
LEs can move in live cells, for endosomal ASO signal mea-
surement, the perinuclear areas without LE moving in or
out of the selected areas over time were quantified. The sig-
nal intensity in a selected area at a given time point was cal-
culated as the percentage of the signal intensity of the same
area at time point 0 (start time). The relative levels of ASOs
were calculated from ∼15 cells, and the means and standard
deviations were plotted.

M6PR-CI antibody transport

Control, or Golgi-58K reduced HeLa cells were incubated
with 5 �g/ml antibody against M6PR-CI (ab2733, from
Abcam) in cold Opti-MEM medium on ice for 15 min. Cells
were then shifted to 37◦C incubator and incubated for ei-
ther 75 min or 2 h. Cells were subsequently washed with
PBS, fixed with 4% paraformaldehyde, permeabilized and
blocked using 1 mg/ml BSA. HeLa cells were stained for
Rab7 using a rabbit-raised primary antibody. Anti-Rab7 an-
tibody and internalized anti-M6PR-CI antibody were de-
tected with corresponding anti-rabbit and anti-mouse sec-
ondary antibodies conjugated with AF647 and AF488, re-
spectively.

Colocalization analyses of confocal images

Images of the same groups to be compared were taken under
the same settings without saturation. Colocalization analy-
ses between PS-ASOs and a given protein were performed
using JACoP plugin for ImageJ-Fiji (28,29). Pearson’s cor-
relation coefficient analysis was chosen to reduce the influ-
ence of background signals from different channels. Colo-
calization coefficient was determined from four images of
each group, with constant settings for minimum and max-
imum threshold values. To determine random colocaliza-
tion, one channel was rotated 90◦C and Pearson’s coeffi-
cient was measured. PS-ASO induced protein–protein colo-
calization at LEs was analyzed with the Coloc 2 function of
ImageJ-Fiji. PS-ASO channel was used to set up region of
interest (ROI) to determine PS-ASO induced LE colocal-
ization of different proteins, and the ROIs were applied to
the AF488 channel, and the colocalization of the AF488-
stained proteins in the ROIs with the proteins stained with
AF647 channel was analyzed. Mean values of Pearson’s co-
efficient and standard deviations were calculated based on
the results from four images of each group.

PS-ASO uptake analysis

HeLa cells treated with different siRNAs for 48 h were re-
seeded into 96-well plates, incubated in a 37◦C incubator
overnight, and Cy3-labeled PS-ASO 446654 was added at
different concentration in triplicate to the medium. After

4 h, cells were washed three times with 1× PBS, and Cy3
signals were measured in triplicate per group using a Tecan
microplate reader. Average values and standard deviations
were plotted.

Affinity selection

Affinity selection using biotinylated PS-ASOs was per-
formed as described previously (27). Briefly, neutravidin
beads precoated with biotin-conjugated PS-ASO 386652
were incubated for 2 h with whole cell lysate prepared with-
out, or with 5 mM of either MgCl2 or CaCl2. After incuba-
tion, beads were washed five times, and proteins were eluted
and analyzed by western analysis. For ASO-Golgi-58K in-
teraction, biotin-conjugated ASOs, either a phosphodiester
(PO) backbone ASO modified with 2′-O-methyl (XL1149)
or a PS backbone ASO modified with 2′-MOE at both ends
(ASO 386652), were incubated with neutravidin beads, and
blocked with block buffer (1 mg/ml BSA in PBS) for 30 min
at room temperature. After washing with W-200 buffer (50
mM Tris–HCl (pH 7.5), 200 mM KCl, 5 mM ethylenedi-
aminetetraacetic acid (EDTA), 0.1% NP-40, 0.05% sodium
dodecyl sulphate (SDS)), the beads were incubated with 0.5
�g recombinant human Golgi-58K protein (Origen) mixed
with 50 �g BSA for 2 h at 4◦C. After washing five times
with W-200 buffer, beads-bound proteins were analyzed by
SDS-PAGE, and Golgi-58K protein was detected by west-
ern blotting using a Golgi-58K specific antibody (Abcam,
ab19072).

RESULTS

Golgi-58K can re-localize to LEs upon PS-ASO free uptake

Previously we found that Golgi related proteins STX5 and
GCC2 can be recruited to LEs upon PS-ASO cellular up-
take and facilitate PS-ASO release, through COPII and
M6PR pathways, respectively (Figures 1, 14 and 20). To
further examine the potential roles of Golgi apparatus in
PS-ASO trafficking and activity, HeLa cells were incubated
with a Cy3-labeled, 2′-MOE modified gapmer PS-ASO by
free uptake. Next, the localization pattern of a Golgi marker
protein, Golgi-58K, and a LE/Lysosome marker protein,
LAMP1, was determined by immunofluorescence stain-
ing. It has been reported that Golgi-58K [Formiminotrans-
ferase Cyclodeaminase (FTCD)] has dual metabolic func-
tions and may also be involved in linking Golgi and vi-
mentin filaments (30,31). In control cells without PS-ASO
incubation, Golgi-58K protein stained the Golgi region, as
expected, and no co-localization between Golgi-58K and
LAMP1 was detected (Figure 2A). Surprisingly, upon cel-
lular uptake of PS-ASOs, Golgi-58K appeared as dot-like
structures scattered in the cytoplasm (Figure 2B). Such dot
like-structures colocalized with PS-ASOs, and many such
foci also colocalize with LAMP1, indicating that Golgi-
58K may be recruited to LEs, as is the case for GCC2 and
STX5 proteins (14,20). To further confirm the LE localiza-
tion of Golgi-58K upon PS-ASO uptake, Cy3-labeled PS-
ASO was incubated with GFP-Rab7 expressing SVGA cells
(Figure 2C). Immunofluorescence staining result showed
that Golgi-58K indeed colocalized with PS-ASO and with
GFP-Rab7, a LE marker protein. The colocalization of
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Figure 2. Golgi-58K can relocate to LEs upon PS-ASO cellular uptake. (A) Immunofluorescence staining of Golgi-58K and LAMP1 in HeLa cells. (B)
Immunofluorescence staining of Golgi-58K and LAMP1 in HeLa cells incubated for 24 h with 2 �M Cy3-labeled PS-ASO 446654. PS-ASO/Golgi-58K
colocalizations at LEs are exemplified by arrows. (C) Immunofluorescence staining of Golgi-58K in SVGA cells expression GFP-Rab7 that were incubated
with 2 �M Cy3-labeled PS-ASO 446654 for overnight. Z-section imaging was performed for two LEs (boxed) and the 3D image is shown in right panel.
(D) Immunofluorescence staining of Golgi-58K in HeLa cells transfected with 50 nM Cy3-labeled PS-ASO for 16 h. (E) Immunofluorescence staining of
Golgi-58K and LAMP1 in HeLa cells incubated with 2 �M unlabeled PS-ASOs 116847 or 25690 for 16 h. Scale bars, 10 �m or 5 �m, as indicated in
figures.
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Golgi-58K with PS-ASO at LEs was also confirmed by 3D-
imaging (Figure 2C, right panel).

