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Introduction

Cancer remains the major devastating disease throughout the 
world. Currently, it is estimated that cancer kills over 6 million 
people per year worldwide, with over 10 million new cases 
diagnosed every year. Despite advances in diagnostic imaging 
technologies, surgical management, and therapeutic modalities, 
the long-term survival is poor in most cancers. For example, 
the five-year survival rate is only 14% in lung cancer and 4% 
in pancreatic cancer [1,2]. The majority of cancers are detected 
in their advanced stages, and some have distant metastases, 
which are thought to be the causes of the current treatment 
ineffectiveness. 

It is widely accepted that early diagnosis and intervention 
are the best way to cure cancer patients [3,4]. Cancer biomarkers 
provide diagnostic, prognostic, and therapeutic information about 
a particular cancer and show their ever-increasing importance in  

 
the early diagnosis of cancer [5,6]. Over the past several decades, 
enormous efforts have been made to screen and characterize 
useful cancer biomarkers. Several biomarkers approved clinically 
are available for early diagnosis and/or the successful monitoring 
of treatment and relapses and have contributed significantly to 
reduce mortality rates and increase overall survival for cancers 
such as prostate cancer [5,7]; however, unfortunately, most 
biomarkers are not satisfactory because of their limited specificity 
and/or sensitivity [8–10]. Therefore, there is an urgent need to 
discover better potential biomarkers for cancer diagnosis in 
clinical practice. 

Global analyses have opened new avenues for cancer 
biomarker discovery [11–13]. Genomics, transcriptomics, 
proteomics, and metobolomics are studies of all genes, 
transcripts, proteins, and metabolites, respectively. From various 
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specimens, such as cells, tissues, and body fluids, biomarkers 
detected differentially between cancer patients and healthy 
individuals have been investigated. In particular, serum/plasma 
is a less-invasive specimen that is suited to cancer diagnosis. 
Because serum/plasma has a high protein content (60–80 mg/
ml), analyzing all included proteins using proteomic analysis is 
efficient for diagnostic biomarker discovery. 

Proteomic analysis is widely used to discover cancer 
biomarkers and is based on protein separation and identification 
technologies [14–17]. To search for diagnostic biomarkers, 
proteins/peptides in specimen are first separated with separation 
technologies. These expression profiles are then compared 

between cancer and control groups. Next, proteins/peptides 
differentially expressed under disease conditions can be identified 
using mass spectrometry (MS). Using proteomic analysis of 
serum/plasma, many cancer biomarkers have been reported to 
be identified [15,17]. Using proteomic technologies, we have also 
analyzed sera from patients with hepatocellular carcinoma (HCC) 
and adult T-cell leukemia (ATL), which are both human viral 
malignancies [18, 19]. In this review, we present an overview of 
the proteomic technologies used to search for biomarkers and the 
cancer biomarkers discovered by these technologies, including 
our data on HCC and ATL. Cancer diagnosis using these proteomic 
biomarkers is also described (Table 1). 

Table 1: Characteristics of global stem cell analyses.

Genomic analysis Transcriptomic 
analysis  Proteomic analysis Metabolomic analysis

Target DNA(SNPs, ethyl-
ation) mRNA Protein/Peptide Metabolite

Fundamental 
technology

DNA sequencer SNP 
array

Methylation array

DNA microarray

Separation techniques

2D-DIGE, Protein Chip ar-
ray, ClinProt®, LC Identification 

technologies, MS

Separation techniques

GC, LC, CE Identification 
technologies MS,NMR

Specimen Cell, Tissue Cell, Tissue

Cell,Tissue,Serum/Plasma, 
Urine

Other biological fluids

Cell,Tissue,Serum/Plas-
ma,Urine

Other biological fluids

Proteomic Analysis of Stem Cells/Serum/Plasma Is 
Effective to Search For Cancer Diagnostic Markers 

There has been increasing interest in global analyses for 
the diagnosis of cancer [11–13]. Diagnostic biomarkers are 
currently being investigated throughout the world using genomic, 
transcriptomic, proteomic, and metabolomic analyses. In 
general, a biomarker whose expression is increased or decreased 
specifically under disease conditions is required to develop a 
new diagnostic method. Although specimen matrices such as 
serum/plasma, urine, and biopsy tissues are usually analyzed, 
the method needs to be chosen appropriately depending on the 
developmental purposes, cancer types, and specimen. 

Characteristics of Global Analyses of Stem cells and 
Diagnostic Availability of Biomarkers 

Table 1 shows the characteristics of global stem cell analyses. 
Genomic analysis is based on DNA sequencing of genes. By 
examining the whole genome sequence, we can obtain information 
about altered genetic and epigenetic events. Single nucleotide 
polymorphisms (SNPs) are known as genetic events and thought to 
be associated with disease susceptibility and individual responses 
to drug treatment [20]. While many SNPs are silent with no direct 
effect on proteins as gene products, some affect the coding or 
regulatory (usually promoter) regions of a gene and change the 
function and expression of translated proteins. There is a report 
that SNPs of the liver intestine-cadherin gene (CDH17) trigger 

aberrant splicing and are associated with the developmental 
risk of HCC [21]. As epigenetic events, DNA methylation has 
been suggested to be associated with carcinogenesis [22]. 
Characteristically, DNA methylation does not change genetic 
information; however, it alters the readability of DNA and results 
in gene inactivation. In particular, hypermethylation of CpG 
islands in promoter sequences is associated with the silencing of 
tumor suppressor genes and tumor-related genes by subsequent 
down-regulated expression of mRNA transcripts. Suppressors 
of cytokine signaling 1 and 3 (SOCS-1 and SOCS-3), which play 
important roles in cell growth and immune reaction, have been 
reported to be inactivated by hypermethylation in several cancers 
[23]. From these findings, it is suggested that SNPs and DNA 
methylation could be used clinically as genetic and epigenetic 
biomarkers for cancer diagnosis, respectively. Considering clinical 
applications, SNP and methylation arrays, by which it becomes 
easy to detect cancer-specific changes using extensive probe 
sets, might be useful. In addition, the translated proteins whose 
expression, amino acid sequences, and function are altered by 
SNPs and methylation may also be available for diagnosis as 
protein biomarkers. 

Transcriptomic analysis is based on DNA microarray and is 
used to investigate extensive gene expression at the mRNA level 
[24,25]. Generally, mRNAs extracted from cancer stem cells and 
tissues are reverse transcribed to cDNAs and then hybridized 
with complementary oligonucleotide DNA probes. The expression 
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levels of each mRNA can be measured by detecting hybridized 
cDNA. Because DNA probes for several tens of thousands of 
transcripts are fixed on the basal plate over a couple of centimeters, 
the expressions of all genes can be visualized simultaneously in 
just one experiment. Indeed, using Genechip arrays® (Affymetrix, 
Santa Clara, CA), the expression of about 50,000 transcripts 
can be examined. As part of the investigations into the ATL-
developmental mechanism, Morishita’s group, in collaboration 
with us, applied DNA microarray to biomarker search [26]. The 
comparison of ATL cells derived from ATL patients with normal 
T-cells from healthy individuals showed that tumor suppressor in 
lung cancer 1 (TSLC1), which is a cell adhesion molecule, is over-
expressed in ATL cells. While TSLC1 is a gene that associates with 
tissue invasion, its gene product (protein) may be also useful for 
ATL diagnosis. Cancer-specific genes found by DNA microarray 
analysis and these products could be used as diagnostic 
biomarkers [27–29]. 

Proteomic analysis based on the separation and identification 
of proteins/peptides is widely used to discover biomarkers, 
investigate cancer development, and to clarify the action 
mechanism of drugs [14–17]. To search for diagnostic biomarkers, 
proteins/peptides in a specimen are first separated with diverse 
separation technologies and the expression profiles are compared 

between disease and control groups. Next, proteins/peptides 
differentially expressed in disease status can be identified using 
MS. In clinical practice, novel diagnostic methods are especially 
expected to be developed using identified biomarkers. 

