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Abstract

BACKGROUND: The analysis of exosomes in blood obtained from the tumor-draining mesenteric vein (MV) can
identify tumor biomarkers before they reach target organs and form the premetastatic niche where circulating
tumor cells can anchor. Our group has recently shown that microRNAs in plasma from the MV—but not the
peripheral vein (PV)—have been related to liver metastases in colon cancer (CC) patients. Here we examine the
exosomal protein cargo in plasma from the MV and paired PV in 31 CC patients. PATIENTS AND METHODS. The
study included patients who were initially diagnosed with stage I-lll CC and 10 healthy controls. Exosomes from
the MV and PV of all patients and controls were isolated by ultracentrifugation and confirmed by cryogenic
transmission electron microscopy. High-throughput proteomic analysis by mass spectrometry was used to
identify expression levels of exosomal proteins. Findings were confirmed by Western blot. RESULTS: Exosomal
ECM1 protein was more highly expressed in patients than in controls and was 13.55 times higher in MV from
relapsed than relapse-free patients. High exosomal ECM1 expression was associated with liver metastases.
Patients with high exosomal ECM1 expression in MV—but not PV—plasma had shorter time to relapse than those
with low ECM1 expression (P = .04). CONCLUSION: High levels of exosomal ECM1 protein can identify CC
patients with a higher risk of relapse. The analysis of exosomes isolated from the tumor-draining MV is a promising
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method for the identification of biomarkers before they reach the target organ.

Introduction
Colon cancer (CC) is the third most frequent cancer and the second
cause of death from cancer in the developed world [1]. Disease stage is
the main prognostic factor for relapse and survival. Surgery is the
standard treatment for stage I-11I CC, followed by adjuvant therapy in
stage I1I but not in stage I, while in stage II, the benefit of adjuvant
therapy is still controversial [2]. However, approximately 30% of
patients with stage I-I1I disease and up to 65% of stage IV patients will
relapse after treatment [3], highlighting the need for prognostic
biomarkers that can identify patients more likely to develop metastases.
In recent years, exosomes and their cargo have been shown to be
promising markers of tumor growth and metastasis development.
Exosomes are small vesicles (30-100 nm) involved in cell-to-cell
communication. An exosome contains a small cytosol carrying coding
and noncoding RNAs, DNA, and proteins [4]. Exosomes are secreted
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by several cell types and captured by receptor cells in target organs,
where they regulate several normal and pathological physiological
processes. They play an active role in the metastatic process by
modifying the surrounding stroma in order to prepare the tissue
microenvironment for the anchoring of metastatic cells [5-7].

The majority of studies to identify circulating biomarkers of
metastases are performed in blood obtained from the peripheral vein
(PV) of the forearm. However, by the time the blood reaches the PV, the
biomarkers associated with metastases may well have been retained in the
target organ and will thus be present at lower levels in the PV blood
sample, which may skew study results. Blood from the colon flows
through the mesenteric veins (MVs) into the vena porta, carrying the
tumor cells and exosomes associated with CC. For this reason, metastases
associated with CCare primarily locoregional (in the liver or peritoneum)
and less frequently distant (in the lung or bone) [8]. It is thus logical to
suppose that obtaining blood from the MV will allow us to identify CC
tumor biomarkers before they reach the target organs [9,10].

We have examined exosomes and their protein cargo by proteomic
analysis in MV blood samples from relapsed and relapse-free CC
patients who were initially diagnosed with stage I-III disease. The aim
of the study was to identify exosomal proteins that can reliably predict
the development of metastases in CC patients.

Material and Methods

Patients

From August 2009 to August 2013, samples were obtained from
31 patients initially diagnosed with stage I-III CC who underwent
surgical resection at the Municipal Hospital of Badalona (Badalona,
Spain). At the time of performing the present study, we selected 16
patients who had not relapsed and 15 who had. Four of the relapsed
patients had liver metastases, seven had peritoneal metastases, and
four had lung metastases (Table 1). All 31 patients had undergone a
complete history and physical examination prior to surgery. In
addition, we obtained blood samples from 10 healthy controls.

