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Molecular Therapy

Nucleic Acids
Original Article

Chloroquine and cytosolic galectins affect
endosomal escape of antisense oligonucleotides
after Stabilin-mediated endocytosis

Ekta Pandey' and Edward N. Harris'

!University of Nebraska, Department of Biochemistry, Beadle Center, 1901 Vine St., Lincoln, NE 68588, USA

Non-DNA-binding Stabilin-2/HARE receptors expressed on
liver sinusoidal endothelial cells specifically bind to and inter-
nalize several classes of phosphorothioate antisense oligonucle-
otides (PS-ASOs). After Stabilin-mediated uptake, PS-ASOs
are trafficked within endosomes (>97%-99%), ultimately re-
sulting in destruction in the lysosome. The ASO entrapment
in endosomes lowers therapeutic efficacy, thereby increasing
the overall dose for patients. Here, we use confocal microscopy
to characterize the intracellular route transverse by PS-ASOs
after Stabilin receptor-mediated uptake in stable recombinant
Stabilin-1 and -2 cell lines. We found that PS-ASOs as well as
the Stabilin-2 receptor transverse the classic path: clathrin-
coated vesicle-early endosome-late endosome-lysosome. Chlo-
roquine exposure facilitated endosomal escape of PS-ASOs
leading to target knockdown by more than 50% as compared
to untreated cells, resulting in increased PS-ASO efficacy. We
also characterize cytosolic galectins as novel contributor for
PS-ASO escape. Galectins knockdown enhances ASO efficacy
by more than 60% by modulating EEA1, Rab5C, and Rab7A
mRNA expression, leading to a delay in the endosomal vesicle
maturation process. Collectively, our results provide additional
insight for increasing PS-ASO efficacy by enhancing endoso-
mal escape, which can further be utilized for other nucleic
acid-based modalities.

INTRODUCTION

Antisense oligonucleotides (ASOs) are chemically modified, small
(~18-30 nucleotides), single-stranded deoxyribonucleotides that
can be specifically designed to modulate mRNA expression of dis-
ease-related genes.'” ASOs exert their effect via different mecha-
nisms such as RNAse H-mediated degradation of an mRNA target,
steric block of translation, and modulation of splicing.d"5 The ASO
used in this study utilizes RNAse H-mediated degradation of an
mRNA target, malat-1. Over the years, ASOs have undergone several
chemical modifications to increase their bioavailability, target binding
affinity, and biostability and to reduce their off-target toxicity." This
has resulted in the FDA approval of ten ASO drugs for clinical use
and more than 50 ASOs in clinical trials.® Their full potential will
be realized as we more fully understand their interactive properties
and trafficking within cells.
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ASO entrapment in endosomal vesicles impedes their activity; there-
fore, elucidating the mechanisms for how ASOs are internalized, traf-
ficked, and arrive in the cytoplasm or nucleus of the cell is of critical
importance.” '' The gap in knowledge is the molecular mechanisms
of how a small minority of ASOs escape the maturing endosome once
it is formed after receptor-mediated internalization. Several receptors
are theoretically characterized with properties required for efficient
oligonucleotide uptake, but so far, only the class H Scavenger recep-
tors (Stabilin-1 and Stabilin-2) have proven to efficiently internalize
gymnotic phosphorothioate (PS)-ASOs without conjugation of any
targeting moiety or lipid carriers.'*"?

Stabilin receptors are type 1 transmembrane receptors involved in the
clearance of extracellular matrix components from circulation.'*
Their structure is composed of four epidermal growth factor (EGF)
clusters, four Fasciclin-1 (Fas-1) domains, one X-link domain, and
a single transmembrane domain. Human Stabilin-1 (Stabl) and
Stabilin-2 (Stab2) extracellular ectodomains share 55% sequence ho-
mology; however, their short intracellular domains are very diverse,
leading to differences in their intracellular trafficking and down-
stream signaling.'” Stabilin-2 is normally expressed as two isoforms:
alarge 315-kDa receptor (Stab2/315-HARE) and a small 190-kDa re-
ceptor (190-HARE). Both receptors offer the same binding and traf-
ficking kinetics for all known ligands,"®"
study stably expresses the small isoform, 190-HARE.

'% and the cell line used in this

Stabilin receptors dramatically enhance the bulk uptake of PS-ASOs
inside the cell, but not much is known about the intracellular endo-
somal trafficking of PS-ASOs mediated by these receptors. In vivo
studies have shown that only <0.3%-2% of endocytosed oligonucleo-
tides escape from endosomes, leaving more than 98% of internalized
cargo for degradation in the lysosomes.'””” Endosomal maturation is
controlled by a plethora of protein/protein complexes and non-pro-
tein components, which could influence the trafficking of cargo after
receptor-mediated uptake.”’ One such family is the Rab GTPases,
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which serve as specific endosomal compartment markers affecting
different aspects of trafficking and endosomal maturation.** Our pre-
vious study has shown the importance of endosomal proteins (EEAL,
Rab5C, Rab7A) in facilitating trafficking and escape of ASOs from
endosomes.”” However, these are not the only molecules responsible
for trafficking of PS-ASOs within the cell. These findings address this
shortcoming by investigating the route taken by PS-ASOs after
Stabilin receptor-mediated endocytosis.

Several studies have evaluated different small-molecule compounds
for enhancing small interfering RNA (siRNA) or ASO escape from
endosomes and have observed enhanced target knockdown with
small-molecule treatment.”"***° Galectins have been used as a re-
porter for endomembrane damage during release of oligonucleo-
tides,”*** but none of these studies have investigated the endosomal
escape-enhancing effects of these small proteins. Galectins belong
to a lectin protein family characterized by one or two carbohydrate
recognition domains. Galectins are divided into three subfamilies
that encompass 15 galectins in mammals, out of which 11 are present
in humans.”” Galectins are involved in various cellular processes such
as cell growth, cell cycle, apoptosis, and morphogenesis, as well as
development and progression of many human diseases.”® > As of
this publication, no study has been published investigating the role
of galectins related to PS-ASO efficacy by enhancing/diminishing
endosomal escape.

In this study, we first investigated the endosomal route taken by
PS-ASOs after Stabilin receptor-mediated endocytosis. Next, we eval-
uated chloroquine (CQ), a membrane-destabilizing agent enhancing
PS-ASO escape, as well as its role in rescuing PS-ASO efficacy upon
protein knockdown. Lastly, we established the novel role of a cytosolic
protein Galectin-1 in ASO escape machinery.