Although the choice of antibody may cause non-specific
staining and PS-ASO localization may be affected by the la-
beling dyes or fixation, several lines of evidence suggest that
PS-ASO-Golgi-58K colocalization was not due to staining
artifact. The Golgi-58K antibody appears specific, as treat-
ment with Golgi-58K siRNA reduced the staining signal
(Supplementary Figure S1A, B). In addition, colocaliza-
tion between PS-ASO and Golgi-58K was also confirmed
using a different Golgi-58K antibody (Supplementary Fig-
ure S1C). The colocalization between Golgi-58K and PS-
ASO appears not to be due to potential channel leakage,
as a Cy5-labeled PS-ASO could colocalize with Golgi-58K
when the protein was stained using a FITC-conjugated
secondary antibody (Supplementary Figure S1D). On the
other hand, no Golgi-58K was found to colocalize with PS-
ASOs upon transfection (Figure 2D), an approach largely
bypasses the normal endocytic trafficking and release pro-
cess and delivers PS-ASOs mainly to the cytosol and the nu-
cleus (27). Moreover, the LE localization of Golgi-58K was
not due to the presence of the Cy3 dye, as the unlabeled PS-
ASO counterpart that has the same sequence and chemistry
as the Cy3-labeled PS-ASO also caused Golgi-58K relocal-
ization to LEs as marked with LAMP1 (Figure 2E). Similar
LE relocalization of Golgi-58K was observed with another
unlabeled PS-ASO (ASO25690) that is used in subsequent
studies for PS-ASO activity assays (see below), suggesting
that the relocalization of Golgi-58K to LE is not unique to
one PS-ASO sequence.

Consistently, two additional Cy3-labeled PS-ASOs were
tested, and all these PS-ASOs showed colocalization with
Golgi-58K in dot-like cytoplasmic foci (Supplementary
Figure S2A). In addition to the 2′-MOE modified, Cy3-
labeled 5–10–5 PS-ASOs as used above, Golgi-58K colo-
calized with 5–10–5 PS-ASOs containing 2′-cEt or 2′-F
modifications, and with 3–10–3 PS-ASOs modified with 2′-
cEt (Supplementary Figure S2B). Furthermore, such colo-
calizations were observed in human A431, HEK293 and
HepG2 cells, as well as mouse MHT cells (Supplementary
Figure S3), suggesting a general phenomenon in different
cell types and species. Together, these results indicate that
Golgi-58K can be recruited to LEs in different cell types
upon PS-ASO cellular uptake, independent of the PS-ASO
sequences or 2′ modifications.

Previously, we have shown that some Golgi proteins,
such as GM130 and STX16, are not recruited to LEs
upon PS-ASO incubation (14,20). Consistent with these
earlier observations that not all tested Golgi proteins re-
localize to LEs, we found here that another Golgi marker
protein, Mannosidase II (Man2A1) (32), also did not
colocalize with PS-ASOs at LEs upon PS-ASO uptake
(Supplementary Figure S4), further indicating that not
all Golgi proteins behave similarly and that only certain
proteins, including Golgi-58K, could be recruited to LEs
upon PS-ASO uptake. These results also suggest that cel-
lular uptake of PS-ASOs did not disrupt the integrity
of Golgi structures, consistent with our previous obser-
vations that ASO cellular uptake does not affect Golgi
function as indicated by the unaltered levels of secreted
glycoproteins (14).

Reduction of Golgi-58K decreased PS-ASO activity in dif-
ferent cell types upon free uptake

As LEs are the major sites for productive PS-ASO release
(1,8,11), the recruitment of Golgi-58K protein to LEs upon
PS-ASO incubation may affect PS-ASO activity, like other
cellular proteins recruited to LEs (13,14,19,20). To evalu-
ate this possibility, expression of Golgi-58K was reduced in
HeLa cells using siRNAs (Figure 3A). Detection of Golgi-
58k protein levels by western failed, after attempting with
several different antibodies (data not shown), likely due to
the low levels of this protein in these cells. However, reduced
Golgi-58K protein levels were detected by immunofluores-
cence staining (Supplementary Figure S1B and Supplemen-
tary Figure S5A). As a control, TMED9, another Golgi
trans-membrane protein involved in COP I/II trafficking
between ER and Golgi (33), was also reduced by siRNA
treatment (Figure 3A, Supplementary Figure S5B).

