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Exosomal miRNAs as biomarkers of recurrent lung cancer
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Abstract Prognosis of lung cancer still remains grim largely
due to recurrence and aggressive metastasis of the disease. In
this study, we examined the potential of exosomal miRNAs as
biomarkers of recurrent lung cancer. Initially, in vitro miRNA
profiles of normal lung (Beas-2b) and lung cancer (H1299)
cells and of exosomes isolated from conditioned media were
determined. In vivo study involved establishing subcutaneous
primary and recurrent lung cancer xenografts in nude mouse
model and examining tumor and serum exosomal miRNA
alteration in secondary/recurrent lung tumors. A total of 77
miRNAs were observed to be significantly modulated in the
H1299 cells (47 miRNA upregulated and 30 downregulated)
compared to the Beas-2b cells. The exosomes isolated from
conditioned media indicated several miRNAs which were in
agreement with cells of origin. A similarity was also observed
between miRNAs from serum exosomes and tumors, indicat-
ing their origin from the lung tumors. Two miRNAs, miR-21
and miR-155, were found to be significantly upregulated in

recurrent tumors compared to primary tumors. ThesemiRNAs
were also upregulated in serum exosomes of recurrent tumor-
bearing animals versus non-tumor- or primary tumor-bearing
animals. Increased expression of the recurrent disease markers
were also observed in recurrent tumors compared with prima-
ry tumors. Serum exosomes from recurrent tumor mice mir-
rored its tumor profile in expressing higher levels of these
proteins compared with exosomes from primary tumor mice.
Our data suggest that exosomal miRNA signatures may be a
true representation of a pathological profile of lung cancer;
thus, miRNAs could serve as promising biomarkers for non-
invasive diagnosis of the disease.
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Introduction

More people in the USA die of lung cancer than of prostate,
breast, and colon cancers combined [1]. Non-small cell lung
cancer (NSCLC) is the most common type of lung cancer and
accounts for 85 to 90 % of all lung cancers. Eighty-five per-
cent of patients eventually develop advanced or recurrent
NSCLC. The lung cancer 5-year survival rate (17.4 %) is
lower than most other leading cancer sites, such as the colon
(64.2 %), breast (89.4 %), and prostate (98.6 %) [2]. Poor
outcomes and relapses indicate the urgent need for develop-
ment of new screening and early biomarkers for rapid, non-
invasive, and sensitive detection of recurrent lung tumors
leading to prevention strategies.

Early diagnosis of recurrent lung cancer can have tremen-
dous impact in decreasing mortality rates with timely thera-
peutic interventions and disease management. Exosomes have
been identified as novel mechanisms of cell-cell
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communications and horizontal transfer of information via its
bioactive molecular cargo of miRNA, mRNA, DNA, and pro-
teins [3]. Exosomes are small (30–100 nm) membrane vesi-
cles of endocytic origin that are released into the extracellular
environment upon fusion of multivesicular bodies (MVB)
with the plasma membrane [4]. Recent studies indicate the
role of exosomes in crosstalk between tumor and normal cells
resulting in cell recruitment facilitating the malignant process
[5]. Exosomes from tumors were shown to condition tumor
microenvironment and stromal cells with induction of prolif-
eration and tumor metastasis [6, 7]. Due to their bioactive
cargo, exosomes are capable of re-programming the recipient
cells in the tumor microenvironment as well as distal cells
from their release site.

miRNAs are frequently dysregulated in NSCLC and are
implicated in lung cancer growth, recurrence, and metastasis
[8–10]. For this reason, miRNAs are considered as valuable
biomarkers for diagnosis and therapeutic monitoring of dis-
ease [11, 12]. miRNAs are small non-coding RNAs that post-
transcriptionally regulate mRNAs. Evidence from recent stud-
ies indicates promise of miRNAs in risk assessment, preven-
tion, early diagnosis, and prognosis of NSCLC [13–15].
Intracellular miRNAs are released into extracellular space
and body fluids either packaged in lipoproteins [16] or secret-
ed in extracellular vesicles such as exosomes [3], to shielding
them from RNase activity. Exosomes are released from both
normal as well as tumor cells. Studies indicate that tumor cells
secrete increased amounts of exosomes compared to normal
cells [17]. A significant increase in circulatory levels of
exosomes and miRNA concentration has been reported in
lung cancer patients [18]. Recent studies indicate a promising
relationship between exosomal miRNA profiles in blood with
the pathological condition of patient with AML and colon and
gastric cancers [19–21].