RESULTS

Endosomal trafficking of Stabilin receptor and PS-ASO

Cells internalize cargo via clathrin-dependent and -independent en-
docytic pathways.’"** Different oligonucleotide forms are internal-
ized into the cell via either of the pathways. Once internalized, cargos
are delivered into the early endosome vesicle, which determines the
next subcellular destination for internalized cargo. From the early
endosome, cargo can be transported to late endosomes or recycling
endosomes or to the trans-Golgi network.”>** Two different routes
are possible from the late endosome: either the lysosome or the
trans-Golgi network. This is the simplest suggested pathway for intra-
cellular trafficking of cargo after receptor-mediated internalization.
Several different intracellular trafficking pathways are possible, which
depends on different receptors involved in oligonucleotide uptake.’

Our previous study has shown that PS-ASO is internalized by the Sta-
bilin receptor using clathrin-mediated endocytosis and is finally
degraded into lysosomes."” Before degradation, PS-ASO must escape,
hybridize to targeted mRNA, and be accessible to RNAse H machin-
ery to exert its effect. It has been found that EEA1 and Rab5C in the
early endosome, and Rab7A in the late endosome, are key trafficking

proteins regulating PS-ASO efficacy.” This study suggests that Stabi-
lin receptor-mediated PS-ASO uptake is trafficked inside the cell
through the early endosome-late endosome-lysosome pathway.
Once we know the intracellular route taken by PS-ASO, we would
be able to genetically or pharmacologically manipulate the proteins
or protein complexes residing in these vesicles to enhance PS-ASO ef-
ficacy. To elucidate the endosomal pathway, we carried out a variable
time point experiment where simultaneous trafficking of PS-ASO and
Stabilins is monitored.

Empty vector (EV), Stabilin-1, and Stabilin-2 (190-HARE) cell lines
were used for pulse-chase experiments to assess a cohort of vesicles as
they matured. First, we investigated the colocalization pattern between
Stabilin receptor-1/-2 and PS-ASO. Confocal microscopy revealed
maximum colocalization between Stabilin receptor-1/-2 and PS-ASO
at 30- and 0-min chase, respectively (Figures 1A and 1B). Steep descent
in Pearson correlation coefficient trend lines was observed between
Stabilin-2 and PS-ASO as time progressed (Figure 1C). This suggests
that the Stabilin receptor is releasing bound ASO soon after internaliza-
tion and that it gets recycled back to the plasma membrane. However, a
similar decreasing trend was not observed between Stabilin-1 and PS-
ASO, suggesting less PS-ASO release (Figure 1D). More colocalization
was observed between 190-HARE and PS-ASO as compared with
Stabilin-1 and PS-ASO. This is in accordance with our previous study
where higher endocytic activity was observed in the Stab2 cells as
compared with Stabl cells taking into account receptor expression
levels. We also carried out pulse-chase experiments in the EV cell line
and investigated the uptake of PS-ASO. We observed no PS-ASO uptake
in this cell line at variable chase time points (Figure 1E), similar to pre-
vious data,” suggesting the importance of Stabilin receptors for uptake
and trafficking of PS-ASOs.

Next, we investigated the trafficking of the Stabilin-2 receptor and
PS-ASO. From previous studies, our proposed trafficking pathway for
Stabilin-1/-2 receptors and PS-ASO was clathrin-coated vesicle-early
endosome-late endosome-lysosome. As per the proposed pathway, we
first determined if Stabilin-2 is utilizing a clathrin-dependent or -inde-
pendent pathway for PS-ASO internalization inside the cell. Our image
analysis showed that Stabilin-2 is internalizing PS-ASO through cla-
thrin-coated vesicles (Figure 2A). We observed the best correlation be-
tween Stab2 and clathrin-coated vesicle at the 30-min pulse, 0-chase
time point, and then correlation trendline decreased (Figure 2E), sug-
gesting that Stab2 has moved forward in the pathway. A similar trend
was observed for PS-ASO (Figures 3AF and 3E). However, we did
not see any correlation between Stab2 or PS-ASO with Caveolin
(Figures S1 and S2E), suggesting that Stab2 is not utilizing caveolin-
mediated endocytosis for internalizing PS-ASO. Next, we assessed the
colocalization of Stab2 or PS-ASO with an early endosome vesicle
(EEAL). Our results showed high correlation between the Stabilin-2
receptor or PS-ASO with EEA1 at 0-min chase (Figures 2B and 3B), sug-
gesting that Stab2 and PS-ASO are being trafficked forward through the
early endosomal vesicle. The correlation trend line between Stabilin-2
and EEA1 decreased up to 60-min chase and then became constant
(Figure 2E), whereas the correlation trend line reached almost 0 for
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Figure 1. PS-ASO colocalizes with Stabilin receptor
after Stabilin-mediated endocytosis

(A) 190-HARE (Stabilin-2), (B) Stabilin-1, and (E) EV cell lines,
respectively, were incubated with 0.1 pM PS-ASO for 30 min
(pulse), followed by incubation with no PS-ASO media for
variable times (0, 30, 60, 90, and 120 min) (chase).
Immunocytochemistry was performed and mounted
slides were imaged by confocal microscopy. Images
were processed with EzColocalization, an ImageJ plugin.
Correlation quantification (Pearson correlation coefficient)
between (C) Stabilin-2 and PS-ASO and (D) Stabilin-1 and

B Stabilin 1 ASO

Merge

PS-ASO (n = 6 images). PS-ASOs are not internalized in
EV cell lines. Some material was adhered on the cell
surface, giving blue florescence.

was seen at 60-min chase (Figure 3E). Last, we
investigated the colocalization of Stab2 or PS-
ASO in lysosomes, where they will get degraded.
Our correlation colocalization analysis results
showed that small amounts of Stabilin recep-

tor were trafficked to lysosomes (LAMPI)

C £ 10 -e- Stab2-ASO D £ 40 -®- Stab1-ASO (Figures 2D and 2E). Since Stab2 is a recycling re-
S 3 ceptor, most of them are expected to get recycled
£ 0.8 % 0.8 back to the plasma membrane. Moreover, we
o o . . .

° ° observed an increasing trend line for the correla-
8 0.6 S 0.6 ./.-\‘\C\‘ tion between PS-ASO and LAMP-1 moving
5 04 5 04 from 0- to 120-min chase, and maximum co-
- - - -
§ ’ § ’ localization was observed at 120-min chase
S 0.2 S 0.2 (Figures 3D and 3E), suggesting that most of the
£ £ PS-ASOs have reached lysosomes for degrada-
8 0.0 I I I I I 8 0.0 I I I I T tion. Since intracellular trafficking is a dynamic
0 30 60 90 120 0 30 60 90 120 process, our results suggests that most Stabilin-2
time (min) time (min) receptors and PS-ASOs occupied the early endo-
E Empty Vector Merge + nucleus some 30 min after initial exposure and then traf-

colocalization between PS-ASO and EEA1 (Figure 3E), suggesting that
most of the PS-ASOs have left the early endosome by the end of the
90-min chase. Moving forward, image analysis revealed colocalization
between Rab7, a late endosomal marker, and Stab2 (Figure 2C) or PS-
ASO (Figure 3C). We observed an increasing trend line for the correla-
tion coefficient between Stabilin-2 and a late endosome vesicle (Rab7)
from 0- to 30-min chase (max), followed by a small decreasing trend
line from 30- to 60-min chase leading to a constant trend line until it
reached 120-min chase (Figure 2E). A similar trend was observed for
PS-ASO and Rab7 colocalization where the maximum correlation
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ficked to late endosomes and started accumu-
lating in late endosomes at 30- and 60-min
chase. Finally, PS-ASO gets degraded in the lyso-
somes as previously shown by Miller et al."’