Cells were incubated for 18 h with PS-ASOs targeting two
different RNAs, the cytoplasmic Drosha mRNA and the nu-
clear Malat1 RNA and the cells were allowed to ingest PS-
ASOs by free uptake. We note that under the experimen-
tal conditions even with high PS-ASO concentrations, no
cell morphological changes or growth defects were observed
(data not shown). The PS-ASO activity was determined by
qRT-PCR quantification for the levels of the target RNAs.
Reduced PS-ASO activities in degrading the target RNAs
were observed in cells treated with the Golgi-58K siRNA,
and not with the TMED9 siRNA, as compared with that in
luciferase siRNA treated control cells (Figure 3B). Reduc-
tion of Golgi-58K also decreased the activities of two addi-
tional PS-ASOs targeting NCL and PTEN mRNAs, respec-
tively (Supplementary Figure S6A). In addition, depletion
of Golgi-58K using a different siRNA similarly decreased
PS-ASO activity in HeLa cells (Supplementary Figure S6B,
C). Moreover, reduced PS-ASO activity was also detected in
A431 cells treated with Golgi-58K siRNA (Supplementary
Figure S6D, E), suggesting that the observed phenotype is
not unique to a single cell type. Together, these results indi-
cate that Golgi-58K facilitates PS-ASO activity in cells.

When PS-ASOs were delivered by transfection, an ap-
proach that largely bypasses normal internalization and en-
dosomal release process and robustly delivers ASOs to cy-
tosol and nucleus, PS-ASO activity was not decreased upon
Golgi-58K reduction (Figure 3C). These results suggest that
Golgi-58K is not required for PS-ASO activity after release
of PS-ASOs from endosomal organelles. Consistently, re-
duction of Golgi-58K did not reduce the levels of RNase
H1 protein (Supplementary Figure S7), the enzyme respon-
sible for gapmer PS-ASO-mediated degradation of target
RNAs (34), or a few other proteins known to be involved
in PS-ASO activity (19). Together, these results suggest that
Golgi-58K is most likely involved in PS-ASO endocytic
trafficking and/or endosomal release process(s), through
which it affects PS-ASO activity.

Reduction of certain Golgi localized proteins can also de-
crease PS-ASO activity

Since reduction of TMED9 and GM130 did not affect PS-
ASO activity, as shown above and previously (20), yet re-
duction of Golgi-58K, STX5 and GCC2 proteins decreased
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Figure 3. Reduction of Golgi-58K decreased PS-ASO activity upon free uptake. (A) qRT-PCR quantification of Golgi-58K and TMED9 mRNAs in HeLa
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PS-ASO activity, it appears that not all Golgi localized pro-
teins are involved in PS-ASO trafficking, or action. To fur-
ther explore the involvement of Golgi in PS-ASO activity,
several additional Golgi proteins were reduced by siRNA
treatment. These include TMED10 that belongs to the P24
protein family like TMED9 and is also involved in COP I/II
shuttling between ER and Golgi (33); GCC1, a peripheral
membrane protein involved in TGN46 (TGN38) retrograde
transport from EE to TGN (35,36); and TGN46 itself that
traffics between TGN and EE and may mediates the for-
mation of post-TGN vesicles (37,38). In addition, another
Golgi protein, alpha-Mannosidase II (Man2A1), that is in-
volved in the protein glycosylation process (39), was also
evaluated.

Under the experimental conditions, reduction of
TMED10 by siRNA treatment did not affect PS-ASO ac-
tivity (Supplementary Figure S8A,B), similarly to TMED9,
although these proteins are required for ER-Golgi vesic-

ular trafficking (33). However, reduction of Man2A1,
GCC1, or TGN46 caused modest reduction in PS-ASO
activity upon free uptake (Supplementary Figure S8C–H).
These experiments were repeated three times and similar
results were observed (data not shown), suggesting that
the reduced PS-ASO activities upon depletion of these
proteins are reproducible, though modest. Similar effects
on PS-ASO activity were observed when different siRNAs
targeting these genes were used (data not shown). On the
other hand, no loss of PS-ASO activity was observed in
cells depleted of these proteins by siRNA treatment when
PS-ASOs were transfected (Supplementary Figure S8I).
These observations suggest that these proteins may affect
PS-ASO activity at steps before ASOs are released to
cytosol and nucleus, likely at endosomal trafficking and/or
release processes.

Currently it is unclear how these Golgi proteins con-
tribute to PS-ASO activity. Although GCC1 can bind PS-
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ASOs as determined by affinity selection (Supplementary
Figure S9A), no substantial colocalization of GCC1 with
PS-ASOs was detected upon free uptake (Supplementary
Figure S9B), unlike the case of Golgi-58K or GCC2. In
addition, reduction of GCC1 and TGN46 did not alter
the structure of Golgi-58K stained Golgi apparatus, consis-
tent with previous observations (35), whereas reduction of
Man2A1 led to modestly scattered Golgi (Supplementary
Figure S10A). Reduction of these three proteins also did
not substantially alter colocalization of Golgi-58K with PS-
ASOs (Supplementary Figure S10B, C). However, TGN46
could be detected in EEs (Supplementary Figure S11A), in
agreement with previous reports (35). Upon brief PS-ASO
incubation (20 min) to allow PS-ASOs to enter EEs, TGN46
colocalized with PS-ASOs in EEs (Supplementary Figure
S11B), in agreement with previous findings that TGN46 can
traffic from EE to TGN (35). In the absence of PS-ASOs,
TGN46 was not detected at LEs marked with Rab7 (Supple-
mentary Figure S11C), whereas occasional colocalization
of TGN46 with PS-ASOs at LE could be observed after PS-
ASO cellular uptake (Supplementary Figure S11D), despite
the fact that TGN46 does not bind PS-ASOs (Supplemen-
tary Figure S9A). These observations suggest that TGN46
may be involved in PS-ASO endosomal trafficking and/or
release. Both TGN46 and Golgi-58K could colocalize at
Golgi region (Supplementary Figure S12A), however, much
fewer TGN46/PS-ASO colocalization was found as com-
pared with PS-ASO-Golgi-58K colocalization (Supplemen-
tary Figure S12B). These results, together with our previ-
ous findings that STX5-COPII pathway and GCC2-M6PR
pathway facilitate PS-ASO endosomal release (14,20), sug-
gesting that the Golgi may play an important role in medi-
ating PS-ASO action, and that different Golgi proteins may
have different influence. Since Golgi-58K showed robust re-
localization to LEs upon cellular uptake of PS-ASOs, we
further characterized the potential underlying mechanisms
by which this protein affects PS-ASO activity.

