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CANCER

Extracellular vesicle tetraspanin-8 level predicts distant
metastasis in non-small cell lung cancer after

concurrent chemoradiation

Yang Liu', Jia Fan’, Ting Xu?, Navid Ahmadinejad3’4, Kenneth Hess®, Steven H. Lin?,
Jianjun Zhang®, Xi Liu’, Li Liu** Bo Ning'#*, Zhongxing Liao**, Tony Y. Hu'*

Non-small cell lung cancer (NSCLC) is the most commonly diagnosed cancer and the leading cause of cancer death
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worldwide. More than half of patients with NSCLC die after developing distant metastases, so rapid, minimally
invasive prognostic biomarkers are needed to reduce mortality. We used proteomics to identify proteins differentially
expressed on extracellular vesicles (EVs) of nonmetastatic 393P and metastatic 344SQ NSCLC cell lines and found
that tetraspanin-8 (Tspan8) was selectively enriched on 344SQ EVs. NSCLC cell lines treated with EVs overexpressing
Tspan8 also exhibited increased Matrigel invasion. Elevated Tspan8 expression on serum EVs of individuals with
stage lll premetastatic NSCLC tumors was also associated with reduced distant metastasis—free survival, suggesting
that Tspan8 levels on serum EVs may predict future metastasis. This result suggests that a minimally invasive blood
test to analyze EV expression of Tspan8 may be of potential value to guide therapeutic decisions for patients with

NSCLC and merits further study.

INTRODUCTION

Lung cancer is the most common cancer and cause of cancer-related
death in men and women worldwide (1). More than 50% of patients
diagnosed with lung cancer die within 1 year of diagnosis, and the
5-year survival rate is less than 19% (1). Non-small cell lung cancer
(NSCLC) is the most prevalent form of lung cancer, and most pa-
tients with NSCLC have metastatic disease at their initial diagnosis
(2). However, stage II to III NSCLC tumors are heterogeneous, and
patients with the same disease stage can often have very different
treatment outcomes. Identification of markers that can be monitored,
preferably in a noninvasive manner, to identify which patients are
likely to develop metastatic NSCLC would be useful in facilitating
treatment choice for such patients to reduce their risk of metastasis
development. However, no biomarkers identified to date have ade-
quate sensitivity, specificity, or reproducibility for this purpose (3),
and tumor samples can be difficult to obtain, especially from patients
with inoperable disease.

Rapid and minimally invasive assay methods hold great potential
to improve patient care, and several methods using tumor-derived
factors have been attempted to develop such assays, but technical
issues have thus far prevented their successful translation to clinical
use. Recent studies have shown that circulating tumor cells and cir-
culating tumor DNA can provide useful information on tumor evo-
lution, metastasis, and risk of cancer relapse (4), but low detection
rates and high false-positive rates have limited their application (5).
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Extracellular vesicles (EVs) are abundantly secreted into circula-
tion by many cells and contain proteins from the plasma and endo-
somal membranes, as well as proteins, RNAs, and DNAs that reflect
the phenotypic state of their cell of origin (6). Unlike conventional
tissue biopsies, which are subject to sampling bias from tumor size,
EVs are secreted by all cancer cell subsets within tumors and thus
can reflect heterogeneous features present in many tumors. EVs can
be obtained safely and repeatedly by collecting serial blood samples
throughout the course of treatment, unlike conventional monitoring
methods, where multiple biopsies are usually not feasible because of
prohibitive patient risks or financial costs. Furthermore, the presence
of several surface proteins (e.g., CD9, CD63, and CD81) on EVs can
be used for EV isolation (7), while additional surface markers can be
assayed as potential biomarkers to assess tumor phenotype or fate.

The well-known “seed and soil” theory of tumor metastasis is also
supported by recent findings that tumor-derived EVs can migrate
to distant organs and tissues long before metastatic tumors form at
those sites (8). Lyden’s group has provided direct evidence that tu-
mor cells use EVs to condition sites in distant organs to serve as
premetastatic niches for the initiation of metastasis (9). The abun-
dance of such EVs in the bloodstream makes them (or their contents)
excellent candidate biomarkers for predicting metastasis or for the
early detection of metastasis.