In this study, miRNA profiles of normal bronchial epithe-
lial cells, lung cancer cells, and exosomes isolated from the
condi t ioned media were de te rmined . La te r, we
established subcutaneous primary and recurrent lung cancer
xenografts and characterized miRNA profiles of serum
exosomes and identified miRNAs that are altered in
secondary/recurrent lung cancer and determined if miRNAs
carried by the tumor-derived exosomes represent tumor pro-
file and be more stringent circulatory biomarkers.

Results

Isolation and characterization of vesicles from conditioned
media and mouse serum

Exosomes were isolated from conditioned media of lung
cancer (H1299) and normal bronchial epithelial (Beas-2b)
cells after 72 h of culture by ultracentrifugation, and

serum exosomes were isolated from nude mice bearing
H1299 xenograft by precipitation with ExoQuick reagent
(Systems Bioscience, Mountain View, CA). Vesicles iso-
lated from conditioned media and mouse serum were con-
firmed to be exosomes based on size (30–100 nm) as
determined by NanoSight (Fig. 1a) and transmission elec-
tron microscopy (TEM) (Fig. 1b). Total RNA isolated
from exosomes was analyzed by Bioanalyzer (Agilent
Technologies, Santa Clara, CA), and the electrophero-
grams revealed the presence of miRNA species in both
cell-derived and serum-derived exosomes, with no detect-
able 18S and 28S ribosomal RNAs (Fig. 1c). We also
observed that the yield of serum exosomal RNA was sig-
nificantly higher in primary tumor-bearing (25.6 ± 3.7 ng/
μl; p= 0.049) versus non-tumorous mice (16.6 ± 4.6 ng/
μl); the content was much higher in recurrent tumor-
bearing mice (64.9 ± 29.0 ng/μl; p= 0.045) (Fig. 1d).

miRNA expression profile of lung cancer cells and their
secreted exosomes

We evaluated miRNA expression profile of lung cancer
and normal bronchial epithelial cells as well as in
exosomes secreted from these cells in culture media. In
order to identify the modulated miRNAs, we analyzed the
expression profile of miRNAs in human lung cancer
H1299 cells and normal Beas-2b cells using qPCR
cancer-pathway finder miRNA array (Qiagen, Valencia,
CA) that contained 84 miRNAs. miRNA analysis showed
an aberrant miRNA expression in lung cancer cells com-
pared with normal lung cells. After normalizing the values
using miR374-5p, values with significant differences
(p< 0.05) were analyzed using hierarchical clustering of
the log 2 value and displayed in a heat map. These results
reflect an inverse miRNA expression with several
miRNAs being upregulated and downregulated in cancer
cells compared with normal cells (Fig. 2a). Volcano plot
shows that nearly 48 miRNAs were upregulated and 30
miRNAs were downregulated in cancer cells compared
with normal cells. Significantly upregulated miRNAs in-
cluded miR-182, miR-185, miR-21, miR-127, miR-142,
miR-155, etc., and miRNAs that were downregulated
were miR-138, miR-125-5p, let-7e, miR-193b, miR-16,
miR-26a, miR-345, and miR-423-5p, among others
(Fig. 2b). A complete list of miRNAs significantly dys-
regulated in H1299 lung cancer cells is shown in
Supplementary Table S1. Similar to cells, a dysregulated
signature of miRNA expression was observed in H1299-
derived exosomes compared with Beas-2b-derived
exosomes (Fig. 2c). H1299 exosomes had 14 miRNAs
that were significantly upregulated, and 28 miRNAs were
under-expressed compared to Beas-2b exosomes
(Fig. 2d). Supplementary Table S2 shows the list of
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significantly modulated miRNAs in H1299 exosomes.
Several miRNAs had similar trends of overexpression
(e.g., miR-132, miR-155, miR-21, miR-331-5p, and
miR-483-5p) or downregulation (e.g., let-7e, miR-193b,
miR-16, miR-26a, miR-345, and miR-423-5p) among
lung cancer cells and exosomes derived from these cells,
suggesting that exosomal miRNAs can reflect the unique-
ness of the cells of their origin. Fig. 2e shows the number
of shared and specific miRNAs between the cancer and
normal cells as well as among cancer and normal cell
derived-exosomes. It was observed that 190 miRNAs
were detected common in the cancer and normal cells.
Meanwhile, 35 and 54 unique miRNAs were detected in
the cancer and normal cells, respectively. Remarkably,
several high-number miRNAs were selectively identified
in the exosomes of normal cells (108 miRNAs) compared
with cancer cell exosomes (36 miRNAs). Additionally, 74
miRNAs were shared common between the exosomes
from the two cell types.