The LE localization of Golgi-58K upon PS-ASO incubation
is time and PS-ASO concentration dependent

Previously, we found that recruitment of different proteins
to LEs occurs at different times after PS-ASO incubation
with cells. For example, it takes approximately 2–4 h for
ANXA2 relocalization to LEs (13), and 4–6 h for STX5 and
GCC2 recruitment to LEs after PS-ASO incubation (14,20).
These relocalization times are slightly earlier than those
times required for PS-ASO-mediated target reduction, as it
usually takes more than 6–8 h for decent degradation of tar-
get RNAs, as exemplified with two PS-ASOs targeting nu-
clear Malat1 and U16 RNAs, and one ASO targeting cy-
toplasmic Drosha mRNA (Figure 4A). To determine the
kinetics of Golgi-58K relocalization to LEs, Cy3-PS-ASO
was incubated with HeLa cells at 2 �M for different times,
and cells were stained for Golgi-58K (Figure 4B, C and data
not shown). Colocalization of Gogi-58K with PS-ASOs was
rarely detectable 4 h after PS-ASO incubation, but substan-
tially increased over time, from less than 5 per cell at 4 h
to over 20 per cell at 10 h after PS-ASO incubation. Time
dependent colocalization was also determined by analyz-
ing Pearson’s correlation coefficient (Supplementary Figure

S13A). These results indicate that similar to other LE relo-
cated proteins, Golgi-58K recruitment to LEs is also time-
dependent, with detectable co-localization at 4–8 h. This re-
localization kinetics is correlated with the times exhibiting
low but detectable PS-ASO activity upon free uptake. Since
the released PS-ASOs may take as short as 30 min to trig-
ger target RNA degradation, as we determined previously
by transfection (7), the early relocalization of Golgi-58K to
LEs may facilitate ASO release from endosomes, contribut-
ing to the observed antisense activity.

Since PS-ASOs can achieve antisense activity at lower
concentrations than 2 �M as used in imaging assays, next,
we evaluated the Golgi-58K colocalization with PS-ASOs
at low concentrations. HeLa cells were incubated with Cy3-
PS-ASOs for 16 h at concentrations ranging from 0.1 to 0.8
�M. Immunofluorescence staining results showed that even
at 0.1 �M, colocalization between PS-ASO and Golgi-58K
was readily detectable (Figure 4D). Quantification showed
that the colocalization events and Pearson’s correlation co-
efficient increased with higher PS-ASO concentrations (Fig-
ure 4E and Supplementary Figure S13B), suggesting a dose
dependent relocalization of Golgi-58K protein. Together,
these results indicate that even at low concentrations of PS-
ASOs, Golgi-58K protein can still relocate to LEs.

Reduction of Golgi-58K caused slower endosomal release of
PS-ASOs

Next, we evaluated the effects of reduction of Golgi-58K
on PS-ASO internalization and endocytic trafficking. Sim-
ilar levels of internalized PS-ASOs were detected in control
and Golgi-58K reduced cells, as determined by quantify-
ing internalized Cy3-PS-ASO signal at 4 h after PS-ASO
incubation (Figure 5A), indicating that Golgi-58K reduc-
tion did not substantially affect PS-ASO uptake. In addi-
tion, PS-ASO localization to LEs was also not affected by
reduction of this protein, as shown by confocal imaging of
cells at 3 h after PS-ASO incubation (Figure 5B), suggesting
that Golgi-58K may not be required for PS-ASO transport
to LEs. Consistently, reduction of Golgi-58K did not affect
PS-ASO co-localization with ANXA2 (Supplementary Fig-
ure S14A, B), a protein that is recruited to LEs upon PS-
ASO uptake and is required for EE to LE transport and LE
release of PS-ASOs (13,19).

To determine whether Golgi-58K affects LE release of
PS-ASOs, HeLa cells treated with control or Golgi-58K-
specific siRNAs were incubated with the Drosha-targeting
PS-ASO for 2 h to ensure sufficient uptake of PS-ASOs for
antisense activity. Medium was then changed to remove ex-
tracellular PS-ASOs and to eliminate further uptake (Fig-
ure 5C, upper panel), as we described previously (13,14).
Cells were then collected at different times after PS-ASO
removal and the levels of targeted Drosha mRNA was de-
termined by qRT-PCR (Figure 5C, lower panel). The re-
sults showed that reduction of Golgi-58K decreased PS-
ASO activity under these conditions. As PS-ASO uptake
is not affected by reduction of Golgi-58K and internalized
PS-ASOs can pass through EE and enter LE within 1–2 h
(13), the decreased PS-ASO activity after PS-ASO removal
should mainly reflect slower PS-ASO release from LEs.
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To further confirm that Golgi-58K reduction hinders PS-
ASO endosomal release, a Cy3-PS-ASO was incubated for
16 h with GFP-Rab7 expressing SVGA cells pre-treated
with control or Golgi-58K siRNAs for 48 h. Live cell movies
were then taken using confocal microscope, and the Cy3
signal in perinuclear area that enriches LEs were measured
over time, as exemplified in Supplementary Figure S15A.
Cy3-PS-ASO release from LEs should lead to reduction in
Cy3 signal in the LE-enriched areas over time. Quantifi-
cation results showed that Golgi-58K reduction led to a
slower signal decline as compared with that in control cells
(Supplementary Figure S15B). Similarly, Cy3-PS-ASO sig-
nal was also measured from the nucleus that represents PS-
ASOs released from endosomes, as exemplified in Supple-
mentary Figure S15C. Golgi-58K reduction caused slower
increase in the nuclear PS-ASO signal (Supplementary Fig-
ure S15D). Altogether, these results indicate that reduction
of Golgi-58K impaired PS-ASO release from endocytic or-
ganelles.