We hypothesized that EV's secreted by metastatic and nonmetastatic
NSCLC cells carry proteins that can distinguish these cells and func-
tion as diagnostic biomarkers of metastatic NSCLC. To test this hy-
pothesis, we used mass spectrometry (MS) to detect EV proteins
that were differentially expressed in two mouse NSCLC cell lines with
metastatic and nonmetastatic phenotypes and found that EV expres-
sion of tetraspanin-8 (Tspan8) was associated with NSCLC invasive-
ness, in keeping with findings that its elevated cellular expression is
associated with metastasis (10-12). Subsequent analysis found that
intersectin-2 (Itsn2) expression, which regulates Tspan8 packaging
into EVs (13, 14), was increased in the metastatic NSCLC cell line
and that overexpression of Itsn2 increased EV Tspan8 abundance
and EV-enhanced NSCLC cell invasion. Finally, analysis of Tspan8
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expression in archived serum samples obtained from patients with
NSCLC participating in a clinical trial indicated that serum EV-Tspan8
concentration predicted future metastasis. We conclude from these
findings that EV-Tspan8 may be an effective, relatively noninvasive
biomarker for the early detection of lung cancer metastasis and can
facilitate therapeutic decisions for such patients.

RESULTS

Tspan8 in EVs from metastatic and nonmetastatic NSCLC

cell lines

We selected two murine NSCLC cell lines, one derived from a
primary lung tumor (393P) and one derived from a subcutaneous
metastatic lung cancer (344SQ), as a model system to study differ-
ences in the EV composition of EVs derived from metastatic and
nonmetastatic NSCLC cells (15). We found that 344SQ cells exhibited
10 times the activity of 393P cells to invade through a Matrigel
matrix layer, a common surrogate for metastatic activity, confirming
the differential phenotype of these two cell lines (P < 0.05; Fig. 1,
A and B). Because EVs have been reported to play key roles in
regulating metastasis, we isolated EVs from 44SQ and 393P cell
cultures by sequential centrifugation and ultracentrifugation to identify
proteins that were differentially expressed in the EVs of these cells
(fig. S1). Scanning electron microscopy (SEM) and NanoSight
particle-tracking analyses revealed smooth, saucer-like vesicles <200 nm
in diameter (fig. S2), characteristic of a high-purity EV sample
relatively devoid of cell debris (16). Western blot analysis also revealed
that the EV fractions expressed the EV markers TSG101, HSP70,
and CD9 but did not express the cis-Golgi matrix protein GM130
(Fig. 1C), as expected for an EV preparation without substantial
contamination by cytosolic protein (14, 17).

EV protein lysates were then generated from these samples, and
equal amounts of 393P- and 344SQ-derived EV proteins were size-
fractionated by SDS-polyacrylamide gel electrophoresis (PAGE) and
subjected to in-gel proteolysis, after which eluted peptide fractions
were subjected to liquid chromatography-tandem MS (LC-MS/MS),
and resulting peptides were queried against the UniProtKB/Swiss-
Prot Mus musculus databases to identify proteins differentially
expressed in the 393P and 344SQ EV fractions (Fig. 1, D and E). This
resulted in the identification of 618 proteins, among which 196 were
shared by 393P and 344SQ EVs, 234 were present only in 344SQ EVs,
and 188 were present only in 393P EVs. Hypothesizing that EVs from
metastatic cells would contain proteins uniquely associated with me-
tastasis, we focused on those proteins that were up-regulated on or
unique to the 344SQ-derived EVs and categorized these proteins
according to molecular function or biological processes as indicated
by their reported UniProt Gene Ontology assignments (fig. S3). EV
proteins were also filtered by requiring that they be present in each
of the three replicates of this experiment, with at least two identified
peptide-spectrum-match sequences. Candidates for EV proteins that
were enriched on metastatic 344SQ EVs were required to demon-
strate >1.5-fold increased expression in 344SQ versus 393P EVs or
be uniquely detected in 344SQ EV's, which resulted in 10 candidate
proteins. A search of the remaining proteins for those with reported
metastasis-related functions led to the final selection of four proteins:
Tspan8 (10, 11), clusterin (18), galectin-3-binding protein (19), and
filamin-A (20). Western blot analysis of these proteins in 393P
and 344SQ cells and their EVs confirmed that Tspan8, clusterin, and
galectin-3-binding protein were substantially increased in EV's of
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344S8Q versus 393P cells, despite no obvious difference in their ex-
pression in whole-cell lysates (WCLs) of these cells (Fig. 1, F and G),
suggesting that these proteins are selectively packaged into 344SQ
EVs. However, filamin-A expression did not detectably differ in the
344SQ and 393P EVs, contrary to our LC-MS/MS results, while both
clusterin and galectin-3-binding protein were detected in the EV-
depleted supernatants of 344SQ and/or 393P cells in direct opposi-
tion to their EV expression, calling into question their utility as
EV biomarkers. On the basis of these findings, we selected EV-
Tspan8 expression as a potential prognostic biomarker for NSCLC
metastasis.

