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Antisense oligonucleotide activity in tumour cells is
influenced by intracellular LBPA distribution and
extracellular vesicle recycling
Alexander N. Kapustin 1✉, Paul Davey2, David Longmire2, Carl Matthews 3, Emily Linnane4,

Nitin Rustogi 5, Maria Stavrou5, Paul W. A. Devine5, Nicholas J. Bond5, Lyndsey Hanson6, Silvia Sonzini 1,

Alexey Revenko 7, A. Robert MacLeod7, Sarah Ross4, Elisabetta Chiarparin2 & Sanyogitta Puri1

Next generation modified antisense oligonucleotides (ASOs) are commercially approved new

therapeutic modalities, yet poor productive uptake and endosomal entrapment in tumour

cells limit their broad application. Here we compare intracellular traffic of anti KRAS antisense

oligonucleotide (AZD4785) in tumour cell lines PC9 and LK2, with good and poor productive

uptake, respectively. We find that the majority of AZD4785 is rapidly delivered to CD63+late

endosomes (LE) in both cell lines. Importantly, lysobisphosphatidic acid (LBPA) that triggers

ASO LE escape is presented in CD63+LE in PC9 but not in LK2 cells. Moreover, both cell

lines recycle AZD4785 in extracellular vesicles (EVs); however, AZD4785 quantification by

advanced mass spectrometry and proteomic analysis reveals that LK2 recycles more

AZD4785 and RNA-binding proteins. Finally, stimulating LBPA intracellular production or

blocking EV recycling enhances AZD4785 activity in LK2 but not in PC9 cells thus offering a

possible strategy to enhance ASO potency in tumour cells with poor productive uptake

of ASOs.
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Antisense oligonucleotides (ASOs) are novel, highly specific
nucleic acids designed to silence target genes by forming
complimentary heteroduplex with target’s mRNA and

mediating mRNA degradation1–3. Modification of oligonucleo-
tide backbone and sugar moieties has resulted in the development
of nuclease-resistant forms which are currently in the pre-clinical
or clinical validation for treating a broad range of diseases
including SARS-CoV-2, inflammatory diseases, neurological dis-
orders and cancer1,3–5. In particular, phosphorothioate ASO (PS-
ASO) rapidly redistributes to tissues upon subcutaneous or
intravenous injection; yet cytosolic delivery to reach target’s
mRNA (called productive uptake) remains the most significant
challenge6–8. Cellular uptake of PS-ASO begins upon binding to
cell membrane proteins9 including scavenger receptors10,
stabilins11, and EGFR12, these complexes are endocytosed via
clathrin-dependent and independent pathways9,13 and delivered
to early and late endosomes13,14. During the final phase, PS-ASO
escapes from late endosomes (LE) to the cytosol with the assis-
tance of lysobisphosphatidic acid (LBPA), and annexin A214,15.
Several reports have shown that the bulk PS-ASO is entrapped in
endosomes and degraded in lysosomes (poor productive uptake)
yet the exact intracellular trafficking mechanisms behind the
productive uptake remain largely unknown7–9,13,16,17.

Endocytic pathways merge in LE where internalised cargo can
either be sorted for the plasma membrane recycling, loaded to
intraluminal vesicles or progress to lysosomal degradation18,19.
Intraluminal vesicles, in turn, can be secreted as extracellular
vesicles (EVs) and these are implicated in the intercellular com-
munication by delivering biologically active proteins, lipids and
nucleic acids19–23. Intraluminal EV budding in LE is driven by
LBPA and Alix24, and both components are indispensable for
ASO endosomal escape most likely acting via the “back-fusion”
mechanisms15. We and others recently showed that the exogen-
ous siRNA or mRNA delivered in lipid nanoparticle formulation
are recycled in EVs25,26 but it is still unknown whether unfor-
mulated ASO could be recycled via this pathway. To understand
the role of LE in productive ASO uptake, we investigated intra-
cellular trafficking of next-generation KRAS targeting PS-ASO
(AZD4785) with constrained ethyl modifications4 in two lung
tumour cell lines, PC9 with good productive uptake (IC50 ≤ 0.6
µM) and LK2 with poor productive uptake (IC50 ≥ 10 µM)17. We
found that bulk of the internalised AZD4785 is delivered to
CD63+LE and productive uptake is influenced by LBPA spatial
distribution—with LBPA colocalised with CD63+LE in PC9 cells
whilst LBPA presented in LEs distinct from CD63+LE across
LK2 cells. Notably, AZD4785 is also recycled from CD63+LE in
EVs by both cell lines however AZD4785 clearance from LK2
cells via this pathway is greater than in PC9 cells. Moreover,
stimulating LBPA production or inhibiting EV recycling pathway
by using small molecules enhanced AZD4785 productive uptake
in LK2 cells but not in PC9 thus indicating specificity towards
poor productive uptake cell lines. Hence, targeting these intra-
cellular pathways could be exploited to boost ASO productive
uptake and activity in poor productive tumour cells and, possibly,
even across other pathologies.

Results
Majority of AZD4785 is delivered to CD63+LE across both cell
lines but only limited colocalization with LBPA+LE is
observed. Endosomal ASO escape occurs in the LE15 so we
hypothesised that ASO productive uptake is associated with
variable delivery to LE. To test this further, we studied productive
uptake of AZD47854 (A cEt-modified ASO) in 2 cell lines, PC9
and LK2 which we previously identified to be good and poor
productive uptake cells respectively17. Cellular AZD4785 uptake

was quantified by immunofluorescence using an antibody
detecting phosphorothioate backbone17. To visualise LE’s, we
used two LE markers, tetraspanin CD6327 and LBPA, a lipid
which is exclusively generated in LE where it enables ASO
endosomal escape by mediating back-fusion of ASO-loaded
intraluminal vesicles with the LE membrane15.

The baseline number of CD63+LEs was lower in LK2 cells, but
these were stained more intensively indicating higher CD63
loading per single LE (Fig. 1a–c). In agreement with our previous
data17, there was no difference in bulk AZD4785 uptake by PC9
and LK2 cells (Fig. 1a, d, e). Internalised AZD4785 showed nearly
complete overlap with CD63 LEs in both cell lines (Pearson
correlation coefficient (PCC) 0.83 and 0.68 ± 0.01 in PC9 and
LK2 cells, respectively (Fig. 1f)). By plotting the number of
AZD4785 and CD63 spots for individual single cells, we found
that the number of intracellular AZD4785 spots, as well as
intensity, depends on the CD63+LE level in both cell lines
(Fig. 1g, h and Supplementary S1a, b).

LBPA is exclusively presented in LE where it assists ASO
escape15,28,29 so next, we investigated AZD4785 delivery to
LBPA-positive LE. LBPA staining revealed distribution across
endosome-like spots in the cytosol with the overall intracellular
LBPA levels increasing with time (Fig. 2a–c). Next, we
investigated whether LBPA is presented in CD63+LE’s to the
same extent across both cells. As expected, LBPA colocalised with
CD63 in PC9 cells (Pearson correlation coefficient (PCC)
0.62 ± 0.14) indicating co-distribution of LBPA and CD63 in
the same LE population. Surprisingly, no colocalisation was
observed in LK2 cells (PCC= 0.34 ± 0.21) indicating that LBPA is
perhaps located in a separate LE population in these cells
(Supplementary Fig. S1c, d). Colocalization analysis confirmed
AZD4785 delivery to LBPA LE in PC9 cells with PCC reaching
0.54 ± 0.01 after 24 h treatment (Fig. 2d). However, no colocaliza-
tion between AZD4785 and LBPA was observed in LK2 cells
(Fig. 2d). Interestingly, LK2 cells with the highest LBPA content
appear to internalise the least levels of AZD4785 (Fig. 2a).

PS-ASO is recycled in EVs in vitro and in vivo. Upon delivery to
LE, cargo is either sorted for degradation in lysosomes or secreted
from cell in EVs18,19. Although AZD4785 lysosomal delivery has
been extensively studied3,17 it is currently unknown whether PS-
ASO is loaded into EVs. A recent study confirmed a high rate of
EV secretion by tumour cells with 2–3 CD63+LEs fusing with the
plasma membrane each minute30 so next we tested whether
AZD4785 is recycled via EVs pathway. We incubated both cells
with AZD4785 and isolated EVs from conditioned cell culture
media using differential ultracentrifugation (see ‘Extracellular
vesicles isolation and characterisation’ section). Nanoparticle
Tracking Analysis (NTA) revealed that control, non-treated PC9
and LK2 cells secret EVs having similar average sizes
(166.9 ± 5.1 nm and 163.6 ± 4.7 nm, correspondingly) (Fig. 3a, b).
Notably, AZD4785 exposure stimulated EVs secretion both by
PC9 and LK2 cells (Fig. 3c) and LK2 secreted larger EVs
(271.5 ± 12.4 nm) (Fig. 3b). Interestingly, LK2 treatment with PS-
ASO and a different sequence (control ASO) also stimulated the
secretion of larger EVs (Fig. 2b). Moreover, AZD4785 treatment
of other poor productive uptake cells (Calu6 and A42717) also
resulted in the secretion of larger EVs (Supplementary Fig. S2b)
yet good productive uptake cells H460 but not MiaPaca2 also
secreted larger EVs (Supplementary Fig. S2a). Wash-out of
AZD4785 from good and poor productive uptake cells (pulse-
chase) reversed EV production to the control levels (Fig. 3b, c and
Supplementary Fig. S2a, b).