Metabolomics is the global study of all small molecular 
metabolites existing in stem cells and body fluids [30, 31]. 
Although metabolomic analysis consists of separation and 
identification processes as in proteomics, the target of analysis 
is small molecular compounds but not proteins/peptides [32]. 
For metabolomic separation, gas chromatography (GC) [33], LC 
[34], and capillary electrophoresis (CE) [35] are mainly used. 
Compounds are identified with MS [33–35] and nuclear magnetic 
resonance spectroscopy (NMR) [36,37], which are coupled 
together with separation technologies. Metabolomic analysis 
contributes to the understanding of how metabolites and their 
concentrations change under physiological conditions. At the 
same time, application of this analysis to the biomedical field 
may lead to the discovery of novel drug candidates and diagnostic 
protein biomarkers in stem cells and urine [38,39]. Recently, from 
more than 2,000 mass spectra of serum and urine metabolites 
with the expression of several peaks has been reported to be 
increased in renal cell carcinoma [40] (Table 2). 

Table 2: Diagnostic availability of biomarkers identified by global analyses.

Characteristics DNA mRNA Protein/Peptide Metabolite

Stability High Very low Moderately high High

Detection method PCR RT-PCR ELISA,EIA LC,NMR/MRS

Detection throughput Moderately low Low High Very low

Detection specificity Moderately high Moderately high High Moderately low

Diagnostic availability Moderately high Low High Low

Advantages of Proteomic Analysis in the Search for 
Diagnostic Biomarkers in Cancer Stem cells

Genomic, transcriptomic, proteomic, metabolomic analyses 
provide information about disease-specific genes (SNPs and 
methylation sites), mRNAs, proteins, and small molecular 
metabolites in isolated stem cells. Considering that these 
biomarkers are actually used for diagnosis in clinical practice, 
developing measurement systems for them is necessary. The 
important requirements for diagnostic availability are simplicity 
of the detection procedure, high throughput, specificity of 
biomarker detection, and good reproducibility. 

Table 2 shows the diagnostic availability of biomarkers 
identified by global analyses. At present, protein/peptide 
biomarkers appear to best meet these requirements. In particular, 
the use of specific antibodies makes it possible to develop 
measurement systems such as enzyme-linked immunosorbent 
assay (ELISA), which is used widely in clinical practice. 

In contrast to proteomic biomarkers, genomic and 
transcriptomic biomarkers are difficult to make available for 
widely used diagnostic systems at present. Genomic biomarkers 
such as SNPs and DNA methylation are detected by troublesome 
procedures, including DNA extraction from specimens and the 
amplification of target genes by polymerase chain reaction (PCR). 
Although its performance has been growing quickly recently, 
the throughput is still low for diagnostic application. Recently, a 
rapid SNP detection system named smart amplification process 
version 2 (SMAP 2) has reportedly been developed [41]; however, 
it is not common yet in clinical practice. Similarly, transcriptomic 
biomarkers are also poorly utilized for diagnosis. Although 
mRNA is detected by reverse transcriptase (RT)-PCR or Northern 
blotting, the method is tricky owing to mRNA flux. Collectively, 
it will take some time before the specific detection of genomic 
and transcriptomic biomarkers becomes common as a clinical 
laboratory test; however, if differential expression and SNPs can 
be detected at the protein level, ELISA using specific antibodies 
will become a widely used diagnostic system. 

http://dx.doi.org/10.19080/CTOIJ.2022.22.556094


How to cite this article:   Rakesh S, Shashi P S, Yuvraj S N, Robert M. New Approaches of proteomics in cancer and stem cells: Part I: from Basic 
Research to Clinical Application. Canc Therapy & Oncol Int J. 2022; 22(4): 556094. DOI:  10.19080/CTOIJ.2022.22.556094

004

Cancer Therapy & Oncology International Journal 

Metabolomic biomarkers are small molecular metabolites. 
They are expected to be applied in the diagnostic system; however, 
metabolomic analysis is still under development, in contrast 
to other global analyses. Although the identification of small 
molecular compounds is fundamental to the analysis, the database 
of mass and NMR spectra of metabolites is not yet complete. In 
addition, reference compounds for confirming identification are 
also lacking. Also, MS and NMR need extensive skills for their 
operation. Further, specific detection methods must be established 
with respect to each target compound; therefore, the development 
of a widely used diagnostic system using metabolic biomarkers is 
difficult. Recently, antibodies against small molecular compounds 
have been reported [42], thereby leading to the development 
of methods, although the specificity of antibodies may be low 
owing to few antigen determinants in the chemical structures 
of compounds. As described above, measurement systems using 
protein biomarker appear to be effective for the development of 
diagnostic methods. Consequently, it is reasonable that proteomic 
analysis using MS is focused on search for diagnostic biomarkers. 

Specimen

Early diagnosis is very important to reduce cancer mortality. 

Protein biomarkers in cancer diagnosis can be obtained mainly 
from serum/plasma, urine, and pathologic tissues. Serum/plasma 
is a less-invasive specimen and is suitable for the early diagnosis. 
Because it constantly perfuses tissues, a certain abnormality in 
the living body is believed to be reflected in the expression and 
processing of contained proteins; for example, increased serum 
levels of prostate-specific antigen (PSA) and cancer antigen (CA) 
125 are used to detect cancer in the prostate and ovary, respectively 
[43,44]. Urine is non-invasive and useful for biomarker search in 
addition to serum/plasma. While urine biomarkers are efficient, 
especially for urinary diseases such as bladder cancer [45], these 
concentrations in urine undergo many changes depending on 
diet, intake of water and drugs, and diseases. This is the difficulty 
in urine analysis. Pathologic tissues are frequently used in the 
definitive diagnosis of solid cancer such as HCC and kidney 
carcinoma; however, the pathologic diagnosis is highly invasive 
and unsuited to early diagnosis. In case of stem cell therapy of 
cancers, proteomics of stem cell samples is performed. From 
these characteristics of specimens, it is suggested that proteomic 
analysis of serum/plasma and stem cells is effective in searching 
for cancer diagnostic biomarkers and stem cell therapy. 
Table 3: High abundant proteins in plasma derived from normal healthy 

persons.

Protein species µMole/L M.W.(D) Accession No. Protein Function

Albumin 500-900 66K P02768 Regulates colloidal osmotic pressure in blood. Carrier of fatty acids, hor-
mones, bilirubin, drugs, ions.

IgG 40-100 150K - Has two light and heavy chains for secondary antibody response.

Apolipoprotein A1 36-72 29K P02647 Cholesterol reverse transport from tissues to liver.

Transferrin 25-45 90K P02787 Iron binding transport protein & binds to Fe3+

Apolipoprotein A2 22-60 9.7K P02652 Stabilization of HDL and HDL metabolism.

α1-Antitrypsin 19-40 55K P01009 Inhibits trypsin, chymotrypsin, plasminogen activator.

α1-Acid glycoprotein 12-30 40K P02763 Modulates immune system activity in acute phase reaction.

Transthyretin 15-30 14K P02766 Thyroid hormone-binding protein. Probably transports thyroxine from 
blood stream to brain.

Hepatoglobin 3-20 104K P00738 Combines with free plasma hemoglobin. This prevents loss of iron through 
kidneys.

Hemopexin -15 57K P02790 Binds heme & transports it to liver for breakdown and iron recovery, after 
which free hemopexin returns in circulation. 

IgA 4-24 170K - Plays a critical role in mucosal immunity. Secretory IgA protects against 
microbes in body secretions.

Apolipoprotein C3 6-20 9K P02656 Inhibits lipoprotein lipase and hepatic lipase and decreases uptake of lymph 
chylomicrons by hepatic cells.

α2 Macroglobulin 7-17 725K P01023 Exists homotetramer in plasma & inhibits serine-, cysteine-, aspartic- and 
metalloproteinase

α2-HS-glycoprotein -12 50K P02765 Promotes endocytosis, opsonic properties and influences bone mineraliza-
tion.

Vitamin D-binding 
protein 9-14 51K P02774 Multifunctional protein carries vitamin D sterols and polymerization of actin 

by binding its monomers.

