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Proteomic patterns have been discovered for a variety of cancers and cancer
related diseases. The platforms used have been both mass spectrometry and
microarrays and the incorporation of computer informatics has resulted in
innovative possibilities for novel diagnostics.

Introduction

The early diagnosis of cancer has been a

research goal for many years in the hope

early treatment will provide a positive

outcome for patients. For many cancers

such as ovarian cancer it is well known

that early stage diagnosis is the key to

survival.1 However, the search for diag-

nostic markers for cancer has been and

continues to be a long and sometimes

frustrating struggle. The early promise of

serum markers such as carcinoembryonic

antigen (CEA)2,3 has turned to disap-

pointment as this marker and several

others proved to be useful only for

monitoring diagnosed patients for recur-

rence. Indeed, the only test that has been

approved for screening is prostate spe-

cific antigen (PSA) for prostate cancer

and even this marker has proven to be

problematic.4

The concept of using more than one

test in a multiplexed fashion is not new.

It has been used for many years for

thyroid testing, testing for Down’s syn-

drome risk and cholesterol testing but

has been limited in use for the diagnosis

of cancer as is evident in the infor-

mation provided by many clinical labs

(www.labcorp.com, www.questdiagnostics.

com/hcp/topics/genetictesting/mss_t1.html).

Recent studies have suggested that even

the performance of PSA may be

improved when a panel of tests to

determine total, free and complexed

PSA is used as a screening test.4,5 Up

until now, the tests used to detect and

monitor cancer have been either imaging

tests or immunoassay tests. The immu-

noassay tests depend heavily on the

specificity of the antibodies used for

the performance of the test as well as the

selection of the protein antigen to which

the antibodies are raised and subtle

differences in the markers are sometimes

difficult to detect. Thus, panels of tests

that involve variations in a molecule

have not been easy to formulate.

The term proteomics has been around

since 1994 but it was not until the late

1990’s that the term became commonly

used in the scientific literature.6

Proteomics was defined as referring to

‘‘the study of the proteome using tech-

nologies of large-scale protein separation

and identification’’. At about that time,

several developments occurred in the

areas of mass spectrometry, bioinfor-

matics and computer design and function

that came together and resulted in the

first report of a proteomic pattern that

had the potential for a diagnostic test

technology.7 Since that time, there have

been several reports of the use of the

technology in classification of samples

through pattern analysis.8–10 The devel-

opment of various forms of microarrays

for protein detection and quantitation11

and further refinements and advance-

ments in equipment, software, sample

processing and understanding of the

basis of some of these potential markers

have led to an explosion of information

in the area of proteomics. This article will

focus on the incredible possibilities that

these proteomic technologies present

along with the equally incredible chal-

lenges faced in making them available to

the clinical laboratory.

Microarrays

The miniaturization and development of

gene arrays provided a technological

basis for a similar trend for proteins

and peptides. These arrays still have

many of the basic operating principles

of traditional assays but the platforms

allow for high throughput screening

utilizing low volumes of reagents and

test samples. This has become important

especially in the investigation of the

proteome in samples where very low

volumes are available such as tumor cell

lysates.
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Arrays have been adapted for many

purposes12–14 and the general formats are

outlined in Fig. 1. They have been made

for the evaluation of protein function such

as substrate activity, protein–drug interac-

tions and epitope mapping studies. Protein

detection arrays utilize affinity reagents

such as antigens, aptamers or antibodies as

binding reagents to study specificity of

proteins. Reverse phase arrays generally

use a single binding reagent to detect

proteins or peptides in complex mixtures

and can be quantitative thus providing

both specificity and relative quantitative

data for cell lysates, tissues and serum

samples. While many of these techniques

come directly from traditional clinical

assays, there are some that have evolved

into sophisticated and powerful methods.

One such method involved the use of

differential biopanning.15 Using the anti-

bodies in sera from clinically defined

patients (cancer and normal), phage

libraries were screened and clones selected

based on differential binding to antibodies

in the cancer patient’s sera as compared to

antibodies in normal sera. The cloned

proteins are then arrayed and evaluated

as potential biomarkers to which antibo-

dies could be found in patients as markers

of disease. Only with the microarray

technique can this type of process be scaled

up to the level where biomarker discovery

becomes possible and this method has been

used to find potential biomarkers for

ovarian cancer.16

Advances in detection technologies

have also contributed to the use of

microarrays in proteomics.17 Some of

these techniques are label free such as

surface plasmon resonance but others are

the result of more sensitive substrates

and detection methods as well as ampli-

fication techniques such as secondary

binding events or enzyme cascades.