ITSN2 overexpression promotes Tspan8 packaging into EVs
of nonmetastatic cells

Internalization of Tspan8 into EVs relies on the association of the
Tspan8 N-terminal region with ITSN2, which is known to promote
endocytosis and to regulate fission (21). Internalization and recovery
of Tspan8 in early endosomes are further promoted by the recruit-
ment of integrin a4 (CD49d) (22). Either or both of these proteins
could thus promote Tspan8 enrichment on 344SQ EVs (Fig. 2A).
We therefore performed Western blot analyses to evaluate the po-
tential contributions of differential ITSN2 and CD49d expression to
Tspan8 recruitment to 344SQ EVs. This analysis found that Itsn2
expression notably increased 344SQ versus 393P cells, while CD49d
expression did not change (Fig. 2, B and C), leading us to hypothesize
that ITSN2 may play an important role in Tspan8 trafficking to EV's
in metastatic tumor cells. To further evaluate the role of ITSN2 in
the EV packaging of Tspan8, we established a 393P cell line that
overexpressed ITSN2 (393P™"?*) and observed that increased expres-
sion of ITSN2 in cell lysates was matched by a corresponding three-
fold increase in EV Tspan8 expression (Fig. 2, C and D), while EV
ITSN2 levels did not differ with increased ITSN2 expression, indi-
cating its lack of utility as an EV biomarker for metastatic NSCLC.
These findings were verified in the human lung cancer cell line
A549 (fig. S4), where a cell line with a 6-fold increase in ITSN2
expression (A549'TN2%) revealed a 2.7-fold increase in EV Tspan8
expression. Collectively, these results suggest that cellular ITSN2 ex-
pression plays a key role in recruiting Tspan8 to EVs during meta-
static progression.

Tspan8-enriched EVs promote invasiveness of murine

and human NSCLC cells

To evaluate whether Tspan8-enriched EVs could promote NSCLC
invasion responses, we isolated EVs from 393P and 393p""**
cells and tested the ability to influence the Matrigel invasion of
nonmetastatic 393P cells in a modified Transwell assay (fig. S5). EVs
isolated from both 393P and 393P"*"** cells stimulated the invasion
of 393P cells, but the Tspan8-enriched EVs of the 393P™"** cells
prompted a 2.6-fold increase in cell invasion (Fig. 3A). Similarly,
Tspan8-enriched EVs isolated from an ITSN2-overexpressing human
A549 NSCLC cell line (A549ITSN2+) enhanced the Matrigel invasion
of A549 cells by 1.5-fold when compared to the response to EVs from
unmodified A549 cells (Fig. 3B). Matrigel invasion rates of 393P
cells demonstrated EV dose dependence, increasing from 3.3%
in untreated cells to 18.9 and 24.9% when these cells were treated
with 393P™"* EVs (25 and 50 pg/ml, respectively) (Fig. 3C and
fig. S6A). A similar effect was observed with human A549 cells
treated with A549'™N?* EVs, although untreated A549 cells ex-
hibited a high invasion rate (48.3%), which further increased to
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Fig. 1. Characterization of 393P and 344SQ cell phenotype and EV protein expression. (A) Representative images and (B) graph of the migration and invasion
phenotypes of the murine 393P (nonmetastatic) and 344SQ (metastatic) NSCLC cell lines. Scale bar, 100 um. Data are means + SEM from three independent experiments;
ns, not significant; **P < 0.01. (C) Western blot of EV markers TSG101, HSP70, and CD9 and the Golgi (cytosol) marker GM130in EVs or whole-cell lysates (WCLs) of 393P
and 3445Q cells. (D) Coomassie-stained SDS-PAGE of 393P or 3445Q cell EV isolates; IntDen, relative mean and SD of the integrated lane densitometry from three replicates.
N/A, not applicable. (E) Venn diagram of EV proteins identified by LC-MS/MS. (F) Western blot of proteins in EVs, WCLs, and EV-depleted medium. BP, binding protein.
(G) Heat map of 393P versus 344SQ EV Western blot expression from low (light red) to high (dark red) optical density.

76.2 and 96.3% when these cells were treated with A549' 7SN+ Evg
(25 and 50 pg/ml) (Fig. 3D and fig. S6B). No further increases in
invasion were observed when either cell was treated with 393P*"2*
or A549"™N>* EVs (100 pg/ml). These findings support the
premise that an ITSN2-mediated increase in EV-Tspan8 expres-
sion can enhance the invasive behavior of cells in contact with
these EVs.