Tumour cells secrete heterogenous EVs originating either from
LE (exosomes) or plasma membrane (ectosomes)31,32. To test
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EV’s secreted from the LE compartment, we measured the
presence of well-established LE markers, CD63 and Alix31 by
western blotting and dot blot. Both markers were presented in
PC9 and LK2-derived EVs indicating the presence of EV with LE
origin (Fig. 3d and Supplementary Fig. S3a). Interestingly, we also
noted lower levels of Alix protein in LK2 cells as compared to
PC9 cells (Supplementary Fig. S3b). To test whether AZD4785 is
recycled in EVs, we exploited dot blot analysis by using an anti-

phosphorothioate backbone antibody. AZD4785 was detected in
EVs isolated from the PS-ASO treated both cell lines and a similar
extent of staining was observed in the non-permeabilising and
permeabilising conditions indicating that AZD4785 is presented
on the outer EV surface (Supplementary Fig. S3a). Albumin has
been previously detected in EV’s31 and it is known that over 90%
of ASO’s with a phosphorothioate backbone are associated with
albumin which is responsible for extending ASO plasma

AZD4785Hoechst CD63

PC9 6h
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LK2 6h
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c d
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Fig. 1 AZD4785 is delivered to the CD63-positive LE compartment in PC9 and LK2 cells. a PC9 and LK2 cells were incubated with AZD4785 for 6 or
24 h, then fixed and stained. LE and AZD4785 were stained with anti-CD63 and anti-PS-ASO antibodies, respectively and visualised using secondary
fluorescently labelled antibodies. Nuclei were stained with Hoechst 33342. Cell images were acquired using Opera microscope (×60 objective, NA1.4).
b–e Intracellular content of AZD4785 and CD63 were quantified by using Columbus software by counting number of stained spots in the cell cytosol
(Spot/Area) or integrated intensity (Intensity/Area). Number of spots and integrated intensity were normalised to the cellular cytosol area. Average of
means, error bars, standard deviation. Minimum 300 cells for each condition were counted in each experiment (N= 3–6). f AZD4785 and CD63
colocalisation were calculated by Pearson’s correlation coefficient (PCC). N= 3, error bars, standard deviation (SD). g Correlation between intracellular
AZD4785 and CD63 spots in single PC9 cells. 24 h treatment with AZD4785. N= 3, n= 948 cells. Linear regression analysis. h Correlation between
intracellular ASO and CD63 spots in single LK2 cells. 24 h treatment with AZD4785. N= 3, n= 1759 cells. Linear regression analysis.
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circulation time6,33,34. Hence, we hypothesised that AZD4785 is
delivered to EVs via LE in a complex with albumin35. Using
isothermal titration calorimetry (ITC), we found that PS-ASO
binds to albumin with low affinity (Kd= 8.18 ± 0.52 µM,
Supplementary Fig. S3c) and this also corroborates well with
previous data33. Further, we investigated the colocalization of
albumin-Alexa594 and PS-ASO in LE across both cells and
observed only a small overlap between albumin and AZD4785 in
CD63+LEs (Supplementary Fig. S4a). Moreover, albumin
endocytosis was significantly suppressed by AZD4785 (Supple-
mentary Fig. S4a–c).

Next, we characterised EV composition further by using
proteomic analysis. We identified 1310 proteins in PC9-derived
EVs and 952 proteins in LK2-derived EVs (Supplementary
Data 1). Both exosome-specific (CD9, CD63, CD81 and
synthenin-1) and ectosome-specific (alpha-actinin-4, basignin
and F42 cell antigen) markers31,32 were detected in EV secreted

by both cell lines indicating high EV heterogeneity (Supplemen-
tary Data 1). Prominently, 818 proteins were common among all
datasets (Fig. 3e). AZD4785 treatment resulted in the appearance
of 28 unique proteins in PC9-derived EVs and 53 unique proteins
in LK2-derived EVs (Supplementary Data 2). To analyse
functional enrichment and interaction between unique protein
dataset, we used the STRING database36. To differentiate between
EVs originating from PC9 and LK2 cells, we included only unique
proteins from each dataset. PC9 EVs contained 8 proteins
associated with endosomal membrane and intracellular vesicular
transport (WLS, SNF8, Rab8B, Rab22A, LAMTOR3, ITM2B and
ANTRXR1) and this may reflect their endosomal origin
(Supplementary Data 2 and Supplementary Fig. S5a). AZD4785
treatment resulted in the secretion of signalling components
(NOTCH3, ERBB2) as well as proteins involved in trans-Golgi
network transport vesicles (TGOLN2 and AP1G1) (Supplemen-
tary Data 2 and Supplementary Fig. S5b). DNA repair protein

AZD4785Hoechst LBPA Merge Inlet

b c d

a

PC9 6h

PC9 24h

LK2 6h

LK2 24h

Fig. 2 AZD4785 is delivered to the LBPA-positive LE compartment in PC9 but not in LK2 cells. a PC9 and LK2 cells were incubated with AZD4785 for 6
or 24 h, then fixed and stained. LE and AZD4785 were stained with anti-LBPA and anti-PS-ASO antibodies, correspondingly and visualised using secondary
fluorescently labelled antibodies. Nuclei were stained with Hoechst 33342. Cell images were acquired using Opera microscope (×60 objective, NA1.4).
b–d Intracellular content of LBPA were quantified by using Columbus software by counting number of stained spots in the cell cytosol (Spot/Area) or
integrated intensity (Intensity/Area). Number of spots and intensity values were normalised to the cellular cytosol area. Average of means. error bars,
standard deviation. Minimum 300 cells for each condition were counted in each experiment (N= 3–6).
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Fig. 3 AZD4785 stimulates EV secretion by PC9 and LK2 cells. a–c PC9 and LK2 were treated with AZD4785 for 24 h. For the pulse-chase (p/c)
experiment, cells were treated with 10 µM AZD4785 for 6 h, washed and incubated for 24 h in the absence of AZD4785 (AZD4785 p/c). EVs were
isolated from conditioned cell media by differential ultracentrifugation and a 100,000×g pellets were analysed by NTA. Representative NTA images.
(N= 6). b Size distribution of EVs secreted by PC9 and LK2 cells. EVs were collected and analysed as in a. Error bars, standard deviation. ANOVA
****p < 0.0001. ***p < 0.001. ns non-significant. N= 3–6. c Quantification of EV secretion by PC9 and LK2 cells. The total number of EVs was measured by
NTA as in a and divided by the total number of cells. Error bars, standard deviation. ANOVA. ****p < 0.0001, ns non-significant. N= 3–6. d Detection of
exosomal markers, CD63 and Alix, in EVs isolated from PC9 and LK2 cells after 24 h treatment. Equal aliquots of EVs isolated as in a were analysed by
western blotting and probed for CD63 and Alix. Representative image from N= 2. e Vein diagram for the EV’s protein mass spectrometry analysis revealed
differentially secreted protein in PC9 and LK2 EVs.
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network including RPA2 and OLB were identified in EVs secreted
by LK2 in the control conditions (Supplementary Data 2 and
Supplementary Fig. S6a). In addition, the endosomal sorting
complex required for transport III component, CHMP2B was
detected in LK2 EVs, indicating the presence of LE-derived EVs.
AZD4785 treatment changed LK2 EV profile and 15 proteins
involved in RNA binding and processing were identified
(Supplementary Data 2 and Supplementary Fig. S6b). To the
best of our knowledge, these proteins were not previously
implicated in PS-ASO intracellular trafficking.

To quantify AZD4785 content in secreted EVs, we applied our
recently developed quantitative UPLC-MS assay17 (Supplemen-
tary Figs. S8 and S9). From the standard calibration curve, the
sensitivity for intact AZD4785 detection was ≈1 nM (0.005 µg/ml)
(Supplementary Fig. S9a). Notably, we found that EVs contained
intact AZD4785 and we observed dose-dependent increase in
AZD4785 content in EVs secreted by LK2 and PC9 cells (Fig. 4a).
Notably, PC9 EVs contained 4.2 fold less AZD4785 then LK2-
derived EVs (2103 and 9012 molecules per PC9 or LK2-derived
EV at 26.1 µM AZD4785 treatment, respectively) (Fig. 4a).
Interestingly, comparison of AZD4785 EV load across the panel
of tumour cells with good (PC9, MiaPaca2 and H460) and poor
productive uptake cells (LK2, Calu6 and A427) showed the higher
AZD4785 loading in EVs produced by non-productive cells
(Supplementary Fig. S2c) except H460 which also secreted larger
EVs in response to AZD4785 treatment (Figs. S2a, c). Removal of
AZD4785 from the conditioned media (pulse-chase) reduced EV
AZD4785 load in PC9 cells ≈3 fold times and in LK2 cells ≈6.5
fold times so both cell lines secreted similar amount of AZD4785
in EVs (Fig. 4a). Next, we compared the amount of AZD4785
recycled in EVs with the intracellular AZD4785 content per cell
(Fig. 4b). The comparison between EV and intracellular fraction
revealed that PC9-derived EVs contain 1/5th (22.8 ± 6.5%) and
LK2-derived EVs contain nearly half (44.8 ± 7.5%) of PS-ASO as
compared to their respective intracellular uptake levels. Alto-
gether these data indicate that AZD4785 recycling in EVs can
represent novel clearance pathway in LK2 cells.