Golgi-58K colocalizes with PS-ASOs inside LEs and on LE
membranes

To evaluate the potential mechanisms of Golgi-58K-
mediated endosomal release of PS-ASOs, immunofluores-
cence staining was performed in GFP-Rab7 expressing

SVGA cells incubated with Cy3- PS-ASOs. In some LEs,
PS-ASOs were not evenly distributed but appeared as dis-
tinct foci most likely as intralumenal vesicles (ILVs), as we
determined previously by co-staining of the intralumenal
PS-ASOs with LBPA, a lipid enriched in the membranes of
LEs and ILVs (17,20). Interestingly, Golgi-58K could also
be detected by both 2D and 3D imaging as distinct foci in-
side LEs and colocalized with PS-ASOs (Figure 6A, Sup-
plementary Movie S1), suggesting that Golgi-58K is present
at ILVs. Signal intensity profile also showed co-peaks of PS-
ASO and Golgi-58K inside LEs (Figure 6A, right panel).
Since a GFP-tagged Golgi-58K failed to correctly localize
to Golgi (data not shown), the co-movement of distinct PS-
ASO foci inside LEs was recorded in live cells expressing
GFP-Rab7 (Supplementary Movie S2). In addition, Golgi-
58K could also be detected as distinct, vesicle-like structures
on the limiting membranes of certain LEs containing PS-
ASOs, as shown also by the signal intensity profiles and Z-
section imaging (Figure 6B, Supplementary Movie S3), sim-
ilar to the case of M6PR vesicles (20). These observations
suggest possibilities that Golgi-58K may facilitate PS-ASO
release from LEs, likely through different pathways, such as
release through back-fusion process mediated by ILVs and
vesicle-mediated escape of PS-ASOs from LEs.

It has been shown that some proteins, including GCC2
and COPII complex proteins, can relocate to LEs upon
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PS-ASO cellular uptake (14,20). To determine if Golgi-
58K colocalizes with these proteins at LEs, immunoflu-
orescence staining was performed in cells incubated with
Cy3-PS-ASOs. In the absence of PS-ASOs, Golgi-58K and
GCC2 stained the Golgi region, as expected, and no scat-
tered foci in the cytoplasm were detected (Figure 6C, left
panel). Upon PS-ASO cellular uptake, Golgi-58K colo-
calized with PS-ASO and GCC2 in cytoplasmic dot-like
foci (Figure 6C, right panel), most likely LEs, since both
Golgi-58K and GCC2 relocate to LEs upon PS-ASO up-
take (20). Colocalization of Golgi-58K with GCC2 in PS-
ASO containing foci was also determined through Pear-
son’s correlation coefficient analysis (Supplementary Fig-
ure S16A). Golgi-58K does not obviously colocalize with
Sec31a, a COPII protein, in cytoplasmic foci in cells with-
out PS-ASO incubation (Figure 6D, left panel). However,
colocalization of Golgi-58K and Sec31a in cytoplasmic foci
could be readily detected after PS-ASO cellular uptake (Fig-
ure 6D, right panel). Pearson’s correlation coefficient anal-
ysis also showed modest colocalization of Golgi-58K with
Sec31a in PS-ASO foci (Supplementary Figure S16B). To-
gether, these results indicate that upon PS-ASO uptake,
Golgi-58K can be recruited to LEs, either in ILVs, or on
the membrane of LEs, and can colocalize with other pro-
teins that re-localize to LEs, such as GCC2 and COPII
proteins.

Reduction of Golgi-58K decreased GCC2 relocalization to
LEs upon PS-ASO cellular uptake

Previous we have shown that GCC2-M6PR pathway and
STX5-COPII pathways act independently to facilitate en-
dosomal release of PS-ASOs (20). To determine whether
Golgi-58K is involved in these two transport pathways, PS-
ASO colocalization with GCC2 or with Sec31a was ana-
lyzed through immunofluorescence staining in control or
Golgi-58K siRNA treated cells. Without PS-ASO incuba-
tion, reduction of Golgi-58K did not affect the Golgi local-
ization pattern of GCC2 (Figure 7A). However, upon PS-
ASO cellular uptake, significantly less GCC2-PS-ASO colo-
calization was detected in Golgi-58K reduced cells, when
compared to control cells (Figure 7B–D), although PS-
ASO-ANXA2 colocalization was not affected under the
same conditions (Figure 7B, C, Supplementary Figure S14).
Similar results were also observed using Pearson’s corre-
lation coefficient assay (Supplementary Figure S16C). In
contrast, reduction of GCC2 did not significantly affect
PS-ASO-Golgi-58K colocalization (Supplementary Figure
S17), suggesting that Golgi-58K acts at a step preceding
GCC2. Though GCC1 and TGN46 are involved in TGN-
Endosomal transport, reduction of GCC1 or TGN46 did
not abolish PS-ASO-GCC2 colocalization (Supplementary
Figure S18).

