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Abstract

The plasma proteome has a wide dynamic range of protein concentrations and is dominated by a few highly abundant proteins. Discovery of
novel cancer biomarkers using proteomics is particularly challenging because specific biomarkers are expected to be low abundance proteins with
normal blood concentrations of low nanograms per milliliter or less. Conventional, one- and two-dimensional proteomic methods including 2D
PAGE, 2D DIGE, LC–MS/MS, and LC/LC–MS/MS do not have the capacity to consistently detect many proteins in this range. In contrast, new
higher dimensional (Hi-D) separation strategies, utilizing more than two dimensions of fractionation, can profile the low abundance proteome.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

The handful of plasma cancer biomarkers that are currently
sed clinically were discovered via conventional biomedical
esearch approaches. While they have some utility in a variety of
ituations including screening, diagnosis, staging, targeting ther-
py, monitoring therapy, and monitoring for disease recurrence,
ll of these biomarkers lack sufficient sensitivity and specificity
or routine screening of either the general population or high
isk groups. Proteomic techniques have so far not been able
o contribute useful new biomarkers to this set. Interestingly,
espite a steadily increasing number of publications discussing
otentially useful biomarkers [1], the number of FDA approvals
or biomarker tests has been steadily decreasing [2]. Candi-
ate biomarkers must leap many hurdles before gaining clinical
cceptance. They must be validated in large patient cohorts,
chieve FDA approval, satisfy cost-benefit ratios, and finally
chieve recognition amongst the clinicians who order the test
1].

The lack of new biomarkers discovered by proteomics is pri-
arily due to proteomic technology limitations relative to the

omplexity of the problem. Plasma and serum proteomes con-
ain a large number of proteins spanning a wide dynamic range
f concentrations. Most proteins are extensively and heteroge-
eously modified, and a few very abundant proteins limit the
mount of plasma that can be separated and analyzed [2,3].
hese characteristics are driving the development of new pro-

eomic methodologies for the study of plasma [4]. However, in
he first decade of the proteomics era, 2D PAGE or one- and
wo-dimensional non-gel protein profiling methods have usu-
lly been used to attempt to discover plasma cancer biomarkers.
hese methods are unable to effectively mine the low abundance
lasma proteome (<100 ng/ml) with the detected proteins lim-
ted primarily to high (0.1–40 mg/ml) and medium abundance
0.1–100 �g/ml) proteins. Although cancer-related changes to
ome high and medium abundance plasma proteins do occur
nd can be detected by these methods, such changes are usually
nvolved in the acute phase response (see below), which is not
pecific to cancers. Hence, these proteomic methods have a very
ow probability of discovering proteins that will achieve valida-
ion as specific plasma cancer biomarkers. Proteomics discovery

f biomarkers for other diseases face the same challenges posed
y the high complexity of plasma proteins, although for some
ther diseases, specific biomarkers may not be as restricted to
ow abundance proteins.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

Recently, several higher dimensional (Hi-D) separation
strategies, which involve more than two protein/peptide separa-
tion dimensions, have been developed. This is usually achieved
by adding one or more orthogonal protein separations prior to
LC–MS/MS or LC/LC–MS/MS analysis using high speed, high
sensitivity mass spectrometers. These Hi-D separation methods
can usually detect a substantial portion of the low abundance
plasma proteome, and therefore represent the most promising
strategies for discovery of novel specific cancer biomarkers with
high potential for achieving clinical utility.

1.1. Specific new cancer diagnostic tests could
dramatically improve morbidity and mortality

Cancer is the second leading cause of death in the United
States. It was responsible for 22.9% of all deaths in 2001, and is
the leading cause of death for persons under the age of 65. Age-
adjusted cancer death rates have not changed significantly over
the past 25 years [5]. However, a patient’s probability of cancer
survival is strongly correlated with the cancer’s stage at diagno-
sis. Highly effective, accurate screening tests that could detect
most cancers at an early stage, before metastasis has occurred,
should dramatically reduce cancer death rates if high-risk groups
are assayed at appropriate intervals.

A cancer screen is judged on its ability to correctly diagnose
the presence of cancer. This ability is described by the test’s
sensitivity and specificity. Sensitivity is defined as the probabil-
ity that a test will be positive given a patient with the condition.
Specificity is defined as the probability that a test will be negative
given a patient without a condition. A test with poor specificity
will often be positive even if the disease is not present, i.e. a
false positive result.

