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Abstract

Challenges in demonstrating durable clinical responses to molecular-targeted therapies has
sparked a re-emergence in viewing cancer as an evolutionary process. In somatic evolution,
cellular variants are introduced through a random process of somatic mutation and are selected for
improved fitness through a competition for survival. In contrast to Darwinian evolution, cellular
variants that are retained may directly alter the fitness competition. If cell-to-cell communication
is important for selection, the biochemical cues secreted by malignant cells that emerge should be
altered to bias this fitness competition. To test this hypothesis, we compared the proteins secreted
in vitro by two human HER2+ breast cancer cell lines (BT474 and SKBR3) relative to a normal
human mammary epithelial cell line (184A1) using a proteomics workflow that leveraged two-
dimensional gel electrophoresis (2DE) and MALDI-TOF mass spectrometry. Supported by the
2DE secretome maps and identified proteins, the two breast cancer cell lines exhibited secretome
profiles that were similar to each other and, yet, were distinct from the 184A1 secretome. Using
protein-protein interaction and pathway inference tools for functional annotation, the results
suggest that all three cell lines secrete exosomes, as confirmed by scanning electron microscopy.
Interestingly, the HER2+ breast cancer cell line exosomes are enriched in proteins involved in
antigen processing and presentation and glycolytic metabolism. These pathways are associated
with two of the emerging hallmarks of cancer: evasion of tumor immunosurveillance and
deregulating cellular energetics.
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Introduction

De novo and emergent resistance to many, if not all, molecular targeted therapies in cancer
prompts a re-emergence of the view of cancer as a process of somatic evolution (Merlo et
al., 2006; Greaves & Maley, 2012; Klinke, 2013). Environmental mutagens alter the genome
of somatic cells. Recent efforts to sequence cancer genomes highlight a prolonged period of
DNA damage (e.g., (Pleasance et al., 2010)). Intracellular mechanisms aim to repair DNA
damage but inevitably some mutations escape from this process. These mutations provide a
rich source of neoantigens that can be recognized by the immune system of the host and, as
a consequence, result in removal of the cell from the population contained within a tissue
(Matsushita et al., 2012). Mutations can also alter how a cell interprets and responds to
extracellular cues present within the tissue microenvironment (Klinke, 2010). As these
mutations are introduced through a random process, some mutations will improve and other
mutations will diminish the ability of a cell to respond appropriately to these extracellular
cues. Ultimately, the fate of newly malignant cells within a multicellular tissue is determined
by their ability to outcompete normal cells for survival. Conventionally, aspects of this
survival competition associated with evolution include the ability to resist normal cell death
signals, the ability to proliferate more rapidly, and the ability to survive using suboptimal
nutrients. Malignant cells that arise have improved ability to survive given the constraints
imposed on the cell by the tissue microenvironment, that is malignant cells have improved
fitness. The collective aspects of this competitive selection process comprise a selective
fitness landscape. In other words, the selective fitness landscape edits the phenotypic traits
associated with emergent malignant variants.

Tissues are comprised of a variety of cell types, each with a finite lifespan and unique
functional role, and constitute a dynamic system. Most dynamic systems contain control
mechanisms to maintain stability, that is homeostasis for a tissue, in the presence of external
perturbations, as introduced by mutagens (Csete & Doyle, 2002). From this dynamic control
perspective, we can view the fitness landscape as being constructed of a series of
intracellular and extracellular control mechanisms (Klinke, 2013). In the presence of
external perturbations, intracellular control mechanisms aim to maintain the integrity of a
cell’s functional programming. In contrast, extracellular control structures act at a
population-level to maintain the dynamic roles that cells play within multicellular tissue
structures. Extracellular control structures include innate and adaptive immunity and involve
cell-to-cell communication. Conventionally, cell-to-cell communication occurs through
direct cell-to-cell contact, such as the presentation of antigens, or through indirect modes
that involve the release of biochemical cues and the binding of these cues to cellular
receptors, such as the release of cytokines by T helper cells. The release of extracellular
vesicles is also emerging as a mechanism for indirect cell-to-cell communication (Thery,
2011). Decades of research have improved our understanding of how mutations alter these
intracellular control mechanism (Hanahan & Weinberg, 2011). For instance, more than half
of all cancers harbor mutations in p53, a protein that helps control genomic integrity
(Hollstein et al., 1991). Yet, our understanding of how malignant cells manipulate these
extracellular control structures is still emerging (Hanahan & Weinberg, 2011). Selecting for
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cell phenotypes that manipulate the selective fitness landscape in favor of malignant cell
survival may be one aspect that differentiates somatic evolution from Darwinian evolution.

