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We have identified the existence of a productive, PKC-
α-dependent endocytotic silencing pathway that leads 
gymnotically-delivered locked nucleic acid (LNA)- 
gapmer phosphorothioate antisense oligonucleotides 
(ASOs) into late endosomes. By blocking the matura-
tion of early endosomes to late endosomes, silencing 
the expression of PKC-α results in the potent reduc-
tion of ASO silencing ability in the cell. We have also 
demonstrated that silencing of gene expression in the 
cytoplasm is vitiated when PKC-α expression is reduced. 
Restoring PKC-α expression via a reconstitution experi-
ment reinstates the ability of ASOs to silence. These 
results advance our understanding of intracellular ASO 
trafficking and activity following gymnotic delivery, and 
further demonstrate the existence of two distinct silenc-
ing pathways in mammalian cells, one in the cytoplas-
mic and the other in the nuclear compartment.

Received 7 December 2015; accepted 18 February 2016; advance online  
publication 12 April 2016. doi:10.1038/mt.2016.54

INTRODUCTION
Antisense oligonucleotides (ASOs) target their complementary 
sequences on mRNA to produce gene silencing.1 Many of these 
ASOs contain phosphorothioate (PS) backbones; because of 
their length and negative charge, it had long been assumed2 that 
PS ASOs could not penetrate cell membranes. Thus, for the past 
several decades, numerous encapsulation strategies have been 
employed to overcome this problem. It is “commonly accepted” 
that PS ASOs, when encapsulated in transfection vehicles, enter 
cells via endocytosis.3,4 Evidence exists that under these condi-
tions, they are then transported to the cell nucleus,5,6 where they 
interact with TCP1-complex proteins, form nuclear “speckled” 
bodies,5,7 and attract RNase H.8

However, transfection is neither required for the PS ASO 
delivery nor for ASO function. Gap-mer ASOs that consist of a PS 
backbone and two or three locked nucleic acid (LNA9) moieties 

at the 3’ and 5’ molecular termini have been shown to penetrate 
cells, and to produce profound, Watson-Crick-dependent gene 
silencing.10 This process is referred to as gymnosis, as the ASOs 
are delivered naked (i.e., without any encapsulation or conjuga-
tions). Gymnosis has often been confused with the process of “free 
uptake”, though the two are not identical. In general, “free uptake” 
is a term employed to note only that PS ASOs become associated 
and are internalized by cells, but not that they subsequently have 
an intracellular silencing function, as in gymnosis.10 Gymnosis 
has been demonstrated in numerous cell types and animal mod-
els,11–13 and with several other end-capped chemical modifications 
in addition to LNAs.14,15 In first step of the gymnosis process, 
naked PS ASOs bind directly to numerous, heparin- binding cell 
surface proteins16; these proteins, which may differ both by cell 
type and in their binding affinity for PS ASOs, have been well-
characterized in only a very few cases.17–19 Internalization then 
occurs via the combined processes of adsorptive endocytosis and 
pinocytosis (fluid phase endocytosis).20

The subcellular fate of gymnotically delivered ASOs is being 
increasingly understood. In a recent work,21 we took note of 
the observation that gymnotic gene silencing occurs at sub-
stantially lower nuclear ASO concentrations than does silenc-
ing post- transfection (e.g., with encapsulating reagents such as 
Lipofectamine). Consistent with this observation, we found that 
gymnotic  silencing can also occur in the cell cytoplasm through an 
Ago-2-dependent mechanism, though we also demonstrated that 
Ago-2 does not appear to be the mRNA cleavage enzyme. These, 
in combination with other results presented in ref. 21, showed that 
gymnotically delivered antisense LNA PS oligos produce pro-
found cytoplasmic gene silencing. Furthermore, they accomplish 
this by using some of the components of the endogenous siRNA 
silencing machinery.21

However, the process by which gymnotically delivered ASOs 
become associated with the RNA silencing machinery is not 
understood. In this paper, we demonstrate that protein kinase C 
(PKC), a family of serine-threonine kinases22,23 that consists of 11 
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isoforms, is critically important for gene silencing via gymnosis. 
PKC has previously been identified as having a role in regulat-
ing endocytosis24,25; it is also found in caveolae.26 One isoform 
in particular, PKC-α, has been shown to regulate the sorting of 
molecules in endosomal compartments.24,27,28 Critically, PKC-α 
has also been shown to promote maturation of early to late endo-
somes (also known as multivesicular bodies (MVBs)29).

In this work, we silenced PKC-α by several methods. These 
included the use of Go6976, a small molecule inhibitor of the 
classical, Ca++ and phospholipid-dependent PKC isoforms (α, βI, 
βII, and γ); we also employed anti-PKC-α siRNA and shRNA 
strategies to downregulate the expression of PKC-α protein. 
Every one of these methods demonstrated that the silencing of 
PKC-α blocks gymnotic silencing of a targeted Bcl-2 mRNA. 
Reconstitution of the anti-PKC-α shRNA phenotype by transfect-
ing a plasmid encoding a full length PKC-α mRNA restored ASO 
function. In addition, we demonstrated that activators of PKC 
(e.g., oleic acid and high glucose), stimulated gymnotic silencing 
of the targeted Bcl-2 mRNA. Our data suggest that if the PKC-
α-dependent maturation of early endosomes to late endosomes 
(i.e., MVB) is blocked by the downregulation of PKC-α protein 
expression, gymnotic silencing can be suppressed. These data are 
critical for our understanding of the intracellular ASO trafficking 
after gymnosis, as it has been demonstrated that MVBs and GW 
bodies are in physical contact.30 Our results potentially provide 
the crucial link between intracellular trafficking and LNA gap-
mer ASO induced gene silencing. They are important not only for 
our mechanistic understanding of the behavior of ASOs, but also 
because this technology has recently experienced a clinical rena-
scence, as evidenced by the increased number of early stage clini-
cal trials with PS ASOs and the continued clinical development of 
LNA ASOs.