Recurrent lung tumor model in vivo

In order to determine the biomarker significance of serum
exosomal miRNAs in vivo, we established for the first time
a recurrent lung tumor model using nude mice. Of 25 nude
mice bearing subcutaneous H1299 lung xenograft tumors,
measuring 350–400 mm3 by volume, tumors from 18 animals
were surgically removed while primary tumors in 7 animals
continued to grow. These tumors were found to be encapsu-
lated, and we were able to remove them completely surgically.
The first recurrent tumor appeared 1 week post-surgery
(Fig. 3a), and the incidence rate of recurrent tumors was about
60 % (11/18) with a tumor volume of 431±236 mm3 3 weeks
post-surgery at the termination of the study. The recurrent
tumors were analyzed for their human cell origin and for the
presence of any contaminating mouse cells by qPCR using
species-specific GAPDH primers. The H1299 lung cancer
cells and mouse liver were used as positive and negative con-
trols, respectively. The data indicated that a human-specific
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Fig. 1 Exosome characterization.
a Size and visualization of serum
exosomes by NanoSight. b
Visualization of serum exosomes
by scanning electronmicrography
(×53,000). c Digital gel
electrophoresis of RNA from
Beas-2b and H1299 exosomes
and serum exosomes from
primary tumor (PT)- and recurrent
tumor (RT)-bearing mice; lane1,
size markers, and lane 2, synthetic
miR-200a. Representative graph
showing miRNA peak from
cell-derived exosomes (top) and
serum exosome-derived (bottom).
d The bar graph depicts total
serum exosomal RNA yield from
non-tumor-, primary tumor-, and
recurrent tumor-bearing mice
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Fig. 2 In vitro miRNA microarray data analysis. a Heat map represents
the relative miRNA expression levels in normal lung Beas-2b and lung
cancer H1299 cells and (c) exosomes secreted from Beas2b and H1299
cell lines (n = 3 each group). The miRNAs that demonstrated at least 2-
fold changes with p < 0.05 were selected for hierarchical cluster analysis
to generate the heat map. The color bar depicts the color contrast level of
the heat map. Red and green indicate high- and low-expression levels,
respectively. bVolcano plots of differentially expressedmiRNAs in Beas-

2b and H1299 cells and d exosomes from Beas-2b and H1299 cells. Log
2-fold changes in expression are plotted against −log 10-corrected p
values of significance. Each point represents an miRNA, with miRNAs
shown in red in the upper left and right quadrants differentially expressed
(fold change >2 upregulation or downregulation and corrected p< 0.05).
The Venn diagram shows the number of miRNAs differentially expressed
in normal and lung cancer cells (e) and their exosomes (f) and those
common in both
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GAPDH primer was amplified in primary and recurrent tu-
mors resulting in a product of 258 bp, while no amplification
was observed with mouse-specific primers (Fig. 3b), thus
confirming recurrent tumors to be of human origin with es-
sentially no mouse cell contamination.

Tumor and serum exosomal miRNA profile

Small RNAs enriched from tumor tissues and serum
exosomes from animals bearing primary and recurrent tumors
were subjected to cancer-pathway finder miRNA array analy-
sis. A heat map of primary and recurrent tumor miRNAs in-
dicates that several miRNAs were common among the two

tumor types, indicating that recurrent tumors to a great extent
resemble primary tumors with respect to the miRNA profile
(Fig. 4a). Further, a Venn diagram shows that at least 221
miRNAs were shared by both primary and recurrent tumors
while only 40 and 13 miRNAs were unique to primary and
recurrent tumors, respectively (Fig. 4b). We also identified
that at least 10 miRNAs were significantly differentially mod-
ulated in recurrent tumors compared with primary tumors.
Among miRNAs that were upregulated included miR-129-
3p, miR-96, miR-21, miR-95, miR-155, and miR-337-5p,
while three miRNAs, namely, miR-299-5p, miR-369-3p, and
miR-127-5p, were downregulated in recurrent tumors
(Fig. 4c, Supplementary Table S3).