To better understand how cell-to-cell communication becomes altered in cancer, a first order
approximation is to assume that the biochemical cues secreted by malignant cell lines, that is
the tumor secretome, reflect the editing process associated with oncogenesis. To test this
assumption, we compared the biochemical cues secreted in vitro by cellular models of breast
cancer relative to normal human mammary epithelial cells. For this study, we focused on
two cell models of a subtype of breast cancer that overexpresses HER2, a member of the
epidermal growth factor family of receptors, that is targeted therapeutically by the
monoclonal antibody trastuzumab (Slamon et al., 2001). These breast cancer cell lines also
vary in their expression in receptors for estrogen (ER) and progesterone (PR). The BT474
cell line was derived from a HER2+/ER+/PR+ solid invasive ductal carcinoma of the breast
and exhibits high in vitro invasiveness (Lasfargues et al., 1978). The second cell line
(SKBR3) was derived from a pleural effusion breast adenocarcinoma, is HER2+/ER-/PR-,
and exhibits low in vitro invasiveness (Trempe, 1976). These breast cancer cell lines were
compared against the 184A1 cell line, which reflects normal human mammary epithelium.
This secretome comparison is to complement our proteomic analysis of whole cell lysates
from these three breast cancer models (Kulkarni & Klinke, 2012). In short, we found that the
two HER2+ breast cancer cell lines exhibited secretome profiles that are similar to each
other and, yet, are distinct from a human mammary epithelial cell line secretome and the
proteomes of the corresponding whole cell lysates, as supported by similarities and
differences between the 2-D gel secretome maps and lists of identified proteins. Given the
similarities in the breast cancer secretomes, we aimed to infer common mechanisms by
which these cancer cells alter the selective fitness landscape using data integration sources
for functional annotation and validated this functional annotation on an independent sample
using scanning electron microscopy (SEM), an orthogonal approach to proteomics.

Materials and Methods

Cell culture and sample preparation

The human breast cancer and normal mammary epithelial cell lines (BT474, SKBR3, and
184A1) were cultured as described previously (Kulkarni & Klinke, 2012). In summary,
BT474 cells were maintained in supplemented Roswell Park Memorial Institute (RPMI)
1640 medium (Mediatech, Inc., Herndon, VA) supplemented with 10% (v/v) heat
inactivated fetal bovine serum (FBS) (Hyclone, Inc., Logan, UT), 0.3% (w/v) L-glutamine,
1% (v/v) penicillin/streptomycin (BioWhittaker, Walkersville, MD) and 10 pg/mL insulin
(Sigma, St Louis, MO); SKBR3 cells were maintained in supplemented Improved Modified
Eagle medium (IMEM) Zn2+ option (Invitrogen) supplemented with 10% FBS and 1%
penicillin/streptomycin; and 184A1 cells were maintained in DMEM/Ham’s F-12 (1:1)
medium supplemented with 5% (v/v) horse serum (Invitrogen), 20 ng/mL rhEGF (Promega
Corp, Madison, WI), 10 pg/mL insulin and 0.5 pg/mL hydrocortisone (Sigma, St Louis,
MO). All cell lines were cultured in a humidified incubator at 37°C and 5% (v/v) CO,. As
similarly described in Kulkarni et al. (2012), serum-free media conditioned by an equal
number of cells from each of the three cell lines were collected following a wash sequence
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in serum-free media (0 hour sample) and after 48 hours. The secretome was enriched in the
conditioned media using a staged centrifugation protocol, as described in Kulkarni et al.
(2012), and cleaned-up using a 2D clean-up kit from GE Healthcare (Cat. 80-6484-51).

Proteomics workflow

Secretome proteins were identified using a qualitative proteomic workflow based upon 2-D
gel electrophoresis (2DE) and MALDI-TOF mass spectrometry as described previously
(Kulkarni et al., 2012; Kulkarni & Klinke, 2012). For the SKBR3 and BT474 cell lines,
three biological replicates were obtained for the Oh and 48h secretome each to ensure that
the protein expression pattern across each sample was consistent across each replicate. For
the 184A1 cell line, two technical replicates were obtained for the 48h secretome to ensure
that the protein expression pattern was consistent. All the protein spots that were well
focused in the Coomassie stained gels were manually excised and digested in-gel using
trypsin. Using both internal and external calibration methods, a MALDI-TOF-MS system
model Micromass MALDI-R (Waters) was used to obtain the peptide mass fragment spectra
as recommended by the manufacturer and provided mass accuracy of 25-50 ppm. The peak
lists containing the m/z ratio and corresponding intensity values were exported to Microsoft
Excel for further processing. Peptide mass fingerprints obtained from MALDI-TOF MS
were used to query public protein primary sequence databases for protein identification, as
described previously (Kulkarni et al., 2012; Kulkarni & Klinke, 2012). For the BT474 and
SKBR3 secretomes, Mascot database search engine v2.3.02 (www.matrixscience.com,
Matrix Science Ltd., UK) and Expasy Aldente (version 19/03/2010) were used to query the
UniProtKB/Swiss-Prot human database (Release 2010_12, 523151 sequences, 184678199
amino acids) with the following settings: peptide mass tolerance of 50 ppm, one missed
cleavage site, one fixed modification of carboxymethyl cysteine, one variable modification
of methionine oxidation, minimum of four peptide matches and no restrictions on protein
molecular mass or isoelectric point. A protein observed in either the BT474 or SKBR3
secretomes was considered to be positively identified only when it was a hit using both
algorithms. For the 184A1 secreteome, the peaks uniquely associated with each picked spot
were identified using the mscalib package in R (Wolski et al., 2005). As the Aldente server
is no longer available, the Mascot database search engine was used (v2.4.01) to query the
UniProtKB/Swiss-Prot human database (Release 2013_6, 540261 sequences, 191876607
residues) with the filtered 184A1 secretome peak list and the following settings: peptide
mass tolerance of 50 ppm, one (or two) missed cleavage site(s), one fixed modification of
carboxymethyl cysteine, one variable modification of methionine oxidation, minimum of
four peptide matches and no restrictions on isoelectric point. In contrast to the proteomic
analyses of BT474 and SKBR3 secretomes, a protein in the 184A1 secretome was
considered to be positively identified only when Mascot match exhibited a similar molecular
weight as observed on the 2D-gel. Analyses of peptide mass fingerprints for all three cell
lines were performed independently to minimize identification bias. ldentified proteins were
also validated by Western blot using primary antibodies specific for HSPA5 (MAB4846,
RnD Systems Inc., Minneapolis, MN), Ezrin (610602, BD Laboratories, San Jose, CA), and
ILF2 (HO0003608-B01P, Abnova, Walnut, CA) and methods as described in (Kulkarni &
Klinke, 2012).
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Functional annotation