Apolipoprotein C1 6-12 6K P02654 Modulates interaction of Apo-E with β-VLDL and inhibit binding 
β-VLDLLDL receptor protein

Fibrinogen 6-12 340K - A hexamer has two sets of three α, β, γ chains. It is cleaved by thrombin to 
form fibrin clots. 
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α1-Antichymotrypsin -7 69K P01011 Synthesized in liver.Its concentration increases in acute phase of inflamma-
tion or infection.

Complement C3 5-10 190K P01024 Plays a central role in activation of the complement system. The activation 
generates C3 cleavage products (C3a,C3b,iC3b,C3f)

β2-Glycoprotein 1 4-9 40K P02749 May prevent activation of the intrinsic blood coagulation cascade by binding 
to phospholipids on surface of damaged cells.

Vibronectin 4-8 75K P04004 Cell adhesion molecule found in serum and tissues & recognized integrin 
molecules.

κ-1B-Glycoprotein 3-6 63K P04217 Glycoprotein exists in plasma & contains five Ig-like V-type domains. 

Apolipoprotein A4 3-6 43K P06727 Major component of HDL and chylomicrons. May have a role in chylomicrons 
and VLDL secretion and catabolism.

Aoplipoprotein C2 2-7 9K P02655 Component of VLDL in plasma. It functions as a n activator of several triacyl 
glycerol lipases.

Complement Factor B 2-5 63K P00751 Component of alternate pathway of complement system. It is cleaved by 
factor D into 2 fragments: Ba and Bb.

Antithrombin 3 3 65K P01008 Serine protease inhibitor regulates blood coagulation cascade. Inhibits 
thrombin. Its inhibitory activity is enhanced by heparin,

Inter κ-trypsin inhibitor 2-4 160K - Consists of two heavy chains and one light chain. May act as a carrier of 
hyaluronan in ECM 

Plasminogen 2-4 91K P00747 Converted into plasmin by plasminogen activators. Plasmin dissolves fibrin 
clots in blood. 

Ceruloplasmin 1,5-5 135K P00450 Copper binding glycoprotein oxidizes iron IIIII involved in iron transport 
across cell membrane. 

Retinol Binding Protein 1.5-3 21K P02753 Delivers retinol from liver to peripheral tissues

High protein content (i.e., 60–80 mg/ml) in serum/plasma 
and stem cells is attracting increasing interest in proteomic 
analysis. The expectation is that the characterization of thousands 
of individual proteins/peptides in serum/plasma/stem cells will 
enable the discovery of a number of reliable disease biomarkers; 
however, there is a difficulty in the proteomic analysis of serum/
plasma or stem cells. Over 99% protein content in serum/
plasma/stem cells is dominated by 30 proteins, such as albumin, 
immunoglobulins, transferrin, haptoglobulin, complement C3, 
lipoproteins and pleuripotent specific proteins [46,47] (Table 
3). Serum/plasma proteins are present across an extraordinary 
dynamic concentration range that is likely to span more than 10 
orders of magnitude. This dynamic range, namely the existence of 
highly abundant proteins, makes the detection of low abundant 
proteins (the remaining 1%) extremely challenging. There 
are two remedies for this difficulty. The first is the removal of 
highly abundant proteins by affinity columns using antibodies 
against them. The second is analysis aimed at peptides but not 
proteins. Regardless of this difficulty, considering that biomarkers 
discovered from serum/plasma are directly available for less-
invasive diagnosis, serum/plasma is an attractive specimen as the 
source of diagnostic biomarkers. However, stem cell proteomic 
biomarkers are less known or inconclusive (Table 3). 

Separation Technologies in Proteomic Analysis 

Proteomic analysis is based on the separation and identification 
of proteins/peptides in stem cells as a powerful tool for 
discovering new biomarkers. To search for diagnostic biomarkers 
from stem cells and serum/plasma, detection of proteins/peptides 

expressed in cancer is essential. Two-dimensional differential gel 
electrophoresis (2D-DIGE), ProteinChip array®, ClinProt®, and 
LC are typical separation technologies for biomarker discovery 
(Figure 1). 

2D-DIGE

The gold standard for protein separation in proteomic analysis 
is 2D-DIGE (Figure 1A) [48,49]. First-dimensional separation 
is achieved by isoelectric focusing, which separates proteins on 
the basis of their charge. Namely, protein samples are applied to 
immobilized pH gradient (IPG) strips. The IPG strip is typically 
polyacrylamide gel in which the pH gradient (e.g., pH3–10) is 
immobilized. When the focusing voltage is applied to strips, the 
movement of a protein in a pH gradient is determined solely 
by its position relative to its isoelectric point (Figure 1a). If the 
position of the protein in the gradient is at a pH that is greater 
than its isoelectric point (pI), its net charge is negative, due to the 
net effect of dissociated carboxylate anions (negative charge) and 
uncharged amines in the protein; therefore, the protein migrates 
towards the positive electrode. If the position of the protein in the 
gradient is at a pH that is less than its pI, its net charge is positive, 
due to the net effect of uncharged carboxylic acid and protonated 
amines (positive charge). The protein then migrates towards the 
negative electrode. Any migration continues until the protein 
migrates to the position in the pH gradient that has no net charge. 
On this principle, the protein is focused at its pI on the IPG strip. 

Isoelectric focusing is coupled with second-dimensional 
separation, which exploits sodium dodecylsulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) to separate proteins in accordance 
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with molecular weight (Figure 1Ab). Under optimal conditions, 
the expression pattern of several thousands of individual proteins 
can be visualized simultaneously on a single 2D gel. The resulting 

gel shows the proteins separated according to pI across the x-axis 
of the 2D display and according to molecular weight across the 
y-axis (Figure 1). 

Figure 1: Protein separation technologies for biomarker discovery. 

http://dx.doi.org/10.19080/CTOIJ.2022.22.556094


007

Cancer Therapy & Oncology International Journal 

How to cite this article: Rakesh S, Shashi P S, Yuvraj S N, Robert M. New Approaches of proteomics in cancer and stem cells: Part I: from Basic 
Research to Clinical Application. Canc Therapy & Oncol Int J. 2022; 22(4): 556094. DOI:  10.19080/CTOIJ.2022.22.556094

Protein profiles can be compared using sophisticated software 
packages to detect protein spots that are differentially expressed 
between samples. In general, protein spots are visualized by 
Coomassie brilliant blue (CBB) or silver staining [49]; however, 
CBB staining has low sensitivity and requires about 100 μg 
proteins per gel for spot detection, suggesting that this staining is 
not suited to proteomic analysis of valuable specimens. Although 
detection by silver staining can be performed with a small number 
of proteins (about 10 μg), irregular staining is often seen, leading 
to low reproducibility and quantification, which can be resolved 
using fluorescent dyes [50,51]. Fluorescent 2D-DIGE has high 
sensitivity and enables multiple protein extracts to be separated 
on the same 2D gel by labeling proteins using dyes with different 
excitation and emission wavelength pairs. Furthermore, because 
proteins are fluorescently labeled before electrophoresis, it is not 
necessary to consider the staining irregularity of gels. Recently, 
fluorescent 2D-DIGE has become popular for proteomic analysis 
[51]. 

 ProteinChip Array®

ProteinChip array® (Bio-Rad Laboratories, Inc., CA, USA) has 
been successfully applied to diagnose various malignancies, such 
as ovarian cancer and gastric cancer [52,53]. As shown in Figure 
1B, ProteinChip array® is a convenient separation tool that utilizes 
chromatographic properties and its surfaces can be modified with 
various functional groups (hydrophobic, cationic, anionic, metal 
ion presenting and hydrophilic). In this method, biological fluids, 
such as serum/plasma and urine, are directly applied to spot 
surfaces. After a series of binding and washing steps, proteins/

peptides and any contaminants that do not bind to the surface 
are removed. Protein mixtures retained on the surface are then 
analyzed with MS. In the binding step, the change of parameters 
(pH, salt concentration, and organic solvent concentration) in 
buffer solution alters the affinity between proteins/peptides 
and the surface, leading to the detection of a variety of proteins/
peptides. Also, pretreatment of the specimen with protein 
denaturants (e.g., urea) and detergents (e.g., CHAPS) affects the 
variation. Because differential analysis can be performed with a 
small amount of serum/plasma (a few microliters), ProteinChip 
array® is useful in biomarker searches using valuable specimens; 
however, the limitations of analysis include high cost and the fact 
that MS used in analysis is exclusive. 

