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Abstract

Radiation and drug resistance are significant challenges in the treatment of locally advanced,

recurrent and metastatic breast cancer that contribute to mortality. Clinically, radiotherapy requires

oxygen to generate cytotoxic free radicals that cause DNA damage and allow that damage to

become fixed in the genome rather than repaired. However, approximately 40% of all breast

cancers have hypoxic tumor microenvironments that render cancer cells significantly more

resistant to irradiation. Hypoxic stimuli trigger changes in the cell death/survival pathway that lead

to increased cellular radiation resistance. As a result, the development of noninvasive strategies to

assess tumor hypoxia in breast cancer has recently received considerable attention. Exosomes are

secreted nanovesicles that have roles in paracrine signaling during breast tumor progression,

including tumor-stromal interactions, activation of proliferative pathways and

immunosuppression. The recent development of protocols to isolate and purify exosomes, as well
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as advances in mass spectrometry-based proteomics have facilitated the comprehensive analysis of

exosome content and function. Using these tools, studies have demonstrated that the proteome

profiles of tumor-derived exosomes are indicative of the oxygenation status of patient tumors.

They have also demonstrated that exosome signaling pathways are potentially targetable drivers of

hypoxia-dependent intercellular signaling during tumorigenesis. This article provides an overview

of how proteomic tools can be effectively used to characterize exosomes and elucidate

fundamental signaling pathways and survival mechanisms underlying hypoxia-mediated radiation

resistance in breast cancer.
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1. Introduction

In the United States, breast cancer is the most common non-skin cancer and the second

leading cause of cancer-related death in women. It is estimated that women have a 12% risk

of developing breast cancer in their lifetime. Although targeted therapies such as the use of

Trastuzumab have been shown to improve survival in the adjuvant treatment of HER-

positive breast cancer [1], resistance to radiation therapy and chemotherapy in locally

advanced and metastatic disease are significant challenges and causes of mortality.

It has been shown that 40% of all breast cancers and 50% of locally advanced breast cancers

contain hypoxic regions where the effectiveness of radiation and chemotherapy is reduced

[2]. Hypoxic tumors have more aggressive phenotypes and are associated with poor patient

outcomes in several types of cancer [3]. Thus, there is a need to develop therapeutic

strategies to overcome the challenges that are related to tumor hypoxia.

There has been recent interest in the role of exosomes in mediating the cross-talk between

various cell types [4–9]. These cell-secreted microvesicles are highly enriched in biological

fluids such as blood plasma and contain effectors of carcinogenesis such as growth factors,

cytokines, mRNA, microRNA and bioactive lipids. A positive correlation between the

abundance of secreted exosomes and cancer stage and progression has been demonstrated

[10], and several comprehensive reviews of the role of exosomes in cancer development,

metastasis and drug resistance have been published recently [11–14]. The factors and stimuli

that regulate exosome secretion are not completely understood, but roles have been reported

for ionizing radiation [15,16] in addition to p53 [17], ceramide synthesis [18], calcium

signaling [19] and acidosis [20].

The hypoxia-induced release of exosomes from cancer cells has been hypothesized to cause

the malignant transformation of normal recipient cells, which results in malignant cell

proliferation and migration [4,10,21] as shown schematically in Figure 1. It is well known

that hypoxic tumor cell-derived exosomes promote angiogenic signaling [8,21], and

increased exosome release has been demonstrated under hypoxic conditions [22,23].

Although many of these studies were conducted in vitro using a murine model, the results

suggest several important functional implications of the role of exosomes in the hypoxic
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tumor microenvironment. In vitro data suggest an association among hypoxia, exosome-

mediated signaling and invasive tumor phenotypes [8,11,24], and there has been increased

interest in determining whether hypoxia is able to stimulate tumor progression through

altered exosome release. For example, King et al. have shown that breast cancer cells grown

under hypoxic conditions release greater numbers of exosomes than cells grown under

normoxia [24]. Furthermore, Kucharzewska et al. have demonstrated that the proteome and

mRNA profiles of exosomes closely reflect the oxygenation status of donor glioma cells and

patient tumors, and that exosomal signaling is a potentially targetable inducer of hypoxia-

dependent intercellular signaling during tumor development [4]. For this reason, proteomic

profiling of tumor exosomes circulating in cancer patient plasma or serum has the potential

to provide functional diagnostic markers of disease without the invasiveness of biopsy

procedures [25,26]. An important consideration with this approach is that tumor exosomes

are only a small subpopulation of the microvesicles that are present in the blood, which

therefore necessitates the development of selective sorting procedures such as those that

include the use of affinity agents.

