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ABSTRACT: Mass spectrometry plays a key role in relative
quantitative comparisons of proteins in order to understand
their functional role in biological systems upon perturbation.
In this review, we review studies that examine different aspects
of isobaric labeling-based relative quantification for shotgun
proteomic analysis. In particular, we focus on different types of
isobaric reagents and their reaction chemistry (e.g., amine-,
carbonyl-, and sulfhydryl-reactive). Various factors, such as
ratio compression, reporter ion dynamic range, and others,
cause an underestimation of changes in relative abundance of
proteins across samples, undermining the ability of the isobaric
labeling approach to be truly quantitative. These factors that
affect quantification and the suggested combinations of experimental design and optimal data acquisition methods to increase the
precision and accuracy of the measurements will be discussed. Finally, the extended application of isobaric labeling-based
approach in hyperplexing strategy, targeted quantification, and phosphopeptide analysis are also examined.

KEYWORDS: iTRAQ, isobaric tags for relative and absolute quantification, TMT, tandem mass tags, isobaric tags, isobaric labeling,
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1. INTRODUCTION

Mass spectrometry (MS) is a powerful tool to assess the
relative abundance of proteins among biological samples.
Numerous methodologies now support relative quantification
measurements, providing a routine means to analyze protein
expression patterns and post-translational modification states as
a function of biological perturbation. One of the most popular
methods for relative quantification through MS is stable isotope
labeling of proteins in samples prior to analysis. Labeling can be
achieved by the application of combinatorial heavy isotopo-
logues of C, H, N, and O and can be introduced in proteins
either by metabolic means or through chemical derivatization
processes. In vivo metabolic labeling approaches include
techniques such as stable isotope labeling in mammals
(SILAM),1 stable isotope labeling by amino acids in cell
culture (SILAC),2 and NeuCode (neutron encoding) SILAC.3

The in vitro chemical derivatization processes include
techniques such as isotope-coded affinity tags (ICAT),4

dimethyl labeling,5 isobaric mass tags,6,7 and others.8

With the exception of isobaric mass tags, stable isotope
derivatization methods introduce a small mass difference to
identical peptides from two or more samples so that they can
be distinguished in the MS1 spectrum. The relative-abundance
ratio of peptides is experimentally measured by comparing
heavy/light peptide pairs, and then protein levels are inferred
from statistical evaluation of the peptide ratios. Isobaric tags, on
the other hand, use a different concept for peptide
quantification. In isobaric labeling-based quantification, each

sample is derivatized with a different isotopic variant of an
isobaric mass tag from a set, and then the samples are pooled
and analyzed simultaneously in MS. Since the tags are isobaric,
peptides labeled with isotopic variants of the tag appear as a
single composite peak at the same m/z value in an MS1 scan
with identical liquid chromatography (LC) retention time. The
fragmentation of the modified precursor ion during MS/MS
event generates two types of product ions: (a) reporter ion
peaks and (b) peptide fragment ion peaks. The quantification is
accomplished by directly correlating the relative intensity of
reporter ions to that of the peptide selected for MS/MS
fragmentation. The fragment ion peaks observed at higher m/z
are specific for peptide amino acid sequence and are used for
peptide identifications, which are eventually assigned to the
proteins that they represent. Since every tryptic peptide can be
labeled in an isobaric labeling method, more than one peptide
representing the same protein may be identified, thereby
increasing the confidence in both the identification and
quantification of the protein. This technology has proved to
be successful in numerous experimental contexts for com-
parative analysis upon perturbation. A general workflow of an
isobaric labeling experiment is depicted in Figure 1.
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2. ISOBARIC MASS TAGS

Isobaric mass tags include families of stable isotope chemicals
that are used for labeling of peptides. They generate relative
quantitative information in an isobaric labeling-based quantifi-
cation strategy. Isobaric mass tags have identical overall mass
but vary in terms of the distribution of heavy isotopes around
their structure. The most common isobaric tag is amine-
reactive, but tags that react with cysteine residues and carbonyl
groups in proteins are also available. The amine specificity of
the amine-reactive isobaric mass tags makes most peptides in a
sample amenable to this labeling strategy. The tags employ N-
hydroxysuccinimide (NHS) chemistry, and the structure
consists of three functional groups: an amine-reactive group
and an isotopic reporter group (N-methylpiperazine) linked by
an isotopic balancer group (carbonyl) for the normalization of
the total mass of the tags. The amine-reactive, NHS-ester-
activated group reacts with N-terminal amine groups and ε-
amine groups of lysine residues to attach the tags to the
peptides. The labeling is efficient for all peptides regardless of
protein sequence or proteolytic enzyme specificity. The labeling
does not occur, however, if the primary amino groups are
modified, such as when N-terminal glutamine or glutamic acid
forms a ring (pyro-glutamic acid) or if the group is acetylated.
The NHS-based isobaric tags may lead to acylation of side
chain hydroxyl group of serine, threonine, and tyrosine residues
under reaction conditions normally employed for the acylation
of primary amines.9 For successful quantification, labeling

should be specific to the targeted residues (N-terminal amine
and lysyl ε-amine groups in a peptide) and should proceed to
completion. Reversal of peptide O-acylation reactions can be
achieved by treatment with hydroxylamine that has no
disruptive effect on acyl modifications on primary amines.9

The mass normalization group balances the mass difference
among the reporter ion groups so that different isotopic
variants of the tag have the same mass. The overall mass of
reporter and balance components of the molecule are kept
constant using differential isotopic enrichment with 13C, 15N,
and 18O atoms. The relative intensities of the reporter ion are
used to derive quantitative information on the labeled peptides
between the samples. Figure 2 shows chemical structure of
commercially available isobaric mass tags: tandem mass tag
(TMT) and isobaric tags for relative and absolute quantification
(iTRAQ).

2.1. TMT and iTRAQ Isobaric Mass Tags

The application of isobaric tags for simultaneous determination
of both the identity and relative abundance of peptide pairs was
first demonstrated by Thompson et al. in 2003.6 They
synthesized peptides containing a tandem mass tag and showed
that this strategy could be used to obtain relative quantification
in MS/MS experiment. A year later, Ross et al. published a
similar approach using the iTRAQ approach.7 In this study,
they demonstrated for the first time the application of isobaric
mass tags with 4-fold multiplexing to identify global protein
expression trends in a set of isogenic yeast strains. An 8-plex

Figure 1. (a) General workflow of an isobaric labeling experiment. The protocol involves extraction of proteins from cells or tissues followed by
reduction, alkylation, and digestion. In the case of TMT 6-plex, up to six samples can be labeled with the six isobaric tags of the reagent. Resulting
peptides are pooled at equal concentrations before fractionation and clean up. The TMT-labeled samples are analyzed by LC−MS/MS. (b) In an
MS1 scan, same-sequence peptides from the different samples appear as a single unresolved additive precursor ion. Following fragmentation of the
precursor ion during MS/MS, the six reporter ions appear as distinct masses between m/z 126−131, and the remainder of the sequence-informative
b- and y-ions remains as additive isobaric signals. The reporter ion intensity indicates the relative amount of peptide in the mixture that was labeled
with the corresponding reagent.
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series of iTRAQ reagent performs similarly and increases
throughput of analyses by a factor of 2 when compared to that
of the 4-plex approach.10 A few year later, Dayon et al.11

showed the increased multiplexing capability of TMT tags and
demonstrated its application by using 6-plex TMT reagents in
relative quantification of standard protein mixtures at various
concentrations. In this study, TMT 6-plex was also used to
assess the differential protein abundance in post-mortem
cerebrospinal fluid samples after brain injury vs antemortem
samples.11

Isobaric reagents are commercially available through vendors
such as AB Sciex (Framingham, MA, USA) and Thermo
Scientific (Rockford, IL, USA). The iTRAQ reagents available
from AB Sciex are set of 4-plex and 8-plex mass tags that can be
used to label and derive quantitative information on up to four
and eight different biological samples simultaneously. The 4-
plex iTRAQ reagents have reporter ion masses at m/z 114−117
and a corresponding balancer group added to accommodate the
extra isotopes has masses of 28−31 Da such that they sum to
about 145 Da. The 8-plex reagents have reporter ion masses at
m/z 113−119 and 121 with a balance group ranging from 24−
31 Da. Mass 120 is omitted in iTRAQ 8-plex to avoid
contamination from phenylalanine immonium ion (m/z

120.08). Thermo Scientific TMT reagents, available as
TMTzero, TMT duplex, TMT 6-plex, and TMT 10-plex,
share an identical structure with each other but contain
different numbers and combinations of 13C and 15N isotopes in
the mass reporter region. The identical structure of TMT
reagents facilitates efficient transition from method develop-
ment using TMTzero or TMT duplex to multiplex
quantification using TMT 6-plex or TMT 10-plex. The
chemical structure of the TMT tag enables the introduction
of five heavy isotopes (13C or 15N) in the reporter group and
five heavy isotopes (13C or 15N) in the balancer group to
provide six isobaric tags (Figure 3a). Each of the six tags of
TMT 6-plex has a specific reporter ion that appears at m/z 126,
127, 128, 129, 130, and 131. TMT 10-plex is an expansion of
TMT 6-plex generated by combining current TMT 6-plex
reagents with four isotope variants of the tag with 6.32 mDa
mass differences between 15N and 13C isotopes.12,13 Even
though the mass difference between these reporter ion
isotopologues is incredibly small, current generation high-
resolution and high mass accuracy analyzers can resolve these
ions. The seemingly miniscule difference is sufficient to achieve
baseline resolution between the reporter ions when high
resolving power is employed (30 K at m/z 400).13 Figure 3b

Figure 2. (a) (i) Chemical structure of iTRAQ 4-plex reagent.7 The complete molecule consists of a reporter group (based on N-methylpiperazine),
a mass balance group (carbonyl), and a peptide-reactive group (NHS ester). The overall mass of the reporter and balance components of the
molecule are kept constant using differential isotopic enrichment with 13C, 15N, and 18O atoms. The reporter group ranges in mass from m/z 114−
117, whereas the balance group ranges in mass from 28 to 31 Da, such that the combined mass remains constant (145 Da) for each of the four
reagents of the iTRAQ 4-plex set. (ii) The tag reacts with peptide N-terminus or ε-amino group of lysine to form an amide linkage that fragments in
a similar fashion to that of backbone peptide bonds when subjected to CID. Following fragmentation of the tag amide bond, the balance (carbonyl)
moiety is lost as neutral loss, whereas charge is retained by the reporter group. The number in parentheses in the table indicates the number of
enriched centers in each section of the molecule.7 (b) Chemical structure of a generic TMT reagent showing the three functional groups: an amine-
reactive group that labels the N-terminus and ε-amine group of lysine in peptides, a mass normalization (balance) group that balances mass
differences from individual reporter ions to ensure the same overall mass of the reagents, and a reporter group that provides the abundance of a
peptide upon MS/MS in individual samples being mixed. The blue dashed lines indicate a cleavable linker that enables the release of the reporter ion
from the whole tag upon MS/MS. The TMT reagent family consists of TMTzero, TMTduplex, TMT 6-plex, and TMT 10-plex sets, and each of
them is based on the same chemical structure.
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shows the substitution of 15N for 13C to generate new reporter
ions that are lighter than the original forms used in TMT 6-
plex. In cases where coalescence, fusion of the proximate
reporter ion signals into a single measurable entity,
phenomenon is observed, the artifact can be completely
eliminated by lowering the maximum ion target for MS/MS
spectra.14 This modified setting does not result in any losses in
identification depth or quantification quality of proteins.14 The
high-throughput TMT 10-plex reagent enables concurrent MS
analysis and relative quantification of up to 10 different samples
derived from cells, tissues, or biological fluids. The higher
multiplexing potential also facilitates incorporation of replicates,
providing additional statistical validation within any given
isobaric labeling experiments.15

The numbers of identified peptides and proteins in shotgun
proteomics experiments have been compared for the three
commercially available isobaric mass tags: iTRAQ 4-plex, TMT
6-plex, and iTRAQ 8-plex.16 Even though the number of
identified proteins and peptides was largest with iTRAQ 4-plex,
followed by TMT 6-plex, and smallest with iTRAQ 8-plex, the
precision on the level of peptide−spectrum matches and
protein level dynamic range was similar. The discrepancy in
peptide identification observed with different n-plex isobaric
mass tags was suggested to be due to combination of several
factors, such as search algorithms and scoring functions,
fragment ions derived from cleavage of the label itself or
within the label from precursor ions, or disparate physiochem-
ical properties conferred to the peptides depending on the type
of isobaric mass tags used for their derivatization.16 However, in
a study by Pottiez et al. on comparison of quantitative
measurements of proteins in human plasma samples by iTRAQ
4-plex versus 8-plex reagents, 8-plex tagging provided more
consistent ratios than that with 4-plex without compromising
protein identification.17 The discrepancies in observations from
Pichler et al. and Pottiez et al. could be due to different
instruments (LTQ Orbitrap versus MALD-TOF/TOF 4800
platform) and search algorithms (Mascot and Proteome
Discoverer software versus ProteinPilot 4.0 with Paragon

Algorithm) that were used for the data acquisition and
analysis.16,17 Nevertheless, the obvious advantage of 8-plex
tagging is that it allows investigation of eight experimental
conditions in one analytical experiment. For example, a study of
one control and seven experimental conditions can be
performed in one 8-plex experiment but would require at
least three 4-plex experiments (using the control and up to
three experimental samples in each). The three 4-plex
experiments would need more instrument time, likely
introducing a source of variability, and would be more
laborious.

2.2. DiLeu and DiART Isobaric Mass Tags

N,N-Dimethyl leucine (DiLeu) is an isobaric tandem mass
tagging reagent that uses isotope-encoded dimethylated leucine
as reporters and serves as attractive alternative for iTRAQ and
TMT.18 Labeling with DiLeu, however, requires activation of
the reagents using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-meth-
ylmorpholinium chloride (DMTMM)/N-methylmorpholine
(NMM) in N,N-dimethylformamide (DMF). Each label can
be freshly activated before use. The general structure of DiLeu
resembles that of other isobaric mass tags, with an amine-
reactive group (triazine ester) targeting the N-terminus and ε-
amino group of the lysine side chain of a peptide, a balance
group, and a reporter group.18 A mass shift of 145.1 Da is
observed for each incorporated label. By using DiLeu isobaric
tags, up to four samples can be analyzed simultaneously at
greatly reduced cost. The labeling efficiency of DiLeu is
comparable to that of the iTRAQ reagents. However, DiLeu-
labeled peptides undergo better fragmentation and hence
generate higher reporter ion intensities than iTRAQ, thereby
offering improved confidence for peptide identification and
more reliable quantification.18 Intense reporter ions (dimethy-
lated leucine a1 ion) at m/z 115, 116, 117, and 118 are
observed for all pooled samples upon MS/MS. Even though
deuterium affects the retention time of small- to intermediate-
sized peptides in reversed-phase chromatography,19 the
increased polarity of the amine group offsets the small

Figure 3. (a) Chemical structure of TMT 6-plex reagents with 13C and 15N heavy isotope positions (blue asterisks). The tags are isobaric, with a
different distribution of isotopes between the reporter and mass normalization (balance) groups. (b) The substitution of 15N for 13C to generate new
reporter ions that are 6.32 mDa lighter than the original forms used in TMT 6-plex.12 The TMT 6-plex reagents in combination with four isotope
variants of the tag with 6.32 mDa mass differences were used to generate TMT 10-plex reagent.
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deuterium number difference in 4-plex DiLeu tags.18 Figure 4a
shows the chemical structure of a DiLeu tag.
Deuterium isobaric Amine Reactive Tag (DiART) is another

alternative to iTRAQ and TMT for isobaric tagging in
quantitative proteomics.20,21 Like iTRAQ or TMT, DiART
reagents have three functional groups, an amine-reactive (NHS
ester) group for coupling of peptides, a balancer, and a reporter
(N,N′-dimethylleucine) with a m/z range of 114−119 (Figure
4b). Up to six samples can be labeled with DiART reagents and
analyzed by MS.21 DiART reagents have high isotope purity;
hence, unlike that for iTRAQ, TMT, or DiLeu labeling, isotopic
impurities correction is not required during data analysis of
DiART-labeled samples.21 The performances of DiART and
iTRAQ, including their fragmentation mechanisms, the number
of identified proteins, and the accuracy of quantification, have
been compared.20 Regardless of the peptide sequence, DiART
tags generate high-intensity reporter ions compared to those
with iTRAQ. Since quantification accuracy is dependent on the
intensity of reporter ions,22 as high-intensity reporter ions are
less susceptible to underestimation effect,23 DiART labeling
quantifies more peptides, including low-abundance ones, and
with reliable results.20 While DiLeu uses a nontraditional
activation chemistry (DMTMM/NMM in DMF) to label
peptides,18,21 DiART uses the same labeling protocol (NHS-
ester-based peptide coupling chemistry) as that of TMT and
iTRAQ, making it easy for users to switch between the
techniques. However, unlike that for iTRAQ or TMT, DiART-
labeled samples cannot be analyzed by the HCD-only

instrument method due to easy fragmentation of its reporter
ions.20 Nevertheless, DiART and DiLeu serve as a cost-effective
alternatives to TMT and iTRAQ with comparable labeling
efficiency. DiART has been shown to be useful in labeling large
quantities of proteins from cell lysates prior to TiO2
enrichment in quantitative phosphoproteomics study.24

2.3. Post-translational Modification- and Cysteine-Specific
Isobaric Mass Tags

Isobaric labeling-based quantification can also be used for
differential quantification of various protein post-translational
modifications. Isobaric mass tags are available that are especially
designed to measure relative abundance of modified cysteine
residues or carbonylated residues in protein.

2.3.1. Isobaric Reagents for Protein Carbonyl and
Glycan Modifications. Carbonylation of proteins is caused by
the reactive oxygen and carbonyl species generated as
byproducts of lipid oxidation during oxidative stress.25

iTRAQ hydrazide (iTRAQH) is a novel reagent for the
selective labeling and relative quantitative analysis of carbonyl
groups in proteins.26 iTRAQH was synthesized from iTRAQ
and an excess of hydrazine (Figure 5a). iTRAQH reacts with a
carbonylated peptide, resulting in the formation of a hydrazone
moiety. Consistent with the isobaric labeling approach, peptides
labeled with different isotopic variants of iTRAQH reagents are
indistinguishable in MS scan. However, the iTRAQH reporter
ions in the low m/z region of the MS/MS spectrum provide the
relative abundance information on the carbonylated proteins in
the samples. The iTRAQH reporter ions have been used as

Figure 4. (a) (i) General structure of dimethyl leucine isobaric (DiLeu) mass tag.18 Reporter ions range from m/z 115−118. (ii) Illustration of
formation of new peptide bond at N-terminus or ε-amino group of the lysine side chain and isotope combination of isobaric tags (b) Chemical
structure of DiART isobaric reagents.21 Positions containing heavy stable isotopes are illustrated as numbers in the structure, and the table lists the
elemental composition of the corresponding numbers. During MS/MS, the DiART-tagged peptides yield reporter ions ranging from m/z 114 to 119.
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targets for precursor selection in precursor ion scan analysis,
which allows selective acquisition of MS/MS spectra of only the
carbonylated peptides.26 This eliminates the need for the step
involving enrichment of modified peptides prior to LC−MS/
MS analysis.
On the basis of similar chemistry as that of iTRAQH, the

stable isotope-labeled carbonyl-reactive tandem mass tags
(glyco-TMTs) have been used for quantification of N-linked
glycans.27 Glyco-TMT reagents are derivatives of the original
TMT compounds but are functionalized with carbonyl-reactive
groups involving either hydrazide chemistry or aminoxy
chemistry (Figure 5b). A study reported that aminooxy
TMTs outperformed their hydrazide counterparts in labeling
efficiency and quantification.27 The glyco-TMT compounds are
coded with stable isotopes and enable (i) isobaric quantification
in MS/MS spectra and (ii) quantification in MS1 spectra using
heavy/light pairs. Isobaric quantification using glyco-TMT can
be achieved by using the aminoxy TMT6-128 and TMT6-131 as

well as the hydrazide TMT2-126 and TMT2-127 reagents
(Figure 5b). The MS1 level quantification is accomplished by
the mass difference of 5.0105 Da between the light TMT0 and
the heavy TMT6 reagents (Figure 5b) that is sufficient to
separate the isotopic patterns of all commonly existing N-
glycans. Glycan quantification using heavy and light glycol-
TMTs provided more accurate quantification in MS1 spectra
over a broad dynamic range compared with that from
quantification based on the reporter ions generated in MS/
MS spectra.27 Glyco-TMTs with aminooxy-functionalized
groups are available commercially from Thermo Scientific
(Rockford, IL, USA) as aminoxyTMTzero and aminoxyTMT
6-plex reagents. Labeling with aminoxyTMT reagents involves
treating intact proteins or proteolytic digests of proteins
extracted from biological specimens with PNGase F/A
glycosidases to release N-linked glycans. The free glycans are
subsequently purified from protein or peptide matrix and
labeled at the reducing end with the aminoxyTMT reagents.

Figure 5. (a) General structure of iTRAQ hydrazide (iTRAQH) for relative quantitative analysis of carbonylation sites in proteins.26 (b) Chemical
structure of the carbonyl-reactive glyco-TMT compounds.27 (Left) Hydrazide reagents; (right) aminoxy reagents. Red asterisks indicate 13C, and
blue asterisks, 15N. The table below the compound structures shows isotope codes of the hydrazide- and aminoxy-functionalized glyco-TMT
compounds. The carbonyl-reactive tags can be used to quantify a broad range of biologically important molecules including carbohydrates, steroids,
or oxidized proteins. (c) Chemical structure of the cysteine-reactive Thermo Scientific iodoTMTzero isobaric mass tag. The iodoTMT reagents are
iodoacetyl-activated isobaric mass tags for covalent, irreversible labeling of sulfhydryl (-SH) groups. IodoTMT 6-plex enable measurement of protein
and peptide cysteine modifications (S-nitrosylation, oxidation, and disulfide bridges) by multiplex quantitative mass spectrometry. The workflow
(not shown in the image) involves derivatization of modified peptides or proteins with the reagent, enrichment of TMT tagged peptide using anti-
TMT antibody, and their subsequent elution. The eluent is analyzed by LC−MS/MS to determine the sites of modification and to measure their
relative abundance across samples.
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The derivatized glycans from individual samples are then
combined and analyzed in MS to identify glycoforms in the
sample and to quantify reporter ion relative abundance at MS/
MS level.
2.3.2. Isobaric Reagents for Tagging Cysteine Resi-

dues. Cysteine sulfhydryls in proteins are potential sites of
reversible oxidative modification because of the unique redox
chemistry of this amino acid.28 S-Nitrosylation is a redox-based
protein post-translational modification that occurs in response
to nitric oxide signaling and is involved in a wide range of
biological processes.28 It involves addition of a nitric oxide
(NO) group to a specific cysteine residue of a protein to form
S-nitrosothiol. An analytical strategy to enrich and relatively
quantify cysteine-containing peptides in complex mixtures has
been reported.29 In this strategy, cysteine residues in proteins
are first derivatized with N-{2-((2-acryloyl)amino)ethyl-1,3
thiazolidine-4-carboxamide) (ATC) followed by labeling with
amine-reactive TMT tags for relative quantification of the
targeted peptides after the covalent capture. The workflow
involves reduction, derivatization of cysteine residue in protein
samples with ATC tag, digestion with trypsin, and differential
labeling with TMT tags followed by pooling of the labeled
samples. The ATC-derivatized cysteinyl peptides are sub-
sequently isolated on an aldehyde resin through the covalent
capture technique and analyzed with LC−MS/MS.
The cysteine-reactive TMT reagents allow measurement of

S-nitrosylation occupancy and determination of individual
protein thiol reactivity.30,31 However, the disulfide linkage
between the (reversible) cysteine-reactive TMT tag and protein
thiol group cannot survive the strong reducing conditions
normally used during enzymatic digestion for subsequent
shotgun proteomic analysis.32 An irreversible cysteine-reactive
TMT reagent containing a sulfhydryl-reactive iodoacetyl
reactive group called iodoTMT has been developed.32

IodoTMT reagents such as iodoTMTzero and iodoTMT 6-
plex are commercially available from Thermo Scientific
(Rockford, IL, USA). Each isobaric iodoTMT 6-plex reagent
within a set has the same nominal mass and consists of a thiol-
reactive iodoacetyl functional group for covalent and
irreversible labeling of cysteine, a balancer, and a reporter
group. The quantification using iodoTMT tags is achieved by
inspection of the reporter ion region in MS/MS spectra. The
chemical structure of iodoTMTzero reagent is shown in Figure
5c. An iodoTMT switch assay uses an isobaric set of thiol-
reactive iodoTMT 6-plex reagents to specifically detect and
quantify protein S-nitrosylation.32,33 The iodoTMT switch
assay workflow includes irreversible labeling of S-nitrosylated
cysteines followed by enrichment of S-nitrosylated peptides
using high-affinity anti-TMT chromatography with competitive
elution and finally multiplexed quantification of protein S-
nitrosylation via six unique TMT reporter ions.32,33

3. BENEFITS OF ISOBARIC LABELING-BASED
QUANTIFICATION STRATEGY

Isobaric labeling-based quantification has many advantages
compared to other stable isotope labeling techniques, one of
which is the ability to perform high-throughput quantification
due to sample multiplexing. The ability to combine and analyze
several samples within one experiment eliminates the need to
compare multiple LC−MS/MS data sets, thereby reducing
overall analytical time and run-to-run variation. Moreover, the
information replication within LC−MS/MS experimental
regimes provides additional statistical validation within any

given experiment.15 This is desirable in an analysis where
conventional upregulation and downregulation measurements
are not nearly as meaningful as obtaining temporal expression
patterns of proteins throughout the experimental condition,
such as in studies involving different stages of cell differ-
entiation, comparisons of multiple drug treatments, identi-
fications of protein−drug interactions,34 measurement of
inhibitor dose response, or time course comparisons.35 When
each sample is run separately or with limited multiplexing, as
required in label-free, metabolic-labeling and other MS1-based
quantification methods, an ion selected for fragmentation on
one LC−MS/MS run may not be selected consistently in
subsequent runs or spectra of suitable quality may not be
acquired. This results in missing observations, affecting
identification and quantification. The isobaric labeling strategy,
however, is immune to the stochastic nature of data-dependent
mass spectrometry because a common precursor ion is
fragmented that corresponds to the same peptide species
present in all of the labeled samples, yielding quantitative data
across samples within an isobaric tagging experiment. Isobaric
labeling has been shown to surpass metabolic labeling in
quantification precision and reproducibility.36

Isobaric labeling exhibits a wide dynamic range in profiling
both high- and low-abundance proteins and proteins with wide
array of physiological properties.37 It can be used to identify
and quantify proteins across diverse molecular weight and pI
ranges, functional categories, and cellular locations.38,39 The
isobaric mass tags do not interfere with peptide fragmentation,
and the peptide length distribution profile and amino acid
content of the isobarically derivatized peptides are similar to
those obtained using other MS-based approaches.38 In fact,
isobaric tags have been reported to improve the efficiency of
MS/MS fragmentation and result in increased signal intensities
of native peptides in samples of human parotid saliva that, in
general, lack the uniform architecture of tryptic cleavage
products, e.g., a basic C-terminal amino acid residue.40

With an MS1-based quantification approach, the co-elution
of light and heavy peptides can compromise sensitivity as the
ion current is divided between multiple samples during MS
analysis. Occurrence of multiple precursor ion species in the
MS1 level can also create redundancy in MS/MS scanning
events of the same peptide bearing different labels. This results
in undersampling of the proteome. It is reported that up to 50%
of MS/MS scans acquired during data acquisition can be
redundant.41 By contrast, labeling of samples by isobaric mass
tags does not increase the sample complexity during chromato-
graphic separation and MS analysis because they are isotope-
coded molecules with the same chemical structure and
molecular weight, thus eluting at the same chromatographic
time and with the same peptide mass. In fact, since differentially
labeled but identical peptides from multiple samples are
efficaciously merged, an improvement in overall signal-to-
noise ratios occurs, allowing good-quality MS/MS data to be
acquired from low-copy-number proteins.40,42 Moreover, the
sequence informative b- and y-ions in MS/MS spectra also
show this summed intensity, which aids sensitivity.43

The in vitro labeling procedure used for isobaric labeling-
based quantification strategy is highly efficient and enables this
method to be applicable to wide variety of samples such as
cultured cells, human tissues and biofluids, and tissues from
model animals. This technique has been successfully applied to
various biological studies, demonstrating its validity and
robustness for quantitative MS-based proteomics.37,42,44−51
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Isobaric labeling, especially iTRAQ has been used in identifying
and distinguishing protease-generated neo-N termini from N-
termini of mature proteins by performing terminal amine
isotopic labeling of substrates (TAILS).52,53 After tryptic
digestion of iTRAQ-labeled protein samples, N-terminal
peptide separation is accomplished using a high-molecular-
weight dendritic polyglycerol aldehyde polymer that binds
internal tryptic and C-terminal peptides that now have N-
terminal alpha amines. The unbound iTRAQ-labeled mature N-
terminal and neo-N-terminal peptides and naturally blocked
(acetylated, cyclized, and methylated) peptides are recovered
by ultrafiltration and analyzed by mass spectrometry. The neo-
N-terminal peptides specific to the protease of interest appear
only in the protease-treated sample and therefore show a high
protease/untreated iTRAQ reporter ion intensity ratio, thus
differentiating them from trypsin cleavage products that are
present in all samples in equal amounts and therefore have
expected iTRAQ ratios of 1.53 The applications of the isobaric
labeling strategy have also been extended to studies involving
the characterization of post-translational modifications such as
phosphorylation41,54−56 and other modifications (discussed in
the section above).