Finally, to test whether PS-ASO recycling via EVs also occurs
in vivo, we isolated EVs from plasma of mice with PC9 xenograft
tumour after subcutaneous dosing with two AZD4785 doses,
125 mpk/wk and 250 mpk/wk (see ‘Mice PC9 xenograft model
and EV isolation from plasma’ section). NTA analysis showed
that the mode size of isolated EVs was 125–130 nm across all
conditions (Supplementary Fig. S10a) similar to the in vitro
samples. To test whether EVs are secreted by the grafted tumour
human PC9 cells, we exploited anti-CD63 antibody that are
highly specific to CD63 originating from human (PC9) but not
murine cells. We were unable to observe any CD63 specific signal
in the plasma-derived EVs as opposed to the CD63 in EVs
derived from various human tumour cell lines including PC9.
Altogether these data suggest that the majority of isolated EVs are
unlikely secreted by xenograft cells and can be secreted by other
cells (Supplementary Fig. S10b).

Next, we measured AZD4785 concentration in EVs and
original plasma samples (Table 1). AZD4785 concentration 72 h
post-dosing in the whole plasma was 12.48 and 18.72 nM for the
animals dosed with 125mpk/wk and 250 mpk/wk AZD4785,
correspondingly. In samples post 7 days dosing the AZD4785
plasma concentration reduced to 4.286 nM (125 mpk/wk group)
and 6.57 nM (250 mpk/wk group). Next, we quantified AZD4785
content in plasma-derived EVs and found that the 72 h post-
dosing EVs contained 0.0706 and 0.0711 fMol of AZD4785 per
106 EVs for the doses 125 mpk/wk and 250 mpk/wk,
correspondingly. In the 7 days post-dosing plasma, the
concentration of AZD4785 diminished to 0.0305 fMol/106 EVs
and 0.0195 fMol/106 EVs for doses 125 mpk/wk and 250 mpk/wk,

respectively. Knowing the EV concentration in the plasma, we
estimated that ≈5% and ≈2% of plasma PS-ASOs can be
transported in EVs, after 72 h and 168 h respectively (Table 1).

AZD4785 recycling in EVs enables intercellular AZD4785
transfer but reduces productive uptake. Exosomes efficiently
transfer various nucleic acid species between cells23 so we
hypothesised that AZD4785 can be transferred between cells in
EVs causing KRAS knockdown. We isolated AZD4785-loaded
EVs from PC9 and LK2 cells and transferred them to the
untreated PC9 and LK2 cells. The exact concentration of
AZD4785 delivered via EVs was measured by UPLC-MS as
described in the ‘Methods’ section (see ‘AZD4785 UPLC-MS
analysis’ section) so we directly compared efficacy of carrier-free
AZD4785 and AZD4785 delivered in EVs in the concentration
range from 3–10 nM for PC9-derived EVs and 10–30 nM for
LK2-derived EVs (Fig. 4c–e). Staining of recipient cells with anti-
ASO antibody revealed an efficient EV-mediated AZD4785
delivery (Fig. 4c). Moreover, treatment with low doses of EV-
associated AZD4785 (10 and 20 nM for PC9 and LK2-derived
EVs, respectively), resulted in the intracellular levels similar to
those after the treatment with 250 nM carrier-free AZD4785
(Fig. 4c and Supplementary Fig. S7a, b) thus showing that
AZD4785 delivery in EV is very efficient.

Next, we tested AZD4785 EV KRAS knockdown efficacy. We
observed high potency of carrier-free AZD4785 in PC9 cells
(Fig. 4d) and low potency in LK2 cells (Fig. 4e) in agreement with
the previous data17. AZD4785-loaded EVs induced efficient
KRAS dose-dependent knockdown in PC9 cells with nearly 50%
of KRAS knockdown even at the low EV-loaded AZD4785 dose
(3 nM) (Fig. 4d). Interestingly, there were no significant
differences in potency between PC9 and LK2-derived EV (Fig. 4d).
Again, the addition of LK2-derived AZD4785 EV to LK2 cells
resulted in KRAS knockdown with higher potency as compared to
carrier-free AZD4785 (Fig. 4e).

Our data shows that AZD4785 recycling in EV can influence
PS-ASO functional activity either by enhancing PS-ASO
clearance from cells or by increasing intracellular delivery via
EV-loaded AZD4785. To test the overall EV pathway contribu-
tion to PS-ASO functional activity, we used a small molecule
inhibitor U18666A which blocks EV secretion by inducing
cholesterol accumulation in LE37,38. In agreement with previous
data, U18666A treatment induced the formation of an enlarged
LE compartment with increased CD63 content in both cell lines
(Fig. 5a and Supplementary Fig. S11a). Surprisingly, U18666A
induced secretion of CD63+/CD81+EVs as detected by CD63
capture bead assay (Supplementary Fig. S12a, b). Next, we tested
the effect of U18666A on AZD4785 functional activity (Table 2
and Fig. 5a, b). Again, we observed high AZD4785 potency in
PC9 cells (IC50= 0.15 µM) and low AZD4785 potency (IC50 ≥
28.4 µM) in LK2 cells in the control conditions (Fig. 5b, c).
Notably, U18666A improved AZD4785 efficacy ≈147-fold in LK2
cells (IC50 ≥ 0.2 µM) (Fig. 5b, c). A recent study indicated that
U18666A also induces accumulation of LBPA39 and we found
that U18666A treatment increased intracellular LBPA content
and number of LBPA+LEs in PC9 and LK2 cells (Supplementary
Fig. S11c–f). To test the contribution of LBPA-dependent
pathway, we used thioperamide maleate, an inverse agonist of
the histamine H3 receptor HRH3 specifically increasing intracel-
lular LBPA without trafficking pathways interfering39. We found
that this novel compound induced accumulation of LBPA in PC9
and LK2 cells and increased number of LBPA+LE in LK2 cells
only (Supplementary Fig. S11c–f). It also inhibited secretion of
CD63+/CD81+EVs by PC9 cells and stimulated EV secretion by
LK2 cells (Supplementary Fig. S12c, d). Interestingly,
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Fig. 4 AZD4785 is recycled in EV and transferred between cells. a Detection of AZD4785 in EVs. PC9 and LK cells were treated with AZD4785 for 24 h
and EVs were isolated by differential ultracentrifugation. Quantification of AZD4785 in isolated EVs was conducted by UPLC-MS. t-test. *p < 0.05.
N= 3–6. b Detection of intracellular AZD4785. AZD4785 was quantified in EV and cell lysates as in a. Intracellular and EV AZD4785 content were
normalised per 106 cells. c AZD4785 loaded in EVs is delivered to the cells. EVs were isolated from the conditioned media of the cells treated with 10 µM
AZD4785 for 24 h as in a. PC9 and LK2 cells were incubated with AZD4785-loaded EVs for 3 h. Cells were washed, fixed and stained for CD63, AZD4785
and nucleus. d, e AZD4785-loaded EVs induce KRAS knockdown. AZD4785-loaded EVs were isolated from PC9 and LK2 cells after AZD4785 treatment
as in a and aliquots with variable volume were added to PC9 (d) and LK2 (e) cells for 72 h. Error bars, standard deviation. ANOVA ****p < 0.0001.
***p < 0.001. **p < 0.01. ns non-significant. Data are duplicates, N= 5.

Table 1 AZD4785 detection in plasma-derived EVs.

Treatment regime Plasma collection time after the last dose

72 h 168 h

Plasma nM EVs (fMol/106) EVs plasma, nM Plasma nM EVs (fMol/106) EVs plasma, nM

PBS Not detected NA NA Not detected NA NA
AZD4785 125 mpk/wk 12.48 0.07 0.85 4.28 0.03 0.11
AZD4785 250 mpk/wk 18.72 0.07 0.80 6.57 0.02 0.10
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thioperamide maleate treatment improved AZD4785 productive
uptake ≈56 fold times in LK2 cells (IC50 ≥ 0.5 µM) but had no
effect on PC9 cells (Fig. 5b, c and Table 2).

Intraluminal vesicles formed in LE compartment can also be
secreted as exosomes19 and to investigate the role of exosome-
specific clearance, we knockdown Rab27a, a well-established
regulator of exosome secretion in tumour cells40 and used a small
inhibitor of sphingomyelin phosphodiesterase 3 pathway, 3-O-
Methyl-sphingomyelin41. Rab27A knockdown by using siRNA

resulted in the reduction of Rab27A to ≈15% level in both cell
lines (Supplementary Fig. S12e). Importantly, Rab27A knock-
down and SMPD3 inhibition reduced the secretion of CD63+/
CD81+EV by LK2 cells and improved AZD4785 productive
uptake ≈2 and ≈5.5 fold, correspondingly (Table 2, Fig. 5e and
Supplementary Fig. S12h). Rab27a knockdown in PC9 cells had
no effect on CD63+/CD81+ secretion as well as AZD4785
efficacy (Table 2, Fig. 5d and Supplementary Fig. S12f). Moreover,
inhibition of sphingomyelin phosphodiesterase 3 pathway in PC9
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Fig. 5 Inhibition of EV secretion and LBPA enhancement improve AZD4785 efficacy. a Intracellular distribution of AZD4785 and CD63 after U18666A
inhibitor treatment. PC9 and LK2 were treated with AZD4785 (26.1 µM) for 48 h, fixed and stained. LE and AZD4785 were stained with anti-CD63 and
anti-PS-ASO antibodies, respectively, and visualised using secondary fluorescently labelled antibodies. Nuclei were stained with Hoechst 33342. To block
EV secretion cells were treated with 7.1 µM U18666A 24 h prior to the addition of AZD4785. Cell images were acquired using Opera microscope (×60
objective, NA1.4). (N= 3). b, c KRAS expression in the inhibitor or siRNA-treated cells. PC9 (b) and LK2 (c) cells were treated with AZD4785 for 48 h.
Cells were pre-treated with 7.1 µM U18666A or 10 µM thioperamide maleate (b, c) or control siRNA or Rab27a siRNA for 24 h (d, e) prior to AZD4785
treatment. KRAS expression was quantified by qPCR. Nonlinear regression analysis, each data point are duplicates from N= 3–9.
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cells reduced the secretion of CD63+/CD81+EVs but had no
effect on AZD4785 efficacy (Supplementary Fig. S12c, g).