A better understanding of the role for exosome signaling in cancer cell communication may

allow for the development of novel strategies to overcome the therapeutic challenges related

to tumor hypoxia. New deep coverage proteomic approaches that involve mass spectrometry

instrumentation with high sensitivity, resolution and mass accuracy, and more stringent

exosome isolation and purification strategies will yield valuable insight into the

identification and function of exosomes that are uniquely released under hypoxic conditions

and contribute to radiation resistance in breast cancer. In this paper we will describe the role

of hypoxia in breast carcinogenesis, basic exosome biology, and the potential for

manipulating exosome-mediated intercellular signaling to increase the efficacy of breast

cancer radiotherapy.

2. Hypoxia and the Tumor Microenvironment—Mechanisms of Radiation

Resistance

Approximately 40% of all breast cancers contain hypoxic microenvironments where

chemotherapy and radiation are less effective [2]. In normal tissues, the oxygen supply is in

equilibrium with the metabolic requirements; however, tumor cells often have an increased

demand for oxygen. Tumor cells adapt to exist in these hypoxic microenvironments by up-

regulating pro-survival mechanisms, the majority of which are coordinated by the

transcription factor hypoxia inducible factor-1 α (HIF-1α; Figure 2) [27].

Hypoxia is a main force that drives cancer cells to adopt a more radiation resistant and

invasive phenotype [28]. Chronic hypoxia contributes to radiation resistance by preventing

the activation of the G1/S cell cycle checkpoint, thereby allowing DNA replication errors to

accumulate and fostering genomic instability [29]. By hindering the normal progression of

the cell cycle, hypoxia is directly associated with rendering cells resistant to drugs that target

cell proliferation.

The ability of molecular oxygen to influence the biological effect of ionizing radiation is

known as the oxygen effect [30]. Hypoxic stimuli trigger changes in DNA repair and cell
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death/survival signaling pathways [31]. Although the precise mechanism of action of the

oxygen effect is unknown, it is widely accepted that oxygen acts at the level of free radical

generation [32]. Ionizing radiation exposure induces ionization events within a few

nanometers of genomic DNA in target cells and produces free radicals that cause DNA

damage [33]. Oxygen oxidizes the DNA radicals and can cause the damage to become fixed

in the genome. Conversely, in the absence of oxygen, as is the case in hypoxic

environments, the production of DNA radicals is reduced, thereby decreasing their overall

effect. DNA damage, including irreparable double strand breaks, is significantly less severe

in the absence of molecular oxygen [34,35], resulting in the hypoxia-related radiation

resistance of cancer cells. However, it has recently been shown that hypoxia up-regulates the

nonhomologous end joining pathway that is involved in the DNA repair of irradiated cells,

which could contribute to the radiation resistance of hypoxic A431 epithelial carcinoma

cells [36]. Nonhomologous end joining and homologous recombination are the major DNA

double strand break repair mechanisms; however, DNA damage response consists of several

pathways, some of which act independently and others that do not [37]. Hence, hypoxia can

affect DNA repair via multiple mechanisms.

In breast cancer cells, hypoxia has been shown to promote the release of exosomes, which is

partly mediated by HIF-1α [24]. In their study, King et al. demonstrated that the exposure of

three different breast cancer cell lines to moderate (1% O2) and severe (0.1% O2) hypoxia

resulted in significant increases in the number of exosomes in the conditioned media from

these cells, as determined by Western blot detection of the exosomal protein CD63 [24].

