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ABSTRACT

Endocytosis is a mechanism by which cells sense
their environment and internalize various nutrients,
growth factors and signaling molecules. This pro-
cess initiates at the plasma membrane, converges
with autophagy, and terminates at the lysosome. It
is well-established that cellular uptake of antisense
oligonucleotides (ASOs) proceeds through the en-
docytic pathway; however, only a small fraction es-
capes endosomal trafficking while the majority are
rendered inactive in the lysosome. Since these path-
ways converge and share common molecular ma-
chinery, it is unclear if autophagy-related traffick-
ing participates in ASO uptake or whether mod-
ulation of autophagy affects ASO activity and lo-
calization. To address these questions, we investi-
gated the effects of autophagy modulation on ASO
activity in cells and mice. We found that enhanc-
ing autophagy through small-molecule mTOR inhi-
bition, serum-starvation/fasting, and ketogenic diet,
increased ASO-mediated target reduction in vitro and
in vivo. Additionally, autophagy activation enhanced
the localization of ASOs into autophagosomes with-
out altering intracellular concentrations or traffick-
ing to other compartments. These results support
a novel role for autophagy and the autophagosome
as a previously unidentified compartment that par-
ticipates in and contributes to enhanced ASO activ-
ity. Further, we demonstrate non-chemical methods
to enhance autophagy and subsequent ASO activ-
ity using translatable approaches such as fasting or
ketogenic diet.

INTRODUCTION

Antisense oligonucleotides (ASOs) have been extensively
developed for use as research tools and therapeutic agents
that modulate gene expression through various cellular

mechanisms (1,2). To improve chemical stability and phar-
macological efficacy, ASOs are commonly synthesized with
a phosphorothioate (PS) backbone and also contain sugar
modifications that include but are not limited to 2′-O-
methoxyethyl (MOE) or constrained ethyl (cEt) at the 2′-
position of the ribose (2). An employed mechanism in-
volves chimeric or ‘gapmer’ design ASOs, whereby residues
at each terminus of the oligo are chemically modified and
flank a central DNA region, enabling knockdown of their
RNA target via direct sequence-specific cleavage mediated
by the RNase H1 endonuclease (3). A major advantage of
ASOs is their hydrophobicity and interactions with surface
proteins which enables them to enter cells independent of
nanoparticles, liposomes or conjugation to cell-penetrating
peptides (4). For example, ASOs interact with receptors in-
cluding stabilin and EGFR, which mediate ASO uptake
through receptor-dependent endocytosis (5,6). Upon in-
ternalization, ASOs traffic through early endosomes (EE)
within 10–30 min, transport to late endosomes (LEs) within
20–60 min, and ultimately reach the lysosome between 2
and 4 h (5). While differences in endocytic internalization
and trafficking of ASOs may vary by cell-type, it is evi-
dent that after internalization only a small fraction of in-
tracellular ASOs contribute to overall activity, as the ma-
jority of ASOs exist in non-productive compartments such
as the lysosome. Thus, one strategy to increase the potency
of oligonucleotide therapeutics is to enhance endolysoso-
mal escape, which may also enable effective oligonucleotide
activity in a broader range of cell types (7). Understanding
the mechanisms by which ASOs traffic to and from various
membrane-enclosed organelles is critical to understand the
processes that ultimately lead to release and accumulation
of ASO at target sites.

An important challenge for conceptualizing endo-
lysosomal trafficking of ASOs is the reality that endocyto-
sis is not an isolated pathway leading from the endosome to
the lysosome, but rather a complex web of inputs and out-
puts from other trafficking cascades (8). One such pathway
is macroautophagy (hereafter referred to as autophagy),
which is a catabolic pathway that sequesters protein ag-
gregates, damaged organelles, or intracellular pathogens in
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double-membraned autophagosomes that fuse with lyso-
somes to achieve degradation (9,10). Autophagy functions
to supplement cellular metabolism during periods of starva-
tion, but also serves as a mechanism to dispose toxic species
that would otherwise disrupt cellular homeostasis. Initia-
tion of autophagy is suppressed by the mammalian target
of rapamycin kinase complex 1 (mTORC1), whose activ-
ity is regulated by nutrient availability and cellular stress
(11,12). Following mTORC1 inhibition, the ULK1 and
Beclin1/VPS34 kinase complexes trigger the sequential re-
cruitment of autophagy-related (ATG) proteins to nascent
phagophores through a ubiquitin-like conjugation cascade
that drives autophagosome formation (e.g. ATG5-12-16L)
and cargo recruitment (e.g. ATG8/LC3). Active mTOR
also functions to maintain cytoplasmic localization of tran-
scription factor EB (TFEB), a critical transcription fac-
tor governing the expression of autophagy and lysosome-
related genes. Under nutrient-rich conditions, mTORC1 di-
rectly phosphorylates and inhibits TFEB (13). Conversely,
inhibition of mTORC1 leads to the dephosphorylation and
nuclear translocation of TFEB, where it enhances transcrip-
tion of CLEAR network genes, resulting in biogenesis and
activation of autolysosomal machinery (14–16).

Previous work has invoked the idea that pharmacological
modulation of autophagy might increase oligonucleotide
distribution in cells, resulting in enhanced knockdown ac-
tivity. Interestingly, it has been suggested that pharma-
cological modulation of autophagic processes might alter
oligonucleotide efficiency, distribution, and activity (17–
19). However, these studies inferred a role for autophagy
in oligonucleotide uptake and trafficking based on experi-
ments that used artificial lipid-based delivery systems which
have been reported to not only induce non-physiological
electrostatic-mediated endosomal escape but also result in
increased autophagosome production and autophagy in-
duction (20–23). The effects of lipid-based delivery on au-
tophagy and endo-lysosomal trafficking not only compli-
cate these previous interpretations regarding the effects of
autophagy on oligonucleotide activity, but also question
their relevance to physiological settings involving naked an-
tisense oligonucleotides, which are taken-up freely. Experi-
ments focused on simultaneous autophagy modulation and
ASO trafficking and activity would provide an understand-
ing of oligonucleotide intracellular fate, trafficking, and de-
livery beyond the current paradigm of endosome to lyso-
some.

In this study, we investigated the interdependence of au-
tophagy and ASO localization and activity in tissue cul-
ture cells and in mice. We examined autophagic flux follow-
ing free-uptake and electroporated delivery of ASOs and
found that both basal and starvation-induced autophagy
are insensitive to ASOs as cargo. To investigate the influ-
ence of autophagy on the performance of ASO activity,
we evaluated target RNA knockdown during autophagy
activation and inhibition. To our surprise, autophagy ac-
tivation resulted in enhanced knockdown efficiency when
ASOs were delivered by free-uptake, while inhibition of
the pathway either early in induction or late in matura-
tion resulted in decreased knockdown efficiency. Further-
more, quantitative fluorescence microscopy indicated that
the increased activity we observed was clearly associated

with enhanced localization of ASOs to autophagosomes.
These results were consistent across various cell lines, ASO
chemistries and target RNAs. In addition, pharmacologi-
cal, starvation and ketogenic diet-induced autophagy en-
hanced ASO activity in mouse liver, providing robust con-
firmation that this mechanism extends in vivo. This work
identifies that the autophagosome is an important dynamic
compartment that contributes to intracellular ASO traffick-
ing and activity and suggests a novel mechanism to enhance
ASO-mediated knockdown efficiency potentially through
fasting or autophagy enhancing diets.

MATERIALS AND METHODS

Antibodies, plasmids, siRNAs, ASOs and quantitative real-
time PCR (qRT-PCR) primer probe sets, and pharmacoki-
netic analysis protocols are described in Supplementary
Data.