Discussion
ASO therapeutics in the clinic are currently delivering high ASO
doses presumably to saturate bulk ASO non-productive
uptake7,8,42 or by adding cell-targeting ligands43. Both strategies
rely on enhancing productive cell uptake as numerous studies
have reported that the majority of PS-ASO is taken up into cells
via the bulk, non-productive (lysosomal) pathway with only few
drug molecules escaping LE compartment and reaching target
RNA in the cytosol or nucleous7,9,13–16. Here we further inves-
tigated intracellular PS-ASO trafficking in good and poor pro-
ductive uptake tumour cells and found that the productive uptake
depends on level of PS-ASO delivery to the LBPA+LE com-
partment in both cell lines. Moreover, up to 50% of endocytosed
AZD4785 which was delivered to CD63+LE compartment can be
recycled via EV especially by LK2 which is a poor productive
uptake line. Interestingly, we also show that the ASO recycling
mechanism contributes to ASO intracellular clearance as well as
intercellular ASO transfer in both cell lines. Importantly, mod-
ulation of LBPA-dependent and EV recycling pathways using
small molecules enhances PS-ASO functional activity thus
offering alternative strategies for improving ASO therapeutic
applications.

Late endosomes (LE) are the central cargo sorting hubs mer-
ging endocytosis pathways and directing cargo for recycling to the
plasma membrane, loading into the small intraluminal vesicles or
delivering to lysosomes for degradation18,19. Lysosome’s con-
tribution to the non-productive ASO uptake and degradation
were shown in multiple studies9,10,13,17 and here we studied the
role of LE in the ASO productive uptake. We selected two LE
markers CD63 and LBPA28,29,44 and these markers showed
overlap in PC9 cells but were presented in the different LE
populations in LK2 cells. Importantly, we found that in both cell
lines the bulk AZD4785 uptake correlates with intracellular CD63
levels and endocytosed AZD4785 is detected in CD63+LE. On
the contrary, LBPA staining revealed moderate colocalization in
PC9 cells and no colocalization between LBPA and AZD4785 in
LK2 cells. This striking difference in AZD4785 intracellular
trafficking in PC9 and cells LK2 indicates that endocytosed PS-
ASO somehow by-passing LBPA+LE sub-population in LK2
cells. LBPA is a key LE component assisting ASO endosomal
escape15 most likely by triggering intraluminal vesicles back-
fusion with the LE membrane mechanism originally described for
pathogens28,45,46. LBPA content in LE is high and reaches up to
15 mol% of all LE phospholipids in BHK cell line28 yet the spatial

LBPA distribution across cellular LE population is still
unknown18. LBPA LE level is regulated by Alix binding to the
external LE surface24 and Alix knockdown reduced LBPA LE
content and ASO functional activity in A431 carcinoma cells15.
We noted that Alix expression in LK2 cell was lower as compared
to PC9 cells so it is tempting to speculate that Alix acts as an
upstream regulator for LBPA spatial distribution across LE
population in LK2 cells. Importantly, thioperamide maleate, an
inverse agonist of the histamine H3 receptor HRH3 elevating
intracellular LBPA content39 and U18666A increased LBPA
content in LK2 cells that resulted in significantly improved (≈56
and ≈147-fold times, respectively) productive AZD4785 uptake.
Altogether these data suggest that ASO delivery to LBPA-positive
LE is a novel key factor delineating good and poor productive
uptake cells. Although this finding is yet to be confirmed in a
diverse panel of cells/tissues, it is tempting to suggest that the
future ASO therapeutics can be particularly effective in the cells
with high LBPA level, such as macrophages47. Alternatively, ASO
can be applied in combination with the HRH3 agonists such as
thioperamide maleate to boost endosomal escape and therapeutic
effects.

What is the intracellular fate of AZD4785 delivered to CD63+LE?
PS-ASO can be sorted for lysosomal degradation9,10,13,17 but it
remained unknown whether it can also be recycled in EVs and
whether this also influences its functional activity. Endogenous RNA
species can be secreted in EVs, which are generated in CD63+LE and
secreted upon the fusion of LE with the plasma membrane19,23,25,26

and here we report for the first time that the exogenous, formulation-
free PS-ASO is recycled via EVs. Interestingly, secretion of endocy-
tosed PS-ASO via unknown mechanism has been reported before11.
Here we found that non-treated tumour cell lines PC9 and
LK2 secret EVs with the similar size and proteomic composition and
AZD4785 treatment induces EV secretion. Importantly, only EVs
derived from AZD4785-treated LK2 cells were enriched with RNA-
binding proteins and this unique profile can possibly be linked to the
appearance of a large EVs population in response to ASO treatment.
Although we detected the presence of endosomal markers, CD63 and
Alix31, the exact origin of these EVs remain to be discovered. To
detect intact PS-ASO in EV, we deployed a novel mass spectrometry
technique with a 10-fold improved lower detection limits (1 nM/
0.005 µg/ml) as compared to previously reported assays such as
capillary gel electrophoresis or ultrasensitive hybridisation enzyme-
linked immunosorbent assay (ELISA) with detection limits of
0.06 μg/ml and 0.07 μg/ml ASO in plasma, correspondingly8,48.
Interestingly, an improved sensitivity ultrasensitive hybridisation-
based ELISA method has been recently reported for the phosphor-
odiamidate morpholino oligonucleotide49 however oligonucleotides

Table 2 IC50 values for KRAS mRNA knockdown by AZD4785.

Treatment IC50, M

PC9
Vehicle 1.473*10−7

Thioperamide 1.631*10−7

U18666A 0.935*10−7

Control siRNA 1.516*10−7

Rab27a siRNA 1.580*10-7

IC50

LK2
Vehicle 2.836*10−5

Thioperamide 5.001*10−7

U18666A 1.933*10−7

Control siRNA 4.417*10−6

Rab27a siRNA 2.581*10−6
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length over 20–25 nucleotides is critical for sensitivity with this
method50. Quantification of intact AZD4785 in the cells and in
isolated EV using mass spectrometry revealed that LK2 secrete ≈3
times more AZD4785 per single vesicle as compared to PC9 (2103
and 9012 AZD4785 molecules per EV, correspondingly). Moreover,
our data indicate that up to 50% of ASO can be recycled by LK2 cells
as compared to intracellular levels, and this range is close to a recent
study by Sahay et al. who established that up to 70% of siRNA
delivered in lipid nanoparticles formulation can be recycled from the
LE/MVB, presumably via exosomes26. We found that AZD4785 is
recycled on the external EV surface, suggesting that PS-ASO can be
recycled directly from the LE lumen or even bind to the secreted EVs.
Yet, we observed dose-dependent EV AZD4785 loading and it cor-
related well with the intracellular levels, arguing against the
hypothesis that PS-ASO binds to the EVs extracellularly. We iden-
tified 15 RNA-binding proteins in LK2 EVs and further tracking of
PS-ASO and these proteins can potentially clarify EV loading
mechanisms. Pulse-chaise experiment and detection of intact
AZD4785 in plasma-derived EVs confirmed that the intact, full-size
AZD4785 is actively recycled in EVs. AZD4785 wash-off ceased the
secretion of the larger EVs population by LK2 cells further
strengthening the link between AZD4785 endocytosis and EV
secretion. To find out the exact contribution of the EV recycling
pathway to ASO functional activity, we attempted to inhibit EV
secretion pathway by blocking endosome maturation with
U18666A37,38 as well as by modulating Rab27A-dependent40 and
sphingomyelin phosphodiesterase 3-dependent41 exosome biogenesis
pathways. Interestingly, in agreement with previous reports U18666A
treatment induced CD63 accumulation. Unexpectedly, it stimulated
secretion of CD63+/CD81+EVs by both cell lines, most likely by
inducing LBPA accumulation in LE and activation of recently-
established novel LBPA/Alix EV secretion pathway51. Interestingly,
in PC9 cells secretion of CD63+/CD81+EVs was Rab27A inde-
pendent and inhibition of EV release with sphingomyelin phospho-
diesterase 3 inhibitor did not influence AZD4785 potency. However,
in LK2 cells Rab27A knockdown and inhibition of sphingomyelin
phosphodiesterase 3 reduced CD63+/CD81+EV secretion and
improved AZD4785 potency but only by ≈2 and ≈5.5 fold, corre-
spondingly. Altogether these data strongly indicate mainly LBPA
engagement in LE and to a less extent ASO clearance via the EV
recycling pathway influence the productive ASO uptake in LK2 cells
(Supplementary Fig. S13). Importantly, rapid AZD4785 delivery to
LBPA+LE in PC9 cells and LBPA engagement dominates over EV
recycling clearance pathway enabling good productive uptake hence
future studies should be focused on the further understanding of the
LBPA spatial distribution as well as the LBPA-mediated ‘back-fusion’
mechanism of endosomal escape (Supplementary Fig. S13). Mod-
ulation of intracellular PS-ASO trafficking by using small molecules
regulating LBPA15,39 or targeting Rab27A40, SMPD341 or novel Alix-
dependent52 EV biogenesis pathways40,41 are novel strategies over-
coming non-productive uptake in select tumour cells and further
analysis of EV role in ASO productive uptake across a varied panel of
models and/or diseases are required in the future.