After identifying miRNAs that were modulated in recur-
rent tumors, we examined the serum exosomal miRNA pro-
file in vivo. Serum exosomal RNAs from non-tumor
(control) and primary tumor and recurrent tumor-bearing
animals were examined. Serum exosomes samples showed
low-positive amplification rate, i.e., ct values greater than 35
compared to tumor samples indicating low abundance. The
number of miRNAs amplified also varied among replicates
and between groups ranging 18–66 % positive amplifica-
tions, and 2–11 % of these signals had ct values greater than
35. However, even with low positive signals from serum
exosomes, we were able to identify a distinct miRNA mod-
ulation between exosomes from primary tumor- and recur-
rent tumor-bearing animals compared to non-tumor control
mice (Fig. 5a). In addition, our findings suggested that at
least two miRNAs were significantly upregulated, miR-21
(73.2-fold, p=0.039) and miR-155 (68.2-fold, p=0.047),
in exosomes from recurrent tumor compared to primary
tumor-bearing animals (Fig. 5b). AVenn diagram comparing
miRNAs from tumor and its respective serum exosomes
shows a majority of miRNAs unique to tumor with nearly
20 miRNAs common to both tumor and serum exosomes
(Fig. 5c). This observation could be an artifact due to low
positive amplification rate in serum-derived exosomes and
should be interpreted with caution.

Expression of recurrent tumor-associated proteins

We examined expression of five proteins, namely, Notch1,
cyclin D1 (CCND1), vascular endothelial growth factor
(VEGF), matrix metalloproteinase-2 (MMP-2), and heat
shock protein 90 (Hsp90), associated with aggressiveness,
metastasis, recurrence, and poor prognosis of NSCLC
[22–24] in primary and recurrent tumors from mice and deter-
mined if expression levels of these proteins were reflective of
cancer stage. Western blot analysis of primary and recurrent
lung tumors (n=4) indicated an increased expression of the
miRNA target proteins, Notch1 (1.4-fold), CCND1 (7.2-fold),
VEGF (5.0-fold), MMP-2 (2.9-fold), and Hsp90 (2.1-fold) in
recurrent tumor tissue compared to primary tumors (Fig. 6a)

Removal of tumor
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Human-specific

Fig. 3 Recurrent tumor mouse model. a Growth of recurrent tumors in
nude mice inoculated with human lung cancer H1299 cells (1.5 × 106

cells), followed by complete removal of the primary tumor (18/25
mice) after 3.5–4 weeks. Number of mice with recurrent tumors = 11/
18. Data show mean tumor volume ± SD; n = 7 (primary), n = 11
(recurrent). b RT-PCR analysis of total RNA from H1299 cells, primary
tumor xenograft, recurrent tumor, and mouse liver (negative control) with
mouse- and human-specific GAPDH primers
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which corresponds to an aggressive phenotype. Subsequently,
we examined if serum exosomes in circulation would reflect
the nature of the tumor from which they are secreted.

Protein lysates of serum exosomes from non-tumor-
and primary tumor- and recurrent tumor-bearing mice
were probed for VEGF and MMP-2. The results showed
a significant increase in expression of these two proteins
in exosomes from recurrent tumor mice compared to pri-
mary tumor and non-tumor animals. Serum exosomes ex-
hibited nearly 47- and 213-fold higher expression of
VEGF and 21-fold higher levels of MMP-2 in recurrent
tumor-bearing animals compared to non-tumor animals
(Fig. 6b). Moreover, recurrent serum exosomes were
found to have at least 3.8- and 16.2-fold higher levels of
VEGF and MMP-2 protein expression compared to
exosomes from primary tumor-bearing animals. These
findings suggest that circulating serum exosomes could
also be reflective of tumor stage.

Discussion

Analysis of exosomal cargo such as miRNAs is being consid-
ered as valuable source of markers for diagnosis and therapy
monitoring. Since exosomes are actively released from cells,
and circulatory exosomes are reported in almost all bodily
fluids such as blood, cerebrospinal fluid, saliva, milk, and
urine [25], diagnostic tests that involve non-invasive proce-
dures such as simple blood draw are highly desirable and
patient friendly. Circulating exosomes in the blood therefore
offer a new platform of biomarkers for tumor diagnosis and
monitoring of therapy response [26, 27].