Approval for the study was obtained from the institutional review
board of the hospital, and signed informed consent was obtained from
all patients in accordance with the Declaration of Helsinki.

Blood Samples

Paired MV and PV blood was obtained from all 31 patients as
previously described [9]. On the day of surgery, 5 ml of blood was
drawn from the PV and stored in heparinized tubes. During surgery,
with vascular ligation before tumor resection, an additional 5 ml of
blood was drawn from either the superior or the inferior MV,
according to the anatomic location of the tumor. Healthy control PV
blood samples were obtained from the Hospital Clinic Blood Bank.

Sample Processing and Exosome Isolation

Plasma from all blood samples was obtained by centrifugation of
the whole blood at 5000¢ during 10 minutes and saved frozen at -
80°C until further use.

Exosomes were isolated from 50 ul of plasma samples by
ultracentrifugation as previously described [11]. Briefly, samples
were sequentially centrifuged at 4°C at 300g for 5 minutes, followed
by 2500g for 20 minutes and finally 10,000¢ for 30 minutes, followed
by ultracentrifugation at 100,000¢ for 2 hours. Then the pellet was
washed with DPBS and ultracentrifuged again at 100,000¢ for 1 hour
in a Sorvall MX Plus Micro-Ultracentrifuge with SI40AT Rotor and
Polycarbonate Tubes (Thermo Scientific).
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Table 1. Patient Characteristics and Univariate P Values for TTR in 31 Surgical CC Patients

Characteristics N (%) P
Sex 42
Male 18 (58)
Female 13 (42)
Median age, years 72 92
CEA levels .01
<=5 24 (77)
>5 7 (23)
C 19.9 levels .80
<=37 27 (87)
>37 4 (13)
Tumor location 99
Left colon 16 (52)
Right colon 15 (48)
Tumor size (cm) 24
<=5 28 (90)
>5 3 (10)
Histological type .03
Well differentiated 28 (90)
Poorly differentiated 3 (10)
Preexistent polyp .65
Absent 24 (77)
Present 7 (23)
TNM stage .003
LI 18 (58)
111 13 (42)
Lymph nodes examined .13
<12 8(26)
>12 23(74)
Relapsed
Yes 15 (48)
No 16 (52)
Metastatic site
Liver 4(27)
Peritoneum 7 (46)
Lung 4 (27)

CEA, carcinoma embryonic antigen; 7NVM, tumor, nodule, metastasis.

Exosomes were characterized by two methods: cryo—transmission
electron microscopy (cryo-TEM) in a Jeol JEM 2011 transmission electron
microscope at the Microscope Facility of the Autonomous University of
Barcelona and Western blot analysis using the exosome marker TSG101.

Sample Preparation for Mass Spectrometry

For the analysis of exosome protein cargo by mass spectrometry,
the exosome dry pellet was resuspended in 50 pl of DPBS. A training
set of 11 different samples was analyzed.

Proteins from exosomes were solubilized in an SDS buffer (0.5%
SDS, 50 mM Tris HCL, 5 mM DTT), incubated during 60 minutes at
65°C to denaturate proteins, and alkylated with 55 mM iodoacetamide
and digested by trypsin. Following digestion, each sample was labeled
with one specifically coded TMT reagent. The multiplex experiment was
made by virtue of a specific reporter fragment ion of m/z 126, 127, 128,
129, 130, and 131. In a six-plex experiment, one channel was reserved
for a reference sample that was created as a combination of aliquots from
each primary sample in the study. The remaining five channels were
utilized for samples. Labeled samples were combined into a tub, mixed,
and fractionated by strong cation exchange into 10 fractions. Each of the
fractions was further separated by HPLC and analyzed online in a LTQ
VELOS Orbitrap mass spectrometer (Thermo).

