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Understanding the cellular uptake and intracellular trafficking of oligonucleotides provides an important basic
underpinning for the developing field of oligonucleotide-based therapeutics. Whether delivered as ‘‘free’’
oligonucleotides, as ligand–oligonucleotide conjugates, or in association with various nanocarriers, all forms of
oligonucleotide enter cells by endocytosis and are initially ensconced within membrane-limited vesicles. Ac-
cordingly, the locus and extent of release to the cytosol and nucleus are key determinants of the pharmaco-
logical actions of oligonucleotides. A number of recent studies have explored the intracellular trafficking of
various forms of oligonucleotides and their release from endomembrane compartments. These studies reveal a
surprising convergence on an early-intermediate compartment in the trafficking pathway as the key locus of
release for oligonucleotides administered in ‘‘free’’ form as well as those delivered with lipid complexes. Thus,
oligonucleotide release from multivesicular bodies or from late endosomes seems to be the crucial endogenous
process for attaining pharmacological effects. This intrinsic process of oligonucleotide release may be amplified
by delivery agents such as lipid complexes or small molecule enhancers.
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Introduction

It is apparent that antisense (ASO), splice switching
(SSO), and siRNA oligonucleotides have the potential to

address a variety of therapeutic targets that would be difficult to
approach using small molecule drugs [1–4]. Currently, mo-
mentum in the oligonucleotide therapeutics field has increased
with the FDA approval of several oligonucleotide-based drugs
[5]. However, challenges remain to the widespread use of oli-
gonucleotides in the clinic. One important challenge concerns
attaining effective delivery of these, rather large, highly polar
molecules to their therapeutic targets within cells [6,7].

A variety of delivery strategies for oligonucleotides have
been developed, including lipid or polymer nanoparticles and
receptor-targeted ligand–oligonucleotide conjugates [8–10]. In
addition, new chemical modifications have enhanced the sta-
bility and deliverability of ‘‘free’’ oligonucleotides [11,12].
Nonetheless, all forms of oligonucleotides, whether ‘‘free’’ or
associated with a delivery moiety, share the same mode of
entry into cells, namely uptake by endocytosis [13,14]. This
places the oligonucleotide within endomembrane vesicles that
are part of a complex intracellular trafficking system; thus, the
oligonucleotide is initially separated from its intended target in
the cytosol or nucleus by a lipid bilayer membrane. However,
it is clear that some escape takes place, thus allowing the

observed pharmacological effects of oligonucleotides. How
oligonucleotides exit endomembrane vesicles and the extent to
which this happens are still poorly understood, but there has
been some recent progress in this area. This article will review
current understanding of the intracellular trafficking of oligo-
nucleotides and their escape from endomembrane compart-
ments. It will also offer a hypothesis concerning the underlying
mechanisms. Several recent reviews have also discussed as-
pects of oligonucleotide trafficking and provide additional
detail [7,15,16].

Overview of Intracellular Trafficking

Basic aspects of endocytosis and trafficking

Most cells have several distinct pathways of endocytosis,
including the well-known clathrin-coated pit and caveolar
pathways as well as additional ones such as macropinocytosis
and the CLIC/GEEC pathway that are important in fluid
uptake [17]. Various forms of oligonucleotides use these
pathways to different degrees.

All endocytotic pathways ultimately converge on early/
recycling endosomes (EEs) that play a key role in the sorting
of internalized materials [18]. EEs have a peripheral location,
a highly tubulated structure, and an internal pH of 6.0–6.5.
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Materials destined for return to the cell surface enter the tubu-
lations and are pinched off into small vesicles that will ulti-
mately fuse with the plasma membrane. Materials in the lumen
of the EE will be directed to downstream endomembrane
compartments [19]. A third pathway from the EE is the retro-
grade route that carries materials to the trans-Golgi [20].

EEs primarily transition to multivesicular bodies (MVBs)
that are nontubulated structures with a pH of about 5.5 and
that contain multiple intraluminal vesicles (ILVs) that are
formed by inward pinching off of the MVB membrane [21].
MVBs transition to late endosomes (LEs) that are pleomor-
phic structures having a perinuclear location and a pH of
about 5 [22]. LEs can convey materials to the trans-Golgi, but
the primary pathway involves fusion with lysosomes (LYs),
the low pH (4.5), hydrolase-rich structures that are the cell’s
primary digestive apparatus [23]. Thus, the EE to MVB to LE
to LY route is the primary pathway of intracellular trafficking
[24]. However, as mentioned, there are branches from this
main pathway.

The molecular machinery of trafficking

The endomembrane trafficking pathways comprise a very
complex, highly dynamic aspect of cellular function. These
pathways are mediated by a plethora of proteins and lipids
that control the formation, coalescence, and scission of the
various membrane compartments as well as the directed flow
of internalized material through those compartments. For-
tunately the molecular machinery underlying these events is
becoming increasingly well understood.

The endomembrane trafficking pathway involves four
basic steps: (i) pinching off (scission) of a membrane bound
vesicle from a donor compartment; (ii) movement of the
vesicle through the cytosol; (iii) recognition between the ves-
icle and a target compartment; and (iv) fusion of the vesicle
and the target compartment. The first step is mediated by
adaptor and coat proteins that recruit constituents of the do-
nor membrane into a bud, followed by pinching off of the bud
[25]. The coated pit process on the plasma membrane [26],
which utilizes AP adaptors, clathrin coat proteins, and the
dynamin GTPase to provide the drive for scission, is a fa-
miliar example, but many other types of coats function in
vesicle budding in other compartments.