Functional annotation of the identified proteins was performed using a variety of data
integration sources. GeneMANIA was used to query curated protein-protein interaction data
sources and infer interaction networks and likely unobserved nodes based upon the observed
protein data set (www.genemania.org (Mostafavi et al., 2008)). Using the default network
weighting method, protein-protein interactions were identified based upon experimental
evidence of protein-protein interactions in Homo sapiens (61 curated references) and
predicted protein-protein interactions based upon homology with other species (50 curated
references). The unobserved nodes were pruned from the network that were based solely on
predicted interaction and had one edge. The remaining nodes were arranged based upon
their subcellular location, as annotated in the UniProt Protein Knowledgebase
(www.uniprot.org), and color coded based on association with human exosomes as
cataloged in the ExoCarta database (www.exocarta.org (Mathivanan et al., 2012)). Pathway
enrichment was determined using DAVID Bioinformatics Resources 6.7
(david.abcc.ncifcrf.gov (Huang et al., 2009b,a)) and Ingenuity Pathway knowledgebase
(www.ingenuity.com), as described in Kulkarni et al. (2010). Briefly, the significance of
enriched pathway within the identified protein data set was determined by a right-tailed
Fisher’s Exact test of a 2x2 contingency table with the Benjamini-Hochberg correction for
multiple hypothesis testing. The likelihood is calculated based on the number of identified
proteins mapped to the pathway relative to the total number of proteins in the pathway and
the total number of identified proteins relative to the total number of proteins associated
with any pathway in the database. The null hypothesis tested was that the functional
annotations associated with the observed proteins were likely to be observed by random
chance alone. A p-value of less than 0.05 was considered statistically significant and
suggests that the functional annotation was not observed by random chance alone. In using a
Fisher’s Exact test for pathway enrichment, we assume that observing a protein in a
secretome sample was a binary result, where the abundance of an observed protein was
considered to be above minimum threshold and subsequent differences in abundance were
not explicitly considered. This interpretation is consistent with the qualitative nature of our
proteomic workflow.

Scanning electron microscopy

As an external validation of the proteomic results, putative exosomes were isolated from
conditioned media by differential centrifugation as follows: 300 g for 10 minutes to remove
cells, 2,600 g for 10 minutes to remove residual cells and debris, 10,000 g for 60 minutes to
remove microparticles, and 100,000 g for 2 hours to collect exosomes in pellets.
Centrifugation steps were performed using a Beckman Coulter X-14R centrifuge and a
Beckman Coulter XL90 ultracentrifuge with proper rotors, open-top (Cat#: 355631) or
capped (Cat#: 355618, Cat#: 355655) thickwall polycarbonate tubes (Beckman Coulter).
Once isolated, the putative exosomes were resuspended in 0.2-1 ml DPBS. A solution
containing the secretome isolate was dipped over clean silicon chips and liquid was
evaporated after 15-60 minutes at room temperature. Silicon chips were mounted on SEM
stage by carbon paste. To make surface conductive, a coating of 2-5nm gold-palladium was
applied by sputtering (SPI-Module Sputtering, Argon as gas for plasma) before imaging by
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scanning electron microscopy (SEM Hitachi S-4700). SEM was done under low beam
energies (5.0 kV). Analysis of exosome sizes were done using the SEM images via ImageJ
and the density distribution of exosome diameters were obtained using R/Bioconductor
Version 2.14.1.

Secretomes of BT474 and SKBR3 cell lines contain many shared proteins but are different
from 184A1 secretome

Proteins were concentrated from media conditioned by these three cell lines for 48 hours and
separated using two-dimensional gel electrophoresis, as shown in Figure 1 and
Supplemental Figures S1-S3. Conditioned media used in the final wash step was used to
establish a protein background (0 hr sample) for the BT474 and SKBR3 secretomes. In the 0
hr samples, 20 spots were picked from both lines of which 12 were identified in the SKBR3
sample and 10 were identified in the BT474 sample (see Supplementary Excel Files 1 and
2). In the 48 hr samples, 91 gel spots were selected for identification from the SKBR3 cell
line and 96 gel spots were selected in the BT474 cell line (see Supplementary Excel Files 3
and 4). Of the selected spots in 48 hr sample, 54 BT474 proteins and 63 SKBR3 proteins
were identified, which corresponded to an overall likelihood of success in protein
identification of 63%. Approximately 90% of the identified spots had sequence coverage
25% or greater.

