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BACKGROUND: ALK rearrangements are present in 5% of
nonsmall cell lung cancer (NSCLC) tumors and identify
patients who can benefit from ALK inhibitors. ALK
fusions testing using liquid biopsies, although challeng-
ing, can expand the therapeutic options for ALK-posi-
tive NSCLC patients considerably. RNA inside extracel-
lular vesicles (EVs) is protected from RNases and other
environmental factors, constituting a promising source
for noninvasive fusion transcript detection.

METHODS: EVs from H3122 and H2228 cell lines, har-
boring EML4-ALK variant 1 (E13; A20) and variant 3
(E6a/b; A20), respectively, were successfully isolated by
sequential centrifugation of cell culture supernatants.
EVs were also isolated from plasma samples of 16 ALK-
positive NSCLC patients collected before treatment
initiation.

RESULTS: Purified EVs from cell cultures were character-
ized by transmission electron microscopy (TEM), nano-
particle tracking analysis (NTA), and flow cytometry.
Western blot and confocal microscopy confirmed the
expression of EV-specific markers as well as the expres-
sion of EML4-ALK-fusion proteins in EV fractions from
H3122 and H2228 cell lines. In addition, RNA from
EV fractions derived from cell culture was analyzed by
digital PCR (dPCR) and ALK-fusion transcripts were
clearly detected. Similarly, plasma-derived EVs were

characterized by NTA, flow cytometry, and the ExoView
platform, the last showing that EV-specific markers cap-
tured EV populations containing ALK-fusion protein.
Finally, ALK fusions were identified in 50% (8/16) of
plasma EV-enriched fractions by dPCR, confirming the
presence of fusion transcripts in EV fractions.

CONCLUSIONS: ALK-fusion transcripts can be detected in
EV-enriched fractions. These results set the stage for the
development of EV-based noninvasive ALK testing.

Introduction

Genomic rearrangements involving the oncogenic ana-
plastic lymphoma kinase (ALK) gene occur in 3 to 5%
of nonsmall cell lung cancer (NSCLC) tumors (1, 2). So
far, nearly 30 different ALK-fusion partners have been
described, with EML4 being the most common (3, 4).
A wide therapeutic arsenal is currently available to tackle
ALK-positive NSCLC tumors (5–7). Testing for ALK
fusions is thus mandatory since the identification of
ALK rearrangements significantly expands the therapeu-
tic opportunities and life expectancy of these patients.
However, the availability of tumor biopsies is sometimes
limited for NSCLC patients, mostly due to the anatomi-
cal location of the tumor and the advanced age of these
patients. Biomarker testing using liquid biopsies can
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potentially overcome these limitations. Indeed, genomic
profiling of liquid biopsies is integrated in NSCLC
guidelines (8). Still, the identification of genomic rear-
rangements using liquid biopsies remains challenging.
The identification of ALK translocation in circulating
tumor DNA (ctDNA) is complicated as the rearrange-
ment involves a large number of bases, breakpoints are
usually unknown, and ctDNA is highly fragmented.
Indeed, a sensitivity of 40% has been reported for next-
generation sequencing assays in detecting oncogenic
fusions in plasma cell-free DNA (9). Likewise, circulat-
ing free RNA (cfRNA) is rapidly degraded by RNases
present in the bloodstream. However, RNAs carried in
extracellular vesicles (EVs) are a priori protected from
RNases. The use of EVs for noninvasive biomarker test-
ing has several advantages. First, EVs are stable and they
protect RNAs from degradation in the extracellular envi-
ronment (10); second, nearly all types of cells can release
EVs (11); and third, EV isolation methods from plasma
samples can be automated so that the process can be
scaled for high-throughput applications and therefore be
adapted to the clinics.

In this preclinical study, we aimed to elucidate
whether ALK fusions were detectable in EVs derived
from NSCLC. To this aim, H3122 and H2228
NSCLC cell lines were used and EV enrichment proto-
cols were followed to examine the presence of transloca-
tion messenger and protein products. The protocol was
then optimized for the analysis of plasma samples from
16 ALK-positive NSCLC patients.

Materials and Methods

PLASMA SAMPLES

Plasma samples from 16 ALK-positive NSCLC patients
were collected before treatment initiation at Hospital
Puerta de Hierro-Majadahonda. The study protocol was
approved by the Hospital Puerta de Hierro Ethics
Committee (internal code 79-18). Appropriate written
informed consent was obtained from all patients prior to
enrollment in the study. Briefly, eligibility criteria in-
cluded patients who were 18þ years of age and with a
pathologically confirmed diagnosis of stage IV NSCLC
with an ALK translocation.