We next investigated trafficking of the Stabl and
ASO after Stabl-mediated PS-ASO internaliza-
tion. Pulse-chase experiments were carried out
with Stabilin-1 cell lines, and confocal micro-
scopy images were analyzed. The results showed
that ASOs internalized by Stabl differ in endolysosomal trafficking
path when compared with Stab2 (Figure S2). Like Stab2, Stabl cells
utilized clathrin-mediated endocytosis for ASO uptake instead of cav-
eolin-mediated endocytosis. Stabl was shown to be localized in the
early endosome as well as the late endosome; however, not much co-
localization was observed between early endosomal marker EEA1 or
late endosomal marker Rab7 and ASOs. Earlier studies have suggested
the involvement of Stabl in the trafficking of endocytic endosomes
with the trans-Golgi network (TGN). This could explain less or no
localization of ASO in the early or late endosomal vesicle.”>’
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Stabilin 2 Clathrin Figure 2. Trafficking of Sfe-lbilin-Z re-ceptor in
190-HARE cell after Stabilin-2-mediated
endocytosis

Experiment was performed as explained in Figure 1.
Stabilin-2 receptor was found to colocalize in (A) a clathrin
vesicle (clathrin), (B) an early endosome (EEA1), (C) a late
endosome (Rab7), and a small amount in (D) a lysosome
(LAMP1). (E) shows correlation quantification (Pearson
correlation coefficient) between the Stabilin-2 vesicle
system at different time intervals (0, 30, 60, 90, and
120 min) (n = 6 images).

CQ enhances ASO escape from endosomes
From our microscopy imaging results, it is
evident that ASOs are being trapped in the en-
dosomal vesicle and later degraded in lysosomes.
Previous studies have shown that lysosomo-
tropic compounds promote escape of large
Stabilin 2 molecules from the endosomal vesicle by the
“proton sponge effect.”*® These compounds ac-
quire a hydrogen group and become protonated
once inside the endosomal vesicle. This leads to
an influx of water molecules, which cause
swelling and leakage in the endosomal vesicle,
aiding in the release of large molecules. CQ,
a membrane-destabilizing agent, imparts the
same effect by increasing endosomal pH and
has been shown to affect receptor-mediated
endocytosis.”® Recently, a study showed
the effect of various membrane-destabilizing
agents on endosomal escape of 3’-cholesterol-
modified siRNA (chol-siRNA) and found
47-fold enhanced knockdown with CQ treat-
ment as compared with the control group.*
Based on these studies, we decided to investigate
the effect of CQ on endosomal escape of
PS-ASOs in our cell lines.

Stabilin 2

E § 1.0 e Staba-Clathrin First, we established our controls. Citing previ-
£ 0.8 = Stab2-Caveolint ously performed experiments by our group
gos— & Stab2-EEAT with the assistance of Ionis Pharmaceuticals
3 ’ §><I<:: ¥ Stab2-Rab7 that were published in 2016,"% we established
% 044 —+- Stab2-LAMP1 an effective dose curve of the malat-1 ASO in
§ 0.2 m EV and 190-HARE cells used in all the experi-
% ments demonstrated in this paper. The ASO
o

0.0-— T T T T . . .
0 30 60 90 120 150 dose we are using in these experiments, and

time (min) which we used in previous experiments, is

160 nM for gymnotic endocytosis (Figure 4A).

Cellular controls determining the effects of three

Moreover, ASOs started accumulating in lysosomes as shown by  treatments (mock-treated, scrambled siRNA treated, and scrambled
LAMP-1/ASO colocalization and reached maximum by the end of  siRNA+ASO treated) determined that the effect of Lipofectamine
120-min chase, though we did not observe Stabilin-1 colocalization =~ RNAiMax and of the scrambled siRNA did not significantly affect
with LAMP-1. malat-1 knockdown; however, the internalization of ASO contributed
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8
S 0.2
4
3
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0 30 60 90 120 150

time (min)

to approximately 70%-80% decreased expression of malat-1 on a
consistent basis (Figure 4B). Going forward, we next treated cells us-
ing one parameter difference to test if specific treatments further
modulated malat-1 expression. Cells were treated with 60 uM CQ,
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Figure 3. Trafficking of PS-ASO in 190-HARE cell
after Stabilin-2-mediated endocytosis

Experiment were performed as explained in Figure 1. PS-
ASO was trafficked via the same pathway and was found
to colocalize in (A) a clathrin vesicle (clathrin), (B) an early
endosome (EEA1), and (C) a late endosome (Rab7)
and was finally degraded in (D) a lysosome (LAMP1). (E)
This is a correlation quantification (Pearson correlation
coefficient) between the PS-ASO vesicle system at
different time intervals (0, 30, 60, 90, and 120 min) (n = 6
images).

6 h before (+6 h) or after (6 h+) 160 nM PS-
ASO treatment. After 24 h of ASO treatment,
malat-1 mRNA expression was assessed by
qPCR. From our results, cells treated with CQ
along with PS-ASO showed 50%-65% further
reduction in malat-1 mRNA expression as
compared with cells treated with PS-ASO alone
(Figure 5). We also evaluated the effect of CQ on
malat-1 mRNA expression without PS-ASO
treatment to validate that CQ does not affect
malat-1 expression on its own (Figure 5B).
Next, we decided on a CQ treatment 6 h after
PS-ASO treatment because cells looked healthier
as compared with cells treated with CQ 6 h
before PS-ASO treatment. Previous studies
have suggested that CQ treatment damages
Rab5+, Rab7+, and LAMP1+ endosomal vesi-
cles.”* EEA1, Rab5C, and Rab7A have also
been found to be important endosomal proteins
in mediating PS-ASO effectiveness.”” Our study
has also observed a similar effect in which endo-
cytic vesicles were enlarged and prone to leaki-
ness (Figure S3A). Next, we investigated if CQ
requires these endosomal proteins for mediating
its effect. CQ alone affected endosomal escape of
ASO (Figure 5C), and the ASO+CQ parameter
(bar with the diagonal lines, Figure 5D) will be
used as our control to test the effects of CQ in
influencing PS-ASO activity after siRNA-medi-
ated knockdown of EEA1/Rab5C/Rab7A. After
verifying the knockdown efficiency of siRNAs
(Figure S4A-S4C), cells were treated with
EEAL, Rab5C, Rab7A, or scrambled siRNA for
48 h, followed by treatment with PS-ASO for
24 h. CQ was added 6 h after PS-ASO treatment
for total of 18 h, and then malat-1 mRNA
expression was assessed. Cells treated with
EEA1 or Rab5C siRNA showed 50%-60% knockdown in malat-1
mRNA expression as compared with scrambled siRNA-treated cells
(Figures 5E and 5F). This malat-1 knockdown is comparable to
our control treatment group (scrambled [Scr] siRNA+ASO vs. Scr
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Figure 4. PS-ASO activity in EV and 190-HARE cells