Ethics statement

Ionis is AAALAC accredited and follows the 8th Ed. of the
Guide for the Care and Use of Laboratory Animals and
the 2013 AVMA guidelines for the euthanasia of animals.
All animals in this study were anesthetized with Isoflurane
and euthanized via cervical dislocation. The Ionis IACUC-
approved protocol is # P-0291-10096. The protocol was ap-
proved on 11/27/2018.

Diets

Control (D12450K) and High Fat Ketogenic Diets
(D16062902) were purchased from Research Diets Inc.
Control diet: protein: 20% kcal; fat: 10% kcal; carbohy-
drate: 70% kcal; energy density: 3.82 kcal/g. Ketogenic
diet: protein: 10% kcal; fat: 89.9% kcal; carbohydrate: 0.1%
kcal; energy density: 6.7 kcal/g.

Oligonucleotide synthesis and delivery

ASOs were synthesized at Ionis Pharmaceuticals (Carlsbad,
CA, USA) as described previously (24). ASOs were formu-
lated in saline and injected via subcutaneous administra-
tion into the animals. In order to monitor reproducibility
of the subcutaneous dosing, we used C57BL/6J mice as the
control strain for each experiment. Similar levels of Malat1
inhibition in the livers were observed for experiments with
24-hour timepoints and DMSO or PBS treated mice with
respect to chemistry.

Mice

Mice were obtained from The Jackson Laboratory and
housed at Ionis Pharmaceuticals (Carlsbad, CA, USA),
maintained on a chow diet and entered into studies before
they exceeded 8 weeks of age. At the end of each experiment,
mice were anesthetized, euthanized by cervical dislocation
and blood was collected by cardiac puncture. Spleens, kid-
neys and livers were harvested and immediately either (i)
stored in 4% PFA for 24 h then in 70% ethanol for histo-
logical analysis, (ii) snap frozen for protein biochemistry
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and (iii) homogenized in Guanidine Isothiocyanate supple-
mented with 4% BME. Results represent and n = 4 mice per
treatment condition. As many antisense drugs target liver
(4), our main analytical endpoints were hepatic drug ac-
cumulation and reduction of Malat1 liver mRNA expres-
sion. Despite the hepatic abundance of Malat1, its loss of
function has been found to be phenotypically silent, with
no effect on global gene expression, phosphorylation, splic-
ing factor levels or pre-mRNA splicing events (25,26). ASO
tolerability and hepatotoxicity were assessed by measure-
ment of serum aminotransferase (ALT and AST) and spleen
weights (Supplementary Figure S10). No post-dose eleva-
tions in either serum ALT/AST levels or spleen weights
were observed.

Cell lines and reagents

MHT, A431, H4, HeLa, HT1080, HEK293 and human fi-
broblasts cells were cultured in DMEM supplemented with
10% fetal bovine serum, streptomycin (0.1 mg/ml), and
penicillin (100 U/ml) in a 37◦C incubator with 5% carbon
dioxide, according to the protocols provided by the Ameri-
can Type Culture Collection. Cells were seeded at 50% con-
fluency in 96-well plates or chamber slides 1 day prior to
treatments as described. Malat1, SRB1 and control ASOs
were added to cells at the indicated concentrations at in-
dicated incubation periods. 5 nmol of ON-TARGETplus
pooled-siRNA (Dharmacon, Control, Atg5, and Atg7) was
formulated in RNAiMAX plus Opti-MEM (ThermoFisher
Scientific) and incubated with cells for 72 h prior to com-
pound and ASO administration. 1 �g of Tfeb cDNA was
transiently transfected using Lipofectamine 3000 plus Opti-
MEM (ThermoFisher Scientific) and incubated with cells
for 48 h prior to compound and ASO administration.

Primary murine hepatocyte isolation

Mouse liver was perfused as previously described (27).
Briefly, mice were anesthetized with an intraperitoneal in-
jection of 0.1 ml per 10 g ketamine/xylazine. Inferior
vena cava was catheterized and clamped. Liver was per-
fused with Hank’s Balanced Salt Solution (Life Technolo-
gies) and mesenteric vessel was cut for drainage. Liver was
subsequently perfused with collagenase (Roche). Follow-
ing the perfusion, liver was removed and gently messaged
through sterile nylon mesh. Cells were washed in Williams E
(Life Technologies) containing 10% fetal calf serum, (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES),
L-glutamine and antibiotic/antimycotic. Cell separations:
Liver perfusions were performed as described above. A
portion of the whole liver cell suspension was collected
for the whole liver fraction. The fraction was spun at 450
× g, washed with PBS containing 0.5% BSA and 2 mM
EDTA (wash buffer), and pelleted. The hepatocyte and
non-parenchymal fractions were separated as described pre-
viously (27). Whole liver cell suspension was spun at 50 × g.
The resulting hepatocyte pellet was washed, spun and run
over a 30% percoll (GE Healthcare) gradient. A final wash
was performed to remove residual percoll and cells were
subsequently pelleted.

RNA preparation and qRT-PCR

Gene expression values were calculated using the compara-
tive delta delta Ct (–��Ct) method and expression against
pooled RNA standard curve, using housekeeper gene Ct
values and control-treated Ct for normalization as calcu-
lated on StepOne Analysis Software v2.3. Total RNA was
prepared using an RNeasy mini kit (Qiagen) from cells
grown in 96-well plates (*10 000 cells per well). qRT-PCR
using TaqMan primer probe sets were performed as de-
scribed previously (28). In brief, 50 ng total RNA in 5 �l
water was mixed with 0.3 �l forward and reverse primers
(10 �M of each) and fluorescently labeled probe (3 �M),
0.3 �l RT enzyme mix (Qiagen), 4.4 �l RNase-free water,
and 10 �l of 2 · PCR reaction buffer in a 20 �l reaction.
Reverse transcription was performed at 48◦C for 10 min; 40
cycles of PCR were conducted at 94◦C for 20 s and 60◦C
for 20 s using the StepOne Plus RT-PCR system (Applied
Biosystems). Levels of messenger RNA were normalized to
the amount of total RNA present in each reaction as de-
termined for duplicate RNA samples using the RiboGreen
assay (Life Technologies) or normalized to Cyclophilin A
house-keeping gene expression.

Western analysis

Cells were collected using scraper in 1× phosphate buffered
saline (PBS) buffer and washed once with 1× PBS. Cell
lysate was prepared using radioimmunoprecipitation assay
(RIPA) buffer (ThermoFisher) supplemented with 1× Halt
Protease Inhibitor Cocktail, EDTA-Free (Life Technolo-
gies) and 1× Halt Phosphatase Inhibitor Cocktail (Life
Technologies) and cleared by centrifugation at 10 000 × g
for 10 min at 4◦C. Mouse liver tissues were processed with
T-PER Tissue Protein Extraction Reagent (Life Technolo-
gies) supplemented with 1× Halt Protease Inhibitor Cock-
tail, EDTA-Free (Life Technologies) and 1× Halt Phos-
phatase Inhibitor Cocktail (Life Technologies). Tissue sam-
ples were homogenized with Lysing Beads - Matrix D tubes
using a FastPrep-24 5G Homogenizer (MP Biomedicals),
cleared by centrifugation at 10 000 × g for 10 min at 4◦C.
Protein concentration was determined by Lowry DC pro-
tein assay (Biorad). Proteins (20-40 �g/lane) were sepa-
rated by 4–12% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred to 0.2/0.4
�m nitrocellulose or 0.2 �m PVDF using standard meth-
ods and membranes were blocked in StartingBlock T20
(TBS) Blocking Buffer (Life Technologies). Primary anti-
bodies were diluted in blocking solution and were incu-
bated with membranes at 4◦C overnight; HRP (Cell Sig-
naling) or IFR fluorophore-conjugated secondary antibod-
ies (LI-COR) antibodies were diluted in blocking solution
and incubated with membranes at room temperature for 1
h. Western blots were detected with the OdysseyCLx im-
ager (LI-COR) or developed using Dura Western Blotting
Detection System (Pierce) and exposed to film for images.
Protein quantification was performed using Image Studio
(LI-COR) analysis software and band densities were nor-
malized to �-tubulin or GAPDH when appropriate.
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Immunofluorescent staining