Furthermore, they showed that the activation of hypoxic signaling by a HIF-1α hydroxylase

inhibitor resulted in a significant increase in exosome release. They also demonstrated that

the transfection of cells with HIF-1α siRNA before hypoxic exposure prevented the

hypoxia-induced enhancement of exosome release. Taken together, these results suggest a

functional link between HIF-1α and the hypoxic response in breast cancer cells.

Interestingly, we have identified a novel non-HIF-1α-mediated response to hypoxia in breast

cancer cells and high-grade or recurrent breast tumors [38]. Our results demonstrated that

exposure to hypoxia causes the loss of function of vacuolar protein sorting-associated

protein VPS4B, which is involved in maintaining the fidelity of multivesicular body (MVB)

maturation, resulting in increased breast cancer cell anchorage-independent growth and

resistance to anti-EGFR, anti-MEK and genotoxicity induction treatment.

Several mechanisms of radiation resistance in tumor cells under hypoxic conditions involve

the function of biological molecules including oxygen, hydrogen, miR-210, HIF-1 and N-

myc downstream-regulated gene 2 (NDRG2) [39–44]. Exosomes have been implicated in

the radiation resistance of tumor cells under hypoxic conditions based on their ability to

shuttle RNA and protein to recipient cells [45]. Additionally, exosomes are known to have

important roles in the hypoxia-mediated phenotypic alteration of the tumor vasculature [4],

and more than half of the secreted proteome from hypoxic carcinoma cells can be associated

with exosomes [8]. Taken together with our preliminary data that indicate a role for VPS4B

in exosome production, we hypothesize that there is a mechanistic link between hypoxia,

MVB function, exosome production and radiation resistance in breast cancer.
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3. Morphological Characteristics of Exosomes

It is well established that hypoxia is directly linked to the poor prognosis of breast tumors. In

addition, it has been shown that hypoxia leads to the increased production of exosomes

[22,23]. Therefore, significant efforts have been made by several groups to investigate

whether tumor-derived exosomes in biological fluids could potentially serve as a multiple

biomarker phenotyping tool for hypoxia-induced tumorigenesis.

Exosomes are microvesicles that are known to alter the cellular phenotype of target cells and

play an essential role in the growth and/or metastasis of breast cancer [46,47]. They are 40–

100 nm vesicles of endocytic origin that are constitutively released by cells into the

extracellular environment as a result of multivesicular endosomes fusing with the plasma

membrane. Originally thought of as “garbage” vesicles that aid the removal of excess

plasma membrane receptors or other cellular components, exosomes have now been shown

to have a role in intercellular communication, and they are highly enriched in biological

fluids such as plasma.

In addition to having a characteristic morphology, exosomes have unique protein and lipid

compositions [46]. Because of their endosomal origin, all exosomes contain membrane

transport and fusion proteins (GTPases, flotillin, annexins), tetraspannins (CD9, CD63,

CD81, CD82), heat shock proteins (Hsc70, Hsp90), proteins that are involved in

multivesicular body biogenesis (Alix, Tsg101), and lipid-related proteins and

phospholipases [9,48]. Among the lipid raft-associated molecules that are enriched in

exosomes are cholesterol, ceramide, sphingolipids, and phosphoglycerides [9,18,49]. The

lipoprotein content of exosomal membranes renders the exosomes more stable than soluble

proteins in the extracellular environment [47]. Exosomes also package and functionally

deliver genetic components such as mature miRNA, mRNA, and retroviral RNA to other

cells [50–53]. Macrophages have been shown to mediate the invasiveness of breast cancer

through the exosome-mediated delivery of miRNA into cells to promote metastasis [7].