EVS ISOLATION

Cell lines from NSCLC (H3122 and H2228) harboring
an ALK translocation were grown. Conditions regarding
tissue culture are available in the Methods in the online
Data Supplement. As a control, the metastatic mela-
noma cell line (Ma-Mel-55) was used (12). Detailed in-
formation about EV isolation is available in the online
Supplemental Methods. Briefly, cell culture superna-
tants (200 mL) were centrifuged twice for 10 min at

200g, followed by 2 centrifugations at 500g for 10 min
and 1 centrifugation of 30 min at 10 000g. Finally, ul-
tracentrifugation at 100 000g for 2 h at 4�C with no
brake was carried out to collect EVs.

Plasma samples were collected in a 10-mL Streck
Cell-Free DNA BCTVR tube. Cell debris were removed
by centrifugation at 2000g for 10 min at 4�C. Plasma
samples were diluted in PBS (1:3) and centrifuged once
at 110 000g for 2 h at 4�C with no brake to collect EVs.

EV QUANTITATION

The concentration and size of particles in the EV prepa-
rations were characterized by nanoparticle tracking
analysis (NTA) in a NanoSight NS500 (Malvern
Instruments Ltd) equipped with a 405 nm laser. Three
different captures of 60 s were analyzed per sample. The
settings used were camera level 12 (EVs from cell lines),
10 (EVs from NSCLC plasma samples), focus between
�15 and þ15, threshold 10, and temperature 25 �C.

TRANSMISSION ELECTRON MICROSCOPY (TEM) AND GOLD

IMMUNOLABELING

Detailed information about TEM protocol is available in
the online Supplemental Methods. Briefly, H3122 and
H2228 EV preparations were diluted 1:10 in HBS and
adsorbed on a formvar-carbon coated grid, and either
stained with 2% uranyl acetate and analyzed directly in
the TEM or labeled with antibodies as follows. After
blocking, grids were incubated with the primary anti-
body, either anti-CD9 clone VJ120 (Immunostep, S.L.)
or anti-CD81 clone 5A6 (Santa Cruz Biotechnology),
blocked again and incubated with goat anti-mouse fab2’-
gold 10 nm (BBI International). Finally, grids were
stained with uranyl acetate 2%, dried, and analyzed using
a Jeol JEM 1011 (JEOL Ltd) electron microscope operat-
ing at 100 kV with a CCD camera Gatan Erlangshen
ES1000W (Gatan Ink).

CONFOCAL MICROSCOPY

Detailed information about confocal microscopy proto-
cols is available in the Supplemental Methods. Briefly, a
drop of EV pellet was put on a 35-mm imaging dish
with a polymer coverslip bottom for high-end micros-
copy, dried, fixed with 4% p-formaldehyde and treated
with NH4Cl 50 mmol/L. After permeabilization with
0.2% Triton X-100, samples were blocked with 5%
BSA, incubated with anti-CD63 antibody (Merck
Millipore), and incubated with goat anti-mouse second-
ary antibody conjugated to ALEXA 546 or 488
(Invitrogen-Life Technologies). For a second immuno-
detection, samples were blocked again, incubated with
anti-ALK antibody (Ventana D5F3; Cell Signaling
Technology) or with anticalreticulin antibody (NB600-
101; Novus Biologicals) and incubated with goat anti-
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rabbit secondary antibody conjugated to ALEXA 488 or
546 (Invitrogen-Life Technologies).

Fluorescence in situ hybridization (FISH) was per-
formed using fixed EV-enriched samples and parent
cells. EV-enriched samples and parent cells were per-
meabilized with 0.2% Triton X-100, dehydrated with
50%, 70%, and 100% ethanol, and incubated with a
biotinylated EML4-ALK RNA probe. The specimens
were incubated with hybridization buffer, washed,
blocked with BSA 5%, and incubated with

antistreptavidin antibody conjugated to ALEXA 546
(Invitrogen-Life Technologies). Nonpermeabilized and
nondehydrated cells were incubated with a biotinylated
EML4-ALK RNA probe, as a control condition. Nuclei
were stained with TO-PRO-3 (Thermo Fisher
Scientific). Images were collected with a TCS SP5 con-
focal microscope (Leica Microsystems) using a �63
HCX PL APO (1.25–1.52 numerical aperture) oil-
immersion objective and �3 zoom. For immunofluores-
cence, the following excitation and emission parameters