Cells were washed with 1× PBS, fixed with 4%
paraformaldehyde for 0.5–1 h at room temperature
and permeabilized for 4 min with 0.1% Triton in 1×
PBS. After blocking at room temperature for 30 min
with block buffer (1 mg/ml bovine serum albumin in
1× PBS), cells were incubated with primary antibodies
(1:100–1:300) in block buffer O/N at 4◦C then washed
three times (5 min each) using wash buffer [0.1% nonyl
phenoxypolyethoxylethanol-40 (NP-40) in 1× PBS] and
incubated for 1 h with secondary antibody conjugated
with fluorophores (1:200). After washing three times, cells
were mounted with anti-fade reagent containing DAPI
(Life Technologies), and images were acquired using con-
focal microscope (Leica SP8) and processed using Imaris
(BitPlane). Z-stacks were generated from images taken at
∼0.1 �m depth per section, and 3D images were generated
using Imaris (BitPlane). For early time staining after ASO
incubation (within 2 h), cells were washed three times with
acidic buffer (0.1 M acetic acid, 500 mM NaCl) and one
time with 1× PBS, to remove cell surface-associated ASOs
before fixation. Quantification of co-localization events
was performed manually from ∼20 cells, by counting
overlapping foci of which images from both channels have
clearly defined boundary without saturation. Statistics
analysis was performed based on unpaired t-test using
Prism.

CellLight early endosome (EE) marker was used to visu-
alize early endosomes in MHT cells. MHT cells were treated
with CellLight EE and either DMSO or 500 nM AZD8055
for 14 h prior to the addition of Compound No. 851810
at 2 �M by free uptake for 10 h. Confocal images were
then obtained and analyzed by counting the total number
of early endosomes per cell and the number of early endo-
somes that colocalized with the antisense oligonucleotide.
Results represent the average of 7–8 images. The Premo au-
tophagy tandem sensor RFP-GFP-LC3B was used to visu-
alize autophagy in MHT cells. LysoTracker was used to vi-
sualize lysosomes. MHT cells were treated with the Premo
sensor and LysoTracker for 2 h, then either DMSO or an
autophagy modulator for 14 h. Compound No. 851810 was
then added at 2 �M by free uptake for 10 h prior to cell
imaging. Confocal images were analyzed by counting the to-
tal number of autophagic vesicles per cell and lysosomes per
cell as well as the number of autophagic vesicles and lyso-
somes that colocalized with the antisense oligonucleotide of
Compound No. 851810. Results represent the average of 4–
6 images.

Confocal imaging. Images for quantitation of puncta
were captured with an Lecia SP-8 confocal microscope
using a ×60 1.4 numerical aperture (NA) objective (Le-
ica). The images were captured from randomly selected
fields of view. Quantitation of surface rendered localization
and puncta was performed using the Imaris software from
Bitplane/Andor.

Statistics

Data are reported as means ± SEM. Statistical signifi-
cance was considered when P < 0.05. Unpaired Student’s

t-test, One-way or two-way ANOVA with multiple compar-
isons test have been used to determine significance relative
to appropriate control groups. The statistical tests, sample
size/replicates, and relative statistical comparisons are men-
tioned in the figure legends.

RESULTS

ASO administration does not affect basal autophagy

To determine whether ASO administration influences basal
autophagy in tissue culture cells, we subjected a mouse
hepatocellular SV40 large T-antigen carcinoma (MHT) cell
line, which maintains the ability to efficiently take up single
stranded oligonucleotides over multiple passages in culture
(29), to either free-uptake or electroporation-mediated ASO
delivery for a total incubation time of 24 h. We found that
delivery of a non-targeting sequence ASO (control ASO)
did not alter autophagy as indicated by western blot for
LC3B-II/I and p62 protein levels (Figure 1A) as well as
immunofluorescent staining of LC3B positive autophago-
somes and lysosomes (Figure 1B). Given the reported ac-
cumulation of ASOs within the lysosomal compartment,
we next examined whether the presence of ASO affects
starvation-induced autophagy. MHT cells were treated for
24 h with control ASO (MOE) and then subjected to starva-
tion media to activate autophagy. There was no significant
difference between PBS and control ASO-treated cells with
respect to autophagy activation as marked by p62 clearance
and autophagosome production (increased LC3B II/I Ra-
tio) (Figure 1C), suggesting ASO presence does not affect
either basal or induced states of autophagy.

ASOs localize inside of autophagosomes

Since the autophagy pathway intersects with endosomal
and lysosomal membrane trafficking at several stages (8),
we sought to determine if ASOs are trafficked through au-
tophagy. To answer this question, we co-localized ASOs
with autophagosomes in free-uptake competent cell-lines
that demonstrate robust ASO target-reduction activity:
mouse MHT and human A431 cells. Cell lines were treated
with baculovirus expressing the tandem fluorescent-LC3B
reporter, which utilizes an acid-sensitive GFP with an acid-
insensitive RFP to indicate the transition from autophago-
some (neutral pH) to autolysosome (acidic pH). Thus, au-
tophagosomes exhibit RFP/GFP colocalization (yellow),
while after fusion with lysosomes, autolysosomes are only
shown as red puncta. Cells were treated with either DMSO
or AZD8055, a potent catalytic inhibitor of mTORC1 and
mTORC2 (30), for 14 h prior to administration of an
ALEXA647-conjugated ASO for 10 h. Live-cell imaging re-
vealed clear co-localization of ASO and autophagosomes
in both cell lines (Figure 2A). We quantified the number
of surface-rendered GFP-LC3B-positive vesicles contain-
ing a mean intensity signal ASO and compared this to total
autophagosome counts between DMSO- and AZD8055-
treated cells. In both cell lines, AZD8055 significantly en-
hanced autophagy, autophagosome production, and local-
ization of ASO into the autophagosome (Figure 2B; Sup-
plemental Figure S1). Thus, ASOs co-localize within au-
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Figure 1. ASO administration does not affect basal or starvation-induced autophagy. (A) MHT cells cultured in serum-containing media were incubated
or electroporated with either PBS or a non-targeting control ASO (MOE; 5�M) in full culture medium. Twenty four hours post ASO treatment, proteins
were collected and analyzed by immunoblotting for LC3 lipidation and p62 degradation with normalization to GAPDH. (B) ASO free-uptake has no effect
on autophagosome or lysosome vesicle production. MHT cells transiently expressing GFP-LC3B (green) or Lysotracker (yellow) reporters were incubated
with PBS or Alx647-labeled ASO (2 �M) (red) for 10 h. Nuclei were stained with Hoechst (blue). Representative images are shown. Scale bar equals 5 �m.
(C) ASO free-uptake has no effect on starvation-induced autophagy activation. MHT cells cultured in serum-containing media were treated with PBS or
non-targeting control ASO (MOE; 5 �M) in full culture medium for 24 h followed by a brief starvation paradigm in HBSS. Three hours post-starvation
induction, proteins were collected and analyzed by immunoblotting for LC3 lipidation and p62 degradation with normalization to �-tubulin.

tophagosomes, and activating autophagy with AZD8055
significantly increases this incidence in cells.