RESULTS
The maturation of early to late endosomes is 
essential for effective antisense function
We have previously demonstrated that antisense LNA PS gap-
mer oligonucleotides (LNA-ASOs) bind to the PAZ domain of 
Ago-2 and, similar to siRNAs, colocalize to GW-bodies.21 The 
Ago-2  protein is important for LNA-ASO function, possibly by 
transporting the LNA-ASOs to the GW-bodies,21 which are physi-
cally in contact with late endosomes.30 We therefore speculated 
that blocking access to the late endosomal compartment should 
result in loss of LNA-ASO function. To evaluate this possibility, 
we generated lentiviral-transduced stable cell lines expressing 
an shRNA targeted to PKC-α (PKCα-shRNA) or a nontargeting 
shRNA control (Cntr-shRNA). The stable anti-PKC-α shRNA 
strongly suppressed its target, resulting in less than 10% residual 
PKC-α protein (Figure 1a). It has previously been demonstrated 
that silencing of PKC-α protein expression blocks early-to-late 
endosome maturation.31 Conversely, its overexpression induces 
early-to-late endosome maturation, as shown by the increase of 
the late endosomal marker rab9, in cells overexpressing PKC-α.29 
As expected, silencing of PKC-α protein expression coincided with 
a block of early-to-late endosome maturation, as indicated by the 
strong reduction of Rab7 protein expression (Figure 1b). Rab7 is 
generally considered a good marker for late endosomes, although 

the function of this protein has not been completely settled.32 
Of note, we have previously determined21 that once internalized 
after gymnosis, at least some of the LNA-ASO colocalizes with 
Rab7, placing it in late endsomes. However, LNA-ASOs can also 
be found in other compartments, including lysosomes. We then 
compared the activity of the anti-Bcl-2 LNA-ASO in the HT1080 
wild-type cell line (Figure 2a), the control cell line (Figure 2b), 
and the PKC-α-depleted cell line (Figure 2c). In contrast to what 
was observed in the parental and control cell lines, where the 
anti-Bcl-2 LNA-ASO maintained its activity unaltered, we found 
that under the conditions of the experiment, the diminution in 
levels of PKC-α resulted in a dramatic decrease in the ability of 
the LNA-ASO to silence Bcl-2 protein expression (Figure 2a–c,e). 
The silencing of PKC-α protein expression in HT1080 cells—that 
express a specific shRNA directed to the PKC-α mRNA—results 
in the loss of Bcl-2 protein expression in a concentration-depen-
dent manner when cells are treated with the anti-Bcl-2 LNA-
ASO (Figure 3). However, we would like to carefully point out 
that at greatly increased concentrations of anti-Bcl-2 LNA-ASO, 
the block of Bcl-2 silencing after PKC-α silencing can be at least 
partially overcome (Supplementary Figure S1). At these higher 
concentrations (which are probably not physiologically relevant), 
other non-PKC-α-dependent mechanisms may regulate endo-
somal trafficking, LNA-ASO endosomal escape, and silencing 
ability

In addition to shRNA-directed silencing of PKC-α, we also 
treated the HT 1080 parental cell line with Go6976, a known 
small-molecule PKC-α inhibitor. Go6976 is an inhibitor of the 
classical isoforms of PKC (i.e., PKC-α, βI, βII and γ.33 However, 
PKC-γ is central nervous system-specific, and we could not detect 
any PKC-β in HT1080 cells by Western blotting (not shown)). In 
concordance with the results presented above, Go6976 treatment 
resulted in loss of LNA-ASO activity (Figure 2d,f). To evaluate 
if the block of ASO function was specific to the silencing of the 
PKC-α isoform, we performed similar experiments with shRNAs 
targeted to PKC-δ, a nonclassical isoform. Despite a profound 
reduction in protein expression (Figure 4a and Supplementary 

Figure 1  Silencing of PKC-α reduces late endosome formation. 
(a) HT1080 cells were transduced with a nontargeting shRNA control 
(Cntr shRNA) or a specific shRNA directed to the PKC-α mRNA (PKCα 
shRNA). Western analysis demonstrates effective and specific silencing of 
PKC-α protein expression in the derived stable cell line. The mock con-
trol indicates the parental un-transduced cells. α-tubulin was the loading 
control. (b) Silencing of PKC-α protein expression reduces late endo-
some formation as indicated by the concomitant reduction of Rab7 pro-
tein (a marker for late endosomes) in cells expressing the PKC-α shRNA 
(PKC-α shRNA), but not the nontargeting shRNA control (Cntr shRNA). 
Two technical replicates are shown. α-tubulin was the loading control.
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Figure S2a), ASO activity was not affected (Figure 4b and 
Supplementary Figure S2a).