As an independent validation test, the predicted molecular weights of the proteins identified
in the SKBR3 and BT474 secretomes showed good agreement with the observed molecular
weights (see Figure 2). As expected, theoretical versus observed pl exhibited greater
uncertainty, as post-translational modifications of proteins tends to shift the pl rather than
the molecular weight of proteins. These post-translational modifications may be attributed to
cellular differences or introduced by the 2DE protocol. For instance, protein phosphorylation
typically increases the acidity resulting in a shift in the isoelectric focusing point. Similarly,
carbamylation of cysteine and oxidation of methionine are two examples of protein
modifications that are a result of iodoacetamide and urea in the lysis buffer and that can shift
the observed pl. As an additional validation, the presence of 78 kDa glucose-regulated
protein (HSPADS), Ezrin, and Interleukin enhancer-binding factor 2 (ILF2) in the BT474 and
SKBR3 secretomes were confirmed by Western blot (see panel D in Figure 2). HSPAS5 was
identified in both BT474 (spot 77) and SKBR3 (spot 57) secretomes and was present in the
48 h but not in the 0 h BT474 samples. This suggests that HSPA5 accumulates in cell-
conditioned media. In comparing the two cell lines, HSP5A appeared to be greater in the
SKBR3 than the BT474 secretome, where GAPDH was used to normalize loadings. As we
will discuss later, GAPDH is also an exosome-associated protein. Ezrin and ILF2 were
initially selected as they were identified in only the SKBR3 and BT474 secretomes,
respectively. However, Western blot results suggest that they are present in both secretomes
but have different relative abundance, which is also supported by the 2DE secretome maps.
ILF2 was identified in the BT474 secretome in spot 44. In the 2DE results for the SKBR3
secretome, spot 43 is the corresponding spot but was not able to be identified independently.
Ezrin was identified in the SKBR3 secretome in spot 86, while the corresponding spot in the
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BT474 secretome map - spot 71 - was also not able to be identified independently.
Collectively, the Western blot results confirm the MALDI-TOF MS protein identification
results.

Of the identified proteins, the BT474 secretome contained 43 unique proteins contained that
did not overlap with the 0 hr sample, as summarized in Table 1. Similarly, 41 unique
proteins were identified in the SKBR3 secretome. As mirrored by the similarity in 2-D
secretome maps, almost 50% of the identified proteins were common to both the BT474 and
SKBR3 secretomes. In comparison, 84 gel spots were picked for identification from the
184A1 secretome collected at 48 hours (see Supplementary PDF File 2). Of the 184A1
samples, 49 unique proteins were identified, as summarized in Supplementary Table S1.
Among the three 48 hour secretomes, only proteasome activator complex proteins (PSME1/
PSME2) were observed in all three, while only transferrin receptor protein 1 (TFRC) was
shared between 184A1 and SKBR3 secretomes and only Serpin B6 (SERPINBG6) was shared
between 184A1 and BT474 secretomes. While culturing these three cell lines in the absence
of serum may be a confounding factor, we did not see significant differences in viability
during the 2 day experiment. Given the similarity between the BT474 and SKBR3
secretomes, these two sets of unique secretome proteins were used for subsequent functional
annotation in the form of protein interaction network inference and pathway enrichment.

BT474 and SKBR3 cell lines both secrete exosomes

To glean insight into the functional roles of these secreted proteins, GeneMANIA was used
to develop a network based upon protein-protein interactions among the identified proteins.
We analyzed the secretomes derived from the BT474 and SKBR3 cell lines separately (see
Supplemental Figures 4 and 5) and also the combined data set (see Figure 3), given that half
of the proteins were observed in common. The resulting protein-protein interaction networks
include both the identified proteins and proteins that are inferred based upon known
interaction with the set of observed proteins. Using the resulting protein-protein interaction
network as a starting point, we also rearranged the networks to reflect the subcellular
location of the proteins. Interestingly, the majority of the identified proteins have been
reported to reside in the cytoplasm. Very few proteins were associated with the extracellular
space or the plasma membrane. The sparse associated with the plasma membrane was
expected as proteins in the plasma membrane should be lipophilic and the insolubility of
lipophilic proteins limits isoelectric focusing on immobilized pH gradients (Reisinger &
Eichacker, 2008). While our secretome enrichment protocol is designed to exclude cellular
debris, the cytosolic proteins could reside in a number of membrane vesicles that are
released by cells. These vesicles include microvesicles that are released by the outward
blebbing of the cell membrane, apoptotic vesicles that are released during programmed cell
death, and exosomes that originate within intracellular multivesicular compartments and are
constitutively released by cells through exocytosis (van der Pol et al., 2012). We felt that
apoptotic vesicles were unlikely to be a major contributor to the observed secretome as we
did not observe significant differences in viability during the 48 hours that the cells
conditioned the media. Given the recent interest in exosomes as a new mode of cell-to-cell
communication, we used the ExoCarta database to annotate the nodes within network based
upon previous reports that a particular protein has been observed in exosomes. Of the
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identified proteins, 28 of 41 proteins in SKBR3 and 26 of 43 proteins in BT474 secretomes
had been observed in human exosomes. While not identified in the proteomic analysis but
observed by Western blot, GAPDH is also associated with exosomes. In comparison to the
SKBR3 and BT474 cell lines, a lower proportion of the proteins identified in the 184A1
secretome have been associated with exosomes (i.e., 20 of 49). Based upon the list of
proteins currently associated with human exosomes relative to the total number of
identifiable proteins, the functional annotation that many of these proteins are associated
with exosomes was significant for all three secretomes (Fisher’s Exact Test: p-value <
1le-10).