Autophagy modulation alters ASO activity in vitro

We next sought to determine if ASO activity is regulated by
autophagy. To do this, we treated cells with autophagy ac-
tivators including rapamycin, which allosterically inhibits
mTORC1, or AZD8055. In addition, we evaluated the ef-

fects of autophagy inhibition using VPS34IN2, which in-
hibits the PI 3-kinase VPS34 to block autophagosome
production and initiation (31), or chloroquine, which im-
pairs autophagosome fusion with lysosomes and lysosomal
degradation (32). MHT or A431 cells were treated for 14 h
with small molecule autophagy inhibitors or inducers, after
which control or Malat1 ASO was administrated via free-
uptake for 10 h. ASO administration alone achieved effi-
cient Malat1 reduction compared to control ASO-treated
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Figure 2. ASOs localize inside of autophagosomes. (A) MHT and A431 cells cultured in serum-containing media transiently expressing GFP-LC3B (green)
reporter were treated with DMSO or AZD8055 (500 nM) for 14 h followed by incubation with PBS or Alx647-ASO (2 �M; red) for 10 h. Representative
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cells in a dose–responsive manner (Figure 3A for MHT,
Figure 3B for A431; DMSO-treated cells). The addition
of mTOR-dependent autophagy inducers Rapamycin or
AZD8055 significantly enhanced the knockdown efficiency
of Malat1 ASO, while autophagy inhibitors VPS34IN2 and
Chloroquine suppressed the knockdown efficiency (Figure
3A, B). To evaluate the effect of physiological activation of
autophagy on ASO activity, MHT cells were incubated with
ASO for 10 h followed by media replacement with HBSS
for 10 h to deplete the cells of nutrients. HBSS is commonly
used for starvation studies as it lacks essential amino acids
and serum. Starvation in MHT cells significantly enhanced
ASO activity as measured by reduced Malat1 gene expres-
sion (Supplementary Figure S2).

To determine if autophagy-mediated enhancement of
ASO activity is mTOR-dependant, we treated MHT cells
with trehalose for 48 h followed by free-uptake adminis-
tration of ASO for 12 h. Trehalose has been suggested
to inhibit cellular import of glucose and fructose through
SLC2A (GLUT) transporters, producing a starvation-like
(low adenosine triphosphate) state in cells that stimu-
lates autophagy and autophagosome production through
AMPK and activation of ULK1 (33), which we confirmed
in MHT cells (Supplementary Figure S3A). Trehalose sig-
nificantly enhanced the knockdown efficiency of SRB1
ASO in a dose-dependent manner relative to control ASO-
treated cells (Supplementary Figure S3B), similar to Ra-
pamycin and AZD8055, but without affecting mTOR activ-
ity (Supplementary Figure S3A). Additionally, the effects of
autophagy activation or inhibition on ASO activity appear
to be dose-dependent (Supplementary Figure S4A, B).

We next investigated whether autophagy activation mod-
ulates ASO concentrations (i) within the cell or (ii) in the
extracellular milieu via secretory autophagy (34). We per-
formed hybridization-based bioanalytical ELISA to mea-
sure intracellular and extracellular ASO concentrations and
found no significant differences in ASO concentrations,
either intracellularly or extracellularly in the cell culture
media, between cells treated with DMSO, Rapamycin, or
AZD8055 (Supplementary Figure S5).

We next asked whether the observed effects on ASO activ-
ity through autophagy activation (via AZD8055) or inhibi-
tion (via Chloroquine) would be similar if ASO was already
present within the cell prior to modulation of autophagy.
To address this, MHT cells were seeded for 24 h with SRB1
ASO, followed by media exchange and 24-hour incubation
with either DMSO, AZD8055, or Chloroquine. While there
were no consistent significant differences between DMSO-
and Chloroquine-treated cells (aside from the 0.1 �M ASO
treatment group), AZD8055 greatly enhanced ASO activity
as marked by a significant decrease in SRB1 gene expression
across all ASO concentrations evaluated (Figure 3C) when
compared to DMSO and control ASO-treated groups.

We next examined if these effects are dependent on the
chemistry of antisense oligonucleotide tested. Cells were
treated with next-generation cEt-modified ASOs (Gen 2.5),
which demonstrate improved physicochemical, biochemi-
cal, and pharmacokinetic properties over previous genera-
tions (35). MHT cells were treated using a similar paradigm
as described in Figure 3A. Consistent with MOE chem-
istry ASOs, AZD8055 significantly enhanced cEt-modified

Malat1 ASO activity compared to DMSO-treated cells, and
Chloroquine significantly inhibited ASO activity as mea-
sured by Malat1 gene expression (Figure 3D). We next ex-
amined whether GalNac-conjugated ASOs would respond
in a similar manner to unconjugated 2′MOE and cEt chem-
istry ASOs. The addition of AZD8055 significantly en-
hanced the knockdown efficiency of GalNac-Malat1 ASO
in a dose-responsive manner in isolated mouse primary hep-
atocytes compared to DMSO-treated cells (Figure 3E).

Given the role of autophagy on cell stress response (36),
we examined whether any of the administered compounds
produce changes in cellular viability or ROS production.
Using commercially available cellular ROS/superoxide de-
tection kit and viability fluorescence-based plate assays, we
observed no significant changes between ASO-treated and
untreated cells in the presence of Rapamycin, AZD8055,
VPS34IN2, or Chloroquine compared to DMSO/PBS-
treated groups (Supplementary Figure S6A, B). Moreover,
these results were also confirmed with various targeting
ASOs, with different chemistries, and other cell lines such
as H4, HeLa, HT1080 and human fibroblasts with repre-
sentative results presented (Supplementary Table S1). Tar-
get gene expression in all cell lines examined were normal-
ized to either Cyclophilin A house-keeping gene expression
or total RNA (Ribogreen), both of which were unaffected
by AZD8055, Rapamycin, or Chloroquine treatments (Sup-
plementary Figure S7).

Activation of autophagy enhances ASO localization into au-
tophagosomes but not early endosomes or lysosomes