The use of fluorescent Quantum Dots1

for reverse microarrays showed great

promise in detection in a second anti-

body/avidin–biotin amplified format

(Fig. 2). This simple format allowed for

lower abundance proteins to be detected

in even smaller volumes and, in conjunc-

tion with quantitation, has given insight

into protein pathways.18

The complex nature of proteins, their

modifications during activation and the

wide concentration range have presented

substantial challenges to protein arrays

that were not encountered with nucleic

acid arrays. However, advances in the

Fig. 1 Configurations of microarrays (adapted with permission from Cretich et al12 copyright 2006, American Chemical Society). Immobilization of

capture ligands on a surface in an array on an appropriate surface is followed by blocking, incubating with samples for a binding event to occur. The binding

is then detected either with a variety of label free methods or with the addition of a secondary label such as a fluorescent label or an enzyme.

Fig. 2 Reverse microarray configuration using quantum dots for detection (adapted from Geho

et al18 copyright 2005 with permission from Elsevier). Sample is arrayed on a solid surface such

as nitrocellulose. After probing with a specific primary antibody, a biotinylated second antibody

is added. Strepavidin decorated with quantum dots is added as a sensitive label. This can then be

detected with a high sensitivity CCD camera measuring the fluorescence of the sample and using

image analysis a quantity can be estimated.
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technology, manufacture of arrays and

bioinformatics software to assist in the

interpretation of data have led to their

widespread use in the research setting.

These small arrays will provide great

contributions to our knowledge of dis-

ease and its diagnosis in the coming years

through their use in the study of the

human proteome.

LCM

The development of laser capture micro-

dissection (LCM) in 199619 was a further

advancement giving the ability to dissect

cells of known pathological state from

tissue. A commercial LCM system has

been developed by Arcturus Bioscience,

Inc. (www.arctur.com) and has made this

technology widely available. The techni-

que utilizes stained pathology slides and

a coverslip with a laser activated adhe-

sive. Cells of interest are identified by a

pathologist and a laser is fired to activate

the adhesive adjacent to the cell. When

the coverslip is removed, the cells of

interest are also lifted from the slide

leaving behind the remaining cells. Using

extracts from cancer cells and comparing

them to neighboring normal cells, a

pattern was seen that showed differences

in the protein content and concentration

of proteins between these two cell

groups.20 The technique of LCM has

since spread to other researchers and, in

conjunction with microarrays or mass

spectrometry, has expanded our knowl-

edge of the proteome within the cell.

SELDI-TOF

One of the key developments in the area

of mass spectrometry was the commer-

cialization of surface enhanced laser

desorption ionization (SELDI) techno-

logy by Ciphergen (www.ciphergen.com).

This technology incorporated the frac-

tionation of samples on a surface that

was then used as the target for matrix

assisted laser desorption ionization

(MALDI). In the commercialization pro-

cess, Ciphergen developed a simple sys-

tem that included a holder for arrays that

was in the familiar 96 position microtiter

plate format. This made sample proces-

sing simple and utilized equipment

already in the biology laboratory. The

Ciphergen instrument was also very

simple to operate with software that

was user friendly and included data

analysis in formats such as a ‘‘gel view’’

that was also familiar to biologists.

Although the data was of a lower

resolution than larger mass spectro-

meters, the sensitivity was similar and

the ease of use and familiarity of the

entire system opened mass spectrometry

to a whole new group of scientists who

quickly began to explore the proteome

using this tool.

Biologists soon learned that the com-

bination of LCM and SELDI provided a

powerful tool in exploring the proteome

of cells. In 2000, a study of LCM from

prostate cancer showed clear differences

between cancer cells and neighboring

cells by 2D gel electrophoresis. The

difference was demonstrated by the dis-

section of cancer cells and normal cells

from a single pathology slide and then

solubilizing the cells. The resulting solu-

tion was then applied to the 2 dimen-

sional gels.20 Using LCM and SELDI,

differences were also evident but the

experiment was faster and easier to

perform and the data was easier to

analyze. Similar experiments to solubilize

cells but then apply the solution to

SELDI surfaces and generate mass spec-

tra showed patterns that were different

for several cancers including colon,

breast and prostate.21 The extension of

this finding to serum was done using sera

from groups of cancer patients and

groups of patients who were known not

to have disease at the time of blood draw.

In a 2002 publication,7 a series of sera

from ovarian cancer patients and cancer

free patients were examined by SELDI

and the resulting spectra were used to

train a computer algorithm to recognize

the differences between these two groups.

The pattern was then used to classify 116

additional patient samples—50 with can-

cer and 66 from cancer free women

including women with benign disease

such as ovarian cysts. The results of this

study were remarkable with a 100%

sensitivity and 95% specificity. It became

very clear that the potential for diagnosis

based on multiple parameters was possi-

ble but there was much to be done before

it could be validated for use in patients.