To validate this functional annotation, we isolated secreted vesicles from media conditioned
for 48 hours by SKBR3 cells using a staged centrifugation approach. We imaged the
resulting isolated fraction using scanning electron microscopy (SEM). As shown in Figure
3B, the isolated fraction was rich in nanoscale vesicles. While there is no consensus on
nomenclature, the different vesicles can in part be distinguished based upon their
morphology. Exosomes are around 100 nm in diameter and exhibit a uniform distribution in
size. In contrast, microvesicles and apoptotic vesicles exhibit heterogeneous distributions
that range in size from 50 to 4000 nm in diameter. Using image segmentation, we
determined that the vesicles exhibited morphology consistent with exosomes, as they were
uniformly distributed with a mean diameter of 183 nm (n = 223, s.d. = 35 nm) (see Figure
3C). While the average size may seem slightly larger than the reported range of exosomes,
the SEM images were obtained using freshly isolated exosomes. If exosomes are stored in
PBS at 4°C, their size is reduced by 50% within 7 days (Sokolova et al., 2011). Of the
identified proteins, GDI2 and RAB37 provide support that these nanoscaled vesicles are of
endosomal origin as these proteins play key roles in delivering intracellular cargo for
exocytosis (Ullrich et al., 1993; Masuda et al., 2000). RAB37 is a GTPase that along with
RAB3, RAB26, and RAB27A/B regulate the transport of secretory vesicle and granules
(Stenmark, 2009). While their specific roles for exosome transport and release remains
unclear, knock-down of RAB27A inhibits exosome production (Peinado et al., 2012) but not
the release of secreted proteins (Bobrie et al., 2012). Moreover, the broad field of view in
the SEM image provided better evidence of the size distribution than is typically presented
(e.g., (Sokolova et al., 2011; Peinado et al., 2012)).

Functional annotation of the secretome suggests that BT474 and SKBR3 exosomes
transport metabolic enzymes and present MHC class | antigens

Finally, we wanted to determine what pathways would be impacted by the transfer of
exosomal proteins between cells. Using DAVID, we identified a set of common gene
ontology terms that were shared across the BT474 and SKBR3 secretomes. As shown in
Figure 4A, these common gene ontology terms were grouped into antigen processing and
presentation pathways or metabolic pathways. In terms of enriched canonical pathways,
identified proteins in both breast cancer secretomes were associated with antigen processing
and presentation via the major histocompatibility class | (see Figure 4B) and glycolysis/
gluconeogenesis (see Figure 4C). In contrast, no canonical pathways were identified as
significantly enriched in the list of proteins identified in the 184A1 secretome. However,
two 184A1 secretome proteins, HLA-B and PSMEL1, are associated with antigen processing
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and presentation. While these pathway enrichment results were obtained using uncurated
sources, we also observed similar pathway enrichment using Ingenuity Pathway Analysis
(IPA), a curated source of data integration (see Supplemental Figure S6). IPA results
suggested that, of the top ten canonical pathways for each cell line, seven were common
between the BT474 and SKBR3 secretomes.