EV-Tspan8 levels predict freedom from distant metastasis

in patients with NSCLC

To test the potential diagnostic value of EV-Tspan8 expression as a
biomarker of NSCLC metastasis, we analyzed EV-Tspan8 concen-
trations in 106 pretreatment serum samples collected from individ-
uals diagnosed with locally advanced-stage NSCLC. All patients had
received concurrent chemoradiation in a prospective protocol, the
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primary results of which are reported elsewhere (23). Subjects en-
rolled in this study had a median follow-up time of 26 months, and
58 of these subjects developed distant metastasis at a median interval
of 12.7 months [95% confidence interval (CI), 8.0 to 23.3]. Enrolled
subjects had a median age of 66 years and were primary male (60%),
white (92%), and diagnosed with stage IIIa tumors (57%) and had
a median gross tumor volume of 101 cm® at initial assay (table
S1). No difference was observed in posttreatment freedom from
distant metastasis when subjects were analyzed by disease stage [IIIa
(n = 61) versus IIIb (n = 45); hazard ratio (HR), 1.1; 95% CI, 0.6 to
1.8; P = 0.77].

EV-Tspan8 expression in these serum samples was measured with
amodified sandwich enzyme-linked immunosorbent assay (ELISA)
using a Tspan8-specific capture antibody and CD9-specific detec-
tion antibody. EV-Tspan8 expression values obtained for these
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Fig. 2. Tspan8 is selectively recruited to 3445Q EVs by ITSN2. (A) Representative Western blots and (B) quantification of 393P and 344SQ WCL expression of ITSN2,
CD49d, Tspan8, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (C) Representative Western blot and (D) quantification of Western blots of Tspan8,
ITSN2, TSG101, HSP70, and GAPDH expression in EVs and WCLs of 393P and 393P cells overexpressing ITSN2 (393P"5"2+). Data are means + SEM from three independent

experiments. **P < 0.01.

samples ranged from 0.001 to 0.791 (median, 0.120), and low EV-Tspan8
expression was found to predict freedom from distant metastasis.
Recursive partitioning analysis identified the optimal cutoff value
of EV-Tspan8 to be 0.08, which was used to assign patients to
Tspan8y,y (Tspan8 < 0.08, n = 33) versus Tspan8pgn (Tspan8 > 0.08,
n = 73) groups. Median time to distant metastasis for Tspan8pgy
patients was 8.5 months, while the Tspan8y,, group did not reach
a median during the available follow-up period (Fig. 4). Cox pro-
portional hazard regression analysis of distant metastasis for all
106 patients performed using a multivariate model (disease stage,
age, sex, Karnofsky performance status score, smoking status, tumor
histology, gross tumor volume, and treatment modality) identified
age and Tspan8 expression as independent predictors of freedom
from distant metastasis. The HR for those aged >60 years versus
those aged <60 years was 0.56 (95% CI, 0.31 to 1.00; P = 0.049), and
the HR for Tspan8yg, versus Tspan8,,, patients was 2.16 (95% CI,
1.06 to 4.40; P = 0.034). These results confirmed our preclinical
findings and suggest that low serum EV-Tspan8 level may predict
extended time with freedom from distant metastasis after curative
chemoradiation for NSCLC.

DISCUSSION

Lung cancer is the leading cause of cancer-related death worldwide,
with a propensity for distant metastasis. Better understanding of
the molecular events that regulate the development of lung cancer
metastasis and biomarkers that predict which patients will experience
metastasis are needed to improve survival rates (24). It has been re-
ported that cancer cells secrete EVs that can be easily isolated from
various body fluids (25) and which contain cancer-specific contents.
The development of a suitable optical sensor also enables orthogonal
analysis of multiple EV samples (16). Mounting evidence indicates that
EVs can carry multiple factors that have been validated as surrogate
biomarkers of cancer progression and metastasis, suggesting that
analysis of circulating EVs could replace some invasive clinical pro-
cedures currently used for cancer diagnosis, prognosis, and predic-
tion (26-28). There is substantial interest in the potential of EV
biomarkers to serve as less invasive alternatives to tissue biopsy for
early diagnosis and prognosis in NSCLC, and a few groups have
performed studies to examine the potential of EV proteins to diagnose
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NSCLC (29). For example, Huang et al. (30) reported that EV expres-
sion of epidermal growth factor receptor protein was associated with
lung cancer but not with lung inflammation. However, few studies
have examined the prognostic potential of EV markers for NSCLC.
Sandfeld-Paulsen et al. (31) evaluated the prognostic value of 49 EV
membrane proteins in plasma samples from 276 patients with
NSCLC and concluded that NY-ESO-1 was correlated with inferior
survival. Liu et al. (32) also found that EV miR-10b-5p, miR-23b-3p,
and miR-21-5p may be useful as biomarkers in NSCLC, in that
elevated levels of these miRNAs in EVs were associated with poor
overall survival. However, these studies have limitations with re-
gard to their ability to predict clinical outcomes, especially distant
metastasis.

