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ABSTRACT

Phosphorothioate (PS)-modified antisense oligonu-
cleotides (ASOs) have been extensively investigated
over the past three decades as pharmacological and
therapeutic agents. One second generation ASO,
Kynamro™, was recently approved by the FDA for
the treatment of homozygous familial hypercholes-
terolemia and over 35 second generation PS ASOs
are at various stages of clinical development. In this
report, we show that the Stabilin class of scavenger
receptors, which were not previously thought to bind
DNA, do bind and internalize PS ASOs. With the use
of primary cells from mouse and rat livers and recom-
binant cell lines each expressing Stabilin-1 and each
isoform of Stabilin-2 (315-HARE and 190-HARE), we
have determined that PS ASOs bind with high affin-
ity and these receptors are responsible for bulk,
clathrin-mediated endocytosis within the cell. Bind-
ing is primarily dependent on salt-bridge formation
and correct folding of the intact protein receptor. In-
creased internalization rates also enhanced ASO po-
tency for reducing expression of the non-coding RNA
Malat-1, in Stabilin-expressing cell lines. A more thor-
ough understanding of mechanisms by which ASOs
are internalized in cells and their intracellular traffick-
ing pathways will aid in the design of next generation
antisense agents with improved therapeutic proper-
ties.

INTRODUCTION

Second-generation antisense oligonucleotides (Gen 2
ASOs) have made rapid progress in the clinic for the
treatment of a variety of disorders (1-4). These drugs
are typically modified using the phosphorothioate (PS)

linkage which replaces one of the non-bridging oxygen
atoms of the phosphodiester linkage with sulfur (5). The
PS modification enhances ASO stability from nuclease
mediated metabolism and also enhances avidity for plasma,
cell-surface and intra-cellular proteins (6).

In animals and in humans, PS ASOs are injected subcu-
taneously as solutions in saline and do not require special
formulations or vehicles to aid their delivery (7). They dis-
tribute to all tissues (except across the blood brain barrier)
after systemic injection with organs such as the liver, kid-
neys, spleen, bone-marrow and lymph nodes showing the
highest levels of ASO accumulation (8). Within the liver,
ASOs distribute to all cell-types but accumulate preferen-
tially in the non-parenchymal endothelial cells lining the
liver sinusoids and in Kupffer cells (9,10).

In culture, almost all mammalian cells possess the abil-
ity to internalize PS ASOs in a saturable and tempera-
ture dependent manner over time (11,12), even in the ab-
sence of transfection reagents to help deliver the oligonu-
cleotide across cell membranes. However, cells display dif-
ferent sensitivities toward functional ASO uptake which re-
sults in downregulation of the targeted mRNA in the cyto-
plasm or the nucleus (11,13). Previous work showed that PS
ASOs bind avidly to extra-cellular matrix proteins such as
fibronectin and laminin (14) and to heparin-binding cofac-
tors such as bFGF in a sequence-independent, but length
and PS dependent manner (15). Other studies have impli-
cated scavenger receptors in the uptake of chemically modi-
fied ASOs with limited functional consequences (9,16,17).
Despite this progress, the identity of specific cell-surface
proteins which bind and internalize PS ASOs in a functional
manner remains poorly understood (18).

Given the ability of negatively charged PS ASOs to inter-
act with heparin-binding proteins and scavenger receptors,
we questioned if the Stabilin receptors could be involved
in the uptake of PS ASOs into cells and animals. The Sta-
bilins are class H scavenger receptors which clear negatively
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charged and/or sulfated carbohydrate polymer components
of the extracellular matrix from circulation (19). They are
large type I receptors composed of four Fasciclin-1 domain
clusters, four epidermal growth factor (EGF)/EGF-like
clusters and one X-Link domain near the single transmem-
brane region. Although the human Stabilin-1 and Stabilin-
2 extracellular portions of the receptors (>96% of the pro-
tein) are 55% homologous, the short intracellular domains
are very diverse which contributes to differences in their lo-
cation within the cell, cycling from the plasma membrane
and downstream signaling activities.

The receptors share some of the same ligands such as
advanced glycation end-products (20), heparin (21,22) and
other glycosaminoglycans, forms of low-density lipopro-
tein (23,24), and GDF-15 (25). In addition, several lig-
ands are unique to each receptor such as lactogen (26) and
SPARC (secreted protein acidic and rich in cysteine) (27) for
Stabilin-1 and hyaluronan (HA) (28) and some of the chon-
droitin sulfates for Stabilin-2 (29). Stabilin receptors possess
very low to no binding affinity for natural nucleic acids con-
taining phosphodiester bonds (30).

Stabilin-1 is expressed in non-continuous sinusoidal en-
dothelium of liver, spleen, adrenal cortex, lymph node and
sinusoidal macrophages (31,32). In fact, recent proteomic
databases show that Stabilin-1 is expressed in many tis-
sues throughout the body. Stabilin-2 is expressed in low
levels in several human tissues (http://www.gtexportal.org/
home/ (33)), but highly expressed in non-continuous sinu-
soidal endothelium of liver, lymph node, spleen and bone
marrow—tissues which represent sites of high accumulation
for PS ASOs in animals (8). In the natural tissue, Stabilin-
2 is also different from Stabilin-1 in that it is expressed as
two isoforms (315- and 190-kDa) resulting from proteolytic
cleavage termed 315-HARE and 190-HARE (Hyaluronic
Acid Receptor for Endocytosis) (34). In this report, we
demonstrate that the Stabilin receptors are capable of bind-
ing and internalizing PS ASOs in a functional manner in
cells and tissues.