Movement of vesicles through the cytosol involves di-
rected transport on microtubules or actin networks driven by
kinesin, dynein, or myosin motor proteins [27]. Recognition
between vesicle and target compartments is mediated by a
functional class of proteins termed tethers [28]. The best
understood examples are the golgins, tethers that function
within the Golgi apparatus to direct vesicles to distinct Golgi
subcompartments [29]. These extended proteins provide di-
rect physical connection between the vesicle and the target
compartment. Fusion between vesicle and target membranes
is mediated by SNARE proteins, with v-SNARES on the
vesicle interacting with t-SNARES on the target membrane
to form a four–helix bundle. The bundle complex undergoes a
conformational change that results in close apposition and
eventual fusion of the two membranes [30].

These complex endomembrane trafficking events are
guided by small GTPases, primarily those of the 80-member
Rab family [31]. Various Rabs are involved in vesicle un-
coating, interactions with the tubulin and actin networks, and

the recognition and fusion events involving tether proteins
and SNARES. Rabs also provide markers for individual en-
domembrane compartments [22]. For example Rab 5 and its
activators and effectors are critically involved in the forma-
tion and maintenance of the early/recycling endosome com-
partment. As progression toward MVBs and LEs takes place,
several protein complexes are recruited that displace Rab 5
and allow its replacement by Rab 7, which then serves as a
marker and key functional molecule for LEs. Other Rab
proteins also make significant contributions to trafficking.
For example, Rab 4 and Rab 11, respectively, control fast and
slow vesicle recycling pathways that carry material from the
sorting endosome back to the plasma membrane, while Rab 9
controls a pathway that shuttles vesicles from LEs to the
trans-Golgi.

Two other protein complexes deserve mention as they also
play vital roles in trafficking. The ESCRT (endosomal sorting
complex required for transport) machinery is composed of
five multiprotein entities that have the capability of altering
membrane topology [32]. The ESCRT machinery contributes
to a number of cellular processes, including cytokinesis and
formation of exosomes, but of interest here is its role in
generating the ILVs that populate the lumens of both MVBs
and LEs. Ubiquitination is a key signal for determining the
molecules that are sorted to the ILVs. The Retromer is an-
other multiprotein complex that can cause membrane defor-
mation. Its role is to generate vesicles that shuttle from the
early/recycling endosome to the trans-Golgi apparatus or to
the cell surface [20].

In addition to proteins, various lipids play a role in traf-
ficking. There is a clear gradient of lipid composition from
EEs to LYs [33]. Variations in the amount of several phos-
phatidyl inositides seem to regulate the binding of key pro-
teins to the membranes of particular compartments. In
addition, variation in membrane deformability regulated by
cholesterol and sphingomyelin may play a role in vesicle
recognition and fusion. Certain lipids are predominately
found in particular endomembrane compartments, with a
good example being lysobisphosphatidic acid (LBPA) that is
localized in LEs. An overview of the trafficking process is
provided in Fig. 1.

Trafficking of Oligonucleotides

Over the years since the advent of antisense technol-
ogy, there have been a number of studies of the uptake, release,
and subcellular distribution of oligonucleotides. Recently,
these issues have been addressed with improved technologies,
including advanced confocal microscopy as well as more se-
lective chemical and molecular probes. Thus, this article
will primarily deal with studies that were published dur-
ing the last few years that have benefited from these newer
technologies.

In considering the overall picture of oligonucleotide traf-
ficking, some important distinctions must be made. First,
there is a major difference in typical delivery approaches for
siRNA versus single-stranded ASOs and SSOs. For siRNA,
delivery usually involves a nanoscale carrier such as cationic
lipid or polymer nanoparticles. In contrast, ASOs and SSOs,
which usually have phosphorothioate (PS) backbones, can be
taken up by cells by ‘‘gymnosis’’, that is without assistance of
a carrier. Clearly, there may be substantial differences in the
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trafficking of such different entities. However, as will be
discussed below, recent evidence also suggests some com-
monalities in the mechanism of intracellular delivery. A
second distinction needs to be made between trafficking
within the endomembrane system and events that occur after
the oligonucleotide leaves membrane-bound compartments.
At that point, interactions with a variety of intracellular
proteins will affect the pattern of oligonucleotide distribution
between the cytosol and the nucleus.

Trafficking of oligonucleotides delivered
with lipid complexes

Several excellent recent studies have used various ad-
vanced confocal fluorescence microscopy or electron mi-
croscopy techniques to explore the intracellular fate of
siRNA delivered via small lipid nanoparticles (LNPs) or via
larger lipoplexes (LPs). A 2013 study by Gilleron et al. used
siRNA labeled either with a fluor or with gold nanoparticles
and delivered into cells using *100 nm LNPs containing an
ionizable lipid [34]. Using both chemical and siRNA inhib-
itors of components of the endocytosis machinery, the in-
vestigators determined that there was an early phase of
uptake involving clathrin-coated pits and the LDL receptor
followed by more extensive uptake involving macropino-
cytosis. Subsequent to initial uptake, siRNA was found first
in EEs followed by progression to LEs and LYs. By exam-
ining the colocalization of fluor-tagged siRNA with marker
proteins for specific endomembrane compartments, it was
found that the LNPs induced formation of a hybrid EE/LE

compartment. Escape from endomembrane compartments to
the cytosol was quantitated and amounted to less than 2% of
the siRNA that accumulated in cells. Mathematical modeling
suggested that oligonucleotides were escaping from a specific
intracellular compartment rather than from multiple com-
partments. By using inhibitors to block the progression of
trafficking, it was determined that escape of siRNA took
place from a relatively early compartment before transport to
LEs or LYs.