Increasing PKC-α expression improves ASO silencing 
function in mammalian cells
Our results indicated that in our system, impeding the maturation 
of late endosomes resulted in loss of LNA-ASO activity. Therefore, 
we hypothesized that driving the maturation of late endosomes 
by PKC-α overexpression29 should result in the opposite outcome, 
i.e., increasing the ability of the LNA-ASO to silence its target. To 
evaluate this possibility, we transfected HT1080 cells with a vec-
tor expressing either a full-length PKC-α mRNA (Vect-PKCα) or 
with the control vector backbone (Vect-Cntr). After confirming 
that PKC-α protein expression was significantly increased in the 
PKC-α-transfected cells (Figure 5a), we gymnotically delivered 
the LNA-ASO to the vector control (Figure 5b, lanes 1–4) or to 
the vector-PKCα (Figure 5b: +PKCα lanes 5–8) transfected cells 

and analyzed the ability of the ASO to silence Bcl-2. A scrambled 
LNA-ASO was used as a control (Figure 5b: Cntr-ASO). Western 
blot analysis demonstrated that increasing PKC-α expression 
(+PKCα) enhanced the ability of the LNA-ASO to silence Bcl-2 
protein expression (Figure 5b: Compare Cntr-ASO versus Bcl-
2-ASO in vector-transfected cells (lanes 1–4) with Cntr-ASO 
versus Bcl-2-ASO in PKC-α-transfected cells (lanes 5–8) and 
Supplementary Figure S2b).

To confirm these results, we employed two other methods 
known to increase the activity of PKC-α (i) Growing the cells in 
high glucose (HG) media34; and (ii) treating the cells with oleic 
acid.35,36 Western blot detection confirmed that both experimen-
tal conditions (+HG and +OA) induced endosomal  maturation, 
as shown by the increased expression of Rab7 (Figure 6a and 
Supplementary Figure S2c). Cells maintained in media sup-
plemented with high glucose concentrations resulted in more 
potent anti-Bcl-2 LNA-ASO dependent silencing of Bcl-2 protein 

Figure 2 Silencing of PKC-α protein expression reduces anti-Bcl-2 LNA-ASO activity in cells. Intracellular levels of Bcl-2 protein were detected by 
western analysis: (a) HT1080 parental cells (mock) were treated with either a control ASO (Cntr-ASO) or varying concentrations of the anti-Bcl-2 LNA-
ASO. In this representative Western, two experimental lanes for each concentration are shown. (b) The same as above, except that HT1080 parental 
cells were initially transduced with a nontargeting shRNA control. (c) Same as in a and b, except that the treated HT1080 cell line was initially 
transduced with a specific shRNA directed to the PKC-α mRNA (d) HT1080 cells were treated with Go6976, a chemical inhibitor of PKC-α activity. 
(e) LNA-ASO activity is impaired in a stable HT1080 cell line transduced with PKC-α shRNA (PKC-α sh-ASO) but not when transduced with a control 
shRNA (Cntr-sh-ASO). The LNA-ASO was delivered in both cell lines at 0.5 and 1 μmol/l. The graph represents a combined analysis of five different 
experiments including five technical replicates. Values were normalized to the α-tubulin loading control and to the mock (not shown), which was 
normalized to unity; P (Student’s t-test) = 0.002 (0.5 μmol/l) and 1.7E−05 (1 μmol/l). (f) LNA-ASO activity is impaired in cells treated with Go6976, 
a chemical inhibitor of PKC-α. The LNA-ASO was delivered at 0.5 or 1 μmol/l in untreated (ASO-0.5 and ASO-1) or treated (Go6976-ASO-0.5 and 
Go6976-ASO-1) cells. The graph represents a combined analysis of three different experiments, including four technical replicates. Values were nor-
malized to α-tubulin as loading control and to the mock control (not shown); P (Student’s t-test) = 0.005 (0.5 μmol/l) and 0.001 (1 μmol/l).
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expression (Figure 7a,b: compare Cntr-ASO versus Bcl-2-ASO 
in low glucose maintained cells (lanes 1–4) with Cntr-ASO vs. 
Bcl-2-ASO in HG maintained cells (lanes 5–8)). Similarly, LNA-
ASO-dependent Bcl-2 silencing was more potent in cells treated 
with OA (Figure 7c,d); compare Cntr-ASO versus Bcl-2-ASO 
in untreated cells (lanes 1–4) with Cntr-ASO vs Bcl-2-ASO in 
OA-treated cells (lanes 5–8). An experiment demonstrating the 
concentration-dependent, anti-Bcl-2 LNA-ASO silencing of Bcl-2 
protein expression, when cells are maintained in HG or treated 
with OA, is shown in Supplementary Figure S3.

To confirm that OA or HG had not simply altered the cellu-
lar uptake of ASO, we performed a flow cytometry analysis using 
the analogous 5’-Cy5-labeled ASO. The results demonstrated the 
lack of any significant increased uptake of the 5’-Cy5-labeled 
LNA-ASO in the HG or OA-treated cells versus the untreated cells 
(Figure 6b).

In all cases, increasing maturation of late endosomes via 
increased PKC-α expression (via transfection of Vect-PKCα) or 
activity (via HG or OA treatment) resulted in enhanced LNA-
ASO silencing activity of the targeted Bcl-2 gene (Figures 5b 
and 7a–d and Supplementary Figures S2b and S3). To further 
emphasize the role of PKC-α in facilitation LNA-ASO silenc-
ing, we performed a reconstitution experiment in which we 
reintroduced PKC-α into the stable cell line expressing the 
anti-PKC-α shRNA (Supplementary Figure S4, Figure 8a,b 
and Supplementary Figure S5). As previously demonstrated, 
gymnosis of the anti-Bcl-2 LNA-ASO in cells depleted of PKC-
α resulted in loss of effective silencing of the target gene (Figure 
8a: Compare Cntr-ASO vs. Bcl-2-ASO). However, the reinstate-
ment of basal, endogenous levels of PKC-α protein by transfect-
ing the PKC-α expression vector (+PKCα and Supplementary 
Figure S4) restored the ability of the LNA-ASO to silence Bcl-2 
protein expression (Figure 8a,b and Supplementary Figure S5). 