MATERIALS AND METHODS
Oligonucleotide synthesis and delivery

Phosphodiester and PS ASOs were synthesized using stan-
dard phosphoramidite chemistry on a DNA synthesizer
at Integrated DNA Technologies (Iowa City, 1A, USA)
or at lonis Pharmaceuticals (Carlsbad, CA, USA). The
morpholino oligo was synthesized by Gene Tools (Philo-
math, OR, USA). The radio-labeled ASO was synthe-
sized at 3D Imaging (Little Rock, AR, USA) by reacting
an amino-modified ASO with '*’I-labeled Bolton-Hunter
reagent (Perkin-Elmer). Briefly, purified, desalted 5'-amino
modified ASO (1 mg, 130 nmol) was dissolved in 0.1 M
sodium tetraborate, pH 8.5 (8 wl) and mixed with Bolton-
Hunter reagent (2 mCi) dissolved in anhydrous dimethyl
sulfoxide (20 wl) for 2 h. Then 2 M NaOH (20 wl) is added
and mixed for 1 h. Conjugate is purified using a Sephadex
G-25 NAP column following the instructions from the man-
ufacturer. Conjugate purity is determined using a high per-
formance liquid chromatography (HPLC) system equipped
with an Agilent SEC-3 column (7.8 x 300 mm) and a (-
RAM counter. Total radioactivity after purification is 1.6

mCi giving an 80% radioactive yield. Sequence (5 to 3')
of the 20-mer is GCTTCAGTCATGACTTCCTT and the
complement is AAGGAAGTCATGACTGAAGC. Modi-
fication code: d is DNA, r is RNA, e is 2’0O-methoxyethyl
(MOE) RNA, m is 220-Me RNA, fis 2'/F RNA, p is phos-
phoramidate linked morpholino, all oligos are PS modified
except underlined letters which are phosphodiester linked
(Figure 1A). ASOs were delivered to cells under gymnotic
conditions. Likewise, there was no delivery vehicle for the
‘free” ASOs when they were injected into the animals.

Cell lines and primary cells

Stabilin and empty vector (EV) cell lines were generated as
previously described (29,34). Briefly, the cDNA of interest
was inserted into pcDNAS/FRT/V5-6xHIS-TOPO (Invit-
rogen) and stably transfected in HEK293 Flp-In cells (Invit-
rogen). Primary liver sinusoidal endothelial cells were har-
vested from rat using the method described previously (35)
which is a modified protocol provided by Seglen (36).

Animals

CD-1 mice or Sprague-Dawley rats (Charles River) were
used for all of the animal experiments using IACUC pro-
tocols #956 and #607 at the University of Nebraska. Half-
life in blood determination: mice were anesthesized with
30% isoflurane in PEG200, injected retro-orbitally with 2.0
mg/kg '>’I-ASO and immobilized in a 50 ml conical with
the bottom punctured to allow the mouse to breathe. Lido-
caine anesthetic cream was applied on the tail and the tail
was cut about 2 cm from the end to allow bleeding over the
course of 40 min. Tissue distribution: after the mice were
injected as above, they were placed in a metabolic cage for
30 min to allow for collection of urine. The mouse was re-
anaesthetized and tissue and organs were collected. Liver
perfusion: as above after the re-anaesthetation, a 24 (mice)
or 18 (rat) gauge catheter was inserted in the portal vein
and the liver was flushed of blood with phosphate buffered
saline (PBS) at a rate of 6 (mice) or 15 (rat) ml/min for 3
min. The liver was digested in situ with modified buffers
containing 0.5 mg/ml collagenase IV (Sigma) for 7 (mice)
or 20 (rat) min at 6 (mice) or 20 (rat) ml/min. Cells were
purified as described previously (35). Stabilin-2 knockout
mice (Stab2 KO) were developed at the University of Tokyo
and previously described in Hirose et al. (51).

Endocytosis and binding assays

Stable cell lines were plated and allowed to grow 2 days prior
to the experiment in Dulbecco’s modified Eagle’s medium
(DMEM) + 8% fetal bovine serum (FBS) with 50 pwg/ml
Hygromycin B. For the primary cells, all assays were per-
formed the same day as the purification and cells were al-
lowed to recover at least 3 hrs prior to the experiment in
DMEM + 8% FBS. At the start of the experiment, Assay
Medium (DMEM + 0.05% BSA) was prepared with 0.1 uM
125]-ASO without or with ASO competitors (20 wM). The
incubation time as indicated was either at 37°C for endocy-
tosis or on ice (1-4°C) for binding. Following incubation,
the cells were washed with Hank’s Balanced Salt Solution
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(HBSS) followed by quantification of isotope in counts per
minute (CPM) and cell lysate protein in micrograms (png)
by radiography and Bradford assays, respectively. For ex-
periments requiring receptor specific endocytosis, CPM /g
protein from extra wells containing labeled ASO with a 200-
fold excess of the same unlabeled ASO were subtracted from
the experimental samples. The data was calculated as the
mean + SD. Clathrin-dependent endocytosis was evaluated
by incubating the cells with 0.4 M sucrose (34), 30 .M Pit-
Stop2 (37), 300 wM Dynasore (38) beginning at 30 min
prior to the addition of ligand and throughout the exper-
iment (1 h).