In a somewhat similar 2013 study, Sahay et al. used
advanced confocal microscopy to examine trafficking of
fluorescent siRNA delivered with cationic LNPs [35]. Per-
turbation of the endocytotic machinery indicated that the
LNPs were primarily taken up by macropinocytosis thus
bypassing the coated pit machinery. This study suggested
that most of the siRNA in the LNPs was routed to LEs and
LYs. A striking discovery in this study was that the choles-
terol transport protein NPC1 played an important role in the
recycling and export of the LNP-siRNA from LEs. Thus, cells
that were null for NPC1 expression accumulated increased
amounts of fluor-tagged siRNA and were more susceptible to
the ‘‘knock down’’ effects of a siRNA targeting EGFP. Further
studies implicated a role for Rab 8a- and Rab 27b-regulated
recycling pathways in controlling the level of intracellular
siRNA. Thus, this study emphasized the role of recycling
processes, as well as the initial uptake, in influencing subcel-
lular levels of siRNA, particularly within LEs. A 2016 study
from another group confirmed a key role for NPC1 in cationic
LNP recycling. Thus, the small molecule NP3.47, an inhibitor
of NPC1, caused in increased accumulation of labeled LNPs in

FIG. 1. Overview of the Endocytosis and Intracellular Trafficking of Oligonucleotides. Key elements of trafficking are
depicted as described in the main text. The diagram does not show proposed sites of oligonucleotide release. EE, early
endosome; MVB, multivesicular body; LE, late endosome, LY, lysosome; TGN, trans-Golgi network.
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LEs and LYs, increased effectiveness of LNP-siRNA, and
reduced recycling of siRNA out of the cells [36]. Interestingly,
in control cells, as much as 80% of the siRNA initially taken up
by the cells was reexported to the medium over a 24 h period,
thus confirming the importance of the recycling process.

In a 2015 publication, Wittrup et al. analyzed the uptake
and trafficking of fluor-tagged siRNA delivered in relatively
large cationic LPs [37]. The large amount of siRNA associ-
ated with each lipoplex permitted these investigators to fol-
low the fate of siRNA in individual endocytotic vesicles. The
siRNA was released as a burst followed by rapid diffusion
throughout the cytosol. Only partial release was observed,
and after one burst, there was no further release. Interestingly
‘knock down’ by the released siRNA was an all or nothing
phenomenon as observed using cells containing a EGFP re-
porter. By expressing GFP-chimeras of proteins that are
markers for individual membrane compartments, the inves-
tigators were able to identify the stage of trafficking, at which
siRNA escape from individual vesicles took place. Thus,
maximal association of the EE markers EEA1 and Rab 5 with
the lipoplex-containing vesicle took place before bursting,
while the LE marker Rab 7 was present during the burst
period. The burst took place before any significant associa-
tion of the lysosomal marker LAMP1 with the vesicle. Thus,
as in the report by Gilleron et al., siRNA release was asso-
ciated with a relatively early compartment in the trafficking
pathway. The Wittrup article also examined the role of au-
tophagy in siRNA trafficking. They found that autophagy
markers such as LC3 were recruited to vesicles damaged by
bursting, followed by formation of a typical autophagosome.
As several galectin proteins bind to damaged membranes, the
investigators used binding of YFP-galectins as a surrogate
marker to trace the bursting process. This allowed them to
evaluate trafficking using much smaller LNPs where the
amount of fluorescent siRNA released is too small to be de-
tected by microscopy. Overall, the process of uptake, burst-
ing, and release was similar for LNPs and LPs. A rapid
bursting event for siRNA release was also identified in an-
other study using confocal FRET techniques to study the
process [38].

Quite a different picture emerged from a study of mRNA
delivery using LNPs [39]. The authors cleverly used haploid
cells that were then gene-edited using CRISPR to delete
expression of key trafficking modulators, including Rabs 4, 5,
and 7. They found that deletion of Rab 7, but not Rabs 4 and
5, had a substantial effect on expression of the luciferase
mRNA utilized in the study. The Rab 7 depleted cells also
showed enlarged LEs and reduced LE to LY conversion. This
led to impairment of LY-based signaling processes, particu-
larly by the mTOR complex, which are important for mRNA
translation. Thus, the limitation here is not so much deliv-
ery to the cytosol but rather the formation of a key endo-
membrane structure required for signaling.

Trafficking of oligonucleotides associated
with other nanoparticles

Oligonucleotides can also be delivered using other types of
nanoparticles, including cationic polymeric particles (poly-
plexes), gold nanospheres, and DNA nanostructures. There
has been less mechanistic work regarding intracellular traf-
ficking using these delivery methods than in the case of

LNPs, but nonetheless some interesting reports have ap-
peared. A recent review provides a good summary of the
characteristics of polyplexes formed with polyethylenimine
or other cationic polymers [40]. Positively charged cell
penetrating peptides (CPPs) have also been used for oligo-
nucleotide delivery both when conjugated to the nucleic acid
and also in the form of oligo-CPP nanocomplexes, as recently
reviewed [41].

Initial uptake of both polyplexes and oligo-CPP complexes
involves scavenger receptors followed by endocytosis [42]. It
is interesting to compare the uptake and trafficking of poly-
plexes versus LPs, a topic that was reviewed some time ago
[43]. More recent work has examined some of the mecha-
nistic differences between lipoplex and polyplex delivery.
Thus, one study found that polyplexes enter cells by a path-
way that is independent of both clathrin and caveolin [44].
However, another study using CPP-oligo complexes found a
role for clathrin-mediated uptake [45]. Another study of
polyplexes used live cell fluorescence microscopy to visu-
alize the trafficking pathway of both the antisense oligonu-
cleotide and the positive polymer [46]. Following initial
uptake, the endosomal compartments containing the poly-
plexes undergo acidification. Release of oligonucleotide to
the cytosol takes place via a rapid bursting mechanism
with subsequent diffusion and accumulation in the nucleus.
Interestingly, such bursting events are rare and only one
of several polyplex-containing endosomes within a cell
contribute to cytosolic and nuclear fluorescence. In contrast
to the oligonucleotide, the polymer portion of the polyplex
remains in the endomembrane compartment. Thus, the in-
tracellular behavior of the antisense oligonucleotide poly-
plexes in this study is reminiscent of the behavior observed
for siRNA in large LPs [37]. Trafficking of polyplexes to
acidic compartments, including LEs and lysosomes, was also
observed in another study [47].