(A) EV or 190-HARE cells were treated with 0.16 uM PS-ASO (24 h). Cells were
assessed for malat-1 expression by gPCR. Analysis of PS-ASO activity under
different controls. (B) 190-HARE cells were treated with Lipofectamine or Scr siRNA
for 48 h, followed by treatment with or without PS-ASO for 24 h as indicated. Cells
were assessed for malat-1 expression by gRT-PCR. Statistical analysis was per-
formed using Student’s t test. Data presented as mean + SEM. *p < 0.05, *p <
0.01, **p < 0.001, ***p < 0.0001. n > 3in triplicate.

siRNA+ASO+CQ). Similarly, Rab7A siRNA-treated cells showed
70% reduction in mRNA expression as compared with Scr siRNA-
treated cells (Figure 5G). From our results, it can be concluded that
previously indicated important endosomal proteins are not required
by CQ to mediate its effect, nor does CQ have any effect on the func-
tional aspects of these proteins (Figures S3B-S3D).

In the study done by Colton et al., knocking down EEA1/Rab5C/
Rab7A completely abrogated PS-ASO activity, and there was no com-
parable difference in the malat-1 reduction between PS-ASO treated
and non-treated groups.” Since our results showed that CQ does not
require EEA1/Rab5C/Rab7A to mediate its effect, we investigated if
the CQ treatment is able to rescue the effect of PS-ASO, which was
earlier shown to be abrogated upon EEA1, Rab5C, or Rab7A knock-

down. To investigate this, cells were treated with EEA1, Rab5C, or
Rab7A siRNA for 48 h, followed by treatment with PS-ASO for 24
h. 6 h after PS-ASO incubation, cells were treated with and without
CQ for 18 h, and malat-1 mRNA was assessed. From our results, cells
treated with CQ showed 70%-80% enhanced reduction in malat-1
mRNA expression as compared with cells not treated with CQ
upon keeping EEAI, Rab5C, or Rab7A knockdown constant
(Figures 6A-6C). The reduction in malat-1 mRNA expression in cells
treated with CQ was comparable with the reduction in malat-1
mRNA expression in the Scr sSiRNA+ASO-treated group (Figure 4B).
This shows that CQ can restore the PS-ASO activity that was lost after
EEA1/Rab5C/Rab7A knockdown, as evidenced by its approximately
same knockdown proportion as Scr siRNA+ASO treatment. Our
results also suggest that CQ has dominant role in enhancing PS-
ASO effectiveness as compared to EEA1/Rab5C/Rab7A endosomal
proteins.

Galectin knockdown enhances PS-ASO efficacy

Oligonucleotide release from the endolysosomal system is character-
ized by endolysosomal membrane damage."” Membrane damage is
detected by the small carbohydrate-binding protein family galectins,
which are recruited and clustered at the membrane damage site.
Galectins (Gals) recognize the exposed glycosylated membrane
components present in the cytosolic compartment. Gals are increas-
ingly utilized as reporters of vesicle damage and endosomal escape of
ligand-conjugated siRNAs with or without treatment with mem-
brane-destabilizing compounds.zﬁ"25 Gal-8, Gal-9, Gal-3, and, to
some extent, Gal-1 and Gal-4 have been previously shown to be re-
cruited around damaged endosomal vesicles."' Here, we asked the
question “do Gals have any functional role in endosomal trafficking
machinery, or they are just a sensor for endosomal membrane
damage remains unclear?”

To take one step closer toward understanding the functional role of
Gals in ASO escape, we first determined the expression of Gals in si-
nusoidal endothelial cells (SECs) isolated from murine liver. Results
show that SECs express Gal-1 abundantly, have significantly less
expression of Gal-8, Gal-9, and Gal-3, and have barely any expression
of Gal-2, Gal-4, and Gal-5 (Figure 7A). Next, we verified the expres-
sion of Gals in the HEK293 cell line. Results indicate that HEK293
cells expressed Gal-1, Gal-3, and Gal-8 (Figure 7A). Next, we carried
out siRNA-mediated knockdown of Gal-1, Gal-8, and Gal-3 in
HEK293 cells stably expressing the Stabilin-2 (190 isoform) receptor.
Cells were transfected with Gal-1, Gal-8, Gal-3, or Gal-1, Gal-3, and
Gal-8 together for 48 h, followed by PS-ASO treatment for 24 h. This
was done to investigate if Gal knockdown affects malat-1 expression
as a measure of PS-ASO escape. From our results, cells transfected
with Gal-1, Gal-8, and Gal-1+Gal-3+Gal-8 siRNA showed 50%-
70% enhanced reduction in malat-1 expression as compared
with Scr siRNA (control) (Figures 7B, 7C, and 7E). However, cells
transfected with Gal-3 siRNA showed only 30% reduction in
malat-1 mRNA expression as compared with Scr siRNA control (Fig-
ure 7D). An earlier study has shown weak recruitment of Gal-3 upon
endosomal damage.”' This suggests less involvement of Gal-3 in
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Figure 5. Chloroquine addition enhances PS-ASO
potency
| (A) 190-HARE cells were treated with or without 0.16 uM
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endosomal escape, which concurs with our results. To confirm that
our qPCR results reflected biological activity, we assessed a pharma-
cological inhibitor of Gal-1, OTX008, on Gal-1 expression and
malat-1 knockdown with PS-ASO. OTX008, which is a Calix[4]ar-
ene-derived compound, is an allosteric inhibitor of glycan binding
and attenuates Gal-1 binding to membrane-bound glycans.*”
Currently, OTX008 is being evaluated as a possible therapeutic
against a variety of malignancies.”>** For our purposes, dosing our
190-HARE cells with 60 uM OTXO008 significantly decreased Gal-1
expression while maintaining healthy cellular morphology (Fig-
ure 8A). Pretreatment of cells with 60 uM OTX008 for 3 days fol-
lowed by 24 h treatment of ASO resulted in a further 50% reduction
of malat-1 expression, suggesting that decreased Gal-1 expression re-
sults in more ASO escape into the cytoplasm (Figure 8B). Altogether,
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control Scr siRNA for 48 h, followed by with or without
PS-ASO for 24 h as indicated. 6 h after PS-ASO
treatment, cells received 60 uM chloroquine as
indicated. 24 h after PS-ASO treatment, cells were
assessed for malat-1 expression by gRT-PCR. (D) is an
elaborative representation of (C) showing the effect of
chloroquine in enhancing PS-ASO activity. Chloroquine
acts independently of EEA1/Rab5C/Rab7A. 190-HARE
cells were treated with a negative control Scr siRNA
and (E) siRNA for EEA1, (F) siRNA for Rab5C, and
(G) siRNA for Rab7A respectively for 48 h. PS-ASO and
chloroquine treatment was done as explained for Figure
5C. Malat1 mRNA expression was quantified with qRT-
PCR. Statistical analysis was performed using Student’s
t test. Data presented as mean + SEM. *p < 0.05,
*p < 0.01, *p < 0.001, **p < 0.0001. n > 3in
triplicate.