Direct (ELISA-like) binding assays

The secreted 190-HARE protein purification and details of
the assay are previously described (24). In these assays, 1.0
pg/ml (200 ng/well) s190 protein was used for plating in
the plastic polysorp (Nunc, 469 957) wells and incubated
overnight at room temperature. All incubations with com-
petitors and salt conditions were performed at 37°C for 1 h
followed by 4-5 washes with tris-buffered saline (TBS)-0.1%
Tween 20. Wells were washed twice with 1% sodium dodecyl
sulphate to harvest bound '>’I-ASO, which was then quan-
tified by a gamma counter.

Confocal microscopy

190-HARE, Stabl and EV cells were incubated with a Cy3-
ASO for 1, 3 and 6 h followed by an incubation of 0.5 pM
LysoTracker Green or 0.5 wM ERTracker Green for 25 min.
Cells were washed with phenol red-free DMEM and im-
aged using Olympus Fluorview 500, mounted on an Olym-
pus IX81. The images were captured using Fluorview ver-
sion 5.0 and analyzed with Fiji 2.0 software (39). For this
analysis, the fluorescent channels were split, and analyzed
using the Coloc2 function. The red fluorescence was set to
channel one, with green fluorescence being set to channel
two, with the region of interest being set to channel one due
to slight background autofluorescence. Colocalization data
was determined using Pearson’s Correlation coefficient.

Degradation assay

Cells were cultured in 100 mm plates at least 2 days prior to
the experiment. Next, cells were incubated for 2 h with As-
say Medium containing 0.1 pM '>°I-ASO, washed 5x with
HBSS, and then incubated for 6 h with fresh Assay Medium.
The medium was harvested, centrifuged to clear away cell
debris and then passed over a diethyl-aminoethyl (DEAE)
column containing 1 ml of resin. The resin was washed with
0.75 ml 0.4 M NacCl 10 times to collect small fragments
and washed with 0.75 ml 2.0 M NaCl three times to col-
lect the larger fragments. The washes containing ASO frag-
ments and resin containing intact ASO were assessed by a
gamma counter. As a positive control for degradation, ASO
was incubated in 2 M HCl for 1 h at 90°C. To determine if
ASOs were degraded in mouse urine, mice were injected in-
travenously with 2.0 mg/kg '>’I-ASO, allowed to circulate
for 1 h while the mice were in metabolic cages and all urine
was collected from the cage collection vials and from the
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bladder of each mouse. The urine was passed through the
DEAE column as described above.

Malat-1 expression

Cells were cultured in 96-well plates and then incu-
bated with malat-1 ASO for 24 and 48 h without
any transfection agent. Cells were washed once with
PBS and total RNA was harvested and gene expres-
sion was evaluated by qPCR using malat-1 primers,

for 5-AAAGCAAGGTCTCCCCACAAG-3, rev 5'-
TGAAGGGTCTGTGCTAGATCAAAA-3, probe
5-TGCCACATCGCCACCCCGT-3¥ and GAPDH

primers, for 5-GAAGGTGAAGGTCGGAGTC-3,
rev 5-GAAGATGGTGATGGGATTTC-3, probe 5-
CAAGCTTCCCGTTCTCAGCC-3'.

siRNA delivery

Stabl and Stab2 cell lines were plated in 24-well plates
and allowed to grow to 50% confluency followed by
transfection of 5 pmol siRNAs consisting of 2.5 pmol
of each of two siRNAs specific for the receptor or
scrambled controls using RNAIMAX lipofectamine
(Invitrogen). After 48 h, a standard endocytosis assay
using 0.1 wuM '>’I-ASO was performed on the cells. Two
siRNAs were designed and purchased from SilencerSelect
(Ambion) for each Stabilin receptor and the sequences
for Stabl are 5-GGAUGAUGAGCUCACGUAULtt-
3 and 5-CCACGUUUGUCACUCAUGUtt; for
Stab2 are 5-GGAUUAUGAAGGUGACGGALt-
3 and 5-GUGAUAUCAUCAGUACUAALt-3'.
Negative/scrambled and positive/GAPDH  controls
were pre-stocked with catalog numbers 4 390 843 and 4 390
849, respectively.

Immunohistochemistry

Immunohistochemistry for PS ASO in spleen, liver and kid-
ney of animals administered 10 mg/kg ASO and sacrificed
72 h later. Tissues were fixed in 10% neutral buffered for-
malin, dehydrated in graded ethanol, embedded in paraf-
fin, sectioned and stained using an antibody against the
ASO (generated in-house) and counter-stained with hema-
toxylin. Tissue images were acquired using an Aperio scan-
ner.

Statistics

Unless otherwise stated, all statistics were calculated using
Student’s t test for pairwise comparisons using SigmaPlot
v1l.2.