A recent report used both fluorescent microscopy and a
novel organelle tagging technique to follow polyplexes
through the uptake and trafficking process [48]. This study
showed rapid passage through EE and LE compartments and
accumulation in lysosomes. Recycling and exocytosis have
also been reported to play an important role in trafficking of
polyplexes, with the intact polyplex being released from the
cell [49]. In a surprising contrast to LNPs, the NPC1 trans-
porter that is involved in lipid recycling enhances rather than
inhibits the delivery capabilities of polyplexes [50]. An in-
teresting emerging issue for both LNP and polyplex delivery
is the potential role of autophagy. Thus, reports have indicated
that damage to endosomes caused by delivery agents can
trigger the autophagic process both for LPs and for polyplexes
[37,51,52]. However, it is not clear to what degree autopha-
gosome formation affects the functionality of the delivered
oligonucleotide, with some reports indicating a significant
effect via modulation of autophagy [51] and others indicating
the opposite [37]. In summary, there seem to be some sig-
nificant differences in the uptake and trafficking behavior of
polyplexes versus small LNPs, with perhaps more similarity to
the behavior of larger LPs. However, for polyplexes, there re-
main many unanswered questions concerning the precise locus
of oligonucleotide release as well as the mechanism of release.

Another interesting type of oligonucleotide nanocarrier is
the ‘‘spherical nucleic acid’’ (SNA) nanoparticle comprised
siRNA or ASOs tightly, but noncovalently bound to gold
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nanospheres [53]. These have been tested extensively in an-
imal models of cancer and other diseases and have some
desirable characteristics, including a high payload of siRNA,
and relatively small size [54]. In addition to gold, SNAs can
be formed from other nanostructures. In one case, ASO SNAs
based on gold nanoparticles and on quantum dots were
carefully examined in terms of cellular uptake and trafficking
[55]. The SNAs were found to traffick to LEs but did not
progress to LYs. A tiny fraction of intact SNA escaped to the
cytosol; the authors suggest that it is this fraction that is
responsible for the pharmacological effects of the SNAs.
The bulk of the material was degraded in LEs, and the oli-
gonucleotide fragments were released from the cells while
the nanoparticles were retained in endosomes. Obviously,
the behavior of these solid nonbiodegradable nanoparticles
is quite different from that of biodegradable LNPs or
polyplexes.

DNA or RNA nanostructures offer another interesting al-
ternative for oligonucleotide delivery [56]. Similar to SNAs,
the nanostructures are considerably smaller than typical lipid
or polymer nanoparticles, and this may offer some advan-
tages for in vivo distribution. Also, nanostructures can di-
rectly incorporate the ASO or siRNA as part of the structure
and thus may have a higher ratio of active agent to carrier
than is the case for conventional nanoparticles. Thus far,
there has been only very limited mechanistic work concern-
ing oligonucleotide delivery using nanostructures. A very
interesting report using tetrahedral nanostructures decorated
with targeting ligands showed that the placement of the li-
gand had an important influence on the effectiveness of the
siRNA component, although the reason for this was not clear
[57]. Another report used single-particle tracking to investi-
gate the fate of DNA nanostructures in cells, but this was not
coupled to functional effects [58].

To summarize, while there has been great interest in using
various types of polymeric or solid nanoparticles for oligo-
nucleotide delivery, there has only been limited explora-
tion of the underlying mechanisms of cellular uptake and
trafficking.

Trafficking of free oligonucleotides

Cellular uptake of ‘‘free’’ siRNA is very poor since its
phosphodiester backbone fails to bind significantly to cell
surfaces. The same is true of single-stranded oligonucleotides
having morpholino or peptide nucleic acid backbones. These
types of molecules require either incorporation into a carrier
complex or conjugation to a targeting ligand to permit effi-
cient uptake. In contrast, free PS-based ASOs and SSOs are
efficiently taken up by many types of cells by a process that is
sometimes termed ‘‘gymnosis’’ [59]. Initial binding of PS
oligos to the cell surface may involve a variety of receptors
and may differ in various cell types [6–8]. The intracellular
trafficking processes of PS oligos have recently been studied
in some detail by groups at the City of Hope medical center
and at Ionis Pharmaceuticals. There are both convergent and
divergent aspects of the interpretations reached by the two
groups.