To determine if enhanced ASO activity upon activation of
autophagy is associated with a change in ASO compart-
ment localization and to gain information about tempo-
ral events, we performed a kinetic study and dissected the
contribution of autophagy and ASO-autophagosome local-
ization to ASO activity. Cells were treated with both high
(2000 nM) and low doses (100 nM) of ASOs for short in-
cubation periods of 40 min, 2 h and 4 h and ASO activ-
ity was monitored after a medium change and chase du-
ration of 2 h. As expected, treatment with AZD8055 sig-
nificantly increased total numbers of LC3B-positive au-
tophagosomes consistently across incubation periods com-
pared to DMSO-treated cells, confirming autophagy was
activated (Figure 4B, C). For low dose ASO incubation
periods and DMSO-treated cells, there was no observed
Malat1 mRNA reduction at any of the time points eval-
uated (Figure 4A). However, in cells with activated au-
tophagy (AZD8055), we observed significant target RNA
reduction with 2-hour treatment and further enhancement
by 4 h (Figure 4A). With higher doses of administered ASO,
DMSO-treated cells showed subtle target RNA knockdown
by 2 and 4 h, whereas AZD8055-treated cells demonstrated
a significant reduction in gene expression with only 40 min
of ASO incubation which was enhanced at longer incuba-
tion times (Figure 4A). Interestingly, levels of Malat1 were
reduced to the same amount (∼50% of control ASO) in cells
treated with either low or high doses of Malat1 ASO during
the 4-hour incubation period. Our results show that target
mRNA reduction was significantly enhanced when ASOs
were administered to cells in an activated autophagic state.
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Figure 3. Autophagy modulation via administration of small molecules alters ASO activity. (A) MHT and (B) A431 cells cultured in serum-containing
media were incubated with various concentrations of ASOs (MOE; Control ASO, and either mouse Malat1 ASO for MHT, or human Malat1 ASO for
A431; 2.5, 5, 10 �M) for 10 h in the presence of DMSO, Rapamycin (500 nM), AZD8055 (500 nM), VPS34-IN2 (5 �M), or Chloroquine (25 �M), and
levels of Malat1 RNA were analyzed by qRT-PCR. (C) MHT cells cultured in serum-containing media were incubated with DMSO, AZD8055 (500 nM),
or Chloroquine (25 uM) for 24 h in the presence of ASOs (MOE; Control ASO or SRB1 ASO; 0.01, 0.1, 1 �M) for 24 h, and levels of SRB1 RNA were
analyzed by qRT-PCR. (D) MHT cells cultured in serum-containing media were incubated with ASOs (cEt; Control ASO and Malat1 ASO; 5�M) for
10 h in the presence of DMSO, AZD8055 (500 nM), Chloroquine (25 �M) and levels of Malat1 RNA were analyzed by qRT-PCR. (E) Mouse primary
hepatocytes were isolated and cultured for 24 h prior to incubatation with ASOs (GalNAc; Control ASO and Malat1 ASO; 0–3000nM) for 10 h in the
presence of DMSO, AZD8055 (500 nM), Chloroquine (25 �M) and levels of Malat1 RNA were analyzed by qRT-PCR. All data represent ASO-target gene
expressions normalized to Cyclophilin A. Data indicate means ± SEM relative to Control ASO of independent triplicates of one representative experiment
out of three repeats (One-way ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus DMSO-treated cells).
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Figure 4. ASO delivery in activated autophagy conditions increases early rate of autophagosome localization but not of localization to early endosomes
or lysosomes. (A) Kinetic studies on ASO activity for Malat1 RNA reduction. MHT cells cultured in serum-containing media were treated with either
DMSO or AZD8055 (500 nM) for 24 h followed by incubation with ASOs (MOE; Malat1 ASO; 0.1 or 2 �M) for 40 min, 2 h or 4 h after which ASOs were
removed. Cells were then collected at 2 h after ASO treatment for activity assay and the ASO-target RNA levels were quantified using qRT-PCR. Data
indicate means ± SEM of independent triplicates of one representative experiment out of 2 repeats. (B) Activated autophagy alters ASO localization into
autophagosomes (GFP-LC3B). Representative scans of live MHT cells transiently expressing GFP-LC3B (green), GFP-EEA1, or Lysotracker reporters
incubated with Alx647-labeled ASO (2 �M; red), according to the time course described in (A). Images for ASO were merged to show the co-localization
(yellow) of ASOs and GFP-LC3B autophagosomes followed by masking to only show ASO localized to GFP-LC3B autophagosomes (white). The nuclei
were stained with Hoechst (blue). Scale bar equals 10 �m. (C) Quantifications of the total number of autophagosomes and autophagosomes containing
ASO normalized to total autophagosomes per cell, (D) total number of Early Endosomes and early endosomes containing ASO normalized to total early
endosomes per cell, and (E) the total number of lysosomes and lysosomes containing ASO normalized to total early endosomes per cell were determined
for the indicated time points. Collected images were measured by surface rendering of reporter-labeled vesicles with mean intensity signal of internalized
Alx647-labeled ASO with BitPlane Imaris. Scale bar equals 10 �m. Data indicate means ± SEM of results for the average of 5–10 images per condition
(unpaired t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus DMSO treated cells within each time point).

To determine whether enhanced ASO activity is associ-
ated with altered intracellular ASO localization following
autophagy activation, total number of punctate ASO
(presumably vesicle-localized), LC3B-positive autophago-
somes, EEA1-postive early endosomes, Lysotracker-
positive lysosomes, and respective vesicles containing ASO
were quantitated using Bitplane Imaris image analysis
software and the related normalized ratios were calculated.
Upon activation of autophagy, we observed no significant
changes in ASO localization to early endosomes at 5 or
15 min immediately after ASO addition (Figure 4D) or
in lysosomes during the chase assay (Figure 4E). Interest-
ingly, however, enhanced autophagy significantly increased
the early rate (+69.25% increase) of ASOs localizing to
autophagosomes which was maintained across longer

free-uptake incubations when compared to DMSO-treated
cells (Figure 4B, C).

ASO activity enhancement is independent of TFEB-mediated
activation of autophagy

Autophagy can also be regulated by the transcription fac-
tor EB (TFEB) which plays a pivotal role in the regula-
tion of lysosomal biogenesis and autophagy through in-
duction of target gene transcription and is itself regulated
by mTORC1 (14). To determine if autophagy-mediated en-
hancement of ASO activity could be directly driven by
TFEB-induced autophagosome and lysosome production
alone without affecting ULK1 activity, we transiently over-
expressed TFEB in MHT cells followed by free-uptake ad-
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ministration of ASO for 12 h. We observed significantly in-
creased mRNA expression, protein expression and nuclear
translocation of TFEB, along with enhanced autophagy
in TFEB-overexpressing cells compared to control trans-
fected cells (Supplementary Figure S8A–C). Additionally,
we found subtle and inconsistent inhibition of ASO activity
as measured by SRB1 gene expression reduction in TFEB-
overexpressing cells compared to the control group (Figure
5A). TFEB overexpression resulted in a significant increase
in both autophagosome and lysosome production, accom-
panied by a significant decrease in the percentage of lyso-
somes containing ASO (Figure 5C). We found no signif-
icant changes in the normalized ASO distribution within
autophagosomes across treatment groups (Figure 5D). Ad-
ditionally, we found that TFEB overexpression resulted in
a significant decrease in intracellular ASO concentrations
as measured by LLE/SPE and analysed by LC-MS/MS
suggesting that activating lysosomal biogenesis through
TFEB may mediate degradation of ASO through enhanced
lysosomal clearance (Figure 5B). To determine whether
autophagy-mediated enhancement of ASO activity driven
by mTORC1 inhibition was mediated in part by TFEB ac-
tivation, we treated MHT cells with mouse TFEB siRNA
for 72 h prior to treatment with AZD8055 and SRB1 ASO
treatment as previously performed. We found that TFEB re-
duction significantly enhanced ASO activity relative to con-
trol siRNA-treated cells (Figure 5E). Moreover, AZD8055
treatment resulted in a significant enhancement of ASO-
mediated gene reduction which was completely unaffected
by TFEB knockdown (Figure 5E) suggesting that TFEB is
not necessary for mTOR-inhibition mediated enhancement
of ASO activity.

Autophagosome formation and autophagy initiation drive the
enhancement of ASO activity upon autophagy activation

To determine if autophagy activation affects ASO activ-
ity through the initiation of autophagy and production
of autophagosomes, we compared ASO activity under au-
tophagy activated conditions driven by AZD8055 with and
without co-treatment of a VPS34 inhibitor (SAR405) in a
dose-response for 24 h. Cells were subsequently treated with
fluorophore-labeled or unlabeled ASOs targeting SRB1
for 10 h to track localization and measure ASO activ-
ity, respectively. Consistent with previous reports, SAR405
inhibited AZD8055-driven autophagy activation and au-
tophagosome formation (37) (Figure 6A). Compared to
non-SAR405 treated cells, ASO activity as measured by
SRB1 RNA reduction was significantly mitigated in a dose-
dependent manner with VPS34 inhibition (Figure 6B). Ad-
ditionally, cells co-treated with SAR405 and AZD8055 ex-
hibited a significantly reduced ratio of autophagosomes
containing ASO than cells treated with AZD8055 alone
(Figure 6C).