RESULTS
ASO chemistry and design

PS modified Gen 2 ASOs have a central region of DNA
flanked on either end with 2’-modified nucleotides such as
MOE RNA (Figure 1) (40). The DNA region serves as
the substrate for RNase H recognition while the MOE nu-
cleotides enhance RNA-binding affinity and metabolic sta-
bility. For our experiments, MOE-DNA ASO (ASO) was
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Figure 1. Illustration of antisense oligomers (ASO) and morpholinos. (A)
Detailed structure of each ASO sugar backbone with elemental or organic
modifications on the 2’ carbon of ribose excluding the morpholino (pur-
ple). (B) Full length structure of each specific ASO compound or mor-
pholino as indicated by the letters in part A. Underlined letters are nu-
cleosides linked with phosphodiester bonds otherwise the nucleosides are
linked with phosphorothioate (PS) linkages.

radiolabeled with '>°I and used as a standard marker for
endocytosis and binding for all subsequent experiments in
this report (Figure 1B, bottom).

ASO sequestration in liver

We first injected mice intravenously to determine the half-
life of the radiolabeled ASO in blood. Time zero was estab-
lished 1 min after the initial injection and then samples from
the tail-vein were taken every min for up to 40 min (Figure
2A). From these results, we estimated the half-life of '*°1-
ASO in murine circulation is about 9.5 min. Based on this
information and in previous reports (10), we harvested tis-
sues, blood and urine at 30 min post-injection to determine
where the ASO accumulates.

The radiolabeled ASO was widespread and could be
found in all tissues examined; however, we harvested tissues
with important hematological functions and determined
that the bulk of the injected ASO accumulates in the liver,
followed by kidney (Figure 2B). Liver accumulation occurs
as a function of time, whereas, the kidney, which filters the
bloodstream and produces urine, becomes saturated with
PS oligo very quickly.

The liver is composed of four primary cell types. The hep-
atocytes comprise over 80% of the liver mass while the liver
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Figure 2. Half-life and tissue distribution of ASO in mice. (A) Half-life
of 2 mg/kg ASO in blood of mice injected intravenously. A small volume
(10-30 pl) of blood was obtained from tail-bleeds about every minute over
the course of 40 min and measured for radioactivity and volume. (B) Dis-
tribution of ASO in hematological tissues including blood and urine after
intravenous injection. (C) After intravenous ASO injection, the liver was
flushed, perfused with collagenase and hepatocytes were purified followed
by the enriched pool of LSECs and Kupffer cells. For all experiments, at
least three mice were used. Data points are mean == SEM, (¥) P < 0.05.
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sinusoidal endothelium (LSECs), Kupffer cells (KCs) and
hepatic stellate cells (HSCs) account for <10%. To deter-
mine which cell type had the highest accumulation of ASO,
we perfused the liver of mice 30 min post-injection with col-
lagenase and proceeded to purify hepatocytes and the non-
parenchymal fraction which is composed of LSECs and
KCs. From our data, the LSECs and KCs together accu-
mulated ~4-fold more ASO than the hepatocytes, suggest-
ing that these cells possess a mechanism to sequester ASO
from the blood (Figure 2C).

HEK-293 cells stably expressing Stabilin-1 and -2 receptors
internalize PS ASOs by clathrin-mediated endocytosis

The Stabilin receptors are highly expressed in primary
LSECs and to a lesser extent in KCs. These receptors were
previously cloned and stably expressed in the HEK293 Flp-
In cell line system (29) as primary cells quickly lose recep-
tor expression in culture. Relative expression of these pro-
tein receptors in recombinant cell lines was determined by
western analysis (Figure 3A). Our cell lines stably express
Stabilin-1, Stabilin-2/315-HARE (containing the 315 and
190 kDa isoforms), Stabilin-2/190-HARE (containing only
the 190-kDa isoform) and the EV line which is stably trans-
fected with the plasmid backbone without any cDNA in-
sertion under hygromycin B selection and acts as a negative
control for the Stabilin expressing cell lines.

With these four cell lines, we allowed cells to internalize
125T_ASO under gymnotic conditions over the course of 9 h
and found that the 190-HARE cells had the highest inter-
nalization rates followed by 315-HARE, Stabl and EV with
the lowest rate (Figure 3B). Specific endocytosis by the Sta-
bilin receptors was also confirmed by siRNA knockdown of
each receptor in the Stabilin cell lines (Supplementary Fig-
ure SIA-C).

To determine if the stabilin-mediated ASO internaliza-
tion occurs via clathrin-mediated endocytosis (34), all four
cell lines were treated with PitStop2 which interferes with
the clathrin terminal domain function (37) and Dynasore
which inhibits the GTPase function of dynamin in coated
pit formation (41). Treatment with these drugs, and with
sucrose induced-hyperosmolarity, did not affect the small
amount of ASO internalized by the EV cells (Figure 3C),
but all Stabilin cell lines had reductions in 50-85% of up-
take (Figure 3D-F).

The EV cells do internalize some ASO and initially
had quick uptake rates suggesting that the ASO bound to
proteins/receptors on the cell membrane. To test this, we
placed cells on ice with '3 I-ASO for 1.5 h to inhibit endocy-
tosis, but not binding. All four cell lines bound with approx-
imately the same amount of ASO suggesting that chemical
properties of the ASO allow it to bind cell surface proteins,
but internalization is largely accomplished by specific recep-
tors (Figure 3G).