Discussion

A common application of proteomics for secretome analysis is to discover biomarkers
associated with different molecular subtypes of cancer (e.g., (Kulasingam & Diamandis,
2007; Srirajaskanthan et al., 2010; Wu et al., 2010; Makawita et al., 2011; Sepiashvili et al.,
2012; Pavlou et al., 2013; Xue et al., 2008)). Here, we aimed to identify differences in how
malignant cells associated with a particular molecular subtype of breast cancer condition
their environment differently from normal cells derived from the same tissue using a
proteomics approach. Collectively, the secretome analysis of in vitro cultured BT474 and
SKBR3, two HER2+ breast cancer cell lines, versus 184A1, a normal human mammary
epithelial cell line, suggests that exosomes are a major mode by which these cancer cells
condition the tumor microenvironment. The 50% overlap in the proteins identified in the
BT474 and SKBR3 secretomes was particularly intriguing as this overlap was not observed
in our recent proteomic analysis of whole cell lysates derived from these cell lines (Kulkarni
& Klinke, 2012). In comparison, only three of the 41 SKBR3 and only four of the 43 BT474
secretome proteins are common with the observed whole cell proteome. In addition, the
presence of exosomes presents challenges for separating the proteins present in the
secretome by 2DE due to the increase in membrane surface area and associated lipids.
Lipids present within an unfractionated secretome sample may limit the effectiveness of
detergents in solubilizing proteins, as illustrated in Supplemental Figures S1-S3. As the goal
of this study was to observe as many proteins as possible in the secretomes using the same
proteomics workflow as our whole cell lysate study rather than to quantify differences in
abundance, the results may be viewed as qualitative. An alternative approach is Stable
Isotope Labeling by Amino Acids in Cell Culture (SILAC) (Ong et al., 2002, 2003; Schulze
& Mann, 2004), where isotope-labeled amino acids, specifically arginine and lysine, are
replaced in the culture media of the tumor cells for at least 5 population doublings prior to
collecting secretome. The entire proteome of the tumor cells then incorporates SILAC
encoding and newly secreted proteins contain isotope labeling. A SILAC approach improves
the detection of secreted proteins from contaminating proteins like keratins and serum
derived factors (Henningsen et al., 2010). Despite these caveats, the protein identification,
Western blot, functional annotation, and SEM results are all consistent in suggesting that
exosomes are a major mode of cell-to-cell communication. While the study of extracellular
microvesicles is an area of intense interest, one of the challenges with placing our findings
into biological context is that the exosome literature is controversial due to inconsistent
nomenclature and isolation methods (Raposo & Stoorvogel, 2013; Simpson & Mathivanan,
2012). Overall our approach was designed to overcome common criticisms, as we used a
differential centrifugation protocol coupled with SEM to characterize the size distribution
and morphology of fresh samples.
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As an emerging mode of cell-to-cell communication, exosomes have been reported to
transfer proteins (van der Pol et al., 2012) and RNA (Valadi et al., 2007; Ratajczak et al.,
2006) between cells. While exosomes are ubiquitously expressed, malignant cells derived
from melanoma and ovarian cancer have been shown to secrete higher levels of exosomes as
compared to normal controls (Logozzi et al., 2009; Taylor & Gercel-Taylor, 2008; Zhang et
al., 2012), which may be attributed to p53-mediated stress response (Yu et al., 2006). Here
the functional annotation of the identified proteins suggests that these exosomes play a role
in antigen presentation. Conventionally, cell-mediated cytotoxic immunity is enforced by
two different cell types: cytotoxic T lymphocytes (CTLs) and Natural Killer (NK) cells.
CTLs kill tumor cells that express sufficient cognate antigens in the form of a peptide-MHC
class | complex. At the other extreme, NK cells direct cytotoxic activity against cells that do
not express sufficient MHC class I. In contrast to dendritic cell-derived exosomes (Thery et
al., 2001), the significant enrichment of proteins associated with antigen processing and
presentation via MHC class | molecules in tumor-derived exosomes suggests a possible
decoy strategy whereby tumor antigens are distributed to other cells within the tumor
microenvironment. Alternatively, exosomes may provide a mechanism for these malignant
cells to shed MHC class | molecules as others have shown that HER2 overexpression
downregulates MHC class | expression (Maruyama et al., 2010; Herrmann et al., 2004). As
the tumor antigen epitopes presented by these two human breast cancer cell lines are
unknown, it is difficult to assess directly how peptide-MHC class | complexes on BT474- or
SKBR3-derived exosomes alter the ability of these two cell-mediated immune mechanisms
to control tumor cell growth. One limitation of the study is that all three cell lines are
derived from different individuals and that the observed differences may reflect natural
genetic variation among an outbred population rather than oncogenesis. Although the
similarities between the BT474 and SKBR3 secretomes and their collective difference from
184A1 secretome argue against that possibility, additional studies using syngeneic cell lines
may be informative.

Pathway enrichment also suggests that exosomes may alter the metabolic flux within
surrounding cells through the intercellular transport of metabolic enzymes associated with
glycolysis. The presence of glycolytic enzymes is not unexpected as reprogramming of
energy metabolism is an emerging hallmark of cancer (Hanahan & Weinberg, 2011). Cancer
cells obtain their energy through glycolysis despite the presence of oxygen, a phenomenon
called the “Warburg effect” (Warburg, 1956; Hsu & Sabatini, 2008; van der Heiden et al.,
2009). However, the implications of transporting enzymes between cells to alter metabolic
flux through entire pathways using exosomes is intriguing. In addition to altered intracellular
metabolism, it is well-known that malignant cells elicit a field effect on the surrounding cells
by altering the metabolic environment (e.g., Yakoub et al. (2010)). This field effect is
observed outside of a direct cell-to-cell contact region. In development, spatial gradients of
secreted proteins, that is morphogens, shape cell fate (Shvartsman, 2005). Given a
constitutive source, spatial gradients of morphogens are regulated by the rate of
consumption of the secreted protein, through receptor-mediated degradation or extracellular
proteolytic degradation, and the diffusivity of a secreted protein within the tissue matrix
(Kicheva et al., 2007). Following from reaction versus diffusion considerations in porous
media embodied by the Thiele modulus (Thiele, 1939; Thurber et al., 2007; Goentoro et al.,
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2006), secreted proteins with low diffusivity promote while secreted proteins with high
diffusivity inhibit the formation of spatial gradients. In addition, the diffusivity of a secreted
protein within a porous matrix is dependent on the affinity of the protein for the porous
matrix and the size of the secreted protein (Haller & Saltzman, 1998). Compared to oxygen,
glucose and other metabolic substrates, these transport considerations imply that exosomes
may contribute to field effects due to their relatively large size and potential to transport
metabolic enzymes. Cells that enter the tumor microenvironment may then be forced to up
regulate glycolytic metabolism, which may have a detrimental effect on the function of
tumor-infiltrating cytotoxic T lymphocytes (Sukumar et al., 2013). Moreover, GAPDH,
which we observed by Western blot, expressed in excess enables this glycolytic enzyme to
bind to the 3’ untranslated region of the Interferon gamma (IFNg) mRNA to inhibit its
expression instead of glyceraldehyde-3-phosphate, its normal metabolic substrate (Chang et
al., 2013). IFNg is a cytokine produced by T lymphocytes that increases the expression of
MHC class | complexes on the surface of cells. Collectively, the proteomic analysis of the
secretome of two HER2+ breast cancer cell lines compared with a normal human mammary
epithelial cell line suggest that tumor-derived exosomes contribute to two of the emerging
hallmarks of cancer: evading tumor immunosurveillance and deregulating cellular
energetics.
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Figure 1. 2-D gel electrophoresis maps of secretomes from SKBR3 and BT474 cell linesare
similar but distinct from 184A1 cell line