We then examined the contribution of Atg5 and Atg7
to AZD8055-mediated enhancement of ASO activity as
these genes are essential for phagophore formation and
autophagy (38,39). MHT cells were treated with pooled-
siRNAs for 72 h targeting either Atg5 or Atg7, followed
by activation of autophagy with AZD8055 and subsequent
ASO treatment for 10 h. siRNA-mediated knockdown of

Atg5 or Atg7 significantly reduced Atg5 and Atg7 gene ex-
pression, respectively (Figure 6D). In MHT cells treated
with a control siRNA, AZD8055 significantly enhanced the
knockdown efficiency of SRB1 ASO in a dose-dependent
manner relative to DMSO-treated cells (Figure 6D). How-
ever, upon Atg5 or Atg7 knockdown, AZD8055 had no sig-
nificant impact on ASO activity relative to DMSO-treated
cells indicating that AZD8055-mediated enhancement of
ASO activity is dependent on phagophore formation and
activation of autophagy (Figure 6D).

Autophagy induction correlates with enhanced ASO activity
in vivo

Finally, we sought to evaluate the ability of autophagy acti-
vation to increase the efficacy of ASO-mediated gene reduc-
tion in vivo. To activate autophagy in male C57BL/6J mice,
we administered 5 mg/kg DMSO, Rapamycin, or AZD8055
every 10–12 h for three total injections, or subjected mice
to either a short 16-hour fast or a 5-week ketogenic diet,
both of which have been shown to inhibit mTORC1 activ-
ity and activate autophagy in mice (40,41). Mice were also
given a single 5 mg/kg dose of either PBS, control ASO,
or Malat1 MOE ASO (cEt chemistry for Ketogenic Diet)
concurrently at the time of initial mTOR inhibitor dosing,
food restriction (fasting study), or after 5 weeks on keto-
genic diet (Figure 7A). Twenty four hours following ini-
tial ASO administrations (or 16 h for fasting study), mice
were sacrificed and liver tissue was collected to examine the
effects of autophagy induction on ASO activity. In mice
treated with either AZD8055 (Figure 7B), Rapamycin (Fig-
ure 7C), a short fasting paradigm (Figure 7D), or 5-week
ketogenic diet (Figure 7E), autophagy was significantly ac-
tivated in livers as indicated by suppression of mTOR ki-
nase activity (pS6/S6 levels) and increased LC3B II/I ratio.
Consistent with our in vitro data, activation of autophagy
significantly enhanced ASO activity as demonstrated by
greater Malat1 gene expression reduction in the livers of
mice treated with AZD8055, Rapamycin, 16-hour fasting
regimen, and ketogenic diet (Figure 7F). Autophagy acti-
vation did not result in a significant or consistent change
in liver ASO concentrations as measured by LLE/SPE and
analysed by LC–MS/MS (Supplementary Figure S9A–D).
Additionally, no significant changes in plasma ALT/AST
levels, organ, or animal weights were observed in any of
the treatment groups (Supplementary Figure S10A–D). Fi-
nally, we sought to evaluate the short and long-term kinet-
ics of the in vivo effects of ketogenic diet-induced autophagy
on ASO activity. Male C57BL/6J mice were subjected to a
5-week ketogenic diet prior to administration of a single bo-
lus 5 mg/kg dose of either PBS, control ASO, or Malat cEt
ASO for either 24, 48 or 72 h (short term) or 1, 2 or 3 weeks
prior to tissue collection. Mice fed a ketogenic diet exhibited
significantly enhanced ASO activity across all three short-
term time points relative to normal diet-fed mice (Figure
8A). Interestingly, we found that ASO-mediated gene re-
duction continued to increase from ∼81% at 24 h to ∼90%
target reduction at 72 h following a single ASO injection
in mice fed a ketogenic diet versus mice fed a normal diet
in which ASO activity plateaued at ∼70% target reduction
(Figure 8A). Upon examining long term ASO activity, we
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found that mice fed a ketogenic diet consistently maintained
a significant enhancement in activity (∼20–30%) versus nor-
mal diet at 1, 2 and 3 weeks post-single ASO administration
(Figure 8B). These findings suggest that administration of
ASOs into an activated autophagic state driven by ketosis
does not result in saturated activity at 24 h but rather contin-
ual enhancement of activity over a short-term period (∼72
h) followed by maintained enhancement over time following
a single ASO dose (3 weeks). Given previously published
findings of mTOR inhibition and autophagy activation in
muscle tissue following ketogenic diet administration (42),
we examined whether ASO activity was also enhanced in
muscle similar to liver, following single-dose administered
ASO. We found that mice treated with ketogenic diet had
significantly enhanced ASO activity, as measured by Malat1
gene expression in muscle tissue, 1-week following single-
dose ASO administration (Figure 8C).

DISCUSSION

It has been suggested that productive ASO release oc-
curs primarily from the LE and an unknown cellular com-
partment (28,43). In this study, we identified that au-
tophagosomes, which are known to interact with LEs, con-
tribute significantly to ASO trafficking and activity under
physiologically-relevant ASO uptake and delivery mecha-
nisms in both cultured cells and animal models. When nutri-
ents are non-limiting and/or mTORC1 is active, the default
contribution of autophagy to ASO activity is relatively low.
However, activation of the autophagy pathway prior to or
following free-uptake of ASOs significantly enhances colo-
calization of ASOs with autophagosomes. Further, there is
a clear correlation between ASO-autophagosome colocal-
ization and enhanced target RNA knockdown suggesting
that this compartment may contribute to productive activ-
ity and/or release of ASOs.

Although the properties of oligonucleotide trafficking
and delivery have been extensively studied and optimized
for many years, the precise mechanisms by which endo-
lysosomal escape occurs are not fully understood. Au-
tophagy is a key pathway that bridges endosome-to-
lysosome trafficking, but its role in ASO biology has been
understudied. A better understanding of the interactions
between autophagy and intracellular oligonucleotide traf-
ficking is critical to uncover mechanisms of ASO escape

from non-productive compartments. The main features of
autophagy are the biogenesis and maturation of autophago-
somes, processing, and delivery of certain cargo to the lyso-
some, suggesting that autophagy may somehow contribute
to intracellular ASO delivery and trafficking through its in-
teractions with the endo-lysosomal cascade. Interestingly,
the effects we observed upon modulating autophagy both
in vitro and in vivo on ASO activity are dose-responsive
and depend on the level of autophagy activation achieved.
AZD8055 administration consistently showed the most po-
tent activation of autophagy and autophagosome produc-
tion, followed by Rapamycin, and then fasting or nutri-
ent deprivation. The level of enhancement of ASO activ-
ity with these treatment paradigms followed similar trends.
Additionally, ketogenic diet groups demonstrated a 57% en-
hancement of cEt ASO activity compared to control diet-
fed mice which was marked by a robust suppression of
mTORC1 activity and activation of autophagy. These ef-
fects may be due to the inherent mechanisms by which au-
tophagy and autophagosome biogenesis is initiated. Recent
reports have shown that acute starvation-mediated activa-
tion of autophagy initially involves endosomal microau-
tophagy and that only after prolonged nutrient depriva-
tion, does macroautophagy turn on (44,45). During this
acute selective autophagy, many autophagosomal factors
become substrates for endolysosomes. This delay in canon-
ical autophagosome biogenesis during the early stages of
starvation-induced autophagy when compared to small
molecule-mediated or ketogenic diet-mediated mTOR in-
hibition may explain the weaker effect observed with fast-
ing compared to the other treatment groups. Accordingly,
a longer fasting regimen may provide sufficient time for
macroautophagy to commence and have greater impact on
ASO activity. These observations suggest that ASO activity
may correlate, beyond a certain threshold, with the level of
autophagy activation and the rate of autophagosome bio-
genesis. Additionally, our findings that ASO activity can be
continuously enhanced in mice treated with a ketogenic diet
over time suggests that this effect may be propagating rather
than saturating.