Scr
iRNA
+

+

*RKK these results suggest that Gals are involved in
maintaining endosomal membrane integrity
and that their deficiency results in mediating en-
dosomal escape of ASO and, thereby, enhancing

ASO efficacy.

Gals promote endosomal maturation

From our confocal microscopy experiments, we
delineated the pathway through which ASO is
trafficked after Stabilin receptor-mediated endo-
cytosis. Endosomal vesicles contain a plethora of
proteins and protein complexes that regulate
many aspects of intracellular trafficking.”' One such important family
is the Rab protein family and its interacting partners. We have previ-
ously shown that siRNA-mediated knockdown of endosomal proteins
EEAL, Rab5C, or Rab7A abrogates ASO effectiveness.”’ After verifying
the functional role of Gal in ASO escape, we wanted to investigate the
possible mechanism of action with which Gals enhance ASO effective-
ness. Earlier studies have suggested Gal’s role in inhibiting endocytic
uptake by lattice formation at the plasma membrane,”> so we per-
formed endocytosis experiments in the recombinant 190-HARE cell
line and measured uptake of PS-ASO in the presence and absence of
Gals and found no difference in endocytic uptake of PS-ASOs (Fig-
ure S5). Next, we investigated the effect of Gal-1 knockdown on the
mRNA expression of previously indicated important endosomal
proteins EEA1, Rab5C, and Rab7A.> After transfecting the cells with

Scr Rab7A
siRNA+ siRNA+
ASO+CQ ASsO+CQ
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A %k %k Figure 6. Chloroquine rescues the reduced efficacy of PS-ASO caused by
o  — EEA1/Rab5C/Rab7A knockdown (KD)
g 1.2+ 190-HARE cells were treated with (A) EEA1 siIRNA, (B) Rab5C siRNA, and (C) Rab7A
© siRNA, respectively, for 48 h. PS-ASO and chloroquine treatment was done as
E 1.0 explained for Figure 5C. Malat1 mRNA expression was quantified with gRT-PCR.
o Statistical analysis was performed using Student’s t test. Data presented as mean +
Z‘; 0.8 SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. n > 3 in triplicate.
o
g 0.6 Gal-1 siRNA or Scr siRNA control for 48 h, followed by treatment with
o PS-ASO for 24 h, mRNA expression of EEA1, Rab5C, and Rab7A was
< 0.4 assessed. Surprisingly, the results showed decreased mRNA expression
u‘_j —_ of EEA1, Rab5C, and Rab7A in Gal-1 siRNA-transfected cells as
‘é 0.2+ compared with the Scr siRNA-treated group (Figures 9A-9C). This
S result suggests the role of Gal-1 in endosomal trafficking regulation.
= 0.0 EEA1 EEA1 Data presented by Colton et al. demonstrated that knockdown of
SiRNA  siRNA EEA1, Rab5C, and Rab7A negated PS-ASO activity.”> However, in
+ASO +ASO Gal-1 knockdown-treated cells, we observed reduced expression of
ca - + EEA1, Rab5C, and Rab7A, which presents a different aspect of PS-
B * % ASO regulation by EEAI, Rab5C, and Rab7A mediated by Gal-1, so
o 1.2 — we investigated whether Gal-1 modulates endosomal vesicle matura-
.L_‘ tion or trafficking. First, we carried out siRNA-mediated knockdown
g 1.0 of Gal-1 in 190-HARE cells (Figure S4D) and then performed pulse-
S chase experiments as described previously with and without Gal-1
Z 0.8 siRNA-transfection treatment. Pearson correlation coefficient values
S between EEA1 and PS-ASO show an increased percentage of PS-
g 0.6 ASO-containing early endosomal vesicles at 60- and 90-min chase in
o the Gal-1 siRNA-treated group as compared with the Scr siRNA-
< 0.4+ — treated group (Figure 9D). Similarly, we found late buildup of PS-
L‘I_J ASOs in the lysosomal vesicle in the Gal-1 siRNA-treated group as
‘é 0.2+ compared with the Scr siRNA-treated group, evidenced by LAMP1
© and PS-ASO colocalization quantification (Figure 9E). We have incor-
= 0.0 Rab5C Rab5C porated representative images for the same (Figures S6 and S7). This
siRNA siRNA suggests that the lack of Gal-1 delays endosomal vesicle maturation,
+ASO +ASO which imparts PS-ASOs with more time to escape; thus, more PS-
ca - a2 ASOs reach the target, thereby enhancing their efficacy.
C o —
g2 Wil DISCUSSION
© 1.0 Previous studies have established that Stabilin receptors are by far the
E most efficient receptor for bulk PS-ASO uptake.'” Depending on the
2 0.8- cell surface receptors involved in PS-ASO uptake, various internaliza-
g tion pathways could be used resulting in productive (PS-ASO-
‘® 0.6- enhancing effect) or non-productive (PS-ASO-decreasing effect)
g pathways.'>**~*® With the use of other ligands, Stab2 is known to
< 0.4+ have a rapid recycling rate, though not much is known about the
w fate of PS-ASOs once they are internalized by the Stabilin receptor
W 0.2+ or about their destruction in lysosomes. Although several studies
% have laid out possible mechanisms responsible for escape of PS-
= ASOs from the endosomal vesicle,”” ! a detailed investigation is

Rab7A  Rab7A needed to provide a directional trafficking route followed by the

SN SINA Stabilin receptor and PS-ASO before finally getting degraded in lyso-
+ASO +ASO .
ca somes. Once we know the endosomal trafficking route, we would be
- +

able to exploit the trafficking machinery to enhance PS-ASO escape,
thereby increasing PS-ASO efficacy. Our study fills in this gap by
providing a detailed trafficking route using confocal microscopy.
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Figure 7. Gal KD enhances PS-ASO efficacy

Gal expression profile in (A) liver sinusoidal endothelial
cells (SECs) and HEK293 cells. 190-HARE cells were
treated with a negative control Scr siRNA and
(B) siRNA for Gal-1 siRNA, (C) siRNA for Gal-8,
(D) siRNA for Gal-3, and (E) siRNA for Gal-1+Gal-8+Gal-
3, respectively, for 48 h, followed by treatment with or
without 0.1 uM PS-ASO for 24 h. Cells were assessed
for malat-1 expression by gRT-PCR after 24 h.