Few good molecular cancer screens exist because adequate
sensitivities and specificities are difficult to achieve. Further-
more, the predictive value of a test depends on the disease’s
prevalence in the population. This makes identification of appro-
priate screens for low-prevalence cancers extremely challenging
because even specificities as high as 99% will result in high
numbers of false positive tests when the general population is
screened. For example, a test with 100% sensitivity (detects

all true cases) and 99% specificity for ovarian cancer, which
has a prevalence of about 5/10,000 women, would be posi-
tive in approximately 105 women per 10,000 women screened.
This would include the five actual cancer cases, but also would
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Table 1
Commonly used cancer protein biomarkers are low abundance in normal human
plasma/sera

Plasma cancer biomarker Reference
rangea (ng/ml)

Difference
from albumin

Alpha fetoproteinb 0–15 (s/p) 106

Human chorionic gonadotropin-Bb 0–0.1c (s) 108

Carcinoembryonic antigen 0–3 (s) 107

Thyroglobulinb [50] 1.8–68 (s/p) 106

Prostate-specific antigenb 0–4 (s/p) 107

HER2/NEU [51] 5.1–13.5 (s) 106

a Reference values published by a Northeastern Tertiary Care University Hos-
pital’s specialty laboratory assayed in serum (s), plasma (p) or both (s/p) unless
otherwise noted [52].
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nclude approximately 100 false positive results that lead to sub-
tantial unnecessary anxiety, as well as expensive follow up
esting and procedures that carry additional health risks.

Achieving high specificity for blood tests is complicated by
he fact that protein concentrations within non-diseased sub-
ects vary substantially. These ranges in the normal population
re referred to as “reference ranges”, which often substantially
verlap the concentration ranges of diseased subjects. Attempts
o increase a test’s specificity by widening the reference range
o that only the most extreme test results lay outside this range
ecreases the test’s sensitivity. Determining an optimal cut-off
alue in protein concentration between normal and abnormal
anges can be quite difficult. Often substantial disputes ensue
egarding the appropriate balance between reducing false posi-
ives and increasing false negatives.

.2. Current clinically utilized cancer tests

Most common cancer screening tests currently utilized
linically are morphological rather than molecular assays,
.g. mammography for breast cancer, the Papanicolaou (Pap)
mear for cervical cancer, and colonoscopy for colon cancer.
rostate specific antigen (PSA) is the only serum/plasma pro-

ein biomarker that has undergone extensive clinical scrutiny
s an initial cancer detection method and is relatively widely
sed. However, there is general agreement that even this test
as a suboptimal, high false positive rate. Only one in four
en with slightly elevated PSA levels and normal digital rectal

xam (DRE) will have prostate cancer [6]. Additionally, the test
ften over-diagnoses because it correctly detects slow growing
ancers that are not life-threatening and do not require clinical
reatment. The over-diagnosis rate using PSA is estimated to be
9% for white men and 44% for black men [7]. While currently
vailable data suggest that mass PSA screening combined with
RE may decrease prostate cancer specific mortality, results

rom important randomized controlled trials, which are expected
o be completed in a few years, are needed to unambiguously
etermine the impact of this assay on mortality reduction [6].

Other blood protein biomarkers routinely used in clinical
ractice today are not considered specific enough for screen-
ng large at-risk populations and instead are usually used to: (a)
iagnose and stage disease after other signs and symptoms of
ancer become apparent, (b) target therapy, or (c) monitor for dis-
ase response to therapy and for post-therapy recurrence. Protein
iomarkers could also be combined with other tests or clinical
arameters to stratify patients with regard to risk of having can-
er previous to determining who should progress to further, more
xpensive or invasive screening testing.

The current clinically utilized blood protein biomarkers
ere discovered many years ago using conventional biomed-

cal research approaches, e.g. PSA in 1971, Human chorionic
onadotropin (hCG) in 1927, Alpha fetoprotein (AFP) in 1956,

arcinoembryonic antigen (CEA) in 1955, Cancer antigen-125

CA 125) in 1981, and Cancer antigen 15-3 (CA 15-3) in 1984
8]. These proteins are low abundance in blood of normal indi-
iduals and are often secreted proteins (Table 1).

w
f
s
[

b Secreted protein.
c From [53].

.3. Plasma is a promising source for new disease
iomarkers

While many tissues and biological fluids, including tumor
issues and tumor cell lines, have been used as specimens in pro-
eomic studies [9], plasma and serum are particularly promising
ources for cancer biomarkers. Blood collection is minimally
nvasive, can be readily performed at remote locations, and
ssays are routine and relatively economical. Furthermore, large
rchives of blood exist for initial discovery of new biomarkers.
ince most cells in the body are thought to leak and secrete pro-

eins into the plasma [2], the plasma proteome may reflect the
ealth status of every organ and tissue in the body. Of course
lasma and serum proteomes are thought to be highly com-
lex at least in part due to this shedding of proteins and protein
ragments by diverse tissues.