A critical question stemming from these studies is how is
ASO localization within autophagosomes resulting in en-
hanced ASO activity. Similar to endosomes, the primary
termination point for autophagosomes is fusion with the
lysosome. Because of this, it is surprising that ASO local-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
qRT-PCR. Sample gene expressions were normalized to Cyclophilin A. Data indicate means ± SEM relative to Control ASO of independent triplicates
of one representative experiment out of three repeats (two-way ANOVA w/ Sidak’s Multiple Comparisons, *P < 0.05, **P < 0.01 versus control pcDNA
treated cells at each ASO dose). (B) MHT cells cultured in serum-containing media were lipofectamine transfected with either control pcDNA or TFEB
plasmids (1 �g) followed by free-uptake incubation with 2 �M of Control ASO (MOE) for 24 h. Following ASO incubation, cell concentrations (�g/g) of
Control ASO was examined using LCMS/MS. Values are presented as mean ± standard deviation (One-way ANOVA w/ Tukey’s multiple comparisons
versus DMSO-treated cells; n = 4 per group). (C, D) MHT cells transiently expressing (C) Lysotracker or (D) GFP-LC3B (green) reporters were transiently
transfected with either control pcDNA or mTFEB (1 �g). Following 48 h after transfection, cells were incubated with Alx647-ASO (2 �M; red) for 12
h and imaged. Representative images of Alx647-labeled ASO localization, colocalization and presence within surface rendered autophagosomes (GFP-
LC3B) or lysosomes (Lysotracker) are shown. Collected images were measured by surface rendering of reporter-labeled vesicles with mean intensity signal
of internalized Alx647-labeled ASO with BitPlane Imaris. Total number of lysosomes/autophagosomes, lysosomes/autophagosomes containing ASO and
lysosomes/autophagosomes containing ASO normalized to total lysosomes/autophagosomes per cell was determined. Scale bar equals 10 �m. Data
indicate means ± SEM of results for the average of 10–15 images per condition (unpaired t-test, **P < 0.01, ****P < 0.0001 versus Control pcDNA-treated
cells). (E) MHT cells were transiently transfected with pooled-control siRNA (black bars), or TFEB siRNA (white bars) for 72 h followed by treatment
with DMSO (no stripes) or AZD8055 (stripes) for 24 h, and subsequent incubation with various doses of control or SRB1 ASO (MOE; 10–4000 nM)
for 12 h. SRB1 RNA levels were determined using qRT-PCR and normalized to Cyclophilin A. Data indicate means ± SEM relative to Control ASO of
independent triplicates of one representative experiment out of two repeats (one-way ANOVA, ****P < 0.0001 versus control siRNA-treated cells).
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Figure 6. Inhibition or reduction of factors involved in autophagy initiation and autophagosome formation mitigates AZD8055-driven enhancement of
ASO activity. (A) Representative images of autophagosome production (GFP-LC3) in MHT cells cultured in serum-containing media transiently expressing
GFP-LC3B (green) reporter treated with either DMSO, AZD8055 (500 nM), SAR405 (3000 nM), or AZD8055 and SAR405 (500 nM; 3000 nM, respec-
tively). Scale bar equals 10 �m. (B) MHT cells cultured in serum-containing media were incubated with various concentrations of SRB1 ASO (MOE; 100
and 1000 nM) for 10 h in the presence of DMSO, AZD8055 (500 nM), SAR405 (30, 300, or 3000 nM), or AZD8055 and SAR405 (500 nM; 30, 300 or 3000
nM, respectively) and levels of SRB1 RNA were analyzed by qRT-PCR followed by normalization to Cyclophilin A expression. Data indicate means ±
SEM relative to Control ASO of independent triplicates of one representative experiment out of 2 repeats. (One-way ANOVA, *P < 0.05, **P < 0.01, ***P
< 0.001 versus DMSO-treated cells within each ASO dose group). (C) MHT cells cultured in serum-containing media transiently expressing GFP-LC3B
(green) reporter were treated with either SAR405 (3000 nM) or AZD8055 and SAR405 (500 nM; 3000 nM, respectively). Following 24 h treatment, cells
were incubated with Alx647-labeled ASO (2 �M; red) for 12 h and imaged. Representative images of Alx647-labeled ASO localization, colocalization
and presence within surface rendered autophagosomes (GFP-LC3B) are shown. Collected images were measured by surface rendering of reporter-labeled
vesicles with mean intensity signal of internalized Alx647-labeled ASO with BitPlane Imaris. Total number of autophagosomes and autophagosomes con-
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ization within autophagosomes is correlated with higher
ASO activity, as endosomal and lysosomal escape has been
suggested to be the rate-limiting step in antisense activity.
A possible explanation for these results may lie within the
autophagosome formation process itself. Autophagosomes
appear de novo and while the exact origins and mechanisms
of their formation is still under investigation, it has been
suggested that a potential frequent and proximal membrane
source for new forming phagophores upon autophagy in-
duction is the ER and Golgi (46). Interestingly, ASOs have
been shown to localize in various perinuclear structures and
Golgi-58K-related cytoplasmic vesicles upon free-uptake
(5). It is possible that, upon initiation of autophagosome
production, various membrane pools containing ASO are
shuttled to the forming phagophore and subsequently taken
up. It is potentially at this point during autophagosome for-
mation, just prior to phagophore closure and completion,
that ASOs may potentially leak and escape delivery to the
lysosome.

Another possible membrane and potential source of
ASOs for forming autophagosomes is the endo-lysosomal
network itself. Given that autophagosomes interact at sev-
eral nodes within the endo-lysosomal system, one question
is whether autophagy activation is shuttling ASO away from
the late endosome (LE) compartment. While we attempted
to examine this effect concurrently with our investigation of
early endosomes and lysosomes, we were unable to examine
potential ASO localization shifts to and from the LE. This
was primarily due to the observed and reported involvement
of canonical LE proteins and selection markers (e.g. Rab5,
Rab7, CD63, LBPA) in the normal progression and initia-
tion of autophagy (47–51). Shortly after autophagosomes
form, they acquire proteins and enzymes that are normally
found in multivesicular bodies, LEs, and lysosomes (52,53),
which supports a model in which diverse membrane com-
ponents are delivered by vesicle fusion to the forming au-
tophagosome membrane. For example, we find that almost
immediately upon activation of autophagy, Rab7 colocal-
izes with LC3B-positive autophagosomes, making it chal-
lenging to distinguish LE vesicle pools from newly formed
autophagosomes (Supplementary Figure S11). This may
provide some evidence that the autophagosome-localized
ASO is derived from LE pools. Indeed, it has been suggested
that endosomes, in addition to other compartments such as
recycling endosomes, trans-Golgi vesicles, and endoplasmic
reticulum, may serve as possible sources for the lipid bilay-
ers of forming autophagosomes (54–56). Interestingly, we
did not observe a significant change in ASO distribution to
the autophagosome or enhancement of ASO activity upon
autophagy activation through TFEB overexpression. One
explanation for this may be that the lipid and membrane
pools by which autophagosome biogenesis occurs are dif-

ferent between mTORC1-direct versus TFEB-mediated in-
duction. While it is important to note that TFEB does have
extensive interplay with regards to mTOR signaling (15),
little is known about the differences in autophagosome bio-
genesis between activation of the two. Additionally, we ob-
served that TFEB-overexpressing cells have a significantly
decreased ratio of total lysosomes that contain ASO along
with overall decreased concentration of ASO within the
cell, suggesting there may be enhanced clearance of lyso-
somal cargo. Interestingly, knockdown of TFEB resulted in
slightly enhanced ASO activity independent of mTOR inhi-
bition further suggesting that lysosomal biogenesis and se-
questration into this non-productive sink may contribute to
inactivity of ASOs. Moreover, alterations in vesicle traffick-
ing facilitated by simultaneous lysosome and autophago-
some biogenesis may also contribute to the lack of an effect
on ASO activity with TFEB activation. Presumably, cer-
tain lipid sources may contain pools of accumulated ASO,
which may consequently shuttle to forming phagophores
upon autophagy induction and thus shift oligonucleotide
localization from a non-productive to potentially produc-
tive compartment. A better understanding with regards to
phagophore formation, lysosomal contributions, and vesi-
cle dynamics will be needed to tease apart these mechanisms
in the future.