4. INSTRUMENTATION AND DATA ACQUISITION
METHODS FOR ISOBARICALLY LABELED SAMPLES

Many different mass spectrometers are capable of analyzing
isobarically tagged peptides. Initially, isobaric labeling experi-
ments were carried out on MALDI-TOF/TOF57,58 and
quadrupole time-of-flight (Q-TOF)7,35 instruments. Quadru-
pole59 and TOF instruments are capable of detecting low m/z
fragment ions in the region where reporter ions are observed.
However, the large ion selection window of the TOF/TOF
instrument can result in a relatively high background of
chemical noise for the reporter groups, compressing the
dynamic range of the ratios significantly.58 Quadrupole ion
trap geometries generally produce suboptimal results because
the reporter ions often lie below the stability limit, as dictated
by the precursor peptide mass-to-charge ratio and pseudopo-
tential well parameters used for activation (for example,
activation q = 0.23).22 The slow scanning Q-TOF instruments
also have less sensitivity for complex mixtures compared to that
of linear ion traps.60

Isobaric quantification using standard collision-induced
dissociation (CID) conditions is not feasible using ion traps.
The “1/3 rule” for ion-trap instruments restricts the analysis of
product ions with m/z values less than 25−30% of the
precursor ion. This low mass cutoff limitation also applies to
hybrid instruments containing an ion-trap for fragmentation,
such as the LTQ-FT and the LTQ-Orbitrap.61 This limitation
can, in principle, be overcome by pulsed Q dissociation
(PQD).62 PQD in the ion trap facilitates detection of low m/z
reporter ions, bridging the gap between the linear ion trap with
PQD and a quadrupole TOF instrument.60 However, unlike
conventional CID spectra, typical PQD spectra are dominated
by the unfragmented precursor ion, indicating poor fragmenta-
tion efficiency and thus limiting its practical utility for
quantification of peptides by iTRAQ or TMT approaches.
Nevertheless, Bantscheff et al. and Griffin et al. have shown that
by carefully optimizing instrument parameters such as collision
energy, activation q, delay time, ion isolation width, number of
microscans, repeat count, and number of trapped ions, low m/z
fragment ion intensities can be generated that enable accurate
peptide quantification.60,63 A combined CID-PQD scan

strategy exploits CID for efficient peptide identification and
PQD for quantification.49,64

The development of higher energy collision-induced
dissociation (HCD) in the LTQ-Orbitrap has also overcome
the 1/3 rule limitation. In an ion trap CID is a resonance-based
process, whereas HCD is a beam-type CID event that results in
a different fragmentation pattern. During HCD, ions are
accelerated as they leave the C-trap and then are fragmented in
the nitrogen-filled collision cell. The resulting fragments are
returned to the C-trap and detected in the Orbitrap mass
analyzer. This fragmentation technique allows analysis of the
low m/z region of reporter ions in the Orbitrap mass analyzer
since there is no mass cutoff for the multipole.65 HCD enables
efficient reporter ion generation with high mass accuracy
detection, but, in general, it suffers from poor peptide
sequence-ion recovery compared to that of the classical ion
trap CID analysis. The combined use of CID and HCD for
efficient identification and relative quantification of proteins
with isobaric tags has been demonstrated.61,66 In this dual-
fragmentation method, HCD is used to derive the accurate
quantitative information from the reporter ions, whereas CID
provides identification of the corresponding peptides. This
method alternates MS/MS spectra generated by CID
fragmentation with MS/MS spectra obtained from the same
precursor ion by HCD fragmentation. Since CID in the ion trap
occurs in parallel to acquisition of HCD MS/MS spectra in the
Orbitrap, the analysis duty cycle is unaffected. CID and HCD
spectra are subsequently combined by merging the peptide
sequence-ion m/z range from CID spectra and the reporter ion
m/z range from HCD spectra. It should be noted that the
extracted intensity values of the reporter ions from each HCD
spectrum should be normalized to low ion counts when
merging with the respective CID data, otherwise peptide scores
can be significantly reduced.61 The CID-HCD method was
shown to be superior to HCD alone in terms of sensitivity and
ability to identify proteins in complex mixtures.61 However, a
recent study has shown that with fine-tuning of the normalized
collision energy values on Orbitrap Velos instruments, an
HCD-only method can perform better than a CID-HCD dual-
fragmentation method.67 This is due to the implementation of
the new HCD cell with an axial electric field to push the
fragment ions into the C-trap and mounted on Orbitrap XL
ETD and Orbitrap Velos instruments that allows an improve-
ment in the analytical precision of the acquired reporter ions.68

In addition, the redundancy in precursor selection in the dual
CID-HCD method compared to that for the stand alone HCD
method can result in a reduced number of total peptide and
protein identifications.67 The use of a stepped HCD scheme in
Q Exactive instruments has been shown to enhance the
intensity of reporter ions without adversely affecting peptide
identifications.69

Another method for analyzing isobaric labeled samples is to
use triple-stage mass spectrometry (MS3) in a hybrid ion trap-
Orbitrap platform.70 In this approach, a peptide precursor ion is
isolated and fragmented with CID-MS/MS to generate a
plurality of first-generation product ion species comprising
different respective m/z ratios. The most intense product ion in
MS/MS scan is then selected for HCD-MS3, yielding
quantitative data. This method provides an experimental
solution to remove interference, thus eliminating the ratio
distortion problem (discussed in the next section). A variant of
this method referred to as Multinotch MS371,72 involves
selecting and co-isolating two or more of the first-generation
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product-ion species and fragmenting them to generate a
plurality of second-generation fragment ion species including
released isobaric tags (Figure 6). The Multinotch MS3 method
significantly improves quantitative accuracy and increases the
sensitivity of the MS experiment up to n-fold, where n is the
number of MS fragments selected and simultaneously
isolated.71

5. FACTORS AFFECTING QUANTIFICATION BY
ISOBARIC LABELING: TECHNICAL AND
BIOINFORMATICS ISSUES

The ratios of the intensity of the reporter ions reflect the
relative abundance of the peptides from which they are derived.
The integration of the relative quantification data for the
peptides allows elucidation of relative protein expression levels.
This section discusses the various aspects of data analysis in
isobaric labeling-based quantification.
5.1. Evaluation of Labeling Efficiency and Isotope Impurity
Correction

Isobaric labeling is usually very efficient; however, when
primary amino groups are present elsewhere in the sample,
they may interfere with the labeling reaction since they can
react with the amine-reactive isobaric mass tags. Hence, proper
sample preparation is imperative for the success of an isobaric
labeling-based quantification technique and includes either
avoiding the use of primary amine-containing buffers such as
Tris and ammonium bicarbonate or performing sample cleanup
prior to the isobaric labeling reaction.73 To improve detection
limits and achieve a reliable estimate of quantification, it is
recommended that the labeling efficiency be determined for
each isobaric labeling experiment. The labeling efficiency can be
ascertained by searching the data separately against protein
database using TMT and iTRAQ modifications as variable
instead of fixed modifications. Using these parameters, both
labeled and unlabeled peptides can be identified and used to
calculate labeling efficiency, which is defined as the percent of
labeled peptides among all identified peptides. The labeling
efficiency can be estimated as

× + +n n n n100% ( )/( )ti ki tt kt

where nti and nki are the number of isobaric tag-labeled N-
termini and lysine residues, respectively, and, ntt and nkt are the
total number of peptide N-termini and lysine residues,

respectively.74 Additionally, due to isotopic contamination in
isobaric mass tags, the peaks for each reporter ion will have
some contribution from adjacent reporter ions. Hence, prior to
data analysis, each of the reporter ion peaks must be corrected
to account for isotopic overlap (values reported in the
manufacturer’s instruction sheet) in order to achieve accurate
quantification. The uncorrected data will appear distorted and
confound the observed change in protein expression levels.23 A
detailed procedure to calculate true peak areas that account for
overlapping isotopic contributions using the reagent purity
values provided by the manufacturer is described elsewhere.75

5.2. Ratio Compression and Its Correction

In isobaric labeling-based experiments, accurate ratios can be
determined only when a single precursor ion is selected for
fragmentation during an MS/MS scan event. It has been
observed that the presence of co-eluting peptides within the
isolation window used for the selection and subsequent
fragmentation of individual peptide ions typically results in an
underestimation or compression of actual protein abundance
differences in the analyzed samples.23,76,77 This effect is
ubiquitous and not dependent only on the instrument used
to acquire the data.77 The compression in relative abundance is
based on the assumption that the vast majority of proteins in
biological studies do not change significantly; therefore, when
the peptides from these proteins co-fragment, the reporter ion
intensity ratios generated will be less pronounced in terms of
fold changes. Precursor ions of similar intensities can produce
reporter ions that span over 2 orders of magnitude in
intensity.41 This means that very low intensity background
ions can significantly contribute to reporter ion signals when
they get co-fragmented with a selected precursor ion.
Additionally, if the coeluting peptides display a nonequimolar
distribution of reporter ions, then the net effect of this co-
selection is the unpredictable and context-specific distortion of
reporter ion intensities.78 In addition to the distortion in
quantification accuracy due to coselection phenomena, the
source of quantification error can also be due to presence and
interference from artifactual spectral peaks. The reporter ion
region in Orbitrap HCD MS/MS spectra contains many signals
that are nearly isobaric with reporter ions generated from
isobaric mass tags. These signals do not correspond to any
plausible chemical compositions and may, in part, be attributed
to artifacts related to amplifying and processing the transient

Figure 6. Multinotch MS3 involves selecting and co-isolating multiple MS/MS product ion and fragmenting them to generate a plurality of second-
generation fragment ion species including released isobaric tags.71,72 The method increases the sensitivity and quantitative accuracy achieved by
isobaric labeling-based quantification approach.
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signal of the Orbitrap.79 Depending on the mass tolerance used
for picking the reporter ion signals, the presence of these
nonreporter ion signals may distort the quantification results.
Peptide abundance ratios are calculated by combining data

from multiple fractions across MS runs and then averaging
across peptides to give an abundance ratio for each parent
protein. The measured relative abundance can be influenced by
the separation (e.g., SCX) stage in which the MS/MS was
acquired, a phenomenon termed as fraction effect.77 Fraction
effect for a given peptide is defined as a significant dependence
between the measured ratio and the fraction in which the
reading was taken. The error within a fraction group for a
peptide is smaller than the error between fraction groups and
arises from the additional variance from the repeated SCX
separation stage.77 The observation of fraction effect could be
due to differences in a peptide’s concentration across fractions
that contribute to variability in precursor ion intensity measures
and subsequent reporter ion peak areas.80 In addition to
fraction effect, the measured ratio is also dependent on the
precursor ion (i.e., peptide) used to characterize a protein.77,81

The measurement error within a peptide group for a protein
was found to be smaller than the error between peptide
groups.77 This phenomenon is termed peptide effect. The
difference in quantitative value from one peptide to another,
even though belonging to the same protein, might result from
factors such as post-translational modifications and/or splice
variants,80 tryptic digestion artifacts, peptide recovery, and
stability.81 Other factors of peptide effect include noise peaks
with high signal-to-noise in the reporter ion region,82 sequence
of the peptide used for quantification and the possibility of
interference from the immonium ion signals in the reporter ion
region,23,56 various charge states of the same peptide, and the
number of isobaric tags per peptide.73

Since interference due to coisolation is dependent on sample
complexity and the number of co-eluting peptides, the ratio
compression can be partly alleviated by better fractionation of
complex biological samples at the protein or peptide level.83

Ratio compression was observed to be smaller for enriched
phosphoproteome samples compared to that for whole
proteome samples due to their overall lower sample complex-
ity.41 Another approach involves using an optimized (narrow)
MS/MS isolation width setting so that fewer contaminant ions
are present during precursor ion activation.76 The high mass
resolving power (m/Δm > 15 000) in the reporter ion region
also minimizes interference from potential contaminant species
that may confound quantification data.22 Delaying peptide
selection and fragmentation until the apex of the chromato-
graphic peak during LC−MS/MS analysis has been shown to
reduce co-fragmentation by 2-fold.76 With the delayed
fragmentation approach, peptides were fragmented with 2.8-
fold better signal-to-noise ratios, significantly improving the
quantification.76 A targeted mass spectrometric data acquisition
methodology with reporter ion-based quantification has been
shown to be useful in applications where it is essential to
reidentify and requantify a defined set of target proteins in a
complex mixture.84 The gas-phase purification85 and MS370,71

methods also eliminate interfering ions in complex mixtures. In
Q-TOF instruments, ion mobility (IM) separations have the
potential to mitigate quantitative inaccuracies caused by
isobaric interference since IM-MS has the ability to separate
ions based on charge, m/z, and collision cross section (shape
and size).86

The ratio correction can also be achieved by various
computational approaches post data acquisition. One of the
strategies is to use an algorithm that corrects experimental
ratios on the basis of determined peptide interference levels.87

In this method, the measurement for spectrum purity in survey
spectra (signal-to-interference measure) was used to improve
the accuracy of protein quantification. Signal-to-interference at
the time of an MS/MS event is calculated by dividing precursor
abundance by the sum of all ion signals observed within the
isolation window.76,84 Consequently, values close to one
indicate little and values close to zero indicate a high degree
of interference caused by co-eluting components. Other
informatics approaches include the intensity-based weighed
average technique,88 variance-stabilizing normalization,77 and
robust statistic-based metric called redescending M-estimator.89

The interference from non-TMT signals can be eliminated by
mass difference processing in which TMT reporter ions in
HCD spectra are identified via accurate mass differences
between TMT reporter ions present within the same tandem
mass spectrum instead of applying fixed mass error tolerances
for all tandem mass spectra.90 This process leads to
unambiguous reporter ion identification and eliminates all
non-TMT ions from the spectra. Zhang et al. developed an
error model that relates the variance of measured ratios to
observed reporter ion intensity and provides a p value, q value,
and confidence interval for every peptide identified.22 The
identification and exclusion of outlier data, with Grubb’s and
Rosner’s tests, that alter or inappropriately skew the average
observed expression ratios has shown to result in a more
statistically robust estimation of relative protein abundance.82

The ability to consider outlier data, however, can occur only for
proteins in which there are more than three MS/MS
measurements of protein expression.82 In summary, even
though all of the suggested strategies have merit, some
techniques only partially remove the problem, and others
come with decreased throughput or utilize specialized mass
spectrometric instrumentation.

5.3. Reporter Ion Intensity Dynamic Range

Isobaric labeling-based quantification accuracy is also influ-
enced by reporter ion signal intensity and may result in either
an underestimation or overestimation of quantification ratio if
the signal intensity is outside the detector’s saturation
point.91,92 The reporter ions intensities will range between
two extremes: the maximum intensity, which corresponds to
saturation, and the minimum intensity, which corresponds to
the lowest intensity detected. This range is known as the
detection limits.89 However, not all reporter ion intensity peaks
will lead to accurate relative quantification. The peak intensities
of high-abundance peptide ions may be underestimated by a
saturation effect of the detector, which is instrument-depend-
ent.92 Nevertheless, high-intensity peptides convey more
reliable quantitative information about the protein.23 Larger
variances of peptide ratios have been observed for reporter ions
of lower intensity93 because the noise associated with low-
intensity reporters constitutes a major handicap in determining
the statistical significance of the differential expression of a
protein.23 Therefore, peptides with higher reporter ion
intensities should be given higher weight when used to
calculate a protein’s abundance.36 Reporter ion signal intensity
can be increased by increasing the MS/MS acquisition
duration; however, this comes at the expense of decreased
sampling, resulting in fewer protein identifications.93 It is

Journal of Proteome Research Reviews

dx.doi.org/10.1021/pr500880b | J. Proteome Res. 2014, 13, 5293−53095302



therefore important to estimate the quantification limits of the
instrument and the method used in order to assess the
reliability of the obtained quantification measurement. This can
be achieved by spiking samples with known quantities of
reference proteins prior to analysis and confirming the expected
protein ratio from the measured reporter ion intensity ratios.89

5.4. Effect of Unique and Shared Peptides in Inferring
Protein Ratios

In isobaric labeling, peptide ratios are usually compiled to infer
protein ratios. Significant quantification errors arise if a
quantified peptide is not unique to its corresponding protein.92

Hence, relative quantification based on shared peptides (i.e.,
peptides that match multiple proteins or protein isoforms) due
to sequence homology should be interpreted with caution.94

For a distinct peptide, its relative abundance ratio is a direct
measure of the abundance ratio of its corresponding protein. In
contrast, the relative abundance ratio of a shared peptide is a
weighted average of the abundance ratios of all its
corresponding proteins, with the weighting factors being
determined by the absolute abundance of those proteins in
the samples.94

Even though isobaric quantification is not dependent on the
total number of spectra matching to each protein, a high
number of relative abundance ratios obtained from multiple
peptide/spectra increase the confidence in the observed protein
ratios.89 Both intact protein mass and abundance level influence
the reliability of the quantification results since highly abundant
proteins generate a larger number of peptides per protein.95

More data, whether from multiple observations per protein or
from increasing replication, increases the detection of real signal
and reduces false positives.95 Quantitative information derived
from proteins identified with a single peptide lacks variance
measurements. The identification of so-called one-hit wonders
should be filtered intelligently based on the goal of the study.96

These proteins deserve special attention if isobaric labeling is
used as a screening tool since potentially important biological
information or novel biomarkers may be discarded before they
are even considered.

5.5. Estimation of Protein Fold Changes

Fold change has been shown to be a function of protein mass
and abundance, with small, low-abundance proteins showing
the largest variance.95 A protein is considered to be
differentially regulated if the measured fold change exceeds a
certain threshold. The actual protein expression level is
normally distorted by many factors, with biological variation
being the most significant and which ultimately increases the
cutoff point.97 The cutoff point that defines significant
differential protein regulation upon perturbation can be

estimated by including sample replicates in the experiment.73,98

The replicate samples can be technical, experimental, or
biological. According to Gan et al.,97 the definition of replicates
in terms of isobaric labeling is as follows: a technical replicate
will have two identical samples from the same biological source
in an isobaric experiment set, whereas a biological replicate will
have two distinct biological samples from same condition in an
experiment set. The experimental replicate is the actual isobaric
experiment replicate, the repetition of the same samples in two
or more experimental sets, and they must have the same
reference point or control. An illustration of the relationship
among technical, experimental, and biological replicates in
isobaric labeling experiments is depicted in Figure 7.
Typically, a technical replicate assesses possible errors

contributed from sample preparation, also commonly known
as the sample variance. Biological replicates are used to examine
the variation of random biological effects. Biological variation is
protein-, patient-, and disease-dependent.99 An experimental
replicate compares the variation of an identical sample in two
different isobaric experiment sets. During analysis of replicate
samples, the theoretical relative quantification ratio should be
1:1;99 however, due to associated variations, the observed
relative protein ratios might deviate from the theoretical value.
The threshold should be chosen such that it encompasses the
majority of technical and biological variation among the
replicates. Since in isobaric labeling multiple samples are
combined and run together, good quantification precision is
observed. Hence, the ratio cutoff applied for significant protein
change via the isobaric labeling-based quantification approach is
lower than the cutoff applied for the label-free quantification
approach;100 however, the researcher will need to assess
whether such a change is biologically significant.

5.6. Comparison of Multiple Isobaric Labeling Experiments

For comparing biological replicates with isobaric labeling in
multiple experimental designs, it is recommended to include a
reference sample in each experimental setup. The common
reference sample among experiments will allow for cross-set
comparison. This can be accomplished by first comparing
protein ratios of each sample against its reference within
individual experiments and then extending the information
among multiple experiments. The reference can be an
individual sample or a pooled sample prepared by mixing
small aliquots of equal amounts of protein from different
individual samples.101 The composition of reference samples
does not contribute to missing quantitative values, hence
pooling to form a reference sample does not negatively impact
the ability to quantitate peptides from comparative individual
samples.93,99 The random biological variation in a pooled

Figure 7. An example defining the relation among technical, experimental, and biological replicates in isobaric labeling (iTRAQ 4-plex in this
example) experiments.97 A biological replicate has two distinct biological samples (X1 and X2) from the same condition in an iTRAQ set, whereas a
technical replicate has two identical samples (X1 and X1) from the same biological source in an iTRAQ set. An experimental replicate is the
repetitive analysis of the setup to assess the variation of the identical sample in two different iTRAQ sets (Y1 and X1 in experiment 1 versus Y1 and
X1 in experiment 2). R refers to a reference sample that can be an individual sample or a pooled sample and allows cross-set comparison.
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sample is generally lower, as the biological variation can be
normalized by n samples before being introduced into the
experiment.97 Pooling provides a representative proteome of all
of the samples that are detected in comparative samples and is
needed for reliable quantification. It also provides sufficient
reference material that can be used in many experiments.
Herbrich et al., however, have shown that using a masterpool is
counterproductive since the latter is also subjected to
experimental noise and can result in highly variable estimates
when ratios are calculated.102 According to their study, more
precise estimates of protein relative abundance can be obtained
by using the available biological data.102 When a reference
sample is used, consistency of the reference is necessary
throughout the entire experiment, otherwise even small
changes to the reference sample are sufficient to alter the
proteins that are reported as differentially expressed.93

Regardless of using an individual sample or a pooled sample
as a reference, before employing isobaric quantification results
for follow-up studies, it is imperative to determine that the data
was normalized adequately and the shortlisted protein targets
hold merit. Improper normalization might remove some of the
biological effects, resulting in attenuated estimates of the
protein fold change. Like any other quantification technique,
isobaric labeling-based quantification is also biased toward
identifying and quantifying a larger percentage of the more
abundant proteins, such as ribosomal proteins, heat shock
proteins, cytoskeletal proteins, transcription factors, and many
others, and often with multiple peptides.103,104 This is mainly
due to the fact that their precursor ions have higher signal
intensity. The greater signal intensity increases the likelihood
that a given peptide will be selected for fragmentation during
LC−MS/MS analysis. Since, in most cases, the expression
levels of these house-keeping proteins remain unperturbed in
related cell types or growth conditions, they can be used as an
effective means to determine the reliability of data normal-
ization.104 Normalizing by total intensity is not appropriate
when the amount of protein is different in the different
quantitative sample such as samples that are enriched for
certain proteins by pull-down experiments.

6. EXTENDED APPLICATIONS OF ISOBARIC
LABELING-BASED QUANTIFICATION STRATEGY

Isobaric labeling experiments can be used for phosphopeptide
quantification, and, in cases where the number of samples
exceeds the number of isobaric mass tags available for labeling,
the throughput can be increased by a hyperplexing method.
Isobaric mass tags can also be used for targeted quantification.

6.1. Phosphopeptide Quantification Using Isobaric Mass
Tags

Amine-reactive isobaric mass tags have successfully been used
in the quantification of post-translational modification such as
phosphorylation. Phosphopeptides exist in substoichiometric
quantities, and because of the high background of non-
phosphorylated peptides in a proteome digest, enrichment of
phosphorylated peptides is necessary prior to introduction into
the MS. Phosphopeptide enrichment can be performed on
isobaric-labeled peptides,24,54,55 or the phosphorylated peptide
can be labeled upon enrichment.105 Labeling before enrichment
minimizes analytical variations caused by further sample
manipulation of individual samples during enrichment, whereas
labeling after enrichment might improve the yield of the
labeling since the nonphosphorylated peptides would otherwise

compete for isobaric reagent and interfere with the complete
labeling of phosphopeptides.
During the CID-HCD dual method for the quantification

and identification of isobarically tagged phosphopeptides, CID
with detection in the linear ion trap provides better sensitivity
and can be an advantage for low-abundance precursors such as
phosphopeptides. However, quantitative information from the
low mass region of subsequent HCD scans may not be available
for all such CID scans since HCD scans requires higher ion
counts.41 Linke et al. and Wu et al. have examined the optimal
fragmentation conditions using the CID-HCD method for
iTRAQ-labeled synthetic phosphopeptides in a complex
phosphopeptide mix106 and phosphopeptides enriched from
cells.105 During CID-MS/MS, the spectra derived from
phosphoserine- and phosphothreonine-containing peptides
show facile fragmentation of the phosphate group and
dominance of neutral phosphate losses from the precursor
ions.107 The neutral loss in HCD-MS/MS is much lower, and
the sequence-specific fragments are significantly more abun-
dant. With the increasing charge state of the precursor ions, the
neutral loss in HCD-MS/MS becomes insignificant and is
surpassed by the amide-bond cleavage.105 However, the study
of the effect of normalized collision energy on the HCD-MS/
MS fragments and reporter ion abundances shows that the
HCD identified phosphopeptides and the HCD spectra with
reporter ion information are strongly dependent on precursor
charge state.105 The 2+ charged precursors are more sensitive
to the applied normalized collision energy values than the 3+
charged precursor ions in HCD experiments.106 Thingholm et
al. have shown that derivatization with isobaric mass tags
significantly increases the average ion charge state of
phosphopeptides compared to that of nonlabeled peptides,
resulting in a considerable reduction in the number of identified
phosphopeptides.108 Interestingly, it was demonstrated that
adding a perpendicular flow of ammonia vapor between the
needle and the MS orifice in LC−MS/MS analyses reduced the
average charge state of isobaric labeled peptides and resulted in
an increase in peptide identification. Thus, the application of
isobaric labeling strategies for quantitative phosphopeptide
analysis requires simultaneous monitoring of peptide backbone
dissociation, loss of phosphoryl group, and the generation of
reporter ions.