ClinProt®

ClinProt® (Bruker Daltonics, Bremen, Germany) is a 
purification method based on affinity beads (Figure 1C) [54, 
55]. This method uses chromatographic surfaces (hydrophobic, 
cationic, anionic, and metal ion presenting) on an outer layer of 
magnetic beads. Certain subsets of proteins/peptides, which 
have affinity to the surface, can be selectively purified, allowing 
unbound impurities to be removed by washing with buffers. 
Proteins/peptides bound to magnetic beads are then eluted and 
directly analyzed by MS. The technical performance of affinity 
bead purification is similar to that of ELISA, and it can be used to 
process many samples in parallel. In addition, the cost of analysis 
is low, and data can be obtained with diverse types of MS (Figure 
2). 

Figure 2: Block diagram of MS. Sample inlet, ion source, mass analyzer, detector, vacuum system, control system, and data 
system are major components of MS. The mass analyzer, detector, and parts of the ion source are maintained under vacuum. The 
control system monitors and controls all parts of the instrument. Data are recorded by the data system. 

Shotgun Proteomics Using LC 

LC is a separation technology used commonly in the isolation 
of various biological molecules, including proteins/peptides 
from stem cells. The LC eluate is directly analyzed using MS in 
proteomic analysis [56,57] (Figure 1D). Because intact proteins 
cannot be identified owing to the measurement limits of MS, 
crude protein extract is digested in advance with proteolytic 
enzymes, such as trypsin, with the aim of directly identifying the 

LC eluate. The generated peptides, derived from a wide variety 
of proteins in extract, are subjected to LC and then sequences 
of peptides in the eluate are continuously determined using MS. 
Similarly, a method that identifies digested peptides in complex 
mixtures using a combination of LC and MS is referred to as 
“shotgun proteomics”. The name is derived from DNA shotgun 
sequencing, which is named for its analogy to the quasi-random 
firing pattern of a shotgun. Considering that LC eluate is directly 
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analyzed with MS, in which involatile buffering agents and salts 
inhibit analysis, elution using a volatile buffer is necessary for 
peptide separation; therefore, elution with a water-acetonitrile 
gradient using reversed phase chromatography is mainly used 
to separate peptides prior to entering the MS. Furthermore, 
to enhance separation capacity, multidimensional LC (MDLC), 
which combines two or more forms of LC in shotgun analysis, has 
thrived over the past few years [58]. One of the most widely used 
combinations for MDLC is strong-cation exchange and reversed 
phase. In addition to the type of column, the flow rate is also 
important for separation. High performance LC (HPLC) and nano 
LC are generally used for peptide separation. In particular, nano 
LC is efficient for separating valuable specimens. In contrast to 
HPLC, its flow rate is extremely slow (typical flow rate: 20 nl/
min) [49]. This slow rate enables samples to be separated in a 
condensed state, indicating that analysis requires only a small 
amount of specimen. 

 Mass Spectrometry 

Proteins/peptides separated using diverse technologies 
can be identified using MS, which is now the gold standard for 
identification. In this, MS used in proteomic analysis is described. 

 Fundamentals of MS 

A block diagram of a basic MS is shown in Figure 2. The 
sample inlet, ion source, mass analyzer, detector, vacuum system, 
control system, and data system are the major components [49]. 
Control system monitors and controls the other components. The 
mass analyzer, detector and parts of the ion source are maintained 
under vacuum. MS equipment is mainly defined by details of 
the ion source and mass analyzer. Analytes introduced from the 
sample inlet are ionized by various ionization methods and then 
ions are separated by a mass analyzer. Masses and quantities of 
their ions are shown as the mass-to-charge ratio (m/z) and peak 
intensity, respectively. 

Ionization Methods 

Figure 3: Ionization methods in proteomic analysis. 
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Ionization methods for biological macromolecules, such as 
proteins/peptides, were developed in the 1980s. Matrix-assisted 
laser/ionization (MALDI) is a soft ionization technique used in the 
analysis of proteins/peptides, which are fragile when ionized by 
conventional methods [59,60]. As shown in Figure 3A, proteins/
peptides are dissolved in a solution of a UV-absorbing compound, 
referred to as the “matrix”, and placed on sample stage. For 
peptide ionization, α-cyano-4-hydroxycinnamic acid (CHCA) is 
widely used as the matrix. Also, protein is ionized using sinnapic 
acid (SA) and 2,5-dihydroxy acetophenone (DHAP). As the solvent 
dries, the matrix compound crystallizes, and proteins/peptides 
molecules are included in matrix crystals. Pulses of UV laser 
light are used to vaporize the matrix and the included proteins/
peptides are carried into the gas phase. Because most matrixes are 
acidic compounds and dilute acid (e.g., trifluoroacetic acid; TFA) 
is added to the solvent, ionization occurs by protonation in the 
acidic environment. While monomolecular protons are normally 
added to a protein/peptide, multicharged ions are occasionally 
generated. These generated ions are then introduced into a mass 
analyzer. Surface-enhanced laser desorption/ionization (SELDI) 
is another ionization method that modifies MALDI and is a 

specialized method for ProteinChip array®. 

Along with MALDI, the ionization method used widely in 
proteomic analysis is electrospray ionization (ESI) [61,62]. 
Although the mechanism underlying ESI has not been fully 
clarified, its well-regarded model is illustrated in Figure 3B. In 
ESI, an acidic solution containing proteins/peptides is sprayed 
directly into the MS inlet through a small-diameter needle. A 
high, positive voltage is applied to this needle and droplets of the 
solution are sputtered from the tip. Protons from acidic conditions 
give the droplets a positive charge, causing then to move from the 
needle towards the negatively charged instrument (relative to the 
needle). During this movement, the size of the droplets is reduced 
by evaporation, a process that can be aided by a flow of nitrogen 
gas and heat. Protonated proteins/peptides desorbed from 
droplets to the gas phase are introduced into the mass analyzer. 
Characteristically, a significant portion of ions produced by ESI is 
multiply charged. Because proteins/peptides dissolved in liquid 
can be analyzed directly, ESI is coupled together with LC and the 
eluate obtained by solvent gradient is analyzed in waves (Figures 
3 & 4). 

Figure 4: Mass analyzers. 

http://dx.doi.org/10.19080/CTOIJ.2022.22.556094


How to cite this article:   Rakesh S, Shashi P S, Yuvraj S N, Robert M. New Approaches of proteomics in cancer and stem cells: Part I: from Basic 
Research to Clinical Application. Canc Therapy & Oncol Int J. 2022; 22(4): 556094. DOI:  10.19080/CTOIJ.2022.22.556094

0010

Cancer Therapy & Oncology International Journal 

 Mass Analyzers

Mass analyzers separate ions according to their mass by 
applying electric and magnetic fields. Although the unit for their 
mass is the mass-to-charge ratio (m/z), care should be taken with 
the interchangeable use of “mass” and “m/z” because these values 
are not the same for any ion that is multiply charged. For example, 
a peptide ion with a mass of 1,000 Da that is doubly charged by 
the addition of two protons would be observed as an ion at 501 
m/z. It is critical to remember this distinction, particularly when 
ESI, by which multicharged ions are mainly generated, is being 
used (Figure 3B). Time-of-flight (TOF), quadrupole (Q), and ion 
trap (IT) mass analyzers are used in MS for protein/peptides 
analysis [49]. 