Western Blot and Antibodies

Western blot analysis was performed as previously described [11].
Briefly, exosome dry pellets were mixed with LDS sample buffer (Life
Technologies) and sample reducing agent (Life Technologies) according
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Figure 1. Exosome characterization in plasma samples from colon cancer patients by (A) cryo-TEM and (B) Western blot using TSG101

marker.

to the manufacturer’s protocol. After incubation for 10 minutes at 97°C,
exosome samples were loaded onto a SDS-PAGE (Novex 4%-12%
Bis-Tris gel, Life Technologies), transferred to a nitrocellulose membrane
by iBlot (Life Technologies), and blocked for 1 hour with 1x TBST buffer
(Fisher Scientific) with 5% w/v nonfat dry milk, according to the
manufacturer’s instructions. The following primary antibodies were used
and incubated in blocking buffer at 4°C overnight: TSG101 (ab83,
Abcam) as a marker of exosomes and ECM1 (sc-365946, Santa Cruz
Biotechnology) as a marker of the main protein isolated inside the
exosomes. The signal was obtained using the Novex ECL Chemilumi-
nescent Substrate Reagent kit (WP 20005, Invitrogen), and the images
were developed using the Chemidoc System (Bio-Rad).

Statistical analyses

All 31 patients were evaluable for time to relapse (TTR), calculated
from the date of surgery to the date of relapse or last follow-up. The
univariate analysis of TTR according to protein expression was
performed with the Kaplan-Meier method and compared using the
log-rank test. The optimal cutoff point for protein expression was
assessed by the Cutoff Finder software (http://molpath.charite.de/
cutoft/index.jsp) [12]. Statistical analyses were performed with SPSS
22 (SPSS Inc., Chicago, IL), R 2.6.0 Software (Vienna, Austria), BRB
Array Tools version 3.5.0 software (Richard Simon &
BRB-ArrayTools Development Team, http://linus.nci.nih.gov/
BRB-ArrayTools.html, National Cancer Institute, Bethesda, MD),
and TIGR Multiexperiment viewer version 4.0 software (Dana-Far-
ber Cancer Institute, Boston, MA). Statistical significance was set at P
<.05.

Results

Patients

Thirty-one patients were included in the study, all of whom were
initially diagnosed with stage I-IIl CC and followed using the
standard protocol followed by Hospital Municipal de Badalona.
Median age was 72 years, and 18 (58%) were males. Eighteen patients
had stage I-II disease. Fifteen patients later relapsed (4 stage I and 11
stage III). Mean follow-up was 45.2 months (range, 26.4-63.8)
(Table 1). Approval for the study was obtained from the institutional
review board of the hospital, and signed informed consent was
obtained from all patients and controls in accordance with the
Declaration of Helsinki.

All 31 patients underwent a complete history and physical
examination including routine hematological and biochemical
analyses, chest radiographs, and computed tomography (CT) of the
thorax and abdomen. Target lesions detected by abdominal
ultrasound were also assessed by CT or magnetic resonance imaging.

Exosome Isolation and Proteomic Analysis

Both MV and PV plasma were obtained from all 31 patients, and
exosomes were isolated from all plasma samples. The morphological
analysis by cryo-TEM showed electron dense round 30- to 100-nm
vesicles with a bilayer membrane [13]. In addition, Western blot
analysis confirmed the presence of the exosomal marker TSG101
(Figure 1).

In a training set of 11 of the 31 patients, using mass spectrometry,
we profiled the exosome content of the plasma samples. A change of
more than one-fold is generally accepted as a significant cutoff value
in tandem mass tag technology [14,15]. We identified a total of 202
proteins in the exosomes of the 11 patients. Of these 202 proteins, an
exclusive panel of 49 proteins was detected as upregulated at least
one-fold only in exosomes from relapsed patients in comparison with
those from relapse-free patients. Twenty of these were considered
exosomal proteins as they were annotated in curated databases of
extracellular vesicles such as Vesiclepedia (http://www.microvesicles.org)
or Exocarta (http://www.exocarta.org), and 14 were specifically identified
in colorectal cancer cells (Table 2).