4. Isolation of Exosomes

Exosome biogenesis begins with the internalization of plasma membrane receptors that are

targeted to the endosome. This inward budding of the endosomal membrane results in the

formation of intraluminal vesicles (ILVs), which collect in the mature or late endosome,

now termed multivesicular bodies (MVBs). MVBs can then bud and fuse with the cell

membrane to be released as exosomes into the extracellular environment. The multi-protein

complexes that are involved in this process include the various endosomal sorting complex

required for transport (ESCRT) proteins that are involved with internalized protein

recognition and the invagination of the endosomal membrane. The energy that is required

for the concomitant dissociation of the ESCRT machinery and scission of the ILV from the

endosomal membrane is provided by the multimeric protein complex known as the VPS4

complex. Studies from our laboratory using the HER2 over-expressing breast cancer cell

line SKBR3 have demonstrated that hypoxia or reactive oxygen species (ROS)-induced

VPS4 dysregulation leads to the accumulation of the ESCRT machinery in exosomes, as

well as an increase in proteins that are associated with exosome biogenesis and trans-Golgi
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network receptor recycling [38,54,55] (Figure 3). Furthermore, under these conditions, an

accumulation of exosome protein cargo was observed, which resulted in the increased

relative abundance of EGFR and HER2 receptors. In vitro, exosomes that carry the HER2

receptor on their surface act as molecular “sponges”, binding and sequestering the

monoclonal anti-HER2 antibody, Herceptin®, and reducing the amount of the antibody that

is available to target the actual cancer cells for anti-cancer therapy [56,57]. It has not yet

been determined whether this phenomenon occurs in patients.

Exosomes can be isolated from a variety of biological matrices. Ultracentrifugation and

sucrose density gradient centrifugation are commonly accepted methods of isolating

exosomes [58]. Although sequential differential centrifugation does not result in the

isolation of pure populations of membrane-bound vesicles of specific sizes, sucrose gradient

ultracentrifugation can be used to provide a highly enriched population of exosomes. Other

methods such as free flow electrophoresis (FFE) have also been developed to isolate pure

populations of exosomes [59,60]. FFE permits the separation of highly purified populations

of exosomes in their native state, thereby enabling the analysis of specific proteins as they

relate to biological function. Ultrafiltration and HPLC-based processes that remove cells and

cellular debris using micro-filters and positive pressure have been used to generate exosome

enriched samples [61]. Affinity purification methods have also been applied for the specific

isolation of exosomes, and some of these methods have been developed into commercially

available products. These products include anti-CD63, CD81 and CD9 antibodies that are

immobilized on 96-well plates and an affinity capture method that targets specific

saccharide residues on the exosome surface. In addition to these approaches, many other

systems are currently being developed to enhance the efficiency and selectivity of exosome

isolation. Regardless of which method is chosen, care should be taken when isolating

exosomes from cultured tumor cells to avoid contamination from exosomes that are present

in the fetal bovine serum of the cell culture media. Such contamination can be avoided by

serum deprivation or the use of exosome-free serum. However, one of the major advantages

of using a stable isotope labeling with amino acids in cell culture (SILAC)-based approach

is that all exosomal proteins that are secreted by cultured tumor cells will be labeled by

“heavy” amino acids such as 13C or 15N arginine and lysine. These heavy-labeled exosomal

proteins could be easily separated from any normal and “light”-labeled lysine and arginine-

containing proteins that are derived from fetal bovine serum. Therefore, one of the long term

goals of our approach is to generate a series of SILAC-labeled tumor-derived internal

standards to monitor the secretion of tumor exosomes in various biological fluids derived

from cancer patients. SILAC-based quantitative proteomics is discussed in further detail in

Section 7, “Proteomic analysis of the exosome proteome for the development of

biomarkers”.

5. Exosomes as Biological Effectors and Carriers of Oncogenic Signatures

in Cancer

Various strategies, such as immunohistochemistry and functional or molecular imaging,

have been adopted to assess tumor hypoxia in various cancer types. However, a significant

unmet need resides in the development of strategies to overcome the radiation resistance of
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tumor cells. The results from clinical studies have shown that cancer treatment strategies

that are targeted toward hypoxia-mediated pathways necessitate a comprehensive analysis of

the complex network of intercellular communication that influences the tumor

microenvironment [62].