So far it is generally thought that only a modest portion
f the normal plasma proteome has been defined. Until very
ecently, most plasma or serum proteome studies identified
500 proteins, regardless of method [2,10,11]. About 2 years
go, a non-redundant set of 1173 plasma proteins was produced
y combining datasets from several different laboratories [12].
t about the same time, an individual study reported either

bout 800 or almost 1700 protein identifications depending
pon the analysis criteria used [13]. Very recently, a more
omprehensive plasma proteome was produced as part of the
uman Proteome Organization’s (HUPO) Plasma Proteome
roject’s pilot study [14]. LC–MS/MS data from a total of 57
erum or plasma proteome analyses from 18 participating labs
orldwide was compiled and analyzed in this study. A unique

eature of the HUPO study was that all datasets were reanalyzed
sing consistent analysis methods, a single version of the IPI
uman database, and uniform statistical criteria for all peptide
dentifications. A composite database of merged results was cre-
ted [14–16] and placed on the web [17]. It represents the most
omprehensive plasma/serum proteome currently available,
ith a core dataset of 3020 proteins identified by at least two dif-
erent “high confident” peptides, and a more rigorously defined
ubset of 889 proteins identified with a 95% confidence limit
16,17].
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Fig. 1. Plasma proteome on 2D SDS-PAGE. One hundred micrograms of unfrac-
tionated serum run on a 2D gel (18 cm × 18 cm, pH 3–10 IPG, 10% Tris/Tricine,
silver stain). Protein spots known to be among the most abundant serum pro-
teins (encircled) were named via correlation with 2D images from the on-line
SWISS-2D PAGE map selection tool [54]. Overloading of the gel is evident by
the negative staining of albumin as well as extensive streaking of the most abun-
dant serum proteins in both dimensions. Despite the heavy load, few medium
abundance and no low abundance proteins are detectable. The estimated dynamic
range for this 2DE is about 102. Identified proteins are: (1) ceruloplasmin, (2)
�-2 macroglobulin, (3) albumin, (4) complement factor B, (5) transferrin, (6)
complement c3, (7) and (8) immunoglobulin heavy chain �, (9) c4 complement,
(10) immunoglobulin light chain, (11) and (14) haptoglobin, (12) prealbumin,
(13) apolipoprotein A, (15) fibrinogen, (16) �-1 antitrypsin, (17) �-1 antichy-
m
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Plasma is the non-cellular liquid component of unclotted
lood, and serum is the non-cellular liquid component of blood
emaining after coagulation, which involves activation of a pro-
ease cascade. These proteases and the associated incubation
nd handling steps further increase sample complexity through
ncidental proteolysis of non-coagulation proteins. Both types
f samples have been used in past proteome studies, although
ecently the Specimens Committee of the HUPO plasma pro-
eome project recommended using EDTA-plasma and proposed
eneral guidelines for pre-analytical sample handling and stor-
ge [18].

. One- and two-dimensional protein profiling strategies
re unlikely to discover new specific cancer biomarkers

.1. The plasma proteome is highly complex

The plasma proteome presents a number of challenges
hat obligate high analytical capacity of proteomic methods
esigned to discover low abundance plasma cancer biomarkers.
n 2002, Anderson and Anderson estimated the dynamic range
f blood proteins by comparing clinical reference intervals
or a set of plasma proteins derived from validated diagnostic
ssays. Comparing the most abundant protein (albumin at
5–50 mg/ml) with the least abundant protein (interleukin 6 at
–0.005 ng/ml), they demonstrated that a concentration range
f greater than 1010 is represented by known blood proteins
2]. As detection sensitivities increase we are likely to discover
mportant disease related proteins in the sub-pg/ml range,
hich means that plasma proteome profiling methods should
ltimately be able to handle dynamic ranges substantially wider
han 1010.

The total protein content of plasma in a normal individual
enerally varies between 60 and 80 mg/ml, and is dominated
y albumin and a modest number of additional highly abundant
roteins that severely limit the volume of plasma that can be
eparated and analyzed by most proteomic methods. One study
stimated that only 22 high abundant proteins comprise about
9% of plasma protein content [3]. Exactly which proteins make
p the top 99% of the plasma proteome is somewhat ambiguous
nd may vary between subjects due to the wide concentration
anges of many plasma proteins in the normal population. The
emaining 1% of the plasma proteome, comprised of medium
nd low abundance proteins, presumably contains thousands of
lasma proteins, although this has not yet been explicitly and
onvincingly demonstrated. This 1% of the total protein content
as an estimated dynamic concentration range of greater than
07-fold, and all specific cancer biomarkers are expected to be
n this sub-proteome.