Methods
Cell culture. PC9 (formerly known as PC-14) cells were obtained from ECACC
General Cell Collection: (https://www.pheculturecollections.org.uk/products/
celllines/generalcell/detail.jsp?refId=90071810&collection=ecacc_gc). LK2 cell was
obtained from the Japanese Collection of Research Bioresources Cell Bank (https://
cellbank.nibiohn.go.jp/~cellbank/en/search_res_det.cgi?ID=540). Both cell lines
were authenticated by short tandem repeat (STR) analysis. Both cell types were
grown at 37 °C and 5% of CO2. The cells were grown in RPMI 1640 medium,
supplemented with GlutaMAX™ (Gibco®) and 10% fetal bovine serum (FBS). Cell
viability was measured using Trypan Blue solution or Vi-CELL™ XR Cell Viability
Analyzer (Beckman Coulter, software v2.04). For EV isolation, cells were cultured
in exosome-free medium prepared with RPMI 1640 medium, supplemented with
GlutaMAX™, 10% exosome-depleted FBS (Fetal Bovine Serum, exosome-depleted,
One Shot™ format (ThermoFisher Scientific, A2720803)) in the presence or absence

of AZD4785. For the pulse-chase experiment cells were treated with AZD4785 as
above for 6 h, then washed 3 times with PBS and cultured in RPMI 1640 medium,
supplemented with GlutaMAX™, 10% exosome-depleted FBS in the absence of
AZD4785 for 24 h.

Antibody, fluorescently labelled proteins, oligonucleotides and inhibitors.
Anti-Bovine Serum Albumin antibody [EPR12774] (Abcam, ab192603, 1:1000),
Mouse Monoclonal antibody [clone 2C1] (IgG2b) to Human KRAS (LSBio Life-
Span Bioscience Inc, LSB LS-C175665, 1:1000), Anti-Vinculin antibody (Abcam,
ab73412, 1:2000), anti-human CD63 antibody (BD Pharmingen 556019, immu-
nofluorescence 1:500, western blotting 1:1000), Alix Antibody (Cell signalling
Technology, MA1-83977, 1:1000), rabbit anti-ASO (Ionis 13545, 1:25,000), Sec-
ondary Donkey Anti-Rabbit IRDye@800 CW (Li-COR 926-32213, 1:5000), sec-
ondary donkey anti-mouse IRDye@680 LT (Li-COR 926-68022, 1:5000), Donkey
anti-Rabbit IgG (H+ L) Alexa Fluor 568 (A10042, 1:200), Donkey anti-Mouse IgG
(H+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (A21202,
1:200) and Goat anti-Mouse IgG (H+ L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 647 (A21236, 1:200) (ThermoFisher Scientific), Albumin
from Bovine Serum (BSA), Alexa Fluor™ 594 conjugate (ThermoFisher Scientific),
U-18666A (Sigma, U3633), Thioperamide maleate salt (Sigma, T123), 3-O-Methyl-
sphingomyelin (BML-SL225-0001, Enzo Life Sciences). Short interfering RNA
(siRNA) oligonucleotides were ON-TARGETplus (HorizonDiscovery) non-
targeting control pool (D-001810-10-05) and human Rab27A (L-004667-00-0005).
Human Generation 2.5 KRAS PS-ASO (AZD4785/IONIS 651987, sequence
GCTATTAGGAGTCTTT, capital letters are DNA, underlined letters are cEt-
modified bases) was synthesised as previously described53.

Isothermal titration calorimetry (ITC). To evaluate the binding between BSA and
the AZD4785 sequence, an Auto ITC-200 (Malvern Panalytical) was used. The
affinity was measured in a 0.2 µm filtered buffers—PBS (pH 7.4), 10 mM PIPES
(pH 7.4) containing 140 mM NaCl and 2.5 mM CaCl2 or 10 mM PIPES (pH 6.15)
containing 140 mM NaCl and 2.5 mM CaCl2. AZD4785 (870 µM final con-
centration) was titrated into a BSA solution (200 µM). The latter was directly
prepared for dissolution in a mixture of the buffer:water 30:1 to match the
AZD4785 conditions. The data were collected at 25 °C, using 1 µl sequential
injections every 4 min. Background level was derived from the heat of dilution of
AZD4785 in the buffer and subtracted from the experimental values. Data were
analysed using the ‘One set of sites’ model function in the Origin 7 software, which
defines that all binding sites are equal. Each ITC experiment was performed in
duplicates and data reported are averaged. Since multiple BSA seemed to bind onto
one single ASO strand with, possibly, different types of interactions affinities, the
stoichiometry was fixed to a 0.06 AZD4785:BSA ratio for all data analyses. This
value was chosen as it corresponds to 1 BSA molecule for nucleotide and it allows
for a reasonably good fitting. Since it was not possible to obtain the actual binding
stoichiometry the calculated affinity values must be considered as a whole
system value.

Extracellular vesicles isolation and characterisation. EVs were isolated from the
conditioned medium using differential centrifugation as previously described31,54

with modifications. Briefly, the conditioned medium was collected from cells
(V= 60 ml) and centrifuged at 4 °C, 2000×g, 5 min using a Sorvall™ Legend™ XTR
Centrifuge (ThermoFisher Scientific), with TX-1000 high capacity rotor, to remove
live and dead cells, cell debris, and pellet larger vesicles such apoptotic bodies. The
supernatant containing EVs was transferred to Thermo Scientific™ Sorvall™ High-
Speed PPCO centrifuge tubes and centrifuged at 4 °C, 10,000×g, 30 min using a
Thermo Scientific™ Sorvall™ RC-6 Plus Superspeed centrifuge with a Sorvall™ SS-34
Fixed Angle Rotor to remove large and medium-size EVs. The supernatant was
transferred to Beckman Coulter Open-Top Thickwall polycarbonate tubes and
ultracentrifuged at 6 °C, 100,000×g, 1 h using an Optima™ L-80 XP ultracentrifuge
(Beckman Coulter) fitted with a Ti 70 rotor. The pellets were washed with PBS and
ultracentrifuged again under the conditions described, before resuspending in a
small aliquot (200–400 µl) of sterile filtered PBS for further analysis with NTA and
fluorescence spectroscopy, as well as cell treatment or lysed (see below). An aliquot
of EVs was used to determine AZD4785 content by MS and the number of EVs by
NTA so we can calculate the dose of AZD4785 loaded in EVs. To study EV uptake,
EVs were labelled with 5(6)-carboxyfluorescein diacetate N-succinimidel ester
(Sigma-Aldrich, #21888) as previously described55.

Nanoparticle tracking analysis (NTA). Purified EV pellets were suspended in
PBS and analysed by NTA using Nanosight model NS300 (Malvern Panalytical Ltd,
Almelo, The Netherlands) equipped with a blue (488 nm) laser and sCMOS
camera. Five 60 s videos were recorded, and the Brownian motion of particles was
analysed using NanoSight NTA software v3.2 (Malvern, Worcestershire, United
Kingdom) according to the manufacturer’s protocol, with the screen gain at 10,
camera level 14, focus −11, and detection level 7 to particles with minimal
background.

Inhibition of EV recycling pathway with inhibitors or siRNA. For inhibition
studies, PC9 and LK2 were cultured for 24 h in 96-well plates for qPCR or in T25
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for western blotting analysis. Working solution of inhibitor (U18666A) was pre-
pared using complete media as described above, added to cells, and incubated for
24 h before treatment with AZD4785. PC9 and LK2 cells were transfected with
siRNA by reverse transfection using Lipofectamine™ RNAiMAX Transfection
Reagent (ThermoFisher Scientific, 13778100) according to the manufacturer’s
protocol. In brief, to transfect cells in 96-well plate siRNA (3 pmol) was diluted in
25 µl Opti-MEM I Medium without serum and mixed with 0.25 µl Lipofectamine
RNAiMAX and incubated for 15 min at room temperature. Cells were diluted in
complete growth media and plated to each well containing siRNA-Lipofectamine
transfection complex (125 µl, 25,000 cells per well) and incubated for 24–72 h.

Cell and EVs lysis. PC9 or LK2 cells were washed with PBS twice and then
incubated with Accutase for 5 min at 37 °C and re-suspended in the complete
media (RPMI 1640 medium, supplemented with GlutaMAX™ (Gibco®) and 10%
exosome-depleted FB). Cell number was quantified using Vi-CELL™ XR Cell
Viability Analyzer and cells were washed with PBS twice and spun down for 5 min
at 322×g. Cell pellets were kept at −80 °C. Cells were lysed in RIPA Lysis and
Extraction Buffer (Pierce, #89900) supplemented with Protease/Phosphatase
Inhibitor cocktail (Cell Signalling Technology, 5872 S, 1:100) at the ratio 5*106 cells
per 300 µl of lysis buffer. Next, cell lysates were ultrasound (Ultrasound Bath Grant,
Power, 4 times × 10 s) and centrifuged 21,100×g for 15 min at +4 °C. Supernatants
were collected and kept at −80 °C until further analysis. EVs were lysed in RIPA
Lysis and Extraction Buffer (Pierce, #89900) supplemented with Protease/Phos-
phatase Inhibitor Cocktail (Cell Signalling Technology, 5872S, 1:100) and cen-
trifuged 21,100×g for 15 min at +4 °C. Supernatants were collected and kept at
−80 °C until further analysis. Protein concentration was measured using BCA
protein assay (Pierce, #23225).