Representative results from concentrated media conditioned with SKBR3 (Panel A - 48 hour
sample), BT474 (Panel B - 48 hour sample), and 184A1 (Panel C - 48 hour sample) cell
lines. The horizontal axis corresponds to isoelectric focusing using a 7 cm IPG strip with pH
range 4-7. The vertical axis corresponds to molecular weight separation using a 12% SDS-
polyacrylamide gel with resolution between 10 to 250 kDa, as indicated by the molecular
weight standard shown in panel A. Results representative of three biological replicates for
SKBR3 and BT474 and two technical replicates for 184A1 cells (see Supplemental Figures
S1-S3).
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Figure 2. Validation of MALDI-TOF M Sidentification of secretome proteins
The theoretical molecular weights of identified proteins in 48 hour SKBR3 (Panel A),

BT474 (Panel B), and 184A1 (Panel C) secretomes were compared against observed
molecular weights, which were estimated based upon molecular weight standards. For
SKBR3 and BT474 proteins, this comparison is an independent validation test. For 184A1
proteins, molecular weight information was used to help identify proteins, as the Aldente
algorithm for peptide mass fingerprinting was no longer available. The presence of three
identified proteins were also confirmed by Western blot (Panel D). The 78 kDa glucose-
related protein (HPSAS) and Interleukin enhancer-binding factor 2 (ILF2) were confirmed
by Western blot to accumulate in BT474-conditioned media (O h versus 48 h samples -
upper left). Using GAPDH as a loading control, HSP5A appeared to be greater in the
SKBR3 secretome (lower left), while ILF2 (upper right) and Ezrin (lower right) were
present in both BT474 and SKBR3 secretomes.

Biotechnol Bioeng. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Klinke et al.

Page 17

Extracellular Space
A ‘\ /’

Plasma Membrane

/ BRINY \

Cytoplasm

Nucleus

— “J
/‘ [ HFE ATPeAPz
| TFRC
o @
\ ——

Unknown

/..

PFKFBLTPM4
MME MIPEP

ALDOA

/CI AGE8C60rf163

"’GGET‘,;\TG

— o
HSPBP1 SERPINB6
\ . .
P

PEPD
PGAM1

Aco08810.1 _ RCHY1

DDAH2 DDX3X

PSMB11

TRIM35

0.0087
0.0067
0.0047
0.0027

Normalized Density

0.0001

0 100 200

300 400

Exosome Diameter (nm)

Figure 3. Protein-protein interaction networ ks suggest that the majority of proteinsidentified in

both SKBR3 and BT474-conditioned media are derived from exosomes
Protein-protein interaction networks were constructed in GeneMania using

the union set of

all identified proteins in SKBR3 and BT474 secretomes (Panel A), using just the SKBR3
secretome (Supplemental Figure S1), and using just the BT474 secretome (Supplemental
Figure S2). The proteins were arranged based upon similarity in subcellular location. Gray
circles indicate identified proteins while white circles indicate proteins inferred based upon
known interactions with identified proteins. The blue edges indicate experimentally
observed protein-protein interactions in Homo Sapiens, while brown edges are predicted
protein-protein interactions based on homology with other species. Encircled nodes are
found in the Exocarta database, which suggests that they are associated with exosomes.
Nodes encircled in blue are from SKBR3, in yellow from BT474, and in green are common
between SKBR4 and BT474. The nodes encircled in red are inferred only in the
amalgamated network and are associated with exosomes. Scanning electron microscopy was

used to confirm that the secretome contained membrane vesicles (Panel B -

SKBR3-

conditioned media). The size and distribution of membrane vesicles were consistent with

exosomes (Panel C). SEM results representative of a least two replicates.
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Figure 4. Pathway enrichment suggests that the exosomes derived from both BT474 and SKBR3
cellsplay similar functional rolesin presenting antigens and modulating metabolism