Given that previous studies have reported that circulating EVs
can initiate a premetastatic niche at distant sites through the trans-
fer their contents (9), the goals of the current study were to identify
candidate EV biomarkers of NSCLC metastasis and evaluate their
prognostic potential in a relevant clinical population. In this study,
we screened for factors that were differentially enriched in EVs
derived from metastatic versus nonmetastatic NSCLC cell lines.
Among the factors that met our selection criteria, only Tspan8
exhibited differential EV expression without also revealing appre-
ciable expression in the EV-depleted cell culture medium.

Tspan8 has been reported to modulate invasion of melanoma by
affecting integrin-linked kinase signaling and its downstream target
protein kinase B (11), to regulate E-cadherin/catenin signaling and
metastasis in breast cancer (12), and to promote hepatocellular
carcinoma metastasis by increasing expression of A disintegrin and
metalloproteinase domain 12 (ADAM12) and mediating astrocyte-
elevated gene-1 (AEG-1)-induced invasion (10, 33).

However, while EV expression of Tspan8 differed with metastatic
phenotype, its cellular expression levels were not noticeably differ-
ent between our metastatic and nonmetastatic cell lines, suggesting
that this difference resulted from differential EV protein sorting and
enrichment in the metastatic cell population. Subsequent studies
identified that the multimodular protein ITSN2, which participates
in endocytosis with the Tspan8-associating CD49d complex (21, 22),
was expressed at a substantially higher level in the metastatic cells,
suggesting that increased ITSN2 expression was responsible for the
elevated Tspan8 expression and metastatic potential of the EVs of
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Fig. 3. EV-Tspan8 promotes invasion of mouse 393P and human A549 cells. Migration and invasion of (A) 393P cells treated with 393P or 393P"*">* EVs (50 ug/ml) for
24 hours and (B) A549 cells treated with A549 or A549"°N2* EVs (50 ug/ml) for 24 hours. Scale bars, 100 um. Representative images and percentage of invasion to migration
of (C) 393P and (D) A549 cells in response to increasing concentrations of 393P""2* EVs or A549™N?* EVs. Data indicate means + SEM from three replicate experiments.

Scale bars, 100 um. ***P < 0.005; ****P < 0.001.

the metastatic cells. This hypothesis was supported by subsequent
experiments demonstrating that ITSN2 up-regulation led to both
increased EV Tspan8 expression and metastatic promoting activity,
without affecting the cellular Tspan8 level. Thus, it appears that any
therapeutic approach seeking to attenuate the prometastatic effect
of elevated EV-Tspan8 expression may need to target ITSN2 ex-
pression rather than Tspan8. We were not able to find any reports
linking ITSN2 and metastasis, but our findings from the current study
suggest that its dysregulation may play a role in metastatic priming
events mediated by EV-Tspan8 expression and may also regulate the
sorting of other EV factors that may be involved in this process.
Our findings indicate that the role of EV-Tspan8 in the progres-
sion and metastasis of NSCLC may be under the regulation of ITSN2.
To the best of our knowledge, a correlation between ITSN2 and
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metastasis has not previously been reported. It is beyond the scope
of the current study, but certainly, our future plan is to determine
mechanistically how ITSN2 acts in NSCLC progression, i.e., which
signaling pathway or downstream genes are influenced by ITSN2 to
result in tumorigenesis.

NSCLC is often diagnosed at advanced stages, and concurrent
chemoradiation therapy is considered standard of care for inoperable,
locally advanced disease (2). However, stage II to IIl NSCLC is quite
heterogeneous, and standard concurrent chemoradiation often has
quite different outcomes in patients at the same apparent disease
stage. We found that, among patients with stage IIl NSCLC, serum
EV-Tspan8 expression before treatment distinguished those who
developed early distant metastasis and that high serum EV-Tspan8
expression was an independent predictor for distant metastasis, with
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the optimal serum EV-Tspan8 cut-point differentiating patients with
more than twofold difference in median time to distant metastasis.
This finding suggests that pretreatment Tspan8 levels may identify
patients who could benefit from adjuvant systemic treatment (e.g.,
chemotherapy and immunotherapy), information that could be used
to personalize treatment choices for individual patients based on their
risk of distant metastasis.

Standard methods used to diagnose and evaluate cancer metas-
tasis include tissue biopsy and radiographic imaging; however,
these methods detect established metastatic sites and cannot pre-
dict the likelihood that a tumor will progress to metastasis, limit-
ing the window of opportunity for modifying treatment to slow or
prevent the development of distant metastases (34). Serum EV-
Tspan8 expression can be analyzed using small, minimally invasive
blood samples to identify those patients who might benefit from
more aggressive therapeutic interventions. Because of promising data
obtained in our NSCLC study cohort, we believe that additional studies
are warranted to validate our findings in independent datasets,
ideally from large prospective studies. Future studies should also
address whether longitudinal analysis of the serum EV-Tspan8 level
during the therapeutic intervention can also serve as a biomarker of
tumor response and predictive biomarker of metastasis. Such a ca-
pability would facilitate the evaluation of treatment responses and
potentially allow the rapid adaptation of treatment strategies (35).