Analysis of plasma proteins is further complicated by exten-
ive molecular heterogeneity. Many plasma proteins are present
n blood in highly heterogeneous forms. Isoforms often span

ultiple pI’s and molecular weights, and obscure detection

f less abundant species, especially when methods capable
f detecting molecular heterogeneity such as 2D PAGE are
sed (Fig. 1). These isoforms include: heterogeneous post-
ranslational modifications, especially glycosylation, proteolytic

s
o
[
c

otrypsin, (18) immunoglobulin heavy chain �, (19) secretory immunoglobulin
hain �.

ragments, and other physiological and artifactual forms such as
xidative modifications.

.2. Numerous abundant plasma proteins are affected by
he acute phase response and are frequently observed as
ighly non-specific changes

The acute phase is the body’s standard response to a wide
ariety of inflammatory or environmental insults, including
nfection, trauma, surgery, burns, cancer, and even psychiatric
isease or psychological distress. The term “acute” phase is
misnomer. The response occurs in both acute conditions,
hich develop rapidly, and chronic conditions like cancer,
hich develop slowly over time. The response is characterized
y a variety of clinical phenomena. Important to proteomic

tudies, it involves substantial changes in the concentrations
f numerous plasma proteins, termed “acute phase proteins”
19]. These proteins are not useful cancer biomarkers because
hanges in their plasma concentrations could be due to a
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umber of heterogeneous diseases or environmental insults and
herefore lack specificity for cancer.

Most high abundance plasma proteins are involved in the
cute phase response. Of the 22 highest abundance plasma
roteins, at least 10 proteins vary by at least 25% in the acute
hase response, including: albumin, transferrin, fibrinogen,
lpha-1-antitrypsin, C3, haptoglobin, ceruloplasmin, C4, factor
, and C9 [19,3]. At least 7 of the remaining 12 high abundance
roteins have also been reported to change concentrations in the
cute phase response, including: prealbumin [20], alpha-1-acid
lycoprotein, alpha-2-macroglobulin [21], apolipoprotein
-1 [22], apolipoprotein B [23], lipoprotein (a) [24], and
8 [25,3].

.3. Specific cancer biomarkers are likely to be low
bundance plasma proteins

To develop specific plasma cancer biomarker tests, it is impor-
ant to discover proteins that are either shed exclusively by the
umor, or shed at low levels by the specific non-malignant tissue
nd at a higher level by the tumor. PSA is an example of the latter
ituation. In support of this argument, surveys of the plasma pro-
eome suggest that tissue-specific proteins are usually present in
lasma as low abundance proteins [2]. Furthermore, all of the
urrent, clinically utilized cancer plasma biomarkers are low
bundance plasma proteins (<100 ng/ml) that are usually less
han one millionth the concentration of albumin (Table 1). Based
n these precedents, specific cancer biomarkers will almost cer-
ainly be low abundance plasma proteins, and as we develop the
bility to detect extremely low abundance proteins (sub-pg/ml),
e may find that such proteins may be the most specific cancer
iomarkers.

.4. One- and two-dimensional proteome separation
trategies do not have adequate detection dynamic ranges
or discovering low abundance cancer biomarkers

Most 1D and 2D proteomics strategies utilize either protein
e.g. SELDI MS, 2D PAGE, 2D DIGE) or peptide separa-
ions (e.g. LC–MS/MS, LC/LC–MS/MS). Such analyses are
ow relatively routine, and while some of these methods, e.g.
C/LC–MS/MS, can be at least partially automated, through-
ut remains low for most methods, with the possible exception
f SELDI-MS and related approaches. Other relatively high
hroughput methods are antibody arrays or similar, specific lig-
nd affinity-arrays. But these methods are not discovery based,
.e. the only proteins that can be detected and quantitated are
hose known proteins targeted by the available antibodies or sim-
lar affinity ligand. Antibody arrays are further limited by the
elatively small number of suitable antibodies currently avail-
ble.

The most important limitation of current 1D and 2D methods
s that they have relatively narrow detection dynamic ranges. For

xample, 2D PAGE and 2D DIGE have dynamic ranges of about
02 to 104, depending on the detection method used. Hence, 2D
AGE of neat plasma is dominated by plasma’s abundant pro-
eins and detects no low abundance protein spots (Fig. 1). Even

i
h
t
e
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fter depletion of six abundant proteins and loading 10–20 times
ore plasma volume relative to before depletion, no low abun-

ance proteins could be detected on large, high-resolution 2D
els using a sensitive silver stain [26]. LC/LC–MS/MS meth-
ds have a better chance of detecting a few low abundance
roteins, but in general all 1D and 2D strategies predomi-
antly detect high and medium abundance plasma proteins and
heir proteolytic fragments [14]. Hence, it is not surprising that
hen these approaches are used to profile cancer-related plasma
roteome changes, the feature changes usually observed are
on-specific acute phase reaction proteins. Re-identifying such
rotein changes, as has typically occurred in SELDI-MS based
ancer biomarker discovery studies, is very unlikely to lead to
dentification of novel specific cancer biomarkers.