On the other hand, the cellular localization of Sec31a
and PS-ASO-Sec31a colocalization were not significantly
affected by Golgi-58K reduction (Supplementary Figure
S19). Reduction of Sec31a also did not affect PS-ASO-
Golgi-58K colocalization (Supplementary Figure S20).
These results suggest that Golgi-58K is not involved in
COPII-mediated PS-ASO release process. This is consis-
tent with our previous findings that COPII pathway and

GCC2-M6PR pathway are independent pathways affecting
PS-ASO release from LEs.

Golgi-58K relocalization to LEs requires Hsc70 and may af-
fect retrograde transport of M6PR

Recently we found that a heat shock protein, Hsc70, is in-
volved in M6PR shuttling between LE and TGN by fa-
cilitating M6PR vesicle budding from LEs (25). Reduc-
tion of Hsc70 decreased PS-ASO-GCC2 colocalization at
LEs. Since reduction of Golgi-58K also impaired GCC2-
PS-ASO colocalization, we next evaluated whether reduc-
tion of Hsc70 affects PS-ASO-Golgi-58K colocalization,
that may subsequently affect GCC2 relocalization. Hsc70
protein was reduced in HeLa cells by siRNA treatment (Fig-
ure 8A), and the PS-ASO-Golgi-58K colocalization pattern
was determined by immunofluorescence staining. Reduc-
tion of Hsc70 did not affect Golgi integrity (25), or Golgi-
58K localization in the absence of PS-ASOs (Supplemen-
tary Figure S21). However, after PS-ASO cellular uptake,
Golgi-58K colocalization with PS-ASOs was dramatically
decreased in Hsc70 reduced cells as compared with that in
control cells (Figure 8B, C), indicating that Hsc70 is in-
volved in Golgi-58K relocalization to LEs upon PS-ASO
uptake.

Since Golgi-58K affects PS-ASO-GCC2 colocalization
and not vice versa, it is possible that Golgi-58K may affect
GCC2 function, for example, in M6PR shuttling. To evalu-
ate this possibility, HeLa cells treated with either control or
Golgi-58K siRNA were incubated for 75 min with an an-
tibody specific to the cation independent M6PR (M6PR-
CI) that recognizes the extracellular domain of the pro-
tein. M6PR-CI antibody can be internalized via M6PR-CI,
and transport through LEs to TGN (40). Thus, it is able
to monitor the intracellular transport of M6PR, as we de-
scribed previously (25). Immunofluorescence staining of the
M6PR-CI antibody, and quantification of the localization
of the antibody in LEs showed that reduction of Golgi-
58K modestly increased LE retention of M6PR-CI anti-
body, as compared with that in control cells (Figure 8D,E).
The modestly increased LE retention of M6PR-CI antibody
was also detected by analyzing Pearson’s correlation coef-
ficient (Supplementary Figure S22). This experiment was
repeated three times (Supplementary Figure S23 and data
not shown), and similar observation was made, suggest-
ing that the defect, though modest, is highly reproducible.
These results suggest that Golgi-58K reduction caused
slower retrograde transport of M6PR from LE to TGN,
implying a biological role of Golgi-58K in this transport
pathway.

Golgi-58K relocalization to LEs may be mediated by PS-
ASO-protein interactions

Previously we showed that the relocalization of STX5 and
GCC2 to LEs may be mediated by PS-ASO-protein interac-
tions, since the degree of protein relocalization to LEs upon
PS-ASO incubation positively correlates with the binding
affinity of the PS-ASOs to proteins (14,20). The PS-ASO-
induced Golgi-58K relocalization to LEs may thus also be
mediated by PS-ASO-protein interactions, either directly,
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or mediated by other PS-ASO binding proteins. The ASOs
used above are all modified with PS backbones, which dra-
matically increases protein binding as compared with phos-
phodiester (PO) backbone ASOs (6,27,41). To determine
if Golgi-58K protein is able to bind PS-ASOs, affinity se-
lection was performed using biotinylated PS-ASOs or PO-
ASOs, incubated with purified recombinant Golgi-58K pro-
tein, since the endogenous protein level is low in these cells.
Western results showed that Golgi-58K protein was signif-
icantly co-isolated with the PS-ASO, and not the PO-ASO
(Figure 8F), suggesting that this protein can directly bind
PS-ASOs.

To evaluate if PS-ASO-protein interaction is involved
in Golgi-58K relocalization to LEs, 2 �M GalNAc-

