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Abstract. Our understanding of human disease and potential therapeutics is improving rapidly. In order to take advantage of

these developments it is important to be able to identify disease markers. Many new high-throughput genomics and proteomics

technologies are being implemented to identify candidate disease markers. These technologies include protein microarrays,

next-generation DNA sequencing and mass spectrometry platforms. Such methods are particularly important for elucidating

the repertoire of molecular markers in the genome, transcriptome, proteome and metabolome of patients with diseases such

as cancer, autoimmune diseases, and viral infections, resulting from the disruption of many biological pathways. These new

technologies have identified many potential disease markers. These markers are expected to be valuable to achieve the promise

of truly personalized medicine.
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1. Introduction

Disease markers are of vital importance to clini-

cians and their patients as early detection, accurate

prognosis/diagnosis and monitoring of therapy can lead

to increased overall survival and cure rates. As our

knowledge of diseases quickly expands, the field of

disease marker discovery will play increasingly impor-

tant roles in the delivery of improved diagnosis and

treatment. These markers, such as protein (includ-

ing autoantibodies, which are antibodies specific to

self-antigens [43]), hormonal markers (such as lack

of insulin in Type I diabetic patients [89]), and ge-

netic/genomic markers (such as BRCA1 mutation in

breast cancer patients [52]), enable clinicians to diag-

nose the disease while it is still at early stages, to ensure

appropriate surgical intervention, efficient drug treat-
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ment and monitoring, and to predict an individual’s risk

of developing specific diseases before they experience

symptoms. Traditionally, discovery and detection of
these disease markers relied on low throughput tech-

nologies such as Enzyme-Linked Immunosorbant As-

say (ELISA) or 2D-gel plus Edman degradation for pro-

tein markers, Reverse Transcription-Polymerase Chain

Reaction (RT-PCR) for mRNA markers, and restriction

enzyme digestion, cloning and Sanger sequencing for

DNA markers. Before the dawn of high-throughput

technologies these methods played important roles in

marker identification and yielded significant discover-

ies in various diseases such as systemic lupus erythe-

matosis, rheumatoid arthritis and breast cancer [32,52,

107], which greatly enhanced the diagnostic efficiency

in these diseases.

During the past two decades, high-throughput tech-

nologies emerged and have displayed great potential in

large-scale studies for marker discovery. These tech-

nologies include protein microarrays [42,119], mass

spectrometry for large-scale shotgun studies [116],and,

more recently, high-throughputparallel sequencing (in-

cluding RNA-Sequencing) [9,63,67]. This article will
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review disease marker discoveries using these systems

biology approaches, with a focus on high-density pro-

tein microarray technologies. We will also briefly re-

view current progress in disease marker identification

using parallel sequencing and mass spectrometry tech-

nologies.

2. Marker discovery using high-density protein

microarrays

Currently, high-density protein microarrays contain

hundreds to thousands of proteins that are arrayed

on coated glass microscope slides (e.g. nitrocellulose-

coated slides) in an addressable format [23]. These

arrays are usually probed with fluorescently labeled

molecules and the signals are then acquired with a con-

focal laser scanner. A number of surface chemistries

have been employed for their ability to bind proteins

efficiently although there is often a trade-off between

retention and decreased protein function or improper

folding. There are several broad categories of protein

microarrays: arrays composed of cell or tissue lysates

or protein fractions isolated from crude lysates [33,74],

antibody or analytical arrays that contain types of an-

tibodies directed specific analytes [13] as well as so-

called functional protein arrays [86,118]. Functional

protein arrays contain full length proteins with intact

catalytic function and proper epitope folding, which

are often generated by arraying purified proteins pro-

duced individually prior to printing [118] or proteins

produced in situ by in vitro transcription and translation

of DNA that is printed directly on the surface of the

array [86]. Our group has been developing the last type

of protein microarrays by arraying purified proteins on

nitrocellulose-coated glass slides. This type of func-

tional protein microarray has clear advantages over the

other alternatives: the ability to specifically identify in-

dividual proteins compared with cell lysate arrays and

the ability to ensure the quality of each arrayed pro-

tein compared to the in situ transcription-translation ar-

rays. After development of the first protein microarray

that contains 5800 full-length proteins of the budding

yeast Saccharomyces Cerevisiae [118], our group pro-

duced a number of protein arrays including the yeast

N-terminal and C-terminal arrays, a 500 protein Ara-

bidopsis array, and a coronavirus array [119]. In con-

junction with Protometrix Corporation (now part of In-

vitrogen Corporation) we also collaborated in the de-

velopment of a human protein array that currently holds

more than 9,000 proteins expressed individually using

a Baculovirus/sf9 expression systems. These various

arrays were used for a variety of applications including

assaying for protein-protein, protein-lipid and protein-

nucleic acid interactions as well as probing for sub-

strates of protein kinases [41,45,118]. We also devel-

oped algorithms for positive signal calling and large

dataset processing [50]. Recently, we have applied this

technology in a novel proteomics-based approach to

screen for human antibodies that react with foreign and

self-antigens [64,65,79]. Particularly notable in this re-

view is our use of these protein microarrays to analyze

the immune response to coronaviruses [119] as well as

our screening projects to analyze ovarian cancer [43],

myeloma, multiple sclerosis and asthma. In this section

we will review disease marker identification in several

fields using high-density protein microarrays.

2.1. Antibodies as markers of viral infections

Currently, tests for the detection of microbial infec-

tions are the only clinical tests that rely on measur-

ing antibody responses. ELISA-based detection meth-

ods are often used to detect a patient’s antibody titer

to epitopes of the microorganisms for diagnosis of the

infection.