An early study from the Ionis group delineated the exis-
tence of productive and nonproductive pathways for uptake
and trafficking of PS-ASOs [60]. Cellular uptake involved an
endocytotic process that was not dependent on clathrin or

caveolin, and most of the ASO accumulated in membrane
bound vesicles. The nonproductive uptake was thought to
involve ASO accumulation in LYs. A subsequent study de-
lineated a role for annexin 2, a membrane associated protein,
in the trafficking of ASOs from early to LEs and suggested
that release of ASO to the cytosol took place at the LE stage
[61]. Further studies from this group examined the relation-
ship between PS-ASO trafficking and the LE lipid LBPA
[62]. Colocalization of this lipid and the ASO was observed
in the ILVs that are found within LEs. In addition, treatments
that reduced or inhibited LBPA interfered with the antisense
effect. The authors suggest that back fusion of LBPA-rich
ILVs with the LE membrane may provide a mechanism of
release of the ASO to the cytosol. However, in this study, the
authors found no role for the ESCRT machinery in the de-
livery of the ASOs. This is surprising in view of the impor-
tance of this complex in ILV generation and in view of work
from another group that used a siRNA library to identify
TSG101, an ESCRT component, as important in oligonu-
cleotide delivery [63]. As an aside, it is interesting to note that
LBPA has recently been identified as having a key role in the
escape of a CPP from LEs [64], thus suggesting a common-
ality in oligonucleotide and peptide trafficking mechanisms.
In summary, work from the Ionis group emphasizes the role
of components of the endomembrane trafficking machinery
and suggests that ASO access to the cytosol and nucleus takes
place at the LE stage with the involvement of ILVs.

A somewhat different picture emerges from the work of
the group at City of Hope. In their original publication, they
emphasized that oligonucleotides taken up by gymnosis
primarily colocalized with cytoplasmic bodies, initially iden-
tified as P-bodies, which are organelles associated with RNA
processing [59]. In a subsequent report, the investigators
observed uptake of ASOs into endomembrane compartments,
particularly Rab 7 positive LEs, but also substantial coloca-
lization with GW bodies, another RNA processing site [65].
They also found an association of the ASO with Ago2 and
that reduction in Ago2 levels led to impaired antisense ef-
fects. Based on this and on other observations, the authors
suggest a cytoplasmic Ago2-dependent mechanism for ASO-
mediated message degradation; however, this mechanism is
distinct from RNA cleavage via the RISC complex.

Another study from this group focused on trafficking of
ASOs in the endomembrane system as regulated by protein
kinase C alpha (PKC-a) [66]. It had been known previously
that PKC isoforms play a role in regulating sorting in the
intracellular trafficking pathway. In this study, using both
chemical inhibitors and siRNA, levels of PKC-a activity
were reduced, leading to inhibition of ASO activity. By
contrast, increasing PKC-a activity improved ASO effects.
These observations were ascribed to the role of PKC-a in
promoting maturation of EEs to LEs. In summary, work from
this group agrees with that of the Ionis group in emphasizing
ASO trafficking to LEs as a critical step in delivery. How-
ever, it diverges in its emphasis on a key role for a cyto-
plasmic mechanism of mRNA degradation that involves
Ago2 and in suggesting that high levels of ASO are associ-
ated with GW- or P-bodies. It should be noted that other
groups investigating uptake by gymnosis have observed oli-
gonucleotides primarily associated with endomembrane
compartments rather than other cytoplasmic structures [67].
Another point to mention is that it is becoming clear that
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RNaseH-mediated RNA degradation can take place in the
cytosol as well as the nucleus [68]; thus, it may be possible to
reconcile divergent views on the importance of nuclear ver-
sus cytosolic ASO effects.

Trafficking of ligand-conjugated oligonucleotides

Conjugation of single- or double-stranded oligonucleo-
tides with a ligand that displays high affinity for a particular
receptor is potentially a powerful approach for increasing the
extent and selectivity of delivery. In this study, we will focus
on conjugates using relatively small peptide or carbohydrate
ligands rather than antibodies, aptamers, or other macromo-
lecular ligands.

The most advanced molecules to date are the siRNA gly-
coconjugates developed by Alnylam Pharmaceuticals. Con-
jugated siRNAs using triantennary N-acetyl galactosamine
(GalNac) ligands were taken up by hepatic asialoglycoprotein
receptors with great efficiency and attained effective target
knockdown both in cultured hepatocytes and in mouse liver
[69]. Although the first clinical trial with GalNac siRNA was
terminated because of unanticipated mortality in the treated
group, this exciting approach continues to generate a great deal
of interest with additional preclinical work and clinical trials
continuing [70]. In addition to siRNA conjugates, work is also
proceeding with GalNac ASO conjugates [71] as well as with
highly chemically modified charge neutralized versions of
siRNA [72]. Surprisingly, given the great potential of this
approach, there has been little detailed work on the intracel-
lular trafficking of the siRNA glycoconjugates. One important
question is whether the substantial pharmacological effec-
tiveness of the GalNac oligonucleotide conjugates depends on
some unique aspect of the hepatic endomembrane trafficking
system that is not found in other cell types.

Small peptides that bind to specific receptors constitute
another important class of ligands for oligonucleotide con-
jugates. Early studies utilized SSOs conjugated with bivalent
RGD peptides that interact with certain integrins, as well as
bombesin peptides that interact with a G-protein coupled
receptor [73,74]. These studies demonstrated receptor specific
uptake by clathrin or caveolar mechanisms followed by traf-
ficking of the conjugates to late endosomal compartments.
Also observed was a relatively slow onset of pharmacological
effect compared to delivery via lipid transfection, being more
similar to the case of gymnosis of unmodified ASOs [59].
Continued studies of this type revealed that the uptake pathway
could significantly affect the downstream pharmacological
activity. Thus, by varying the concentration of oligonucleo-
tide, equal uptake was attained for RGD-conjugated versus
unconjugated SSOs; however, the conjugate always pro-
duced a more robust effect [75]. A similar observation was
made using RGD-conjugated siRNAs of varying valency.
Thus, while bi-, tri-, and tetravalent conjugates accumulated
in cells to an equal degree, only the tri- and tetravalent ones
effectively ‘knocked down’ the target message [76]. Inter-
estingly, such highly ligand-dependent pharmacological ef-
fects of oligonucleotides have been seen in other, very
different, delivery systems, including DNA nanostructures
[57] and CpG oligonucleotide conjugates [77].