Similar experiments were conducted in A431 cells, with essen-
tially identical results (not shown).

We confirmed that the loss of LNA-ASO activity in cells 
in which PKC-α had been downregulated was not a phe-
nomenon confined solely to the Bcl-2 gene. To accom-
plished this, we  gymnotically delivered a control LNA-ASO 
(Supplementary Figure S6a, Cntr-ASO) or an anti-eGFP LNA-
ASO (Supplementary Figure S6a, eGFP-ASO) to the control cell 
line (Supplementary Figure S6a, Cntr-shRNA), and the PKC-α-
depleted cell line (Supplementary Figure S6a, PKCα-shRNA). 
Twenty-four hours following gymnotic delivery, we transfected 
an eGFP target mRNA. The results are consistent with our pre-
vious findings21 that demonstrated a reduction of the silencing 
ability of the anti-eGFP LNA-ASO in the PKC-α-depleted cells 
(Supplementary Figure S6a, compare Cntr-shRNA + eGFP-
ASO with PKCα-shRNA + eGFP-ASO).

There are striking similarities between these observations 
and our previous21 and current studies with siRNAs. Therefore, 
in an identical experiment as above, we replaced the anti-eGFP 
LNA-ASO with an anti-eGFP siRNA. This was done to evaluate 
if PKC-α depletion could also affect siRNA function. The results 
demonstrate that reduction of PKC-α protein expression also 
affects the silencing ability of siRNAs (Supplementary Figure S6b,  
compare Cntr-shRNA + eGFP-siRNA with PKCα-shRNA + 
eGFP-siRNA).

DISCUSSION
Protein kinase C is a family of serine/threonine protein kinases 
that regulate numerous cellular properties, including differentia-
tion, proliferation, and apoptosis. The protein kinase C family 
is comprised of three classes: The classical isoforms (PKC-α, β, 
and γ) contain diacylglycerol and calcium binding domains, while 
the novel isoforms (PKC-δ, ε, η, and θ) retain the ability to bind 
diacylglycerol but not calcium. The atypical isoforms (ζ and ι/λ) 
are regulated independently of either diacylglycerol or calcium.37 

Figure 3 Cells with silenced PKC-α expression demonstrate a concen-
tration-dependent block of anti-Bcl-2 LNA-ASO activity. (a) Western 
analysis of Bcl-2 protein expression in stable HT1080 cells expressing a 
nontargeting shRNA control (Cntr shRNA), and treated with increasing 
concentrations of the anti-Bcl-2 LNA-ASO. (b) Intracellular levels of Bcl-2 
protein in HT1080 expressing a specific shRNA directed to the PKC-α 
mRNA (PKCα shRNA), and treated with increasing concentrations of the 
anti-Bcl-2 LNA-ASO. In this representative Western, three experimental 
lanes for each concentration are shown. The mock control indicates the 
parental un-transduced cells. α-tubulin was the loading control.
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Figure 4 Silencing of PKC-δ does not affect anti-Bcl-2 LNA-ASO 
activity in cells. (a) HT1080 cells were transduced with a nontargeting 
shRNA control (Cntr-shRNA) or a specific shRNA directed to the PKC-δ 
mRNA (PKCδ-shRNA). Western analysis demonstrates effective and spe-
cific silencing of PKC-δ protein expression in the derived stable cell line. 
The mock control indicates the parental, un-transduced cells. α-tubulin 
was the loading control. (b) In this representative Western, HT1080 
parental cells (Mock), were initially transduced with a specific shRNA 
directed to the PKC-α mRNA, or with a shRNA directed against the PKC-
δ mRNA. They were then treated with either a control ASO (Cntr-ASO) 
or varying concentrations of the anti-Bcl-2 LNA-ASO. α-tubulin was the 
loading control. Supplementary Figure S2a presents an analysis of 
these data. α-tubulin was the loading and normalization control.
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Not all PKC isoforms are found in all cell lines. Of the classical iso-
forms, PKC-γ is essentially confined to neural tissue,38 while PKC-
β is absent from porcine endothelial cells39 and from HeLa cells 

as well.40 Similarly, in the HT1080 cells employed in our experi-
ments, PKC-β immunoreactivity was not detected, making PKC-
α the dominant, if not the sole, classical PKC isoform present.

The PKC-α protein can reside on the plasma membrane, where 
it is found in caveolae26,41; from that site, PKC-α appears to regu-
late the internalization of caveolae.42 LNA-ASOs bind to numer-
ous heparin-binding proteins on the cell surface, some of which 
may be located in caveolae. However, in our experiments, HT1080 
cells in which PKC-α protein expression has been knocked down 
internalized LNA-ASOs at to the same extent as wild-type or con-
trol cells (not shown).

Nevertheless, PKC-α appears to play a significant role in the 
endocytosis process. For example, it has been shown27 that PKC-α 
is a critically important protein in the recycling of the PDGF-β 
receptor. In addition, activated PKC-α-GFP has been shown to 
localize, at least in part, to c-met-expressing endosomes, where it 
appears to control post-early endosomal trafficking of the recep-
tor to a peri-nuclear compartment.40 Other cell surface molecules, 
such as the norepinephrine transporter43 and synaptotagmin IX44 
also appear to be internalized and sequestered in a PKC-α depen-
dent manner, and a PKC-α-dependent subset of recycling endo-
somes has also been characterized.44 PKC-α has been implicated 
in the maturation of phagosomes,31 and its overexpression has 
been shown to lead to an increase in the cellular production of 
Rab9,29 a marker of late endosomes.45 As it is “commonly accepted 
that antisense oligonucleotides usually enter cells via endocy-
tosis”,3 the ability of PKC-α to regulate endosomal trafficking is 
thus concordant with our observations on its ability to regulate 
the endosomal trafficking of internalized LNA-ASOs. However, 
as mentioned above, the cell surface proteins/receptors to which 
LNA-ASO adsorb are as yet unknown, except in a few defined 
cases.