The aim of this study was to identify specific serum
exosomal miRNAs as biomarkers reflecting the recurrence
of lung cancer using mouse model. We hypothesized that lung
cancer cells secreted exosomes containing miRNAs into the
blood that can be used to differentiate primary from recurrent
tumors. Our initial in vitro studies showed several miRNAs to
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Fig. 4 miRNA microarray data
analysis of primary and recurrent
tumors. a Heat map shows the
relative miRNA expression levels
in primary and recurrent lung
tumors. The miRNAs that
demonstrated at least 2-fold
changes with p< 0.05 were
selected for hierarchical cluster
analysis to generate the heat map.
The color bar depicts the color
contrast level of the heat map.
Red and green indicate high and
low expression levels,
respectively. b The Venn diagram
depicts the number miRNAs
differentially expressed and those
common in primary and recurrent
lung tumors. c Volcano plots of
differentially expressed miRNAs
in primary and recurrent versus
primary tumors. Log 2-fold
changes in expression are plotted
against −log 10-corrected p
values of significance. Each point
represents an miRNA, with
miRNAs shown in red in the
upper left and right quadrants
differentially expressed (fold
change >2 upregulation or
downregulation and corrected
p< 0.05)
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be upregulated in lung cancer cells such as miR-182, miR-
185, miR-21, miR-127, miR-142, and miR-155 compared
with normal bronchial epithelial cells. Interestingly, several
of these miRNAs were also found to be upregulated in
exosomes isolated from conditioned media of lung cancer
cells suggesting that exosomal miRNA profile can represent
the cells of its origin.

This study first reports on the establishment of recurrent
lung tumors in athymic nude mice after surgical removal of
subcutaneous xenograft tumors. We observed tumor recur-
rence in 61 % of the mice post-surgery, suggesting an aggres-
sive nature of lung cancer and an occurrence of recurrent
disease frommicroscopic tumor cells at the primary tumor site
post-surgery. This phenomenon resembles human scenario
where secondary lung tumor recurrence occurs after surgical
resection and treatment. miRNA profiles of excised tumors
showed that 58 % of miRNAs (221 out of 384 miRNAs) were
shared by both primary and recurrent tumors, further suggest-
ing that recurrent tumor resembles the primary tumor to a large
extent. Our data further indicated that at least seven miRNAs
were significantly upregulated in recurrent tumors compared
with primary tumor. Most of these upregulated miRNAs,
miR-129-3p, miR-96, miR-21, miR-95, miR-155, and miR-
337-5p, have been associated with aggressive disease, metas-
tasis, and recurrence of lung and other cancers [12, 28–30].

Analysis of serum exosomal RNAyield indicated a signif-
icantly higher level of RNAs in exosomes from tumor-bearing
mice compared with non-tumor control mice. This increase
could be attributed to higher secretion of exosomes from tu-
mors compared to normal tissues. A still higher amount of
exosomal RNAs was observed in serum from recurrent
tumor- than primary tumor-bearing mice; however, it was
not statistically significant. In agreement with our observa-
tions, a significant difference in total exosomes and the
exosomal miRNA levels between patients and healthy con-
trols has been reported [18], indicating that tumor burden in-
creases the serum exosome levels in circulation. miRNA anal-
ysis indicated low amplification rates in serum exosome sam-
ples. This shortcoming can presumably be addressed by intro-
ducing a pre-amplification step prior to PCR to improve the
results. However, unavailability of serum from all the groups
prevented repeat analysis in our case. Nevertheless, at least
two miRNAs (miR-21 and miR-155) were significantly up-
regulated in exosomes from recurrent tumors compared to
primary tumor-bearing animals. It is worth noting that these
two miRNAs were also significantly upregulated in recurrent
tumors compared with primary tumors, suggesting that serum
exosomal miRNA signature is reflective of tumor profile.