In late 2003, an outbreak of a novel coronavi-

rus (CoV), the Severe Acute Respiratory Syndrome

(SARS) virus, resulted in that killed over 900 deaths.

Novel diagnostic tests were required to identify and

monitor this disease, and ELISA, immunofluorescence

and nucleic acids tests were employed. It was shown

that protein array-based methods proved to be more ac-

curate than any of the existing antibody based meth-

ods [119]. Our lab developed a coronavirus protein-

microarray that contained 82 coronavirus proteins in-

cluding all SARS-CoV proteins and proteins from five

additional coronaviruses. The microarray was used

to probe sera obtained from 399 Canadians and 203

Chinese during the SARS outbreak, including sam-

ples from confirmed SARS-CoV cases, other respira-

tory disease patients, and healthcare professionals. Af-

ter detection with Cy3-labeled anti-Human IgG anti-

bodies, the bound reactive antibodies to coronavirus-

encoding proteins from sera were visualized and quan-

tified. The reactivity results of the different proteins

were analyzed using a variety of computational meth-

ods, and we developed computer algorithms based on

the reactivity results to predict which patients were in-

fected with SARS [119].

The protein microarray platform displayed a very

high sensitivity, and reliably detected SARS-CoV reac-
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tive antibodies even when serum was diluted at 16,000

fold. The assay showed good reproducibility with less

than 10% variance in signal intensity between dupli-

cate slides. Importantly, the method requires less than

one microliter of serum for detection, which is desir-

able when serum samples are limited. Moreover, prob-

ing of the coronavirus protein microarrays with SARS

infected serum samples also shows high specificity to

SARS-CoV-specific proteins, as very little crossreac-

tivity with proteins of other coronaviruses has been ob-

served in SARS infected serum samples. To determine

the best classifiers to distinguish SARS-positive from

SARS-negative sera, we used one unsupervised clus-

tering method and two supervised methods: k-nearest

neighbor (k-NN) and logistic regression (LR). Both su-

pervised models showed high sensitivity (90% for k-

NN and 89% for LR) and specificity (93% for k-NN

and 94% for LR) with a panel of 5 (k-NN) or 4 (LR)

best classifiers, and these numbers were greater than

97% when the assay was performed in triplicate. The

prediction methods were then tested on 56 sera from

Chinese fever patients for SARS-infection prediction

and were determined to have 100% sensitivity and 95%

specificity, which are superior to two ELISA-based de-

tection methods that were used during the SARS out-

break.

Our study in SARS-CoV infection diagnosis via de-

tection of SARS-CoV-specific antibodies by protein

microarrays demonstrated that this approach is sen-

sitive (50-fold more sensitive than ELISAs), specific

(little crossreactivity with other coronavirus proteins),

and rapid (performed in a few hours). Nevertheless it

should be noted that tests based on immune responses

to foreign antigens are more likely to achieve higher

accuracy than those based on autoantibody-autoantigen

responses since there is no self-tolerance to the for-

eign antigens and the presence of pathogen associated

molecular patterns (PAMPs) significantly increases the

immune response. Overall, this study demonstrated for

the first time that protein microarrays could be used

to diagnose and monitor human antibodies as protein

markers that are generated during the course of a dis-

ease. Moreover, it demonstrated the power of using a

panel of multiple classifiers for diagnostics.

2.2. Marker discovery for early detection and

prognosis of cancer

While protein microarray technology can efficiently

and accurately detect antibodies generated against for-

eign antigens from infectious organisms, perhaps the

most intriguing application of this technology is in the

discovery of novel protein markers for the early de-

tection of various cancers. The identification of dis-

ease markers holds the promise of increasing the effec-

tiveness of clinic therapies and marker-based routine

screening programs and can potentially enable diagno-

sis at the earliest stages of the disease, before the devel-

opment of clinically recognizable cancers that are usu-

ally at advanced stages. For instance, in heavy smokers

autoantibodies recognizing mutant forms of the tumor

suppressor p53 have been detected prior to the diag-

nosis of lung cancer [103]. Early detection and treat-

ment would result in markedly improved survival rates,

especially for patients whose cancers do not present

symptoms during early stages such as pancreatic and

ovarian cancer [25,29,91].

Oncoproteomics is a rapidly expanding field aimed

at applying high-throughput proteomics approaches to

understanding the mechanisms involved in cancer. Pro-

teomic approaches to discover cancer markers have

been an area of strong interest in recent years. In the

past, these projects often involved serum screening with

phage expression libraries prepared from cancer tis-

sues, or SEREX (serological analysis of cDNA expres-

sion libraries), or by immunoblottingcancer cell lysates

after two dimensional polyacrylamide gel electrophore-

sis (2DE-PAGE). These approaches have yielded some

promising candidate markers but suffer from particular

issues, such as the fact that phage expression libraries

often contain out of frame and truncated protein tar-

gets and protein candidates discovered by 2DE-PAGE

are difficult to identify since the proteins are unknown.

Mass spectrometry is often required in order to identi-

fy the candidate autoantigens [20,46,53,90]. An addi-

tional problem with these approaches is that the sam-

ples are usually limited in amount and are difficult to

reproduce. Protein microarrays overcome those diffi-

culties as all of the spotted proteins are derived from

known, well-characterized clones. Additionally, even

a small amount of purified protein is sufficient to print

hundreds of arrays for patient screening [4,7,16,47,81].