The operating principles of the TOF mass analyzer are simple. 
As shown in Figure 4Aa, ions are first given a fixed amount of 
kinetic energy by acceleration in an electric field generated by a 
high voltage, typically +20 kV to +30 kV (for positive ions such 
as peptides). Following acceleration, ions enter a field-free region 
where they travel at velocities based on a law. Namely, their 
velocities are inversely proportional to their m/z; therefore, ions 
with low m/z travel more rapidly than ions with high m/z. The 
time required for the ion to travel the length of the field-free 
region is measured and used to calculate the m/z of the ion. To 
obtain a higher resolution, while longer flight tubes or higher 
accelerating voltages are effective, an ion reflector, also referred 
to as a “reflectron”, is built into high resolution MS. As shown in 
Figure 4Ab, the reflectron is an ion mirror created by an electric 
field and reverses the flight path of the ion. In theory, ions with the 
same mass travel in a flight tube with the same velocity; however, 
in fact, there is accidental error in the velocity. For example, ions 
with higher velocity than the theoretical value penetrate the flight 
tube further. In the reflectron, higher-velocity ions take longer 
to reverse the flight path. This process reduces the error in the 
velocity. Also, another effect of a reflectron is the increased flight 
distance, which also leads to better resolution. 

The Q mass analyzer consists of four parallel metal rods 
(quadrupole) through which ions pass (Figure 4B). When opposite 
and neighbor rods are subjected to electric potentials having the 
same and different polarities, respectively, an electrostatic field of 
specific strength and frequency is created inside the quadrupole. 
The path of ions is influenced by the fluctuating electric field. Only 
ions of pre-selected mass make it through the inside diameter 
of the quadrupole and strike the detector (circular ion in Figure 
4B). All other ions are deflected out of the quadrupole and never 
reach the detector (triangular ion in Figure 4B). Further, the Q 
mass analyzer can scan pre-selected masses at rates on the order 
of 1000 m/z per sec so that the acquisition of a mass spectrum 
between 200 m/z and 2000 m/z takes 1.8 sec. This high-speed 
scan is suitable for acquiring data on LC, from which analytes are 
continuously eluted. 

The IT mass analyzer works on the same physical principle 
as the Q mass analyzer. The term “ion trap” is derived from the 

fact that electrostatic fields are applied so that ions of all m/z 
are initially trapped in the trapping region (Figure 4C). Trapped 
ions are ejected out of the trapping region and into the detector 
by changing the electrostatic fields dependent on the m/z of ions. 
An important characteristic of IT is that the detection sensitivity 
is extremely good, because of the efficient transmission and 
utilization of ions formed by an ion source. The overall dimensions 
of the trap are such that the distance from the trapping region to 
the detector is only a few centimeters. In the course of the trapping 
and ejection process, all ions injected into the trap can ultimately 
be sent to the detector; therefore, the compact size of ion traps 
and the detection of all ions injected lead to good sensitivity. 

 Types of MS Used in Proteomic Analysis

As described above, although the types of ion source and 
mass analyzer are diverse, MS is composed of their various 
combinations; for example, MALDI-TOF-MS, SELDI-TOF-MS, ESI-
Q-MS, and ESI-IT-MS are used in proteomic analysis. Furthermore, 
to perform the measurement with good mass accuracy and high 
resolution, tandem MS, in which multiple mass analyzers are 
connected in series, is used widely at present. Tandem MS, such as 
MALDI-TOF-TOF-MS (Figure 5A), ESI-Q-TOF-MS (Figure 5B), and 
ESI-IT-TOF-MS (Figure 5C), is indispensable for the identification 
of proteins/peptides. 

Identification of Proteins/Peptides Using MS 

The identification of proteins/peptides is an essential step in 
the field of proteomics. Examining protein expression patterns 
alone is, of course, important for diagnosis in various diseases; 
however, without identifying the proteins/peptides associated 
with diseases, it is not possible to delve into their fundamental 
causes or to develop clinical applications, such as ELISA, that 
require antibodies against biomarkers. The identification of 
proteins/peptides using MS is the key step in the development of 
clinical applications using proteomic biomarkers. 

 Protein Identification by Peptide Mass Fingerprinting 

Peptide mass fingerprinting (PMF) is an analytical technique 
for protein identification [63–67] (Figure 6A). In PMF, after 
protein separation from stem cells, the stem cell proteins of 
interest are first digested with proteolytic enzymes such as 
trypsin. The m/z of generated peptides from digest is accurately 
measured with MS. These actual measurement values are then 
in silico compared with theoretical values of known proteins 
registered in a MUSCOT® database. As data on known proteins, 
registered proteins are theoretically digested into peptides with 
enzymes and the absolute masses of these reference peptides are 
calculated. By comparing the actual measurement values of the 
interest protein with theoretical values of the enormous numbers 
of proteins registered in the database statistically, the best-
matched protein is searched. Databases of the National Center for 
Biotechnology Information (NCBI) and Swiss-Prot are popular for 
identification. NCBI includes most of the public domain sequence 
databases and the Swiss-Prot database has a large amount of 
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annotation together with the sequences to allow for easier 
understanding of the functionality of the identified proteins [68]. 
The advantage of PMF is that only the m/z of generated peptides 
has to be examined. De novo peptide sequencing, which is time-
consuming, is not necessary. A disadvantage is that the interest 

protein has to be registered in a database. Additionally, most PMF 
algorithms assume that the peptides come from a single protein 
[69]; therefore, the typical PMF samples are proteins isolated by 
2D-DIGE and MDLC that have high separation capacity. 

Figure 5: Tandem MS Tandem MS, in which multiple mass analyzers are connected in series, is used widely for analysis with good 
mass accuracy and high resolution. MALDI-TOF-TOF-MS (A), ESI-Q-TOF-MS (B), ESI-IT-TOF-MS (C) are well-known as tandem 
MS for proteomic analysis. 

Peptide Identification by MS/MS Ion Search 

Mass analysis is essentially a separation of ions according 
to their m/z. Because tandem MS has multiple mass analyzers 
that are connected in series, two stages of mass analysis (MS/
MS analysis) can be carried out in a single experiment. An ion 
with a specific m/z is selected in the first stage of mass analysis 
and structural information about selected ion is obtained in the 
second stage. In the case of peptide ions, the information is the 
amino acid sequence of the peptide. At present, peptides with a 
molecular weight of less than ~3,000 can be routinely identified 
by MS/MS ion search using tandem MS, such as MALDI-TOF-TOF-
MS, ESI-Q-TOF-MS, and ESI-IT-TOF-MS (Figure 5). MS/MS ion 
search is available to identify peptides detected by differential 

analyses using ProteinChip array®, ClinProt®, and shotgun 
proteomics, and to confirm the sequences of peptides used in 
protein identification by PMF. 

MS/MS ion search is based on the fragmentation reaction of 
peptides and by database search [49,70,71] (Figure 6B). Namely, 
peptides ionized by ionization methods, including MALDI and ESI, 
have excess internal energy. After a peptide of interest (parent 
ion) is selected in the first mass analyzer, its peptide bonds are 
randomly cleaved by internal energy. While the fragmentation 
reaction occurs in ions with excess energy, most ions formed by 
MALDI and ESI have insufficient internal energy and are stable 
to drive any fragment reactions. Thus, what is required for MS/
MS analysis of peptides is a method to energize a stable parent 
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ion after it has been mass-selected and to induce fragmentation 
reaction. The method used most often is collisionally induced 
dissociation (CID), in which a mass-selected ion is transmitted 
into a high-pressure region of the tandem MS where it undergoes a 
number of collisions with molecules of filler gas such as argon. As 
the ion collides with these gas molecules, a portion of the kinetic 
energy of the ion is converted into internal energy to make the 
ion unstable and drive the fragmentation reaction. In the Q-TOF 
mass analyzer (Figure 5B), after an ion is selected in the first stage 
(Q mass analyzer), it is fragmented in the collision cell. Also, in 

the IT-TOF mass analyzer (Figure 5C), the trapping region of IT 
serves as the cell. In contrast, in MALDI-TOF-TOF-MS (Figure 5A), 
CID is not often used for fragmentation. The selected ion decays 
into fragments without CID after leaving the acceleration region of 
the ion source; therefore, this fragmentation reaction is referred 
to as “post-source decay (PSD). In PSD, the reaction occurs mainly 
in the second stage of the mass analyzer (TOF2 in Figure 5A). The 
fragment ions produced are m/z analyzed in the second stage. 
Both the intact peptide mass and fragment ion masses are used 
for peptide identification through database searching (Figure 6B). 
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Figure 6: Identification of proteins/peptides using MS.