There has been substantial interest in conjugation of
siRNA with lipophilic ligands such as cholesterol. This
favors association of the siRNA with lipoproteins in the blood

and subsequent uptake by hepatic lipoprotein receptors [1].
However, until recently, the cellular trafficking mecha-
nisms of cholesterol-siRNA had not been well explored. An
interesting report has now shed some light on this topic by
following the cellular fate of a fluor-tagged, chemically
modified, cholesterol-conjugated siRNA [78]. Interestingly,
the Chol-siRNA trafficked in a pathway similar to EGF
peptide that involved EEs marked by the tethering protein
EEA1. In contrast, the Chol-siRNA did not enter a pathway
used by transferrin that involves EEs marked by Rabenosyn-
5, a Rab 5 effector protein. EEA1 endosomes usually traffick
toward LEs and LYs, while Rabenosyn-5 endosomes tend to
recycle to the plasma membrane. Thus, this report also sug-
gests the importance of the trafficking pathway and of de-
livery to LEs for robust siRNA action.

Conjugates of oligonucleotides with CPPs are also an in-
teresting approach for delivery [79,80]. In particular, inves-
tigators have extensively studied conjugates of CPPs with
uncharged morpholino or PNA oligonucleotides, especially
in the context of therapy of Duchenne muscular dystrophy
and of other neuromuscular disease [81]. Early studies con-
firmed that CPP-oligo conjugates were taken up by endocytosis
and displayed limited release from endomembrane vesicles
[82]. A more recent study compared uptake and trafficking of
CPP-morpholino oligo conjugates in skeletal muscle cells
versus cardiomyocytes and found differences in uptake
pathway (caveolin vs clathrin) and in distribution to the nu-
cleus and subsequent pharmacological effect [83]. Thus,
despite their potential importance for in vivo delivery of
uncharged oligonucleotides, there is only a limited amount of
detailed information available concerning intracellular traf-
ficking of CPP-oligonucleotide conjugates.

Small molecules that affect oligonucleotide trafficking

The complex protein and lipid machinery of intracellular
trafficking affords a number of targets for small molecules
that might be used to manipulate trafficking processes. Thus,
during the last few years, several groups have pursued this
approach in the context of oligonucleotide delivery. An early
report from my group found that a compound termed Retro-1,
that is known to block the retrograde trafficking pathway,
could enhance the effectiveness of ASOs and SSOs in cell
culture, as well as that of SSOs in a mouse model [84]. Retro-1
caused increased redistribution of oligonucleotides from en-
dosomes to the nucleus, but did not strongly affect lysosomes.

Encouraged by these results, we undertook high-throughput
screening (HTS) and discovered two novel families of small
molecules that strongly enhanced the pharmacological effects
of oligonucleotides by affecting their intracellular trafficking
[85,86]; we term such molecules OECs (oligonucleotide-
enhancing compounds). Other groups have also used HTS or
directed discovery to find small molecules that enhance oli-
gonucleotide effects by a variety of means [39,87–89]. In a
recent report, we investigated the mechanism of action of
OECs in some detail [90]. We determined that low but ef-
fective concentrations of OECs released oligonucleotides
from an early compartment in the trafficking pathway, before
entry into low pH compartments. However, EEs themselves
were refractory to the effects of OECs. Thus, the most likely
site of oligonucleotide release seems to be an intermediate
compartment such as MVBs or a mixed EE/LE population.
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At higher concentrations, OECs could cause loss of protons
from lysosomes, but the mechanism of toxicity was most
closely associated with an increase in plasma membrane
permeability.

Interactions of oligonucleotides with cytosolic
or nuclear proteins

Following release from membrane-limited compartments,
oligonucleotides can interact with multiple proteins in the
cytosol or nucleus [6]. These interactions might affect the
intracellular distribution and pharmacological capabilities of
the oligonucleotide. Several interesting recent reports have
explored this theme. One example of this is the report that
Ago2 binds and affects the actions of ASOs [65]. However,
this topic has been most extensively studied by Crooke and
colleagues who have examined the association of ASOs with
numerous proteins, including chaperonins, Hsp90, and RNA-
binding proteins [91–93], and have shown effects on oligo-
nucleotide distribution and on pharmacological actions.

Mechanistic Aspects of Oligonucleotide Trafficking
and Release from Endosomes

As outlined above, the intracellular fate of oligonucleo-
tides has been examined in most detail in three very distinct
delivery contexts; first, siRNA associated with LNPs or LPs,
second, ‘‘free’’ ASOs, and third, delivery using small mole-
cules. Remarkably, there is a clear convergence on an early
stage of the trafficking pathway as the key site of oligonu-
cleotide release to the cytosol. This, despite the fact that both
the delivery methodologies and the cell types used were quite
varied. Thus, with lipid particles, oligonucleotide release has
been described as being in a mixed EE/LE population [34], or
after Rab 5, coincident with Rab 7, and before LAMP1 as-
sociation with vesicles [37]. In the case of free ASOs, oli-
gonucleotide release from LEs by means of back fusion of
ILVs has been proposed [62]. For oligonucleotide enhancing,
small molecules release was described as being triggered
after the EE stage, but before entry into highly acidic down-
stream compartments [90]. Interestingly, despite the fact that
a substantial amount of oligonucleotide accumulates in LYs
release from this compartment does not seem to make a
strong contribution to the pharmacological effects of the ol-
igonucleotide, at least in the case of ASOs or SSOs taken up
by gymnosis [60,86,90]. These varied observations strongly
indicate that there is an early-intermediate locus in the traf-
ficking pathway that is uniquely predisposed to release oli-
gonucleotides from endomembrane vesicles. A question then
is what factors determine the site of oligonucleotide release
to the cytosol?