B * %k %k k c * %k %k K influencing endosomal escape. Our study ad-
T 1.2 ok kK T 1.29 * KK dresses this idea by demonstrating the effects
% 5.9 % 4 p—i of CQ on PS-ASOs in Stab2-expressing
E E " cells. We also established its dominant role
2 0.8- S 0.8 . in enhancing PS-ASO endosomal escape as
.g sl o .5 sE — 'compared. with end(?somal pr'otelns involved
? N ®? R — in regulating trafficking machinery. However,
g 0:3p —— g O:3p —— some of the studies are concerned with the cyto-
< 0.24 < 0.2 toxic effects of high-dose CQ in clinical settings.
1‘1_1 E To overcome this dilemma, Cheng et al. has per-
= 0.1 = 0.1 formed a detailed investigation into the struc-
g 0.0- __ g 0.0- D_ ture—function relationships of CQ and its ana-

Scr Scr Gal1 Scr Scr Gal8 logs.®® They came up with a few analogs that
SIRNA  siRNA  siRNA SiRNA  siRNA  siRNA are 10 times more efficacious at a lower concen-
#ASO: BASO #hS0 RS0 tration as compared to CQ. This study could be

*k K * %k useful in removing the hindrance posed in the

D e E e utilization of CQ due to high-dose cytotoxicity
E 1.2+ — § 1.2 — and will further help in successful utilization
. 1.0 s 1.0 of CQ derivatives in oligonucleotide therapeu-
E E tics. Theoretically, CQ may be conjugated to
2 0.8 § 0.8 PS-ASOs to facilitate escape of the PS-ASOs
5 5 and to limit disruption of non-PS-ASO-contain-
K7 0.6 :‘ * K7 0.6 :‘ 3k %k %k ing endosomal vesicles.

g 0.2 } i g 0.2\ } |
3 —= 3 = Previous studies have shown the importance of
E 0.1+ E 0.1 recruitment of vesicles and the proteins that
:_é :_é -_ aid the recruitment in facilitating endosomal
g 0.0- g 0.0- escape of PS-ASOs from late endosomes.
Scr Scr  Gaid Scr Scr  Gal1+3+8  To name a few, COP-II vesicles mediated by
siRNA i':gg T::g SiRNA i':gg i’:gg Suntaxin-5 (STX5) and M6PR vesicles mediated

Due to the immensity of endosomal escape problems, various ap-
proaches have been explored to enhance endosomal escape and
thereby advance oligonucleotide therapeutic efficacy. Some of these
studies outline ways to manipulate the endosomal machinery by
influencing the proteins involved in trafficking processes,””* >
whereas others utilize small molecules, endolytic peptides, dynamic
polyconjugates, and ionizable lipid nanoparticles as well as enveloped
viruses to influence oligonucleotide trafficking.” One small-molecule
compound that caught our attention and has been widely studied with
siRNAs is CQ, an antimalarial drug.“"%’5 7 To date, there are no
publications detailing its effect on enhancing PS-ASO effect by
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by GRIP and coiled-coil domain-containing 2

(GCC2) proteins facilitate PS-ASO release by
recruiting to late endosomes upon PS-ASO uptake and internaliza-
tion.”>”* Annexin A2 (ANXA2) and Golgi-58K are another set of
proteins that are involved in facilitating PS-ASO release by relocating
to late endosomes.””” These studies suggested the importance of
proteins involved in the recruitment process in facilitating PS-ASO
escape, which prompted us to study the role of Gals in enhancing
PS-ASO release, as these are also recruited upon endosomal release
of PS-ASOs.***>*' ANXA2 mediates PS-ASO endosomal release
by affecting maturation of early endosomes to late endosomes,
which led us to study the mechanism by which Gals decrease PS-
ASO efficacy. Surprisingly, Gals also influence endosomal vesicle
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Figure 8. OTX008 inhibitor reduces Gal-1 expression

(A) 190-HARE cells were treated with or without OTX008 inhibitor (30 or 60 pM) for
72 h. After 72 h, cells were assessed for Gal-1 expression by gRT-PCR (n = 3,
mean + SD). (B) 190-HARE cells were treated with OTX008 inhibitor as described in
Figure 7A, followed by treatment with or without 0.1 pM ASO for 24 h. Cells were
assessed for malat-1 expression by gRT-PCR (n = 3, mean + SD).

maturation by stabilizing the mRNA expression of EEA1/Rab5C/
Rab7A, important endosomal entities involved in endosomal traf-
ficking and maturation process.

Taken altogether, in this study, we reported the detailed intracellular
trafficking route followed by PS-ASO and Stabilin receptors after Sta-
bilin receptor-mediated endocytosis. Furthermore, we evaluated the
effect of CQ, an endosomal membrane-destabilizing agent, upon
PS-ASO escape and its efficacy. We also investigated the role of CQ
in rescuing the lost PS-ASO effect upon important endosomal marker
EEA1/Rab5C/Rab7A knockdown and showed that CQ plays a domi-
nant role in enhancing PS-ASO efficacy. Lastly, we showed the novel
role of Gals as an important key player in the inhibition of PS-ASO
escape by directly promoting endosomal vesicle maturation. Delay

in endosomal vesicle maturation imparts more time for PS-ASO
escape and provides more PS-ASO accessibility for RNAse H
machinery.

MATERIALS AND METHODS

Cell lines

The Stabilin-1, Stabilin-2, and EV stably-expressing cell lines used in
this study were generated as previously described.'”®' In brief, a
pcDNAS5/FRT/V5-6xHIS-TOPO (Life Tech, Carlsbad, CA, USA)
mammalian vector was used for integrating the cDNA of interest
into the genome of Flp-In HEK293 cells by stable transfection (Life
Tech). Cells were cultured in DMEM media containing 8% FBS for
optimal growth at 37°C and 5% CO,. Hygromycin B at a working con-
centration of 50 pg/mL was also added to media to maintain the stable
cell lines. The Stab2 cell line used in this study is named 190-HARE in
previous papers,'>*> though both the 190-HARE and full-length
Stabilin-2 have similar binding and endocytic kinetics."’