Specific binding characteristics of ASO and Stab2/190-
HARE

A fifth cell line was created that secretes the smaller Stabilin-
2 isoform (s190) in the media for subsequent purification by
metal chelate chromatography. The s190 ecto-domain has
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all the same characteristics as the membrane-bound 190-
HARE (24). To verify that the '>1-ASO bound the recep-
tor in measurable quantities, the s190 and bovine serum al-
bumin (BSA) proteins were plated separately on polysorp
plastic wells with increasing amounts of labeled ligand. We
found that s190 bound increasing concentrations of '°I-
ASO with an estimated Ky of 140 nM from this and other
experiments (Figure 4A). BSA and other proteins such as
DJ-1/PARK7 used as negative controls (Supplementary
Figure S2) did not bind with ASO at the concentrations
tested.

Next, we investigated the binding characteristics of the
ASO and s190. Using increasing concentrations of NaCl for
disrupting salt bridges, urea for disrupting hydrogen bond-
ing and guanidinium chloride (GuCl) for protein unfold-
ing, we found that NaCl and GuCl disrupted the interac-
tion between s190 and ASO suggesting that an intact and
properly folded s190 protein binds with the ASO via ionic
bonding (Figure 4B). This finding is in line with previous
reports demonstrating the importance of ionic binding with
cell surface proteins (42.,43).

Competition with other chemically modified ASOs

To define the structural attributes of chemically modified
ASOs for interaction with the Stabilin receptors, competi-
tion experiments to block only the internalization of '2°I-
ASO were performed. A variety of chemical modifications
that are commonly used to enhance metabolic stability and
other pharmacological properties of therapeutic oligonu-
cleotides were examined (Figure 1). The MOE-DNA con-
figuration facilitates RNase H cleavage of the RNA strand
in a RNA/DNA heteroduplex. The charge neutral phos-
phoramidate morpholino (PMO) chemical class does not
support RNase H cleavage but can be used to modulate
RNA splicing (44). The single stranded or duplexed alter-
nating 2’-F RNA and 2'-OMe RNA (F-OMe) modification
pattern is the leading chemical design for harnessing the
RISC mechanism in the clinic (45,46).

PSversus PO and neutral backbone. We examined the abil-
ity of single stranded ASOs with PS, PO and neutral back-
bone (morpholino) and a PS ASO/RNA duplex to block
internalization of 12°I-ASO into EV, Stabl, 315- and 190-
HARE expressing cell lines. Internalization of '>I-ASO
could be completely blocked by the PS ASO and the PS
ASO/RNA duplex but not the neutral PMO. The PO/PS
ASO (PO is represented by underlined letters in the figure
legend) was able to partially block uptake of '’ I-ASO in all
cell lines suggesting that uptake is charge and PS dependent
but not affected by single-stranded or the duplex nature of
the PS-ASO (Figure SA-D).

Impact of length on endocytosis. Next, we examined the
ability of single stranded ASOs of different lengths but sim-
ilar chemistry (20- to 10-mers PS MOE-DNA), 20-mer PO
MOE-DNA, ss siRNA and duplex siRNA with a differ-
ent chemical modification patterns (PO OMe-F), to block
uptake of 'I-ASO into the Stabilin-2 190-HARE cell line
(Figure 6A) and in primary purified LSECs from rat (Fig-
ure 6B). We found that the ability of the PS MOE-DNA to
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empty vector (EV); Lane 2, Stabilin-1; Lane 3, Stabilin-2 (315-HARE); Lane 4, Stabilin-2 (190-HARE). The arrow indicates the Vinculin load control, the
black arrowhead indicates the large isoform of Stabilin-2 and Stabilin-1, and the white arrowhead indicates the small isoform of Stabilin-2 (190-HARE).
(B) All four recombinant cell lines were cultured in 24-well plates, then exposed to 0.1 wM 21-ASO for 9 h. At each time point, cells were washed 3x with
1.0 ml HBSS, lysed in 0.3 ml 0.3 N NaOH and cell lysates were measured for radioactivity and protein content. The data shown represent total binding
of each sample in triplicate as mean + SD. (C-F) Endocytosis of 0.1 uM '2°I-ASO in EV (C), Stabilin-1 (D), 315-HARE (E) and 190-HARE (F) cell
lines at one time point (90 min) as either untreated control (black bars) or with drugs/conditions (gray bars) that inhibit clathrin-mediated endocytosis.
Dimethyl sulfoxide solvent control, P—30.0 wM PitStop2, Dy—300.0 M Dynasore, Su-0.4 M sucrose. Cells were processed as described in ‘Materials
and Methods’ section and the data represent the mean £ SD, n = 4. The asterisk (*) is P < 0.001. (G) All four cell lines were cultured in 24-well plates,
then placed on ice to inhibit endocytosis. Ice-cold medium containing 0.1 pM >’ I-ASO was incubated with the cells for 1 h, followed by washing in cold
HBSS 3x. Radioactivity and protein were measured and the data is expressed as the mean + SD, n = 3. The asterisk (*) is P = 0.038.
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Figure 4. Direct binding assays reveal ASO binding specifically to Stabilin-
2/190-HARE. (A) A total of 200 ng of s190 (secreted form of the 190-
HARE receptor) was placed in polysorp wells with increasing concentra-
tions of 12°1-ASO, washed with TBS-tween and the amount bound was
measured by a gamma counter. (B) Direct binding assay as indicated above
with 0.05 uM 21-ASO incubated in the presence of increasing salt con-
centrations (150-2500 mM) at 37°C for 1 h. The wells were processed as
described in the ‘Materials and Methods’ section and radioactivity was
measured by a gamma counter. All data points are in duplicate.