Fig. 1. Characterization of EV-enriched preparations from NSCLC cell lines. (A), Size and concentration analysis by Nanoparticle
tracking analysis (NTA). Mean size and concentration listed in the table were obtained in a NanoSight equipment. U diameter;
(B), Transmission electron microscopy (TEM) visualization. I. H3122 EV preparation unlabeled; II. labeled with CD9 antibody and
III. labeled with CD81 antibody, respectively; IV. H2228 EV preparation unlabeled; V. labeled with CD9 antibody and VI. labeled
with CD81 antibody; VII. Ma-Mel-55 EV preparation unlabeled; VIII. labeled with CD9 antibody and IX. labeled with CD81 anti-
body. Bar50 or 100 nm as indicated; (C), Bead-assisted flow cytometry. H3122, H2228, and Ma-Mel-55 EVs were incubated
microbeads coated with anti-EpCAM, anti-MICA, anti-CD63, or IgG isotype control antibodies. Captured vesicles were detected by
flow cytometry after incubation with either anti-CD81-PE (left panels) or anti-CD9-PE (right panels). Histograms from one repre-
sentative experiment out of 3 are shown. Relative fluorescence intensity (RFI ¼ MFI sample

MFI IgG Þ values are shown within each plot.
MFI, median fluorescence intensity. PE, phycoerythrin.
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were used (546 nm, 557–572 nm) for CD63 and
EML4-ALK signal, (488 nm, 500–540 nm) for EML4-
ALK and calreticulin signal, and (633 nm, 645–750nm)
for TO-PRO-3 signal. Two different lasers were used
independently for each fluorophore (ALEXA 488,
ALEXA 546).

FLOW CYTOMETRY

Here 2 lL of purified EVs from H3122 (1 � 108 par-
ticles) and H2228 (1 � 109 particles) cell lines and 3
NSCLC plasma samples (1.7–3.2 � 108 particles) were
incubated overnight at room temperature with 3000
microbeads coated with anti-CD63 (Clone TEA3/18),

Fig. 2. Characterization of EV-enriched preparations from NSCLC cell lines by confocal microscopy visualization. (A), Double im-
munofluorescence in EV preparations. I. H3122 EVs stained with EML4-ALK antibody (green); II. H3122 EVs stained with CD63
antibody (red); III. H3122 EVs in bright field; IV. Merge; V. Ma-Mel-55 EVs stained with CD63 antibody (green); VI. Ma-Mel-55
EVs stained with EML4-ALK antibody (red); VII. Ma-Mel-55 EVs in bright field; VIII. Merge; IX. H3122 EVs stained with CD63 anti-
body (green); X. H3122 EVs stained with calreticulin antibody (red); XI. H3122 EVs in bright field; XII. Merge; (B), FISH RNA
with biotinylated RNA assay for EML4-ALK variant 1 in H3122 cells, I. H3122 permeabilized cells labeled with EML4-ALK variant
1 biotinylated RNA assay (red); II. H3122 permeabilized cells labeled with TO-PRO-3 (blue); III. Merge; IV. H3122 nonpermeabi-
lized cells labeled with EML4-ALK variant 1 biotinylated RNA assay (red); V. H3122 nonpermeabilized cells labeled with DAPI
(blue); VI. Merge; VII. H2228 permeabilized cells labeled with EML4-ALK variant 3 biotinylated RNA assay (red); VIII. H2228 per-
meabilized cells labeled with DAPI (blue); IX. Merge; X. H2228 nonpermeabilized cells labeled with EML4-ALK variant 3 biotiny-
lated RNA assay (red); XI. H2228 nonpermeabilized cells labeled with DAPI (blue); XII. Merge; (C), FISH RNA with biotinylated
RNA assay for EML4-ALK variants in EV preparations, I. H2228 EVs with EML4-ALK variant 3 biotinylated RNA assay (red); II.
H2228 EVs in bright field; III. H2228 Merge EV preparation; IV. Ma-Mel-55 EVs with EML4-ALK variant 3 biotinylated RNA assay
(red); V. Ma-Mel-55 EVs in bright field; VI. Merge Ma-Mel-55 EV preparation; VII. H3122 EVs with EML4-ALK variant 1 biotiny-
lated RNA assay (red); VIII. H3122 EVs in bright field; IX. H3122 Merge EV preparation; X. Ma-Mel-55 EVs with EML4-ALK variant
1 biotinylated RNA assay (red); XI. Ma-Mel-55 EVs in bright field; XII. Merge Ma-Mel-55 EV preparation. Bars represent 200 nm.
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anti-EpCAM (Clone VU-1D9) or Isotype (IgG1;
MOPC21) (Immunostep, S.L.) in a final volume of
25 lL of PBS containing 1% casein (Biorad, 1� PBS
blocker). Subsequently, beads were stained with either
anti-CD9 (VJ1/20) or anti-CD81 (M-38), PE-
conjugated antibodies (Immunostep, S.L.) for 1 h at
4 �C. Data were acquired using CytoFLEX flow cytom-
eter and analyzed using Kaluza software (both Beckman
Coulter), as previously described (13).