. Higher dimensional separation strategies evaluate the
reatest number of candidate biomarkers

Recently, a number of research groups have developed
eparation strategies that incorporate more than two tan-
em separation methods. These higher dimensional (Hi-D)
trategies invariably add protein separation steps, because the
C/LC–MS/MS approach has already maximally exploited
vailable physical differences of tryptic peptides. Abundant
rotein depletion using immunoaffinity resins to remove low
robability, obscuring species is usually the first fractionation
tep in most Hi-D strategies. As expected, the throughput of most
urrent Hi-D strategies is even lower than for 1D and 2D meth-
ds due to the large number of fractions created for subsequent
nalysis by LC–MS/MS. This limits these approaches to the
ypes of studies that require the analysis of only a few samples.
i-D strategies are promising approaches because they show

nhanced capacities to detect low abundance plasma proteins.

.1. Initial steps to reduce plasma’s complexity

.1.1. Abundant protein depletion
Early protein depletion methods included Cibacron blue, a

hlorotriazine dye with high affinity for albumin [27], and Pro-
ein A/G, which depletes immunoglobulins [28]. Cibacron blue
olumns showed low specificity with removal of significant
mounts of non-targeted proteins in the depleted fraction. Also,
hese dye-based columns and Protein A/G systems incompletely
emoved the targeted proteins. This was a serious limitation
ecause even if 90% of albumin was removed, the approxi-
ately 4 mg/ml of albumin that remained was still one of the
ost abundant proteins [26].
More recently, polyclonal antibody-based depletion columns

uch as the multiple affinity removal system (MARS) from Agi-
ent (Wilmington, DE) became available commercially. Over the
ast several years, a number of similar products that deplete dif-
erent numbers of abundant proteins have become available from
ultiple suppliers. In general, the antibodies used in these affin-
ty columns are polyclonal, which unlike monoclonal antibodies
ave the potential for variability in affinity and specificity over
he long term as antibodies are produced in different hosts. How-
ver, polyclonal antibodies are still preferred over monoclonal
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ntibodies because they are much more likely to recognize and
eplete most forms of the targeted abundant proteins, including
olecules with different post-translational modifications and

roteolytic fragments [29,30].
The MARS “Top-6” is an HPLC column that effec-

ively removes the six most abundant plasma proteins
fficiently, including: albumin, transferrin, haptoglobin, alpha-
-antitrypsin, IgG, and IgA, which comprise about 85% of the
otal plasma protein content, with minimal non-targeted pro-
ein depletion. This enables substantially higher volumes of
lasma to be separated in subsequent fractionation steps and
ncreases the number of proteins that can be detected by most
nalysis methods. However, the next most abundant proteins
uickly limit even higher protein loads and it quickly becomes
lear that depletion of even more abundant proteins would be
dvantageous [26].

A subsequent commercial immunodepletion column used
mmunoglobulin yolk antibodies (IgY) in a “MIXED12” col-
mn (GenWay Biotech, San Diego, CA), to deplete plasma or
erum of 12 abundant proteins. The column is reported by the
anufacturer to remove 95–99% of these proteins effectively
ith high specificity. On 2D PAGE, spots previously hidden by

he abundant proteins became apparent but were not further iden-

ified [31]. Hence, these new spots may simply be minor forms
f high and medium abundance proteins as was observed with
op-6 depleted samples [26].

n
b
[

ig. 2. Comparing different depletion columns. Human plasma (50 �l) was dep
.6 mm × 100 mm) from Agilent. Albumin, IgG, transferrin, IgA, �-1-antitrypsin and
owever, other major proteins still limit sample loads and detection of low abundanc
large Sigma ProteoPrep-20 Immunodepletion spin column (Top 20 depletion). The
amples were separated on 12% Bis-Tris 1D gels and stained with colloidal Coomassie
ample (25 �g).
togr. B 849 (2007) 43–52