block uptake was dependent on length as well as PS and
charge content. The 20-mer PO MOE-DNA does not com-
pete as efficiently as the 20-mer PS MOE-DNA but better
than the PO/PS single stranded and duplex F-OMe siRNA
suggesting that PS DNA and charge are the primary phar-
macophores for Stabilin-2 recognition. These results are
also consistent with previous experiments where similar de-
signs of competitor oligonucleotides were able to interfere
with functional uptake of ASOs in cultured cells (11—see
Figure 3).

Direct binding.  Using the ELISA-like or direct-binding as-
say, we measured remaining bound '>1-ASO in the presence
of increasing amounts of PO MOE-DNA, PS MOE-DNA
and ss siRNA (OMe-F). As seen in the competition assays,
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PS MOE-DNA varying in length from 20- to 16-mer were
all highly competitive in contrast to PS MOE-DNA 14- and
12-mers and 20-mer PO MOE-DNA which were moder-
ately competitive, and, finally, the PO ss OMe-F which did
not compete (Figure 6C).

ASO delivery to lysosomes and subsequent degradation

Once ASO is internalized, does the cargo get delivered to
lysosomes? We incubated 190-HARE (positive control) and
EV (negative control) cells with Cy3-ASO (red) for 1, 3
and 6 hr followed by staining the cells with LysoTracker
(green) to visualize lysosome colocalized with Cy3-ASO
(Figure 7A). Consistent with our endocytosis assays, the
190-HARE cells internalized much more of the ASO than
the EV cells. We also observed more colocalization of the
ASO with lysosomes (47) in the 190-HARE cells which in-
creased over the time course as observed by confocal mi-
croscopy (Figure 7A) and quantified by Fiji (2.0) software
(Figure 7B).

Since Stabilin-1 trafficks to the trans-Golgi network
(TGN) as well as to lysosomes, (48) we asked if the ASO is
involved with retrograde transport to the ER. We incubated
Stabilin-1 cells under the same conditions with both Lyso-
Tracker and ERTracker. By confocal microscopy, it was de-
termined that the ASO is primarily targeted to lysosomes
and not to the ER (Supplementary Figure S3A and B).

To determine if the PS ASO is degraded in lysosomes, we
cultured both Stabilin-2 cell types and EV cells in 100 mm
dishes and incubated them with '21-ASO for 2 h, washed,
and then chased with fresh medium for 6 h. Any ASO in
the fresh medium would be secreted from the cells after
it has gone through the endo-lysosomal compartments. To
separate degraded from intact ASO, the fresh medium was
poured over a DEAE anion exchange column which retains
the intact ASO and allows the fragments of degraded ASO
to be eluted by a weak salt solution.

Intact and degraded PS ASO were characterized by their
by migration in 2% agarose gel electrophoresis (Supplemen-
tary Figure S4A), profile with ESI-MS (Supplementary Fig-
ure S4B) and by chromatographic trace profiles on DEAE
columns (Supplementary Figure S5A). The amount of de-
graded ASO was much higher in the Stab2 cell lines than in
EV (Figure 8A) which was also noticed in the elution profile
from the DEAE column (Supplementary Figure S5 B). We
also repeated these experiments with the Stabl and EV cell
lines and found that the elution profiles were very similar,
though the ratio of degraded to intact ASO was higher in
the Stabl1 cells compared to control (Supplementary Figure
S5C and D).

We used the same method to determine if the ASO is in-
tact in the urine of our injected mice. Uninjected >’ I-ASO
and urine containing '>’I-ASO was collected from mice 1
hr post-intravenous injection and run through the DEAE
columns. The uninjected ASO is more than 95% intact in
contrast to the nearly 70% of ASO in urine that is degraded
(Figure 8B). The total amount of ASO in urine is still a small
fraction (<10%) of the total injected, but indicates that sig-
nificant degradation occurs as it is excreted from the animal.
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Figure 5. Endocytosis of 121-ASO with non-labeled competitors in Stabilin cell lines. (A) 190-HARE, (B) 315-HARE, (C) Stabilin-1 and (D) EV cells
were incubated with 0.1 pM '2°I-ASO and 20 WM competitor for up to 90 min at 37°C. At each time point, cells were washed 3x with cold HBSS and
solubilized cell lysates were quantified for radioactivity and protein. The data represent the mean + SD, n = 4.

Gene inhibition by ASO in the presence of the Stabilin recep-
tors

Cells in culture were exposed to a PS ASO which targeted
malat-1 RNA for degradation under gymnotic conditions.
Malat-1 is a long non-coding RNA (IncRNA) which is
highly conserved among all mammals and is associated with
metastasis associated genes (49,50). We assessed the expres-
sion of malat-1 in the four cell lines to determine if endocy-
tosis rates affect specific amounts of malat-1 RNA degrada-
tion. Our results show that at both 24 h (Figure 9A) and 48
h (Figure 9B) post-treatments, RNA levels of malat-1 are
reduced in the Stabilin treated cells compared to EV, sug-
gesting that increased internalization of this ASO enhances
antisense activity. Due to comparable expression levels, we
compared Stabl and 315-HARE cells treated with scram-
bled and Stab-specific siRNAs and determined that a de-
crease in Stabilin expression resulted in greater malat-1 ex-

pression (a decrease in ASO-mediated RNA degradation;
Supplementary Figure S6).