DOT BLOT

Here, 3 � 108 particles from each EV preparation were
treated with HBS 1% SDS or with HBS only, adsorbed
onto a nitrocellulose membrane, dried, and blocked
with PBS-T (PBS 0.1% Tween-20) containing 5% non-
fat dry milk for 1 h, followed by a 1 h incubation with
primary antibodies at 4�C; mouse anti-EML4-ALK var-
iants [5A4 at 2.6 mg/mL (Leica Biosystems)] and anti-
CD9 at 1 mg/mL (clone VJ120, Immunostep, S.L.).
The membranes were then incubated for 1 h at RT with
0.4 lg/mL Alexa-700-conjugated goat anti-mouse sec-
ondary antibody (ThermoFisher). Proteins were visual-
ized using the Odyssey Infrared system (LI-COR
Biosciences).

CELL LYSATES AND WESTERN BLOT

Detailed information about cell lysates and western blot
is available in the Supplemental Methods. Briefly, Cell
lysates were prepared with 1% NP40 TNE buffer con-
taining protease inhibitors. 50 lg of total lysate proteins
and 50 lL of the EV-enriched preparation were run in
12% SDS–PAGE. Proteins were transferred to nitrocellu-
lose membranes with Trans-BlotVR TurboTM Transfer
Packs (BioRad). Membranes were blocked and incubated
with primary antibodies for EML4-ALK variants [5A4 an-
tibody (Leica Biosystems)], CD63, CD81 and CD9 tet-
raspanins [MEM259; MEM-38; and MEM62,
respectively (a kind gift from Vaclav Horejsi, Czech

Republic)], b-actin (AC-74, Sigma-Aldrich Co.) and cal-
reticulin (NB600-101; Novus Biologicals). Membranes
were then incubated with Alexa-700-conjugated goat
anti-mouse secondary antibody or Alexa-790-streptavidin
secondary antibody (ThermoFisher). Proteins were visual-
ized using the Odyssey Infrared system (LI-COR
Biosciences).

EXOVIEW ANALYSIS

Complete characterization of plasma-derived EVs
(N¼ 2) was performed by ExoView R100 (NanoView
Biosciences) using human tetraspanins kits (EV-
DTETRA-C). Chips were prescanned using the pro-
vided protocol to identify any previously adhered par-
ticles during manufacturing. For incubation, chips
were placed in 12-well plates, avoiding contact of the
chip corners with the sides of the well. EVs were di-
luted at 1:100 in the provided incubation solution
buffer; 50 lL of the diluted sample was incubated over-
night without agitation. Following the manufacturer’s
protocol, several washes were performed the following
day. Then, 1 mg/mL of fluorescently labeled antibodies
provided by the kitanti-CD9 kit (CF 488A), anti-
CD63 (CF 647A), and the protein of interest anti-
ALK-(CF 594A) labeled by Alexa Fluor 594
Conjugation Kit Fast (ab269822, ABCAM) were incu-
bated for 1 hour with gentle agitation. The chips were
then washed and dried for analysis using ExoView
Analyzer (Nanoview Biosciences).

RNA ISOLATION AND QUALITY ASSESSMENT

RNA from EV preparations (50 lL each) was isolated
using exoRNeasyVR Serum/Plasma Maxi Kit (QIAgen),
following the manufacturer’s instructions after EVs lysis
with QIAzol reagent (QIAgen). Samples were eluted in
14 lL of RNase-free water. EV RNA samples were ana-
lyzed with the Agilent RNA 6000 Pico Kit using
Agilent 2100 Bioanalyzer (Agilent Technologies).

Fig. 2. (continued)
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RNA from supernatants obtained by ultracentrifu-
gation of cell medium and plasma were isolated using
QIAampVR Circulating Nucleic Acid Kit (QIAgen), fol-
lowing the manufacturer’s instructions.

Finally, 6.5 lL of total RNA was reverse-
transcribed into complementary DNA (cDNA) using
the PrimeScript RT Reagent Kit (TaKaRa) according to
the manufacturer’s recommendations.