conjugated PS-ASO or PO-ASO was incubated with
HepG2 cells that express ASGR protein, through which
GalNAc-conjugated ASOs can enter cells (9,42). Indeed,
while both GalNAc-PS-ASO and GalNAc-PO-ASO en-
tered cells to comparable levels, only GalNAc-PS-ASO
colocalized with Golgi-58K protein (Figure 8G, H), sug-
gesting that Golgi-58K relocalization to LEs is most likely
mediated by PS-ASO–protein interactions. In addition,
colocalization of Golgi-58K with GalNAc-PS-ASO was
also observed at low concentration (0.1 �M), and the
colocalization event increased with higher GalNAc-PS-
ASO concentrations (Supplementary Figure S24), consis-
tent with what was observed with unconjugated PS-ASOs
in HeLa cells.
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Figure 8. Golgi-58K relocalization to LEs requires Hsc70 and may be mediated by PS-ASO-protein interactions. (A) qRT-PCR quantification of Hsc70
mRNA in HeLa cells transfected with different siRNAs for 48 h. (B) Immunofluorescence staining of Golgi-58K in control or Hsc70 reduced HeLa
cells incubated with 2 �M Cy3-labeled PS-ASO 446654 for 16 h. (C) Quantification of PS-ASO-Golgi-58K colocalization in control or Hsc70 reduced
cells, as shown in panel B. Error bars are standard deviations from ∼20 cells. P value was calculated based on unpaired t-test. ****P < 0.0001. (D)
Immunofluorescence staining of M6PR-CI antibody and Rab7 in control and Golgi-58K reduced HeLa cells. The M6PR-CI antibody was incubated with
cells at 4◦C for 20 min, followed by incubation at 37◦C for 75 min, as described in Materials and Methods. The perinuclear localization of the antibody
is marked with arrows in control cells. Scale bars, 20 �m. The boxed areas are shown as islets. The antibody-containing scattered LEs are marked with
arrowheads. (E) Quantification of LE-localized M6PR antibody in control or Golgi-58K reduced cells, as in panel D. M6PR-CI antibody stained LEs
were counted manually from ∼25 cells in each case, and the average values and standard deviations are plotted. P value was calculated based on unpaired
t-test. ***P < 0.001. (F) Western analysis for Golgi-58K protein. Affinity selection using biotinylated-ASOs were performed as described in Materials
and Methods section, and selected proteins were separated on SDS-PAGE and detected by western blotting. (G) Immunofluorescence staining of Golgi-
58K in HepG2 cells incubated with 2 �M GalNAc-conjugated ASO containing either PS backbone (left panel) or PO backbone (right panel) for 16 h.
Colocalization between GalNAc-PS-ASO and Golgi-58K was exemplified with arrows. (H) Colocalization between Golgi-58K and GalNAc-ASOs as
exemplified in panel G was counted from ∼25 cells, and average values and standard deviations are plotted. P value was calculated based on unpaired
t-test. ****P < 0.0001.
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DISCUSSION

In this study, we further characterized the potential roles
of Golgi in PS-ASO trafficking and activity. We found that
some Golgi proteins, including Golgi-58K, TGN46, GCC1
and Man2A1, affect the antisense activities of PS-ASOs.
These results, together with our previous observations, sug-
gest that Golgi components can positively affect PS-ASO
activity, most likely by facilitating PS-ASO intracellular dis-
tribution and endosomal release. In addition, we also found
that Golgi-58K facilitates endosomal release of PS-ASOs,
affects GCC2 relocalization to LEs upon PS-ASO incuba-
tion, and modestly affects M6PR transport, suggesting a
novel function of Golgi-58K in TGN-endosome transport.
Consistent with our previous observations that reduction
of a particular protein typically causes modest defects on
PS-ASO activity (6,11), depletion of these Golgi proteins,
including Golgi-58K, also led to modest reduction in PS-
ASO activity. These observations further indicate that mul-
tiple pathways or protein factors can act in parallel to con-
tribute to PS-ASO release, thus blocking one pathway only
causes partial defects. These results also highlight the com-
plexity of PS-ASO release mechanism, which is important
for the development of approaches to enhance PS-ASO re-
lease.

Golgi apparatus are involved in protein modification
and vesicular transport of cellular components, either to
other cellular organelles, secreted to extracellular environ-
ments through anterograde transport, or through retro-
grade transport by which materials can be transported from
plasma membrane and endosomes to Golgi and to ER.
These intrinsic transport pathways, especially retrograde
transport from endosomes to TGN, have been shown to be
utilized by extracellular materials including virus and tox-
ins to enter cells (43,44). Similarly, PS-ASOs can also uti-
lize Golgi-mediated transport pathways to escape the en-
dosomal organelles. GCC2-mediated M6PR shuttling be-
tween LEs and TGN has been shown to facilitate endoso-
mal release of PS-ASOs (20). In addition, STX5, which nor-
mally localizes at Golgi to tether incoming COPII vesicles
derived from ER (45), can facilitate PS-ASO release from
LEs through COPII vesicles (14). Here we showed that addi-
tional Golgi proteins, including TGN46, GCC1, Man2A1,
and Golgi-58K, also participate in productive PS-ASO traf-
ficking and release, further highlighting the importance of
Golgi in PS-ASO activity.

However, not all tested Golgi proteins affect PS-ASO ac-
tivity. For example, no substantial effect on PS-ASO ac-
tivity was observed upon reduction of STX6, STX16 (14),
GM130 (20), TMED9 and TMED10. This is not unex-
pected due to the multiple different roles of Golgi in pro-
tein maturation, sorting and transport, and since different
proteins may have distinct functions in mediating trans-
port in and out of Golgi. Although TMED9 and TMED10
are involved in shuttling of COP I/II vesicles between ER
and Golgi, reduction of TMED9, TMED10, as well as
COP I proteins did not substantially affect PS-ASO ac-
tivity (14). These observations suggest that ER-to-Golgi
transport seems not directly involved in PS-ASO endosomal
release, or subcellular distribution. Consistently, although
COPII vesicles can relocate to LEs upon PS-ASO cellular

uptake and facilitate ASO release, we have demonstrated
that de novo formation of COPII vesicles on ER membrane
is not required and that COPII vesicles that re-localized to
LEs after PS-ASO uptake are most likely pre-existing vesi-
cles (14).

On the other hand, TGN-Endosome shuttling appears
to play important roles in PS-ASO trafficking and release.
Recently, we showed that GCC2-mediated M6PR shuttling
between TGN and LEs significantly facilitates PS-ASO en-
dosomal release (20). Here, we found that reduction of
GCC1 and TGN46 also modestly impaired PS-ASO activ-
ity. It has been demonstrated that GCC1 mediates TGN46
transport mostly from EEs to TGN (35), but not M6PR
shuttling from LE to TGN, which is mediated by GCC2
protein (35,36). Indeed, we found that TGN46 can local-
ize to EEs, suggesting a possibility that TGN46 may con-
tribute to PS-ASO release from EEs. The very modest ef-
fects of TGN46/GCC1 reduction on PS-ASO activity was
not unexpected, as it has been shown that LEs or MVBs are
the major sites for productive PS-ASO release (11). Upon
PS-ASO cellular uptake, TGN46 was also detected occa-
sionally colocalizing with PS-ASOs at LEs, suggesting that
TGN46 and GCC1 proteins may be weakly involved in PS-
ASO release from LEs. Since GCC2-PS-ASO colocalization
was not affected by reduction of GCC1 or TGN46, it is
likely that GCC2-M6PR pathway and GCC1-TGN46 path-
way may act independently on PS-ASO trafficking from en-
dosomes and TGN. Dissecting the underlying mechanisms
by which TGN46-GCC1 proteins affect PS-ASO activity
awaits further investigation.