6.2. Hyperplexing with Isobaric Mass Tags

With existing isobaric mass tags, the maximum number of
samples that can be combined and analyzed in a single LC−
MS/MS experiment is eight in the case of iTRAQ and 10 with
TMT. An effort to increase the multiplexing capacity by the
combined use of metabolic and isobaric labeling has been
demonstrated.109 In this strategy, the mass separation of co-
eluting intact peptides with the same sequence in an MS1 scan
achieved by duplex (heavy and light) or triplex SILAC labeling
was exploited to allow for the simultaneous quantification of
multiple sets of TMT 6-plex isobaric labels in a single run.
Using a 3 × 6 hyperplexing experiment that enables
simultaneous quantification of 18 samples, yeast response to
the immunosuppressant drug rapamycin, which inhibits the
kinase target of rapamycin (TOR), was monitored by
measuring the changes in their protein abundance.109 In this
study, three separate cultures of yeast cells grown in light,
medium, or heavy SILAC culture medium were treated with
200 mM rapamycin, and samples were removed at 0, 30, 60,
120, and 180 min. A single 120 min sample was taken from
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parallel cultures treated with DMSO. Equal amounts of
peptides from each sample were labeled with 6-plex TMT
reagents, mixed, and separated by SCX before LC−MS/MS
analysis. The increased multiplexing capacity enabled analyses
of multiple biological replicates of a time-course study in the
same run, providing the statistical power required to identify
significant trends. The hyperplexing technique with combined
metabolic labeling and isobaric mass tags can also be extended
to 15N-labeled samples. Alternatively, the dimethyl chemical
labeling technique can be combined with isobaric mass tags to
increase the multiplexing capacity of quantitative proteomics.
Theoretically, the combination of iTRAQ 8-plex or TMT 10-
plex reagents and triplex SILAC would allow 24 or 30 channels
to be monitored simultaneously.

6.3. Targeted Analysis with Isobaric Mass Tags

Proteins that are identified and quantified as differentially
expressed can be used for subsequent targeted studies using the
isobaric labeling technique to assess reproducibility of the entire
procedure and to validate the observed differences in protein
expression levels between samples. During biomarker discovery
experiments, targeted investigations are necessary to verify
proteins with higher variance in additional patient samples or to
obtain greater statistical power. For successful targeted analysis,
peptides that allow clear protein quantification and are also
sufficiently intense should be selected as representative target
peptides for validation. Isobaric mass tags are often used for
discovery studies to reveal proteins being differentially
expressed under any given conditions. However, Stella et al.
have shown that isobaric mass tags can be used in combination
with multiple reaction monitoring (MRM) for targeted
quantification.110 In this study, the instrument monitored the
two reporter ions and three transitions for each peptide
selected from the target membrane proteins. The relative
quantification was achieved by comparing the intensities of the
reporter ions generated from the labeled precursor peptide of
two samples, wild-type (reporter ion m/z 129) and prion
protein(PrP)-knockout (reporter ion m/z 131) cerebellar
granule neurons.110 Byers et al. used isotopic versions of
TMT reagents for targeted quantification to verify protein
regulations observed in a discovery study.111 These isotopic sets
of reagents are structurally identical to the isobaric ones but
have different numbers of heavy isotopes incorporated and are
referred to as light TMT and heavy TMT (Figure 8). The
labeling of peptides by these reagents results in an increase in
mass of 224 and 229 Da, respectively, per introduced tag.

7. SUMMARY

The isobaric labeling-based quantification technique has
developed as a powerful tool for obtaining the relative
expression level of proteins in quantitative proteomics studies.
Moreover, the ability to multiplex with isobaric mass tags has
expanded its applicability to a wide range of sample types.
Isobaric mass tags are isotope-coded molecules with the same
chemical structure and molecular weight that are used to
differentially label peptides without introducing mass difference
and sample complexity. The isotopically derivatized peptides
display a single peak on an MS spectrum and yield a series of
low-mass reporter ions for quantification upon fragmentation in
tandem mass spectrometry. However, since peptide quantifica-
tion ratios are measured to determine protein relative
abundance, the variance in peptide ratio measurements will
contribute into the protein-level variance, affecting the accuracy

of the quantification. Herein, we have reviewed the studies of
different aspects of an isobaric labeling-based quantification
approach. This includes studies on different types of isobaric
reagents and their applications, sources of variation that affect
quantification, and the suggested combinations of experimental
design and optimal data acquisition methods to increase the
precision and accuracy of the measurements. We have also
reviewed studies on challenges in data analysis and the
proposed solutions for data processing to increase the
confidence in the acquired data set.
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In multicellular organisms, distant cells can exchange information by sending out signals com-
posed of singlemolecules or, as increasingly exemplified in the literature, via complex packets stuf-
fed with a selection of proteins, lipids, and nucleic acids, called extracellular vesicles (EVs; also
known as exosomes and microvesicles, among other names). This Review covers some of the
most striking functions described for EV secretion but also presents the limitations on our knowl-
edge of their physiological roles. While there are initial indications that EV-mediated pathways op-
erate in vivo, the actual nature of the EVs involved in these effects still needs to be clarified. Here, we
focus on the context of tumor cells and their microenvironment, but similar results and challenges
apply to all patho/physiological systems in which EV-mediated communication is proposed to take
place.
Introduction
Cells can communicate with neighboring cells or with distant

cells through the secretion of extracellular vesicles (EVs). EVs

are composed of a lipid bilayer containing transmembrane pro-

teins and enclosing cytosolic proteins and RNA. Cells can

secrete different types of EVs that have been classified accord-

ing to their sub-cellular origin (Colombo et al., 2014). On one

hand, EVs can be formed and released by budding from the cells’

plasma membrane. These EVs display a diverse range of sizes

(100–1,000 nm in diameter) and are generally known in the

literature as microvesicles, ectosomes, or microparticles. Other

types of vesicles, the exosomes, are generated inside multive-

sicular endosomes or multivesicular bodies (MVBs) and are

secreted when these compartments fuse with the plasma mem-

brane. Exosomes are vesicles smaller than 150 nm in diameter

and are enriched in endosome-derived components. All EVs

bear surface molecules that allow them to be targeted to recip-

ient cells. Once attached to a target cell, EVs can induce

signaling via receptor-ligand interaction or can be internalized

by endocytosis and/or phagocytosis or even fuse with the target

cell’s membrane to deliver their content into its cytosol, thereby

modifying the physiological state of the recipient cell.

In this Review, we highlight and discuss the more recent

studies on cancer-derived EVs, with a special focus on the latest

discoveries on the role of EVs in cancer metastasis. The term

‘‘exosomes’’ is often used in these articles to designate the

EVs analyzed. However, we now know that the most popular

exosome purification protocols used historically in the literature

(differential ultracentrifugation, 220 nm filtration [Thery et al.,

2006])—and the recently released commercial kits—co-isolate

different types of EVs. Thus, the term exosomes is generally

used to refer to a mixed population of small EVs (sEVs) without

further demonstration of their intracellular origin. In fact, func-

tions assigned to exosomes may either reflect generic EV activ-
1226 Cell 164, March 10, 2016 ª2016 Elsevier Inc.
ities or truly exosome-specific ones; however, the published

data cannot be used to determine the precise specificity. We

thus chose here to use the generic term EVs when vesicles are

isolated without specific attention to their size or sEVs when

the method used selects vesicles smaller than 200 nm, indepen-

dent of the term used in the article referred to.

EV-Borne Proteins Promote Cancer Progression and
Metastasis
EVs have been shown to participate in the dissemination of can-

cer cells, and many groups have described how tumor- and

stroma-derived EVs are involved in the different steps of themet-

astatic cascade (Figure 1). Tumor sEVs can directlymodify tumor

cells’ intrinsic motility and invasiveness capacity. In particular,

sEVs can promote directional cell motility through ECM compo-

nents, such as fibronectin, which bind to integrins present on

sEVs and thus provide a substrate favoring cell adhesion and

enhancing cell speed (Sung et al., 2015). Moreover, sEVs partic-

ipate in the biogenesis and activity of an invasive structure called

invadopodia through the MVB-dependent delivery of metallo-

proteinases such as MT1-MMP and other cargo molecules

(Hoshino et al., 2013), thus promoting cell motility. EVs can

directly contribute to extracellular matrix (ECM) degradation by

spreading matrix metalloproteinases present either on sEVs

(Yue et al., 2015) or in tumor-shed large EVs (Clancy et al.,

2015). The latter also have been shown to facilitate amoeboid

movement and facilitate invasion. Not only tumor-derived EVs,

but also sEVs from cancer-associated fibroblasts can stimulate

invasiveness of recipient breast cancer cells, in this case by acti-

vating the planar cell polarity signaling pathway (Luga et al.,

2012).

Tumor sEVs can alter the cellular physiology of both surround-

ing and distant non-tumor cells to allow dissemination and

growth of cancer cells, i.e., by triggering vascular permeability
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Figure 1. EV-Mediated Effects Promoting

Tumor Growth, Invasiveness, and Metas-

tasis
Tumor-derived EVs can have several effects on
recipient cells. At the site of the primary tumor
(left), EVs can enhance cancer cell motility by
stabilizing cellular protrusions promoting an
effective and directionally persistent migration via
deposition of ECM cargoes, such as fibronectin,
into sEVs. The secretion of EVs containing metal-
loproteinases also directly participates in ECM
remodeling and promotes function of specialized
cell protrusions endowed with degradative activ-
ity, called the invadopodia. ECM remodeling
supports tumor cell motility through the tissues.
EVs can also promote differentiation or recruit-
ment of pro-tumoral stromal cells (fibroblasts and
bone-marrow-derived cells). Reciprocally, tumor
cell motility, but also acquisition of drug resis-
tance, can be enhanced via a complex interplay
with EVs secreted by surrounding fibroblasts. In
addition, sEVs can enter the circulation and travel
to distant sites from the primary tumor (right).
Various sEV cargoes promote vascular perme-
ability, and EVs can enter the distant tissue, where
they may generate a pre-metastatic niche by
inducing ECM remodeling and promoting the
recruitment of bone-marrow-derived cells and
eventually, tumor cells. This figure schematizes
the effects of EVs demonstrated bymixed in-vivo-/
in-vitro-based experiments. See the text for dis-
cussion on the evidence for fully physiological
in vivo occurrence of these functions.
(Peinado et al., 2012; Zhou et al., 2014) or by conditioning

pre-metastatic sites in distant organs (Costa-Silva et al., 2015;

Hoshino et al., 2015; Peinado et al., 2012). In particular, mela-

noma tumor sEVs bearing a tyrosine-kinase receptor can pro-

mote migration of bone marrow progenitor cells to future sites

of metastasis, whereas sEVs secreted by a less-aggressive

version of the same tumor, devoid of the relevant receptor, do

not display this effect (Peinado et al., 2012). Alternatively, sEVs

from pancreatic cancer cells themselves migrate to distant

organs and promote the formation of a pre-metastatic niche by

creating a fibrotic environment enriched in TGFb, fibronectin,

and a macrophage-attracting chemokine (Costa-Silva et al.,

2015). Interestingly, sEVs from different tumor types bear integ-

rins (ITGs) that target these sEVs to specific organs and trigger

signaling pathways, thereby initiating pre-metastatic niche

formation (Hoshino et al., 2015). For example, sEVs expressing

ITGavb5 bind specifically to Kupffer cells, mediating liver tropism,

while ITGa6b4 and ITGa6b1 on sEVs bind to lung-resident fibro-

blasts and epithelial cells, leading to lung tropism (Hoshino

et al., 2015). Modifications induced by sEVs in these distant

organs then attract metastatic tumor cells.

This observation has been recently used in an innovative way

to redirect tumor cell dissemination in a non-deleterious location

(de la Fuente et al., 2015). An artificial pre-metastatic niche

generated by embedding tumor sEVs in a 3D scaffold and then

implanted in mouse peritoneum was able to capture ovarian tu-

mor cells present in the peritoneum and divert them from their

normal organ target for dissemination, resulting in strikingly

increased survival of the animal. The possible application of

this device in human patients could represent a very promising

approach to suppress metastasis.
However, despite being extremely appealing, we must stress

that the working model of circulating tumor-derived sEVs

fostering pre-metastatic niche formation has not been demon-

strated in a fully physiological in vivo context. In published arti-

cles to date, animals were subjected to sustained injections of

in-vitro-purified tumor-derived sEVs, resulting in this enhanced

metastasis. Whether sEV secretion in vivo by tumor cells is

able to achieve this function is still not clear. One possible way

to address this is by interfering in vivo with sEV biogenesis in

cancer cells. Some studies have attempted to do this by inhibit-

ing Ras-related RAB proteins. RAB27A or RAB35 have been first

shown to be required for sEV secretion in HeLa cervical carci-

noma (Ostrowski et al., 2010) and Oli-Neu oligodendroglial pre-

cursor cell lines (Hsu et al., 2010), respectively. Consistently,

knocking down RAB27A in melanoma (Peinado et al., 2012),

breast (Bobrie et al., 2012), fibrosarcoma (Sung et al., 2015),

or prostate cancer cell lines (Webber et al., 2015) reduces

the secretion of sEVs. Cells lacking RAB27A, when injected

in vivo, displayed reduced local migration (Sung et al., 2015) or

reduced growth due to impaired recruitment of bone-marrow-

derived pro-tumoral immune cells (Bobrie et al., 2012), or

impaired modification of co-injected fibroblasts into pro-tumoral

myofibroblasts (Webber et al., 2015) (Figure 1). Lower incidence

of metastasis was also observed (Bobrie et al., 2012; Peinado

et al., 2012). However, RAB27A does not exclusively regulate

EV secretion. Loss of the protein also decreases EV-indepen-

dent secretion of soluble factors, such as some growth factors

and metalloproteinases that are also involved in tumor metas-

tasis (Bobrie et al., 2012; Peinado et al., 2012). The same prob-

lem has arisen with the other molecules proposed so far to

regulate specifically sEV secretion, such as sphingomyelinases
Cell 164, March 10, 2016 ª2016 Elsevier Inc. 1227



Figure 2. Approaches Used to Analyze EV-

Mediated Transfer In Vivo
Recent novel approaches allowing the visualiza-
tion of EV transfer to recipient cells in vivo involve
genetic modification of the secreting cells, which
then secrete EVs containing labeled components.
(I) Genetic fusion of fluorescent proteins to a
consensus palmitoylation sequence, enabling
whole-cell membrane labeling, and to an mRNA
allows tracking of cells with bound or internalized
EVs by their newly acquired fluorescence. (II)
Expression of a membrane-bound luciferase al-
lows analysis of distant bioluminescent cells
in vivo, resulting from EV-bound luciferase protein
capture and/or luciferase mRNA neo-expression.
(III) To demonstrate specifically neo-expression of
an EV-associated mRNA, the CRE recombinase
can be expressed in EV-secreting cells. Endoge-
nous nuclear localization of CRE results in
absence of the protein but presence of the mRNA
in the secreted EVs. Transfer of the CRE mRNA
contained within an EV to a cell carrying a fluo-
rescent or enzymatic reporter gene expressed
only after DNA recombination and excision of a
STOP signal is detected by fluorescence or
colorimetric changes.
(SMases) (Trajkovic et al., 2008). Knockdown or inhibition of

SMases by small-molecule inhibitors, which results in impaired

ceramide formation, has often been used to inhibit exosome/

sEV secretion but without demonstration of the specificity of

this effect for sEV secretion, as opposed to other secretions or

other physiological features of the cells. Thus, to understand

the functions of EVs in vivo, the development of complementary

methodologies will be required.

Catching Communication in Action
A major challenge for the EV field and, more broadly, for under-

standing how EVs may support both physiological and patho-

physiological processes is being able to demonstrate in vivo

EV transfer between cells. To address this problem, a few groups

have recently developed clever modifications of EVs, allowing

tracking of their behavior and their target cells in vivo (Figure 2).

Either proteins or mRNA cargoes of EVs have been thus

modified. For instance, fusing a fluorescent protein to a palmi-

toylation sequence induces its localization at the plasma mem-

brane as well as in secreted EVs of all sizes. The EVs could

then be visualized in the tumor microenvironment by intravital

microscopy on animals bearing tumors expressing this fusion

protein (Lai et al., 2015). Fusion of luciferase to a protein trans-

membrane domain also allowed its secretion in EVs and subse-

quent enzymatic measurement of luciferase activity in distant

cells (Lai et al., 2014). These authors also designed an intracel-

lular probe to fluorescently label mRNA secreted in EVs and tools

to measure EV-borne mRNA encoding luciferase signal (Lai

et al., 2015). While these tools are promising, studies so far

have only demonstrated EV-borne mRNA transfer between

cultured cells in vitro.
1228 Cell 164, March 10, 2016 ª2016 Elsevier Inc.
Another elegant approach to address EV transfer has now

demonstrated functional EV-mediated transfer in vivo of an

mRNA into target cells in the absence of any ex vivomanipulation

(Ridder et al., 2014). Transgenic mice expressing the CRE re-

combinase specifically in immune cells and a LacZ reporter

gene, expressed only upon excision of a STOP sequence,

were used for this purpose (Ridder et al., 2014). Ridder et al.

showed that EVs containing the CRE mRNA, but devoid of the

CRE protein, are present in blood circulation of these transgenic

mice. Strikingly, LacZ expression was observed in some neurons

and other non-immune cells throughout the animals. Leakiness

of the immune cell-specific promoter and fusion between

CRE-expressing and reporter-expressing cells were carefully

excluded, leading to the conclusion that the CRE mRNA carried

by immune cell EVs was transferred in the recipient non-immune

cells and translated into functional CRE protein. Although the

number of recombined neural cells was very low, suggesting a

limited efficiency of this transfer in normal conditions, induction

of systemic inflammation increased it, opening up the possibility

that in vivo EV-mediated transfer may be particularly relevant to

some pathological conditions.

This methodology has also been recently used to visualize

cancer-derived EV transfer to other cancer cells (Zomer et al.,

2015) and to immune cells (Ridder et al., 2015) in living mice

and to study the effect of this transfer. In Zomer et al., the authors

designed a reporter system based on the conversion of DsRed+

tumor cells to eGFP+ tumor cells upon uptake of tumor EVs con-

taining CREmRNAand analyzed the behavior of these latter cells

without any manipulation of the EV-releasing cells. Using this

system, intravital imaging revealed the EV transfer of functional

mRNA from a malignant human tumor cell to a less malignant



one and demonstrated that the uptake of these EVs can alter the

migratory behavior and metastatic capacity of the recipient cell

(Zomer et al., 2015). It will be interesting to study this transfer

of EVs among tumor cells in immunocompetent mice. In Ridder

et al., a similar strategy highlighted the transfer of vesicle-

enclosed CRE mRNA to non-tumor cells and showed that

myeloid-derived suppressor cells that took up tumor EVs dis-

played increased immunosupressive functions (Ridder et al.,

2015). In these two studies, the actual nature of the EVs involved

in mRNA transfer was not investigated, nor was the transfer

mechanism. It is therefore not clear whether transfer involves a

direct fusion of EVs with the recipient cells or phagocytosis of

live or apoptotic cell-derived EVs by the recipient cell. To more

solidly support the pathway for EV-mediated transfer of CRE

mRNA, inhibition of EV biogenesis in vivo would be ideal; how-

ever, as mentioned before, these experiments are quite difficult

to accomplish and are not completely specific. Other transfer

mechanisms, like formation of gap junctions or of nanotubes

connecting two adjacent cells, were also not formally excluded.

However, it was also observed that transfer occurred at a dis-

tance between two tumors localized in different parts of the an-

imal, excluding the possibility of local communication between

cells and supporting the idea of mRNA being transferred through

a long-range extracellular carrier. Overall, this visualization sys-

tem allows identification and isolation of cells that are targets

of EVs in vivo and will be very important for understanding how

tumor- and stromal-derived EVs affect their environment.

A Role for EV-Mediated Small RNA Transfer?
In addition to proteins and mRNAs, miRNAs and other non-cod-

ing RNAs are also possible active EV cargoes. The idea that

miRNA secreted in sEVs can be functionally delivered to target

cells, resulting in direct modulation of their mRNA targets, has

become one of the most actively explored hypotheses in the

EV field, especially in cancer. This idea was initially demon-

strated for Epstein-Barr virus-infected cells, where secreted

sEVs transferred viral miRNAs into neighboring non-infected

cells, leading to repression of virus-target genes (Pegtel et al.,

2010). Following this path, several groups have recently reported

that EV-mediated secretion of a givenmiRNA in the tumormicro-

environment is responsible for tumor metastasis. Various mech-

anisms have been proposed, involving either an effect on the

local or distant tumor stroma (including modulating endothelial

cell permeability, metabolism, or the pre-metastatic niche) or

on the tumor cells themselves (by increasing oncogenic proper-

ties and/or invasiveness).

However, even if involvement of the described miRNA is

generally well supported, direct demonstration that functional

EV-mediated miRNA transfer is the relevant mechanism is still

difficult to achieve. Importantly, carriers other than EVs could

mediate miRNA transfer. All EV isolation techniques potentially

co-isolate other RNA-binding structures, such as large protein

complexes (Palma et al., 2012) and lipoproteins (Vickers et al.,

2011). Lipoprotein-associated RNAs have been shown to be

resistant to RNase treatment and to deliver miRNAs into host

cells, and there is currently no reason for excluding that transfer

of naked protein-miRNA complexes into the cytosol of host

cells can occur. Therefore, as the International Society for Extra-
cellular Vesicles recently highlighted (Lötvall et al., 2014), addi-

tional steps of separation of EVs from other structures, e.g.,

by floatation into density gradients or by immuno-isolation via

specific antibodies, are necessary before claiming specific

EV-mediated miRNA transfer.

The miRNA-dependent effect observed could, in fact, be

mediated by induction of endogenous miRNA expression in

the target cell by other EV components, rather than by the EV-en-

closed miRNA. Such a mechanism can be excluded if the recip-

ient cell is incapable of expressing the studied miRNA—for

instance, when the transferred miRNA is encoded only by a

foreign genome, e.g., viral (Pegtel et al., 2010) or parasitic

(Buck et al., 2014). Similarly, if the recipient cell comes from a

mouse engineered to lack the miRNA (Alexander et al., 2015),

the dependence on EV-delivered miRNAs is more certain. How-

ever, this control has not yet been used to our knowledge in can-

cer studies. For example, recently, Zhang et al. have proposed

that sEV-mediated transfer of astrocyte-derived miRNAs target-

ing PTEN leads to the loss of expression of this tumor suppressor

in brain metastatic tumor cells, enhancing metastasis outgrowth

(Zhang et al., 2015). Even though the hypothesis proposed in this

work is very appealing, conclusive demonstration that miRNAs

are being transferred through sEVs and that this is the mecha-

nism responsible for PTEN downregulation in brain tumormetas-

tasis is lacking. While the effects appear dependent on expres-

sion of the miRNAs in astrocytes and are lost upon global

deletion of Rab27a in the brain, both controls potentially alter

many other aspects thanmiRNA-containing sEV secretion by as-

trocytes; thus, specific EV-dependent transport of endogenous

miRNA remains a model to be tested.

Other studies have explored similar questions, and it is clear

that the field is working toward a suite of more definitive controls.

For example, studies showing that co-treatment of recipient cells

with an anti-miRNA together with miRNA-carrying EVs estab-

lished that the analyzed miRNA is necessary for the functional

effect observed (Le et al., 2014; Zhou et al., 2014). But since

the anti-miRNA can inhibit expression of both the endogenous

and the EV-transported molecule, this control does not actually

demonstrate EV-mediated miRNA transfer. In this experimental

setting, absence of upregulation of the endogenous pre- or pri-

miRNAwhile themature miRNA is increased in EV-recipient cells

(Basu and Bhattacharyya, 2014; Le et al., 2014; Zhou et al., 2014)

may be the strongest observation arguing for acquisition of the

mature miRNA.

An important mechanistic aspect remains, however, myste-

rious. To achieve silencing of their mRNA targets, miRNAs

must be associated with the RNA-induced silencing complex

(RISC) containing the argonaute 2 (AGO2) endonuclease (Wilson

and Doudna, 2013). For endogenous miRNAs, this association is

formed following processing of the double-stranded pre-miRNA

into miRNA/miRNA* duplex by DICER and subsequent incorpo-

ration into the AGO2-RISC-loading complex. Thus, how naked

mature miRNAs brought in by EVs can associate with endoge-

nous AGO2 and compete with an overwhelming amount of

endogenous miRNA will remain unclear unless new molecular

mechanisms of miRNA transfer into the RISC-loading complex

are discovered. The form of miRNA present in EVs (i.e., as

mature single-strand, miRNA/miRNA* duplex or other form,
Cell 164, March 10, 2016 ª2016 Elsevier Inc. 1229



naked or bound with AGO or other proteins) is generally not re-

ported, and it will be important to answer this question in

different cell types (e.g., tumoral or non-tumoral) and physiolog-

ical contexts to elucidate the relevance of EVs as efficient miRNA

carriers.

In that line, a recent study has brought an unexpected and

possibly controversial turn to this field (Melo et al., 2014). Melo

et al. have observed that pre-miRNAs loaded into the RISC ma-

chinery are secreted by tumor (but not by non-tumor) cell lines in

sEVs and that miRNA maturation takes place extracellularly

when sEVs are incubated at 37�C. The implication is that trans-

ferred AGO2-associatedmiRNA could thus be directly functional

in a recipient cell. It will be interesting to see whether these re-

sults are borne out in other types of tumors. Furthermore, the

actual nature of the RISC/miRNA carrier will have to be deter-

mined more precisely since another study reported that AGO2

secreted in tumor sEVs is not recovered in the same fractions

as classical sEV markers (Van Deun et al., 2014). In conclusion,

whether EV-mediated miRNA transfer is a functionally relevant

communication mechanism in cancer, especially in vivo in the

absence of artificial overexpression of a miRNA, is still an

exciting but not yet fully demonstrated hypothesis.