DIGITAL PCR

ALK-fusion variants were analyzed by digital PCR
(dPCR) using a QuantStudioVR 3D Digital PCR System
(Applied Biosystems) as previously described (14, 15).
Assays for ALK-fusion variants are presented in
Supplemental Table S1, as endogenous gene we used
the PUM1 (Hs00472881_m1) assay. A blank (with no
cDNA), a negative control [a wild-type (WT) cDNA],
and a positive control (H2228 and H3122 cell lysates)
were included in each dPCR run. The mutant allele fre-
quency (MAF) was calculated as the ratio of mutant
(mut) DNA molecules to the total number of molecules
(sum of mutant and WT molecules). Detailed informa-
tion about the sensitivity of the dPCR EML4-ALK
TaqManVR assays is available in the Supplemental
Methods.

Results

EML4-ALK FUSION CAN BE DETECTED IN EV PREPARATIONS

FROM NSCLC CELL LINES

To determine whether EML4-ALK translocations are
present in NSCLC EV-enriched samples, we used cul-
ture supernatants from H3122 and H2228 cell lines.
The metastatic melanoma cell line Ma-Mel-55, lacking
these rearrangements, was used in parallel as a negative
control. EV-enriched preparations were obtained by se-
quential centrifugation of the conditioned medium and
were fully characterized following MISEV2018 guide-
lines (16). According to NTA the diameter of the par-
ticles ranged from 50 to 350 nm with means of 216 nm,
229 nm, and 193 nm and modes of 155 nm, 127 nm,
and 128 nm, for H3122, H2228, and Ma-Mel-55 cell
lines, respectively (Fig. 1, A), consistent with the size of
small-medium EVs described in the literature. Similarly,
TEM analysis of the EV-enriched preparations showed
50–300 nm spherical vesicles with the typical cup-
shaped morphology, described to be caused by dehydra-
tion of vesicles during sample treatment processing for
TEM (Fig. 1, B). Gold immunolabeling of CD9 and
CD81 showed vesicles carrying these proteins in the EV
preparations from the 3 cell lines. Moreover, to assess
the presence of different EV-protein markers in the
same particle, such as CD63, CD81, and CD9 tetraspa-
nins, the preparation was analyzed by bead-assisted flow
cytometry. EVs were captured on beads coated with ei-
ther tetraspanin or tumor-associated protein markers,
such as EpCAM or MICA, and detected with CD9 and
CD81 antibodies. Both lung cancer and metastatic

Fig. 3. EML4-ALK-fusion protein detection in EV-enriched
preparations. (A), Western blot. Total cell lysate proteins
and EV-enriched preparations from H3122 and H2228 cell
lines were run on SDS–PAGE and showed EML4-ALK variant
1 (120 kDa) and variant 3 (87 kDa), respectively, whereas
Ma-Mel-55 cell line did not show the EML4-ALK-fusion pro-
tein. EV preparations showed CD63, CD81, and CD9 tetra-
spanins expression and did not show calreticulin (negative
marker) expression; (B), Dot blot. 3 � 108 EVs from H3122
and H2228 cell lines were immobilized on nitrocellulose
and EML4-ALK-fusion protein expression was analyzed both
in native conditions and lysed with 1% SDS. Ma-Mel-55 EVs
were used as a negative control. All EV preparations were
positive for the CD9 tetraspanin.
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melanoma-derived EVs were analyzed. Binding was
measured as a Relative Fluorescence Index (RFI) above
1. NSCLC cells clearly contained EpCAM and CD63
in CD9- and CD81-positive vesicles while metastatic
melanoma was positive for the immune-activating li-
gand MICA, indicating the presence of these protein

combinations in the fraction of the EV preparations
(Fig. 1, C).

Once the EV preparations were characterized using
several standard techniques, the presence of EML4-
ALK-fusion proteins was evaluated by confocal micros-
copy and western blot, together with transmembrane