Autophagosomes are believed to form randomly
throughout the cytoplasm, are trafficked along micro-
tubules toward and away from the nucleus, and ultimately
fuse with lysosomes near the perinuclear region of the
cell (47,57). Various live-imaging studies have shown that
mature autophagosomes move along microtubule tracks
toward lysosomes and that the localization of lysosomes
determines the rate of autophagosomal fusion. Increasing
the perinuclear localization of lysosomes by depletion of
certain kinesin factors such as KIF1B-� and KIF2A leads
to increased autophagosomal fusion, whereas dispersion of
lysosomes to the periphery by overexpressing these motors,
decreases fusion rates (58). It is possible that by signifi-
cantly enhancing the number of inputs to the lysosome
through simultaneous endocytic and autophagic activity
that the rate of autolysosomal fusion is slowed. In addition
to this process is the balance between bulk conversion by
compartment fusion with the lysosome versus conversion
of an autophagosome to an endosome-like compartment
mediated by vesicle trafficking and fusion. The former
would be an efficient and rapid single-fusion event, whereas
the latter would be presumably a slower process, but would
allow a stepwise remodeling of the maturing autophago-
some. In both cases, the unresolved issue is how recognition
between fusion partners is established and how the rate
of these fusions impacts trafficking and localization of
internalized cargo. Further these intermediate-vesicles may

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
taining ASO normalized to total autophagosomes per cell was determined. Data indicate means ± SEM of results for the average of 8 (DMSO, AZD8055)
and 21 (SAR405, SAR405/AZD8055) images per condition (One-way ANOVA, ****P < 0.0001 versus DMSO-treated cells). (D) MHT cells cultured in
serum-containing media were transiently transfected with pooled-control siRNA (white bars), Atg5 siRNA (gray bars), or Atg7 siRNA (black bars) for
72 h followed by treatment with DMSO or AZD8055 for 24 h, and subsequent incubation with various doses of control or SRB1 ASO (MOE; 500 or
2000 nM) for 12 h. SRB1, Atg5 and Atg7 RNA levels were determined using qRT-PCR and normalized to Cyclophilin A. Data indicate means ± SEM
relative to Control ASO of independent triplicates of one representative experiment out of two repeats (one-way ANOVA, ****P < 0.0001 versus control
pcDNA-treated cells).
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Figure 7. Autophagy induction in liver enhances ASO activity in C57/BL6 mice. (A) 8-week-old, male, C57BL/6J mice were administered intraparietal
injections of DMSO, AZD8055 (5 mg kg−1), or Rapamycin (5 mg kg−1), had food withdrawn, or were fed a ketogenic diet for 5-weeks immediately prior
to a single subcutaneous injection of PBS, Control ASO or Malat1 ASO (5 mg kg−1; MOE for Rapamycin, AZD8055, and fasting; cEt for Ketogenic
diet). Autophagy small molecule administration, fasting paradigm, or ketogenic diet were performed as described in (A) to maintain activated autophagy
and mice were sacrificed 24 h after ASO administration for analysis (except for in fasting paradigm, where mice were sacrificed following 16 h fasting and
ASO administration). (B–E) Liver tissue was processed and proteins were collected and analyzed by immunoblotting for mTOR activity (pS6/S6 ratio),
LC3 lipidation, and p62 degradation with normalization to �-tubulin for animals treated with AZD8055 (B), Rapamycin (C), a 16 h fasting paradigm (D),
or 5-week Ketogenic diet administration (E). Data indicate means ± SEM relative to PBS-treated controls and normalized to �-tubulin when indicated,
with independent quadruplicates of one representative experiment. (F) Liver tissue was processed and RNA was isolated. Malat1 RNA was analyzed
by qRT-PCR and gene expression normalized to Cyclophilin A for AZD8055, Rapamycin, 16 h fasting, or 5-week Ketogenic diet groups. Data indicate
sample means ± SEM relative to PBS-treated mice of independent quadruplicates of one representative experiment (One-way ANOVA w/ Tukey’s multiple
comparisons; *P < 0.05, **P < 0.01, ***P < 0.001 versus PBS- or ND-treated mice). ND = Normal diet, KD = Ketogenic diet.
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Figure 8. Autophagy induction in liver and muscle with ketogenic diet administration enhances ASO activity in C57/BL6 mice. 8-week-old, male,
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perhaps be more inherently leaky should they persist due to
a deficiency of dense and mature lysosomes with which to
fuse. In fact, it has been shown that autophagosomes dock
onto lysosomes, independent of lysosomal acidification
and that two kinds of fusion events can potentially occur:
complete fusions which generate a hybrid organelle such
as an amphisome, or more often kiss-and-run interactions
where there is partial transfer of some content while still
maintaining two separate vesicles (57). The rates of these
events are thought to depend largely on vesicle numbers
and flux and thus, may potentially contribute to oligonu-
cleotide trafficking and escape. Though several molecular
components have been identified to support these pro-
cesses, there are still many unanswered questions that await
an understanding of the full molecular mechanism and
dynamics of how autophagosome biogenesis occurs and
how the autophagy pathway interacts with other trafficking
networks.

The pharmacological effects of ASOs are highly varied
such that even upon comparable levels of uptake, activ-
ities of ASOs can be rather different between cell types
(59). On a broader scale, given the reported wide range of
basal autophagy and flux across cell lines, tissues, and sys-
tems (60–62), it is possible that the differing rates of form-
ing autophagosomes and subsequent interactions with the
endo-lysosomal network may contribute to the differences
in ASO activity observed. Future studies will be needed to
tease apart the contributions and crosstalk between vesi-
cle trafficking and autophagy, and ASO uptake and activity
across cell types where these differences are observed. Our
findings that metabolic cellular changes induced by serum
starvation in cells or fasting and ketosis in mice can con-
tribute to progressive enhancement of ASO activity may
provide a rationale for evaluating the interplay between
basal autophagy state, autophagy flux changes in response
to cell perturbation, and respective ASO therapeutic activ-
ities. Given the reported engagement of mTOR inhibition
and autophagy activation following ketogenic diet admin-
istration in the CNS tissues such as hippocampus (63), one
would predict similar findings of enhanced ASO activity to
that demonstrated in the liver and muscle, in brain tissue
following ICV-administered compounds. Additional stud-
ies will be needed to investigate this hypothesis.

In the present study, we have shown that altered au-
tophagy levels both in vitro and in vivo can influence ASO
knockdown efficiency and localization. Our studies sug-
gest a novel mechanism to enhance ASO-mediated knock-
down efficiency potentially through co-delivery or treat-
ment with activators of autophagy. Unlike the development
of novel lytic peptide vectors or potentially toxic carrier sys-
tems, appropriate fasting paradigms, specific high-fat ke-
togenic diets, or other autophagy-enhancing diets would
be a more convenient, safe, and flexible approach to en-
hancing oligonucleotide therapeutic activity. More broadly,
these findings ultimately underscore the importance of un-
derstanding ASO trafficking in models and diseases where
autophagy and lysosomal storage networks are altered and
suggest that when developing oligonucleotide therapeutics,
the status of autophagy in the disease state should also
be taken into consideration when characterizing oligonu-
cleotide molecules.
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