Our findings are consistent with recent findings where
exosomal miRNA signature was shown to emulate patholog-
ical changes in colon [31] and prostate [32] cancer patients
with several miRNAs secreted at significantly higher levels
compared to normal subjects. Yanaihara et al. revealed an
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Fig. 5 miRNA microarray data analysis of serum exosomes from
primary tumor- and recurrent tumor-bearing mice. a Heat map
representing the relative miRNA expression levels in serum exosomes
from primary and recurrent lung tumor animals. The miRNAs that
demonstrated at least 2-fold changes with p < 0.05 were selected for
hierarchical cluster analysis to generate the heat map. The color bar
depicts the color contrast level of the heat map. Red and green indicate
high and low expression levels, respectively. b The Venn diagram shows
the number of miRNAs differentially expressed and those common in
serum exosomes from primary and recurrent lung tumor animals. c
Volcano plots of differentially expressed miRNAs in serum exosomes
from primary and recurrent versus primary tumor-bearing mice. Log 2-
fold changes in expression are plotted against −log 10-corrected p values
of significance. Each point represents anmiRNA, with miRNAs shown in
red in the upper left and right quadrants differentially expressed (fold
change >2 upregulation or downregulation and corrected p< 0.05)
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overexpression of 12 specific miRNAs (has-miR-17-3p, hsa-
miR-21, hsa-miR-106a, hsa-miR-146, hsa-miR-155, hsa-
miR-191, hsa-miR-192, hsa-miR-203, hsa-miR-205, hsa-
miR-210, hsa-miR-212, and hsa-miR-214) in lung tumor
compared with normal lung tissue [12].

Rabinowits et al. compared 12 specific exosome-derived
miRNAs and tumor-derived miRNAs in lung cancer patients
and healthy subjects and showed that there was no significant
difference between circulatory miRNAs and tumor miRNAs
and thus the exosome-derived miRNAs can be used as bio-
markers for lung cancer [18]. In another study, overexpression
of exosomal miR-19a in serum was identified as a prognostic
biomarker for recurrence in colorectal cancer patients [31, 33].
Therefore, the matching miRNA signatures of exosomes with
its originating tumor cells, indicating that exosomal miRNA
profiling can be performed in the absence of tumor biopsy in
patients, can accurately reveal the tumor’s profile.

Advances in molecular biology have led to identification of
an extensive arsenal of biomarkers implicated in the literature
as having diagnostic and/or prognostic value for NSCLC. We
focused on biomarkers primarily involved in growth

regulation, cell cycle regulation, apoptosis, and angiogenesis
that were associated with predication of early recurrence and
poor prognosis in NSCLC [22, 24, 34, 35]. Local tumor ex-
pansion requires growth-regulating (EGFR, HSP90) and cell
cycle-regulating (CCND1, CCNE, PCNA) proteins. While
tumor invasion requires expression of angiogenesis markers
such as VEGF and Notch1, the development of distant metas-
tases involves the expression of adhesion proteins (CD-44, e‐
cadherin, matrix metalloproteinases (MMPs)) [36].

CCND1 is the one of the most studied cyclin in NSCLC.
CCND1 overexpression was noted in approximately 50 % of
NSCLC, but its role in the prognosis for lung cancer patients
continues to be unclear because of the conflicting results re-
ported in literature. Over the last decade, at least four studies
have identified CCND1 overexpression to be a negative prog-
nostic marker [37–40] whereas one study associated it with
better prognosis [41] and three reports indicated no associa-
tion [23, 42, 43]. These marked disparities in prognostic im-
pact of CCND1 can, in part, be attributed to the heterogeneity
in patient selection, inclusion of mixed tumor types, or labo-
ratory methodology used in different studies. Heat shock
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Fig. 6 Analysis of protein
markers in tumors and serum
exosomes. a Protein markers
associated with recurrence disease
were analyzed by western blot in
primary H1299 tumor xenografts
and recurrent tumors. Data show
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tumor, t tests. b Serum exosomes
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tumor animals analyzed for select
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protein 90-beta (Hsp90-β) is associated with cell proliferation,
differentiation and apoptosis, and has been investigated as a
prognostic factor in many cancers. Recent studies have indi-
cated upregulation of serum Hsp90-β to be associated with
pathological grade and clinical stage of lung cancer patients
[34, 44].

Overexpression of VEGF has also been associated with
tumor progression and poor prognosis in most cancer types,
including 60% of NSCLC. A recent meta-analysis of 74 stud-
ies covering 7631 patients reported that overexpression of
VEGF resulted in unfavorable prognosis in NSCLC [45].
Another meta-analysis examined 19 studies involving 3663
patients for the role of Notch1 in NSCLC prognosis.
Findings of this study indicated that higher expression of
Notch1 was not only associated with greater possibility of
lymph node metastasis and higher TNM stages but also
showed significantly poor overall survival [35]. MMPs have
the ability to degrade fibrillar collagens and are made of al-
most 20 family members. Results from meta-analysis studies
have suggested that high expressions ofMMP‐2,MMP-7, and
MMP‐9 are poor prognostic markers for NSCLC, especially
the expression of MMP‐2 [46–48].