Fig. 4. EV-derived RNA quality assessment and EML4-ALK-fusion transcript detection. (A), RNA quality assessment by Agilent
RNA 6000 Pico Kit. Bioanalyzer electropherograms showed the fluorescence intensity (FU) (y axis) and size distribution in
nucleotides (nt) (x axis) of EV preparations RNA; (B), Detection of EML4-ALK-fusion transcripts by dPCR. EML4-ALK variants were
labeled with FAM (blue data points), whereas the wild-type is labeled with VIC (red data points). Green and yellow data points
indicated the detection of both probes and no detection of probes, respectively. The y axis corresponds to FAM measurement
and x axis corresponds to VIC measurements.
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EV-protein markers. Dual labeling of EVs with anti-
ALK and anti-CD63 antibodies was observed, by confo-
cal microscopy, in H3122 and H2228 EV preparations
whereas Ma-Mel-55 EVs only showed CD63 expression
(Fig. 2, A, Supplemental Fig. S1). In approximately 30%
of EVs, we could detect both markers in the same vesicle.
EV preparations were negative for the endoplasmic retic-
ulum protein calreticulin expression (Fig. 2, A and
Supplemental Fig. S1). RNA-FISH confirmed the pres-
ence of ALK-fusion transcripts in H3122 (variant 1) and
H2228 (variant 3) derived EVs (Fig. 2, C). Likewise, we
corroborated the presence of ALK-EML4-fusion protein
in EVs by western blot analysis. As presented in Fig. 3, A
EML4-ALK variant 1 (E13; A20) (120 kDa) and variant
3 (E6a/b; A20) (87 kDa) fusion proteins were clearly
detected in H3122 and H2228 cell lysates and EV frac-
tions, respectively, whereas no ALK-fusion variant was
detected in either the EV fractions or in the lysates of the
negative control Ma-Mel-55 cell line. CD63, CD9, and
CD81 EV-protein markers, enriched in the EV fraction,
were also detected in the same blot, as well as the cyto-
solic protein b-actin. Calreticulin, used as an EV-negative
marker, was only detected in cell lysates. This result
established that EML4-ALK-fusion protein variants are
present and can be detected in EVs derived from tissue
culture supernatants of NSCLC cell lines. In addition, we
performed a dot blot analysis of the EVs either in their
native state or after lysis with 1% SDS. As shown in
Fig. 3, B, the tetraspanin CD9 was similarly detected on
vesicles in their native state and in the lysed vesicles, indi-
cating that this protein is recognized by the antibody at
the vesicle surface. Regarding EML4-ALK protein, the
positive signal was lower in the native state compared to
the lysed vesicles, suggesting that the antibody was recog-
nizing the protein predominantly inside the vesicle
(Fig. 3, B). This result also supported the presence of the
protein within EVs and not as a coprecipitating aggregate
in the EV preparation. The low signal observed in native
vesicles could be due to the disruption of a small propor-
tion of the EV membranes on immobilization on the ni-
trocellulose. EML4-ALK-fusion proteins were not
detected in Ma-Mel-55 cell lines.

EV-derived RNA from cell lines was analyzed by
Agilent RNA 6000 Pico Kit using an Agilent 2100
Bioanalyzer. For both lung cancer cell lines, we mainly
identified small RNAs (<200 nt) (H3122 EVs RNA
area¼ 117.1 nt; H2228 EVs RNA area¼ 67.5 nt), al-
though 18S and 28S rRNA peaks were weakly present
(Fig. 4, A). Finally, as shown in Fig. 4, B, dPCR analysis
detected EML4-ALK variant 1 and variant 3 transcripts
in H3122 and H2228 cell lysates, respectively
(MAF¼ 65.9% and MAF¼ 12.7%, respectively) and
EV fractions (MAF¼ 17.4% and MAF¼ 12.1%, re-
spectively), whereas the signal was negligible in the cor-
responding supernatant (Supplemental Fig. S4).

Additionally, for the negative control Ma-Mel-55 cell
line no ALK-fusion transcript variant was detected either
in the EV fractions or in the lysates (Fig. 4, B).

EML4-ALK FUSION CAN BE DETECTED IN EV PREPARATIONS

FROM NSCLC PATIENT PLASMA SAMPLES

To investigate whether ALK fusions were detectable in
EVs isolated from clinical samples, plasma-derived
EVs from NSCLC patients (N¼ 3) were characterized
in terms of size distribution and number of particles
by NTA (Fig. 5, A), showing a profile similar to that
of the NSCLC cell-derived EVs (Fig. 1). Similarly,
CD63, CD81, and CD9 tetraspanins coexpression
was confirmed in plasma EVs by flow cytometry
(N¼ 3) (Fig. 5, B). In addition, ALK-fusion protein
was clearly detected in the plasma-derived-EVs from
ALK-positive NSCLC patients (N¼ 2), using
ExoView. Indeed, CD81, CD63, and CD9 captured
EV populations contained ALK-fusion protein, most
notably in CD81-captured EVs (Fig. 5, C and D and
Supplemental Fig. S2).

To further characterize the presence of ALK rear-
rangements in plasma-derived EVs, we evaluated the de-
tection of the 3 most common EML4-ALK-fusion
variants (Supplemental Table S1) at the RNA level by
analyzing their corresponding cDNA by dPCR (Fig. 4
and online Supplemental Fig. S3).

To this end, EVs were isolated from the pretreat-
ment plasma sample from 16 ALK-positive NSCLC
patients. Clinical characteristics of the study population
are presented in Supplemental Table S2. Overall, the
median concentration of EV-derived RNA from
NSCLC patients was 0.618 ng/lL. Small RNAs
(<500 nt) were detected in all EV preparations using
Bioanalyzer 2100. In addition, 9 patients showed a
2000–4000 nt peak (Fig. 4).