As most traditional disease markers are proteins

that have become over- or under-expressed during the

course of disease, there is much interest in the potential

use of autoantibodies as a novel class of disease mark-

ers. Recently, detection in serum of circulating autoan-

tibodies targeting Tumor-Associated Antigens (TAAs)

has emerged as an effective approach for identifying

cancer early detection markers (e.g. breast, lung and

ductal pancreatic cancer [5,80,102]). This approach is

based on the fact that the immune system produces an-
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tibodies against abnormal/mutated proteins generated

from apoptotic/necrotic cancer cells. These autoanti-

bodies can then be detected with immunosorbant as-

says like ELISA. Because the levels/stability of autoan-

tibodies are potentially much greater than those of the

original autoantigens, they would be more easily de-

tected. By comparing autoantibody profiles between

different groups (cancer patients versus controls), it is

possible to identify markers that are significantly dif-

ferentially expressed. This method is expected to be

superior to DNA array-based methods since changes

in RNA expression levels do not necessarily correlate

with protein expression.

The area of research in autoantibody marker dis-

covery using protein microarrays has rapidly expanded

over the last several years as the protein array platform

continues to mature. The recent availability of high

content protein microarrays allows for global profil-

ing of autoantibodies to cancer antigens in both high-

throughput (thousands of protein candidates) and high

sensitivity (� 10 fg of protein) [43,118]. Improve-

ments in printing techniques and increases in protein

spot quantity have made these arrays promising vehi-

cles for exploring the repertoire of autoantibodies in

human disease. This approach has been applied, by

various groups, for the discovery of autoantibody mark-

ers in breast cancer [5], lung cancer [80] and ovarian

cancer [43], as well as a smaller study in pancreatic

cancer [74]. Here we will review past and ongoing

research in immune response profiling using protein

microarrays relating to a number of disease states.

While self-tolerance usually abrogates the antibody

response to self-proteins it is possible to elicit an au-

toimmune response under certain conditions present

in cases of disease. The antigenicity of self proteins

may result from overexpression of normal proteins such

as in the case of Her-2 in breast cancer subtypes and

prostate specific antigen (PSA) in prostate cancer, from

aberrant post-translational modification such as differ-

ent Mucin-1 glycoforms in breast cancer, or from mu-

tations in the proteins as has been found to be the

case with the tumor suppressor p53 in multiple cancer

types [2,14,17,55]. Additionally, proteins that are usu-

ally restricted to expression in germ line cells or are ex-

pressed only in the early stages of development may be

aberrantly expressed in cancer. This is the case with the

testis antigen NY-ESO-1 and carcinoembryogenic anti-

gen (CEA) respectively. Because many of the proteins

mentioned above are detected only at very low levels

in serum, even in late stages of disease, they would be

of little utility for screening purposes. However, even

slight increases in the expression of those antigens can

lead to detectable increases in the corresponding au-

toantibody. Generally, we find the existence of a basal

autoantibody level to many self-antigens, however, this

response has been shown to be markedly increased in

cases of diseases such as those mentioned above [2,26,

87].

CA-125 is currently the only clinically approved

marker for ovarian cancer screening. Unfortunately,

although CA-125 serum levels are significantly elevat-

ed in advanced stages of the disease, its positive pre-

dictive value for the detection of early stage ovarian

cancer is less than 10% [66]. For this reason the iden-

tification of new markers for this disease is of critical

importance. Scientists, such as the group led by Gil

Mor at Yale University, recruited proteomics-based ap-

proaches using antibody-based protein microarrays to

identify new serum biomarkers, which, in combination

with CA-125, may enhance the early detection of ovar-

ian cancer [48,66,110]. Our group also launched a pi-

lot study to profile ovarian cancer-associated autoanti-

bodies with protein microarrays containing 5,005 full-

length human proteins [43]. We compared the autoan-

tibody profiles in 30 cases of epithelial ovarian cancer

patients and 30 healthy controls, and after statistical

analysis, identified 90 proteins to have significantly dif-

ferent immune reactivity in the patient group versus the

control group. The results were validated by immuno-

histochemistry (IHC) and demonstrated high sensitivity

(95%) and specificity (97.5%) when the top two mark-

ers (Lamin A/C and SSRP1) were combined. Howev-

er, further validation is required before the candidate

markers can be adopted in a clinical setting. Therefore

we carried the top ranking candidates through to the

validation phase in which a much larger set of sam-

ples will be tested to evaluate the performance of the

potential markers. We have generated focused protein

microarrays containing these candidates as well as con-

trol proteins such as CA-125 (Fig. 1). These arrays

are printed in twelve blocks per slide allowing as many

as twelve samples to be screened per array. This ap-

proach will allow hundreds to thousands of samples to

be screened in order to determine which markers or

combination of markers demonstrate the best receiver

operator characteristic (ROC) performance [34,43].

Autoantigens in breast cancer subtypes such as Her-

2/neu positive tumors have been shown to correlate

with increased autoantibody responses in patients. Her-

2/neu autoantibodies in those patients demonstrate ap-

proximately 18% sensitivity and 94% specificity. Other

Groups have adapted similar approaches to multiplex-
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Fig. 1. A “focused” protein microarray composed of high ranking ovarian cancer autoantigen marker candidates discovered by Hudson, et al.,

and probed with serum diluted 1:50. Panel A shows the anti-human IgG channel. B shows anti-GST reactivity to GST-tagged autoantigens

and controls. C is the merged image which demonstrates the utility of using the ratio data to analyze autoantibody reactivity relative to protein
content. Blue boxes indicate autoantigens that were serum reactive while yellow boxes show control spots.