Antibodies

The primary antibodies used in this study were either made in house
or were purchased from Cell Signaling Technologies. Stabilin-2 pri-
mary antibody was made by the Dr. Paul Weigel lab and was labeled
as mAb30,” and Stabilin-1 primary antibody (clone 911) was a kind
gift from Dr. Marko Salmi (University of Turku, Turku, Finland).
Anti-mouse immunoglobulin G (IgG) Fab2 Alexa Flour 488 (Cell
Signaling Technology, catalog #4408S) was used for detecting
these primary antibodies. Primary antibodies for clathrin (catalog
#2410S), caveolin 1 (catalog #3238S), early endosomal antigen
(EEA1) (catalog #2411S), Rab7 (catalog #9367S), and LAMP1 (cata-
log #9091S) were purchased from Cell Signaling Technology. Goat
anti-rabbit IgG Alexa Fluor Plus 647 (Invitrogen, #A32733) and
goat anti-mouse IgG Alexa Fluor 488 (Cell Signaling Technologies,
#4408S) secondary antibody was used for detecting these primary
antibodies.

Oligonucleotide synthesis and delivery

PS-ASOs were obtained from Ionis Pharmaceuticals (Carlsbad, CA,
USA). The PS-ASO wused in this study was designed against
malat-1, a long non-coding RNA (Ionis #395251)."> This PS-ASO
(GCTTCAGTCATGACTTCCTT) is a 5-10-5 gapmer that is modi-
fied at the ribose 2’ position with a methoxyethyl group (MOE) and
a PS backbone on the flanking ends. The delivery of PS-ASO to
cultured cells was carried out under gymnotic condition. PS-ASOs
were mixed with media containing standard DMEM and 8% FBS to
reach a final concentration of 160 nM/well and then were added to
cultured cells. The PS-ASO used in microscopy experiments had
the same chemistry and was conjugated with Cy3 on the 5’ end and
used at a concentration of 100 nM (Tonis #730436).

siRNA delivery

Stab2 cells (190-HARE) were seeded in 24-well plates for 2 days to reach
60% confluency at the time of transfection. The cells were then
transfected with siRNA (5 pmol/well) mixed with Lipofectamine
RNAIMAX Transfection Reagent (Thermo Fisher Scientific, Catalog
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Figure 9. Gal1 KD reduces EEA1/Rab5c/Rab7A
mRNA expression

190-HARE cells were treated with a negative control Scr
siRNA and siRNA for Gal-1 for 48 h, followed by treatment
with 0.1 pM PS-ASO for 24 h. After 24 h, cells were
assessed for (A) EEA1 mRNA expression, (B) Rab5C
mRNA expression, and (C) Rab7A mRNA expression by
gPCR. Statistical analysis was performed using
Student’s t test. Data presented as mean + SEM. *p <
0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.n > 3
in triplicate. Gall KD delays endosomal maturation:
190-HARE cells were treated with a negative control Scr
siRNA and siRNA for Gal1 for 48 h, followed by pulse-
chase experiment as described in Figure 2 for variable
time points (30, 60, 90, and 120 min). Colocalization
between (D) early endosome (EEA1) and ASO
(E) lysosome (LAMP1) and ASO wunder different
treatment conditions for variable time points was
quantified with Pearson correlation coefficient as
described in Figure 2 (n = 6 images).

% %k k

Scr
siRNA
+ASO

Gal1
siRNA
+ASO

for treatment. First, cells were treated with
160 nM ASO (24 h), followed by CQ treatment
after 6 or 18 h. Second, cells were first treated
with CQ, and after 6 h or 18 h, ASO treatment
followed. After 24 h, cells were processed for
RNA isolation and subsequent qPCR.

OTX008 was purchased from MedChem
Express #HY-19756. We tested different con-
centrations of OTX008 (0.01-60 uM) as previ-
ously reported®* and chose 30 and 60 M as
the working concentrations in ethanol after
assessing cell morphology and reduction in
Gall expression. We followed a stepwise
procedure for treatment. First, cells were treated

T T
60 90

time (min)

T
120

(=]

30

#13778075) in duplicate and incubated for 48 h. siRNAs against each
protein target were ordered from Silencer Select (Ambion). The sense
sequences are as follows: EEA1-5-GCUAAGUUGCAUUCCGAALt-
3, Rab7A-5-GAGCUGACUUUCUGACCAALt-3/, Rab5C-5-GGA
CAGGAGCGGUAUCACA-3/, LGALS1-5-GAUGGAUACGAAUU
CAAGUitt-3/, LGALS8-5-CGAUGUUCCUAGUGACGCALt-3/, and
LGALS3-5-GACAGUCGGUUUUCCCAUULt-3'. Negative/Scr con-
trol was prestocked (catalog #4390843).

CQ and OTXO008 inhibitor treatment

CQ diphosphate salt was purchased from Acros Organics (catalog
#455240250). Cells were grown to 80% confluency. We tested
different concentrations of CQ (30, 60, 90, and 120 uM), and
60 pM concentration was chosen as working concentration after
assessing cell morphology. We followed a stepwise procedure
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1é0 with OTX008 or an equal volume of ethanol for

72 h, followed by RNA isolation and subsequent
qPCR to assess Gal-1 expression. To assess
OTX008’s effect on PS-ASO, cells were first
treated with or without OTX008 for 72 h, followed by treatment
with or without PS-ASO for 24 h. After 24 h, cells were processed
for RNA isolation and subsequent qPCR to assess malat-1 expression.

Purification of RNA and qPCR analysis

48 h after incubation with siRNA, cells were treated with 100 nM PS-
ASO against malat-1 for 24 h and washed twice with PBS. Total RNA
isolation was carried out using Trizol reagent (Invitrogen, catalog
#15596026), according to the manufacturer’s instructions. The
RNA was quantified by Nanodrop 2000 spectrophotometer, and
the quality was assessed by agarose gel electrophoresis. cDNA was
synthesized from an RNA template with the EasyScript cDNA syn-
thesis kit (Lambda Biotech., catalog #G234). Gene expression was
analyzed by qRT-PCR using 50 ng cDNA per 20 uL reaction volume.
PowerUp SYBR Green Master Mix (Applied Biosystems, catalog
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#A25742) was used to perform qRT-PCR using the recommended
cycling protocol: 2 min at 50°C, 2 min at 95°C, and 40 cycles of
15 s at 95°C and 1 min at 60°C on a Bio-Rad CFX Connect qPCR
machine. Samples were run in at least biological triplicates and tech-
nical duplicates. Melt curve was analyzed to evaluate primer speci-
ficity. Cq values were used to determine malat-1 mRNA expression
relative to internal TBP control; afterward, the relative quantities
were normalized to their respective controls for each treatment group
to generate reported gene expression levels for each RNA target. The
following primers were used for targets: malat-1 (forward: 5'-CACC
GAAGGCTTAAAGTAGGAC-3/, reverse: 5-GCTGACACTTCT
CTTGACCTTAG-3'), TBP control (forward: 5'-GATAAGAGAGC
CACGAACCAC-3, 5'-CAAGAACTTAGCTGGAAAAC
CC-3') EEAL.