MATERIALS AND METHODS

Study design

The primary objective of this translational study was to search for
EV biomarkers to predict NSCLC distant metastasis with a long-term
goal to develop rapid, minimally invasive markers to guide precision
treatment decisions. The research subjects and units of investigation

Liu etal., Sci. Adv. 2020; 6 : eaaz6162 11 March 2020

were mouse-derived cultured cells and serum samples from human
donors. We first used comparative proteomics to identify EV
proteins with known metastasis associations that were selectively
enriched on EVs of higher metastatic murine lung cancer cell line as
candidates for a predictor of distant metastasis. To explore the role
of Itsn2 in EV-Tspan8 recruitment, EVs were isolated from Itsn2-
overexpressing cell lines and evaluated for the influence on cell
invasion. We then adapted sandwich ELISA to develop a serum EV
capture and detection system, where a capture antibody recognizing
Tspan8 was used to selectively enrich EV's, while antibody recognizing
EV membrane protein CD9 served as detection probe. The predictive
value of serum EV-Tspan8 level for freedom from distant metastasis
was assessed in 106 patients with stage III NSCLC from a prospec-
tive randomized trial. For these studies, randomization or blinding
was not applicable.

Cell cultures

The murine lung cancer cell lines 393P (nonmetastatic) and 344SQ
(metastatic) were provided by J. M. Kurie (Department of Thoracic/
Head and Neck Medical Oncology at MD Anderson). The human
lung cancer cell line A549 was purchased from the American Type
Culture Collection. The 393P, 344SQ, and A549 cells were cultured
in RPMI 1640 (HyClone) containing 10% fetal bovine serum (Gibco)
for growth or maintenance or in serum-free medium for EV collec-
tion. Cultures were incubated at 37°C in a humidified 5% CO, incu-
bator and supplemented with penicillin (100 U) and streptomycin
(100 pg/ml; Invitrogen).

EVisolation

The protocol for isolating EVs from conditioned cell medium was de-
scribed previously (36) and depicted schematically in fig. S1. Briefly,
eight to ten 15-cm dishes of cells grown to 70% confluence were
washed three times with phosphate-buffered saline (PBS) to remove
residual serum contamination and then incubated for 48 hours in se-
rum-free media. The cell culture supernatant was then collected, and
cell debris was removed by centrifugation at 800g for 5 min. The
supernatant was then centrifuged at 2000g for 20 min, followed by
filtration through a 0.45-pum pore filter (10,040 to 466, VWR), and
concentrated by retention and collection with 100-kDa cutoff filters
(Amicon Ultra-15, Millipore). After another centrifugation at 12,000g
for 30 min, the EVs were pelleted by ultracentrifugation at 100,000g
for 2 hours with a Ti 100.2 rotor (Beckman Instruments), after which
the EV pellets were washed with ice-cold PBS and pelleted again at
100,000g for 2 hours. All sequential centrifugations were done at
4°C. Pellets were resuspended in PBS for functional assays and used
immediately or stored at —80°C.

EVs were isolated from serum samples by using the ExoQuick
exosome precipitation solution (EXOQ20A-1, System Biosciences)
according to the manufacturer’s instructions. Briefly, serum was
centrifuged at 3000g for 15 min to remove cells and cell debris, and
15 pl of ExoQuick exosome precipitation solution was added to 45 pl
of serum supernatant, which was mixed gently and incubated at
4°C for 30 min, followed by centrifugation at 1500¢ for 30 min. The
supernatant was then aspirated, and the EV pellet was suspended in
50 ul of sterile PBS for immediate use.

Scanning electron microscopy
Pellets containing EVs isolated from 393P and 344SQ cells were
vortexed and suspended in 0.2- to 1-ml PBS and serially diluted in
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distilled water. Vesicle mixtures were then added at 1 to 5 ul to
cleaned silicon chips, which were sonicated in acetone, ethanol, and
distilled water for 5 min in each solvent, flushed with water, air-dried,
and immobilized after drying under a ventilation hood. Samples on
silicon chips were mounted on an SEM stage with carbon paste and
imaged by a Hitachi S-4700 SEM under low beam energies (5.0 to
10.0 kV). Freshly isolated EVs were immobilized on silicon imme-
diately after isolation and imaged within 3 days.