ing immune responses using high-density protein mi-
croarrays in breast cancer [15,117]. Among these stud-
ies, Anderson et al. used nucleic acid programmable
protein arrays (NAPPA) for sera screening in breast
cancer [5]. These arrays were generated by printing
individual genes as plasmid DNA along with capture
antibodies to GST tags on the fusion proteins. The
arrays were then incubated with in vitro transcription
and translation coupled cell-free lysates to produce the
proteins and anchor them to the array surface. Each ar-
ray consisted of 1700 cancer associated candidate pro-
teins including p53 as well as the Epstein bar nuclear
antigen (EBNA) as a control. Sera from four breast
cancer patients and four healthy controls were used to
probe the arrays and they found anti-p53 autoantibod-
ies in cancer patients. Because the proteins are not pro-
duced until the arrays are ready to be probed they do
not suffer from degradation during periods of storage.
However, the protein quantity is more variable between
spots compared to directly printed arrays. We have
found that spot to spot variation in protein amount may
be overcome by evaluating the autoantibody response
relative to the protein amount (i.e. the ratio of autoanti-
body signal to the signal from an epitope tag on the au-
toantigens). In our protein array immune response pro-
filing studies we have found that this approach results
in decreased signal variance between replicate spots
(unpublished data). To date, no studies that attempt
to identify novel breast cancer markers have been per-
formed using high-density protein microarrays. Pre-

vious high-throughput serum screens in breast cancer
have relied on SEREX and 2DE-PAGE and involved
relatively small sample sets [53,90].

A more interesting immune response profiling study
may be the autoantibody responses to self-antigens
in cancers of the blood and lymph, such as multi-
ple myeloma. Our lab has been involved in a pro-
tein microarray based screening project aimed at elu-
cidating the autoantigen repertoire in multiple myelo-
ma. Multiple myeloma is a cancer of the bone mar-
row system resulting from the uncontrolled prolifera-
tion of monoclonal plasma cells (precursors of the B-
cells responsible for the production of antibodies) [60,
83]. Monoclonal gammopathies of unspecified sig-
nificance (MGUS) is a precursor disease to multiple
myeloma characterized by bone marrow plasmacytosis
and increased M-protein levels in the blood [84]. We
have probed high-density protein arrays using plasma
from dozens of cases of MGUS, multiple myeloma, and
healthy controls. By comparing IgG responses to indi-
vidual antigens on the arrays between the healthy and
diseased groups we have identified multiple autoanti-
gens that are significantly differentially targeted by IgG
autoantibodies in early stage disease. This study was
unique as it employed the highest density protein ar-
rays for multiple myeloma immune response profiling
to date and the patient samples were from a prospective
collection. Because samples were drawn prior to dis-
ease onset there are no artifacts resulting from medical
treatment of the patients. By querying such early stage
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samples we have a better chance of identifying markers

that will be effective for diagnosing patients at early

stages when they are more treatable and will experience

better outcomes. The markers identified in this study

may yield insight into the biological processes and mu-

tational events that contribute to the development of

aggressive forms of multiple myeloma.

In addition to early detection, cancer markers may

also enable clinicians to offer personalized treatment.

Recent advances using the anti-cancer drugs Herceptin

and Iressa illustrate this point. These drugs target spe-

cific patient populations: Herceptin is effective against

those tumors expressing the Her2 receptor and Iressa is

effective for patients with specific mutations in the epi-

dermal growth factor receptor [58,109]. These drugs

offer limited benefits to patients with the same cancer

types when these markers are not present. Thus, deter-

mining the marker profile of an individual’s disease can

enable the identification of distinct patient populations,

allowing tailored and more effective treatment.

One issue that we would like to note is that no sin-

gle autoantibody response to an autoantigen has been

confirmed to have sufficient sensitivity and specificity

for screening purposes in early stage disease. How-

ever, by evaluating the antibody responses involving a

panel of autoantigens, accuracy has been markedly im-

proved [15,43,66]. Thus, future protein microarray im-

mune response screening tests will likely combine mul-

tiple autoantigens. Numerous approaches have been

applied to combining disease markers. Some of the

common methods for combining multiple autoantibody

responses are linear regression, split-point analysis, and

k-nearest neighbor (k-NN) [24,119]. Still there are cur-

rently no clinical screening or diagnostic tests that rely

on a panel of protein markers,although multi-parameter

DNA microarray tests are becoming commonplace in

diseases such as breast cancer [106]. Clearly, more

work is needed before autoantigen based microarray

tests can be implemented in a clinical setting.

2.3. Marker discovery in autoimmune diseases

The use of protein microarray technology for

biomarker discovery in autoimmune diseases seems a

natural extension of the technique as autoantibody re-

sponses have already been shown to contribute to dis-

ease progression in diseases such as lupus [59]. While

antinuclear antibody tests are sometimes used to con-

firm diagnosis of certain autoimmune diseases, they are

not disease specific [59,78].

Multiple sclerosis (MS) is a debilitating disease of

the central nervous system characterized by rounds

of axonal demyelination and repair. It affects mostly

younger people and is more common in women than

men. The underlying cause remains unknown, though

there is mounting evidence that antibody responses to

self proteins play a role in both demyelination and re-

pair [28]. Previous efforts have identified a number

of myelin specific proteins that demonstrate increased

autoantibody responses in MS. These autoantibodies

have been detected in both serum and cerebrospinal flu-

id (CSF). Recently, protein microarray screening has

been applied to evaluate autoantibody responses to sub-

sets of myelin proteins that are known to be associated

with MS and other neurodegenerative diseases [78,82,

97]. The antigens that were shown to elicit autoan-

tibody responses include classical MS antigens such

as myelin-basic protein (MBP), myelin associated gly-

coprotein (MAG) and myelin oligodendrocyte glyco-

protein (MOG) as well as proteins that have not been

demonstrated to play a significant role in MS previous-

ly. These studies have suffered from the fact that the

arrays were focused on a relatively small number of

previously known candidate autoantigens. Our group is

currently conducting larger-scale screenings based on

high-density protein microarrays. With this platform,

we have tentatively identified a number of novel can-

didate markers in multiple sclerosis. We are currently

working to validate these markers in a larger sample set.

