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INTRODUCTION

In a report by the United Nations, it was noted that
oncological diseases hold the first place (followed by
diabetes, heart disease, and lung) in the statistics of
mortality rates in developed countries. It is conven-
tionally thought that the early diagnosis of oncological
diseases, including serum diagnostics, largely deter-
mines the success of treatment and allows the survival
rate of patients to be improved significantly. However,
in clinical practice, to diagnose tumors, only a few
dozen markers are still used, which appears to be asso-
ciated with the lack of efficiency of the existing search
methods. Modern methods are based on the compar-
ative analysis of proteomes, transcriptomes, or
genomes of normal and tumor tissues (groups of meth-
ods are listed according to the frequency of their use in
clinical practice, Table. 1). This review describes the
most popular methods of searching for serological
markers of tumors that are used in a clinical setting, as
well as a comparison of their efficiency.

PROTEOMICS METHODS

Proteomics methods allow one to analyze the
changes in protein content, as well as processing and
post-translational modifications. The most commonly
used in vitro methods of proteomics, which are based
on the fractionation of proteins of normal and tumor
tissue, followed by the mass-spectrometric identifica-
tion of proteins, the content of which changes the
most noticeably, often in tumors. The second group
includes methods of identifying proteins that can bind
to autoimmune antibodies, which are present in the
blood serum of cancer patients, but not in the blood of
healthy donors (reverse proteomics). Finally, the
methods of proteomics in silico are designed to iden-

Abbreviations: ncRNA, noncoding RNA.

tify variations in the content (or processing) of the
mRNA of tumors compared with normal tissues.
These methods are related to the field of proteomics,
since only proteins encoded by mRNA are used for
serological diagnostics (mRNA rapidly degrades in
blood and other body fluids).

The first and third approaches allow one to detect
tumor-specific proteins that can enter the blood-
stream (e.g., carcinoembryonic antigen), or secretory
proteins, the content of which in the blood increases
dramatically upon the occurrence of a tumor (such as
specific for prostate cancer antigen). These markers
are typically detected using high-affinity antibodies
and immunofluorescence analysis in sandwich format.
A promising approach to the serological diagnostics of
cancer is the analysis of exosomes (which are sur-
rounded by the bilayer membrane mini-cells without a
nucleus and mitochondria approximately 100 nm in
size), which are secreted into the blood by tumor cells.
The use of antibodies to tissue-specific membrane
proteins of tumor exosomes can significantly increase
the sensitivity of the test by removing exosomes
secreted by blood cells and dramatically increase the
sensitivity of the test as a result of the amplification of
the signal since, on the surfaces of exosomes, there are
thousands of molecules of the protein marker.

PROTEOMICS in vitro
Two-Dimensional Gel Electrophoresis (2DE)

The method of two-dimensional gel electrophore-
sis (2DE) includes two main procedures, i.e., the sep-
aration of proteins using isoelectric focusing in tubes
in one direction (separation on the basis of charge),
and the electrophoretic separation of the contents of
the tube in a denaturing polyacrylamide gel electro-
phoresis in the perpendicular direction (separation
based on weight in the range of 10—200 kDa). For the
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first time, the technique was described in 1970 by
Koenig et al. [13], after which O’Farrell [14] proposed
that it be used for the isoelectric focusing of proteins of
the nonequilibrium pH gradient, which is formed dur-
ing electrophoresis by ampholines (Fig. 1, top). The
subsequent identification of protein spots with differ-
ent intensities on the received pairs of 2DE-electro-
phoregrams of normal and tumor tissues is performed
using mass spectrometry. Although 2DE is very labori-
ous and has a low sensitivity (only 1000—3000 high-
copied proteins of the proteome are detected), for
decades, it has been the most highly effective and
commonly used method of analyzing proteomes.

Two-Dimensional Differential Gel Electrophoresis
(2D DIGE)

The method of differential gel electrophoresis
(DIGE) is the method of the simultaneous separation
of proteins of healthy and neoplastic tissues, as well as
internal control (a mix of healthy and neoplastic tissue
in a certain ratio), to identify protein spots only typical
of tumor tissue. The proteins are labeled with fluores-
cent cyanine dyes with different wavelengths of the
emitted radiation (the norm is usually Cy3, the tumor
is Cy3, and the control is Cy2) [15, 16]. Labeled pro-
teins are combined and separated by 2DE. 2DE anal-
ysis allows one to reveal tumor-specific proteins
(Fig. 1, bottom) and identify them in selected spots by
mass spectrometry. The method also allows one to
estimate the amount of protein in a spot on the ratio of
fluorescence intensities of spots in normal, tumor, and
control tissues.

Surface-Enhanced Laser Desorption/Ionization
(SELDI)

In 1993, the method of the surface-enhanced laser
desorption/ionization (SELDI) was described for the
first time [17]. SELDI is the most frequently used
modification of MALDI technology [18]. SELDI
combines the separation of proteins by adsorption to
spots on the surface of a microchip treated in different
ways with the subsequent removal of unbounded pro-
teins and the mass-spectrometric identification of
proteins bound to one of the surfaces of the microchip
(Fig. 2) [19]. The identification of proteins bound to
the surfaces of the microchip is based on the definition
of masses and charges of the produced positively
charged peptides that fall on the surface of the nega-
tively charged detector. The main advantage of SELDI
is the possibility to quickly analyze proteomes of bio-
logical and clinical samples [20] with hardly any pre-
liminary preparation. [21] The use of SELDI has not
yet led to the discovery of an important marker of
tumors due to a number of unresolved technical prob-
lems [22].