While the entire intracellular trafficking pathway is dy-
namic, there are some stages that are particularly active in
terms of small vesicles budding from or fusing to larger
membrane bound compartments. This includes the traffick-
ing of vesicles to the plasma membrane from recycling en-
dosomes, the retrograde diversion of materials from EEs to
the Golgi, and the action of the ESCRT complex and of
LBPA in the formation of ILVs within MVBs [20,32,94]. It
seems likely that oligonucleotide release might take place at
these highly dynamic loci. During the processes of vesicle
scission and fusion, defects in the lipid bilayer can occur
that may permit release of vesicle contents [95]. Thus, the

‘‘stalk’’ that develops between membrane compartments
during scission or fusion [96] is known to contain nonbilayer
regions [97,98], and such regions are known to have in-
creased permeability [99,100]. In the case of delivery via
LNPs or LPs, the cationic lipids used can promote formation
of nonbilayer regions in the membrane [101], thus enhancing
the endogenous process. Interestingly, both early/recycling
endosomes and MVBs/LEs have multiprotein complexes that
actively generate membrane buds. Yet, evidence to date
suggests that EEs do not readily release their contents while
MVBs or LEs do so. Is this difference based on differences in
the trafficking machinery in these compartments?

The heterotrimeric Retromer complex has been known to
play a key role in formation and delivery of membranous
vesicles from EEs to the trans-Golgi, although recent evi-
dence suggests that it also contributes to Rab 4- or Rab 11-
mediated recycling from EEs to the plasma membrane [102].
The core complex is associated with several SNX proteins
that contain BAR domains capable of membrane sensing and
stabilizing membrane curvature, while PX domains allow
recognition of the phosphoinositides typical of EEs. These
characteristics support the ability of the Retromer to alter
membrane topology and generate vesicles from EEs that then
traffic to other sites.

The five multiprotein complexes of the ESCRT system
(ESCRTs -0, -I, -II, -III, and the Vps4 complex) drive the
formation of ILVs as well as cytokinesis and the budding of
membrane vesicles or virus particles at the cell surface. Im-
portantly, the topology of ESCRT-mediated budding is the
converse of that which occurs during all other aspects of
endocytosis and trafficking [103]. The ESCRT III complex is
most directly involved in the membrane sculpting involved in
ILV generation. Under the influence of the earlier ESCRT
components, the multiple protein subunits of ESCRT III in-
teract with acidic lipids on the endosome cytoplasmic surface
and undergo oligomerization. This results in the formation of
coiled protein filaments that drive invagination of a mem-
brane bud into the endosome interior and ultimately scission
of the bud to form an ILV. It should be noted that several
alternative mechanisms of ILV formation have been de-
scribed involving various components of the ESCRT system
as well as accessory proteins [104].

An important aspect of membrane dynamics in trafficking
concerns the role of lipids. For example, in studies of
SNARE-mediated membrane fusion, it has become clear that
the recruitment of fusogenic lipids to the fusion site plays a
role in the process [98]. As mentioned previously, there are
gradients of lipid composition in the endomembrane traf-
ficking pathway [33]. Of particular interest is the unsaturated
anionic lipid LBPA that has been implicated in the trafficking
of both oligonucleotides [62] and peptides [64]. LBPA is
located on the inner face of MVB/LE membranes and in ILVs
[105]. LBPA cooperates with the ESCRT-associated protein
Alix to regulate aspects of vesicle biogenesis and the sorting
of endosomal constituents [106]. LBPA and Alix seem to be
particularly important in the process of back fusion, whereby
ILVs fuse with the limiting membrane of the MVB or LE
compartments. The back fusion process has been suggested as
a key site of release of ‘‘free’’ ASOs [62]. This would entail
transfer of oligonucleotides across a lipid bilayer membrane
into the lumen of the ILV. At first, this seems a daunting
prospect considering the polar nature of oligonucleotides.

172 JULIANO



However, it should be noted that ILVs are quite small (*50
nanometers) and thus have a very high membrane curvature
[107]. This produces strain on the bilayer [100] and, in
conjugation with membrane perturbing lipids such as
LBPA, may induce transient formation of leaky nonbilayer
sites in the ILV membrane, thus permitting oligonucleotide
escape. However, questions remain as to the precise role of
LBPA in ASO release and whether LPBA/Alix also plays a
role in release of oligonucleotides delivered by other means
such as LNPs.

The main point of this short summary is to point out that
the membrane budding processes catalyzed by the Retromer
and those catalyzed by the ESCRT complex are very different
both topologically and mechanistically. It seems possible that
ESCRT-mediated budding creates membrane defects that are
‘leakier’ than those created by the Retromer complex, and
that this is the basis for oligonucleotide escape from inter-
mediate compartments rather than EEs.

It is worthwhile to consider how some of these questions
about the site and mechanism of oligonucleotide release
might be answered. One approach could be the use of model
systems. Our understanding of the basic biology of intracel-
lular trafficking owes a great deal to experiments where
proteins or lipids thought to be involved in trafficking were
reconstituted into model membranes (liposomes) [98]. An
interesting relevant example is a study that showed that
LPBA itself could cause invagination of liposome mem-
branes to form ILV-like structures [108]. Thus, reconstitution
of Retromer or ESCRT-III constituents, as well as LBPA,
into oligonucleotide-loaded liposomes may provide some
very interesting insights that could precisely identify the key
molecules involved in oligonucleotide release from en-
domembrane compartments.