As presented in Table 1, EML4-ALK variant 1
(E13; A20) was detected in 2 patients (12.5%), EML4-
ALK variant 2 (E20; A20) was detected in 1 patient
(6.3%) and EML4-ALK variant 3 (E6a/b; A20) was
detected in 5 patients (31.3%), with a detection rate of
50%. No ALK-fusion transcript was detected in the su-
pernatant obtained after plasma ultracentrifugation
(N¼ 2) (Supplemental Fig. S4).

Discussion

Liquid biopsies are increasingly used in daily oncology
practice as they provide a noninvasive way to identify bio-
markers. Specifically, in NSCLC patients there is growing
evidence supporting the use of liquid biopsies for
Epidermal Growth Factor Receptor (EGFR) testing (17,
18). Nevertheless, robust methodologies for the identifi-
cation of other alterations different from single nucleotide
variations (SNVs), such as EML4-ALK fusions, are still
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lacking. Currently, the challenge is to increase the sensi-
tivity of the blood tests for the detection of complex var-
iants such as rearrangements in ALK, ROS1, RET, or
NTRK. Notably, detecting these fusions using liquid

biopsies, although challenging, could potentially expand
therapeutic options in NSCLC patients.

Several studies have shown that ALK rearrangements
can be detected within circulating tumor cells (CTCs)

Fig. 5. Characterization of plasma-derived EVs from NSCLC patients. (A), Size and concentration analysis by Nanoparticle tracking analy-
sis (NTA). Mean size and concentration listed in the table were obtained in a NanoSight equipment from a representative experiment
out of 3. U diameter; (B), Bead-assisted flow cytometry. 2mL of the EV preparations obtained by plasma ultracentrifugation were incu-
bated with 3000 anti-CD63 coated microbeads in 25mL of PBS 1% casein. Captured vesicles were detected by flow cytometry after incu-
bation with anti-CD81-PE (left panel), anti-CD9-PE (right panel), or IgG-PE isotype control. Histograms of the fluorescence intensity
detected from a representative experiment out of 3 are shown. Relative fluorescence intensity (RFI ¼ MFI sample

MFI IgG ) values are shown in
each legend. MFI, median fluorescence intensity. PE, phycoerythrin; (C), Analysis of EVs by ExoView platform. Quantification of the
number of particles captured by EV-specific tetraspanins. Anti-CD81, anti-CD63, and anti-CD9 antibodies were used for particle capture
and fluorescently labeled anti-ALK*(green), anti-CD63 (red), and anti-CD9 (blue) were subsequently used for particle detection. Anti-
MIgG was used as a capture control. 3 capture spots were performed in each sample. Mean 6 SD are represented. (D), Analysis of EVs
by ExoView platform. Analysis of CD63, CD9, and ALK* positive particle distribution in plasma-derived EVs. ALK*, ALK-fusion protein.
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(19, 20), although there are important concerns about
the feasibility of the implementation of these methodolo-
gies in the clinical setting. Likewise, there are a few
reports showing that ALK fusions can be detected by
NGS profiling of cfDNA (21, 22). In this way,
McCoach et al. reported clinical benefit from ALK inhibi-
tors in 3 patients who were ALK-positive by NGS profil-
ing of cfDNA despite being negative ALK FISH (23).
Nevertheless, the use of cfDNA may have some limita-
tions as ALK translocations involve a large number of
base pairs, and breakpoints are usually unknown.
Complex variants such as large genomic rearrangements,
including translocations, can be easily detected at the
RNA level as fusion transcripts. However, unlike cfDNA,
RNA degrades very quickly due to RNases present in the
blood, constituting a major limitation. Thus, the analysis
of encapsulated RNA, protected from RNases appears to
be a promising approach. With this approach, encourag-
ing results have been reported regarding the analysis of
RNA isolated from tumor educated platelets (TEPs),
which are thought to be able to sequester tumor-related
RNA by a microvesicle dependent mechanism (24), with
a 65% sensitivity and 100% specificity for the detection
of EML4-ALK rearrangements (25).