Under hypoxic conditions, cancer cells secrete exosomes that modulate their local and

distant environment to facilitate tumor angiogenesis and metastasis [8]. Exosomes isolated

from EGFR mutant or high-grade tumors contain many activated signaling molecules that

are directly involved in EGF signaling pathways [21], and EGFR and ERK1/2 kinases are

abnormally activated when cells are grown under hypoxic conditions [38]. Taken together,

these studies suggest that exosomes constitute a potentially targetable mediator of hypoxia-

driven tumor development and that the exosomal molecular signature could be a

noninvasive biomarker to determine the oxygenation status and aggressiveness of malignant

tumors.

Proteins associated with immune evasion, cell proliferation, cell invasion, metastasis, and

angiogenic factors have all been identified in secreted exosomes, illustrating their potential

role in tumor progression, as well as in mediating chemoresistance [63–68]. As previously

discussed, exosomes have been shown to interfere with Herceptin® uptake by breast cancer

cells, decreasing the drug's therapeutic efficacy [56,57,63]. Exosomes also have a role in

mediating chemoresistance. Increased expression levels of putative cisplatin export

transporters MRP2, ATP7A, and ATP7B have been detected in human ovarian carcinoma

cells [69]. Chen et al. determined that in melanoma cisplatin resistance is associated with the

exosomal trapping and export of cisplatin, which contributes to multi-drug resistance [70].

Furthermore, the cytotoxic drug doxorubicin is eliminated by exosome secretion [71]. For

these reasons, it has been suggested that exosomal removal by therapeutic filtration or the

pharmacological targeting of exosome release could serve as an adjuvant therapy to increase

treatment efficacy [63]. One such approach entails immobilized affinity agents that reside in

the outer capillary region of hollow fiber plasma separator cartridges that are integrated into

dialysis units or continuous renal replacement therapy machines. As the patient's blood

enters the device, plasma components that are <200 nm travel through the porous fibers and

interact with the immobilized affinity agent to which target molecules are selectively

adsorbed, whereas blood cells and non-bound serum components travel through the device.

Ideally, affinity reagents that recognize common exosomal surface markers will bind to and

trap only tumor-derived exosomes; however, the selective capture of such tumor-derived

exosomes needs to be addressed. Tumor-derived exosomes contain some of the same surface

markers as non-tumor-derived exosomes, albeit at a different level of expression. Thus, one

of the critical aspects of the success of this method is the ability to selectively capture

tumor-derived exosomes. The information that has been gleaned from the proteomic

profiling of cancer cell line- and tumor-derived exosomes can be used to guide the design of

affinity agents with high selectivity that are used in therapeutic filtration devices.

6. Proteomic Profiling of Exosomes

Improved exosome purification strategies coupled with improved mass spectrometry-based

proteomic tools have significantly enhanced the analysis of the molecular composition of
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exosomes. Advances in mass spectrometry instrumentation that have resulted in increased

sensitivity and mass accuracy have enabled significant improvements in the depth of

exosomal proteome coverage. Proteomic analysis has revealed that exosomes contain a

common set of membrane and cytosolic proteins, and they also contain distinct subsets of

proteins that could be associated with cell type-specific functions.

Exosomes that are derived from several types of tumor cells (breast adenocarcinoma [64],

colorectal cancer [72,73], mammary adenocarcinoma [74], melanoma [75,76], mesothelioma

[77], and brain tumor [4,78]) have been characterized by isolation strategies including

differential centrifugation, filtration, sucrose density gradient, and immunobeads, combined

with mass spectrometry-based proteomic strategies such as one- and two-dimensional liquid

chromatography-tandem mass spectrometry and MALDI-TOF/TOF mass spectrometry [25].

Proteomic strategies have also been used in the successful characterization of exosomes that

are derived from blood [79–81] and various body fluids including urine [82,83], saliva [84],

pleural effusions [85], and breast milk [86]. A comprehensive review of the studies that have

used proteomic methods to characterize exosomes that are derived from in vitro sources and

biological fluids has been provided by Simpson et al. [26].

7. Proteomic Analysis of the Exosome Proteome for the Development of

Biomarkers

Exosomes are unique entities for biomarker analysis that have the potential to provide novel

targets for therapeutic intervention. Using breast cancer cell lines that were cultured under

moderate (1% O2) or severe (0.1% O2) hypoxia, King et al. provided evidence for the

importance of understanding the hypoxic tumor phenotype that is characterized by the

increased release of exosomes by hypoxic cancer cells into their microenvironment to

promote their own survival and invasion [24].