Western blotting. Samples were separated using Novex TM 4–12% Tris-Glycine
PLUS Midi Gel (LifeTechnologies Corporation, WXP 41220) and transferred to
Nitrocellulose membrane using iBlot Gel Transfer Stack (ThermoFisher Scientific,
IB301001). Next, the nitrocellulose membrane was blocked in Odyssey Blocking
buffer (PBS) (Li-COR, 927-400000) for 1 h at room temperature and incubated
with primary antibodies diluted in PBS containing 0.1% tween-20 at +4 °C over-
night. Then the membrane was incubated with Donkey Anti-Rabbit Secondary
IRDye@800 CW (Li-COR, 926-32213) and Donkey Anti-Mouse Secondary
IRDye@680 LT (Li-COR, 926-68022) and visualised using Odyssey ® CLx Infrared
Imaging System.

Dot blot analysis. An aliquot of isolated EVs was absorbed onto nitrocellulose
membranes for 30 min at room temperature and air dried. Next, membranes were
blocked with PBS-0.1% BSA in PBS and incubated with primary antibodies (anti-
CD63 1:500, anti-ASO 1:20,000) in the absence or presence 0.2% (v/v) Tween-20 at
room temperature for 2 h. Membranes were washed 3 times in PBS, and were
incubated with Donkey Anti-Rabbit Secondary IRDye@800 CW (Li-COR, 926-
32213) and Donkey Anti-Mouse Secondary IRDye@680 LT (Li-COR, 926-68022),
washed with PBS and visualised using Odyssey ® CLx Infrared Imaging System.

Immunofluorescence staining. Cells were washed with PBS three times and fixed
in 4% (w/v) paraformaldehyde for 15 min at 37 °C. After incubation, cells were
permeabilised with PBS-0.2% TX-100 for 5 min at RT. Cells were treated with
blocking buffer (3% BSA in PBS) for 1 h at RT and incubated with primary
antibodies at 4 °C overnight. After washing with blocking buffer, cells were incu-
bated with fluorescently labelled secondary antibodies (1:200 in blocking buffer) at
RT for 1 h in the dark. After removing the secondary antibodies, cells were washed
with blocking buffer and PBS and incubated with 2 µg/ml Hoechst 33342 and
2 μg/ml HCS CellMask Blue Stain (Thermo Fisher Scientific, H32720) in PBS for
15–30 min at RT, and cells were washed twice with PBS. The plates were imaged
using an Opera (PerkinElmer) Confocal High-Content Analysis System micro-
scope (water ×60 objective (NA1.4) or air objective ×40 (NA 0.6)) and the image
analysis was conducted in intensities and colocalization between ASOs and dif-
ferent organelles were analysed using Columbus (v 2.8.3.1266).

RNA preparation and RT-qPCR. Quantitative reverse transcription PCR (RT- qPCR)
mRNA arrays were used to quantify KRAS and Rab27A mRNA. Total RNA was
isolated using Qiagen (Hilden, Germany, 216413) FastLane Cell Probe Kit or Mag-
MAX™-96 Total RNA Isolation Kit (ThermoFisher Scientific, AM1830) according to the
manufacturer’s instructions. One-step RT-qPCR using TaqMan® primer probe sets
were performed following the manufacturer’s (Qiagen) protocols with slight mod-
ifications. Briefly, 3 µl sample RNA was mixed with 0.5 µl of each primer probe set
containing forward and reverse primers and fluorescently labelled probe (KRAS Taq-
Man FAM-MGB, Hs00364284_g1, 18S rRNA Endogenous Control, VIC™/MGB probe,
4319413E, or RAB27A FAM-MGB Hs00608302_m1, ThermoFisher Scientific), 0.1 µl
QuantiTect Probe RT Mix, 0.9 µl RNase-free water, and 5.0 µl QuantiTect Probe RT-
PCR Master Mix in a 10 µl reaction. Reverse transcription was performed at 50 °C for
30min, PCR initial activation step at 95 °C for 15min, and 45 cycles of PCR at 94 °C for
15 s for denaturation and at 60 °C for 60 s for combined annealing/extension, using the

Applied Biosystems™ QuantStudio™ 12K or QuantStudio™7 Flex Real-Time PCR Sys-
tems (Applied Biosystems, USA). Relative gene expression was calculated by the 2(-
Delta Delta C(T)) method as previously described56. IC50 were calculated by nonlinear
regression curve fit in GraphPad Prism 8 (v. 8.0.1(244)) using log (inhibitor) versus
response, variable slope (four parameters) equation. The maximal KRAS expression
(Top) and the maximal knockdown (Bottom) responses were constrained at 1 and 0,
respectively.

EV quantification by CD63 capture bead assay. EV quantification in the cell
culture media was performed as previously described with modifications40. In brief,
anti-human CD63 antibody (35 μg) was immobilised to 4 μm aldehyde-sulfate beads (1
× 108), Aldehyde/Sulfate Latex Beads, 4% w/v, 4 µm (ThermoFisher Scientific, A37304)
and CD63 capture beads kept in 0.5mL of PBS containing 0.1% glycine and 0.1%
sodium azide at 4 °C. PC9 and LK2 cells (100,000 cells/24 well plate/0.5ml media) were
treated in with inhibitors or siRNA as above in RMPI media supplemented with
GlutaMAX™, 10% exosome-depleted FBS for 24 h. Conditioned media was collected
and centrifuged for 5min at 2000×g and 30min at 10,000×g to remove cell debris and
large EVs. Supernatants were incubated with CD63 capture beads (1 μl/0.4ml media)
on a shaker overnight at+4 °C. Cells were washed with PBS, detached from the plate by
using Accutase and stained with 0.4% Trypan Blue (Gibco, 15250-061). Total number
of live cells was counted using Cellaca MX Automated Cell Counter (Nexcelom
Bioscience). Beads were washed with PBS supplemented with 2% BSA twice and stained
with anti-CD81-PE antibody (1:50 in PBS supplemented with 2% BSA) for 1 h at room
temperature, washed PBS supplemented with 2% BSA and analysed by using flow
cytometry (LSR Fortessa, Beckton Dickinson, San Jose, CA). Single bead’s population
was gated, and arbitrary units were calculated as mean fluorescence units × percentage
of positive beads and normalised to the number of live cells.

Mice PC9 xenograft model and EV isolation from plasma. Female SCID mice
(Envigo) were housed under specific pathogen-free conditions in individually ventilated
cages (Techniplast) at Alderley Park, United Kingdom. All animal experiments were
approved by AstraZeneca animal welfare ethical review board and were conducted in 8-
to 12-weeks-old female mice in full accordance with the UK Home Office Animal
(Scientific Procedures) Act 1986. Mice were inoculated subcutaneously with PC9 cells
(5 × 106 cells/mouse mixed with a 1:1 ratio in Matrigel (BD Biosciences)). Tumour
growth was monitored twice weekly via calliper measurement and tumour volume was
calculated using the equation: 3.14 × length × width2/6000. Growing tumours were
randomised and recruited onto study when tumours reached an average of ~0.1 cm3

(~11 days after implant). AZD4785 was formulated using PBS and dosed at a dose
volume of 0.1ml/10 g subcutaneously. Animals selected onto study were dosed with
either AZD4785 at 250 or 125 mpk/wk with dosing schedule 5 days on/2 days off and
once-a week dose for the groups ‘72 h’ and ‘168 h’, correspondingly. Control animals
were given PBS once weekly. Animals were sacrificed 72 or 168 h post last dose and
terminal blood samples (minimum 100 µl plasma) taken into K2EDTA coated tubes
(SARSTEDT CB300 K2E). The tube was placed on wet ice and the plasma prepared
within 30min of sampling by centrifugation (1700×g for 10min at 4 °C). Plasma was
then transferred into 0.5ml Nunc cryotubes and immediately frozen until analysis.
Plasma was thaw in the water bath (+37 °C) and was centrifuged 1 h 30min at 47,000
RPM (rotor TLA-55, 4 °C), using Optima MAX-XP ultracentrifuge (Beckman Coulter).
The pellets were washed with PBS and ultracentrifuged again and re-suspended in a
small aliquot (60 µL) of sterile filtered PBS for further analysis.

AZD4785 UPLC-MS analysis. The snap-frozen samples were thoroughly
defrosted before use and the samples prepared by centrifuging at 10,000 rpm for
5 min and taking 5 µl into a Greiner shallow well plate containing 45 µl of PBS
solution. The sample was agitated for 5 min prior to being analysed directly by
LC–MS using the conditions detailed below.

Samples were analysed by UPLC-MS utilising a Waters Xevo TQ-XS
(WBA0259) and an Acquity UPLC system from Waters consisting of Sample
Manager (M16UFL953M), Acquity PDA (F17UPD457A), Column Oven
(E17CMP703G) and Binary Solvent Manager (E17BUR621G). The
chromatographic conditions are as follows:

● 1 μl Injection.
● Flow rate 0.5 ml/min.
● Column = Phenomenex bioZenTM 3.6 µm intact XB-C8 100 × 2.1 mm.
● Column temp = 45 °C.
● Solvent A= 3.75 mM TFA: 100 nM HFIP in aqueous.
● Solvent B= 3.75 mM TFA: 100 nM HFIP in MeOH (50:50).
● Gradient = 80% A to 5% A in 4.0 mins and 2 min hold.
● Total run time = 6 min.