In late 2005, we beta tested a Top 20 depletion column (the
igma ProteoPrep-20) that was commercialized in early 2006
Fig. 2). This column removes 20 high abundant plasma/serum
roteins; albumin, transferrin, fibrinogen, haptoglobin,
lpha-2-macroglobulin, alpha-1-antitrypsin, complement C3,
omplement C4, complement C1q, IgGs, IgAs, IgDs, IgMs,
polipoprotein A1, apolipoprotein A2, apolipoprotein B-100,
cid-1-glycoprotein, ceruloplasmin, prealbumin, and plasmino-
en. This depletion column is substantially superior to columns
hat deplete fewer proteins because it further reduces the total
lasma protein content and allows up to 100–200-fold more
lasma volume to be loaded into downstream separations and
nalyses after depletion, thereby greatly enhancing detection of
ow abundance proteins. Most targeted abundant proteins were
xtensively depleted (>98%). As a bonus, 26 other abundant
roteins were partially removed, which either shared high
equence homology with a targeted protein or were known
o exist in tight complexes with a targeted protein. Only
ight medium-to-low abundance proteins were detected in the
ound fraction, but these proteins were still predominantly
n the unbound (depleted) fraction. The partial depletion of

few non-targeted proteins is not surprising and is not a
ignificant problem. Of course, if one wishes to ensure that

o potential biomarkers are overlooked, one could analyze
oth bound and unbound fractions in downstream analyses
32].

leted using a Multiple Affinity Removal System HPLC column (Top 6,
haptoglobin (indicated as arrows) were effectively depleted using this column;

e proteins. In a similar experiment, human plasma (100 �l) was depleted using
positions of most prominent isoforms of the depleted proteins are indicated.

blue; all samples loaded onto the gel were volume normalized to the undepleted
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.1.2. Solid-phase ligand libraries
A recently developed alternative approach to abundant

rotein reduction uses solid phase random ligand libraries
enerated by classical combinatorial synthesis. A large number
f different ligands are produced that will presumably bind to
pecific proteins in the plasma. Such ligand library columns
ith equal amounts of all ligands have been proposed to bind

imilar amounts of both abundant proteins and low abundance
roteins, thereby greatly enriching low abundance proteins
33,34]. Analysis of serum passed through a solid phase
igand library and sequentially eluted showed altered patterns
ompared with 2D PAGE of neat serum, but only a few new
rotein spots were detected and these spots were not identified
35]. At this point it is not clear whether solid phase ligand
ibraries substantially increase the detection of low abundance
lasma proteins. More importantly, it is not clear that such
trategies can be used to discover quantitative changes in dif-
erent plasma samples. Further development of this technique
s needed before its utility for biomarker discovery can be fully
ssessed.

.1.3. Sub-proteome capture enrichment: hydrazide
hemistry for glycopeptide capture and thiol-affinity resins
or cysteinyl peptide capture
Protein glycosylation is a common post-translational modifi-
ation and alterations in protein glycosylation often correlate
ith cancer. Hence, isolation of this subset of plasma pro-

eins may facilitate detection of cancer biomarkers. Indeed,

c
l
f
[

ig. 3. Schematic illustrating impact of higher dimensional separation strategies on
f LC–MS/MS runs and thereby reduce throughput while substantially increasing th
everse phase peptide separation common to all methods (red boxes) are shown. Total
hown, although the number of fractions utilized at the MicroSol-IEF and SDS-PAGE
hroughput, respectively. The estimated approximate number of unique plasma protein
TQ FT) are illustrated.
togr. B 849 (2007) 43–52 49

any of the current clinical protein biomarkers are glycosy-
ated. A recently developed Hi-D approach specifically isolates
nd analyzes N-linked glycopeptides. Carbohydrate moieties
n plasma proteins are oxidized, and the glycoproteins are
ovalently linked to a hydrazide resin via their oxidized carbo-
ydrates. Non-glycosylated proteins do not bind to the column
nd are washed through. Bound proteins are digested with
rypsin and non-covalently linked peptides are removed. N-
inked tryptic peptides are specifically released by digestion with
-glycosidase [36].

Application of this technique to mouse serum followed by
C–MS/MS identified 93 glycoproteins in an initial study. Of

hese, nine were known to have concentrations in the low �g/ml
ange in human serum. Peak intensities for these peptides were
n average 900-fold greater than noise and the authors estimated
his system should have the capability to detect proteins on the
rder of ng/ml [37].