Nanoparticle tracking analysis

Nanoparticle tracking analysis (NanoSight) was performed as de-
scribed elsewhere (37), with minor modifications as follows. Three
30-s videos were taken under controlled fluid flow with the pump
speed set to 80, and the videos were analyzed with the batch analysis
tool of NTA 2.3 software (version 2.3 build 2.3.5.0033.7-Beta7), where
minimum particle size, track length, and blur were set to “automatic.”
Representative vesicle size and concentrations given were recorded
over three tracking runs.

Protein concentration measurement

WCLs, purified EVs, and EV-depleted cell culture media (medium
from which EVs were removed by overnight ultracentrifugation)
were lysed in Mammalian Protein Extraction Reagent in the pres-
ence of a protease inhibitor cocktail (Pierce). Concentrations of
proteins in WCLs and EV's were measured with a bicinchoninic
acid assay kit (Pierce) according to the manufacturer’s instructions.
Protein concentrations in medium were measured with a Bradford
assay (Pierce) according to the manufacturer’s instructions.

Western blot analyses

Lysed samples were loaded onto two 4 to 20% gradient SDS-PAGE
gels (Bio-Rad) and transferred to nitrocellulose membranes (Bio-Rad)
by using standard methods. Gels were blocked with 5% bovine
serum albumin in PBS with 0.05% Tween 20 (PBST). Antibodies used
for Western blotting included 1:500 Tspan8 (sc-292058, Santa Cruz
Biotechnology Inc.), 1:1000 TSG101 (ab83, Abcam), 1:1000 CD9
(ab92726, Abcam), 1:1000 GM130 (sc-55591, Santa Cruz Biotechnology
Inc.), 1:1000 HSP70 (sc-32239, Santa Cruz Biotechnology Inc.), 1:1000
galectin-3-binding protein (sc-74970, Santa Cruz Biotechnology
Inc.), 1:1000 clusterin (sc-8354, Santa Cruz Biotechnology Inc.),
1:1000 filamin-A (sc-28284, Santa Cruz Biotechnology Inc.), 1:1000
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (2118L, Cell
Signaling Technology), 1:1000 Itsn2 (ab133854, Abcam), and 1:1000
CD49d (PA520595, Invitrogen).

LC-MS/MS analysis

EVs were isolated from three independent cell cultures of each cell
line as described above; 20 pg of protein was loaded on SDS-PAGE
precast gradient gels (Bio-Rad), and proteins were separated at 125 V.
In preparation for MS analysis, the gels were stained with Coomassie
EZBlue and destained overnight in water before band excision. For
in-gel digestion, each sample lane was excised into 12 equal bands
approximately 5 mm in height. Gel bands were dehydrated in
acetonitrile for 5 min, rehydrated in 10 mM dithiothreitol in 50 mM
ammonium bicarbonate, and incubated at 56°C for 1 hour. After
subsequent dehydration with acetonitrile, the gel bands were treated
with 55 mM iodoacetic acid in 50 mM ammonium bicarbonate in
the dark at room temperature for 1 hour. Bands were dehydrated
once more with acetonitrile and treated with 50 ul of a solution of
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MS grade trypsin (10 ng/ul) in 50 mM ammonium bicarbonate. After
overnight digestion at 37°C, the gel band supernatant was transferred
to a new tube, and the tryptic peptides were extracted three times
with 50% acetonitrile containing 5% acetic acid. The combined extracts
were dried by vacuum centrifugation and suspended to ~20 pl with
0.1% formic acid/2% acetonitrile before injection. Subsequently, the
digests were separated by using UltiMate 3000 Nano LC (Dionex Cor-
poration) with an nC18 enrichment column (Dionex C18 Pepmap 100,
5-um particles, 100-A pores, 300 um internal diameter x 5 mm) and
a Dionex nC18 analytical column (C18 Pepmap 100, 3-um particles,
100-A pores, 75 um internal diameter x 150 mm). Flow rates of 20 ul/min
and 300 nl/min were used for the loading and analytical columns,
respectively. Eluted peptides were analyzed on a linear ion trap LTQ
Velos Pro mass spectrometer (Thermo Fisher Scientific). One MS
scan was followed by eight MS/MS scans, and MS/MS spectra were
queried against the UniProt database (www.uniprot.org) by using
in-house Mascot 2.3.0 (www.matrixscience.com) software and a mass
tolerance of 0.5 Da.