Our findings indicated significant higher expression of
HSP90, CCND1, VEGF, Notch1, and MMP-2 proteins in
recurrent tumors compared to primary tumors, reflecting their
ability to indicate recurrent disease or severity of cancer stage.
It was interesting to note that serum exosomes mirrored the
tumor profile with respect to expression of VEGF and MMP2
proteins. It is presumed that several of the deregulated
miRNAs could possibly play a yet unconfirmed mechanistic
role in modulating the expression of these tumor biomarkers.
These observations also corroborate the assumption that
exosomal cargo of macromolecules including miRNAs and
proteins can be a true representation of tumor profile and thus
have great biomarker potential for screening of asymptomatic
individuals and to monitoring disease recurrence. However,
validation studies are warranted before bypassing its use with
tumor mass biopsies. Reproducibility during validation stud-
ies can be challenging due to the possible changes of miRNA
expression in the circulation that originate from other tissues
and organs. Alternatively, enrichment of serum exosomes
using tumor markers, such as EpCAM, can be employed prior
to analysis of exosome-associated miRNA profile. This ap-
proach could further improve sensitivity and specificity of
miRNA-based diagnostic test.

Conclusions

In summary, attempts have recently been made to use
exosomal miRNAs as diagnostic and prognostic biomarkers
of various cancers, including lung cancer. Exosomes have
several unique properties such as biomolecule cargo of

miRNAs, stability in circulation, and representation of tumor
profile that make them suitable for the development of highly
sensitive non-invasive diagnostic strategies for monitoring
cancer patients. Our data suggest the important role of
exosomal miRNA profiles in distinguishing recurrent from
primary lung tumors and identified miR-21 and miR-155 as
potential markers of recurrent lung disease. However, further
research and validation is required to determine which
miRNAs should be selected as markers. Enrichment of serum
exosomes for tumor markers is likely to increase the biomark-
er significance. Exosomal miRNAs can be a true representa-
tion of tumor profile and can be applied as functional bio-
markers for diagnosis and outcome predictions.

Methods

Development of recurrent lung tumor model

To determine frequency of lung tumor recurrence, female
athymic nude mice (4–5 week-old; n=25) were inoculated
with H1299 cells (1.5×106 cells) in matrigel. When tumors
reached 350–400 mm3, the tumors were excised completely
under anesthesia from 18/25 mice; the primary tumors in the
remaining animals (n=7) were allowed to grow. Animals
were monitored initially daily to ascertain recovery from the
surgery and thereafter biweekly, and volumes of recurrent
tumors were measured with a digital caliper. At the end of
study, animals were euthanized by CO2 asphyxiation and tu-
mors and serum were collected and stored at −80 °C until use.

Isolation of exosomes

Conditioned media was harvested from lung cancer (H1299)
and normal bronchial epithelial (Beas-2b) cells after 72 h of
culture and centrifuged using a Sorvall legend RTcentrifuge at
300 g at 4 °C for 10min to remove detached cells. Supernatant
was collected and filtered through 0.22-μm filters (Merck
Millipore) to remove contaminating apoptotic bodies,
microvesicles, and cell debris. Clarified conditioned media
was then centrifuged at 100,000×g in Type 45 Ti fixed angle
rotor using Optima LE-80K Ultracentrifuge (Beckman
Coulter, Brea, CA) at 4 °C overnight to pellet exosomes.
The supernatant was carefully removed, and crude exosome-
containing pellets were resuspended in 1 mL of ice-cold PBS
and pooled. Exosomes were isolated from 1 ml serum (pool
from fivemice) using ExoQuick reagent (System Biosciences,
Mountain View, CA).

NanoSight

Vesicles isolated from conditioned cell culture media and se-
rum were analyzed by nanoparticle tracking, using the
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NanoSight LM10 system (NanoSight Ltd, Wiltshire, UK),
configured with a 635-nm laser and a high-sensitivity digital
camera system (ORCA-Flash2.8, Hamamatsu C11440,
NanoSight Ltd). Each sample was diluted appropriately in
distilled water to give counts in the linear range of the instru-
ment. The particles in the laser beam undergo Brownian mo-
tion, and videos of these particle movements are recorded.
Recorded videos were analyzed using the NTA software (ver-
sion 2.3), with the minimal expected particle size, minimum
track length, and blur setting, all set to automatic [49]. All
samples were analyzed in triplicates.