The Waters TQ-XS was operated in negative ion Electrospray (ESI) mode
with the optimised transitions for AZD4785 (utilising the M-7H ion from the
charge envelope) as shown in Table 3. Supplementary Figs. S3 and S4 show parent
and daughter ion spectra, representative chromatography of the sample, linear
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regression and S/N at 5 nM.
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The chromatograms at each transition were extracted, smoothed and integrated to
give the standard curve Chromatograms of the samples were treated similarly and by
linear regression (1/x) an in-cell concentration was established in the re-suspended cell
lysate using the Waters MassLynx TargetLynxTM product. The mean r2 was observed to
be 0.99 and the mean error of the QC samples of <10%.

To calculate the number of AZD4785 molecules per EV, the amount of
AZD4895 per EV was multiplied by the Avogadro number (6.02214E + 23).

Proteomics EV LC–MS/MS analysis. Frozen pellets were re-suspended in 50mM
ammonium bicarbonate (Ambic, pH 8.0) to achieve a final concentration of approxi-
mately 2 µg/µl. Aliquots of 25 ul (~50 µg protein) of each sample were added to tubes
containing 25 µl denaturation solution (8M urea/50mM AmBic, pH= 8). The reso-
lubilised pellet was then reduced using 1 µl of 500mM DTT and incubated at 56 °C for
45min, followed by alkylation with 1 µl of 500mM iodoacetamide; incubated for
45min at 25 °C in the dark. All samples were diluted 4-fold with 50mM Ambic to
reduce the urea concentration (<2M). Samples were digested overnight using Trypsin
at a ratio of 1:50 (w/w) of enzyme to protein. Trypsin reaction was stopped by adding
1.3 µl TFA (0.5% to total volume) to each sample. Peptide purification was achieved
with Waters Sep-Pak SPE cartridges. Cartridges were pre-conditioned and equilibrated
with 100% Acetonitrile and 0.1% TFA, respectively. Trypsin-digested sample (50 µg)
was loaded on to the cartridge and washed with 0.1% TFA (2 times) before eluting with
1ml of 70% acetonitrile, 0.1% TFA solution. Eluted samples were then dried using
SpeedVac and re-suspended in 100 µl 0.1%FA (~0.5 µg/µl). Peptides were separated and
detected on a Waters nano-Acquity UPLC (M Class) coupled with Thermo Scientific
Q-Exactive HF-X LC/MS system with nano-ESI source. 2 µl was injected and trapped
on a Waters C18 Trap column (5 µm, 2G 18 µm × 20mm) for 3mins at 5 µl/min,
before being separated across a Waters peptide BEH C18 column, with a flow rate of
0.3ml/min. Peptides were separated on a 120min gradient, from 3 to 35% B (solvent A
—0.1% formic acid in water; solvent B—0.1% TFA in acetonitrile). Peptides were
acquired on a Thermo QExactive HF-X, operating in positive ion mode and data
analysed in Proteome Discoverer v2.2.0.388. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD02780457.

Statistics and reproducibility. For in vitro experiments at least three independent
experiments were conducted with technical replicates. For experiments in vivo a
minimum of 5 animals per treatment group was used. All experiments were measured
in technical replicates, with a minimum of three biological replicates (N= 3). All
attempts to replication of the described findings were successful. Statistical significance
was analysed by one-way ANOVA for multiple group comparison or unpaired t-test for
two groups comparison by using GraphPad PRISM (version 8.0.1(244)) software.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The authors declare that all relevant data supporting the findings of the study are
available within the manuscript and its Supporting Information. Raw proteomic mass
spectrometry data (Fig. 3E and Supplementary Figs. S5, S6, Supplementary Data 1, 2)
have been deposited in https://www.ebi.ac.uk/pride/archive/ with the accession code
PXD027804. Figure’s raw data and unedited western blot images are included in the

Supplementary Data 3. All other data for all figures and results presented here are
available from the corresponding author (ANK) upon reasonable request.

Received: 1 October 2019; Accepted: 8 October 2021;

References
1. Geary, R. S., Norris, D., Yu, R. & Bennett, C. F. Pharmacokinetics,

biodistribution and cell uptake of antisense oligonucleotides. Adv. Drug Deliv.
Rev. 87, 46–51 (2015).

2. Liang, X. H., Sun, H., Nichols, J. G. & Crooke, S. T. RNase H1-dependent
antisense oligonucleotides are robustly active in directing RNA cleavage in
both the cytoplasm and the nucleus. Mol. Ther. 25, 2075–2092 (2017).

3. Crooke, S. T., Wang, S., Vickers, T. A., Shen, W. & Liang, X. H. Cellular
uptake and trafficking of antisense oligonucleotides. Nat. Biotechnol. 35,
230–237 (2017).

4. Ross, S. J. et al. Targeting KRAS-dependent tumors with AZD4785, a high-
affinity therapeutic antisense oligonucleotide inhibitor of KRAS. Sci. Transl.
Med. 9, eaal5253 (2017).

5. Lulla, V. et al. Antisense oligonucleotides target a nearly invariant structural
element from the SARS-CoV-2 genome and drive RNA degradation. Preprint
at bioRxiv https://doi.org/10.1101/2020.09.18.304139 (2020).

6. Yu, R. Z. et al. Cross-species pharmacokinetic comparison from mouse to man
of a second-generation antisense oligonucleotide, ISIS 301012, targeting
human apolipoprotein B-100. Drug Metab. Dispos. 35, 460–468 (2007).

7. Geary, R. S. et al. Effect of dose and plasma concentration on liver uptake and
pharmacologic activity of a 2’-methoxyethyl modified chimeric antisense
oligonucleotide targeting PTEN. Biochem. Pharmacol. 78, 284–291 (2009).

8. Yu, R. Z. et al. Pharmacokinetics and pharmacodynamics of an antisense
phosphorothioate oligonucleotide targeting Fas mRNA in mice. J. Pharmacol.
Exp. Ther. 296, 388–395 (2001).

9. Koller, E. et al. Mechanisms of single-stranded phosphorothioate modified
antisense oligonucleotide accumulation in hepatocytes. Nucleic Acids Res. 39,
4795–4807 (2011).

10. Bijsterbosch, M. K. et al. In vivo fate of phosphorothioate antisense
oligodeoxynucleotides: predominant uptake by scavenger receptors on
endothelial liver cells. Nucleic Acids Res. 25, 3290–3296 (1997).

11. Miller, C. M. et al. Stabilin-1 and Stabilin-2 are specific receptors for the
cellular internalization of phosphorothioate-modified antisense
oligonucleotides (ASOs) in the liver. Nucleic Acids Res. 44, 2782–2794 (2016).

12. Wang, S. et al. Cellular uptake mediated by epidermal growth factor receptor
facilitates the intracellular activity of phosphorothioate-modified antisense
oligonucleotides. Nucleic Acids Res. 46, 3579–3594 (2018).

13. Beltinger, C. et al. Binding, uptake, and intracellular trafficking of
phosphorothioate-modified oligodeoxynucleotides. J. Clin. Invest. 95,
1814–1823 (1995).

14. Wang, S., Sun, H., Tanowitz, M., Liang, X. H. & Crooke, S. T. Annexin A2
facilitates endocytic trafficking of antisense oligonucleotides. Nucleic Acids
Res. 44, 7314–7330 (2016).

15. Wang, S., Sun, H., Tanowitz, M., Liang, X. H. & Crooke, S. T. Intra-endosomal
trafficking mediated by lysobisphosphatidic acid contributes to intracellular
release of phosphorothioate-modified antisense oligonucleotides. Nucleic
Acids Res. 45, 5309–5322 (2017).

16. Loke, S. L. et al. Characterization of oligonucleotide transport into living cells.
Proc. Natl Acad. Sci. USA 86, 3474–3478 (1989).

17. Linnane, E. et al. Differential uptake, kinetics and mechanisms of intracellular
trafficking of next-generation antisense oligonucleotides across human cancer
cell lines. Nucleic Acids Res. 47, 4375–4392 (2019).

18. Gruenberg, J. Life in the lumen: the multivesicular endosome. Traffic 21,
76–93 (2020).

19. van Niel, G., D’Angelo, G. & Raposo, G. Shedding light on the cell biology of
extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228 (2018).

20. Harding, C., Heuser, J. & Stahl, P. Receptor-mediated endocytosis of
transferrin and recycling of the transferrin receptor in rat reticulocytes. J. Cell
Biol. 97, 329–339 (1983).

Table 3 MRM Transition of AZD4785.

Compound Mode Parent ion Daughter ion Dwell Cone voltage Collision energy

AZD0485 ESI −ve 773 360.5 0.329 20 30

ARTICLE COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02772-0

12 COMMUNICATIONS BIOLOGY |          (2021) 4:1241 | https://doi.org/10.1038/s42003-021-02772-0 | www.nature.com/commsbio

https://www.ebi.ac.uk/pride/archive/
https://doi.org/10.1101/2020.09.18.304139
www.nature.com/commsbio


21. Pan, B. T. & Johnstone, R. M. Fate of the transferrin receptor during
maturation of sheep reticulocytes in vitro: selective externalization of the
receptor. Cell 33, 967–978 (1983).

22. Khayrullin, A. et al. Very long-chain C24:1 ceramide is increased in serum
extracellular vesicles with aging and can induce senescence in bone-derived
mesenchymal stem cells. Cells 8, 37 (2019).