Gene ontology (GO) analysis was performed on these 14
upregulated proteins using Panther (version 9.0; http://www.
pantherdb.org) according to the GO terms for molecular function,
biological process and cellular component [16]. These 14 upregulated
proteins are involved in various biological processes, including cell
recognition, complement activation, phagocytosis, defense response,
B cell-mediated immunity, receptor-mediated endocytosis, response
to stress, protein metabolic process, cellular component organization,
regulation of biological process, signal transduction, and extracellular
matrix function (Figure 24).

Higher expression of exosomal ECMI protein in MV plasma
[from relapsed patients

Of the 14 exosomal proteins specifically related to colorectal cancer
identified by mass spectrometry in the training set, only extracellular
matrix protein 1 (ECM1) was differentially expressed in MV plasma
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Table 2. Abundance of the Selected Exosomal Proteins Identified by Mass Spectrometry in a
Training Set of 11 CC Patients

Relapse-Free Relapsed Ratio of Relapsed to
Patients Patients Relapse-Free Patients

ITIH4 0.67 0.71 1.06

IGHM 0.65 0.70 1.08

CD5L 0.74 0.81 1.09

APOA1 0.58 0.64 1.12

APOB 0.62 0.76 1.23

ITIH2 0.62 0.79 1.27

C4BPA 0.66 0.90 1.36

IGHA1 0.56 0.88 1.57

AMBP 0.69 1.14 1.65

C1QC 0.46 0.82 1.77

IGHG3 0.53 0.93 1.77

C1QB 0.48 0.92 1.92

IGKC 0.56 1.14 2.02

ECM1 0.06 0.88 13.55

The ratio between relapsed versus relapse-free patients is expressed as a quotient and indicates the
relationship in quantity between the two groups of patients.

from relapsed versus relapse-free patients. ECM1 levels were 13.55
times higher in relapsed than in relapse-free patients (Figure 2B). We
then validated this finding in the entire cohort of 31 patients by
Western blot analysis, which confirmed a higher ECM1 expression in
relapsed patients (Figure 34).

In contrast, in PV plasma, the expression levels of ECM1 were
similar in relapsed and relapse-free patients (Figure 3B).

Exosomal ECM1 levels were then analyzed in MV and PV plasma
from the 15 relapsed patients, classified according to metastatic site.
In patients with liver metastases, ECM1 levels were much higher in
MYV than in PV plasma, while levels in patients with peritoneal or
lung metastases were similar in MV and PV (Figure 3C).

Exosomal ECM1 Protein in MV Plasma Associated with TTR

We then examined the potential prognostic impact of ECM1
expression in all 31 patients and found that high MV expression of
exosomal ECM1 was associated with shorter TTR. Mean TTR was

40.2 months (95% CI 33.5-46.9 months) for the 17 patients with
low ECM1 levels compared to 31.3 months (95% CI 21.4-41.2
months) for the 14 patients with high levels (P = .04) (Figure 4).

Discussion

Metastases are the primary cause of death in cancer patients. Although
the exact mechanism whereby metastases occur is unknown, recent
findings have shown that cells from the primary tumor release
extracellular vesicles, such as exosomes, which play an important role
in the metastatic process [17]. When exosomes reach their target
organ, they release their cargo of miRNAs and proteins, thus
modifying the function of the receptor cells, in order to prepare the
premetastatic niche for the anchoring and growth of circulating
tumor cells [18-20]. The exosomal cargo thus acts directly on the
target organ to initiate the metastatic process.

Several studies have found that the detection of exosomal
biomarkers in blood can help predict the formation of metastases
[21-23]. The majority of these studies have focused on exosomal
miRNAs [22,24-27], while few have examined the role of exosomal
proteins [28-30]. Moreover, these studies of exosomal cargo have
primarily analyzed blood drawn from the PV, although the exosomal
molecules involved in metastasis will already have been retained in the
target organ before reaching the PV. This phenomenon may explain
the conflicting findings on the impact of exosomal cargo in colorectal
cancer [31,32]. However, a recent study comparing exosomal
miRNAs in blood from the MV versus the PV found that exosomal
miR-328 from the MV was associated with metastases, while there
was no correlation between miRNAs from the PV and metastases
[10]. This finding highlights the importance in CC of obtaining
tumor biomarkers from the MV before they reach the liver.