In addition to miRNAs, EVs are now known to contain several

other species of small non-coding RNA or RNA fragments

(Nolte-’t Hoen et al., 2012). A recent report shows that miRNA

may even be a minor form of RNA in all types of EVs, whereas

tRNA fragments and Y-RNAs are specifically secreted in EVs

(Tosar et al., 2015). It will be very interesting to determine now

whether these comparatively poorly studied non-coding RNAs

display some of the gene-regulatory functions so far attributed

to miRNAs in EVs. Indeed, a recent report showed that tRNA

fragments present in sperm regulate gene expression in the

embryo and that the levels of these short tRNAs can be altered

in response to paternal diet (Sharma et al., 2016). Interestingly,

the tRNA fragments are not generated in spermatozoa them-

selves but are acquired during their transit through the epidid-

ymis, possibly via EVs named epididymosomes, which are

secreted by cells forming the epithelium of this canal. The trans-

fer of EVs to sperm had been previously documented in

Drosophila in vivo (Corrigan et al., 2014) and in large mammals

in vitro (Caballero et al., 2013). The novel idea that parental

exposure can affect progeny through mechanisms involving

transfer of informationwithin EVs is a very promising and exciting

hypothesis.

Ties to Immunity
Adifferent consequence of EV-associated RNA transfer in the tu-

mor microenvironment has been recently described (Boelens

et al., 2014). EV-borne RNAs bearing 50-triphosphate ends are

recognized in the recipient cell cytosol by the RIG-I sensor,

which induces development of an interferon response (including

expression of genes like STAT1) similar to that induced upon viral

infection. This response was shown to participate in cancer cell

resistance to radiation or chemotherapy.

This observation provides one example of a growing appreci-

ation of the similarities between sEVs and enveloped viruses

(Assil et al., 2015). Indeed, enveloped viruses have recently

been shown to carry a nucleotide-based compound, cGAMP,
1230 Cell 164, March 10, 2016 ª2016 Elsevier Inc.
which can reach the cytosol of infected cells and induce an inter-

feron response (Bridgeman et al., 2015; Gentili et al., 2015). In

Gentili et al., we observed that cGAMP was present in non-viral

sEVs, which could also transfer this signal to recipient cells, but

only if they bore a fusogenic viral protein. This observation raises

questions about the molecular mechanism involved in fusion of

tumor sEVs with recipient cells: what surface molecules allow

fusion with the membrane of recipient cells for delivery of the

RNA or small-molecule content into the cytosol? Or can other

mechanisms contribute, such as formation of channels between

the apposed membranes of an EV and the recipient cell? These

questions will be important to address.

Conclusions
With the functional implications proposed for EVs, it is now vital

to understand these vesicles themselves. As mentioned above,

most studies published so far analyze mixed EV populations,

and we think that some of the most important steps the field

must take are to comprehensively compare the different sub-

types of EVs and to determine whether some of their functions

are specific or prominent in a given subtype, e.g., exosomes,

but not other EVs. This knowledge is necessary to identify which

EVs should be targeted for any therapeutic approach. Indeed, EV

research is now at the stage where the immunology field was in

the 1950s. At that time, researchers could only claim that circu-

lating white blood cells were capable of very different functions,

such as killing other cells or making antibodies, simply because

there were no means to distinguish what we know now as B

versus T lymphocytes! For EVs, a recent article reported a calcu-

lation that the number of copies of a given miRNA present per

EV, in a mixed sEV preparation, is below one (Chevillet et al.,

2014), suggesting that either very few miRNAmolecules are pre-

sent within each sEV or, more likely, that only a restricted sub-

type of EVs contain significant amounts of miRNA molecules

and thus are capable of transferring miRNA-based information.

This situation may apply to other transfer functions of EVs,

whether they involve mRNA or proteins: if only a minor subtype

of EVs carries the relevant activity, its actual efficiency will be

difficult to detect, as it will be undermined by an abundance of

non-functional EVs present in the same preparation. One of

the challenges is therefore to re-define methods that allow

discrimination between sEVs, exosomes, and other EVs. It is

impossible to distinguish them on the basis of a single property,

such as size, structure, buoyant density, or presence of a

given protein, and the community is seeking novel methods of

isolation leading to better enrichment of a specific subtype. For

this, however, better knowledge of specific markers of EV sub-

types is required. We have recently performed a quantitative

comparison of the protein composition of several subtypes

of EVs secreted simultaneously by human primary dendritic

cells, which were separated by a combination of differential

ultracentrifugation, floatation in a density gradient, and im-

muno-isolation (Kowal et al., 2016). Although a large majority

of the proteins were shared between all isolated EV subtypes,

including some generally used as ‘‘exosome markers’’ (e.g.,

heat shock proteins, flotillins, major histocompatibility complex

molecules), we are able to propose a few new specific markers

of medium and large EVs (e.g., actinins), of endosome-derived



exosomes (co-expressing three tetraspanins CD9/CD63/CD81

and including TSG101 and syntenin-1), and of non-endosomal

sEVs (some ITGs), whose validity as specific markers can be

tested in all EV sources, which will hopefully enable further

functional studies. Indeed, knowing which EV markers to follow

will eventually allow identification of molecular tools to specif-

ically affect secretion of a given subtype of EVs and thus under-

stand the patho/physiological function of a particular subtype.

We hope that the near future will thus provide the necessary

technical advances and subsequent understanding of the

various and fundamental roles of each type of EV. The potential

development of these delivery packets for efficient therapeutic

strategies in cancer and in many other diseases depends on

these next steps.
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Colombo, M., Raposo, G., and Théry, C. (2014). Biogenesis, secretion, and

intercellular interactions of exosomes and other extracellular vesicles. Annu.

Rev. Cell Dev. Biol. 30, 255–289.

Corrigan, L., Redhai, S., Leiblich, A., Fan, S.J., Perera, S.M., Patel, R., Gandy,

C., Wainwright, S.M., Morris, J.F., Hamdy, F., et al. (2014). BMP-regulated

exosomes from Drosophila male reproductive glands reprogram female

behavior. J. Cell Biol. 206, 671–688.

Costa-Silva, B., Aiello, N.M., Ocean, A.J., Singh, S., Zhang, H., Thakur, B.K.,

Becker, A., Hoshino, A., Mark, M.T., Molina, H., et al. (2015). Pancreatic cancer

exosomes initiate pre-metastatic niche formation in the liver. Nat. Cell Biol. 17,

816–826.

de la Fuente, A., Alonso-Alconada, L., Costa, C., Cueva, J., Garcia-Caballero,

T., Lopez-Lopez, R., and Abal, M. (2015). M-Trap: Exosome-Based Capture of

Tumor Cells as a New Technology in Peritoneal Metastasis. J. Natl. Cancer

Inst. 107, djv184.

Gentili, M., Kowal, J., Tkach, M., Satoh, T., Lahaye, X., Conrad, C., Boyron, M.,

Lombard, B., Durand, S., Kroemer, G., et al. (2015). Transmission of innate im-

mune signaling by packaging of cGAMP in viral particles. Science 349, 1232–

1236.

Hoshino, D., Kirkbride, K.C., Costello, K., Clark, E.S., Sinha, S., Grega-Larson,

N., Tyska, M.J., and Weaver, A.M. (2013). Exosome secretion is enhanced by

invadopodia and drives invasive behavior. Cell Rep. 5, 1159–1168.

Hoshino, A., Costa-Silva, B., Shen, T.L., Rodrigues, G., Hashimoto, A., Tesic

Mark, M., Molina, H., Kohsaka, S., Di Giannatale, A., Ceder, S., et al. (2015).

Tumour exosome integrins determine organotropic metastasis. Nature 527,

329–335.

Hsu, C., Morohashi, Y., Yoshimura, S., Manrique-Hoyos, N., Jung, S., Lauter-
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Lötvall, J., Hill, A.F., Hochberg, F., Buzás, E.I., Di Vizio, D., Gardiner, C., Gho,

Y.S., Kurochkin, I.V., Mathivanan, S., Quesenberry, P., et al. (2014). Minimal

experimental requirements for definition of extracellular vesicles and their

functions: a position statement from the International Society for Extracellular

Vesicles. J. Extracell. Vesicles 3, 26913.

Luga, V., Zhang, L., Viloria-Petit, A.M., Ogunjimi, A.A., Inanlou, M.R., Chiu, E.,

Buchanan, M., Hosein, A.N., Basik, M., and Wrana, J.L. (2012). Exosomes

mediate stromal mobilization of autocrine Wnt-PCP signaling in breast cancer

cell migration. Cell 151, 1542–1556.

Melo, S.A., Sugimoto, H., O’Connell, J.T., Kato, N., Villanueva, A., Vidal, A.,

Qiu, L., Vitkin, E., Perelman, L.T., Melo, C.A., et al. (2014). Cancer exosomes

perform cell-independent microRNA biogenesis and promote tumorigenesis.

Cancer Cell 26, 707–721.
Cell 164, March 10, 2016 ª2016 Elsevier Inc. 1231

http://refhub.elsevier.com/S0092-8674(16)30057-5/sref1
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref1
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref1
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref1
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref2
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref2
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref3
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref3
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref3
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref3
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref4
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref4
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref4
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref4
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref5
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref5
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref5
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref5
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref6
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref6
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref6
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref6
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref7
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref7
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref7
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref7
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref8
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref8
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref8
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref9
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref9
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref9
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref9
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref10
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref10
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref10
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref10
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref11
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref11
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref11
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref12
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref12
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref12
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref12
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref13
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref13
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref13
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref13
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref14
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref14
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref14
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref14
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref15
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref15
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref15
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref15
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref16
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref16
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref16
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref17
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref17
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref17
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref17
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref18
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref18
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref18
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref18
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref19
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref19
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref19
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref19
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref20
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref20
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref20
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref20
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref21
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref21
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref21
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref21
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref22
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref22
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref22
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref23
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref23
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref23
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref23
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref23
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref24
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref24
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref24
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref24
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref25
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref25
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref25
http://refhub.elsevier.com/S0092-8674(16)30057-5/sref25


Nolte-’t Hoen, E.N., Buermans, H.P., Waasdorp, M., Stoorvogel, W., Wauben,

M.H., and ’t Hoen, P.A. (2012). Deep sequencing of RNA from immune cell-

derived vesicles uncovers the selective incorporation of small non-coding

RNA biotypes with potential regulatory functions. Nucleic Acids Res. 40,

9272–9285.

Ostrowski, M., Carmo, N.B., Krumeich, S., Fanget, I., Raposo, G., Savina, A.,

Moita, C.F., Schauer, K., Hume, A.N., Freitas, R.P., et al. (2010). Rab27a and

Rab27b control different steps of the exosome secretion pathway. Nat. Cell

Biol. 12, 19–30, 1–13.

Palma, J., Yaddanapudi, S.C., Pigati, L., Havens, M.A., Jeong, S., Weiner,

G.A., Weimer, K.M., Stern, B., Hastings, M.L., and Duelli, D.M. (2012).

MicroRNAs are exported frommalignant cells in customized particles. Nucleic

Acids Res. 40, 9125–9138.

Pegtel, D.M., Cosmopoulos, K., Thorley-Lawson, D.A., van Eijndhoven, M.A.,

Hopmans, E.S., Lindenberg, J.L., de Gruijl, T.D., Würdinger, T., and Middel-
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Tosar, J.P., Gámbaro, F., Sanguinetti, J., Bonilla, B., Witwer, K.W., and

Cayota, A. (2015). Assessment of small RNA sorting into different extracellular

fractions revealed by high-throughput sequencing of breast cell lines. Nucleic

Acids Res. 43, 5601–5616.

Trajkovic, K., Hsu, C., Chiantia, S., Rajendran, L., Wenzel, D., Wieland, F.,
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Over the past decade, chemical labeling with isobaric tandem mass tags, such as

isobaric tags for relative and absolute quantification reagents (iTRAQ) and tandem

mass tag (TMT) reagents, has been employed in a wide range of different clinically

orientated serum and plasma proteomics studies. In this review the scope of these

works is presented with attention to the areas of research, methods employed and

performance limitations. These applications have covered a wide range of diseases,

disorders and infections, and have implemented a variety of different preparative and

mass spectrometric approaches. In contrast to earlier works, which struggled to

quantify more than a few hundred proteins, increasingly these studies have provided

deeper insight into the plasma proteome extending the numbers of quantified proteins

to over a thousand.
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1 | INTRODUCTION

With the emergence of proteomics technology that has enabled the

detailed characterization of complex organelles and biological fluids,

plasma proteomics has maintained attention as a source of biomarkers

for disease status and prediction.1 To date a wide body of research has

indicated that there may be in the order of thousands of proteins

detectable in plasma,2 however, the number of proteins that have been

detected in multiple data sets is substantially less. Moreover, beyond

qualitative representation a quantitative component is essential for

any comparison. Among the quantitative proteomicmethods that have

been developed and applied, chemical labeling with isobaric tandem

mass tags3,4 has been among the most popular methods of the past

decade.5,6 The iTRAQmethod and isobaric labeling in general has been

previously covered in detailed reviews including some indication of

their usage in biomarkers studies, to which the reader is referred for

additional information.5–7 In this review we present a critical overview

of the applications in which stable isotope isobaric labeling has been

employed for serum or plasma analysis, which, unless otherwise

indicated, refer to human samples, and on the basis of the literature

identified describe applications with the commercially available TMT

and iTRAQ reagents only. We will use plasma as the general collective

term for serum and plasma and refer the reader to specific details of

the given references.

Isobaric peptide labeling strategies have predominantly targeted

the N terminus and lysine residues (there are also cysteine reagents),

using an N-hydroxysuccinimide-reactive group that promotes peptide

aminolysis with substitution of a bipartite adduct consisting of a mass

balance and reporter.3 The intensity of distinct fragment reporter ions

at different m/z values, which arise from the different isobaric

combinations of heavy and light C, N, and O isotopes in the reagent's

alternative forms, are detected in the tandem mass spectra of the

pooled labeled samples and used to determine the relative contribu-

tion/abundance of peptides and thereby the relative quantification of

proteins. Reagents have been produced to permit 2, 4, 6, 8, 10, and

12-plex comparisons. Through the use of isotopologues, where the

6.32mDa mass difference between positional variations of 13C and
15N substitutions are combined (as are currently used in the 10 and

Mass Spec Rev. 2018;37:583–606. wileyonlinelibrary.com/journal/mas © 2017 Wiley Periodicals, Inc. | 583



12-plex reagents), multiplexing up to 18-plex has been suggested as a

future possibility.8

A striking characteristic of plasma proteome datasets, with or

without labeling, has often been the relatively small number of proteins

identified in comparison to analyses of cells or tissues.9 Until recently

many of the published studies in which iTRAQ or TMT reagents were

used in the analysis of plasma have only reported several hundred

proteins (identified with >2 unique peptides), and often fewer being

detected consistently in multiple experiments. These failings can be

partly attributed to the heterogeneity of plasma between individuals

and the wide abundance range of plasma proteins. On account of the

latter, while much of the methodology for labeling, subsequent

fractionation, and mass spectrometry may be alike with other isobaric

labeling applications, additional considerations have been made in

terms of sample preparation. To provide the reader with a concise

overview of the technology and the types of applications, this review is

divided into sections first describing the methodology used and then

subdivided by the classes of disease and health concerns studied.

2 | METHODOLOGY

2.1 | Labeling and general protocols

In keeping with other proteomic applications using isobaric labeling,

the key steps in plasma preparation and analysis are the same, that is,

denaturation, digestion, labeling, fractionation, and mass spectromet-

ric analysis. However, most frequently some kind of pre-fractionation

has been performed to remove the most abundant proteins (Figure 1).

Among the literature several publications have been reported in the

format of general protocols for iTRAQ analysis of plasma.10–13 In the

earliest of these, Song et al8 used a workflow typical of its era in which

immuno-affinity depletion was followed by digestion, labeling,

fractionation by strong cation exchange chromatography (SCX) and

then LC-MS/MSwith electrospray ionization (ESI). In this example only

73 proteins (identified by at least two peptides each)were quantified in

all eight iTRAQ experiments. This level of proteome coverage pales in

comparison to recent work where improvements in many aspects of

the analytical instrumentation, including depletion, UHPLC separation

and innovations in mass spectrometry, has provided quantification of

over a thousand proteins.14 Keshishian et al have further presented

this approach as a general protocol.15 In the work of Dayon et al they

evaluated the merits of label-based and label free analysis of depleted

and undepleted sera,16 and in a subsequent publication presented an

automated set-up for depletion, buffer exchange, digestion and TMT

labeling followed by 1D separation and ESI analysis with an Orbitrap

Elite (Thermo Scientific).17 In a large scale practical applicationwith the

latter system, 365 proteins were identified in 304 TMT 6-plex

experiments, however, only 110 proteins were identified in all 1005

samples.18 The absence of additional fractionation after labeling is a

likely cause for the limited depth and consistency of these plasma

profiles. Similarly, Keshishian et al recently reported that for non-

fractionated plasma samples depleted of the 14 most abundant

proteins, in the order of 300 proteins could be quantified. Notably, this

was increased to 600 quantified proteins when the scope of depletion

was extended to ∼60 target proteins.15

Several technically orientated articles have considered the merits

of the different multiplex options and the comparison of preparative

steps, such as depletion of the abundant proteins and fractionation of

the labeled mixtures.19–22 For example, in the study of Keshishian et al

they evaluated whether any fewer proteins were identified with 6 and

10-plex TMT reagents, when compared to 4-plex iTRAQ. They found

that 9% fewer proteins were detected with a TMT 6-plex experiment

and 17% fewer were detected in the TMT 10-plex experiment. Earlier

studies similarly indicated that protein identification is more successful

using ESI with 4-plex reagents than 6 or 8-plex,21 although these were

not tested with plasma. Pottiez et al, however, reported in their LC-

MALDI based plasma analysis that the 8-plex reagents were preferable

to 4-plex, providing more consistent ratios without compromising

protein identification.22 To date, 4-plex labeling has been the most

frequently used approach, as can be seen in Figure 1B.

While primarily designed for peptide labeling, labeling at the

protein level has also been demonstrated with TMT and iTRAQ

reagents.23,24 However, it has also been noted that labeling of lysine

residues negatively affects trypsin digestion. Sinclair and Timms

evaluated different digestion combinations, trypsin and chymotrypsin

versus trypsin and Glu-C, with the aim to improve the digestion

efficiency of TMT labeled proteins from depleted serum.24 Using a

series of temporal samples from women with pancreatic ductal

adenocarcinoma they employed two separate work flows that differed

by the depletion system and fractionation of the labeled proteins.

Overall a larger percentage of the proteins digested with trypsin and

chymotrypsin were quantified.

In all situations, particularly with small lists of detected proteins

and the comparison of a few sample pools, normalization of the data is

a concern. To achieve comparison of multiple labeling experiments

many researchers have used a common pooled reference material that

is labeled and included in each set of measurements.6 As an alternative

approach, Herbrich et al presented a method that used the biological

data itself to achieve normalization.25 The advantages of this approach

include the provision of extra multiplexing capacity (ie, no reference

channel is required), the increased scope for changing experimental

design and scale of the study, and the removal of the need to find a

suitable quantity of the reference sample and concerns about its

stability and reproducible analysis. They reported that their method

gave more precise estimates of protein abundance, and subsequently

applied this normalization approach in a wide scale plasma proteomics

study of nutrition.26 Similarly, although not demonstrated with plasma

proteomics, Maes and co-workers presented a normalization method

for isobaric labeling that does not require a reference sample.27 To our

knowledge no direct comparison has been made between the relative

performances of these methods, although it could be viable to

reanalyze and compare data from studies made with a pooled

reference with the results using normalization derived from a data

driven approach.

Sample handling is a vital consideration in the search for

differentially abundant proteins. Hassis et al used iTRAQ to evaluate
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the effects of pre-analytical variables on the stability of the plasma

proteome.28 They determined the influence of the time delay (0.5, 6,

and 96 h) and temperature (RT & 37°C) before processing, freeze thaw

cycles and long term storage (14–17 years). They concluded that the

time prior to processing was the most significant variable. Notably,

although one of their tested pre-analytical storage conditions of four

days at 37°C might seem somewhat unlikely, among the 83

differentially abundant proteins observed at this condition were

many that have been frequently detected in biomarker studies. In

contrast, on the basis of the results combined in themulti-centric study

presented by Mateos et al,29 comparing the effect of pre-analytical

variables on the quality of plasma samples using different proteomic

methods (including iTRAQ), they reported that delayed processing of

blood samples and the number of freeze/thaw cycles had little effect

on the integrity of proteins in the plasma samples. In another detailed

study concerning sample handling, iTRAQ was used to evaluate the

influence of serum clotting time upon protein abundance.30 Here they

found that in addition to changeswith fibrinogen peptides, leucine-rich

alpha-2-glycoprotein decreased with longer clotting times.

In summary for the general application of isobaric labeling, it has

been reported that the lower the extent of multiplexing the larger

number of proteins are identified and quantified (ie, 4-plex>6plex>8-

plex). Further, depletion of the abundant proteins together with

fractionation of the labeled peptides using an orthogonal separation

method has so far been the only approach that has provided deeper

plasma profiling.

2.2 | Depletion of abundant proteins

The plasma proteome spans a concentration range of 10 orders of

magnitude31: from albumin, which represents around 50% of the

protein mass, to low abundance cytokines, with the 22 most abundant

proteins having been reported to account for up to 99%.2 Subse-

quently, plasma proteomics data sets are frequently limited in the

number of proteins identified and quantified, and although the disease

state can be reflected by the moderately abundant proteins that are

quite amenable to detection by general proteomics methodology,

disease specific markers may be somewhat less abundant. To enable

FIGURE 1 Plasma proteomics strategies and their usage. (A) A schematic is presented for a typical workflow for plasma proteomics with
isobaric labeling. The accompanying pie charts, B, C, D, indicate the frequency that the methodologies have been used, and the bar chart
indicates the relative usage of ESI and MALDI for mass spectrometry (∼ 4:1), these are based on the information available from the literature
reviewed in the manuscript (180–210 studies, depending on the information supplied). (B) Depletion strategies: the numerical values indicate
the number of depletion targets, 20+ includes the both applications targeting the top 20 and the use of SuperMix columns, PM refers to
ProteoMiner beads. (C) The figure indicates the type of reagents used, TMT combines applications with all forms of TMT reagents (including
2, 6 and10-plex). (D) The figure indicates the cumulative usage of the different fractionation strategies, IEF combines on and off-gel
isoelectric focusing methods, AX combines different methods using anion exchange resins (i.e. HILIC & ERLIC) and RPB refers to reversed
phase fractionation at a basic pH
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the detection of lower abundance plasma proteins many researchers

have used antibody-based affinity methods to remove (ie, immuno-

deplete) the most abundant proteins. The depletion of the high

abundance proteins has the advantage of reducing or avoiding

overloading of the chromatographic and detection systems, and

creating a sub-fraction of the plasma proteomewith a reduced range of

abundance.

Immuno-affinity based applications have ranged from removal of

albumin only or albumin with IgG and evolved to the targeted removal

of the top 3, 6, 7, 12, 14, or 20 most abundant proteins (Table 1). The

frequency that these different approaches have been used in the

literature presented in this review is indicated in Figure 1B. Among the

major commercial products are the Multi Affinity Removal System,

(MARS, Agilent) and the Seppro IgY products (developed by GenWay

Biotech). TheMARS systems use amixture of polyclonal IgG antibodies

attached to polymeric beads and the IgY products are derived from

avian polyclonal immunoglobulin yolk (IgY) antibodies. In terms of their

relative performance, lower cross-reactivity to non-target proteins and

higher affinity for their targets have been reported for the IgY

columns.32 Tandem depletion methods have also been developed to

extend the range of depletion targets to estimates of 60 and 155

proteins.14,19 The more extensive depletion media have been

developed by immunizing chickens to sera depleted of the top 12 or

14 proteins to produce antibodies that enable removal of awider range

of targets. These so called SuperMix columns (Sigma Aldrich) are used

in combination with columns removing the original targets (ie, the

IgY12 or IgY14). The enrichment achieved from these depletion steps

has been estimated as 10-fold for the IgY14 alone, increasing to 100

TABLE 1 Depletion systems used in isobaric labeling proteomics analysis of plasma

Type Targets Examples

Agilent series (immuno-affinity)

Mouse 3: Albumin, IgG, transferrin Jing et al56,
Chong et al202

MARS6 Albumin, transferrin, haptoglobin, IgG, IgA, and α1-antitrypsin Boylan et al202

MARS7 MARS6 targets plus Fibrinogen Luczak et al42

MARS14 MARS7 + α2-macroglobulin, α1-acid glycoprotein, complement C3, IgM, apolipoprotein AI,
apolipoprotein AII, and transthyretin

Tremlett et al147

IgY series (Geneway) (immuno-affinity)

IgY7 Albumin, IgG, fibrinogen, α1-antitrypsin, transferrin, haptoglobin and IgM Takahashi et al154

IgY12 IgY7 + IgA, α2- macroglobulin, α1-Acid Glycoprotein, apolipoprotein A-I, apolipoprotein A-II Boylan et al202

IgY14 IgY12 + Complement C3, Apolipoprotein B Hollander et al114

IgY+SuperMix IgY12/14 +60-150 Jones et al34,
Keshishian et al14

Other depletion systems (immuno-affinity)

Proteo 20 (Sigma) Albumin, IgG, transferrin, fibrinogen, IgA, α2- Marcroglobulin, IgM, α1- Antitrypsin, complement
C3, haptoglobulin, apolipoprotein A1, apolipoprotein A2 and apolipoprotein B; α1- Acid
Glycoprotein, ceruloplasmin, complement C4, C1q; IgD, transthyretin, and plasminogen.