Protein kinase C isoforms regulate a multitude of cellular 
processes and can reversibly modulate protein function. Most of 
these isoforms, including PKC-α, are upstream of and contribute 
to the regulation of signaling networks. They also display a cer-
tain degree of redundancy by sharing several common substrates. 
However, each PKC enzyme also possesses its own unique role. 
We employed various strategies to determine if other PKC iso-
forms (δ, ε, γ, β I and β II) would reduce LNA-ASO silencing in 
cells comparable to after silencing of PKC-α protein expression. 
However, the effects on LNA-ASO silencing, if any, were negli-
gible (Figure 4 and not shown). However, we cannot exclude the 
possibility that these or additional PKC isoforms could have a role 
in modulating LNA-ASO silencing in other systems, or under dif-
ferent experimental conditions.

We have used five different, complementary methods to prove 
that PKC-α activity is necessary for effective LNA-ASO anti-
sense activity. Of note, LNA-ASO silencing is consistent with an 
antisense mechanism; this has been shown by the concomitant 
reduction of Bcl-2 mRNA and protein21. These complementary 
methods include: (i) Downregulating PKC-α expression by an 
siRNA strategy; (ii) inhibiting PKC-α activity by treatment with 
the PKC classical isoform inhibitor Go6976; (iii) increasing the 
expression of PKC-α by delivery of a PKC-α expressing plasmid; 
(iv) increasing the activity of PKC-α by treatment with HG or 
OA; and (v) performing a reconstitution experiment to restore 

Figure 5 Overexpression of PKC-α protein enhances the intracellular 
function of the anti-Bcl-2 LNA-ASO. (a) Detection of PKC-α protein 
by Western analysis demonstrates its overexpression in cells transfected 
with the PKC-α expression vector (Vect-PKC-α), but not in cells trans-
fected with the control vector (Vect-Cntr). The mock control indicates 
intracellular levels of PKC-α protein in un-transfected cells. α-tubulin (α-
Tub) is the loading control. (b) Western analysis demonstrates intracel-
lular levels of Bcl-2 protein in parental HT1080 cells transfected with a 
vector control (lanes 1–4) or with the same vector expressing PKC-α 
(+PKC-α; lanes 5–8). These cells were then treated with 1 μmol/l of the 
control, scrambled ASO (Cntr-ASO; lane 1–2 and 5–6) or with 1 μmol/l 
of the anti-Bcl-2 LNA-ASO (Bcl-2-ASO; lane 3–4 and 7–8). Silencing of 
Bcl-2 protein expression by the anti-Bcl-2 LNA-ASO increases when PKC-
α is overexpressed (Bcl-2-ASO, +PKC; compare lanes 1–2 with 3–4, and 
lanes 5–6 with 7–8). Supplementary Figure S2b presents an analysis 
of these data. α-tubulin was the loading and normalization control.
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Figure 6 High glucose and oleic acid treatment increases cellular Rab7 
expression but do not alter LNA-ASO cellular uptake. (a) Western 
blot detection demonstrates that growing HT1080 cells in high glucose 
media (+HG) or treatment with oleic acid (+OA) induced endosomal 
maturation, as shown by the increased expression of the late endosomal 
marker Rab7. Supplementary Figure S2c presents an analysis of these 
data. α-tubulin was the loading and normalization control. These results 
are consistent with previously published observations35,36 (b) HT1080 
parental cells were grown in 1 g/l glucose-containing media (MEM) or 
in 4 g/l high glucose-containing media (HG), or preincubated with 150 
μmol/l OA in MEM media (+OA) prior to the addition of a Cy5-labeled 
anti-Bcl-2 LNA-ASO. Flow cytometry data analysis indicates that there is 
no greater ASO uptake in the treated cells. For +HG, P (Student’s t-test) 
= 0.009 and for OA, P (Student’s t-test) = 0.007
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ASO activity in PKC-α-depleted cell lines. Oleic acid is a well-
known activator of PKC-α46,47 and causes a redistribution of the 
protein from the cytosol to the membrane. More recently, we 
have demonstrated14 that treatment of several cell lines by oleic 
acid and by other polyunsaturated fatty acids increases the gene 
silencing activity of LNA-ASOs. Increasing the ambient glucose 
concentration has also been shown to activate PKC-α in tissue 
culture experiments.34 It is of interest that the glucose concentra-
tions employed in this work (low glucose = (5.5 mmol/l); high 
glucose = (22 mmol/l)) are almost identical to those employed 
by the authors of ref. 31; this speaks to the general nature of the 
observation.

Our data suggests that LNA-ASOs initially present in early 
endosomes will also be present as they mature to late endosomes 
and MVBs, which are the point, whether delivered by gymnosis 
or transfection, at which they pass through the endosomal mem-
brane and into the cytoplasm. However, the manner by which a 
hydrophilic nucleic acid transits a hydrophobic lipid bilayer is still 

not understood. Nevertheless, as we have previously described,21 
regardless of the precise mechanism, transiting through the late 
endosomal membrane seems to facilitate binding of a LNA-ASO 
to Ago-2, and subsequent formation of GW-bodies.21

Ago-2 has long been recognized as a membrane-associated 
protein.48 More recently, it has been demonstrated that Ago-2 and 
GW182 colocalize with MVBs.49,50 Blocking MVB formation has 
been shown to impair miRNA silencing and reduce siRISC load-
ing.49,50 Our findings that PKC-α inhibition inhibits LNA-ASO 
and siRNA gene silencing provides further evidence that these 
ASOs, after internalization in early endosomes, become localized 
in late endosomes (MVBs) and that this step, as for miRNAs, is 
important for their function.