This less biased approach may result and the identifi-

cation of novel autoantigens leading to a better under-

standing of the underlying mechanisms in the etiology

of MS and result in improved screening and diagnostic

tests.

Asthma, a common disease with a prevalence of 11%

for all ages [75], and 13% in children under 18 years

of age in the United States [11], is another disease

involving an autoimmune mechanism [88,121]. This

heterogeneous inflammatory disease of the airways is

marked by recurrent episodes of airway obstruction and

wheezing [95,114], and is anatomically characterized

by bronchoconstriction, inflammation and thickening

of the airway walls [37]. Considering asthma as an

aberrant chronic wound healing process [36], it would

not be surprising that some of the released/leaked cel-

lular contents from the airway epithelium due to dam-

age and remodeling, similar to necrotic cancer cells,

may elicit autoimmunity. In fact, aberrant autoanti-

bodies have been detected in asthmatic sera by autol-

ogous serum skin tests as compared to normal con-

trols [44]. Autoreactive antibodies have also been de-
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Fig. 2. Simultaneous detection of autoreactive IgE (auto-IgE) and autoreactive IgG (auto-IgG) in asthmatic serum samples. After probing

asthmatic serum samples (1:500 dilution) on protein microarray slides, human auto-IgE and auto-IgG were detected with goat anti-human IgE

and goat anti-human IgG secondary antibodies labeled with different fluorescent dyes (in this case Fluorescent Dye 1 = Alexa Fluor 647 and

Fluorescent Dye 2 = Alex Fluor 555). After washing and drying, the slides were then scanned with the GenePix 4200A Scanner. Yellow boxes,
proteins bound to both auto-IgE and auto-IgG; white boxes, proteins bound to only one subtype of autoantibodies.

tected in the asthmatic sera against the high-affinity

IgE receptor FcεRI [100,101]. A few specific autoanti-

gens have been identified in the serum of asthmatic pa-

tients, including the autoIgG-reactive β-adrenergic re-

ceptor [35,108], cytokeratin 18 [68], DFS70 [105], and

α-enolase [54]. Moreover, studies on atopic dermatitis,

which often occurs with asthma, revealed autoreactive

IgE antibodies against Hom s 1–5 (Hom s 1 = SART1;

Hom s 2 = α-NAC; Hom s 3 = BCL7B; Hom s 4 =

a protein with calcium-binding motif; Hom s 5 = a

Type II Cytokeratin) [70,104,105] and DFS70 [105].

However, these studies focused on small patient groups

with no cross validation, as well as limited number

of potential targets investigated. Since both autoreac-

tive IgG and IgE may be involved in the pathogenesis

of asthma, we conducted a large-scale screening for

asthma-associated auto-IgG and IgE reactive autoanti-

gens using protein microarrays with more than 8,000

protein candidates (unpublished data). This is the first

large-scale study to profile asthma-associated autoanti-

gens, and the results will greatly improve our under-

standing of the role of autoimmunity in the etiology

of asthma. One unique feature of this study is that,

in order to maintain uniform probing conditions, we

multiplexed the detection for both autoreactive IgG and

autoreactive IgE in the serum samples simultaneously

on the same array, with a mixture of anti-human IgG

and IgE secondary detection antibodies labeled with

distinct fluorescent dyes. Our result suggested that the

protein array is capable of detecting both IgG and IgE

reactive signals in distinct emission channels with high

specificity and no/detectable signal bleeding across the

channels (Fig. 2).

Similar applications of protein arrays have been per-

formed in studies of other autoimmune diseases. Song

et al. discovered 3 novel autoantigens, namely RPS20,

Alba-like and dUTPase for autoimmune hepatitis (AIH)

using a protein microarray containing 5011 nonredun-

dant proteins [98]. Horn et al. profiled the repertoire

of IgG autoantibodies in plasma samples from Dilat-

ed Cardiomyopathy (DCM) patients with a redundant

protein microarray containing 37,200 total proteins and

identified 26 autoreactive proteins to IgG (with 6 of

them reactive specifically to the IgG3 subclass) [39].

Autoantigens were also identified for the chronic dis-

ease alopecia areata by protein microarray technolo-

gy [61]. These examples demonstrate the great po-

tential of protein microarray technology in the appli-

cation of autoantigen marker identification in autoim-

mune diseases.
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2.4. Limitations of protein microarray technology for

disease marker screening

Although protein microarray technology provides

a high-throughput method with high sensitivity and

specificity for protein marker discovery, there are par-

ticular limitations that investigators need to be aware

of before applying the technology to their research.