Tonack et al203

Albumin Only Human albumin Mu et al170

Bovine albumin Faulkner et al204

Albumin & IgG Albumin, IgG Liu et al60

Not Immuno-affinity

Poteominer-
(hexapeptide
beads)

Not applicable Dwivedi et al37

Solvent
precipitation

albumin Seth et al45

SDS-PAGE Zhang et al43

Size exclusion
chromatography

Al-Daghri et al39

Undepleted Song et al41

Plasma proteomics has mostly been performedwith depletion of the most abundant proteins, typically using immuno-affinity resins. Examples of the type of
immuno-affinity systems are listed with their targets, manufacturer and practical references. A number of these experiments involved xenographs (as
indicated).
NOTE: α1- Acid Glycoprotein is often referred to as Orosomucoid, transthyretin as pre-albumin, Apolipoprotein B as the main component of LDL and
apolipoprotein A-I, apolipoprotein A-II of the HDL.
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fold for the combination.32 Juhasz et al used iTRAQ togetherwith a LC-

MALDI MS/MS work flow and demonstrated that the SuperMix

column provided consistent depletion and increased coverage of the

plasma proteome.33 They reported 870 proteins in total, with 480

detected in nine iTRAQ experiments. Patel et al used iTRAQ with ESI-

LC-MS/MS and evaluated the off-target effects of two different

depletion systems; one which removed albumin and immunoglobulins,

and the other the SuperMix system, which they estimated removed

155 proteins.19 They reported that the abundant proteins were

quantified better with the removal of albumin and immunoglobulins

only, while lower abundance proteins were better evaluated using the

exhaustive immunodepletion. Although they only reported identifica-

tion of 412 proteins in total (120 present in both the IgY12 and the

IgY14 + SuperMix fractions), in studies using the same depletion

strategy with more recent MS instrumentation, quantification of in the

order of 1500 proteins has been reported.34

On the basis of gel-based comparison of the flow-through, bound

fraction and untreated plasma, earlier publications have suggested that

these depletion systems provide high efficiencies (ie, 99–100%

removal). However, in our practical experience depletion is never

complete and the depletion targets can still be detected by mass

spectrometry with reasonable sequence coverage. The major deple-

tion targets are biologically important plasma proteins, and their

differential abundances often been reported in plasma labeling studies

with and without depletion. Typical examples include haptoglobulin,

alpha-1-antitrypsin, and alpha-2-macroglobulin. For example, Boi-

chenko et al observed differential abundance of several immunode-

pletion targets (A1AT, HPT, TRFE, IGHA1, and IGHG3), for which the

differences were confirmed for A1AT, HPT and TRFE in the

undepleted serum.35

As an alternative to immuno-affinity depletion, Proteominer

hexapeptide beads (BioRad) have been used.20,36 This combinatorial

library of hexapeptides theoretically presents a ligand for every

protein. Here, by weight of numbers the sample is simplified as the

more abundant proteins quickly saturate their targets and the excess

pass through with the flow-through, while the lower abundance

proteins are retained and subsequently released for analysis. ITRAQ-

based comparisons of immuno-affinity depletion platforms and

hexapeptide beads in the analysis of serum/plasma have reported

similar numbers of proteins with both methods with some comple-

mentary and additional identifications.37,38 There have, however, been

some indications that the relative capture efficiencies of the

hexapeptide beads can vary asmuch as two-fold with some proteins.37

Isobaric labeling analyses of plasma samples have also been made

without immunodepletion or ligand affinity,39–41 including direct

labeling of undepleted plasma, as well as other modes of fractionation

followed by labeling. For example, undepleted serumwas TMT labeled,

followed by on-line fractionation in a study of biomarkers of cardiac

injury.40,41 In another depletion-free approach, a three-dimensional

fractionation strategy was used. This included protein fractionation by

size exclusion chromatography, followed by iTRAQ peptide labeling,

then high pH reverse phase fractionation and finally low pH (regular)

reverse phase LC-MS/MS.39 Here they indicated reproducible analysis

of 2472 proteins, although they did not distinguish single peptide hits.

Lukzac et al in their LC-MALDI-TOF/TOF based evaluation of the

optimalmethods for plasma sample pre-treatment prior to quantitative

analysis using iTRAQ labeling, concluded that SCX chromatography

without affinity depletion was the best pre-treatment method,

reporting high reproducibility of the analysis of 1427 proteins.42

SDS-PAGE has also been used as a pre-fractionation method prior to

labeling.43 As another alternative to change the range of protein

abundance, solvent-based precipitation methods have been used.44,45

In an alternative variant of solvent precipitation, Kodera et al used

differential solubility to isolate native peptides from plasma. This was

applied with 6-plex TMT reagents to compare pooled pre-surgery to

post-surgery samples from renal cell carcinoma patients.46

In general, in order to profile the plasma proteome in depth it is

necessary to reduce the range of protein abundance. To date, immuno-

affinity depletion has provided the most convenient “off-the-shelf”

method for this, and tandem depletion methods have been the most

efficacious approach.

2.3 | Fractionation of labeled peptides

Following chemical labeling, sample fractionation is necessary to

achieve accurate quantitative representation of the plasma proteome.

This step increases the scope for identification and importantly can

improve the accuracy of relative quantification by reducing the co-

isolation of the parent ions for tandem mass spectrometry and the

influence of chimeric spectra andmixed reporter ion signals.5 The issue

of ratio compression due to co-isolation of multiple precursors is

among the key limitations of the use of isobaric labeling in

quantification.47 A number of solutions have been introduced to

tackle this, including improved chromatographic fractionation,48 real-

time precursor filtering,49 precursor charge manipulation,49,50 and

MS3 of the most intense precursor.51

Both off- and on-line fractionation with orthogonal separation

methods have been employed to simplify labeled mixtures.

Figure 1C indicates the relative frequency that the more common

approaches have been used in the literature presented in this review.

Although off-line strong cation exchange (SCX) fractionation has been

used in the majority of studies and recommended in the manufac-

turer's instructions for both iTRAQ and TMT reagents, this is

increasingly being replaced by other approaches, such as reversed-

phase fractionation at a basic pH. For SCX fractionation, the labeled

fractions are pooled, dried, acidified, either diluted or desalted, then

eluted from a cationic stationary phase using a salt gradient and

fractionated on the basis of size and charge. Non-volatile salts have

been used for off-line fractionation (eg, KCl) and volatile salts are

necessary for on-line systems (eg, ammonium formate). Removal of the

labeling buffer (usually TEAB) prior to loading is important due to its

cationic nature, as is the removal of the hydrolyzed reagents.

Avoidance of salt concentrations greater than 10mM is important

to ensure recovery of the labeled peptides. The Polysulfoethyl columns

from Poly-LC (Neste group) have been by far the most widely used

column type. Notable examples where SCX fractionation has been
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used include the study by Juhasz et al where it was used in combination

with tandem depletion and LC-MALDI,33 reporting 470 proteins

detected in nine iTRAQ experiments, the ESI study of gastric

adenocarcinoma by Subbannayya et al where they reported identifi-

cation 643 proteins,52 and the ESI &MALDI study of Zhang et al where

they reported 1044 proteins.53 SCX fractionation has mostly been

performed off-line, necessitating additional concentration and desalt-

ing steps. Surprisingly, the on-line Multidimensional Protein Identifi-

cation Technology (MudPIT) approach,54 which is advantageous in

terms of reduced sample handling and losses, has been less frequently

employed. In the related studies of Song et al and Liu et al they used

MudPIT in the analysis of TMT labeled undepleted serum40,55 with

which they reported identification of in the order of 380 proteins in

both studies.

From a similar area of separation technology as SCX, anion

exchange columns have been used to fractionate iTRAQ samples,

including separation based on hydrophilic interaction chromatography

(HILIC). Jing et al used both SCX and HILIC for pre-fractionation with

analysis with ESI and LC-MALDI for an iTRAQ study of a mouse model

of coronary heart disease.56While their data indicated that the twoMS

platforms gave complementary information, they combined the data

from both fractionation methods and did not provide any comparison.

Larkin et al implemented HILIC in a variation of the three dimensional

depletion-free strategy initially described by Al-Daghri,39 notably

identifying in the order of a thousand proteins.57 Another alternative

using anion exchange columns for fractionation is Electrostatic

Repulsion-Hydrophilic Interaction Chromatography (ERLIC), which

was used by Datta et al in a study where they enriched plasma

mircovesicles in a study of lacunar infarction.58

Reversed-phase fractionation at a basic pH (10–11) has emerged

as popular alternative to SCX and was used in the work by

Keshishian et al, in which in the order of 5000 proteins were

reported from analysis of tandem depleted plasma.14 The reversed

phase separation and fractionation of peptides at a basic pH is

orthogonal to the separation of ionic species at normal (acidic) pH.

Typically a gradient of a basic aqueous solution of ammonium

formate is run against an increasing percentage of acetonitrile. When

performed with such a volatile elution buffer additional desalting can

be omitted. In terms of published results the method is a superior

alternative to SCX. As a further example, Liu et al used high pH

reversed-phase fractionation for nine 10-plex TMT labeled plasma

samples from ten subjects (10 TMT experiments), reporting

identification of 1828 proteins with an impressive figure of 1009

proteins detected in all 90 samples. The samples were depleted of

the fourteen most abundant proteins, and 24 fractions analyzed for

each labeling experiment.

As a non-chromatographic option, peptide isoelectric focusing has

been used with both immobilized pH gradients (IPG)59–62 and off-gel

approaches.22,34,36,63,64 Using IPG strips, Pernemalm et al have

demonstrated the potential of narrow-range peptide IEF for plasma

analysis.61 Among the examples of applications using off-gel IEF is the

laboratory and instrument performance comparison by Jones et al in

which plasma was first fractionated with tandem immuno-affinity

columns, then the labeled peptides fractionated by IEF to create 30

fractions34; between 900 and 1300 proteins were quantified with the

different ESI platforms.

Rather than fractionate on the basis of chromatographic or

electrophoretic properties, Acosta-Martin et al used the data

independent Precursor Acquisition Independent From Ion Count

(PAcIFIC) approach, scanning selected mass ranges with a series of

injections in the ESI analysis of plasma from abdominal aortic aneurysm

(AAA) patients (n = 17) and controls (n = 17).65 They use a combination

of spectral counting and labeling with TMT reagents. A potential

weakness in using DIA with labeled unfractionated samples is from the

co-isolation of multiple precursors and hence mixed reporter ion

signatures.

Overall, fractionation of the labeled samples is necessary to

reduce ratio compression due to chimeric tandem mass spectra and

enable a better representation of the plasma proteome. In the order

of 20 to 30 fractions have been selected in the more successful

applications. Here, among the orthogonal methods demonstrated,

reversed-phase fractionation at a basic pH has emerged an

alternative and improvement to the traditional SCX fractionation

methods.

2.4 | Targeting post translational modifications

Most plasma proteins are glycoproteins and aberrant patterns of

protein glycosylation have been implicated in many diseased states.66

A number of research groups have used isobaric labeling to study these

in cancer patients (vide infra). In these measurements the work flows

have included immuno-depletion, digestion and labeling followed by

affinity enrichment to capture the glycosylated peptides. Up to 350

glycosylated proteins have been identified including putative biomark-

ers, for example, of ovarian and pancreatic cancer.67,68 Notably in the

2014 study by Nie et al TMT labeling was performed before

digestion.69 Also among these glycosylation targeting applications

was the use of the Perkin-Elmer Exact-Tag 10-plex isobaric reagents in

which fucosylated glycoproteins were identified in the serum of

ovarian cancer patients.68

Kristensen et al used HILIC fractionation of iTRAQ labeled plasma

followed by a titanium dioxide enrichment step that isolated both

phosphopeptides and sialic acid-containing glycopeptides. With the

combination of the identifications from the flow through and the

enrichment, a total of 720 proteins were detected, including 220

represented by two or more peptides.

Protein carbonylation is another post-translational modification

that has been investigated with isobaric labeling. This has been studied

in plasma samples from breast cancer patients and in a study of T2D in

a rat model.70 To isolate proteins displaying this modification, biotin

hydrazide was used to derivatize carbonyl groups and the biotinylated

proteins subsequently enriched by avidin affinity, digested and labeled

with iTRAQ reagents. In the study of carbonylation in breast cancer,

the authors chose not to use immuno-depletion, in order to avoid

unspecific binding, and reported identification and quantification of

160 carbonylated proteins.70
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2.5 | Mass spectrometry and chromatography

The analyses of iTRAQ & TMT labeled samples have been conducted

with both MALDI and ESI tandem mass spectrometry. Overall ESI has

been used four times more frequently than MALDI (as indicated in

Figure 1A). Initially, the analysis of iTRAQ labeled samples were made

using instruments with time of flight mass analyzers (the Applied

Biosystems instruments in particular), today, however, Orbitrap mass

analyzers are clearly among the most common. For chromatographic

separation mostly all the studies have used 75 µm i.d. packed capillary

columns with nano-spray for ESI and spotting robots for MALDI.

Earlier applications used 10 and 15 cm columns packed with 5 μm

particles, although increasingly smaller (<2 μm) UHPLC particles and

longer columns (20–45 cm) are being used.

As a general indication of the capabilities of the recent generation

of mass spectrometers for the ESI analysis of depleted and

fractionated plasma samples, Jones et al compared the results of

several typically equipped labs, including analyses using the Thermo

Scientific Orbitrap-Velos and Q-Exactive and the AB Sciex TripleTOF

5600.34 Based on the analysis of serum depleted of an estimated 155

proteins and fractionated by IEF (30 pooled fractions derived from 60

fractions), 1584 proteins were quantifiable from the combined data, of

which 706 were common to the different platforms.34 Keshishian et al

exceeded this level of detail, reporting confident identification of over

5300 proteins, with 3390 quantified in multiple experiments.14 In this

study of microcardial infarction (in 16 subjects), tandem depletion of

plasma samples (here they estimated removal of in the order of 60

proteins) together with high pH reverse phase fractionation of the

labeled peptides were used. Furthermore, they reported that the

coverage of the plasma proteomewas five-fold better than their earlier

label free approach.71

The number of proteins detected, quantified and reported is

nevertheless dependent on the entire work flow from preparation and

separation, the MS instrument and parameters used plus the choices

made in data analysis (for example the database and filtering criteria).

Without re-analyzing all these data with unified metrics, an accurate

estimation of the relative success of these experiments is difficult.

Notably, for example, in accompaniment to their recent TMT study of

the maturing proteome, Liu et al re-analyzed Keshishian's data and

stated that the breadth of the proteomic coverage was somewhat less,

indicating that using their own parameters the extent of high

confidence quantitative data was in the order of 1500–2500

proteins.72 From their own 10-plex TMT data they reported 1800

proteins, with in the order of 1000 proteins detected in all reporter

channels of their ten 10-plex TMT experiments.

The application of LC-MALDI for the analysis of isobarically

labeled samples does not rely upon on-the-fly analysis, and thus pre-

and post-defined acquisition methods can be used to avoid over-

sampling. Also as the peptide ions generated aremostly singly charged,

contrasting with the predominance of double and triple charged ions

with ESI, crowding of m/z space and precursor overlap is reduced. Van

der Greef et al reported clearly on the experimental design for iTRAQ

experiments, alluding to datasets of 86 and 64 iTRAQ 4-plex

experiments,73 fromwhich approximately 230 proteins were detected

in more than half the samples. A notable example in terms of protein

identification is the LC-MALDI work of Miike et al.74 Using the

combination of depletion of the six most abundant proteins, reversed

phase protein fractionation, labeling and then strong cation exchange

chromatography (SCX) of the labeled samples, they reported the

identification of 4000 proteins and demonstrated gender differences

(n = 12 vs 12) were detectable in this way. Whilst this was far ahead of

the field in terms of the number of proteins detected at the time of

publishing, notably there were two preparative steps before labeling

and the labor intensive nature of thework could limit its applicability to

multiple samples.

2.6 | Study size, discovery, and validation cohorts

The studies using isobaric labeling of plasma have tested the

availability of detectable plasma biomarkers with the sample sizes

ranging from a few individuals up to hundreds. Often the larger studies

have involved the pooling of tens of samples, comparing the diseased

or treated with pooled controls. Although the labeling necessitates

fractionation, it is in this respect that when compared with label free

methods isobaric labeling empowers biomarker discovery by permit-

ting parallel processing and sub-fractionation of labeled samples. Here,

the use of one of the reported ions as a reference channel overcomes

issues associated with sample recovery and loading, and can

accommodate changes in signal intensity. The analysis of suitably

pooled samples can potentially deliver important information of lower

abundance markers that necessitate follow up and validation. In view

of the latter it is clear that the size of the discovery and validation

cohorts is important.

Boichenko et al presented a discovery to validation pipeline for the

identification of biomarkers from the serum of patients with cervical

intraepithelial neoplasia (CIN) and squamous cell cervical cancer using

iTRAQ.35 In this they began with an iTRAQ-based discovery phase,

followed by confirmation and verification with a label free approach,

and finally validation with MRM. They equated this pipeline with the

expectations of decreasing numbers of protein targets and increasing

sample/subject numbers. Here, they identified six protein targets in

the discovery phase (nine cervical cancer patients and 17 controls),

then analyzed samples from 59 mixed cancer patients and 84 controls

in verification measurements, and 180 mixed cancer patients and 50

controls in validation.

As another practical example, Gu et al investigated the availability

of serum biomarkers of acute aortic dissection (AAD), comparing sera

from 60 AAD patients with sera from 30 patients with acute

myocardial infarction and 30 healthy volunteers.75 On the basis of

this data they identified lumican as a biomarker of vascular injury,

which was supported by ELISA validation in the 120 subjects, although

no independent cohort was tested. Similarly, Song et al used iTRAQ to

compare plasma pools from patients with mild cognitive impairment

(MCI, n = 261), Alzheimer's disease patients (n = 19) and cognitively

normal subjects (n = 411). Western blotting was used to confirm that
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afamin was decreased and IGHM increased in the sample pools from

the same subjects.55 In a later study they compared these data from an

additional cohort of MCI subjects (n = 180) and controls (n = 153).

In their study of type 2 diabetes (T2D) Kaur et al used a

randomized pooling strategy to compare T2D patients (n = 106) with

controls (n = 76). They subsequently used Western blotting, SRM and

qPCR to validate several differentially abundant proteins. Apolipopro-

tein A1, afamin, transthyretin (TTR), fibronectin, and vitamin D-binding

protein (GC) were verified withMRM-based targeted proteomics in an

independent cohort (n = 72).76

In a small scale study, Zhou et al considered the statistics and study

design for biomarker discovery by plasma proteomics.77 On the basis

of their power calculations from the technical and biological variance

of data from healthy volunteers and patients with pancreatic cancer,

they suggested that six samples per group could provide sufficient

statistical power for most of the proteins detected in their data with

changes greater than two-fold.

2.7 | Differentially abundant proteins

A key aim of many of these studies has often been biomarker

identification, for which lists of differentially abundant proteins have

been reported that are typically in the order of ∼15-20% of the

detected proteome. For example, in many of the latter day

applications, amounting to 35 out of 210 proteins (≥2 unique

peptides), or presently in the order of hundreds of proteins and in

instances with larger identification lists. As most frequently these have

been cross sectional comparisons, that is, of a specific disease state

versus control, it is noteworthy that in the analysis of the serum

proteome in maturing children (∼1-15 years of age), Liu et al observed

temporal profiles for 900 hundred proteins,72 underlining the

importance of selecting suitable matched controls when comparing

subjects.

While many plasma biomarker studies have strived to identify the

lower abundance proteome, disease related patterns and differences

in the moderately abundant proteome and depletion targets have

frequently been reported. Moreover, since the fundamental processes

moderated by the plasma proteome, such as inflammation and

coagulation, are concomitantwith a range of health disorders, common

markers might be expected between similar or related diseases.

Accordingly, the observation of the common proteins markers in

different cancers and viral infections has been reported.78–80 For

example, alpha-1-acid glycoprotein 1 (ORM1) has been detected in

non-small cell lung cancer81 and gastric adenocarcinoma,52 and

apolipoprotein A-IV (APOA4) in ovarian82 and pancreatic cancers.67

Likewise, many studies have reported elevated inflammatory markers,

such as C reactive protein (CRP) and/or Serum amyloid A-1 protein

(SAA1).81,83–85 For example, in plasma of patients with lung and liver

cancer, and elsewhere in relation to circulation and cardiovascular

risk,41,86,87 including atherosclerosis and aortic aneurysms.

In Figure 2we have summarized the top 20most frequentmarkers

on the basis of the available tabulated data from the articles included in

this review. Examples among these include the differential abundance

of plasma fibronectin, which has been reported in relation to

hepatocellular carcinoma, abdominal aortic aneurysms, pulmonary

tuberculosis, and conotruncal heart defect to name but a few. Similarly,

differences in plasma gelsolin have been reported in comparisons of

sepsis, aneurysmal subarachnoid hemorrhage, and post-stroke de-

pression. The reoccurrence of the same markers in different diseases

could be seen as a limitation to the utility of plasma proteomics. It

should also be noted that since the representative peptides of each

protein are often considered to represent a single entity that the

details of potentially important proteoforms should not be over-

looked.88 Furthermore, the importance of lower abundant proteins

may become more apparent as increasingly plasma protein lists grow

from hundreds to thousands.14,72

In general, with the interpretation of plasma proteomics data it is

important to recognize proteins frequently reported as putative

biomarkers. Until validated these should be considered possible

anomalies due to variations at the population level or from longitudinal

changes or even from poorly characterized and unsuitable proteotypic

peptides. Recent useful examples in the literature have considered

changes with maturation72,89 and hereditary differences on the basis

of the studies of twins.90 As a simpler directive, it is useful to recognize

the depletion targets by their different aliases.

3 | APPLICATIONS OF ISOBARIC LABELING
FOR SERUM AND PLASMA PROTEOMICS

It may be that having been the first commercially available variant of

these isobaric labeling reagents that iTRAQ currently accounts for by

far the largest proportion of the publications using this quantitative

approach.7 Collectively the applications of isobaric labeling of the

plasma proteome have ranged from cancer to autoimmune diseases, as

well as the influence of life style (smoking and nutrition) and

environmentally influenced afflictions (occupational exposure). The

references included in this review have not been restricted to human

plasma, as for example ape models have been used to study the effect

of viral infections,91,92 xenographs have been made for tumor

models,93 and other animal-based disease models (rat or mouse). In

addition to regular profiling of the plasma proteome, some studies

have targeted glycosylation94 and carbonylation.70 These different

fields of applications are summarized as follows and in Tables 2, 3, 4,

and 5 and Figure 3.

3.1 | Cancer

There are more than 100 different types of cancer (named on the basis

of the type of cell, organs or tissues where they occur), which account

for in the order of 8million deaths annually and have thus driven a large

body of international research toward their prevention, diagnosis, and

treatment. Accordingly there have been many cancer orientated

proteomic studies that, on the basis of our literature review, cover one

of the biggest subgroups of plasma proteomic isobaric labeling studies.

The nature of these investigations is summarized in Table 3 and
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Figure 3. The analytical strategies that have been used have included

most of the variants of sample preparation and analysis previously

discussed, examples of these are indicated in Table 1. These have often

been performed as pooled subject comparisons ranging from a few

subjects to over 100, with validations in similar sized cohorts using

ELISA, Western blot and SRM methods. Many of the validations have

been healthy versus control, although some have included additional

subgroups for cross validation. In such an example, Jenkinson et al used

ESI and iTRAQ to search for serum biomarkers that might provide

earlier diagnosis of pancreatic ductal adenocarcinoma (PDAC). Using a

pooling strategy, iTRAQ enabled the comparisons of serum profiles

from samples prior to and after PDAC diagnosis, chronic pancreatitis,

and healthy controls (n = 150). MRM and/or Western blotting were

used in validation using these and 322 additional human samples,

including serum from patients with benign biliary disease, type 2

diabetes (T2D) and healthy controls. Lower levels of thrombospondin-

1 (TSP-1) were identified prior to diagnosis of PDAC that together with

a known cancer marker, CA19-9, provided improved risk

classification.95

Evaluation of the conditions predisposing subjects or enhancing

the risk of cancer have included the iTRAQ comparison of plasma from

subjects with chronic hepatitis B virus infection—associated hepato-

cellular carcinoma, non-malignant cirrhosis, chronic hepatitis B, and

healthy individuals.60 In the latter study ESI analysis was used to

compare labeled pools from 15 subjects of each category, with

validations extending to a cohort of 310 subjects. Also studying

FIGURE 2 Candidate plasma protein biomarkers discovered in multiple diseases using isobaric labeling approach. Cumulatively there is a
notable degree of reoccurrence of some proteins as biomarkers in different diseases and afflictions. As a representation of the top twenty
most frequent biomarkers in each column each protein is represented by a unique color and mapped to diseases in which it has been
reported as differentially abundant. The light grey color indicates no reported association, “2” indicates two publications with supporting
evidence. The proteins are indicated with their UniProt accession numbers and IDs, where an asterisk (*) added to indicate proteins that are
frequent immune-depletion targets
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chronic Hepatitis B Virus-related hepatocellular carcinoma (HBV-

related HCC), Liu et al used a glycoproteomic approach, indicating that

Galectin 3 binding proteinwas a promising serum biomarker to identify

HBV-related HCC.96

Studying the changes associated with response to treatment, Wu

et al investigated proteomic and metabolic signatures of chemo-

resistance in epithelial ovarian cancer, validating the differential

abundance of FN1, SERPINA1, andORM1.97 Taking a somewhat more

selective approach to study the effects of chemotherapy on pancreatic

cancer, An et al isolated serum exosomes from patients and healthy

controls. Using serum volumes of 4mL per sample and ultracentrifu-

gation theywere able to isolate yields of exosomal proteins in the order

of 0.2–0.6 μg.98 After 4-plex iTRAQ labeling and LC-MS/MS with an

Orbitrap Fusion they reported in the order of 700–800 proteins per

sample (in total 1559 proteins were quantified), although it is notable

that there was not any additional fractionation of the labeled mixtures.

TABLE 2 Cancer studied using isobaric labeling of plasma

Cancer or target Type References and subdivisions

Breast Madian et al,205 Meng et al,206 Opstal-van Winden et al207

Blood Human: Huang et al208 mouse: Kristiansson et al105

Cervical Colorectal Polyposis Coli & Lynch syndrome Boichenko et al35 Zhang et al209 Jones et al34

Gastric Chong et al93, Chong et al210, Subbannayya et al52 Xenograph: Chong et al107

Glioblastoma Gautam et al211

Liver He et al,83 Huang et al,212 Lee et al,213 Li et al,82 Qin et al,101 Xenograph: Wang et al,108

Hepatitis B: Liu et al,60 Liu et al96 Glycosylation: Yin et al104

Lung Pernemalm et al,61 Zhang et al,81 Rice et al,84 Jin et al,214 Okano et al,215

Oral Bijian et al,106 Chai et al,216 Yang et al217 Zhang et al43

Ovarian Human: Boylan et al,202 Karabudak et al,218 Li et al,219 Shetty et al,102 Wu et al,68 Russell
et al,220 Wu et al,97 Rat: Huang et al,185

Pancreatic Nie et al,67 Nie et al,69 Sinclair and Timms,24 Tan et al,103 Tonack et al,12 Tonack et al,203

Zhou et al,77 An et al,98

Prostrate Rehman et al,221 Larkin et al,57 Zhang et al,222

Kidney Zhang et al,223

Other: Chinese medicine, Endometrial hyperplasia vs.
cancer, Glycosylation, Carbonylation

Upur et al,224 Liu et al,225 Wang et al,159 Hu et al,99 Nie et al,[100] Nie et al,67 Qin et al101

Shetty et al102 Tan et al103 Ueda et al94 Wu et al68 Yin et al104 Liu et al96 Madian et al205

Examples of the type of cancers studied with isobaric labeling and plasma proteomics are indicated with citations to published examples.