Exogenously delivered siRNAs also benefit from retention 
in late endosomes, as shown by increased target silencing in 
cells depleted of Niemann Pick type C1 protein, which regulates 
recycling of endosomes at the late endosome/lysosome step.51 
Furthermore, it has been recently demonstrated that siRNAs 

Figure 7 High glucose and oleic acid increase the activity of PKC-α protein and, in turn, the intracellular function of the anti-Bcl-2 LNA-ASO. 
(a) HT1080 parental cells were grown in 1 g/l glucose-containing media or in 4 g/l high glucose-containing media (HG), which has been demon-
strated to increase cellular activity of PKC-α34 (Figure 6a and Supplementary Figure S2c). 1 μmol/l of the Bcl-2 LNA-ASO (Bcl2-ASO) was deliv-
ered at low and high glucose (HG). A control, scrambled ASO (Cntr-ASO) demonstrates the absence of nonspecific activity either with or without 
4 g/l of glucose in the media (Cntr-ASO and Cntr-ASO HG). Additional concentrations are shown in Supplementary Figure S3a (b) The Bcl-2 
LNA-ASO at two concentrations, 0.5 and 1 μmol/l was delivered at low and high glucose (ASO 0.5 and HG-ASO 0.5) and (ASO 1 and HG-ASO 1). The 
graph represents the combined analysis of three different experiments, which include five technical replicates. Values representing the extent of Bcl-2 
protein silencing by the LNA-ASO were normalized to α-tubulin loading control and to the mock control (not shown); P (Student’s t-test) = 0.0003 
(0.5 μmol/l ASO) and 0.0005 (1 μmol/l ASO). (c) Same as in a, with the exception that PKC-α activity was increased by treating the parental cells 
with oleic acid (+OA; refs. 35,36; Figure 6a and Supplementary Figure S2c). The anti-Bcl-2 LNA-ASO activity is enhanced in cells treated with OA. 
Cells were treated with 1 μmol/l LNA-ASO or pretreated for 2 hours with OA 150 μmol/l prior to LNA-ASO treatment. Additional concentrations are 
shown in Supplementary Figure S3b (d) Cells were treated with 0.5 and 1 μmol/l LNA-ASO (ASO 0.5 and ASO-1) or pretreated for 2 hours with 
OA 150 μmol/l prior to LNA-ASO treatment (OA-ASO-0.5 and OA-ASO-1). The graph represents the combined analysis of three different experiments, 
and includes five technical replicates. Values were normalized to α-tubulin as the loading control and to the mock control (not shown); P (Student’s 
t-test) = 0.005 (0.5 μmol/l) and 0.001 (1 μmol/l).
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delivered via lipofection or lipid nanoparticles are released from 
maturing endosomes.52 With the exception of enhanced nuclear 
uptake, we have to date not identified any clear differences between 
the molecular trafficking mechanisms of siRNAs delivered via 
lipofection or lipid nanoparticles, and gymnotically delivered 
LNA-ASOs (ref. 21 and not shown). Further, the data describ-
ing the release of siRNAs from maturing and late endosomes is 
consistent with our findings that LNA-ASO and siRNA function 
and release can be altered by PKC-α expression—an important 
component of the endosome maturation machinery. Our data is 
also in concordance with a recent study by Yang et al.53, in which 
a high-throughput screen identified compounds that increased 
ASO efficacy by promoting their release from late endosomes. 
An additional, recent, well-conducted study by Wagenaar et 
al.54 found that TSG101, a component of the ESRCT1 complex, 
decreases the efficacy of a miR-21 antagomir in vitro and in vivo. 
The authors proposed that depletion of TSG101 yields improved 
the cellular uptake of the antagomir because of the resulting 
block of MVB formation. This, in turn, avoided the shuttling 
of the antagomirs to the lysosomes for degradation.54 TSG101 
depletion, however, also caused a dramatic change in shape and 

dynamics of the endosomal membrane. In fact, these structures 
no longer resembled early endosomes, but rather formed multi-
cisternal endosomes.55 These altered endosomes, whose mem-
branes may be more similar to those of MVBs rather than those 
of early endosomes, could permit more effective release/leakage 
of the antagomir into the cytoplasm. This possibility may there-
fore complement our results.

In contrast, it is not clear if any ASO “leaks” from early 
endosomes. The membranes of the early endosomes differ from 
those of the MVBs in that the latter’s membrane is surrounded 
by a LAMP-1-rich glycocalyx. This membrane also contains 
bis(monoacylglycero)phosphate/lysobisphosphatidic acid, which 
is not found in the early endosomal membrane.56 However, how 
or even if these materials promote transit of an ASO through the 
membrane is also uncertain.

Endosomal sorting of proteins is based on the presence of 
Ub-tags (which are removed by deubiquitinating enzymes).56 
Ub-tagged cargo molecules include a variety of activated growth 
factor and other signaling receptors, adhesion molecules such as 
integrins (e.g., α5β1), ion channels and other proteins. It is pos-
sible that LNA-ASOs, bound to either these or to similar cell sur-
face proteins, are transferred with them into MVBs upon protein 
ubiquitination: In this respect, it is interesting to note that LNA-
ASOs are known to bind to the αVβM integrin,17 the EGFR,57 and 
to the V-ATPase (CA Stein, unpublished data).