ITSN2 overexpression

To overexpress Tspan8 in 393P cells, myc-DDK-tagged mouse Itsn2,
transcript variant 3, was purchased from OriGene (MR230794); to
overexpress Tspan8 in A549 cells, Homo sapiens ITSN2 in pENTR223
gateway donor was purchased from the DNASU Plasmid Repository,
and a plasmid vector pLenti-CMV-Puro-DEST (w118-1) was pur-
chased from Addgene (17452). Transfections were performed using
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA), typically
with 500 ng of plasmid unless otherwise noted. Cells were seeded at
a density of 40,000 cells per well in 24-well plates and transfected
the next day by using Lipofectamine 2000 (Invitrogen). Cells were
then incubated with puromycin (10 ug/ml; Invitrogen) for 2 days to
select for transduced cells, and Itsn2 expression was confirmed by
Western blotting.

Migration and invasion assay

Migration and invasion assays were performed as described elsewhere
(38). A total of 20,000 393P or A549 cells were seeded in serum-free
medium in Transwell inserts (8-um pores) in 24-well plates (Corning).
To measure invasion, the inserts were precoated with Matrigel (BD
Biosciences) overnight at room temperature. Complete medium con-
taining 10% fetal bovine serum with or without EV's from the same cell
line was used as the chemoattractant in the lower compartment of the
well. After 24 hours of incubation at 37°C, the cells on the upper com-
partment were removed by using cotton swabs, and the membrane
surface was stained with 0.1% crystal violet. Permeating (invaded) cells
were visualized under a microscope and quantified with Image].

Patient and clinical samples

Serum samples analyzed from this study were obtained from archived
samples of patients enrolled in a completed prospective randomized
trial (NCT00915005), the primary outcomes of which were reported
by Liao et al. (23). Serum samples were obtained from 106 patients
[64 men and 42 women; median age, 66 years (range, 42 to 81 years);
table S1] under an Institutional Review Board-approved protocol
before chemoradiation therapy was begun. Demographic informa-
tion was collected as part of the standard protocol, and the occurrence
of distant metastasis was determined by routine follow-up workup.
All patients included in this analysis provided written informed
consent for the primary protocol and the serum sample collection.
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Enzyme-linked immunosorbent assay

EVs isolated from serum samples of patients with NSCLC were
assayed for Tspan8 expression by sandwich ELISA according to the
following procedure, which was modified to measure EV membrane
protein. Briefly, 50-ul isolated serum EV samples were applied onto
the 96-well microplate, which was precoated with an anti-Tspan8 mu-
rine monoclonal antibody (1:500; sc-293317, Santa Cruz Biotechnology
Inc.) and subsequently blocked with 5% bovine serum albumin in
PBST for 2 hours at room temperature. After incubation at 4°C
overnight, wells were gently washed four times with PBST and then
incubated at room temperature for 2 hours with 50 ng of anti-CD9-
biotin rabbit polyclonal antibody (1:2000; MA119485, Invitrogen) in
100 pl of PBS. Wells were then washed four times with PBST and in-
cubated for 1 hour at room temperature with 25 ng of streptavidin-
conjugated horseradish peroxidase in 100 pl of PBS (1:5000; N100,
Thermo Fisher Scientific). Wells were then incubated at room tem-
perature for 20 min with substrate after the addition of 50 ul of
tetramethylbenzidine solution (34022, Thermo Fisher Scientific)
and then supplemented with 50 pl of 2 M H,SOj solution to each
well to terminate the reaction, and the absorbance at 450 nm was
measured with a plate reader (SK601, Seikagaku Corporation). No
cross-reactivity was observed between the Tspan8 antibody and
CD9-biotin antibody with the absence of EV samples. Each sample
was assayed with analytical runs that were performed in duplicate.

Statistical analysis

Statistical analyses were conducted with two-tailed unpaired Stu-
dent’s t tests, or one- or two-way analysis of variance tests using
GraphPad Prism software (version 7.0 for Windows, GraphPad, CA).
Patient or treatment data were expressed as means + SEM. For sur-
vival analyses, the Kaplan-Meier method was used to estimate the dis-
tribution of freedom from distant metastasis over time. Groups were
compared with HRs, and 95% CIs were computed by Cox propor-
tional hazard regression analysis. An optimal cut-point for Tspan8
was identified with recursive partitioning analysis. Differences with
a P value less than 0.05 were considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/11/eaaz6162/DC1

Fig. S1. Schematic of the procedures for isolating EVs from conditioned cell culture medium.
Fig. S2. Characterization of EVs isolated from murine NSCLC cell lines.

Fig. S3. Gene Ontology analysis of proteins up-regulated or uniquely detected in EVs from
3445Q cells.

Fig. S4. Tspan8 enriched in EVs derived from A549TN* cells,

Fig. S5. Schematic of the procedures for analyzing the influence of EV-Tspan8 on cell
metastasis.

Fig. S6. EV-Tspan8 induced invasion in a concentration-dependent manner.

Table S1. Patient and treatment characteristics.
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