FIGURE 3 Subdivision of Isobaric labeling Plasma proteomic research by organ and disease. Plasma proteomics with isobaric labeling has
been used to study diseases and conditions affecting a wide range of the body's organs. The figure provides a body-wise map of the different
targets, including a separate subdivision for studies of cancer
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As an example of a rare cancer subtype, in the multilab ESI

instrument benchmarking study of Jones et al, hereditary familial

colorectal cancer has been studied, with samples from Familial

Polyposis Coli syndrome patients (n = 6) and their controls (n = 6),

and samples from Lynch syndrome and controls (n = 5).34

As indicated previously, not all these plasma orientated studies

have been direct profiling measurements. Aberrant patterns of protein

glycosylation have been implicated in carcinogenesis and a number of

research groups have used isobaric labeling to study these in cancer

patients.68,69,94,99–104 These applications have targeted ovarian

cancer, hepatocellular carcinoma and pancreatic cancer. Another

post-translational modification considered has been carbonylation,70

which was demonstrated in samples from breast cancer patients.

In addition to studies with samples from human subjects, animal

models and other approaches have been employed. For example,

Kristiansson et al used the immunodeficient SJL mouse to study B cell

lymphomas105 and rodent xenographs have been used is several

instances,93,106–108 including studies of gastric cancer and oral

squamous cell carcinoma.

3.2 | Circulation and cardiovascular risk

Circulatory problems and the risk of stroke are a fundamental concern

of the elderly, obese and increasingly with the young. Many aspects of

circulation system and cardiovascular risk have been considered in

terms of plasma proteomics with isobaric labeling (Table 5). These have

included atherosclerotic disease,86 abdominal and thoracic aneur-

ysms,65,87,109,110 arterial and pulmonary embolisms,111 aortic dissec-

tion75 haemorrhagic shock112 and hypertrophic cardiomyopathy.113

Investigatingmarkers of cardiac injury, Liu and Song used an apemodel

together with isoproterenol treatment.40,41

Anderson-Fabry disease (AFD) is a rare genetic disease that is

characterized by the lysosomal storage and is often manifested with

heart related effects. Hollander et al compared AFD patients (n = 32)

with healthy controls (n = 14) and reported gender-specific plasma

protein biomarker panels that were specific and sensitive for the AFD

phenotype.114 Also, addressing a rare circulatory condition, Liu et al

used iTRAQ to investigate the serum proteome of Legg-Calve-Perthes

disease.115 The panel of 26 differentially abundant proteins indicated

that complement and coagulation cascades, and abnormal lipid

metabolism might be involved in the pathogenesis of the disease.

Western-blot was used to confirm the large differences in expression

of S100-A8, apolipoprotein E (APOE) and two depletion targets ORM1

and HPT.

Several examples of studies of circulation were cited in the

previous sections, such as the data independent PAcIFICmethod in the

TMT analysis of plasma from abdominal aortic aneurysm (AAA),65 and

the iTRAQ comparison of plasma proteins, sialic acid-containing

glycopeptides and phosphopeptides in relation to atherosclerotic

disease.86

Patients with chronic kidney disease (CKD) have a considerably

higher risk of death due to cardiovascular causes. Luczak et al used

TABLE 3 Examples of isobaric labeling plasma cancer studies

Author Year Depletion system Fractionation Spectrometer Disease Labeling Proteins

Betancourt
et al184

2014 IgYR7 (rat) MudPIT LTQ Orbitrap XL Breast and prostate
cancers

6-plex
TMT

NA

Sinclair and
Timms24

2011 Seppro
14 + SuperMix

SAX & 1D gel LTQ Oribtrap XL Pancreatic cancer 6-plex
TMT

265

Subbannayya
et al52

2015 Hu14 SCX Orbitrap-Velos Gastric
adenocarcinoma

4-plex
iTRAQ

643

He et al83 2014 Hu14 SCX, MALDI, 5800 Hepatocellular
carcinoma

4-plex
iTRAQ

271

Meng et al206 2011 ProteoMiner SCX Agilent 6520 qTOF Breast cancer 8-plex
iTRAQ

397

Wang et al108 2011 MARS3 (mouse) SCX QSTAR XL TOF Hepatocellular
carcinoma

4-plex
iTRAQ

554

Zhang et al226 2014 Hu14 High pH RP, TripleTOF 5600 Lung cancer 4-plex
iTRAQ

316

Liu et al60 2014 ALB & IgG IEF QSTAR TOF Cancer/ hepatitis B
virus

8-plex
iTRAQ

328

Larkin et al57 2016 3D HILIC LTQ-Velos Pro Orbitrap
Elite

prostate cancer 4-plex
iTRAQ

1034

Zhang et al222 2016 ProteoMiner SCX TripleTOF 5600 prostate 4-plex
iTRAQ

825

Walker et al85 2015 Hu14 High pH RP, TripleTOF 5600 Non-small Cell Lung 8-plex
iTRAQ

685

Examples are cited of plasma proteomic cancer studies indicating the approaches used and the scope of protein identification.
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iTRAQ to investigate differences in the plasma of patients with CKD

finding differences with proteins involved in lipid metabolism and

atherosclerosis, including constituents of high-density lipoprotein

(HDL) and low-density lipoprotein (LDL).116 Notably they used a

combination of analytical platforms (ESI & MALDI) and software,

reporting 1038 proteins detected with two or more peptides from 10

iTRAQ experiments analyzing 180 samples with pooling.

Zhang et al investigated pulmonary arterial hypertension in

relation to congenital heart diseases in a group of 140 children (3–

11 years) with heart defects.53 Detection and quantification of in the

order of 1000 proteins were reported, 338 of which were detected

with two or more unique peptides. One fifth of the proteins (∼200)

were differentially abundant among the six patient groups studied.

ELISA was subsequently used to validate differences in carbamoyl-

phosphate synthetase I (CPSI) and complement factor H-related

protein 2 (CFHR2) in a cohort of 152 patients.

In the pursuit of pro-atherogenic HDL profiles in coronary heart

disease patients, Yan et al progressed beyond direct plasma profiling

and isolated the HDL fraction from plasma and depleted this of

albumin and IgG prior to iTRAQ labeling.53 With this targeted strategy

they identified in the order of 200 proteins associated with the HDL

fraction.

In relation to coronary artery disease (CAD), Jing et al usedMALDI

and ESI methods to compare the effects of dietary fat on the plasma

proteome in an APOE knock out mouse model.56 They were able to

quantify more proteins with ESI (∼400), and with the combined data

from the platforms quantified in the order of 600 proteins, detecting

differential abundance of several known CAD markers.

In studies on the effects of trauma upon the heart, researchers

have probed for markers of myocardial infarction.14,33,118 Included in

these is the previously mentioned work of Juhasz and co-workers, in

which they used the IgY and SuperMix depletion columns in series

followed by off-line two-dimensional chromatography with fractions

directly spotted on MALDI-TOF/TOF plates.33 With this approach

they used nine 8-plex iTRAQ experiments to compare pools (25 in

each) from252 subjects that experienced amyocardial infarction in the

four subsequent years and 499 controls who suffered no event in the

follow-up. In the order of 30 differential abundant proteins were

detected, seven with known associations with CVD risk.

In relation to treatment and restoring the function of the heart,

plasmaprofiles have been determined to compare differentmethods in

aortic surgery,119 to find markers of calcific aortic stenosis in patients

after aortic valve replacement,120 and find signatures of both cardiac

allograft vasculopathy121 and recovered heart function.191 Other

TABLE 4 Applications using isobaric labeling of plasma in the study of circulation, stroke, and cardiovascular risk

Circulation, stroke, and cardiovascular risk

Aortic aneurysms, abdominal and thoracic aortic aneurysms: Acosta-Martin et al,65 Burillo et al,109 Calvo et al,110 Satoh et al,87

Aortic dissection: Gu et al75

Deep vein thrombosis (microparticles): Howes et al111

Haemorrhagic shock: Li et al112

CVD/myocardial infarction

CVD: Juhasz et al33

Heart failure: Lin et al118

Therapeutic, planned myocardial infarction: Keshishian et al14

Mitral regurgitation: Tan et al122

Coronary heart disease-human: Yan et al117

Mouse model: Jing et al56

Atherosclerosis Kristensen et al,86 Li et al227

Stroke

Acute ischemic stroke. Sharma et al123

Lacunar infarction: Datta et al58

Post stroke depression: Zhan et al127

Cerebral aneurysm: Azurmendi et al126 Saminathan et al129

Cardiac biomarker discovery using isoproterenol-treated nonhuman
primates:

Song et al,41 Liu et al40

Heart surgery

Cardiopulmonary bypass surgery: Oda et al119

Transplant: Hollander et al,191 Lin et al121

After valve replacement: Satoh et al120

Legg-Calve-Perthes disease: Liu et al115

Anders-Fabry's disease: Hollander et al114
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TABLE 5 Illnesses, diseases, interventions and hazards studied by plasma proteomics with isobaric labeling:

A

Respiratory-lung diseases and disorders

Asthma/allergy: Singh et al130

ARDS (acute respiratory distress syndrome): Chen et al59

Obstructive sleep apnoea: Jurado-Gamez et al131

Smoking: Bortner et al133

Lymphangioleiomyomatosis (LAM): Banville et al132

Autoimmune diseases

Rheumatoid arthritis (RA): Cheng et al,140 Dwivedi et al,141 Ortea et al,142

Serada and Naka,143 Yanagida et al144

RA & Crohns disease: Serada et al145

Autoimmune hepatitis: Li et al152

Multiple sclerosis: Tremlett et al147

T1D: Moulder et al,149 Liu et al72

Diabetic nephropathy (T1D): Overgaard et al,150 Overgaard et al151

Other diseases and comparisons

Osteoarthritis: Fernandez-Puente et al188

Non-alcoholic fatty liver disease: Miller et al189

Parkinson's disease: Zhang et al209

Kidney-idiopathic nephrotic syndrome: Andersen et al190

Anders-Fabry's disease: Hollander et al114

Infection

Sepsis-human: Cao et al,171 Cao et al173

Sepsis-rat: Jiao et al174

Tuberculosis: Li et al,135 Wang et al,136 Xu et al,137 Xu et al138

Mycobacterial infections of cattle: Seth et al45

Malaria: Mu et al170

Viral infection

Hepatitis B: hepatic fibrosis in hepatitis C: Liu et al,60 Peng et al,176 Yang et al178

HIV: Yang et al177

Dengue fever: Shetty et al179

SIV (in apes): Kumar et al,64 Nhi et al175

SIV induced CNS disease: Wiederin et al,91 Wiederin et al92

Pendyala et al180

B

Gynaecological and pregnancy related

Downs syndrome: Kolla et al,167 Sui et al169

Congenital heart defect: Chen et al,168 Zhang et al81

Preeclampsia: Kolla et al167

Preeclampsia/intra-uterine growth
restriction:

Auer et al,164 Blankley et al165

Fertility (porcine and bovine): Bijttebier et al,228 Faulkner et al204

Endometrial hyperplasia: Wang et al159

Endometriosis: Xiaoyu et al161

Smoking and maternal serum: Colquhoun et al134

Gestational diabetes: Zhao et al162

T2D, obesity, diet, and nutrition

T2D: Kaur et al76
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investigations of the heart include a study of mitral valve prolapse,

where Tan et al122 evaluated whether plasma biomarkers could be

used in the evaluation of mitral regurgitation in patients.

Considering the influence of cerebrovascular irregularities, the

plasma proteomics of acute ischemic stroke123 has been studied. Also

regarding a subtype of the latter, that is, lacunar infraction, Datta et al

enriched mircovesicles from plasma to determine whether differences

in their proteomic profiles could be used to predict adverse outcome in

the surviving patients.58 The microvesicle fraction represents frag-

ments of the plasma membrane that are shed from mostly all types of

cells and include misfolded proteins, cytotoxic agents and metabolic

waste. To enable the study of this informative sub-fraction, 5 mL of

serum was processed. They used ERLIC to fractionate the labeled

peptides. Whilst larger numbers of protein identifications might be

expected from this sub-fraction,124 the detail of their analysis was

limited to several hundred proteins, although this was likely limited by

their use of an early Applied BiosystemsQSTAR TOF instrument.58,125

In relation to stroke prognosis, Azurmendi and co-workers investigated

biomarkers for survival from aneurysmal subarachnoid hemorrhage,

comparing plasma from nosocomially infected (ie, pneumonia and

urinary-tract) and non-infected patients.126

Beyond the effects more pertinent to circulation, Zhan et al

considered post stroke depression.127 Using a quite typical work flow,

pooled sera was depleted of the top 14 proteins, labeled with 4-plex

iTRAQ reagents and SCX fractionated prior to LC-MS/MS with an AB

SCIEX TripleTOF 5600, in the order of 300 proteins were quantified.

They observed that proteins involved in lipid metabolism and

immunoregulation were differentially abundant. After validation by

Western blotting concluded that the combination of increased levels

of GSN accompanied by decreased HPT could be a promising as a

plasma-based diagnostic biomarker panel post stroke depression.

Turning toward pharmaceutical toxicology, iTRAQ measurements

of plasma were included with metabolomics methodologies in the

study of drug toxicity in relation to the prevention and treatment of

thromboembolic conditions.128 An iTRAQ based LC-MS/MS pharma-

coproteomics approach has also been used to analyze plasma protein

profiles of 53 patients with a high (n = 28) and low dose of warfarin

therapy (n = 25).129

3.3 | Respiratory illnesses

Among the studies of respiratory afflictions, researchers have

considered asthma,130 acute respiratory syndrome59 and airway

obstruction in relation to obstructive sleep apnoea.131 In all three of

these studies a MALDI/TOF/TOF approach was used with iTRAQ

labeling. Banville et al used ESI with iTRAQ to search for serum

biomarkers that could potentially distinguish lymphangioleiomyoma-

tosis from other respiratory conditions.132

Considering illness from recreational drugs, Bortner and co-

workers compared the plasma proteome of healthy non-smokers with

T2D + Very low calorie diet: Sleddering et al153

Gastric bypass-related: Jullig et al156

T2D/Obesity/Roux-en-Y gastric
bypass:

Culnan et al157

T2D mouse: Takahashi et al154

Diabetic Zucker rats
(carbonylation):

Madian et al205

Diet and obesity: Al-Daghri et al,39 Cominetti et al18

Nutrition: Cole et al26

Transplant

Liver: Parviainen et al194

Renal allograft rejection: Freue et al,192 Wu et al193

Heart/cardiac: Hollander et al,191 Lin et al121

Stem cell: Lv et al,195 Ye et al38

Diseases and afflictions of the brain

Brain injury—human: Hergenroeder et al183

Brain injury—mouse model: Crawford et al44

Depression: Xu et al182

Post stroke depression: Zhan et al127

Alzheimer's versus mild cognitive
impairment:

Muenchhoff et al,181 Song et al55

Environmental exposure

Rat exposure to bisphenol and
genistein:

Betancourt et al184

Occupational health: benzene: Huang et al229

Exposure to rare earth metals: Liu et al186
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otherwise healthy cigarette smokers. Several of the differentially

expressed proteins were already associated with tobacco related

diseases, including lung cancer and chronic obstructive pulmonary

disease.133 Colquhoun et al investigated the effect of smoking on

maternal serum from cord blood.134 Although cord blood serum can be

richer in intracellular proteins and more varied than matured serum,

the study was conducted with older MS instrumentation (Applied

Biosystems, QSTAR-Pulsar) and they reported quantification of in the

order of 200 proteins. Other studies of respiratory afflictions have

included tuberculosis135–138 and Mycoplasma pneumoniae (MP)

infections139 (see below). Examples of these applications are indicated

in Table 5A.

3.4 | Autoimmune diseases

Among the autoimmune diseases studied, rheumatoid arthritis (RA) has

received some degree of attention.140–145 Several of these RA studies

have considered the effects of anti-TNF therapy using the drug

infliximab. In comparison to healthy controls (n = 50), Serada et al

observed elevated levels of Leucine-rich alpha-2-glycoprotein in RA

(n = 33) and Crohn's disease patients (n = 22), and found these to

decrease with infliximab therapy.143–145 Fischer and co-workers used

iTRAQ and metabolomics to identify biomarkers of ankylosing

spondylitis.146

In a study of multiple sclerosis, Tremlett et al used a LC-MALDI

approach to compare the serumof subjects with aggressive and benign

multiple sclerosis, finding elevated leucine-rich alpha-2-glycoprotein in

the aggressive state.147

Type 1 diabetes (T1D) is caused by the autoimmune destruction of

the insulin producing cells in the pancreas, and is associated with

genetic risk together with the factors from the environment. Research

towards understanding the risk and causes of T1D has included several

prospective sample collections from at-risk children.148 In our own

research we have used iTRAQ to compare the longitudinal serum

proteome of T1D developing children (n = 13) with healthy controls

(n = 13) matched by age, gender and risk, collected in the Finnish

Diabetes Prediction and Prevention Study. The serum samples used

(n = 180) spanned the period of early infancy through to seroconver-

sion and on to diagnosis.149 Based on 27 Labeling experiments,

together with label free measurements from additional subjects (n = 6

vs 6, 86 samples), the data indicated that the moderately abundant

serum proteome could be used to distinguish the subjects en route to

developing T1D. Recently, Liu et al reported TMT analysis of plasma

prospectively collected from at risk children enrolled with a T1D study

in the USA, observing age related profiles for in the order of 900

proteins.72 The latter analyses detailed the serum profiles of 10

healthy children from ∼nine months of age to 15 years using 10

separate 10-plex TMT analyses of plasma depleted of the 14 most

abundant proteins. Notably with their combination of high pH

fractionation (off-line) and UHPLC analysis with a Q Exactive HF

they detected 1800 proteins with quantitative information for ∼1000

in all of the 90 samples measured. Other isobaric labeling studies

related to T1D have considered complications associated with the

disease state addressing diabetic nephropathy, in which samples from

123 subjects were used in the analysis of pooled samples.150,151 This

range of autoimmune diseases studied and others152 are indicated in

Table 5A.

3.5 | Type 2 diabetes, obesity, and diet

In contrast to T1D (vide supra), type 2 diabetes (T2D) is related to

insulin resistance rather than the loss of the insulin producing cells.

Although it is generally attributed to lifestyle, in particular diet and

obesity, it is influenced by genetics, age and gender. Kaur et al (as cited

earlier) used ESI analysis of iTRAQ labeled albumin and IgG depleted

serum to compare pooled samples derived from T2D patients (n = 70)

and controls (n = 40).76 They used selected reaction monitoring (SRM)

mass spectrometry to validate their finding in an independent cohort

(36 vs 36). From their panel of validated markers both afamin and

transthyretin provided area under the curve classification of 0.75,

based on received operator characteristic curves.

Sleddering et al compared the influence of a very low calorie diet

(VLCD) on obese T2Ddiabetes patients (n = 27)with some following an

exercise program (n = 13) relative to lean and obese controls

(n = 2 × 27).153 From eight 8-plex iTRAQ experiments the data

indicated that 38% of the proteome was influenced by VLCD, from

which several were selected for validation by SRM. They grouped and

described the validated markers as a diet associated panel of

apolipoproteins (ie, APOE, APO B-100, APOA-IV and APOC-III),

T2D associated proteins (Fibrinogen alpha, beta and gamma chain and

transthyretin) and obesity associated (complement 3). Other studies of

T2D include the use of a mouse model154 and plasma protein

carbonylation in rats.70

Using samples collected from a large study cohort, Cominetti et al

analyzed in the order of 1000 plasma samples from 525 individuals

enrolled in a study related to diet, obesity and genetics (DiOGenes

project).18 Using a semi-automated platform andwork flow (presented

in an earlier publication by Dayon et al (vide supra),17 a total of 1005

samples were analyzed. They observed that CRP and S100A9 were

correlated with BMI and that pregnancy zone protein (PZP), SHBG and

APOC-II provided potential gender discrimination. Using a mouse

model to address β cell dysfunction and T2D, Kuo et al used iTRAQ to

determine changes in the plasma proteome of mice with a genetic β-

cell defect when subjected to an intravenous glucose/arginine

challenge.155

In research related to T2D, Jullig et al used iTRAQ labeling of

plasma to identify factors that favor resolution of T2D in subjects

undergoing roux-en-y gastric bypass (GBP) surgery when compared

with sleeve gastrectomy (n = 15).156 Culnan and co-workers also

considered changes in the plasma proteome associatedwith gastric by-

pass surgery.157 Al-Daghri et al, in their 3D depletion free iTRAQ study

(cited previously), demonstrated sexual dimorphism in obese subjects,

comparing serum proteomes of nondiabetic overweight females

(n = 28) and males (n = 31).39

Considering the socioeconomic limitations of nutrition, in their

large scale isobaric labeling study, Cole et al used iTRAQ to identify
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plasma proteins correlated to the micronutrient status in undernour-

ished Nepalese children.26 From a cohort of 1000, plasma from 500

children was used in iTRAQ analyses. Overall, seventy-three 8-plex

iTRAQ labeling experiments were made. Of the 4705 proteins

detected, 146 were quantified in all 500 children. From correlation

analysis a number of nutrient-protein relationship associations were

revealed. The established interrelationships observed could be useful

in the interpretation of changes observed in other disease models, and

in a follow up publication they reported on the correlation between

biomarkers of inflammation, on the basis of correlations with α-1-acid

glycoprotein.158 The range of these studies related to T2D, obesity and

diet are indicated in Table 5B.

3.6 | Pregnancy and gynecology

Isobaric labeling has been used to study the plasma proteome in the

context of gynecological health, including the study of endometriosis,

adenomyosis, endometrial hyperplasia and gestational diabetes

(Table 5B). Wang et al compared serum from patients with different

grades of endometrial hyperplasia and endometrial carcinoma in

addition to healthy controls.159 Xiaoyu et al used iTRAQ and ESI with

an AB SCIEX TripleTOF 5600 to analyze the pooled serum depleted of

albumin and IgG from women with adenomyosis (n = 20) and healthy

controls (n = 20). Among the ∼150 proteins quantified 25 were

differentially abundant.160 Later, Xiaoyu et al used the same iTRAQ

approach to compare sera from adenomyosis and endometriosis

patients (n = 20 vs 20).161 They reported that proteins related to blood

coagulation and complement activation were more abundant in

adenomyosis, and those related to inflammatory response and the

regulation of apoptosis were more abundant in endometriosis. The

differential abundance of FN1, CD44, CFB, albumin (ALB) and

fibrinogen alpha chain (FGA) were confirmed by Western-blotting.

Zhao et al have investigated biomarkers of gestational diabetes

mellitus (GDM) using Proteominer depletion, iTRAQ and ESI (Triple-

TOF 5600). Samples from mothers with GDM were compared with

normoglycemic pregnant controls (10 vs 10), and ELISA used for the

validation of the observed differences (20 vs 20). The validated

markers, APOE, F9, FGA, and IGFBP5, classified the subjects with high

sensitivity and specificity.162

As well as mapping the changes in maternal serum during

pregnancy,163 the iTRAQ method has also been used to study

complications during pregnancy, such as preeclampsia and intra-

uterine growth restriction,164–166 in addition to evaluating the effects

of smoking on the cord blood serum proteome.134 Auer and co-

workers used iTRAQ to compare the plasma of women with

preeclampsia and/or intra-uterine growth restriction with healthy

controls (∼40 subjects in total). Among the proteins differentially

expressed with intra-uterine growth restriction were those from the

complement and coagulation cascades.164

Analysis of the plasma proteome in relation to potential birth and

genetic defects have included the iTRAQ-based comparisons of

plasma from mothers bearing Down syndrome fetuses with plasma

from uncomplicated pregnancies,167 and serum of pregnant women

carrying a fetus with conotruncal heart defects.81,168 Sui et al

compared umbilical cord blood frommothers carryingDown syndrome

fetuses (n = 6) and healthy fetuses (n = 11). Using iTRAQ labeling, SCX

fractionation and LC-MALDI they identified 505 proteins and reported

five putative biomarkers.169

3.7 | Infection

Isobaric labeling-based studies of the plasma proteome in response to

infection have ranged from bacterial, parasitic (ie, Malaria170) and viral

encounters (see Table 5A). Bacterial studies include iTRAQ studies of

pulmonary tuberculosis (PTB) in humans135–138 and mycobacterial

infections in cattle.45 In the works of Xu et al and Wang et al,

differences in serum proteome were studied in association with

PTB.137,138,171 Included in these was the use of a pooled iTRAQ

strategy to compare treated, untreated and cured PTB patients with

healthy controls (250 samples in total), in which markers of cured PTB

were identified.171 While the latter studies were performed using ESI

(AB Sciex 5600), Li et al used MALDI-TOF/TOF (AB Sciex 5800) and

iTRAQ to profile the serum of PTB patients, comparing sera from drug

resistant, smear-positive and smear-negative pulmonary tuberculosis

cases with normal controls and pneumonia patients (87 samples in

iTRAQ discovery and 207 in the ELISA validations) and found that sex

hormone binding globulin (SHBG) was significantly elevated in PTB.135

Also considering bacterial infection and respiratory afflictions, Yu et al

compared serum from healthy controls and patients with mycoplasma

pneumoniae pneumonia.139

Cao and co-workers used iTRAQ labeling to analyze plasma from

sepsis patients, including ten 4-plex iTRAQ comparisons of infected

and uninfected subjects (n = 39 in total). These ESI data (Orbitrap-

Velos) indicated age related differences in the incidence of infec-

tion.172,173 In their study of sepsis in rats, Jiao et al correlated several

biomarkers with diagnosis and others with prognosis.174

In terms of viral infections, Dengue fever,64,175 Hepatitis B and

C,60,176–178 HIV179 and Simian immunodeficiency virus (SIV)91,92,180

have been studied using iTRAQ of plasma and serum samples. Liu et al

compared plasma from individuals with chronic hepatitis B virus-

associated hepatocellular carcinoma (HCC), non-malignant cirrhosis,

chronic hepatitis B, and healthy individuals. They concluded that von

Willebrand factor was a potential marker of HCC progression and viral

infection.60

3.8 | Diseases, injuries and afflictions of the brain

The range of studies using isobaric labeling to study differences in the

plasma proteome associated with afflictions of the brain is indicated in

Table 5B. For example, Song et al performed iTRAQ based plasma

profiling to identify markers that could provide a more specific

diagnosis and prognosis of Alzheimer's disease (AD) and mild cognitive

impairment (MCI), using plasma from 680 subjects.55,181

Turning from dementia to depression, Xu et al used iTRAQ of

plasma samples to studymajor depressive disorder comparing a case to

control group (n = 21 vs 21). In their validation experiments significant
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differences were found in Apo-B100, A2M, VTDB, and Ceroplas-

min.182 Zhan et al used iTRAQ to study plasma profiles of subjects with

post stroke depression, stroke, and healthy controls (n = 35 for each

group).127

In an investigation of markers of traumatic brain injury,

Hergenroeder et al compared serum protein profiles from patients

with severe brain injury (n = 11) to age-, sex- and race-matched

volunteers. SAA, CRP and RBP4 levels were identified and found to be

robust indicators of injury.183 Using instead a transgenic mouse model

to identify plasma biomarkers of traumatic brain injury, Crawford et al

used solvent based removal of albumin (chilled ethanol) prior to iTRAQ

labeling and high pH reversed phase fractionation.44 As this study was

performed with an earlier Orbitrap mass spectrometer (XL-model),

pulsed-Q dissociation (PQD) fragmentation was used to facilitate

analysis of the iTRAQ reporter ions.