This was soon followed by similar find-

ings for a wide range of diseases such as

prostate cancer, breast cancer, renal

cancer, and pancreatic cancer.22–24

However, the controversy over this tech-

nology began almost immediately with

questions being raised over the technol-

ogy itself, its reproducibility, the bioin-

formatics used and the possibility of

over-fitting, the potential bias in the

samples as well as how this could

possibly fit into a routine diagnostic

lab.25–28 It was clear that the technology

was complex involving biology, mass

spectrometry and computer bioinfor-

matics and analysis and the interaction

of these diverse areas had not been

studied enough to say if it could be used

for diagnostic purposes and studies

regarding this continue today.

As biologists gained confidence in

their ability to utilize mass spectrometry

for proteomic investigations, so did they

explore more complex instruments and

systems for their research. The migration

from the Ciphergen system to a hybrid

higher mass resolution and accuracy

system (the ABI Q-Star with a

Ciphergen source) gave even richer data

to mine. Indeed, this system demon-

strated that it could give absolute classi-

fication in an ovarian cancer vs. cancer

free serum sample set.29 Such a finding

raised hopes even more that a mass

spectrometry pattern could be used as a

diagnostic test. However, the issues of

reproducibility, robustness and conse-

quences of a misclassification raised

concerns especially when considering a

new technology.28

MALDI

As biologists became more familiar with

mass spectrometry platforms and began

to investigate the source of patterns,

many began venturing beyond the world

of SELDI into platforms that were more

complex and with potential for both rich

data mining and peptide isolation and

identification. With the MALDI systems,

the sample fractionation process takes

place before presentation to the surface

that is interrogated by the mass spectro-

meter whereas the SELDI system uses

the same surface for fractionation and

mass spectrometer interrogation. Thus

the fractionation possibilities for

MALDI are more complex but varied

and have potential for concentration of

low abundance materials. One of the

significant findings discovered with some

of these techniques was that diagnostic

information could be found associated

with carrier proteins such as albumin.30
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This discovery also helped explain the

principle of what had been seen earlier in

SELDI experiments where patterns were

most clearly observed when undiluted

sera were used as the sample.7,29 It

appeared that albumin, the major protein

in serum, was ‘‘stuck’’ to surfaces rather

than being specifically bound. Not only

did this explain the source of the

diagnostic ions but also it explained

why many of these low molecular weight

markers were not excreted in the urine

and were not too low in abundance for

detection. Many investigators had

depleted albumin from samples before

looking for diagnostic biomarkers.

However, this appeared to be eliminating

a rich source of potential markers.31 A

system for capturing carrier proteins and

examining their cargo for potential mar-

kers has recently been introduced into

the research market. The BioExpression

kits produced by PerkinElmer (www.per-

kinelmer.com) utilize Cibachrome blue

immobilized on a microwell plate to

capture albumin from serum. Following

washing, the albumin and its cargo is

eluted in a basic solution. The peptides

and peptide fragments are then captured

on a C18 reverse phase surface in a Zip

plate and eluted with matrix to a

disposable MALDI source (Fig. 3). This

is then read on the mass spectrometer to

yield high resolution and high content

spectra that can be examined for pat-

terns. Using this system, a proteomic

pattern was discovered for Alzheimer’s

disease32 thus opening up the possibility

of a diagnostic test that could detect

early stage disease when treatment inter-

vention is most useful. Patterns for

cancers such as ovarian cancer and

cutaneous t-cell lymphoma are currently

being investigated using this system

(PerkinElmer, personal communication).

Therefore, the study of this part of the

proteome is raising the hope for diag-

nostic markers and tests for those dis-

eases where none currently exists beyond

traditional biopsy.

Identification of biomarkers

Proteomic patterns have been shown to

exist for several diseases. However, the

use of mass spectrometry as a routine

clinical tool for diagnosis of diseases such

as cancer, cardiovascular disease,

Alzheimer’s disease and other complex

diseases is still a long way off. In the view

of some scientists, it is necessary to know

the identity of the diagnostic ions in

order to associate them with disease.25

With all of the issues surrounding the

technology,28 it appeared that the path of

least resistance was to identify the pep-

tides or peptide fragments and utilize this

knowledge to develop panels of tradi-

tional tests where many of the potentially

problematic factors are understood.