First of all, as probing protein microarrays for au-

toantibodies are in vitro studies with all the protein

targets arrayed in a 2-D platform, one has to take in-

to consideration off-target binding. Therefore findings

from protein microarray screenings should be validated

in larger sample sets, and the autoantigens have to be

confirmed by direct detection methods such as West-

ern Blotting, ELISA, or IHC in patient samples be-

fore an autoantigen can be confidently associated with

the disease. Secondly, microarrays that contain full-

length, folded proteins may not be recognized by au-

toantibodies that are directed against misfolded or de-

graded proteins expressed in disease cases, contribut-

ing to false negative detections. Patwa et al. developed

a method to chemically digest the proteins with CNBr

before printing them on the arrays, which may help

to overcome this problem [74], however, as the diges-

tion rate is hard to control, the final complex mixture

of digested proteins at different levels may complicate

normalization efforts and experimental control. Nor-

malization of the array data is another important con-

sideration. As we have already discussed, normaliza-

tion of protein spot morphology and quantity can be

achieved by probing with a labeled antibody directed

against an epitope-tag appearing on all of the arrayed

proteins (e.g. GST). Various software based methods

have been adopted to adjust for regional defects and

background that has traditionally been an issue for pro-

tein and DNA based microarrays [120]. Nevertheless,

analysis and interpretation of the acquired large-scale

data is still a challenge to both biologists and statis-

ticians, therefore the development of improved algo-

rithms is an ongoing effort. Under real probing con-

ditions, uncontrollable events such as scratches on the

slides, deposition of salt and non-homogeneous local

concentrations can further complicate the analysis of

the array data, although internal controls are often in-

cluded to help overcome these defects and improved

array surface chemistries have significantly decreased

local and regional background defects.

3. Marker discovery using parallel sequencing

technologies

In recent years it has become feasible to sequence en-

tire genomes and transcriptomes using massively par-

allel sequencing platforms such as the 454 and Solexa

Genome Analyzer. These platforms use a highly sen-

sitive light sensor (such as CMOS sensors or CCD

cameras) to capture fluorescent signals emitted from

each deoxynucleotide as they are added to the DNA

chain simultaneously in up to millions of parallel re-

actions in a flowcell [38], thus performing sequencing

in a high-throughput manner to obtain short sequences

(vary from 30 to 450 bp depending on the platform)

from one or both ends. Currently, related platforms and

products are available through Illumina IG, Applied

Biosystems SOLiD, Roche 454 Life Science, and the

Helicos Biosciences tSMS [112]. Another company,

Pacific Biosciences, will manufacture a new sequencer

that will perform single molecule sequencing by the

end of 2010 [22].

A typical parallel sequencing procedure consists

of the following steps: DNA/RNA isolation, frag-

mentation and DNA/cDNA library construction, high-

throughput sequencing and read assembly and map-

ping. This method has many advantages compared

to the traditional tiling microarray hybridization-based

methods, or the more traditional RT-PCR and Sanger

sequencing method. These new platforms achieve

single-base resolution in a high-throughput manner,

have low background, no cross-hybridization noise,

low dependence on the availability of existing genomic

sequence, high reproducibility and low cost per base,

and there is no upper limit for quantification [112].

In this section we will briefly review recent efforts in

genetic marker discovery with next-generation parallel

sequencing.

3.1. Whole genome sequencing

This new generation of sequencing technology is

shaping a new paradigm in disease marker research, in

which massive amounts of sequence information from

genomic DNA and expression libraries are screened

for linkages and associations of genetic and genomic

markers to specific diseases by comparing disease pa-

tients and healthy individuals [1,21,31,62]. Genomic

DNA sequencing provides rich information on genetic

variations (such as Single Nucleotide Polymorphisms,

insertions and deletions) and structural variations (such

as copy number variations, transposition and transloca-
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tion) of the investigated genomes and is a powerful tool

to reveal novel disease-associated markers. Genome

sequencing can also detect integrated viral sequences

which may help address studies of virus-associated dis-

eases. Whole genome sequencing has already been ap-

plied in organisms with small genomes, such as Acine-

tobacter baumannii [96], Toxoplasma gondii [12], and

Drosophila melanogaster [77], however, due to the

large size of human genome and the high cost of parallel

sequencing, human whole genome sequencing is still

in its infancy. Ley et al. were the first to sequence the

entire genome of one type of cancerous tissue, the acute

myeloid leukemia (AML) cells (32.7X haploid cover-

age), as well as corresponding normal tissue, the pa-

tient’s skin tissue (13.9X haploid coverage) [57]. Due

to the unbiased nature of the sequencing methods, they

were able to use read frequency to establish how rates of

mutations vary within the cancer tissue. This concept is

important for future works as we seek to understand the

progression of mutational events that lead to the devel-

opment of diseases like cancer. The researchers found

that 59,209 single nucleotide variations were unique

in the cancer tissue sample. These mutations resulted

in changes to the coding regions in ten genes, two of

which were previously implicated in cancer. Nonethe-

less, as sequencing costs continue to decrease with the

maturation of the platforms, whole genome sequencing

of larger sample sets is shedding light on new venues

of genetic and genomic marker identification in various

diseases. Both biologists and clinicians are preparing

for this coming revolution, and projects have already

been conceived such as ClinSeq, a pilot project led by

Green et al. which currently enrolls about 1000 partic-

ipants for whole genome sequencing [10].

3.2. Transcriptome sequencing

Whole transcriptome sequencing by RNA Sequenc-

ing (RNA-Seq) is another promising application of par-

allel sequencing technology and has already been ap-

plied to marker discovery in various cancers. Gene ex-

pression profiling has been shown to predict the out-

come of breast and other types of cancer [40,76]. Shah

et al. used paired end RNA-Seq to canvas the transcrip-

tomes of four granulose-cell tumors (GCT) from ovar-

ian cancer patients [93]. They found a common mis-

sense mutation in the FOXL2 gene (C402G) in those

tumors that was not present in 11 other ovarian cancer

transcriptomes that they also sequenced. Additionally,

this mutation was confirmed to be present in 97% of oth-

er GCT cancers that they tested. Leven et al. performed

Illumina sequencing on tiling-array-hybridization en-

riched transcripts representing 467 cancer associated

genes from the K-562 chronic myeloid leukemia cell

line and detected a wide range of DNA and RNA

sequence alterations in the targeted transcripts [56].