3.9 | Occupational exposure

A number of isobaric labeling studies have been made to evaluate the

effects of occupational exposure on the plasma proteome. Using a rat

model, Betancourt et al used TMT reagents to measure changes in the

serum proteome when the animals were exposed to Bisphenol A and

genistein.184 The latter two are suspected to mimic endogenous

hormones. AMudPIT approach was used in this study and a number of

novel markers were identified and then cross validated by Western

blot. Huang et al used iTRAQ to determine markers of benzene

exposure in humans.185 After ELISA validations they summarized that

lowered expression of PBP and APOB served as potential biomarkers

of chronic occupational benzene exposure. In an evaluation of

occupational exposure of miners to rare earth elements Liu et al

included iTRAQ analysis of serum.186 They observed differential

abundance of 29 proteins that could be related to the neurovirulence,

hepatotoxicity, pathological fibrosis, osteoporosis, and anticoagulation

caused by rare earth exposure.

3.10 | Other diseases and applications

ITRAQ and TMT analysis of plasma has been used to study number of

other diseases, as are indicated in Table 5A These include Parkinson's

disease,187 osteoarthritis188 and non-Alcoholic Fatty Liver Disease

(NAFLD).189 For example, Fernandez-Puente et al used iTRAQ with

MALDI-TOF/TOF to profile sera obtained from 50 moderate

osteoarthritis (OA) patients, 50 severe OA patients, and 50 non-

symptomatic controls (5 pools of 10). Among the differentially

abundant proteins detected were a number of complement compo-

nents, lipoproteins, in addition to von Willebrand factor, tetranectin,

and lumican.188Miller et al used both an iTRAQand label free approach

to study the serum proteome of sub classes of NFALD. Pooled samples

made from controls (n = 10), simple steatosis (n = 7), nonalcoholic

steatohepatitis (NASH) (n = 7), and NASH with fibrosis (n = 7).189

Andersen et al studied both plasma and urine to identify biomarkers of

idiopathic nephrotic syndrome.190

Some applications in which the analysis of the plasma proteome

was made in relation to transplants were mentioned in the section on

circulations and cardiovascular risk.121,191 While in such specific

instances it may be difficult to find sizeable study cohorts, liver, kidney,

and stem cell transplantation have also been investigated. Freue et al

used LC-MALDI-TOF/TOF and iTRAQ to identify plasma proteomic

signatures of allograft rejection.192 In this work they used 26 4-plex

iTRAQ labeling experiments to analyze case and control samples

(n = 11 vs 21). Of the 855 protein groups detected in the cumulative

dataset, 144 were detected in two thirds of the samples. On the basis

of subsequent ELISA measurements, four proteins, F9, SHBG,

complement factor D (CFD), and LCAT, gave good classification of

the subjects (tested in 10 patients and 19 controls). Wu et al used

iTRAQ with ESI to compare depleted plasma from kidney transplant

patients with allograft rejection patients (n = 5) against graft patients

without rejection (n = 8). They reported that in the order of a third of

the detected proteins (179 proteins detected) were two-fold different

and that the dominant processes and responses were associated with

inflammation and complement activation.193 Parviainen et al have

performed quantitative analysis of plasma from liver transplantation

surgery.194

In their methodologically orientated study, Ye et al used SCX-LC-

MALDI/TOF/MS/MS to analyze plasma samples from hematopoietic

stem cell transplant patients.38 They compared the plasma of these

four patients at the time when they developed acute graft-versus-host

disease (aGVHD) and after remission. Among the differentially

abundant proteins CRP was observed with the largest fold difference.

In a follow-up study from the same researchers using a larger study

population they observed plasma ceruloplasmin as a potential plasma

biomarker of aGVHD.195 In this study they compared the technical

performance of immuno-depletion and depletion using hexapeptide

beads. Although the approaches produced complimentary data, more

proteins were identified with immuno-depleted samples.

4 | DISCUSSION AND SUMMARY

During the past 15 years since their conception and commercial

launch, isobaric labeling reagents have been used to analyze the

plasma proteome in relation to many different diseases and afflictions.

As indicated within this review, many of these have provided

quantitative information for in the order of only a few hundred

proteins and the same differentially abundant proteins can be common

to several disease manifestations. Nevertheless, the information

generated and the panels of markers can be important and beneficial

within the specific contexts of these specific applications and there

have been a growing number of more extensive proteomic

characterizations.

In terms of competing methods, it is notable that in addition to

throughput, the clear advantage of isobaric labeling at the time of its

introduction was robustness to variations in sensitivity and chro-

matographic reproducibility, which are crucial for label free quantifi-

cation. However, with the current generation of mass spectrometers
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and chromatographs, label free profiling of undepleted plasma has

been demonstrated with both DDA and DIA methods providing

reasonable coverage and impressive throughput.90,196,197 The use of

labeling strategies nevertheless remains a powerful approach,

facilitating the combined analysis of fractionated samples, particularly

when executing complex preparative workflows. Alternatively, with

the growing capabilities of SRM and PRM methods it is becoming

increasingly possible to directly targetwider panels of these proteins in

non-depleted serum.198–200 However, notably in the context of

increasing the multiplexing capacity of such assays, Erickson et al have

demonstrated the use of 10-plex TMT reagents with isotopically

labeled synthetic peptide standards together with biological samples

to improve the throughput of targeted assays.201

The throughput of labeling approaches is limited by whether

depletion is performed and how digestion, labeling, fractionation (how

many fractions?) and analysis (how many replicates, how much time is

used to analyze each fraction?) are performed. Dayon et al demon-

strated the scalability of depletion, TMT labeling and ESI analysis, with

cited a throughput of 2 × 96 samples in 3 weeks and 1005 samples in

15 weeks.17,18 Such measurements would allow plasma proteomics to

catch up to some degree with genomics measurements. Although

deeper profiling has yet to be demonstratedwith the same throughput,

it is notable that with the protein numbers reported in recent

publications and the constant evolution of platforms for mass

spectrometry, there are exciting new opportunities for biomarker

discovery. Nevertheless, these measurements should be used in

conjunction with current strategies to reduce compression of the

determined protein abundance ratios. However, as can be seen from

the earlier incremental improvements in protein identification from

changes in depletion and fractionation strategies, and several

generations of mass spectrometry platforms, plasma proteomics

remains a formidable challenge.
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The contributions of cancer cell metabolism to metastasis
Gloria Pascual1,*, Diana Domıńguez1,* and Salvador Aznar Benitah1,2,‡

ABSTRACT
Metastasis remains the leading cause of cancer-related deaths
worldwide, and our inability to identify the tumour cells that colonize
distant sites hampers the development of effective anti-metastatic
therapies. However, with recent research advances we are beginning
to distinguish metastasis-initiating cells from their non-metastatic
counterparts. Importantly, advances in genome sequencing indicate
that the acquisition of metastatic competency does not involve the
progressive accumulation of driver mutations; moreover, in the early
stages of tumorigenesis, cancer cells harbour combinations of driver
mutations that endow them with metastatic competency. Novel
findings highlight that cells can disseminate to distant sites early
during primary tumour growth, remaining dormant and untreatable for
long periods before metastasizing. Thus, metastatic cells must
require local and systemic influences to generate metastases. This
hypothesis suggests that factors derived from our lifestyle, such as
our diet, exert a strong influence on tumour progression, and that such
factors could be modulated if understood. Here, we summarize
the recent findings on how specific metabolic cues modulate the
behaviour of metastatic cells and how they influence the genome and
epigenome of metastatic cells. We also discuss how crosstalk
between metabolism and the epigenome can be harnessed to
develop new anti-metastatic therapies.

KEY WORDS: Cancer, Metabolism, Metastasis, Epigenetics

Introduction
Metastasis is the leading cause of cancer-related deaths worldwide
yet, at the cellular level, it is an inefficient process – only a small
fraction of cells shed from a primary tumour into the bloodstream or
lymphatic system will successfully complete all the sequential steps
of the metastatic cascade (Oskarsson et al., 2014). The mechanisms
by which some tumour cells detach from the primary lesion to
colonize distant sites are beginning to be deciphered, providing new
avenues for therapeutic intervention. For instance, pro-metastatic
events common to most solid tumours include the reversible
transition of tumour cells from an epithelial to a mesenchymal state
[epithelial-to-mesenchymal transition (EMT); see Box 1 for a
glossary of terms], as well as interactions with tumour-activated
stromal cells, such as pericytes, fibroblasts, endothelial cells,
adipocytes or immune cells (Calon et al., 2012, 2015; Cao et al.,

2014; Chaffer and Weinberg, 2011; Chen et al., 2011; Goel and
Mercurio, 2013; Kalluri and Zeisberg, 2006; Lu et al., 2011;
McAllister and Weinberg, 2014; Nieman et al., 2011; Obenauf
et al., 2015; Oskarsson et al., 2011, 2014; Paolino et al., 2014;
Peinado et al., 2012; Sevenich et al., 2014; Ugel et al., 2015;
Valiente et al., 2014; Wculek and Malanchi, 2015; Zhang et al.,
2013). Tumours also secrete metastasis-promoting exosomes that
contain various proteins, mRNAs and microRNAs, to establish a
distant pro-metastatic niche (Costa-Silva et al., 2015; Ghajar et al.,
2013; Obenauf et al., 2015; Peinado et al., 2012; Zhou et al., 2014;
Zomer et al., 2015).

The field of cancer research historically posited that tumour
progression entails the progressive accumulation of genetic
mutations and the sequential selection of sub-clones – a process
that culminates in metastasis as a clinical manifestation of late-stage
disease (Merlo et al., 2006; Nowell, 1976). However, recent
advances in whole-genome sequencing indicate that, at a very early
stage, cancer cells harbour combinations of driver mutations (Box 1)
that endow them with metastatic competency (Calon et al., 2012;
Goel and Mercurio, 2013; Kalluri and Zeisberg, 2006; Nieman
et al., 2011; Zhang et al., 2013). Furthermore, findings from
metastatic assays performed in vivo suggest that metastatic cells
reach distant organs early during primary tumour growth, yet can
remain dormant (Box 1), and untreatable, for long periods of up to
several years before generating metastases, which are often fatal
(Cao et al., 2014; Kalluri and Zeisberg, 2006; Zhang et al., 2013).
These studies have revealed that, early during tumorigenesis, the
specific driver mutations that confer tumour cells with selective
advantages might be the same mutations that provide them with
the competency to metastasize (Jacob et al., 2015; Patel and
Vanharanta, 2016; Vanharanta and Massagué, 2013). These
findings indicate that tumour cells require additional local and
systemic influences to metastasize, and imply that our lifestyle could
impact tumour progression, which in turn suggests that such
lifestyle factors could be modulated if understood. Nevertheless, we
are only beginning to understand the nature of the factors that
promote metastasis, their origin, and why not all tumour cells
respond to them in the same way.

The recent and exciting identification of metastasis-initiating
cells (MICs) in different types of tumours allows us to explore what
distinguishes metastatic cells from their non-metastatic counterparts
(Dieter et al., 2011; Hermann et al., 2007; Lawson et al., 2015;
Pascual et al., 2017; Patrawala et al., 2006; Roesch et al., 2010;
Wculek and Malanchi, 2015). One particularly interesting aspect of
metastatic cells is that they seem to be strongly influenced by
specific types of metabolism and their derived metabolites. For
instance, lipid metabolism is emerging as an essential factor in
tumour progression (Baenke et al., 2013; Pascual et al., 2017).
Importantly, intracellular metabolic changes might establish and
sustain transcriptional programmes required for metastatic
competency, as exemplified by the strong link between specific
metabolites and the epigenetic machinery that controls gene
expression (Fan et al., 2015; Kinnaird et al., 2016).
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In this Review, we discuss recent insights into the metabolic
plasticity of cancer cells and the way in which their metabolic
processes can contribute to their metastatic transformation. We
highlight the emerging role of lipid metabolism as an important
source of cancer metabolic heterogeneity, provide an overview of
the crosstalk that occurs between metabolic processes and the
cancer cell epigenome, and examine how lifestyle influences, such
as diet, might affect cancer progression. We also discuss the
therapeutic potential of targeting metabolism during cancer
progression, highlighting novel and experimental drugs currently
under preclinical investigation.

Metabolic heterogeneity of cancer stem cells
Cancer stem cells (CSCs) sustain the growth of the tumour mass and
are responsible for therapy failure and patient relapse (Blanpain,

2013). The identification and characterization of CSCs in a number
of malignancies is paving the way towards developing novel CSC-
targeted anti-cancer approaches (Collins et al., 2005; Eramo et al.,
2008; Hermann et al., 2007; Kreso et al., 2013; Li et al., 2007;
Prince et al., 2007; Ricci-Vitiani et al., 2007; Singh et al., 2004;Wu,
2008; Patrawala et al., 2006). One important conclusion of several
of these studies is that CSCs display molecular and functional
heterogeneity. Interestingly, this heterogeneity seems to be
established early during tumorigenesis because genetically
distinct CSC sub-clones are already present in primary tumours,
some of which fade or become dominant during tumour progression
and response to chemotherapy (Ben-David et al., 2017; Shlush
et al., 2017; Zehir et al., 2017). However, it is still a matter of debate
whether all cells capable of initiating and promoting primary
tumour growth are equally competent to initiate metastasis.
Substantial evidence suggests that only a few CSC clones present
within a primary tumour possess the ability to behave as MICs
(Campbell et al., 2010; Roesch et al., 2010; Wculek and Malanchi,
2015; Pascual et al., 2017). As these clones do not harbour new
mutations relative to the primary tumour, non-genetic factors are
likely to be required to promote their metastatic competency
(Hansen et al., 2011). Thus, local and systemic signals might endow
certain CSC clones with the ability to colonize distant organs,
underlying the functional diversity of a population of genetically
identical cancer clones (Kreso et al., 2013).

Intriguingly, the functional heterogeneity of CSCs might require
them to use different types of metabolism. As early as 1926, Otto
Warburg reported that tumour cells do not generally couple
glycolysis to the tricarboxylic acid (TCA) cycle (Box 1) and
oxidative phosphorylation (OXPHOS; Box 1), even under normal
conditions of oxygen and glucose availability (Warburg, 1925).
Instead, they convert pyruvate to lactate through aerobic glycolysis,
to yield ATP, NADPH reductive power and metabolic intermediates
for cellular biosynthesis (Koppenol et al., 2011; Vander Heiden
et al., 2009). The Warburg effect (Box 1), although inefficient,
allows for periods of increased biosynthetic demand (Vander
Heiden and DeBerardinis, 2017). Nonetheless, cancer cells have
functional mitochondria and can use glycolytic or oxidative
metabolic programmes to obtain energy when confronted with
different scenarios. This is particularly true for CSCs from different
types of tumour, which generally and predominantly rely on
OXPHOS to cope with their energetic demands, as compared to
differentiated tumour cells (Lagadinou et al., 2013; Sancho et al.,
2015; Viale et al., 2014) but can revert to glycolysis and enhanced
glucose uptake under alternative microenvironments (Dong et al.,
2013; Marin-Valencia et al., 2012). For instance, patient-derived
CD133+ pancreatic CSCs display enhanced mitochondrial
respiration and impaired glycolytic plasticity relative to their
CD133− non-CSC counterparts, rendering these cells more
vulnerable to metformin (Box 1), which inhibits their
mitochondrial respiration. Nevertheless, some CSCs within the
CSC pool develop metformin resistance through an intermediate
metabolic state that involves increased glycolysis and reduced
mitochondrial oxygen consumption (Sancho et al., 2015).

Lipids and lipid metabolism have been also linked to CSC
function. For instance, ovarian CSCs require de novo fatty acid (FA)
synthesis and lipid desaturation, through the activity of stearoyl-coA
desaturase 1 (SCD1), to promote tumour initiation in a nuclear
factor kappaB (NFκB)-dependent manner (Li et al., 2017). In
human breast cancer cell lines, expression of the mitochondrial
protein lactamase beta (LACTB) is significantly downregulated;
LACTB downregulation is required for the synthesis of two

Box 1. Glossary
Anaplerosis: the replenishment of TCA cycle intermediates that have
been used for biosynthetic processes.
Dormant/quiescent cancer cells: cells that remain in a state of
dormancy or quiescence in response to intrinsic or extrinsic stimuli that
arrest mitosis and cell growth.
Driver mutation: mutational events that confer cancer cells with either
growth or survival advantages and therefore favour (drive) tumour
development.
Enhancers: short DNA regions that regulate gene expression by
recruiting transcription factors that establish and maintain cell-specific
transcriptional signatures. They can be located far away from the genes
they regulate.
Epithelial-to-mesenchymal transition (EMT): a process by which
epithelial cells gain mesenchymal cell properties, including migratory
and invasive traits. EMT occurs during embryogenesis, wound healing
and during the malignant transformation of cancer cells.
Ketogenic diets: low-carbohydrate and high-fat diets that force the body
to preferentially mobilize stored lipids for energy production, resulting in
increased levels of ketone compounds.
Metformin: a drug commonly used to treat type-2 diabetes that inhibits
OXPHOS and consequently reduces ATP production in mitochondria,
favouring cellular ATP production via glycolysis.
Omental fat pad: an area of fat tissue in the abdominal cavity that
surrounds the intestines.
Orthotopic model: an animal model, most commonly mouse, in which
human tumour cells are injected or implanted into the equivalent organ or
tissue that the human cancer originated from.
Oxidative phosphorylation (OXPHOS): this process is the most
efficient way to produce ATP in eukaryotic cells via the electron flow
that occurs in the mitochondrial inner membrane.
Pioneer transcription factor: a transcription factor that can bind
compacted chromatin to recruit chromatin remodelling proteins and
other transcription factors; these transcription factors are important for
determining cell fate.
Preconditioned niche: an environment at a distance from the primary
tumour that is modified and generates specific signals prior to the arrival
of disseminated cancer cells; this environment can facilitate subsequent
tumour cell infiltration and colonization.
Tricarboxylic acid (TCA) cycle: this metabolic pathway, also known as
the Krebs cycle, produces electron carriers for ATP generation through
the electron transport chain, which takes place in mitochondria.
Triple-negative breast cancer (TNBC): breast carcinoma histologically
assessed as negative for estrogen receptors (ER−), progesterone
receptors (PR−) and HER2 receptors (HER2−).
Warburg effect: process by which tumour cells increase their glucose
uptake and convert pyruvate to lactate through aerobic glycolysis under
normal conditions of oxygen and glucose availability, yielding ATP,
increased NADPH reductive power andmetabolic intermediates, instead
of coupling glycolysis to the TCA cycle and OXPHOS pathways.
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phospholipids, phosphatidyl ethanolamine (PE) and LysoPE, that
are essential for membrane biosynthesis (Keckesova et al., 2017).
Thus, the ability of CSCs to adjust their metabolic state – their
metabolic plasticity – likely influences how they contribute
to tumour progression and relapse. The following section will
address how CSCs modulate their metabolic activity to adapt to
environmental cues when confronted with distinct conditions and
microenvironments.

Tumour–microenvironment metabolic crosstalk in
metastasis
How cancer cells engage in reciprocal communication with their
tumour microenvironment (TME) affects tumour initiation
(Oskarsson et al., 2014; Pein and Oskarsson, 2015; Shiozawa et al.,
2011). However, we have only recently begun to understand the
importance of the interactions between cancer cells and the TME in
promoting metastatic initiation and macroscopic metastatic growth.

Metabolic preconditioning of the metastatic niche
An intriguing aspect of the metastatic process is that metastatic niches
are preconditioned (Box 1) prior to the arrival of disseminated cancer
cells from primary tumour sites (Kaplan et al., 2005; Peinado et al.,
2017). Accumulating evidence indicates that specific metabolic
changes are associated with the establishment of these niches,
although whether these changes are tumour-specific or not remains
unclear. For instance, factors secreted by the primary tumour can be
transferred to neighbouring or distant cells via exosomes to
metabolically modulate the TME and favour metastasis (Peinado
et al., 2017) (Fig. 1). Thus, in a human xenograft model, circulating
breast-cancer-derived vesicles that contain the microRNA miR-122
have been found to downregulate the expression of glucose

transporter 1 (GLUT1) and pyruvate kinase M1/M2 (PKM1/2)
isozymes, thereby reducing glucose uptake in lung and brain
non-tumour cells. This in turn increases the local pool of glucose
available for the incoming metastatic cancer cells (Fong et al., 2015).
Similarly, in an in vivo experimental model of metastasis in mice,
disseminated human colorectal cancer cells were found to secrete the
protein creatine kinase brain-type (CKB) in the liver, where it
catalyses the conversion of extracellular ATP and hepatic creatine into
phosphocreatine, which is incorporated into metastatic cells via the
creatine transporter, SLC6A8. Increased phosphocreatine availability
in the extracellular space fuels the generation of ATP within
metastatic cells, which is essential to meet the intense energetic
requirements involved in colonizing the liver (Loo et al., 2015).

Hypoxia and cancer cell metabolism
The unique unstructured capillary network of an exponentially
growing tumour generates areas of low oxygen diffusion and
consumption, a phenomenon termed hypoxia. Upon arrival at
distant organs, metastatic cells probably lack a proper vasculature to
provide them with a plentiful oxygen supply. Importantly, signals
triggered by hypoxic conditions are a feature of aggressive tumours,
and are associated with poor prognosis and high levels of metastasis
(Rankin and Giaccia, 2016; Semenza, 2016).

A key aspect of the hypoxic response is the metabolic adaptation
of malignant cells to overcome cell death (Benjamin et al., 2012).
The hypoxia-inducible transcription factor 1 alpha (HIF1-α, or
HIF1a), is an important transducer of hypoxic signals and drives the
expression of GLUTs and glycolytic enzymes, such as hexokinase 2
(HK2), phosphofructokinase 1 (PFK1) and lactate dehydrogenase A
(LDHA), while inhibiting the expression of pyruvate
dehydrogenase kinase 1 (PDK1). This response reduces the flux

MICs

Tumour

Metabolic co-option

Vascular
cells

CAFs

Adipocyte
cells

Metabolic adaptationMetabolic survival

Metabolic plasticity

Intermediate 
metabolites

Metabolic 
pre-conditioning

Metastatic
niches

Brain

Lungs

Liver

Bone

Cell-autonomous adaptation

A Primary tumour B Metastatic invasion

C Overt metastasis

TME

Blood vessel

Tumour circulating
cells

Exosomes

Fig. 1. Cancer metabolic plasticity contributes to metastatic disease. (A) Genetic mutations and epigenetic alterations in combination establish unique
populations of tumour-initiating cells (TICs). Only certain TICs take advantage of the surrounding cells that constitute the tumour microenvironment (TME), such
as vascular cells, cancer-associated fibroblasts (CAFs) and adipocytes, as well as their systemic environment, to exchange and hijack metabolites (shown in
green) that support TIC survival. TICs hijack metabolites while egressing out of the primary lesion, thereby becoming metastasis-initiating cells (MICs). (B) As
metastatic cells reach different distant organs via the vasculature, they adopt unique metabolic states and engage in further metabolic crosstalk with the
(C) metastatic niches that form, for example, in the bone, lungs, liver and brain, ultimately supporting their survival. Tumour cells also secrete metastasis-promoting
exosomes (yellow) that contain various proteins and RNAs that contribute to establish distant pro-metastatic niches.
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of pyruvate into the TCA cycle, thereby decreasing the rate of
OXPHOS and oxygen consumption (Semenza, 2010). In certain
tumours, hypoxia also alters lipid metabolism by promoting the use
of alternative carbon sources, such as acetate, to sustain FA
synthesis and tumour growth. This lipid metabolic switch is
associated with the transcriptional control of acetyl-CoA
synthetase-2 (ACSS2) by HIF signalling, and by ACSS2 copy-
number gains. Interestingly, ACSS2 expression is specifically
increased in metastatic cells (Schug et al., 2015). In addition,
hypoxic glioblastoma and mammary gland tumours accumulate
lipid droplets (LDs) in a HIF1a-dependent manner, through the
uptake of FAs via the fatty-acid-binding proteins 3 and 7 (FABP3
and FABP7). Lipid droplets, in turn, sustain cancer cell survival
upon re-oxygenation by providing a lipid reservoir that ensures
continued ATP production via FA β-oxidation and by protecting
cells from reactive oxygen species (ROS) toxicity by reducing
NADPH generation (Bensaad et al., 2014). However, whether and
how these pathways contribute to the survival of metastatic cells
upon their arrival at distant sites is currently unknown.

Metabolic coupling between tumour cells and stroma promotes
cancer spread
One interesting aspect of tumour cells is their ability to shape the
metabolism of their TME to ensure a plentiful supply of energy,
through a process known as metabolic coupling. Metabolic
coupling can occur either between tumour cells or between
tumour and stromal cells. For instance, metastatic ovarian cancer
cells induce the release of stored lipids from the omental fat pad
(Box 1) they colonize, which guarantees their ability to obtain FAs
for energetic and biosynthetic purposes (Nieman et al., 2011).
Likewise, in a mouse model of chronic myeloid leukaemia (CML)
and in primary human CML samples, a subpopulation of leukaemia
stem cells (LSCs), called GAT-LSCs, associates with the gonadal
adipose tissue (GAT) upon chemotherapy. GAT-LSCs remain
quiescent and secrete pro-inflammatory cytokines, such as IL-1α
and TNF-α, to stimulate lipolysis in the nearby GAT adipocytes,
which facilitates the uptake and oxidation of free FAs (FFAs)
captured by the FA receptor CD36 (cluster of differentiation 36).
Interestingly, this metabolic coupling confers GAT-LSCs with the
energetic supply to resist chemotherapy and is therefore essential for
leukaemia relapse (Ye et al., 2016).
These findings suggest new therapeutic avenues by which to

prevent the successful colonization of distant sites by metastatic
cells by inhibiting the metabolic crosstalk between cancer cells and
their environment. For instance, mouse models of both melanoma
(B16) and Lewis lung carcinoma (LLC) have been shown to possess
a hyper-glycolytic intra-tumour endothelium that favours metastatic
spreading (Cantelmo et al., 2016). Interestingly, the inhibition of the
glycolytic activator PFKFB3 (6-phosphofructo-2-kinase) in
endothelial cells reduces cancer cell intravasation and metastasis
by normalizing tumour vessel architecture (Cantelmo et al., 2016).
We are only just beginning to understand how different local

metabolites, and the metabolic programmes they elicit, shape the
ability of tumour cells to colonize different sites. In the next section,
we discuss recent findings on how specific metabolic cues modulate
the behaviour of tumour cells, with an emphasis on the role of FA
and lipid metabolism in feeding metastatic progression.