Proteomic tools can be effectively used to analyze exosomes towards the elucidation of the

fundamental mechanisms underlying hypoxia-mediated radiation resistance in breast cancer.

In addition, the proteomic profiling of circulating tumor exosomes that can be isolated

noninvasively from body fluids such as urine, plasma or serum has the potential to provide

diagnostic markers for noninvasive biopsy profiling.

Stable isotope labeling with amino acids in cell culture (SILAC) combined with mass

spectrometry is a strategy that can permit the quantitative proteomic analysis of cell culture-

derived exosomes. SILAC is based on the metabolic incorporation of an isotopically “light”

or “heavy” form of amino acids into proteins, the mass spectrometry analysis of which

results in quantitative information regarding protein relative abundance [87]. Using this

approach combined with IsoQuant [88], an in-house developed open source software

package to process and quantify large proteomic datasets, we identified basic structural

proteins that were directly related to exosome biogenesis, exosomal cargo recruitment and

endocytosis in A549 lung cancer cells and SKBR3 breast cancer cells (unpublished

observations). A schematic view of this workflow using SILAC-labeled SKBR3 cells that

are cultured under hypoxic and normoxic conditions is presented in Figure 4. The data

indicated that the proteomes of the exosomes directly reflected the physiological conditions

Thomas et al. Page 8

Proteomes. Author manuscript; available in PMC 2014 May 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and cellular contents of their parental cells, as evidenced by the significantly altered

abundances of breast carcinoma-associated proteins.

8. Targeted Proteomic Analysis of the Exosome Proteome

The majority of the mass spectrometry-based proteomic analyses that have been described

here followed a canonical “shotgun” workflow [89] whereby proteins are first digested using

a specific protease, typically trypsin, and the resulting peptides are separated using reversed

phase liquid chromatography. As the peptides are eluted from the reversed phase column,

they are converted to gas phase ions by electrospray ionization. The analyte ions are then

fragmented in the mass spectrometer, and the fragment and parent ion masses are assigned

by a database searching tool to the best-matching peptide sequence in a given database.

Although a wealth of information can be gleaned from these discovery phase proteomic

studies, targeted proteomic assays that are most commonly based on a mass spectrometric

technique called multiple (or selected) reaction monitoring (MRM) [90–92] using triple

quadrupole mass spectrometry [93] are of increasing importance in bridging the gap

between biomedical discovery and clinical implementation [94].

In typical MRM experiments, specific precursor ions representing peptides of interest are

mass selected and fragmented, and the signals for only a few predefined fragment ions for

each peptide of interest are monitored. This enables highly specific and quantitative

multiplexed proteomic assays to be conducted. MRM-based proteomic assays have

significant potential in the analysis of the exosome proteome in the context of biomarker

development.

9. Proteomic Data Analysis

The “shotgun” or discovery-based proteomic analysis described above permits the objective

identification of candidate exosomal proteins as functional biomarkers that are associated

with the hypoxic microenvironments of breast tumors. Exosomal proteins, such as plasma

membrane proteins, cell surface molecules, cytokines, and proteins that are localized to the

cytoplasm, with significant changes in relative abundance that correlate with various disease

states could be identified as significant functional biomarkers. We have a developed SILAC-

based proteomics quantification software tool, termed IsoQuant, that provides users with a

convenient quantification framework to calculate peptide and protein relative abundance

ratios [88]. For SILAC-based proteomic studies, comparative analyses can be conducted

using IsoQuant to enable the detection of exosomal proteins with differential relative

abundances based on the relative intensities of the peptide ions that are derived from the

“heavy” and “light”-labeled exosomal proteins in the SILAC-labeled cells. Several other

mass spectrometry bioinformatic data analysis tools exist including BioWorks (Thermo

Scientific), Mascot (Matrix Science), ProteinPilot (AB Sciex), and MaxQuant [95]. These

and other software tools are described in detail in recent reviews [96–98].