Another affinity method targets cysteine-containing peptides
38,39]. Cysteines typically constitute approximately 1.7% of
mino acids in proteomes, and therefore enriching peptides with
ysteines provides a substantial simplification of complex pep-
ide mixtures. In a recently published study, a thiol-specific resin
as used to enrich cysteine-containing peptides from a mam-
ary epithelial cell proteome before fractionation by strong
ation exchange and identification by LC–MS/MS. A number of
ow abundance proteins were detected in the cysteinyl-enriched
raction, which were not identified in non-enriched fractions
40].

depth of plasma proteome analysis. Hi-D separations increase total numbers
e number of identified proteins. Protein separation steps (blue boxes) and the
numbers of LC–MS/MS runs that might be used with the different schemes are

steps can be readily adjusted up or down to increase resolution or to increase
s typically identified using a hybrid linear ion trap mass spectrometer (Thermo
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. Specific Hi-D approaches show substantial promise
or detection of low abundance plasma proteins

.1. A four-dimensional strategy

We recently developed an integrated powerful 4D protein
rofiling method for in depth analysis of serum and plasma
roteomes. This method combines three protein separations
ith sensitive LC–MS/MS analysis of tryptic peptide mixtures.
ajor protein depletion is performed with a MARS “Top-6”

olyclonal immunoaffinity column or in more recent studies,
sing the ProteoPrep-20 “Top-20” column. This is followed
y micro-scale solution IEF (MicroSol IEF) using a ZOOM-
EF fractionator (Invitrogen, Carlsbad, CA) [41,42]. Subsequent
ractions are run on 1D SDS-PAGE gels. Lanes from each frac-
ion are divided into uniform slices, or pixels, and in-gel trypsin
igestion is performed on all pixels. Peptide digests are then
nalyzed by nano-LC–MS/MS using a high sensitivity linear
on trap mass spectrometer [43].

Fig. 3 illustrates the impact of adding one or more protein
eparation methods prior to LC–MS/MS analysis using a high
peed, high sensitivity linear ion trap mass spectrometer. Addi-
ion of the protein separation steps increases the number of
C–MS/MS runs while substantially increasing the number of

otal proteins and total number of low abundance proteins that
re identified.

Key advantages of the 4D strategy include: (1) the three
rotein separations are orthogonal and very high resolution
ith minimal distribution of specific proteins between fractions,
hich reduces fraction complexity far more than lower resolu-

ion methods; (2) the number of fractions generated in early
teps is low, which minimizes the number of parallel separa-
ions required in subsequent steps; and (3) although the total
umber of fractions per proteome is high in later steps, these
teps (trypsin digestion and LC–MS/MS analysis) have been
utomated.

Our 4D method has proven to be quite powerful when applied
o human serum and plasma [26,43]. As mentioned above, we
articipated in the pilot phase of the HUPO Plasma Proteome
roject and applied our 4D method to several HUPO samples.
nitially we analyzed a plasma sample using the 4D method
ith Top 6 depletion (the Top 20 column was not available

t that time) and the LC–MS/MS step was performed using
3D ion trap (LCQ Deca XP+, Thermo Electron, San Jose,
A). We detected 575 proteins using HUPO criteria for “high
onfidence” assignments. Our subsequent analysis of a HUPO
erum sample utilized a faster, more sensitive LTQ linear ion
rap mass spectrometer (Thermo Electron, San Jose, CA), which
ramatically expanded the proteins detected to 2890 proteins
sing the HUPO criteria. This number of proteins was much
arger than those obtained in any other dataset from other par-
icipating labs regardless of the type of mass spectrometer used
several used Thermo LTQs) or the analysis methods, which

ncluded Multidimensional Protein Identification Technology
MudPIT), Isotope-Coded Affinity Tags (ICAT), accurate mass
nd time tags, etc. [14]. The most compelling indication of the
ower of our 4D method came from comparison of our HUPO

t
r
T

togr. B 849 (2007) 43–52

erum dataset to quantitation of known proteins in the same
amples by Haab et al. [44]. In our HUPO serum/LTQ dataset,
e identified 14 of a total of 20 proteins in the 1–100 ng/ml

ange and 3 of 23 proteins in the pg/ml range. It is estimated
hat the optimized method allows a detection dynamic range of
bout 109.

.2. Intact Protein Analysis System

The Intact Protein Analysis System (IPAS) is a three-
imensional intact protein analysis strategy with quantitative
omparison capability. Case and control samples are first
mmunodepleted of abundant proteins using an Agilent MARS
op-6 depletion column. Paired case and control samples are

abeled with sample-specific Cy dyes. (Cy dyes are fluores-
ent tags often used to differentiate a protein’s sample of origin
hen viewed on a single output.) After Cy dye labeling the

amples are subsequently mixed. Proteins are then separated in
hree dimensions using: (1) Rotofor liquid-based IEF (Bio-Rad,
ercules, CA), (2) reverse phase HPLC separation of proteins,

nd (3) 1D SDS-PAGE. Images of the 1D gels are scanned and
nalyzed with spot analysis software to identify significant Cy
ye ratio changes between case and control samples. Spots of
nterest are subjected to in-gel trypsin digestion and MS/MS for
dentification [45,46]. In a study profiling the plasma proteome
or changes that occur with acute graft-versus-host-disease,
his method identified 75 proteins in the micromolar (approx-
mately �g/ml) to femtomolar (approximately fg/ml) range
xhibiting quantitative differences between pre- and post-graft-
ersus-host-disease samples [45]. The extent of low abundance
overage is somewhat difficult to assess because reference con-
entrations for the identified proteins were not provided, and
nly proteins exhibiting changes in abundance were identified
n this method.