In the present study, we have examined whether the exosomal
proteins in plasma obtained from the MV and paired PV are
differentially expressed between relapsed and relapse-free CC patients.
We have found that although exosomal proteins are present in both
MYV and PV plasma, which was to be expected since exosomes are
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Figure 2. (A) The biological processes involving the proteins identified by mass spectrometry as being differentially expressed in relapsed
and relapse-free patients. of the mainly differentially expressed proteins in relapsed patients identified by mass spectrometry. GO
software was used for the classification analysis, and the information was retrieved from the “protein center” database. (B) ECM1 was
identified as the protein most differentially expressed between relapsed and relapse-free patients.
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Figure 3. ECM1 protein expression levels (fold change) in exosomes isolated from plasma from the (A) MV and (B) paired PV of relapsed
and relapse-free patients. (C) Exosomal ECM1 protein expression levels in MV and PV from relapsed patients classified according to the

site of metastasis.

released by both normal and tumor cells [33], they are more highly
expressed in MV than in PV plasma. Moreover, while the levels of
most proteins were quite similar in relapsed and relapse-free patients,
relapsed patients had much higher levels of ECM1 than those who
were relapse-free, suggesting that exosomal ECM1 could play a role in
the formation of metastases (Figure 5).
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Figure 4. TTR in 31 colon cancer patients according to exosomal
ECM1 protein expression levels in plasma from the MV.

ECMLI is a 85-kDa secreted glycoprotein that participates in several
normal physiological functions, such as the maintenance of skin
integrity and homeostasis [34]. However, it is overexpressed in many
epithelial tumors, including breast cancer, squamous cell carcinoma
of the esophagus, gastric cancer, and CC [35]. Interestingly, the
exosomal ECM1 protein has recently been detected in 82% of breast
cancer patients with nontuberculous mycobacterial disease [36].

In line with these findings, we have also observed high levels of
exosomal ECM1 in MV plasma from CC patients. Furthermore,
relapsed patients had even higher levels than those who were
relapse-free. We can, therefore, speculate that high exosomal ECM1
levels in plasma obtained from the MV, before the exosomes arrive at
the target organ, can help identify patients more likely to relapse.
Moreover, an association between ECM1 and metastasis has been
reported in several studies [37,38].

Furthermore, in the present study, we have observed a higher level
of exosomal ECM1 in MV than PV plasma among patients with liver
metastases, while levels in MV and PV plasma were similar among
patients with peritoneal or lung metastases. This finding indicates that
the exosomes released by the primary tumor may be organotropic and
can be retained specifically by liver tissue. In fact, proteomic studies
have shown that the exosomal avB5 integrin was associated with liver
metastases, while the a6p4 and a6B1 integrins were associated with
lung metastases [5].

We have also found that patients with high levels of exosomal
ECM1 have a shorter TTR than those with low levels. Although
the exact role of ECM1 in metastasis formation is not clear,
findings in breast cancer indicate that ECM1 helps to increase
cancer stem cells by stabilizing B-catenin [38]. In addition, ECM1
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distribution could explain the higher frequency of liver metastases associated with primary tumors located in the colon.

protein overexpression induces tumor progression in liver cancer
through epithelial-mesenchymal transition [37].

In summary, our findings indicate that the analysis of exosomal
ECMI1 in blood drawn from the MV is a simple surgical method that can
help identify patients with a higher risk of relapse by detecting tumor
markers before they reach the target organ. Taken together with previous
findings on exosomal miRNAs [10] and integrins [5], our findings lead
us to suggest that ECM1, ideally in combination with other known
metastasis-associated molecules, may well prove to be a sensitive marker
for diagnosis and prognosis in CC patients. Moreover, we recommend
the use of MV blood over PV whenever possible in future biomarker
studies. In addition, future studies, ideally with a larger number of
patients, should focus on the organotropism of exosomes to examine
their association with specific metastatic sites, as well as on the functional
mechanism of ECM1 whereby it impacts metastasis.
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