Cancer Biomarker and Diagnosis 

Over the past several decades, enormous efforts have been 
made to screen and characterize useful cancer biomarkers. As 
clinically important biomarkers, PSA, carcinoembryonic antigen 
(CEA), α-fetoprotein (AFP), CA125, CA15-3, and CA19-9 have 
been identified [8–10]. Although they are commonly employed in 
clinical diagnosis, they are not satisfactory because of their limited 
sensitivity and/or specificity; for example, CA125 is widely used 

to detect ovarian cancer in post-menopausal women and is the 
best clinical marker currently available. Although CA125 levels 
are elevated in ~80% of patients with advanced stage ovarian 
cancer, serum levels are increased in only 50–60% of patients with 
the early stage [8,72–74]. Early diagnosis of cancers, including 
ovarian cancer, remains difficult. There is therefore an urgent 
need to discover better potential biomarkers for cancer diagnosis 
in clinical practice (Figures 5 & 6) (Table 4).
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Table 4: Cancer biomarkers identified by proteomic analysis of serum/plasma.

Cancer Type Protein biomarkers M.W.(Da) Accession No Biomarker identification Reference

Breast Cancer

C3a 9.9 kDa P01024 ProteinChip analysis of serum(MAC-Ni)  Pu-
rification(chromatography,SDS-PAGE)PMF 

& MS/MS analysis
75

C3a 9.1 kDa P01024

Hepatoglobin 
κ-1 chain 9192 m/z P00739 hepa-

toglobin
ProteinChip analysis of serum(MAC-Cu and 

CM 10) 
Estimation of proteins/peptides derived from 

peaks 
Identification by immunodepletion using 

specific antibodies

76Transferrin 91.9 kDa P02797

Apolipoprotein A1 29 kDa P02647

Apolipoprotein C1 6647 Da P02654

Colengiocarcinoma Transthyretin and 
variants

13760, 
13098,14040 

m/z
P02766

ProteinChip analysis of serum(CM 10)  
Purification(SDS-PAGE)

MS/MS analysis, Western bloting, immuno-
protein, ELISA

77

Colorectal cancer

C3a 8.94 kDa P01024
ProteinChip analysis of serum(MAC-Cu)  

Purification(chromatography, SDS-PAGE)  
MS/MS analysis of trypsin digests

78Apolipoprotein C1 6.44 kDa
6.64 kDa P02654

κ1-Antitrypsin 50.7 kDa P01009

Human neutro-
phil peptides 

1,2,3(HNP1,2,3)

3443 m/z 
(HNP1)

3372 m/z 
(HNP2)

3496 m/z 
(HNP3)

P59665(HNP 
1,2 and 3) ProteinChip analysis of serum (MAC-Ni)  

Purification (HPLC) PMF 79

Apolipoprotein A1 29 kDa P02647 ProteinChip analysis of serum (CM 10) 
Purification(Chromatography, SDS-PAGE) 

MS/MS analysis of trypsin digests
80

Apolipoprotein C1 6.6 kDa P02654

Characteristics of Proteomic Cancer Biomarkers and 
Diagnostic Availability

As described, diverse types of protein separation technology 
and MS are proficiently combined in proteomic analysis. Although 
a variety of combined systems have been used in analysis, the 
2D-DIGE–MS system and ProteinChip array®–SELDI-TOF-MS 
system are at present the main standards to search for new 
diagnostic biomarkers in many cancers [14–17]. Many studies 
have reported proteomic biomarkers in various cancers [75–105] 
(Figure 7). 

Table 4 shows cancer biomarkers that have been identified 
by proteomic analysis of serum/plasma. Biomarkers whose 
expression is increased and/or decreased specifically in a 
particular cancer type have a great deal of potential in the 
diagnostic field; however, as the expression of α-antitrypsin has 
been reported to be increased in colorectal cancer [78], HCC [86], 
and ovarian cancer [96], the expression of most biomarkers is 
increased and/or decreased in multiple types of cancer. While 
proteins/peptides that are expressed differentially in various 
cancers constitute a large portion of cancer biomarkers, a few 
biomarkers are possibly specific to a particular cancer.

Neutrophil-activating peptide 2 (NAP-2) and Ras-related 
protein Rab-7B are expected to be specific biomarkers of HCC 
and lung cancer, respectively [87,91]. NAP-2 is the major form 
of CXCL7, which is a member of the chemokine family involved 

in regulating immunity angiogenesis, stem-cell trafficking, and 
mediating organ-specific metastases of cancers [106]. CXCL7 is 
translated as a propeptide and then cleaved to several smaller 
forms, including NAP-2. Although CXCL7 has been reported to 
be a marker of advanced myelodysplastic syndromes (MDS), 
hematologic stem cell malignancies in elderly patients [107], no 
expression of NAP-2 is observed in tissues of other types of cancer. 
Furthermore, serum levels of NAP-2 are correlated with the 
clinicopathological features and prognosis of HCC [108]. Rab7B, 
which is highly expressed in lung cancer, is a member of the Ras 
oncogene family and a small Rab GTPase that regulates vesicular 
traffic from early to late endosomal stages of the endocytic 
pathway. Rab7B is expressed in the heart, placenta, lung, skeletal 
muscle, and peripheral blood leukocytes [109]; however, no 
increase of its serum levels has been reported in cancers other 
than lung cancer. Consequently, these findings suggest that NAP-2 
and Rab7B may be specific biomarkers of HCC and lung cancer, 
respectively, although many clinical studies must be performed 
using sera from patients with a variety of diseases. 

The expression of serum amyloid A (SAA) is increased in 
a various cancer (Table 4). Although proteomic analysis of 
serum/plasma identified SAA in HCC [89], lung cancer [91], 
nasopharyngeal carcinoma [94], ovarian cancer [99], and renal 
cancer [105], its increased expression has also been reported in 
other cancers such as kidney, colorectal, and prostate cancers, 
as well as in leukemias and lymphomas [110]. In addition, SAA 
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is an apolipoprotein secreted in an acute phase of inflammation 
[111]; therefore, its increased expression may represent the 
epiphenomenon of cancers. While SAA is unlikely to be of much 
clinical use for diagnosing the onset of cancer, it may be important 

to monitor the stage of cancer progression and relapse. In 
nasopharyngeal cancer, SAA has been reported to be useful for 
monitoring its relapse [112]. 

Figure 7: Classification of HCC and non-HCC using decision tree. The first analysis group (HCC, N=35; non-HCC, N=44) is 
subjected to Protein Chip array® (CM10) followed by obtaining spectra with SELDI. Six peaks (3444, 3890, 4435, 4467, 4470, and 
7770 m/z) were expressed differentially in the HCC group compared to the non-HCC group. Using m/z and peak intensities of these 
peaks, the decision tree was built up for HCC diagnosis. To determine the accuracy and validity of the algorithm used, the decision 
tree was reevaluated using the second analysis group (HCC, N=29; non-HCC, N=33). The decision tree correctly diagnosed 83% 
(24 of 29, sensitivity) of patients with HCC and 76% (25/33, specificity) of patients without HCC. 