In summary, all the strands of our evidence, in addition to 
previous data accumulated by others, point to PKC-α as being 
an important regulator of endosomal maturation and of inter-
cellular ASO trafficking. We do not mean to imply that PKC-α 
acts directly at the level of the endosome. More likely, it acts as an 
upstream kinase that regulates numerous effector molecules that 
have this direct function. In addition, given the narrow concentra-
tion-dependency window that we have described above, it seems 
clear that there are other mechanisms that are involved in intracel-
lular trafficking that, unsurprisingly, are not PKC-α dependent. 
Regardless, the illumination of this mechanism helps to improve 
our understanding of the complexities of gene silencing by a 
highly clinically relevant technology.

MATERIALS AND METHODS
Plasmid constructs and cells culture conditions. The lentiviral constructs 
expressing the PKC-α, PKC-δ shRNA, or the nontargeting shRNA control 
were purchased from Sigma (St. Louis, MO). The anti PKC-α shRNA sequence 
is CCGGGCTGTACTTCGTCATGGAATACTCGAGTATTCCATGAC 
GAAGTACAGCTTTTTTG (TRCN0000196909 clone ID NM_002737.2- 
1280s1c1). The anti PKC-δ shRNA sequence is CCGGCAGAGCCTG 
TTGGGATATATCCTCGAGGATATATCCCAACAGGCTCTGTTTTTG 
(TRCN0000272637 clone ID NM_006254.3-1273s21c1 The PKC-α 
expression plasmid was purchased from Addgene, Cambridge, MA (plas-
mid # 21232). HT 1080 cells (ATCC, Rockville, MD) were used to titrate 
the virus, which was produced with standard calcium phosphate copre-
cipitation. A multiplicity of infection of 0.5 was used for all transductions 
and 1.5 μg/ml of puromycin was added to the media to select stable lines.

For most of the experiments, HT 1080 cells, were grown in Dulbecco's 
modified Eagle's medium (DMEM) (Media Tech/Cell gro, Manassas, VA) 
supplemented with 10% fetal calf serum (Gemini, West Sacramento, 
CA) and 1 mmol/l L-glutamine. For the oleic acid (OA, Sigma-Aldrich)  
or the Go6976-inhibitor (Millipore, Billerica, MA) studies, cells were 
preincubated with 150 μmol/l OA in DMEM media or 5 μmol/l Go6976 for 

Figure 8 Overexpression of PKC-α protein reverts the loss-of-activity 
phenotype in the PKC-α knock-down cell line. (a) The anti-Bcl-2 LNA-
ASO activity is restored in a reconstitution experiment in which a vector 
control or the identical vector expressing PKC-α (+PKC-α) were trans-
fected into the stable transduced HT 1080 cell line expressing the PKC-α 
shRNA. Cells were treated with 1 μmol/l of the anti Bcl-2 LNA-ASO. An addi-
tional gel with 0.5 or 1 μmol/l is shown in Supplementary Figure S5.  
(b). Prior to anti-Bcl-2 LNA-ASO treatment at 0.5 or 1 μmol/l, stable cells 
with silenced PKC-α protein were transfected with either a vector control 
(ASO-0.5 and ASO-1) or with a PKC-α expression vector (PKC-α-ASO-0.5 
and PKC-α-ASO-1). The graph represents the combined analysis of five 
different experiments including five technical replicates. Values were 
normalized to α-tubulin as loading control and to the mock control (not 
shown). P (Student’s t-test) = 0.02 (0.5 μmol/l) and 0.01 (1 μmol/l).
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2–4 hours prior to the addition of the LNA-ASOs. Following the addition 
of the ASO, cells were kept in serum-free minimum essential medium 
(MEM) with fatty acid-free bovine serum albumin (BSA) (0.25 g/dl) or 5% 
charcoal dextran-treated fetal bovine serum (CDT-FBS). For the glucose 
studies, cells were maintained in either 1 g/l glucose MEM (Media Tech/
Cellgro) or 4 g/l glucose DMEM (Media Tech/Cellgro). Cells were seeded 
at approximately 50% confluency 24 hours prior to treatment. After an 
overnight incubation, the media was replaced with DMEM containing 
5% charcoal/dextran-treated fetal bovine serum (CDT-FBS, Gemini), 
varying concentrations of LNA-ASOs, as indicated in the text, were added 
to the culture media and the cells further incubated for 48 hours. At the 
end of this time, the cells were lysed with RIPA buffer and the lysates 
collected for analysis. All ASOs, except where otherwise specified, were 
delivered to cells via gymnosis.58 The sequence of the anti-Bcl-2 LNA-
ASO (SPC2996) is 5′-mCsTsCsCsCsAsAsCsGsTsGsCsGsmCsmCsA-3′.58 
This same Bcl-2 sequence was used for the Cy5-labeled oligo.  
5′-The sequence of the scrambled oligo (SPC 3046) is 5′-mCsGsmC 
sAsGsAsTsTsAsTsAsAsAsmCsmCsT-3′.58 The anti PKC-α siRNAs 
were purchased from IDT, Coralville, IA (HSC.RNAI.N002737.12.1 
and HSC.RNAI.N002737.12.2). The sequence of the eGFP LNA-ASO is 
5′-GsAsAsCsTsTsCsAsGsGsGsTsCsAsGsC-3′.

The eGFP siRNA was purchased from Dharmacon, Boulder, CO 
(target sequence 5′-GCCACAACGUCUAUAUCAU-3′).