23. Valadi, H. et al. Exosome-mediated transfer of mRNAs and microRNAs is a novel
mechanism of genetic exchange between cells. Nat. Cell Biol. 9, 654–659 (2007).

24. Matsuo, H. et al. Role of LBPA and Alix in multivesicular liposome formation
and endosome organization. Science 303, 531–534 (2004).

25. Maugeri, M. et al. Linkage between endosomal escape of LNP-mRNA and
loading into EVs for transport to other cells. Nat. Commun. 10, 4333 (2019).

26. Sahay, G. et al. Efficiency of siRNA delivery by lipid nanoparticles is limited by
endocytic recycling. Nat. Biotechnol. 31, 653–658 (2013).

27. Escola, J. M. et al. Selective enrichment of tetraspan proteins on the internal
vesicles of multivesicular endosomes and on exosomes secreted by human
B-lymphocytes. J. Biol. Chem. 273, 20121–20127 (1998).

28. Kobayashi, T. et al. Separation and characterization of late endosomal
membrane domains. J. Biol. Chem. 277, 32157–32164 (2002).

29. Kobayashi, T. et al. A lipid associated with the antiphospholipid syndrome
regulates endosome structure and function. Nature 392, 193–197 (1998).

30. Verweij, F. J. et al. Quantifying exosome secretion from single cells
reveals a modulatory role for GPCR signaling. J. Cell Biol. 217, 1129–1142
(2018).

31. Kowal, J. et al. Proteomic comparison defines novel markers to characterize
heterogeneous populations of extracellular vesicle subtypes. Proc. Natl Acad.
Sci. USA 113, E968–E977 (2016).

32. Mathieu, M. et al. Specificities of exosome versus small ectosome secretion
revealed by live intracellular tracking and synchronized extracellular vesicle
release of CD9 and CD63. Nat. Commun. 12, 4389 (2020).

33. Cossum, P. A. et al. Disposition of the 14C-labeled phosphorothioate
oligonucleotide ISIS 2105 after intravenous administration to rats. J.
Pharmacol. Exp. Ther. 267, 1181–1190 (1993).

34. Agrawal, S., Temsamani, J. & Tang, J. Y. Pharmacokinetics, biodistribution,
and stability of oligodeoxynucleotide phosphorothioates in mice. Proc. Natl
Acad. Sci. USA 88, 7595–7599 (1991).

35. Baranyai, T. et al. Isolation of exosomes from blood plasma: qualitative and
quantitative comparison of ultracentrifugation and size exclusion
chromatography methods. PLoS ONE 10, e0145686 (2015).

36. Szklarczyk, D. et al. STRING v11: protein-protein association networks with
increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 47, D607–D613 (2019).

37. Kobayashi, T. et al. Late endosomal membranes rich in lysobisphosphatidic
acid regulate cholesterol transport. Nat. Cell Biol. 1, 113–118 (1999).

38. Elgner, F. et al. The Intracellular cholesterol transport inhibitor U18666A
inhibits the exosome-dependent release of mature hepatitis C virus. J. Virol.
90, 11181–11196 (2016).

39. Moreau, D. et al. Drug-induced increase in lysobisphosphatidic acid reduces
the cholesterol overload in Niemann-Pick type C cells and mice. EMBO Rep.
20, e47055 (2019).

40. Ostrowski, M. et al. Rab27a and Rab27b control different steps of the exosome
secretion pathway. Nat. Cell Biol. 12, 19–30 (2010).

41. Trajkovic, K. et al. Ceramide triggers budding of exosome vesicles into
multivesicular endosomes. Science 319, 1244–1247 (2008).

42. Viney, N. J. et al. Antisense oligonucleotides targeting apolipoprotein(a) in
people with raised lipoprotein(a): two randomised, double-blind, placebo-
controlled, dose-ranging trials. Lancet 388, 2239–2253 (2016).

43. Ammala, C. et al. Targeted delivery of antisense oligonucleotides to pancreatic
beta-cells. Sci. Adv. 4, eaat3386 (2018).

44. Lebrand, C. et al. Late endosome motility depends on lipids via the small
GTPase Rab7. EMBO J. 21, 1289–1300 (2002).

45. Le Blanc, I. et al. Endosome-to-cytosol transport of viral nucleocapsids. Nat.
Cell Biol. 7, 653–664 (2005).

46. Bonsergent, E. & Lavieu, G. Content release of extracellular vesicles in a cell-
free extract. FEBS Lett. 593, 1983–1992 (2019).

47. Akgoc, Z., Iosim, S. & Seyfried, T. N. Bis(monoacylglycero)phosphate as a
macrophage enriched phospholipid. Lipids 50, 907–912 (2015).

48. Leeds, J. M., Graham, M. J., Truong, L. & Cummins, L. L. Quantitation of
phosphorothioate oligonucleotides in human plasma. Anal. Biochem. 235,
36–43 (1996).

49. Burki, U. et al. Development and application of an ultrasensitive
hybridization-based ELISA method for the determination of peptide-
conjugated phosphorodiamidate morpholino oligonucleotides. Nucleic Acid
Ther. 25, 275–284 (2015).

50. Wang, L. Oligonucleotide bioanalysis: sensitivity versus specificity. Bioanalysis
3, 1299–1303 (2011).

51. van Niel, G. et al. The tetraspanin CD63 regulates ESCRT-independent and
-dependent endosomal sorting during melanogenesis. Dev. Cell 21, 708–721 (2011).

52. Larios, J., Mercier, V., Roux, A. & Gruenberg, J. ALIX- and ESCRT-III–dependent
sorting of tetraspanins to exosomes. J. Cell Biol. 219, e201904113 (2020).

53. Seth, P. P. et al. Short antisense oligonucleotides with novel 2’-4’
conformationaly restricted nucleoside analogues show improved potency
without increased toxicity in animals. J. Med. Chem. 52, 10–13 (2009).

54. Thery, C. et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): a position statement of the International Society for
Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell.
Vesicles 7, 1535750 (2018).

55. Longatti, A. et al. High affinity single-chain variable fragments are specific and
versatile targeting motifs for extracellular vesicles. Nanoscale. 10, 14230–14244
(2018).

56. Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-delta delta C(T)) method. Methods 25,
402–408 (2001).

57. Perez-Riverol, Y. et al. PRIDE inspector toolsuite: moving toward a universal
visualization tool for proteomics data standard formats and quality assessment
of ProteomeXchange datasets. Mol. Cell Proteomics 15, 305–317 (2016).

Acknowledgements
We would like to thank Dr Giuditta Illuzzi for cell lysis protocol and useful suggestions,
Dr Graeme Davies for the qPCR consulting, Dr Arpan S. Desai for editing the manu-
script and technical advices, Dr Niek Dekker for the exosome consulting and Dr David
Robinson for the assistance with cancer cell lines.

Author contributions
A.K., S.R., E.C. and S.P. conceived the study, designed the experiments and wrote the paper,
A.K. conducted cell culture experiments and purified EVs, P.D., D.L. and E.C. conducted mass
spectrometry, analysed and interpreted the data, C.M. performed the microscopy and edited
the paper, E.L. designed the experiments, interpreted data and edited the paper, L.H. per-
formed the mice experiments, N.R., M.S., N.J.B. and P.W.D. conducted proteomics LC–MS/
MS analysis, interpreted the data and edited the paper, S.S. performed Isothermal Titration
Calorimetry and analysed the data, A.R. and A.R.M. provided ASO, discussed the data and
edited the manuscript. All authors have read and approved the final manuscript.

Competing interests
A.K., P.D., D.L., C.M., E.L., L.H., N.R., M.S., P.W.A.D., N.J.B., S.S., S.R., E.C. and S.P. are
current or past employees and/or shareholders of AstraZeneca. A.R. and A.R.M. are
employees and shareholders of Ionis Pharmaceutics.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-021-02772-0.

Correspondence and requests for materials should be addressed to Alexander N.
Kapustin.

Peer review information Communications Biology thanks the anonymous reviewers for
their contribution to the peer review of this work. Primary Handling Editor: Christina
Karlsson Rosenthal. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02772-0 ARTICLE

COMMUNICATIONS BIOLOGY |          (2021) 4:1241 | https://doi.org/10.1038/s42003-021-02772-0 |www.nature.com/commsbio 13

https://doi.org/10.1038/s42003-021-02772-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Antisense oligonucleotide activity in tumour cells is influenced by intracellular LBPA distribution and extracellular vesicle recycling
	Results
	Majority of AZD4785 is delivered to CD63+LE across both cell lines but only limited colocalization with LBPA+LE is observed
	PS-ASO is recycled in EVs in�vitro and in�vivo
	AZD4785 recycling in EVs enables intercellular AZD4785 transfer but reduces productive uptake

	Discussion
	Methods
	Cell culture
	Antibody, fluorescently labelled proteins, oligonucleotides and inhibitors
	Isothermal titration calorimetry (ITC)
	Extracellular vesicles isolation and characterisation
	Nanoparticle tracking analysis (NTA)
	Inhibition of EV recycling pathway with inhibitors or siRNA
	Cell and EVs lysis
	Western blotting
	Dot blot analysis
	Immunofluorescence staining
	RNA preparation and RT-qPCR
	EV quantification by CD63 capture bead assay
	Mice PC9 xenograft model and EV isolation from plasma
	AZD4785 UPLC-MS analysis
	Proteomics EV LC&#x02013;nobreakMS/MS analysis
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