Some investigators have capitalized on

the fact that mass spectrometry patterns

indicating a panel of peptides reflecting

differences in the proteome can be used

to classify disease and have adapted this

approach using traditional immunoas-

says. This has been done for ovarian

cancer where the sensitivity and specifi-

city of CA125 (the traditional assay for

monitoring disease) in detecting disease

could be improved with the addition of

three more assays.33 Another approach

was to survey currently available

research assays thought to be associated

with a particular disease and use them in

a panel approach. The results showed

promise with a combination of leptin,

prolactin, osteopontin and insulin-like

growth factor-II (IGF-II) giving a sensi-

tivity and specificity of 95% in this pilot

study of 86 women.1

The identification of the peptides or

proteins within the proteome that are the

basis of a potential diagnostic pattern is

not a trivial matter. While the ion values

composing the pattern are known and

can guide discovery, the complexity of

serum is too great for direct identifica-

tion. Therefore, fractionation is the first

necessary step. This can be done with a

variety of techniques or combination of

techniques such as 2D gels and liquid

chromatography or newer techniques

such as free flow electrophoresis that

allow for concentration of low abun-

dance proteins and peptides.34,35 The

identification can be done using either a

targeted approach (looking for a protein

that fits a particular ion value) or

identification of all peptides in the

mixture and then selecting the one(s) of

interest and can be done by liquid

chromatography and tandem mass spec-

trometry (LC-MS/MS).36 The develop-

ment of small but powerful computers

along with large databases has allowed

for analysis of more complex data to give

identifications not possible a few years

ago. The identification strategies have

evolved along with highly sophisticated

and ultra-high resolution instruments

such as TOF-TOF and Fourier trans-

form ion cyclotron resonance machines,

fractionation equipment and software

and databases.37 All of these provide

scientists with tools for exploring and

defining the proteome.

Bioinformatics

The evolution of proteomic software has

come out of many of the pattern recognition

techniques that were originally developed

for other purposes. The initial patterns

published were based on genetic algorithms

and self-organizing maps.7 Since this time,

several other techniques have confirmed the

presence of patterns and these techniques

were different in their approach. Well-

exercised machine learning software such

as decision trees (www.spss.com), the
Fig. 3 Procedure for ProXpression2 Peptide Fractionation (Courtesy of Dr Mary Lopez,

PerkinElmer Life Sciences).
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support vector machine (Chih-Chung

Chang and Chih-Jen Lin, LIBSVM: a

library for support vector machines, 2001.

Software available at http://www.csie.ntu.

edu.tw/ycjlin/libsvm) and partial least

square regression (www.sas.com) have also

been used to confirm that patterns do exist.

Recently, these three methods have been

used in a ‘‘voting’’ scheme for classification

giving further confidence in the results.38 In

cases where the complexity of the spectra are

too great for the computer, visualization

tools can be used to guide the computer and

parse data for processing.39 Such an

approach was used for a particularly com-

plex data set and yielded promising results

in the detection of a pattern in the serum

proteome following radiation exposure.40

For biologists interested in proteomic

patterns, some instrumentation include

bioinformatics software as part of a

system package. The Ciphergen

Biomarker Wizard (www.Ciphergen.

com) package and the PG600 software

from PerkinElmer (www.perkinelmer.

com) are examples of pre-packaged

bioinformatics software that are rela-

tively simple to operate and provide the

tools for biomarker discovery.

The future

The use of proteomic patterns as poten-

tial diagnostic technology is evolving

with the strides that are being made in

the areas of understanding patient sam-

ple acquisition and sampling, sample

processing, sample fractionation and

preparation, robotic processing, mass

spectrometry, bioinformatics and data

analysis and interpretation. However,

there is much to be done before these

techniques can come to the clinical lab.

The basics of the source of the diagnostic

ions must be confirmed and validated.

Understanding the principle of the test

procedure is a necessary part of any

clinical test. In addition, there are many

factors that must be addressed before

mass spectrometry technology can be

considered for clinical use (Table 1).

Meanwhile, the pattern approach is

being adapted to and used in traditional

immunoassays some of which have been

incorporated into microarrays.1,33 This

approach is one that could allow

transition to the clinical laboratory

because the technology is better under-

stood. However, the manufacturing

issues of a multiplexed assay system

are challenging and these will need to

be resolved. The combination of the

microarray approach using binding part-

ners such as antibodies along with mass

spectrometry is an exciting possibility. As

shown in Fig. 1, antibodies would be

used to capture proteins or peptides of

interest when they could be detected by

such methods as surface plasmon reso-

nance.41 MALDI interrogation of the

bound protein or peptide could then be

used to ‘‘fine tune’’ the specificity of the

antibody binding event. This could be

used to detect subtle differences in

disease such as phosphorylation events

that are difficult to detect using

antibodies but are detectable by mass

spectrometry.

The combination of proteomic techni-

ques—mass spectrometry, microarrays

and bioinformatics—will not only pro-

vide powerful diagnostic information but

could provide insight into disease

mechanisms. All of this needs enormous

development but the results for patient

care will be substantial.
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