ASO accumulation is attenuated in Stabilin-2 KO mice

In our biochemical and cell culture experiments, both
Stabilin-1 and Stabilin-2 receptors bound and internal-
ized the '*’I-labeled PS ASO, although the Stab2 receptor
demonstrated higher endocytic activity than Stabl. As a fi-
nal confirmation that Stabilin-2 is a primary receptor for
ASO uptake in animals, we examined the internalization of
PS ASOs in a Stabilin-2 knockout mouse (51) following sys-
temic injection. ASO accumulation in the liver and spleen
(high Stabilin-2 expression), and the kidney which does not
express Stab2, was examined by immunohistochemistry PS
ASO staining in the liver, spleen, and kidney is apparent
in the C57BL/6 control parental background in contrast
to diminished ASO staining in liver and spleen tissues of
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tors in 190-HARE and primary LSECs. (A) 190-HARE and (B) primary
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unlabeled ASO for 90 min. Cells were processed as described in ‘Materials
and Methods’ section and the data are expressed as the mean + SD, n =
3, as a percentage of the control containing no competitor. (C) Inhibition
of direct binding of '3 I-ASO to s190-HARE by unlabeled ASO competi-
tors. A total of 200 ng of s190-HARE protein was plated in each well along
with increasing amounts of indicated competitor (0.156-10 wM) and pro-
cessed as described in ‘Material and Methods’ section. All data points are
in duplicate.

Nucleic Acids Research, 2016 9

A
Empty Vector
Overlay
Empty Vector
Phase Contrast
Stabilin-2 190
Overlay
Stabilin-2 190
Phase Contrast
06| EEE EV # 4
o [ 190-HARE
32 #
3
c 04 B
S
©
4
5 02} B
[&]
*
0.0 = i i
h: 1 3 6

Figure 7. Internalized ASOs traffic to the lysosome. (A) 190-HARE and
EV cells were incubated with Cy3-ASO (red) for 1, 3 and 6 h, followed
by a 25 min incubation with LysoTracker (green). Overlay of the images
taken by confocal microscopy generated areas of yellow indicating colo-
calization of ASOs in lysosomes. (B) Quantitative analysis of red versus
green versus yellow was based on channel splitting and overlay using Fiji
Coloc-2 software. Data is expressed as the mean of at least six images at
each time point for each cell line and statistically analyzed using Pearson’s
correlation coefficient. The asterisk (*) is P < 0.001.

the Stab2 KO mouse. These results further confirmed that
Stab2 is one of the primary endocytic receptors for PS ASOs
in these tissues (Figure 10).

DISCUSSION

Antisense oligonucleotide therapy is an emerging area of
clinical-based treatment of chronic disease through gene
regulation. PS ASOs are polyanions and bind to a host
of extra-cellular matrix proteins such as heparin binding
proteins, VEGEF, fibronectin and several others through
ionic interactions, and with significantly higher affinity than
phosphodiester oligonucleotides (52). In our recombinant
cell model, PS ASOs bound to the EV cells as well as to the
recombinant Stabilin cell lines with near equal affinity. The
190-HARE cell line had just a slightly, but barely, signifi-
cantly higher binding capacity that may be attributed to the
higher numbers of 190-HARE on the cell surface.

Both Stabilin-1 and Stabilin-2 receptors are constitutively
active in that internalization occurs with or without cargo
(53-55). Thus, cells expressing these receptors internalize
ligand more efficiently as compared to the EV line. In all the
endocytosis experiments of which only a small subset are
shown in this report, the 190-HARE always had the highest
endocytosis rates, followed by the large isoform, 315-HARE
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tact 12°I-ASO in fresh medium was separated from degraded '2°1-ASO by
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to intact ASO, n = 3, mean + SEM. The asterisk (*) is P < 0.05. (B) 0.01
pM 1251-ASO (black bars, uninjected) and mouse urine (gray bars) was
processed the same as in part A. The data represents the mean + SEM, n
= 5. The asterisk (*) is P < 0.001.

and then Stabilin-1. Stabilin-1 has a relatively low surface
expression level and is localized in both, the endosomal and
trans-Golgi network pathways (48,56), which may explain a
lower rate of endocytosis.