These alterations included fusion transcripts such as

BCR-ABL1 and NUP214-XKR3, as well as SNPs with-

in and splice isoforms of these transcripts. While whole

genome sequencing is still a relatively expensive propo-

sition, transcriptome sequencing can be performed at

much lower cost, facilitating the discovery of any mu-

tations in the transcriptome that may contribute to the

development of disease. In addition, RNA sequencing

also provides information that would not be obtained

through whole genome sequencing, such as informa-

tion on the expression level of each transcript, alterna-

tive splicing and RNA editing, as well as trans-splicing

events. We should expect to see genetic and genomic

biomarkers identified as causative or contributing fac-

tors in human disease in the near future thanks to the

utility of RNA sequencing.

One other promising application for transcriptome

sequencing is to identify viruses in the host sample. In

a study carried out by Sorber et al., the authors suc-

cessfully detected Hepatitis B Virus (HBV) sequences

in the serum sample from a patient with HBV infec-

tion [99]. Similarly, Palacios et al. used RNA-Seq and

identified a novel Old World arenavirus in RNA sam-

ples extracted from the liver and kidney of three de-

ceased patients who had transplantation-related infec-

tion [72]. Nakamura et al. obtained 20–460 reads of

influenza virus sequence in nasopharyngeal aspirates

and 484–15,260 reads of norovirus sequence in fecal

specimens from patients suffering from influenza or

norovirus infections [69]. Meanwhile, Rwahnih et al.

sequenced the RNA from a grapevine with the Roche

454 system and revealed infection of 32 plant viruses

as well as one novel virus in the diseased grapevine [3].

Our group has also carried out an RNA-Seq experi-

ment to detect West Nile virus sequences in infected

macrophages (unpublished data). We obtained 4700

reads (0.06% of the total mapped reads) mapped to the

West Nile virus genome from the infected cells and very

few reads (30, ∼0.0003% of the total mapped reads)

mapped to viral sequences in RNA isolated from mock

control cells. After analysis recheck of the few reads

that did map to the virus genome in the control cells,

we found that they were redundant with sequences in

the human genome. These studies proved that RNA-

Seq can achieve high sensitivity and specificity to iden-

tify and profile infecting viruses, or the “virome”, us-
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ing RNA samples isolated from the host. Moreover,

RNA-Seq will also provide information on virus-host

interactions by monitoring expression changes of the

host’s genes.

3.3. ChIP-Seq and Sono-Seq

While mutations in protein-coding sequence are well

known to contribute to multiple diseases, RNA-Seq is

limited to only those actively transcribed sequences of

the genome. This bias results in overlooking variations

in non-transcribed regions of the genome that can be

important contributors to disease as mutations in these

regions can result in aberrant gene regulation. Besides

whole genome sequencing, ChIP-Seq, or Chromatin

ImmunoPrecipitation-Sequencing, is another approach

to address mutations in functional non-transcribed re-

gions of the genome. This technology sequences the

genomic regions bound by transcription factors or oth-

er DNA-binding proteins (such as histones), and pro-

vides information on the position of these binding sites

as well as possible mutations in these sites. The bind-

ing site profiles of multiple transcription factors, as

well as the identified sequence variations within, may

act as new markers for diseases such as leukemia [8,

73]. Sono-Seq is a related technology developed in our

lab, which parallel sequences sonicated formaldehyde

cross-linked chromatin DNA via Illumina sequencing,

and identifies the chromatin regions that are open and

accessible (nucleosome-free therefore susceptible to

sonication) [6]. With this technology we identified

multiple highly accessible chromatin regions includ-

ing actively transcribed promoter regions as well as the

CTCF insulator protein binding sites. This technology

is similar to another open chromatin finding technol-

ogy, termed FAIRE (formaldehyde-assisted isolation

of regulatory elements), which selects open chromatin

regions for DNA microarray hybridization by phenol-

chloroform extraction of sonicated cross-linked sam-

ples [27]. When interrogated in the background of a

disease compared with healthy controls, the identified

profiles of these nucleosome-free regions may provide

a new type of disease marker for future studies.

3.4. Limitations

While next-generation sequencing holds great prom-

ise for the discovery of novel disease markers, there are

issues with the current technology, such as artifacts due

to sample preparation (both reverse transcription and

polymerase chain reaction can generate biases) and data

processing (assembly of short reads can result in errors,

especially in regions of repetitive sequence). Newer

technologies from companies like Helicos Biosciences

and Pacific Biosciences are on the horizon that could

overcome these issues by direct RNA sequencing and

long single molecule sequencing, fulfilling the promise

of personalized medicine in the post genome era [22,

71].

4. Marker discovery using mass spectrometry

Mass spectrometry technology (MS) has been grow-

ing rapidly in the past several decades. Since John Ben-

net Fenn and Koichi Tanaka developed new soft des-

orption methods that made mass spectrometric analyses

of biological macromolecules possible, this technology

has been widely used in proteomic studies [19,49]. The

ability to identify and quantify target molecules (e.g.

peptides) makes mass spectrometry methods a popular

tool for disease marker discovery.