Our preliminary studies have indicated that hypoxia or the decreased expression of the

MVB-associated protein VPS4B in SKBR3 breast cancer cells can cause an increase in the

relative abundance of exosome protein cargo in cultured cells. Figure 5 shows representative

SILAC MS1 spectra of Alix (a key exosomal protein that plays an essential role in the

Thomas et al. Page 9

Proteomes. Author manuscript; available in PMC 2014 May 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



recruitment of cargo proteins into exosomes [99,100] and ROS-mediated cell death), CD63

(a transmembrane tetraspanin family protein that is required for the fusion of exosomes with

target cells and that plays a role in exosome biogenesis), and HER2 peptides that have

increased relative abundance in exosomes that are derived from SKBR3 cells with ablated

VPS4B expression.

Several mass spectrometry-based quantitative proteomic methods other than metabolic

stable isotope labeling have been developed. Some of these methods include label-free

quantification, whereby protein abundance changes are determined by measuring mass

spectral peak intensities or extracted ion chromatogram peak areas and spectral counts [101],

and isobaric chemical labeling using isobaric tags for relative and absolute quantification

(iTRAQ) [102] or tandem mass tags (TMT) [103]. Label-free quantification methods are

widely used because they are applicable to samples from any source. However, because of

the requirement for the samples to be prepared and analyzed separately, the accuracy,

precision, and reproducibility of label-free methods render their quantification performance

inferior compared to metabolic and isobaric chemical labeling strategies [104]. Each

quantitative proteomic method has its advantages and disadvantages regarding depth of

proteome coverage, dynamic range, multiplexing ability, sample type compatibility,

quantification accuracy, precision, and reproducibility. These factors should be taken into

consideration when developing the experimental design for quantitative proteomic analyses.

Statistical and bioinformatic analyses can be used in exosomal proteomic profiling to predict

the protein interaction networks and pathways that are involved in cellular phenotype

changes in response to various physiological conditions, including increased hypoxia in the

breast tumor microenvironment. Results from our preliminary studies indicated the

activation of ERK2 and glycogen synthase kinase-3 α and ß (GSK3α/ß) in exosomes that

were isolated from SKBR3 cells with decreased levels of VPS4B expression (Figure 6).

These results are consistent with data indicating that VPS4B depletion prolongs EGFR

expression and signaling in EGF-treated SKBR3 cells [38].

We also conducted a Kyoto Encyclopedia of Genes and Genomes (KEGG) protein

interaction network analysis of the exosomal proteome of SKBR3 cells that were cultured

under hypoxic conditions, and we determined that the ErbB2/HER2 signaling pathway is

highly activated. Furthermore, we found that EGF preferentially promoted the assembly of

filamentous actin (F-actin) and the formation of filopodia in SKBR3 cells with decreased

VPS4B expression. The EGFR signaling pathway plays a critical role in the regulation of

cell proliferation, survival and differentiation in breast cancer [105–107]. EGFR expression

is up-regulated in many human tumor tissues and the activation of EGFR signaling has been

associated with aggressive types of cancer and poor responses to therapeutic treatment [108–

110]. It has been shown that the cross-talk between EGFR and HIF-1α signaling pathways

increases the resistance of breast cancer cells to apoptosis [111]. Under normoxic

conditions, EGFR signaling activates the phosphoinositide 3-kinase/AKT pathway, which

then increases HIF-1α levels. Taken together, our results suggest that MVB dysfunction

stimulates the migration of breast tumor cells under hypoxic conditions. Based on our

preliminary studies, we hypothesize that radiation-induced oxidative stress contributes to

MVB dysfunction and the subsequent activation of exosome-induced tumorigenesis. Figure
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7 is a proposed breast cancer signaling pathway that is based on our KEGG network analysis

of hypoxia-activated tumor cell migration. This model is supported by data indicating a role

for VPS4 in the localization of cell migration-related proteins at focal adhesions [112,113].