Functional annotation of the identified proteins using enrichment of biological pathways and
gene ontology (GO) terms in DAVID (Panel A: TOP - antigen presentation cluster,
BOTTOM - metabolism cluster). Green block indicated that a particular gene (columns) that
is associated with a given pathway/GO term (rows) was identified in the secretome (BT-474
- red, SKBR3 - black, both cell lines - blue). Black regions of the grid indicate that GO
association for a gene has not been reported. Graphical summaries of the MHC class |
pathway (Panel B) and the glycolysis/gluconeogenesis pathway (Panel C) obtained from the
KEGG Pathway database were annotated with the identified proteins (BT-474 secretome -
red star, SKBR3 secretome - black star, secretomes from both cell lines - blue star).
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Table 1
Proteins identified in SKBR3 and BT474 secretomes
SKBR3 BT474
Protein Name Symbol Protein Name Symbol
14-3-3 protein epsilon YWHAEF 6-phosphofructo-2-kinase/fructose-2,6- biphosphatase 1 ~ PFKFB1
78 kDa glucose-regulated protein HsPAsE
Actin, cytoplasmic 1 AcTet 78 kDa glucose-regulated protein HsPA5E
Alpha-enolase EnoO1f Actin, cytoplasmic 1 AcTBT
Aminoacylase-1 Acvyif ATP-dependent RNA helicase DDX3X DDX3xt
Apolipoprotein A-1-binding protein APOA1BP Calreticulin cALRE
Calreticulin CALRY Cellular retinoic acid-binding protein 2 crABp2f
Centrosomal protein of 63 kDa CEP63 Conserved oligomeric Golgi complex subunit 4 COG4
Ezrin gzr?t
Fructose-bisphosphate aldolase A ALDOAY Cutaneous T-cell lymphoma-associated antigen 8 CTAGES
General transcription factor 3C polypeptide 5 GTF3C5
Fructose-bisphosphate aldolase A ALDOAT
Glucose-6-phosphate 1-dehydrogenase GePDY Gamma-glutamylcyclotransferase ceeT
Glutathione synthetase asst Glucose-6-phosphate isomerase cpif
Glyoxalase domain-containing protein 4 GLOD4 Glutathione synthetase Gsst
Heat shock cognate 71 kDa protein Hspagt Glyoxalase domain-containing protein 4 GLOD4
Heat shock protein HSP 90-alpha HsP9oAA1f  Heat shock cognate 71 kDa protein HspAgt
Hydroxymethylglutaryl-CoA synthase, cytoplasmic HMGCS1 Heat shock protein HSP 90-alpha HspooaAlT
Hydroxymethylglutaryl-CoA synthase, cytoplasmic HMGCS1
Isoform 2 of HLA class | histocompatibility antigen, HLA-C
Cw-16 alpha chain
Interleukin enhancer-binding factor 2 ILF2
Isoform MBP-1 of Alpha-enolase eno1¥ Isct)fo:[m 1 of Glutamate [NMDA] receptor subunit GRINLT
zeta-
Lactoylglutathione lyase gLo1f
N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 ppaH2t Mitochondrial intermediate peptidase MIPEP
NADP-dependent malic enzyme ME1
Nucleoside diphosphate kinase A NMELE Neprilysin MMET
Peroxiredoxin-1 PRDX1F Nucleoside diphosphate kinase A NME1¥
Peroxiredoxin-2 PRDX2E Nucleoside diphosphate kinase B NME2%
Phosphatidylethanolamine-binding protein 1 pep1t Peroxiredoxin-2 PRDX2%
Phosphatidylethanolamine-binding protein 1 pEBP1E
Phosphoglycerate mutase 1 pcAM1E
Proteasome activator complex subunit 1 PSME1 Phosphoglycerate mutase 1 pcAM1E
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SKBR3 BT474
Protein Name Symbol Protein Name Symbol
Proteasome activator complex subunit 2 psme2f Proteasome activator complex subunit 2 psME2t
Proteasome subunit alpha type-3 psmAzf Proteasome subunit alpha type-3 psMA3F
Proteasome subunit alpha type-6 PSMA6 Proteasome subunit beta type-11 PSMB11
Proteasome subunit beta type-2 psvB2 Proteasome subunit beta type-4 PSMB4
Proteasome subunit beta type-4 PSMB4 Proteasome subunit beta type-6 psvBeE
Purine nucleoside phosphorylase PNP Protein disulfide-isomerase A3 pDIA3YE
Putative ubiquitin-conjugating enzyme E2 N-like UBE2NL Purine nucleoside phosphorylase PNP
Putative protein phosphatase inhibitor 2 PPP1R2P3
Rab GDP dissociation inhibitor beta DIk Rab GDP dissociation inhibitor beta cDI2t
Serotransferrin TFt RAC-beta serine/threonine-protein kinase AKT2
Transferrin receptor protein 1 TFRCH Ras-related protein Rab-37 RAB37
Triosephosphate isomerase TPILt RING finger and CHY zinc finger domain-containing RCHY1
protein 1
tRNA dimethylallyltransferase, mitochondrial TRIT1
Serpin B6 SERPINBG*
Uncharacterized protein C6orf163 C60RF163  Transitional endoplasmic reticulum ATPase vept
Xaa-Pro dipeptidase pepD?
Triosephosphate isomerase TPI1¥
Tripartite motif-containing protein 35 TRIM35
Tropomyosin alpha-4 chain TPM4

¢indicates identified in exosomes.
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