.3. Three-dimensional separation using immunoaffinity
epletion and hydrazide chemistry glycoprotein capture

In this approach, plasma was subjected to “Top-6” abundant
rotein depletion followed by the N-linked glycoprotein cap-
ure method described in Section 3.1.3. After trypsin digestion,
eptide samples were analyzed by strong cation exchange chro-
atography followed by reverse-phase capillary LC–MS/MS.
total of 303 non-redundant N-glycoproteins were confidently

dentified, including proteins with reported plasma concentra-
ions in the ng/ml to pg/ml range. Eighteen of these proteins
ave approximate concentrations of <100 ng/ml based on previ-
usly published concentrations. The authors estimate this Hi-D
pproach has a detection dynamic range of 108 [47].

.4. Using a Hi-D separation strategy to create an
ccurate Mass/Time Tags Database
The Accurate Mass and Time (AMT) Tag approach is a high
hroughput 1D nanoLC–MS method utilizing high performance
everse phase columns and an FT ICR mass spectrometer [48].
o identify a feature, its mass and elution times are compared
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ith a database of known proteins’ masses and correspond-
ng elution times. Development of such a database involves
ow throughput nano-LC MS/MS methods coupled with prior
rotein fractionation.

Two Hi-D separation methods were recently used in parallel
o create a comprehensive reference AMT database for plasma
rom trauma patients [49]. Plasma from trauma patients was
ooled and subjected to “MIXED12” abundant protein depletion
GenWay, San Diego, CA), and two aliquots of depleted plasma
ere created. One aliquot was subjected to trypsin digestion

nd cysteinyl enrichment on a thiol affinity resin. The resultant
ysteinyl and non-cysteinyl peptide fractions were each further
ractionated by strong cation exchange chromatography, and
hen identified via LC–MS/MS. In addition, the second aliquot
f depleted plasma was subjected to N-glycopeptide enrich-
ent on a hydrazide resin. Carbohydrate moieties on plasma

roteins were oxidized, and the glycoproteins were covalently
inked to a hydrazide resin via their oxidized carbohydrates.
on-glycosylated proteins did not bind to the column and were
ashed through. Bound proteins were digested with trypsin

nd non-covalently linked peptides were removed. N-linked
ryptic peptides were specifically released by digestion with
-glycosidase. The N-glycopeptides and non-glycopeptide frac-

ions were each further fractionated by strong cation exchange
hromatography, and then identified via LC–MS/MS. This
i-D method was able to identify 3654 proteins when all
eptide populations were combined (cysteinyl, non-cysteinyl,
-glycosylated, non-glycosylated). Confident identification of

ow abundance proteins was exemplified by detection of 78
classic” cytokines and cytokine receptors and 136 human cell
ifferentiation molecules. Six low abundance proteins related to
he inflammatory response were assayed by ELISA and found to
xist at concentrations ranging from 0.5 to 20 ng/ml in the trauma
ubjects. The authors estimate an overall detection dynamic
ange of 107 [49].

. Conclusion

Proteomics has so far failed to discover new plasma can-
er biomarkers with clinical utility presumably because the
omplexity of the blood proteome substantially exceeds the ana-
ytical capacity of conventional protein profiling methods. These
onventional proteomics methods utilize only one or two sepa-
ation dimensions of either peptides or proteins and primarily
ediscover cancer-related changes in high abundance plasma
roteins associated with the well known and non-specific acute-
hase reaction. Recently developed Hi-D separation strategies
nclude one or more protein separations followed by trypsin
igestion and subsequent analysis of resulting peptide mixtures
y either LC–MS/MS or LC/LC–MS/MS. These Hi-D methods
an more effectively overcome the complexity of the plasma
roteome and can detect a substantial number of low abundance

roteins (<100 ng/ml), which is the concentration range where
pecific cancer biomarkers are expected. Hence, Hi-D strategies
ave the greatest potential for discovery of the next generation
f plasma cancer biomarkers.
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