reverse:

Pulse-chase experiments

8-well chamber slides were pretreated with poly-L-lysine (Sigma, cat-
alog #P9404) for 5 min, followed by rinsing with water twice. Cham-
ber slides were then dried under the cell culture hood and irradiated
with UV light to maintain sterility. Poly-L-lysine facilitates strong
attachment between the cell’s plasma membrane and the slide surface.
Chamber slides were seeded with cells to reach 60% confluency, and
cells in each well were first treated with media containing 100 nM
Cy3-labeled ASO for 30 min (pulse), followed by rinsing with PBS
twice. Cells were then incubated with media without ASO for 0, 30,
60, 90, and 120 min (chase). After each chase time point, cells were
washed once with PBS and fixed with 4x paraformaldehyde
(EEA1/LAMP1/caveolin)/formaldehyde (Rab7/clathrin) for 15 min,
and immunocytochemistry was performed.

Immunocytochemistry

Fixed cells were permeabilized with 0.1% Saponin (Stabilin-2,
Stabilin-1, EEA1, LAMP1) or 0.1% Triton X-100 (clathrin/caveolin/
Rab7) for 15 min at room temperature. Next, cells were blocked for
1 h with blocking buffer (1x PBS+5% BSA+0.3% Triton X-100) at
room temperature. Multicolor immunostaining was performed using
either sequential or simultaneous incubation.

Simultaneous incubation method

For EEA1/LAMPI1 antibody with Stabilin-1 or -2 detection, a simulta-
neous incubation method was used. For simultaneous multicolor stain-
ing of EEA1 or LAMP1 with Stabilin-1 or -2, first, cells were incubated
with both the primary antibodies in 1x PBS+1% (0.1 g) BSA+0.01%
Saponin in a humidified chamber for 1 h at room temperature, followed
by washing with PBS thrice (5 min/wash). Next, cells were incubated
with both the secondary antibodies in 1 PBS+1% BSA+0.01% Saponin
in a humidified chamber for 1 h at room temperature. Next, cells were
washed thrice with PBS and then mounted on a coverslip using antifade
mounting media (Southern Biotech, catalog #0100-0), and slides were
imaged using confocal laser scanning microscopy (CLSM) on a Nikon
A1R Ti2 inverted fluorescent microscope using Nikon Elements. A Plan
Apo VC 60x/1.40 oil immersion lens was used with a 2 digital zoom
for a total magnification of 1,200%. Laser lines used on CLSM were
as follows: 405 (nucleus), 488 laser (Stabilin-1/2), 560 laser line (PS-

ASO), and 640 laser line (vesicle). Z steps were acquired between 0.7
and 1 pm using channel series/sequence mode. Image analysis was
carried out using the EzColocalization plugin in Image].

Sequential incubation method

A sequential incubation method was used for clathrin/caveolin/Rab7
antibody with Stabilin-1/-2 detection. For sequential multicolor stain-
ing, cells were first incubated with Stabilin-1 or -2 primary antibodies
in 1x PBS+1% (0.1 g) BSA+0.01% Saponin in a humidified chamber
for 1 h at room temperature, followed by three washes with PBS
(5 min/wash). Next, cells were incubated with secondary antibody
in 1x PBS+1% BSA+0.01% Saponin in a humidified chamber for
1 h at room temperature, followed by three washes with PBS
(5 min/wash). Cells were blocked a second time with blocking buffer
(1x PBS+3% BSA+0.3% Triton X-100) for 1 h to be used with second
primary antibody detection. Next, cells were incubated with the sec-
ond primary antibodies (clathrin/caveolin/Rab7) in 1x PBS+1%
BSA+0.3% Triton X-100 in a humidified chamber for 1 h at room
temperature, followed by washing with PBS thrice (5 min/wash).
Afterward, cells were incubated with the secondary antibodies in
1x PBS+1% BSA+0.01% Saponin in a humidified chamber for 1 h
at room temperature. After 1 h, cells were washed thrice with PBS
and then mounted on a coverslip using antifade mounting media
(Southern Biotech, catalog #0100-0). Slides were imaged using
confocal microscopy, and image analysis was carried out using the
EzColocalization plugin in Image].

Purification of hepatocytes and liver sinusoidal endothelial cells
Purified hepatocytes and sinusoidal endothelial cells were obtained
using our previously published protocol®® which was approved by
the Institutional Animal Care and Use Committee (IACUC) at the
University of Nebraska. Briefly, C57BL6/] mice were anesthetised
with 30% isoflurane dissolved in polyethylene glycol 200 with the
abdominal cavity exposed. A 25 gauge catheter was inserted into
the portal vein and the liver flushed with saline, perfused with colla-
genase (Collagenase Type I, Worthington Biochemical), and the
digested organ was forced through 100 um and 25 um mesh filters.
Hepatocytes were purified by low-speed centrifugation. LSECs were
purified away from other nonparenchymal cells by Percoll (Cytiva)
followed by selective adhesion on polystyrene. Purified cells were
then subject to RNA purification (Trizol, Life Technologies), cDNA
synthesis (RevertAid First Strand cDNA Synthesis Kit, Thermofisher
#1622), and PCR.

Screening galectin expression by PCR
Primer sequences for all PCR reactions used for screening may be
found in supplementary Table S1.

Statistics

Statistical analysis was performed using Student’s t test for
pairwise comparison with GraphPad Prism 9.4.1. The number of
samples used was at least three. For qPCR experiments, first, PS-
ASO activity was verified by malat-1 mRNA knockdown assessment
in the untreated vs. the ASO-treated group and the Lipofectamine or
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Scr siRNA- vs. Scr siRNA+ASO-treated group. Afterward, normaliza-
tion was carried out to deduce any modulation in malat-1 mRNA
expression because of added treatment or knockdown when
compared with non-treated or Scr siRNA- or Scr siRNA+ASO-
treated groups.

Pearson’s correlation coefficient was used for quantitative analysis of
confocal microscopy images. At least 6 images were analyzed per
dataset.

DATA AND CODE AVAILABILITY
All raw data are available by contacting Prof. Edward Harris at
eharris5@unl.edu.
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