Transmission electron microscopy

TEM was performed by the method of Thery et al. [50].
Exosomes isolated by ExoQuick reagent were suspended in
PBS. A drop of this solution was allowed to settle on a gold-
coated grid, fixed in 1 % glutaraldehyde, washed for 2 min in
double-distilled water, and incubated in uranyl oxylate for
5 min, followed by incubation with three separate drops of
methyl cellulose with uranyl acetate—5 min with the first
two drops and 10 min with the last drop—and finally, methyl
cellulose-uranyl acetate was removed by slow-drag on edge
on filter paper. Exosomes were visualized by standard TEM
with a Philips CM120 microscope.

RNA Isolation

mirVana miRNA Isolation Kit (Applied Biosystems, Foster
City, CA) was used to isolate RNA [51]. Small RNAwas fur-
ther enriched from total RNA for qPCR analysis of miRNAs
according to the manufacturer’s protocol. The concentration of
the total and small RNAwas determined with a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE), and RNA integrity was verified with a
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).

Bioanalyzer

Total RNA from exosomes and small RNA tissue samples
was analyzed on the 2100 Bioanalyzer. Quantification and
quality assessment of small RNA including the miRNA frac-
tion were undertaken with the BSmall RNA Assay^ (Agilent
Technologies, Santa Clara, CA). Synthetic miR-200a was
used as reference.

RT-PCR

Purified DNA was subjected to PCR amplification using
human- and mouse-specific GAPDH primers to amplify
258-bp and 512-bp fragments, respectively. The primers are
as follows: human GAPDH forward, 5′-AGA AGG CTG
GGG CTC ATT TG-3′; reverse, 5′-AGG GGC CAT CCA

CAG TCT TC-3′, and mouse GAPDH forward, 5′-AGG
CCG GTG CTG AGT ATG TC-3′; reverse 5′-TGC CTG
CTT CAC CAC CTT CT-3′. PCR conditions were as follows:
preheating for 2 min at 94 °C was followed by 30 cycles of
30 s at 94 °C, 30 s at 55 °C, and 60 s at 68 °C and a final
extension of 10 min at 68 °C. PCR was performed in a final
volume of 50 μl, which consisted of 1 μl extracted DNA as
template, 5 μl 10× PCR buffer, 1 U Platinum Taq Polymerase
High Fidelity (Invitrogen, Carlsbad, CA), 20 pmol of each
primer, and 0.2 mM dNTPs. The final concentration of
MgCl2 was 2.5 mM. The amplicons were checked on 1.5 %
agarose (NuSieve, Cambrex, ME).

miRNA PCR Array

To determine tumor and circulating exosomal miRNA pro-
files, we analyzed primary and recurrent H1299 tumors and
serum exosomes from control (non-tumor) and H1299 lung
tumor-bearing nude mice. Small RNAs were enriched from
tumors using mirVana Kit (Life technologies, Carlsbad, CA),
and total RNA was isolated from exosomes by TRIzol and
500 ng of the total RNA was analyzed by qPCR using
cancer-pathway finder miRNA array, containing 84 miRNAs
(Qiagen, Valencia, CA).

Western blot analysis

Tumor tissue lysates and serum exosomes from tumor- and
non-tumor-bearing animals were prepared in RIPA buffer.
Protein concentration was determined using the BCAmethod.
Sample lysates were separated on SDS-PAGE gel, and blots
were blocked and then incubated with the primary antibodies
overnight at 4 °C. After washing, the membranes were incu-
bated with horseradish peroxidase-conjugated secondary anti-
body. The transferred proteins were visualized with enhanced
chemiluminescence detection kits (Amersham, ECL kits,
Sunnyvale, CA).

Statistical analysis

All data are expressed as the mean±SD or mean±SEM. Data
were compared using Mann-Whitney U test or one-way
ANOVA. Values of p<0.05 were considered to indicate sta-
tistical significance. All statistical analyses were performed
using GraphPad Prism 5.01 (GraphPad Software, La Jolla,
CA).
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