Disease marker discovery with mass spectrometry

is usually combined with varied sample separation

methods such as 2DE (2-Dimentional Electrophoresis)

and 2D-DIGE (2-Dimentional Differential In-Gel Elec-

trophoresis) [18]. In a typical procedure, mixed pro-

teins from pooled disease samples and pooled controls

are separated with 1D or 2D electrophoresis, and in-

dividual protein bands or spots are visualized and dif-

ferential bands or spots are then excised followed by

enzyme digestion (e.g. trypsin). The digested peptides

are then subjected to mass spectrometry analysis for

protein identification. With this method, Shen et al.

identified 40 potential markers for pancreatic adeno-

carcinoma, and the spectrum of these markers covered

antioxidant proteins, chaperones, calcium-binding pro-

teins, catalytic enzymes, signal transduction proteins

and extracellular matrix proteins [94]. Similarly, Wang

et al. identified 52 differentially expressed proteins (in-

cluding 8 novel markers) associated with oral squamous

cell carcinoma, and validated one of the eight mark-

ers named RACK1 using immunostaining and gene si-

lencing studies [113]. Even though 2D electrophore-

sis can improve protein separation and assist in further

identification by mass spectrometry, the discovery of

low-abundance disease markers has been greatly lim-

ited by the poor resolution and sensitivity of 2DE or

2D-DIGE methods. Furthermore, the pooled samples

will not only lose important information such as per-

sonal variation of the disease markers among different
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Fig. 3. Systems biology approaches in biomarker discovery contribute to comprehensive understanding of diseases.

individuals, but also miss protein that are only present
in a subset of the sample population.

Recent improvement of mass spectrometry tech-
niques as well as data analysis algorithms has enabled
analysis of complex protein samples [116]. Current-
ly, liquid chromatography (LC)-MS/MS using electro-
spray ionization (ESI) is one of the commonly used
methods for large-scale shotgun proteomic studies.
Gel-free methods, such as MudPIT (multidimension-
al protein identification technology) has been more
and more popular and greatly enhanced detection lim-
its [115], and the improved resolution and accuracy
of mass spectrometers makes this technology more
useful in disease marker discovery [111]. With 2D
LC-MS/MS, Ralhan et al. identified 811 nonredundant
proteins in head-and-neck squamous cell carcinoma
from 15 individual cancer samples compared with one
pooled normal control, and the panel of the three best
performing markers achieved a sensitivity of 92% and
specificity of 91% in cancer classification [85]. A most
recent study to identify ovarian cancer biomarkers from
patient ascites samples with 2D LC-MS/MS also yield-
ed a panel of 25 known and 52 novel protein mark-
ers [51]. These studies demonstrated that the improved
MS techniques not only enabled researchers to search
for biomarkers in unpooled samples, but also could
lead to the identification of a larger number of potential
markers due to improved sensitivity.

In addition to protein marker identification, mass
spectrometry is also capable of identifying metabolom-

ic markers [92]. Metabolomics is a novel field that

studies the global profiles of all metabolites in a given

sample. Since diseases such as cancer usually have

unique metabolomes [30], the over- or under-presented

metabolites could serve as potential markers of the dis-

ease. Moreover, certain metabolites in the cells will

also influence the activity of larger biomolecules such

as kinases (unpublished data), therefore identification

of the cancer-specific metabolomes would be of great

value. Currently, multiple metabolites have been as-

sociated with various tumors, such as Alanine, satu-

rated lipids, CCMs, Glycine, lactate, myo-inositol, nu-

cleotides, PUFAs and Taurine [30], and it will not be

surprising if this list will grows dramatically in the

coming years.

Although mass spectrometry is a powerful tool in

molecular marker identification, the clinical applica-

tion of this technology for diagnostic purposes is still

limited. Mass spectrometry may one day become the

platform of choice for detection of disease-associated

markers, however, the high cost of mass spectrometers

as well as lack of standardized methods are prevent-

ing it from being adopted by clinicians as a diagnostic

tool. Moreover, the high level of molecular complexity

of biological samples is still a large obstacle in both

marker identification and application. There remains

great space for improvement before mass spectrometry

realizes its ultimate potential in the clinic.
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5. Closing remarks

Disease markers are important for the efficient diag-
nosis, prognosis and treatment of a disease, therefore
identifying these markers is crucial especially for dis-

eases with high mortality rates such as cancer. Each
technology reviewed in this article has a unique niche
in disease marker discovery. Protein microarray tech-
nology excels in finding protein markers, especially
antibody markers; next-generation parallel sequencing

is designed for RNA and genetic/genomic marker dis-
covery; and mass spectrometry specializes in the iden-
tification of protein markers as well as metabolomic
markers. Each technology has its unique advantages

and limitations, and the “-omics” information obtained
with the help of these technologies may complement
each other and leading to a comprehensive view of dis-
ease (Fig. 3). This information will greatly expand
our understanding of the etiology and course of hu-

man diseases, resulting in more efficient diagnosis and
treatment of disease.

Moreover, by adopting a comprehensive “-omics”
view of human diseases, it will be interesting to dis-

cover the extent to which these systems interact with
each other. Will we find that a disease associated with
certain genetic markers also develops specific autoan-
tibodies? Or a certain autoantigen response is actual-
ly due to the dysregulation of a specific metabolite or

trans-spliced mRNA? Is it possible that diseases such as
multiple sclerosis and asthma actually are caused by the
coordinating effect of genetic susceptibility and, say,
viral infection? While systems biology approaches to

disease marker discovery are still in their infancy they
have already led to the discovery of many promising
genetic and protein markers in various diseases. Ad-
ditionally, new dimensions in the development and ap-
plication of these approaches may further revolutionize

this field by interrogating additional “-omes”, such as
the methyl-genome, the “kinome” and the “virome”.
These systems may be as important as the systems re-
viewed above to establish a complete understanding of,

and efficient treatments for, many diseases.
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