Although most proteomic biomarkers are not specific to a 
particular cancer, a combination of those with known diagnostic 
methods has been reported to improve the probability of cancer 
diagnosis [86,101]. Using CA125 alone as the best clinical marker 
of ovarian cancer, patients with early-stage cancer are diagnosed 
with a receiver operating characteristic area under the curve 
(ROC AUC) of 0.613. In contrast, when four proteomic biomarkers 
(transthyretin, hemoglobin subunit β, apolipoprotein A1, and 
transferrin) are combined with CA125, the diagnosis is performed 
with a ROC AUC of 0.955 [101]. The four biomarkers are highly 
abundant proteins and are not likely to be synthesized at the focal 
site. Thus, these biomarkers, even if they are not released directly 
by the tumor, could be used in combination with other markers, 
such as CA125, to improve the diagnostic probability of early-
stage ovarian cancer. In another instance, AFP is a biomarker for 
HCC diagnosis. By 2D-DIGE of sera from HCC patients followed 
by protein identification using MALDI-TOF-TOF-MS, heat-shock 
protein 27 (HSP27) was identified as an HCC biomarker [86] 
(Table 4). HSP27 is a stress-inducible cytosolic protein that 
is ubiquitously present in many normal tissues and has been 
reported to be over-expressed in many types of cancer, such as 
breast cancer and astrocytic brain tumor [113,114]. HSP27 is not 
a specific cancer biomarker; however, it could be detected in HCC 
patients with negative AFP [86]. This suggests that HSP27 could 
be complementary to AFP in the diagnosis of HCC. Furthermore, 
combination diagnosis of HSP27 and AFP improves the diagnostic 

probability of HCC patients with small tumors (< 5 cm). By the 
same token, leucine-rich α2 glycoprotein (LRG) has been reported 
to serve as a complementary biomarker of CA19.9, which is a 
tumor marker commonly used for the diagnosis of pancreatic 
cancer [102]. 

 Early Diagnosis of HCC Using ProteinChip Array®

In cancer diagnosis, early detection before the onset of 
clinical symptoms is very important. Early diagnosis can lead to 
curative treatment, significantly improving prognosis. Diagnosing 
patients who present without symptoms, however, is difficult, 
because the tumor is still small and there are few lesions. Using 
the ProteinChip array®–SELDI-TOF-MS system, early diagnostic 
methods have been reported in several cancers, including our 
data on HCC [18,115–117]. 

Approximately 170 million people worldwide are infected 
with hepatitis C virus (HCV), which when persistent can progress 
to HCC. Interferon (IFN) or combined IFN and ribavirin are 
currently the only effective treatments for chronic hepatitis C, 
leading to a decrease of HCC occurrence [118,119]; however, 
some patients do not receive IFN treatment or fail to recover from 
HCV even with IFN treatment. In addition, a subset of individuals 
remains unaware that they are infected with HCV. Namely, in 
these patients, HCC may present only in the advanced stage. The 
prognosis of patients presenting with symptoms related to HCC 
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is extremely poor. One requirement is the early detection of HCC 
before the onset of clinical symptoms. 

We have been studying the developmental mechanism of HCC 
[120–122]. As part of the investigation, we sought to identify novel 
diagnostic markers of HCC using the ProteinChip array®–SELDI-
TOF-MS system and to develop a diagnostic system using these 
markers. The decision tree for HCC diagnosis was established 
using sera from patients with and without HCC (Figure 7) [18]. 

The first analysis group (HCC, N=35; non-HCC, N=44) was 
subjected to ProteinChip array® (CM10) followed by obtaining 
spectra with SELDI. Six peaks (3444, 3890, 4435, 4467, 4470, 

and 7770 m/z) that were expressed differentially in the HCC 
group compared to the non-HCC group were used for diagnosing 
HCC. The decision tree generated using m/z and peak intensities 
correctly classified 97% of HCC samples. Further, to determine the 
accuracy and validity of the algorithm used, the decision tree was 
reevaluated using the second analysis group (HCC, N=29; non-
HCC, N=33). The decision tree correctly diagnosed 83% (24 of 29, 
sensitivity) of patients with HCC and 76% (25/33, specificity) of 
patients without HCC. Importantly, the accuracy of decision-tree 
diagnosis for HCC was higher than that of other known tumor 
markers such as AFP (sensitivity, 41%; specificity, 67%) (Figure 
8). 

Figure 8: Activating mechanism of complement system. When pathogens (e.g., malignant cells, viral-infected cells, and bacteria) 
exist in the living body, the system is activated through classical, alternative, and lectin pathways, with the result that they are 
cleared by opsonization and/or lysis. Classical, alternative, and lectin pathways are activated by an antibody bound to pathogens, 
certain non-self-materials, and mannose-containing carbohydrates, respectively. Whichever pathway is activated, C3 is finally 
cleaved into C3a, C3b, iC3b, and C3f etc. 

The most fundamental requirement for serum-based marker 
detection is the identification of carcinoma in an early stage 
when treatment has the greatest impact on prognosis. Decision-
tree diagnosis was performed using serum samples taken from 
7 patients 1 year before HCC development. Six of the 7 (86%) 
patients who later developed HCC were diagnosed with HCC using 
the decision tree. One year before development, HCC was still 
undetectable by the current diagnostic methods. It is suggested 
that this decision tree is useful for the early diagnosis of HCC. 

 Proteomic Strategy for Discovering Specific Cancer 
Biomarkers

As shown in Table 4, many cancer biomarkers have been 
identified by serum/plasma proteomic analysis. While specific 
biomarkers such as NAP-2 and Rab7B are discovered fairly 
infrequently [87,91], most of these are unfortunately not specific 
to a particular cancer. In addition, the proteomic biomarker is 
mostly highly abundant proteins (Table 3). Certainly, non-specific 

and/or highly expressed biomarkers are useful to complement 
conventional diagnosis methods [86,101] and for monitoring 
cancer relapse [112]; however, because they are not necessarily 
released directly from tumor tissues, their diagnosis methods may 
have little scientific basis. Discovering specific cancer biomarkers 
that are based on scientific evidence are important for the 
development of novel diagnostic methods. 

Proteomic analysis of low abundant protein (less than 
1% of serum/plasma protein content) in serum/plasma may 
lead to discovering specific biomarkers. Although shotgun 
proteomics using LC (Figure 1D) and tandem MS (Figure 5B, 
C) has been established for serum/plasma analysis [123,124], 
cancer biomarkers useful for early diagnosis are still unknown. 
Proteomic approaches based on other perspectives might also be 
needed. Many researchers have hypothesized that the best cancer 
biomarkers were likely to be secreted proteins [125]. In addition, 
many classical cancer biomarkers, such as CEA and CA15.3, are 
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bound to the cell membrane, but their extracellular domains could 
be found, through shedding, in the circulatory system. On the basis 
of this hypothesis, Roessler et al. aimed to identify novel serum 
biomarkers of colorectal cancer [126]. First, 16 matched colorectal 
cancer and adjacent normal tissue samples were subjected to 
2D-DIGE followed by protein identification using MS. Five proteins 
whose expression is increased markedly in colorectal cancer 
were identified as transforming growth factor-β-induced protein 
ig-h3 (βIG-H3), nicotinamide N-methyltransferase (NNMT), 
nucleoside diphosphate kinase A (nm23-H1), purine nucleoside 
phosphorylase (PNPH), and mannose-6-phosphate receptor 
binding protein 1 (M6P1). Validation using ELISA showed that 
elevated levels of NNMT were found in sera from patients with 
colorectal cancer. Furthermore, the accuracy of NNMT diagnosis 
(ROC AUC, 0.84) was higher than that of the established tumor 
marker CEA (ROC AUC, 0.78). Similarly, proteomic analysis of 
tumor tissues occasionally leads to discovering serum/plasma 
biomarkers. Using the same strategy, phosphoglycerate kinase 1 
(PGK1) has reportedly been identified as a serum biomarker of 
pancreatic ductal adenocarcinoma [127]. 

High abundant proteins are possibly suitable to search for 
specific cancer biomarkers. As shown in Table 4, high abundant 
proteins expressed differentially in various cancers appear 
capable of being categorized in three groups: 1) components of 
complement system and regulated proteins (C3, C4, and factor B 
etc.), 2) apolipoproteins (apolipoproteins A1, A2, and C1 etc.), 3) 
iron-metabolic proteins (transferrin, haptoglobin, and hemopexin 
etc.). Furthermore, as seen in C3a [75,78,85] and fibrinopetide A 
[81,82,90], which are fragment peptides derived from complement 
C3 and fibrinogen, respectively, protein cleavage products also 
serve as cancer biomarkers. Changes in the expressions and/or 
processing patterns of highly abundant proteins in cancer may be 
caused by specific molecules in pathogens. We are focusing on the 
relationships between the complement system and ATL, a fatal 
leukemia caused by infection with human T lymphotropic virus 
type-1 (HTLV-1) [19]. 