Another set of related questions concerns whether oligo-
nucleotides are released as a burst or gradually, whether re-
lease from an endosome is complete or not, whether release
alters the morphology of the endomembrane compartment,
and in the case of delivery with a carrier, whether the carrier
is also released. The existing literature is somewhat confused
regarding these issues. Thus, one study with lipid complexes

suggested a bursting mechanism [37], while another indi-
cated gradual release [34]. Studies with polyplexes have
suggested that the carrier moiety largely remains within en-
dosomes [46], while studies with lipid carriers suggest ex-
tensive recycling of siRNA to the exterior of the cell via lipid
transport mechanisms that presumably also transport the
carrier [36]. Some reports have indicated that generation of
leaky endosomes is followed by autophagy (and thus
eventual digestion of the endosome)[37,51]. However, we
have not observed any substantial changes in the extent or
morphology of endomembrane structures during the oligo-
nucleotide release process mediated by small molecules
[90]. Yet, another issue is whether there are size limitations
on escape of oligonucleotides from endosomes. Clearly
cationic lipid carriers can deliver very large cargoes such as
mRNA or plasmids. However, what about the endogenous
mechanism that leads to escape of ASOs taken up by
gymnosis or the escape mediated by small molecule en-
hancers? Many of these contradictions and questions should
be addressable using current sophisticated quantitative mi-
croscopic techniques along with appropriate fluorescent
probes. Thus, dual tagging of the oligonucleotide and its
carrier, as well as simultaneous expression of a compatible
fluorescent compartment marker protein, could yield insight
into multiple unresolved questions about the site and extent
of oligonucleotide release. Likewise conjugation of oligo-
nucleotides to dextrans of different average molecular
weight could help probe the size restrictions of the escape
pathway.

As discussed above, recent studies have tracked the site of
oligonucleotide release to an early-intermediate locus in the
trafficking pathway, perhaps MVBs or an EE/LE hybrid.
However, the broad definitions of compartments may need
further refinement as it is becoming clear that each major
endomembrane compartment likely has subcompartments.
A very relevant example of this is the study that showed
that cholesterol-conjugated oligonucleotides were associated
with EEs marked with EEA1 but not those marked with
Rabenosyn-5 [78]. Going further afield, within the Golgi
system, it is clear that there are subpopulations of vesicles

FIG. 2. Model of Oligonucleotide Release
from an Intermediate Endomembrane
Compartment. (1) Formation of ILVs by
ESCRT-mediated budding from the
compartment-limiting membrane. (2) Re-
lease of ILV contents to the cytosol by back
fusion of ILVs with the limiting membrane.
Oligonucleotide movement across mem-
branes takes place at discontinuities located
in nonbilayer regions as indicated by curved
arrows. ESCRT, endosomal sorting complex
required for transport; ILV, intraluminal
vesicle.
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that traffick between different compartments and that are
marked by different tethering proteins and SNARES [29]. As
another example, in the trafficking of alpha-adrenorecptors,
there are distinct pools of endosomes that signal differently
[109]. Thus, a key question is whether oligonucleotide release
takes place from an entire major compartment or whether there
is a specific subcompartment that is responsible.

Another potential concern is whether attempts to enhance the
delivery of oligonucleotides will disrupt endogenous trafficking
pathways and the signaling processes that accompany them. An
interesting, although rather extreme, example of this is the well-
known study showing that very high levels of expression of
shRNA can impair nuclear–cytosol trafficking of endogenous
miRNA [110]. Thus, studies where oligonucleotide trafficking,
with or without use of delivery agents, is examined in parallel
with studies of trafficking of well-understood markers such as
transferrin or LDL may help to identify potential deleterious
effects on endogenous mechanisms.

Finally, playing the role of devil’s advocate, one could ask
whether it is really important to identify compartments as-
sociated with oligonucleotide release, and whether trying to
enhance release is a good idea or not. The growing evidence
that an intermediate compartment is involved may simply
mean that there is more oligonucleotide in that compartment
than anywhere else rather than that there is a selective release.
Quantitative fluorescence microscopy with appropriate pro-
tein compartment markers could measure the total content of
oligonucleotide in various subcellular compartments and thus
answer this question. The second question is more difficult.
Animal and clinical studies [1,5] have shown quite good
long-term effects of ASOs and SSOs that are taken up by
gymnosis, with no enhancing entity, that presumably slowly
and spontaneously leak into the cytosol from an endo-
membrane depot. Nonetheless, the potency of ASOs and SSOs
remains low, thus arguing that mobilization of the en-
domembrane pool may be valuable.

Summary

By drawing on the multiple studies of oligonucleotide
trafficking, it now seems possible to generate a hypothesis
about the locus and mechanism of oligonucleotide release to
the cytosol (Fig. 2). Essentially, all forms of oligonucleotide
delivery result in uptake by endocytosis followed by traf-
ficking to EEs. However, productive release of oligonucle-
otide does not take place from this compartment despite its
dynamic nature. Rather, oligonucleotides escape to the cy-
tosol from an intermediate compartment in the trafficking
pathway. This may be MVBs or hybrid EE/LE structures. The
essential element is the presence of the ESCRT machinery
and the formation of ILVs. ESCRT-mediated budding into
the endomembrane lumen, or alternatively back fusion of
ILVs to the cytosol, results in creation of unstable nonbilayer
regions with transient formation of discontinuities that permit
exit of oligonucleotides. Lipids that promote membrane
disorder, such as LBPA, are recruited by the ESCRT ma-
chinery to the site of ILV production and contribute to the
nonbilayer regions. Delivery agents such as cationic LPs or
polyplexes or small molecule enhancers can accentuate this
endogenous process and increase the rate and extent of oli-
gonucleotide release by interacting with lipid or protein
components of the ILV formation machinery. As noted

above, there are still many unresolved questions concerning
oligonucleotide trafficking. However, the tools to answer
these questions are now within reach.
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