Binding of the radiolabeled PS ASO to the secreted form
of the smaller 190-HARE isoform occurs through ionic
charges that is likely the result of interactions of the an-
ionic sulfur atom of the PS linkage with the receptor. Unsur-
prisingly, both Stabilins interact with sulfated polymers (22)
and the mechanism for binding with ASOs and heparins ap-
pear to be similar. We performed competition experiments
with both HA and heparin (unfractionated) to determine
the binding site for the ASOs with the Stabilin-2 receptors.
HA binds to the Link domain and when modeled with an-
other HA-binding protein (TSG-6) in serum, the tyrosine
residues are necessary for this interaction according to an
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Figure 9. Malat-1 gene expression knockdown is more efficient in Stabilin-
expressing cells than in the EV cells. Cells cultured in 96-well plates were
exposed to malat-1 ASO (0.001-100 wM) for (A) 24 or (B) 48 h in all four
cell lines without any transfection agent. At the indicated times, cells were
assayed for malat-1 RNA by qPCR. Each data point represents the mean
+ SEM, n=3.

in silico model (57). In the recombinant 315-HARE cells,
there was no competition with HA, but the PS ASO was
partly competed by heparin suggesting some overlap in the
binding site between the negatively charged polymers (Sup-
plementary Figure S7). The heparin binding site(s) are likely
within the third and/or fourth EGF clusters found in both
Stab2 isoforms, though the details of these sites currently
remains unknown on these receptors and we are actively in-
vestigating this issue (24).

Stabilin-2-mediated internalization of PS ASOs into
transformed or primary cells could be competed using both
single and double stranded PS ASOs, but not with neu-
tral linkage morpholinos. Interestingly, chemical designs
(PO/PS 2'-F/2’-OMe RNA) commonly used to stabilize
single and double stranded siRNA, were less effective at
blocking Stabilin-2 mediated binding or internalization of


http://nar.oxfordjournals.org/

Kidney

Spleen Liver

WT

Stab2 -

Figure 10. Immunohistochemistry for ASO in spleen, liver and kidney of
animals administered 10 mg/kg ASO and sacrificed 72 h later. Tissues were
fixed and stained using an antibody against the ASO (generated in-house)
and counter-stained with hematoxylin. Tissue images were acquired using
an Aperio scanner. Bar, 250 pm.

PS gapmer ASOs, suggesting that PS DNA is an impor-
tant pharmacophore for stabilin binding. RNA or RNA-
like modifications with 2'-electron withdrawing groups ex-
ist in the C3’-endo sugar pucker as compared to DNA-like
modifications which exist in the C2’-endo sugar conforma-
tion (58). Gapmer ASOs are chimeric with regions of both
DNA and RNA-like nucleoside modifications. It is conceiv-
able that these conformational changes can modulate in-
teractions of Stabilin-2 with chemically modified oligonu-
cleotides.

Since both Stabilin receptors are targeting their ligands
to the endolysomal pathway, how do the ASOs interact with
their targets in the cytoplasm or even the nucleus? As seen
with the 190-HARE cells, a vast majority of the fluorescent
ASO colocalizes with lysosomes (Figure 7A). It is thought
that a small percentage of ASO may escape the endosomes,
transit through the cytoplasm and may end up in the nu-
cleus by mechanisms that are not fully understood at this
time. Indeed, other researchers in the siRNA field have hy-
pothesized the same mechanism is responsible for delivery
of specific sSiRNAs to the cell cytoplasm that were initially
internalized by clathrin-mediated endocytosis. Using im-
munogold techniques, they estimated that between 1-2% of
total internalized siRNAs in the cell are trafficked to the site
of their bioactivity in the cytoplasm (59).

In our fluorescent imaging, it was not possible to see any
fluorescence in the nucleus because of high background re-
sulting from ASO accumulation in endo-lysosomal com-
partments, but the ASO against malat-1 showed enhanced
potency in the Stabilin expressing cell-lines as compared to
the EV control (Figure 9A and B). These data suggest that a
small percentage of ASOs which escape the endolysosomal
compartments are sufficient for malat-1 knockdown and the
process is more efficient in the Stabilin expressing cells than
in the EV cells over both time points at most concentrations.

This correlation may well be attributed to an endoso-
mal escape mechanism noting that once the ASO gets in-
ternalized via an endosome it has a better chance of mem-
brane penetrance due to the low lipid density and remod-
eling of endosomal membranes than just binding to the
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plasma membrane on the cell surface (60,61). Even though
the Stabilin-1 cells showed lower endocytosis efficiency, the
malat-1 knockdown was comparable or better than the high
endocytic efficiency of the Stabilin-2 cells. We can only spec-
ulate at this time that the differential trafficking pathways of
Stabilin-1 in both the endolysosomal and TGN pathways
may allow for a higher rate of endosomal escape at most
concentrations of ASO incubated with the cells.

In summary, we show that the Stabilin class of receptors
can bind and internalize PS ASOs into cells and tissues. The
amount of internalized PS ASO increases in cells expressing
the Stabilin receptors in contrast to cells that do not express
the Stabilin receptors or have been treated with siRNAs
against the Stabilin receptors. In the Stabilin-2 KO mouse,
liver and spleen tissue lacking Stabilin-2 expression show
significantly attenuated PS ASO uptake. It should be noted
that while expression of Stabilin proteins coincides with tis-
sues which show high accumulation of PS ASOs in animals,
these drugs also accumulate in cells and tissues which do
not express Stabilins. The liver and spleen tissues in the
Stabilin-2 KO mouse still accumulated a small amount of
ASO suggesting existence of additional pathways for ASO
internalization. Further studies to better understand the in-
teractions of chemically modified ASOs with cell-surface
proteins and their subsequent intracellular trafficking path-
ways will aid in the design of future antisense agents with
improved therapeutic properties.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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