The complement system is a major mediator of innate 
immune defense [128–130]. The system consists of a group of 
over 30 proteins, such as C3, C4, and factor B. When pathogens 
(e.g., malignant cells, viral-infected cells, and bacteria) exist in the 
living body, the system is activated, with the result that they are 
cleared by opsonization and/or lysis. The complement system 
has three distinct pathways (classical, alternative, and lectin 
pathways) (Figure 8). Classical, alternative, and lectin pathways 
are activated by an antibody bound to pathogens, certain non-
self-materials, and mannose-containing carbohydrates expressed 
on the pathogen surface, respectively. Whichever pathway is 
activated, C3 is finally cleaved into C3a, C3b, iC3b, and C3f etc. The 
increase of C3 cleavage products in cancer patients is a reflection 
of this activation. 

We identified C3f as the serum biomarker of ATL by differential 
analysis using the ProteinChip array®–SELDI-TOF-MS system 

followed by MS/MS ion search using MALDI-TOF-TOF-MS [19]. 
Further, analysis of markers specific to the activation pathways 
showed that the serum concentration of the marker of the lectin 
pathway was significantly higher in ATL patients. These results 
suggest that the complement system is activated through the 
lectin pathway in ATL. Furthermore, this implies the presence of 
a trigger that activates the lectin pathway. As one possibility, it is 
considered that aberrant glycoproteins and glycolipids, including 
mannose-containing carbohydrates, are expressed on the surface 
of ATL cells. C3f is not specific to ATL, because its expression 
is increased in various cancers [19]. The trigger is, however, 
possibly suitable for diagnosis as an ATL-specific biomarker. In 
addition to identifying proteins/peptides by proteomic analysis 
of serum/plasma, clarifying a molecule associated with the signal 
transduction pathway such as the complement system may be 
necessary to discovery specific cancer biomarkers. 

 From Biomarker Discovery to Clinical Application 

The most important issue in developing diagnosis methods 
is reproducibility in clinical practice as well as in the laboratory. 
In particular, in the early diagnosis of cancer, because tumors 
are microscopic, insensible changes in the living body have to 
be captured. In addition, previous studies, including our data, 
indicated that measurement systems using multiple biomarkers 
are effective in early diagnosis [18,115–117]; therefore, 
measurement systems are required that reproducibly quantify 
multiple biomarkers simultaneously using just one experiment. 

The ProteinChip array®–SELDI-TOF-MS system enables the 
detection of multiple proteins/peptides in just one experiment. 
Diagnosis can be performed by the decision tree using m/z and 
peak intensities without the identification of proteins/peptides. 
While many studies have reported diagnostic methods using 
decision trees, irreproducibility is a problem [131]. Although 
our experience also shows this, the irreproducibility could be 
attributed to analytical steps from the time the serum is collected 
until the spectrum is acquired. Unfortunately, no universal 
standard protocol exists for the collection, storage, and transport 
of serum samples. Also, there is no universal quality control of 
the decision tree and spectra obtained with MS. In particular, the 
spectral patterns acquired by SELDI-TOF-MS seem to be affected 
by the aging degradation of the ionization laser. Whether this is 
true, the cause of the irreproducibility is uncertain. If peaks useful 
for diagnosis are found, the better choice is to identify proteins/
peptides derived from these peaks followed by the development 
of other measurement systems with good reproducibility and 
quantitation (Figure 9). 

ELISA is a biochemical technique used mainly in immunology 
to detect the presence of an antibody or an antigen in a sample 
[132]. ELISA has been widely used as a diagnostic system in 
clinical practice; for example, sandwich ELISA, which has good 
sensitivity, quantitation and reproducibility, is performed as 
follows (Figure 9): 1) the plate is coated with a capture antibody; 
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2) sample is added and any antigen present binds to capture the 
antibody; 3) the detecting antibody is added and binds to the 
antigen; 4) enzyme-linked secondary antibody is added and binds 
to the detecting antibody; 5) substrate is added and is converted 
by the enzyme to the detectable form. Early diagnosis of ovarian 
cancer has reportedly been performed using ELISA for proteomic 

biomarkers (transthyretin, hemoglobin subunit β, apolipoprotein 
A1, and transferrin) [101]. Also, as a high-throughput and 
multiplex measurement system, antibody array has recently 
become of interest [133]. To apply proteomic biomarkers in a 
clinical setting, the development of measurement systems, such 
as ELISA and antibody array, may be a key step. 

Figure 9: Sandwich ELISA. After the plate is coated with a capture antibody, the sample is added and any antigen present binds 
to capture the antibody. Next, the detecting antibody is added and binds to the antigen, and then the enzyme-linked secondary 
antibody is added and binds to the detecting antibody. Finally, the substrate is added and is converted by the enzyme to the 
detectable form. 

Cancer MALDI imaging and HR-MAS NMR biopsy Diagnosis

Table 5: Classifiers, estimated features for cancer tumor grading in different cancer tissues.

Binary Classification Matrics HRMAS visible Metabolites Cancer burden Grade Tumor Identification (burden)

6 features Etn,PC,NAA,Gln high grade Carcinoma (80.4)

4 features Asp,Gln,Tau,Etn high grade Metastasis(91.3)

11 features GABA,PUFA,Gln,Ala,Asp,GPC,Lac Mild Grade Glioblastoma multiforme(87)

11 features NAA,Etn,Lip,Gln,Tau,Ala,-
GABA,GPC,PUFA,PC,Glu High grade Anaplastic astrocytoma(89.1)

4 features Etn,Lip,Tau,Gln High grade Meningioma(93.5)

4 features Gln, Cho,Etn,Lip High grade Schwannoma(91.3)

1 feature Gln Low grade Poloytic astrocytoma(93.5)

6 features Gln,PUFA,GABA,Etn,Cho,Glu High grade Adrenocarcinoma(80)

1 feature Asp high grade Breast cancer(50)

1 feature Citrate Low grade Prostate cancer

5 features Succinate,Glu,Gln,Met,Myo-Ins High grade Pheochromo cytoma

MALDI is a technique to identify peptides from MS peak 
spectrum as described in section 4. Same technique is now 
extended in imaging these peptides in 3 dimensions to generate 
a 3-D tumor reconstruct. Cancer tissues are routinely processed 
for MALDI imaging to identify specific proteins. However, method 
suffers from technical as well as operator biases because of very 
rigorous expercise to pin point MS peaks from thousands of 
chemical species visible in spectra. MALDI imaging technique puts 
a new dimension of protein location in tumors and visualization. 

Recently many integration methods have been applied to pin 
point location of tumor specific proteins on images to make use of 
them in diagnosis and tumor staging.  However, the use of imaging 
MALDI is limited as research tool possibly a future diagnostic 
modality in place of serum proteomics in oncology and cancer 
therapeutics. 

Total through-bond spectroscopy (TOBSY) of ex vivo HRMAS 
MR spectra of tumor biopsies from glioblastoma multiforme, 
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Schwannoma, Pilocytic astrocytoma, adrenocarcinoma and 
breast metastasis showed distinct alanine, choline, GABA, 
glutamine/glutamate, glycerophosphocholine, lipids, myoinositol, 
phosphocholine, phosphoethanolamine, polyunsaturated fatty 
acids, taurine NMR resonance assignments as cancer classifiers 
as shown in Figure 9 and Table 5. These initial results strongly 
suggest the potentials of biopsy or intact tissue metabolic 
characterization [72] (Figure 9) (Table 5).

Conclusion

Proteomic analysis based on protein/peptide separation and 
identification using MS is an essential technology for biomarker 
discovery. Although most proteomic biomarkers may be not 
specific for a particular cancer, they are certainly of help in the 
early diagnosis of several cancers. There is considerable difficulty 
in discovering specific biomarkers; however, a variety of strategies 
for discovering specific biomarkers may make it possible. We 
hope that proteomic cancer biomarkers will be widely used in the 
future for early diagnosis in clinical practice. 
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