Although PS-ASO uptake caused significant LE relocal-
ization of Golgi-58K, as determined by confocal staining,
the actual fraction of relocalized Golgi-58K protein rela-
tive to total cellular Golgi-58K is unclear, since confocal
imaging is not very quantitative and the signal intensities of
LE enriched Golgi-58K and more diffused Golgi-localized
Golgi-58K are very different, making it difficult to quantify
the level of relocalized Golgi-58K proteins. However, based
on our previous observations, intense fluorescence signal
does not necessarily indicate high level of the relocalized
proteins. For example, TCP1�, a cytoplasmic protein, ex-
hibited very strong nuclear PS body localization upon PS-
ASO transfection by immunofluorescence staining, how-
ever, subcellular fractionation results indicated that only
a very tiny fraction of the protein was relocalized to the
nucleus (27). Similarly, ANXA2, which was found by im-
munofluorescence staining to significantly relocate to LEs
upon PS-ASO free uptake, only showed very modest relo-
calization to LEs in fractionation experiments (13). These
results suggest that the actual level of LE relocalized Golgi-
58K protein may not be as high as seen from the confocal
imaging. This possibility is also supported by our observa-
tions that incubation of PS-ASOs even at high concentra-
tion (10 �M) did not affect normal cell growth and the levels
of secreted glycoproteins (14), indicating that incubation of
PS-ASOs did not disrupt normal Golgi (and cellular) func-
tions.

Interestingly, reduction of Golgi-58K significantly im-
paired PS-ASO activity upon free uptake, due to slower re-
lease from LEs. It is possible that Golgi-58K may enhance
PS-ASO release from LEs through a back-fusion process
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mediated by ILVs, as this protein can colocalize with PS-
ASOs in distinct foci inside LEs, similar to ANXA2 and
GCC2 proteins (13,20). Additionally, it is also possible that
Golgi-58K mediates PS-ASO release through vesicles, since
Golgi-58K can also be observed as vesicle-like localization
pattern on LE membranes. Golgi-58K has been reported
to be involved in protein modification, however, the role of
this protein in Golgi-related transport has also been impli-
cated (46). For example, Golgi-58K can bind microtubules
and may mediate interactions of TGN-derived vesicles with
microtubules (46,47). Here, we found that Golgi-58K can
relocate to LEs upon PS-ASO uptake most likely mediated
by ASO-protein interactions, similar to GCC2 and STX5
proteins (14,20). Reduction of Golgi-58K dramatically re-
duced LE recruitment of GCC2 upon PS-ASO uptake, but
not vice versa, suggesting that Golgi-58K acts upstream
of GCC2 in mediating PS-ASO transport and endosomal
release. Similarly, reduction of GCC1 or TGN46 did not
affect Golgi-58K-PS-ASO colocalization at LEs, suggest-
ing these proteins are not involved in Golgi-58K mediated
transport process.

On the other hand, Hsc70 has been shown to be re-
quired for GCC2 relocalization to LEs upon PS-ASO up-
take (25). Hsc70 can bind PS-ASOs and can compete with
RNase H1 for binding to PS-ASO/RNA duplex (19,48).
This protein also relocates to the nucleolus after prolonged
treatment with toxic PS-ASOs that can trigger phase sep-
aration of the nucleolar structures (49). Here we found
that reduction of Hsc70 abolished Golgi-58K relocaliza-
tion to LEs. These observations suggest a cluster events
of protein action. It is likely that upon PS-ASO uptake,
Hsc70 mediates Golgi-58K relocalization to LEs, and sub-
sequently Golgi-58K mediates GCC2 relocalization to LEs
to facilitate PS-ASO release either directly, or mediated
by M6PR vesicles. However, Hsc70 is also required for
M6PR vesicle budding from LE membranes, as we recently
reported (25), suggesting versatile roles of this chaperon
protein.

Together, these results suggest important roles of Golgi
in mediating endosomal release of PS-ASOs, a limiting
step in ensuring PS-ASO activity. Though different pro-
teins, or pathways of the Golgi network may be involved,
the M6PR shuttling pathway between TGN and LEs that
is mediated by Hsc70, Golgi-58K, and GCC2 appears to
have significant influence on productive PS-ASO release,
which is most likely mediated by PS-ASO-protein interac-
tions (6,11). Currently it is unclear how Golgi-58K and
other proteins such as STX5 and GCC2 are recruited to
LEs upon PS-ASO cellular uptake, since PS-ASOs are
present inside LE limiting membranes and these cellular
proteins exist mostly in the cytosolic side. It is possible that
PS-ASOs in LEs interact with the luminal domain(s) of
some LE membrane proteins, leading to conformational
change of the cytosolic domain(s) of the proteins, that in
turn facilitates the recruitment of Golgi-58K or other pro-
teins to LEs. Demonstrating the underlying mechanisms
awaits further investigation. Nevertheless, these observa-
tions may provide an opportunity to enhance PS-ASO re-
lease by modulating PS-ASO interaction with these pro-
teins, especially M6PR, to further improve PS-ASO drug
potency.
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