Likewise, noninvasive biomarker testing using EVs
appears to be a promising approach. Interest in EVs was
re-energized when different laboratories described the
presence of RNA in vesicles (26). To our knowledge, this

is the first study thoroughly demonstrating that ALK
fusions are present and can be detected in EV prepara-
tions from ALK-positive NSCLC cells and plasma sam-
ples from NSCLC patients. We were able to demonstrate
the presence of an ALK-fusion transcript in EVs isolated
from 8 plasma samples from patients who were previously
diagnosed as having NSCLC harboring an ALK-fusion.
Currently, there is intense research aimed to improve the
technology for the characterization and phenotyping of
EVs and validation of EVs for biomarker identification
(27, 28). Size-exclusion chromatography (SEC) has been
shown to perform well in separating EVs from clinical
samples (29) and an automatic exosome isolation system
based on SEC has been developed (qEV Automatic
Fraction Collector). Likewise, high sensitivity methods
for EV detection based on immune-capture have been
described (13). Similarly, an automated, point-of-care de-
vice capable of isolating exosomes directly from whole
blood has been developed by integrating acoustics and
microfluidics (30), suggesting that robust high-through-
put EV isolation methods will be available in the near fu-
ture. In this regard, our results set the basis for
noninvasive ALK-fusion transcript detection using EV
preparations. Remarkably, unraveling the tetraspanin and
ALK-fusion protein colocalization patterns will be vital
for the development of EV-based diagnostic tests. As an
exploratory analysis, our data, show that CD81-captured
EVs are enriched in ALK-fusion protein. These findings
should be confirmed in an appropriately sized cohort.

Different RNA populations have been identified in
EVs (31–34). According to our data, the RNAs from
EVs were mostly small RNAs (<200 nt), although 18S
and 28S rRNA peaks were also detected in cell line sam-
ples. In some clinical samples, the electrophoretic pattern
was compatible with the presence of long noncoding
RNAs. Nevertheless, RNA obtained from EVs can be
highly affected by the extraction method and studies on
EV RNAs characterization remains lacking.

In summary, we have shown here that ALK fusions
are present in EVs from NSCLC cells and patients.
Although further improvements in EV isolation meth-
ods are needed, our results indicate that ALK-fusion
testing through liquid biopsy is feasible. These results
set the stage for high-throughput methodologies for fu-
sion transcript detection on liquid biopsies.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The study protocol was approved by the Hospital
Puerta de Hierro Ethics Committee (internal code 79-
18), and was conducted in accordance with the precepts
of the Code of Ethics of The World Medical
Association (Declaration of Helsinki). All patients pro-
vided their appropriate written informed consent to par-
ticipate in the study prior to enrollment.

Table 1. ALK-fusion variants detected by dPCR, in EVs
derived from the plasma samples of 16 ALK-positive

NSCLC patients.

Patient EML4-ALK variant dPCR MAF

Patient 1 – –

Patient 2 Variant 3 (E6a/b; A20) 0.8%

Patient 3 – –

Patient 4 Variant 3 (E6a/b; A20) 7.1%

Patient 5 Variant 3 (E6a/b; A20) 1.5%

Patient 6 – –

Patient 7 – –

Patient 8 Variant 2 (E20; A20) 0.7%

Patient 9 Variant 3 (E6a/b; A20) 16.7%

Patient 10 – –

Patient 11 – –

Patient 12 Variant 3 (E6a/b; A20) 0.6%

Patient 13 Variant 1 (E13; A20) 6.7%

Patient 14 – –

Patient 15 Variant 1 (E13; A20) 0.3%

Patient 16 – –
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CONSENT FOR PUBLICATION

We have obtained consent to publish this paper from all
of the study participants.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.
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EVs, extracellular vesicles; TEM, transmission electron microscopy;
NTA, nanoparticle tracking analysis; dPCR, digital PCR; ALK, ana-
plastic lymphoma kinase; ctDNA, circulating tumor DNA; cfRNA,
circulating free RNA; FISH, fluorescence in situ hybridization;
cDNA, complementary DNA; WT, wild-type; MAF, mutant allele
frequency; mut, mutant; RFI, relative fluorescence intensity; EGFR,
epidermal growth factor receptor; SNVs, single nucleotide variations;
CTCs, circulating tumor cells; TEPs, tumor educated platelets; SEC,
size-exclusion chromatography; MFI, mean fluorescence intensity;
PE, phycoerythrin; FU, fluorescence intensity

Human Genes: ALK, ALK receptor tyrosine kinase; EGFR, epidermal
growth factor receptor; EML4, EMAP like 4; NTRK, neurotrophic
receptor tyrosine kinase 1; PUM1, pumilio RNA binding family
member 1; RET, ret proto-oncogene; ROS1, ROS proto-oncogene 1,
receptor tyrosine kinase.
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Moreno, A. Rodr�ıguez-Festa, D. Ares Trotta, C. Pati~no, M.J.
Coronado, A. Beneitez, R. Jara, N. Lago-Baameiro, T. Camino, L.
Robado de Lope, and A. Cruz-Bermúdez. Acquisition of data, E.
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