The proteomic profiling of exosomes that are released from breast cancer cells that are

cultured under hypoxic conditions can yield valuable insight into the signaling pathways that

are activated under these conditions. Signaling pathway and network analysis permit the

visualization of large-scale proteomic datasets to enable the prioritization of functional

protein targets to pursue for targeted analyses.

10. Conclusions

In the past few years, mass spectrometry-based proteomics methods have contributed

significantly to the elucidation of the molecular composition of exosomes. It has been shown

that the proteome profiles of tumor-derived exosomes are associated with the oxygenation

status of patient tumors and that exosome signaling pathways are potentially targetable

drivers of hypoxia-dependent intercellular signaling during tumorigenesis. Given that

hypoxia is known to contribute to the radiation resistance of cancer cells and approximately

half of locally advanced breast cancers have hypoxic regions where chemotherapy and

radiation are less effective, the use of proteomic applications to characterize hypoxia-

induced radiation resistance in breast cancer could have significant clinical utility.

This article has provided an overview of how proteomic tools can be effectively used to

characterize the role of exosomes in hypoxia-mediated radiation resistance in breast cancer.

The identification of an exosomal proteomic “signature” could potentially be used to

enhance the efficacy of radiation cancer treatment strategies that are rendered ineffective

due to hypoxic tumor microenvironments. Further advances in mass spectrometry-based

proteomic technologies and the continued development of selective and efficient exosome

isolation and enrichment strategies will be of great importance when elucidating the

fundamental mechanisms that underlie radiation resistance in breast cancer.
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Figure 1.
The hypoxia-induced release of exosomes from cancer cells is hypothesized to result in the

malignant transformation and subsequent proliferation and migration of normal recipient

cells.
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Figure 2.
Spatial relationship between a blood vessel, hypoxic conditions and a malignant solid tumor

in the context of O2 and HIF-1 concentrations. Normoxic conditions, which are defined by

oxygen concentrations above 5%, exist in regions that are less than 70 µM from tumor blood

vessels. In these regions, HIF-1 is rapidly degraded, or it has a low level of expression.

Hypoxic conditions exist at distances greater than 100 µM from tumor blood vessels. In

these regions, HIF-1 expression is increased and O2 concentrations are decreased, which

creates a hypoxic tumor microenvironment.

Thomas et al. Page 19

Proteomes. Author manuscript; available in PMC 2014 May 21.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Increased exosome release resulting from hypoxia or reactive oxygen species (ROS)-

induced VPS4 dysregulation.
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Figure 4.
Workflow for stable isotope labeling with amino acids in cell culture (SILAC)-based

quantitative proteomic profiling of exosomal proteins. Cell lines are cultured in SILAC

media that has been supplemented with arginine and lysine containing 13C and 15N (Lys8,

Arg10; “heavy”) or the naturally occurring 12C and 14N isotopes (Lys0, Arg0; “light”). After

exposure to hypoxic or normoxic conditions, the exosomes are isolated from each cell line

and are mixed at a 1:1 ratio followed by enzymatic protein digestion and liquid

chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
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Figure 5.
Representative SILAC MS1 spectra of Alix, CD63 and HER2 peptides with decreased

relative abundance in exosomes that are derived from SKBR3 cells with ablated VPS4B

expression. The relative abundance ratios were determined by IsoQuant.
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Figure 6.
Immunoblot analysis shows accumulation of GSK3α/β and phosphorylated ERK2 signaling

pathway proteins such as RSK1 in exosomes derived from SKBR3 cells with decreased

VPS4B expression. Hexokinase-1 was included as an immunoblotting control for the

specificity of the effect of decreased VPS4B expression. The level of hexokinase-1

expression was unchanged between exosomes from SKBR3 cells expressing WT VPS4B

and cells with shRNA-mediated knockdown of VPS4B expression (VPS4B KD).
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Figure 7.
Proposed breast cancer signaling pathway based on the KEGG network pathway analysis of

hypoxia-activated tumor cell migration. In EGF-stimulated SKBR3 cells with decreased

VPS4B expression, the assembly of F-actin and the formation of filopodia were promoted,

suggesting that the dysfunction of the MVB pathway stimulates the migration of tumor cells

under hypoxic conditions.
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