In this work, all ASOs are all-PS, with LNAs and at the 3’ and 5’ 
termini. Experiments performed to determine whether two or three 
LNAs at each terminus were the optimal number gave identical results.

Plasmids and siRNA transfection. HT 1080 cells were seeded at 50% con-
fluency in DMEM containing 10% FBS, 24 hours prior to transfection. 
Five micrograms of the various plasmids per six-well dish were transfected 
using Lipofectamine 2000 (Life Technology, Camarillo, CA) or XFect 
(Clontech Mountain View, CA) as recommended by the manufacturer. 
XFect or Lipofectamine 3000 (Life Technology) were used exclusively 
when double treatments were performed. The siRNAs were delivered at 
a final concentration of 20–50 nmol/l using TransIT siQUEST (Mirus Bio 
LLC, Madison, WI) through a reverse transfection procedure, or using 
Lipofectamine 3000 (as recommended by the manufacturer). Gene silenc-
ing was achieved by transfecting the specific siRNA/shRNA or by employ-
ing the corresponding stably lentivirally-transduced line expressing a 
shRNA; both silencing procedures resulted in the identical outcome. For 
western analysis, all transfections were performed in six-well dishes. After 
approximately 32 hours of incubation, cells were lifted and reseeded in 12- 
or 24-well plates for gymnotic delivery of the LNA-ASOs. On the next day, 
cells were lysed in RIPA buffer and the lysates were collected for analysis.

The eGFP mRNA transfection was performed in a 96-well plate. 
HT1080 cells expressing a control shRNA or the anti-PKCα shRNA were 
seeded at approximately 60% confluency. Approximately 6 hours later, 
to allow reattachment of the cells, 0.5 μmol/l of a control LNA-ASO, or 
an anti-eGFP LNA-ASO were gymnotically delivered to both cell lines. 
In a parallel experiment, 10 nmol/l of a control siRNA or an anti-eGFP 
siRNA were transfected with Lipofectamine 3000. Following a 24-hour 
incubation the media was replaced with 90 microliters of fresh DMEM 
and 50 ng/well of eGFP mRNA (TriLink Bio Technologies, San Diego, CA) 
were delivered using Lipofectamine MessangerMax. All experiments were 
performed in triplicate. Fluorescence images were acquired the following 
day with the Invitrogen EVOS FL Auto microscope (ThermoFisher 
Scientific, Carlsbad, CA).

Immunoblotting. Proteins from cell lysates were resolved by 10% SDS-
PAGE. The monoclonal mouse anti-human Bcl-2 antibody (Dako, 
Carpinteria, CA) was added at 1,000× dilution in Tris-buffered saline + 
Tween 20 (TBST) containing 5% fatty acid free BSA (Sigma). The mono-
clonal rabbit anti-human PKC-δ antibody (Cell Signaling, Danvers, 
MA) and the polyclonal rabbit anti-Rab7 antibody (Cell Signaling) were 
added at a 1,000× dilution in TBST containing 5% fat-free dry milk. The 

monoclonal mouse anti-human α-Tubulin antibody (Sigma) was added at 
4,000× dilution in TBST containing 5% fat-free dry milk. The polyclonal 
rabbit anti-human PKC-α antibody (Cell Signaling) was added at 2,000× 
dilution in TBST containing 5% fatty acid free BSA (Sigma). The second-
ary enhanced chemiluminescence anti-Rabbit (GE Health care, Pasadena, 
CA) or Mouse IgG-horseradish peroxidase (GE Health care) whole anti-
body was added at a 1:7,000 dilution.

Flow cytometry analysis. Cells were seeded in 24-well plates at approxi-
mately 50% confluency 24 hours prior to LNA-ASO treatment and main-
tained in either: (i) 1 g/l glucose MEM (Media Tech/Cellgro); (ii) 4 g/l 
glucose DMEM (Media Tech/Cell gro); or (iii) 120 μmol/l OA (following 
2–4 hours preincubation with 150 μmol/l OA) in MEM media. Following 
Cy5-labeled LNA-ASO treatment, cells were resuspended in phosphate-
buffered saline containing 1% BSA and 0.2 μg/ml 4′,6-diamidino-2- 
phenylindole (Sigma). Twenty thousand to thirty thousand live cells were 
analyzed by flow cytometry; in most cases, viability was above 90%.

Statistical analysis. Each experiment was performed a minimum of three 
times (biological replicates) with at least four technical replicates per sam-
ple. The values corresponding to the P (Student’s t-test) represent a com-
bined analysis of these results and were obtained after normalization to the 
α-tubulin loading control and to the mock (see figure legends). Numbers 
were determined using ImageQuant software in a nonsaturation range and 
after subtracting the background signal.

SUPPLEMENTARY MATERIAL
Figure S1. Greatly increased concentrations of anti-Bcl-2 LNA-ASO 
overcome the block to Bcl-2 silencing in cells with depleted PKC-a pro-
tein expression.
Figure S2. Silencing of PKC-α does not affect anti-Bcl-2 LNA-ASO 
activity in cell.
Figure S3. High glucose and oleic acid demonstrate a concentration-
dependent increase in anti-Bcl-2 LNA-ASO intracellular function.
Figure S4. Reintroduction of PKC-α into the stable cell line express-
ing the anti-PKC-α shRNA restores the basal, endogenous levels of 
PKC-a protein.
Figure S5. Overexpression of PKC-α protein restores the cellular 
function of the anti-Bcl-2 LNA-ASO in the PKC-α knock-down cell line.
Figure S6. Depletion of PKCα reduces LNA-ASO and siRNA function.
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