Fuelling metastatic progression
Recent data suggest that the metabolic profiles of metastatic cells
differ as they colonize different organs. For instance, in a murine
orthotopic model (Box 1) of metastatic breast cancer, circulating

tumour cells (CTCs) purified from blood exhibited increased
transcription of the coactivator PPARGC1A (peroxisome
proliferator-activated receptor gamma, coactivator 1 alpha; also
known as PGC-1α) relative to the primary breast tumour or matched
lung metastasis. PGC-1α was shown to determine the metastatic
potential of CTCs through enhanced OXPHOS (LeBleu et al.,
2014). By contrast, in a mouse model of prostate cancer, PGC-1α
was reported to act as a metastasis-suppressing factor, further
underscoring the relevance of cancer metabolic heterogeneity
within different tumour microenvironments (Torrano et al., 2016).

Another study concluded that breast cancer cells with a broad
metastatic potential (bone, lung and liver) could engage both
OXPHOS and glycolysis-dependent metabolic strategies, whereas
liver metastatic cells relied on glucose uptake and glycolysis, while
lung metastatic cells relied on glutamine uptake and OXPHOS to
metastasize (Dupuy et al., 2015).

Although these studies provide insights into the dynamic
metabolic programmes of tumour cells during cancer progression,
further studies will be necessary to mechanistically connect altered
gene expression, and the associated bioenergetic behaviour of the
cell, to each step of metastatic progression.

Why would metastatic cells that colonize different organs engage
in different metabolic preferences? Although tumour cells can
hijack nutrients from the cells they encounter as they arrive in an
organ, nutrient availability might vary substantially between
different organs. For instance, the availability of pyruvate in lungs
activates pyruvate carboxylase (PC) in metastatic breast cancer
cells, which in turn converts pyruvate to oxaloacetate, thereby
enhancing anaplerosis (Box 1) (Christen et al., 2016). Additional
studies carried out on in vitro three-dimensional (3D) models have
revealed that breast cancer cells rely on the non-essential amino acid
proline, through proline dehydrogenase enzyme (PRODH) activity,
to form spheroids in vitro and lung metastases in vivo (Elia et al.,
2017). Conversely, when breast cancer cells invade the interstitial
space of the brain, a region with low glucose concentrations, they
enhance gluconeogenesis and the oxidation of glutamine and
branched-chain amino acids, which allows them to survive as they
extravasate from the brain to blood vasculature (Chen et al., 2015).
Cancer cells that metastasize to the brain also use acetate as an
alternative substrate for the TCA cycle to support energy and
biomass production. This process relies on the activity of ACSS2,
which converts acetate to acetyl-CoA and fuels the TCA cycle;
notably, ACSS2 expression is associated with poor survival in
patients with gliomas (Mashimo et al., 2014).

Thus, the availability of specific nutrients at different organs
might impose unique metabolic states on metastatic cells. However,
future studies are required to determine how specific metabolic
routes sustain the high energy demand of metastatic cells while
modulating the signalling pathways that allow metastatic growth.

Lipid metabolism in metastasis
Lipid metabolism is often altered in cancer cells. An increased pool
of FAs might provide proliferating cancer cells with building blocks
for new membranes, signalling metabolites, and substrates for FA
oxidation that fulfil the increased energy demand associated with
cancer progression. Although FAmetabolism has been linked to the
growth of primary lesions, including non-small-cell lung cancer and
acute myeloid leukaemia (German et al., 2016; Svensson et al.,
2016), recent studies suggest that it also associates closely with
metastasis. For instance, the internalization of FAs is a main feature
of quiescent MICs that eventually promotes their metastasis upon
dissemination (Pascual et al., 2017). These MICs are characterized
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by a high cell-surface expression of the FA receptor, CD36, and
have been shown to be solely responsible for initiating metastasis in
orthotopic models of human oral squamous cell carcinoma (OSCC),
and in experimental metastasis models of human melanoma and of
breast cancer (Pascual et al., 2017). Interestingly, human CD36+

OSCC metastatic cells in mouse orthotopic models are exquisitely
sensitive to circulating blood fat levels, and a high-fat diet or
stimulation with palmitic acid strongly boosts these cells’metastatic
potential (Pascual et al., 2017). Although the transcriptomic
signature of CD36+ cells does not strongly associate with EMT,
FA uptake by CD36 and by the FA-binding proteins 1 and 4
(FABP1 and FABP4) induces EMT in liver cancer cells, thereby
increasing their migration and invasion in in vitro assays (Nath et al.,
2015).
Besides CD36, the enzyme monoacylglycerol lipase (MAGL),

and the FFAs it produces, are elevated in aggressive human ovarian
cancer cell lines and in primary ovarian tumours (Nomura et al.,
2010). Interestingly, blocking MAGL impairs ovarian tumour
growth in vivo and ovarian tumour cell migration in vitro, and both
phenotypes are rescued by exogenous sources of FFAs, including a
high-fat diet. These findings further underscore the importance of
dietary lipids in promoting malignancy and the migratory capacity
of cancer cells (Nomura et al., 2010).
The precise mechanisms by which FAs promote metastasis

remain unknown. Louie et al. addressed this question by coupling
an isotope-based FA-labelling strategy with metabolomic profiling
of different, aggressive human tumour cells, including breast,
ovarian, prostate and melanoma (Louie et al., 2013). Their results
indicate that these cancer cells use exogenous FAs, such as palmitic
acid, as structural lipids and to generate oncogenic signalling (Louie
et al., 2013). Other studies, performed in highly aggressive, triple-
negative breast cancers (TNBCs; Box 1) indicate that the
mitochondrial β-oxidation of FAs meets the high energy demands
of metastatic cells as they migrate from the primary tumour to the
distant organ (Park et al., 2016). In this sense, acetyl-CoA generated
from FA β-oxidation feeds into the TCA cycle to generate large
quantities of ATP. Intriguingly, this metabolic pathway seems to be
regulated by the proto-oncogenes Myc and tyrosine-protein kinase
Src, two well-known signalling regulators of metastasis (Camarda
et al., 2016; Park et al., 2016; Zhang et al., 2009).
Lipid metabolism adaptation by tumour cells has also been

demonstrated to play a role in the mechanisms responsible for the
adaptation and failure of anti-angiogenic therapies (Sounni et al.,
2014). For instance, human and mouse in vivo cancer models of
breast, colorectal and LLC show a metabolic shift towards de novo
lipogenesis after therapy withdrawal, which is accompanied by
tumour regrowth and a drastic increase in metastatic dissemination.
Importantly, the pharmacological inhibition of lipogenesis prevents
tumour relapse and metastases (Sounni et al., 2014).
Increased FA uptake and metabolism appears to be a general

feature of metastatic cancers, irrespective of the tumour type
studied, as shown by the strong correlation that exists between FA
uptake and metabolism, and metastatic prevalence and poor patient
survival (Nath and Chan, 2016; Pascual et al., 2017). Further studies
are required to understand why it is that certain FAs, and their
metabolism, associate so closely with metastatic behaviour.
Nonetheless, our current knowledge highlights the perils of
increased consumption of diets that are rich in added fats in
industrialized countries. They also highlight a need for caution
concerning ketogenic diets (Box 1), which some believe to be
beneficial as an adjuvant cancer therapy. This is because the
administration of the ketone compound 3-hydroxy-butyrate in

MDA-MB-231 breast cancer xenograft models has been shown to
increase and fuel tumour growth (Bonuccelli et al., 2010). Further
studies are needed to investigate how diet and lifestyle influence the
progression of cancer.

Metabolism-driven epigenetic alterations in cancer
Cancer is associated with genetic alterations (Curtis et al., 2010; Kreso
and Dick, 2014). CSCs of different tumour types carry driver
mutations that commonly target stemness-related genes and alter the
expression signatures of these cells (Eppert et al., 2011; Merlos-Suárez
et al., 2011; Pece et al., 2010). Recent genome-wide sequencing
studies indicate that primary lesions and their matched metastases
harbour the same set of driver mutations. Since very few cells that
harbour these mutations become metastatic, non-genetic alterations
must also contribute to the acquisition of metastatic traits (Makohon-
Moore et al., 2017; Vogelstein et al., 2013). Indeed, distinct metastasis-
associated molecular (transcriptional or proteomic) signatures exist in
primary tumours (Nath and Chan, 2016; Pascual et al., 2017;
Ramaswamy et al., 2003). In addition, single-cell gene-expression
data have recently identified transcriptional signatures that evolve as
themetastatic process progresses (Lawson et al., 2015). Thus, although
the primary tumour cells harbour the necessary panoply of driver
mutations to be metastatic, non-genetic factors must also be required
for these cells to exert their full metastatic potential.

Metabolism shapes the tumour epigenome
Unlike stable genetic traits, epigenetic events are dynamic and
reversible, and provide a considerable degree of functional plasticity
(Avgustinova and Benitah, 2016). Importantly, large-scale
epigenetic modifications have been detected in tumour cells as
they colonize distant sites (Bell et al., 2016; Denny et al., 2016;
McDonald et al., 2017; Roe et al., 2017). The epigenetic regulation
of genes involved in EMT and in mesenchymal to epithelial
transition (MET), such as cadherin 1 (CDH1), has been extensively
documented in a number of malignancies, including breast and
hepatocellular carcinomas (Choi et al., 2015; Zhang et al., 2016).
Likewise, the acquisition of a neuronal programme that is associated
with the metastasis of small-cell lung cancer (SCLC) occurs via the
opening up of large-scale chromatin domains and is induced by the
transcription factor NFIB (Denny et al., 2016; Minna and Johnson,
2016). Moreover, miRNAs that contribute to the acquisition of
metastatic behaviour are controlled by changes in DNAmethylation
(Mudduluru et al., 2017; Rokavec et al., 2017).

Although the molecular mechanisms that underlie chromatin
remodelling during metastasis are still largely unexplored, they are
influenced by the local and systemic availability of metabolites
(Fig. 2). In this sense, several of these metabolites function either as
cofactors or substrates for enzymes involved in the deposition of
epigenetic marks, thereby directly influencing the epigenetic
landscape of tumour cells (Fan et al., 2015). It was recently
suggested that enzymes producing some of these metabolic
substrates could even colocalize with the epigenetic machinery in
the nucleus to generate chromatin metabolic microdomains (Katada
et al., 2012). These microdomains would, in turn, facilitate the
epigenetic creation of a specific metabolic state in cancer cells.

Acetyl-CoA: the substrate for histone acetylation
Acetyl-CoA-derived acetyl moieties are transferred to lysine
residues on histone tails by histone acetyltransferases (HATs).
Histone acetylation leads to the opening up of compact chromatin
and to increased transcription of the genes that are located within the
acetylated chromatin region. Global transcriptional control through
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chromatin remodelling in the nucleus has been linked to the enzyme
ATP citrate lyase (ACLY) (Wellen et al., 2009). In the cytosol,
ACLY converts mitochondria-derived citrate, obtained from
glucose oxidation in the TCA cycle, into acetyl-CoA. Importantly,
ACLY localizes to the nucleus, where it produces acetyl-CoA that is
then used to acetylate the chromatin that encompasses the genes
involved in glucose metabolism, such as the glucose transporter 4
(GLUT4), HK2, PFK1 and LDHA genes. A second enzyme,
ACSS2, which is involved in controlling the pool of acetyl-CoA
from acetate, translocates to the nucleus, where it can affect the
incorporation of acetyl-CoA into histones (Mews et al., 2017).
Although ACSS2 can positively or negatively impact tumour
progression, depending on the tumour type, its production of acetyl-
CoA is required for the growth and progression of liver cancer in
murine models (Comerford et al., 2014). Acetyl-CoA generated by
ACSS2 is also necessary to fuel breast tumour xenografts, as well as
brain metastasis and glioblastoma growth in in vivo models
(Mashimo et al., 2014; Schug et al., 2015). ACSS2 expression is
enhanced in hypoxic and low-lipid environments, providing breast
cancer cells with acetate metabolites required for lipid biomass
production within the context of metabolic stress (Schug et al.,
2015). ACSS2-derived acetate is also essential for energetic
purposes because numerous primary and metastatic brain tumours
can rely on acetate oxidation for energy, as recently demonstrated in
orthotopic models of both human glioblastoma and brain metastasis
(Mashimo et al., 2014; Schug et al., 2015). Additionally, the
pyruvate dehydrogenase complex (PDC), which normally generates
acetyl-CoA from glycolysis-derived pyruvate in the mitochondria,
can also translocate to the nucleus to produce acetyl-CoA for histone
acetylation at the loci of cell-cycle-progression genes (Sutendra
et al., 2014).
Enhancer regions (Box 1) are a focus of current attention since

they are highly deregulated in cancer and are the most frequently

mutated non-coding regions in human tumours (Abraham et al.,
2017; Bal et al., 2017; Bradner et al., 2017; Chapuy et al., 2013;
Herz et al., 2014; Mansour et al., 2014; Michailidou et al., 2017;
Oldridge et al., 2015; Puente et al., 2015). Interestingly, the
acetylation of histone H3K27 at specific enhancers is also required
to generate metastatic pancreatic ductal adenocarcinoma (PDA)
cells, as seen in a PDA organoid culture system (Roe et al., 2017).
The widespread rewiring of enhancers in PDA cells establishes a
transcriptional network that aberrantly directs these cells towards
embryonic endodermal fate, in a process that is driven by the
pioneer transcription factor (Box 1) forkhead box A1 (FOXA1)
(Roe et al., 2017).

Lipid metabolism can also contribute to the pool of cellular acetyl-
CoA in a cancer-specific manner. When glucose-starved, ACLY-
deficient cells are supplemented with FAs (the oxidation of which
generates acetyl-CoA in the mitochondria), this supplementation fails
to rescue the global loss of histone acetylation (Wellen et al., 2009).
However, recent in vitro studies in various cancer cell lines have
shown that acetyl-CoA obtained by FA oxidation provides acetyl
groups that strongly activate a transcriptional programme involved in
FA-related processes (McDonnell et al., 2016).

Taken together, these data suggest that multiple carbon sources
control the pool of acetyl-CoA to regulate histone acetylation at
specific loci in tumour cells. Therefore, acetyl-CoA might be a
major force that establishes the transcriptional networks that shape
the metabolic flexibility and heterogeneity that cancer cells exhibit
as tumours progress.

Histone methylation
Histone methylation can occur at the arginine (R) and lysine (K)
residues of histone 3 (H3) and histone 4 (H4), and is associated with
transcriptional activation or repression, depending on the residue
targeted and on the number of methyl groups deposited in the

Metabolic plasticity
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Metabolic tumour
environment

Chromatin remodelling
enzymes

Nuclear metabolic substrates

Histone tail
modification

Nucleosomes

Impact on
metastasis
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Fig. 2. Epigenetic factors integrate metabolic cues that boost metastatic transcriptional programmes in cancer cells. Yellow and red circles represent
diet-derived metabolites that are utilized by several epigenetic factors in active chromatin niches to post-translationally modify histones and to methylate [blue
circles are methyl groups (Me)] and hydroxymethylate [green circles are hydroxymethyl groups (hMe)] DNA. The metabolic status of a cell influences
chromatin configuration, via histone tail modifications, to generate transcriptionally restrictive or permissive chromatin. A cell’s metabolic status can also influence
DNA methylation patterns to regulate gene transcription. This interaction between the cell metabolism and its epigenome can result in unique gene expression
signatures that can contribute to the colonization of distant organs and tissues by cancer cells.
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N-terminal region of either histone. Histone methylation is tightly
regulated by histone methyltransferases (HMTs) and histone
demethylases. Similar to DNA methylation (discussed below),
alterations in methionine metabolism and in the availability of S-
adenosyl methionine (SAM) directly modulate histone methylation.
For instance, the levels of histone H3K4me3, a histone mark
typically associated with promoter activation, decrease upon in vitro
methionine restriction in HCT116 cells (Mentch et al., 2015).
Importantly, since methionine is an essential amino acid, the
activities of HMTs, and of DNA methyltransferases (DNMTs), are
strongly influenced by an organism’s nutritional status. Indeed, diet-
dependent changes in histone methylation have been observed in
malignancies such as colorectal adenomas (Pufulete et al., 2005).
Significantly, a correlation between enhanced metastatic spread and
elevated levels of histone H3 trimethylation has been reported in
patient-derived xenograft models of melanoma (Shi et al., 2017).

DNA methylation
The methylation of CpG islands generally impedes promoter
activation and consequent gene expression, although it can also
correlate with enhanced transcription factor binding (Domcke et al.,
2015; Jones, 2012; Yin et al., 2017). DNAmethylation also occurs at
actively transcribed gene bodies and at active enhancers (Baubec
et al., 2015; Charlet et al., 2016; Dhayalan et al., 2010; Rinaldi et al.,
2016). DNMTs are responsible for catalysing the transfer of a methyl
group to DNA. However, this modification can be eliminated by
the action of ten-eleven translocation (TET) methylcytosine
dioxygenases, which initiate the demethylation of DNA by
hydroxylating 5-methylcytosines (Scott-Browne et al., 2017).
DNA methylation is vitally important for establishing stable

epigenetic states during mammalian development (Rinaldi and
Benitah, 2015; Seisenberger et al., 2012; Watanabe et al., 2002).
However, in cancer cells, large regions of methylated DNA are
hypermethylated, whereas others show widespread hypomethylation
(Feinberg and Vogelstein, 1983). In addition, gene body methylation
is also altered specifically at genes involved in tumorigenesis (Yan
et al., 2015). Although the signals that specifically establish these
regions of hyper- and hypomethylation in cancer are not known, it is
likely that they are strongly influenced by metabolism. In this sense,
the primarymethyl group donor for DNA is SAM,which is generated
in the methionine cycle from methionine and ATP. After losing the
methyl group, SAM is converted to S-adenosylhomocysteine (SAH),
which inhibits the activity of DNMTs; SAH can be recycled
back to SAM, thus establishing a feedback loop that controls
DNA methylation. Furthermore, the TCA cycle intermediate α-
ketoglutarate is a co-substrate required for DNA demethylation
through TET enzymatic activity, whereas the TCA-cycle-derived

metabolites succinate, fumarate and 2-hydroxyglutarate act as
competitive TET inhibitors.

How metabolic alterations converge with genetic and epigenetic
changes in cancer is unknown. Nonetheless, the activation of the
oncogene KRAS in pancreatic cancer results in tumours with
increased glycolytic flux and serine biosynthesis, in which DNA
methylation is fuelled by the increased availability of SAM. This
results in the over-activation of DNMTs that control the
transcriptional silencing of specific retrotransposons by regulating
their methylation status. Hypermethylation of these repetitive
elements might promote oncogenic transformation and growth
through transcriptional control of host genes (Kottakis et al., 2016).
In addition, epidermal stem cells that lack Dnmt3A and 3B
upregulate a unique lipid transcriptional network that is associated
with CD36+ MICs, and are consequently much more predisposed to
generating metastatic epidermal tumours (Pascual et al., 2017;
Rinaldi et al., 2017). Considering that the genes encoding Dnmt3a
and TET proteins are among the most frequently mutated in human
cancers (Shlush et al., 2017; Zehir et al., 2017), it will be interesting
to study how their mutations influence tumour metabolism, and vice
versa, during metastatic progression.

Despite the increasing amount of data supporting the importance
of metabolism–epigenetics crosstalk in malignancies, we still know
very little about the specific impact that metabolism has on altering
histone methylation and chromatin architecture in tumour cells.
Future studies should aim to investigate how dietary habits affect
histone acetylation and methylation in adult stem cells, and how
dietary-induced epigenetic changes might predispose adult stem
cells to acquire gene expression programmes that can promote
metastatic disease.

Therapeutically targeting metastasis through metabolism
We have reviewed here the growing body of evidence showing that
the metabolic plasticity of tumour cells plays an essential role during
cancer progression. Tumour cells hijack metabolites from their
surroundings and establish different metabolic states to cope with
the challenging conditions they face as the tumour grows and
colonizes distant sites. Metabolic heterogeneity endows cancer cells
with the flexibility required for their growth and metastasis, and
could constitute a potential Achilles heel for novel therapeutic
strategies to prevent tumour growth and dissemination.

Several therapeutic strategies have already been proven
successful in preclinical cancer models (Table 1). For instance,
targeting leukotrienes through the inhibitor Zileuton strongly
prevents the recruitment of neutrophils, which are required for the
formation of a pro-metastatic niche for breast cancer cells in the lung
(Wculek and Malanchi, 2015). Targeting lipid metabolism has also

Table 1. Compounds targeting cancer lipid metabolism*

Target Drug Affected process Effect References

CD36 Blocking/neutralizing
CD36 antibodies

FA recognition and internalization Diminishes metastasis initiating capacity in vivo Pascual et al., 2017;
Nieman et al., 2011

MAGL JZL184 FA storage and mobilization Promotes apoptosis Nomura et al., 2010
ACS Triacsin C FA oxidation Promotes apoptosis/impairs tumour growth Cha and Lee, 2016
CPT1 Etomoxir Mitochondrial B-oxidation Impairs proliferation Nieman et al., 2011
FASN Orlistat De novo FA synthesis Promotes apoptosis/impairs tumour growth Malvi et al., 2015;

Seguin et al., 2012

*Possible anti-metastatic strategies that target different lipid metabolism components; examples of drugs that can alter cancer cell metabolism on inhibition of
exogenous lipid utilization and de novo FA synthesis are provided. Please note that other inhibitors not listed in this Review have been reported to interfere with
these processes.
CD36, cluster of differentiation 36; FASN, fatty acid synthase; MAGL, monoacylglycerol lipase; ACS, acyl-CoA synthetases; CPT1, carnitine palmitoyltransferase
1; FA, fatty acid.
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produced promising results in preclinical cancer models. For
example, in orthotopic models of oral squamous cell carcinoma,
blocking the FA receptor CD36 in vivowith neutralizing antibodies
at early time points of the disease completely prevented metastatic
initiation, whereas metastatic regression was only partial when the
treatment was initiated at the late stages of the disease (Pascual et al.,
2017). In experimental mouse models of melanoma metastasis,
the inhibition of de novo FA synthesis with Orlistat or
thiazolidinediones, or by inhibiting mitochondrial FA β-oxidation
with drugs such as etomoxir, a carnitine palmitoyltransferase 1A
(CPT1) inhibitor, had anti-tumour effects (Malvi et al., 2015;
Nieman et al., 2011; Seguin et al., 2012). Acetyl-CoA synthase
(ACS) isoforms catalyse the conversion of long-chain FAs to acetyl-
CoA; importantly, several isoforms of ACS show increased
expression in different human tumours, including colorectal
cancer (Cao et al., 2000). Consequently, the ACS inhibitor
triacsin C is under clinical investigation for the treatment of
ACS-dependent tumours (Cha and Lee, 2016).
As mentioned above, the activity of MAGL (which releases FAs

from lipid reservoirs) is enhanced in a number of primary tumours,
and its inhibition by the drug JZL184 results in reduced
pathogenicity in murine models of melanoma and ovarian cancer
(Nomura et al., 2010). Interestingly, a high-fat diet prevents the anti-
tumour effect of MAGL inhibition, further emphasizing the key role
played by exogenous dietary lipids in cancer, and highlighting
the potential impact of dietary interventions as additional future
therapeutic anti-tumour strategies. As an example of the benefits of
dietary intervention, a recent study in both mouse models and
humans has shown that, although obesity boosts the metastasis of
breast cancer cells to the lung by recruiting neutrophils to the lung
pre-metastatic niche, weight loss is sufficient to reverse this effect
(Quail et al., 2017).
Finally, the intimate interplay between metabolism and

epigenetic mechanisms in cancer opens the possibility of targeting
both to obtain synergistic effects (Dawson and Kouzarides, 2012;
Rinaldi et al., 2016). The recent development of epigenetic
inhibitors, which are already being tested in clinical trials, offers
hope in this direction (Avgustinova and Benitah, 2016; Tough et al.,
2014).

Conclusions
Despite intense investigation, the identity of metastatic cells remains
elusive, preventing the research community from developing
effective anti-metastatic therapies. Several recent studies discussed
in this Review indicate that metabolism plays a causal role in the
different phenotypic states exhibited by cancer cells during cancer
progression and metastasis. Given the plethora of metabolic
mechanisms in each organ, it is not surprising that the CSCs that
initiate and promote metastasis need to exhibit metabolic plasticity
in order to hijack multiple metabolic pathways and to survive
hostile microenvironments during the metastatic cascade. Future
investigations are needed to characterize and identify the cellular
metabolic requirements for initiating metastasis, and to profile the
metabolome of pro-metastatic and anti-metastatic niches. Such
studies should provide clues as to the requirements for treatment
and might also identify a window of opportunity for treatment, even
leading to disease prevention prior to clinical detection.
The idea that local and systemic factors might confer metastatic

cells with enough plasticity to successfully colonize distant organs
suggests that influences derived from lifestyles, such as our diet or
other daily habits, exert a strong influence on tumour progression,
and that such factors could be easily modulated if understood.

Increasing data supports the importance of diet in the crosstalk
between metabolism and epigenetic regulation (Stefanska et al.,
2012), and the extent to which epigenomic changes occur in
metastasis (Wong et al., 2017). In the future, it will be necessary to
discern which particular components of a diet lead to chromatin
changes that are permissive for metastasis. Additionally, the
identification of such chromatin modifications and the chromatin-
modulating enzymes responsible will point to new potential
epigenetic targets for therapeutic intervention.

This article is part of a special subject collection ‘Cancer Metabolism: models,
mechanisms and targets’, which was launched in a dedicated issue guest edited by
Almut Schulze andMariia Yuneva. See related articles in this collection at http://dmm.
biologists.org/collection/cancermetabolism.
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Oskarsson, T., Batlle, E. andMassagué, J. (2014). Metastatic stem cells: sources,
niches, and vital pathways. Cell Stem Cell 14, 306-321.

Paolino, M., Choidas, A., Wallner, S., Pranjic, B., Uribesalgo, I., Loeser, S.,
Jamieson, A. M., Langdon, W. Y., Ikeda, F., Fededa, J. P. et al. (2014). The E3
ligase Cbl-b and TAM receptors regulate cancer metastasis via natural killer cells.
Nature 507, 508-512.

Park, J. H., Vithayathil, S., Kumar, S., Sung, P.-L., Dobrolecki, L. E., Putluri, V.,
Bhat, V. B., Bhowmik, S. K., Gupta, V., Arora, K. et al. (2016). Fatty acid
oxidation-driven src links mitochondrial energy reprogramming and oncogenic
properties in triple-negative breast cancer. Cell Rep. 14, 2154-2165.

Pascual, G., Avgustinova, A., Mejetta, S., Martıń, M., Castellanos, A., Attolini,
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