METHODS OF REVERSE PROTEOMICS

Serological Identification of Antigen by Recombinant
c¢DNA Expression Cloning (SEREX)

The method of serological identification of antigen
by recombinant cDNA expression cloning (SEREX)
is based on comparing the results of the immunologi-
cal analysis of two identical copies of the bacterial
expression library of tumor cDNA using the blood
serum of cancer patients and healthy donors. Tumor-
specific clones are sequenced to identify tumor anti-
gens (Fig. 3) [4, 23, 24]. The method allows one to
identify a subset of tumor antigens that react with the
antibodies of cancer patients, but do not react with the
serum of healthy donors. An analysis of the structure,
expression profile, and frequency of serological reactiv-
ity of identified antigens allows one to select the most
promising diagnosis of tumors markers for the serum, as
well as for the prediction of post-operative monitoring
and the creation of antineoplastic vaccines [6].

ProteomeX Method

The method is based on the 2DE separation of pro-
teins of normal and tumor tissues (two gels). Proteins
are transferred to membranes and incubated with anti-
sera of cancer patients, then with secondary antibody
conjugates to human immunoglobulin, the revealed
tumor-specific antigens were identified by mass spec-
trometry (Fig. 3) [5, 25—28]. Like other methods of
proteomics in vitro, ProteomeX can detect the tumor-
specific post-translational modification of proteins
that play an important role in the development of can-
cer and autoimmune reactions, such as glycosylation,
sumoylation, acetylation, and phosphorylation. How-
ever, this analysis requires additional technology and
sophisticated software. For example, in the analysis of
phosphorylation, it is necessary to supplement phos-
phorylated proteins with cation-exchange chromatog-
raphy or conduct a comparative analysis of mass spec-
tra before and after the removal or modification of the
phosphate groups [29—32].

Autoantibody-Mediated Identification of Antigens
(AMIDA)

Autoantibody-mediated identification of antigens
(AMIDA technology) is based on the parallel immu-
noprecipitation of proteins of the tumor tissue using
serum antibodies from healthy donors and sera from
cancer patients. Immunoprecipitates are separated by
2DE, electropherograms are stained with silver salts,
and tumor-specific proteins are identified by mass
spectrometry (Fig. 3) [33—38].
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Fig. 1. Scheme of proteomics in vitro methods. Top: 2DE. Bottom: 2D DIGE. Color patches do not reflect the wavelength of the
emitted radiation and used to demonstrate the principle.

PROTEOMICS in silico METHODS mRNA of normal and tumor tissue with probes of
commercially distributed microarrays. Each micro-
chip contains short sequences (probes) that are com-

Oncomine database contains information on gene  plementary to most human mRNA [7, 39]. Using an
expression profiles obtained by hybridization of total appropriate web service [8], it is possible to estimate

Bioinformatics Search in Oncomine Database

MOLECULAR BIOLOGY Wl. 47 No. 1 2013
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the level of expression of almost any gene in hundreds  of normal and tumor tissues [40]. The similar informa-
of tissues and to quickly detect genes, the expression of  tion results in the Human Proteome Atlas database
which differs statistically significantly in certain types [41], which contains the results of a detailed immuno-
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histological analysis of 60 pairs of normal and tumor

samples.

Upon relative cheapness (300—1000 USD per
experiment), the method lacks a number of things.
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First, during the analysis, there is a cross hybridization
of homologous members of the related mRNA family.
Furthermore, due to the low concentration of mRNA
in the sample, the complexity of the test (great total
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length of transcriptomes sequences and significant
variations in mRNA concentration) often leads to the
absence of the detected signal from a rather large part
of mRNA. The analysis is complicated by the signifi-
cant discrepancy between the results obtained using
microarrays from different companies, and different
methods of a statistical analysis of the results. Finally,
the method cannot detect most of the structural
changes in the mRNA (mutations, products of alter-
native splicing, etc.). Currently, the use of microchips
can only analyze mRNA and microRNA, whereas
human transcriptome apparently contains thousands
of noncoding RNAs (ncRNAs), and a large number of
antisense RNAs. Thus, the design of microchips must
improve continuously.

Bioinformatics Search of EST Databases

Expressed sequence tags (EST technique) include
the sequencing of 200—800-bp cDNA nucleotide frag-
ments [42, 43] (Fig. 4). The method is based on the
assumption that the number of sequenced EST clones
reflects the content of each mRNA in the sample. In
the 1990s, a number of EST libraries of normal and
tumor tissues were obtained that contained over
100000 clones; it allows one to determine the level of
synthesis of the most high- and middle-copy-number
mRNA. A dbEST database was constructed based on
the results of long-term studies. To conduct a bioin-
formatics analysis of this database, a wide range of
approaches and tools was proposed. However, after
the creation of a high-performance sequence of tran-
scriptomes (see below), this database will be used less
and less.

Bioinformatics Search of SAGE Databases

The serial analysis of gene expression (SAGE)
yields short (10 bp) fragments of each cDNA sample
(nucleotide tags), the ligation of tags in one concate-
mer sequence, and the amplification and sequencing
of the concatemer [44]. To identify the gene, the
sequence tag is mapped to a genomic nucleotide
sequence (Fig. 4). The SAGE sensitivity depends on
the depth of tag sequencing and the representativeness
of the library [45, 46]; furthermore, the evaluation of
the level of expression of transcripts is based on the fre-
quency of the tag. The method provides an adequate
assessment of the absolute mRNA content, which
allows one to directly compare the quantity of various
mRNAs in the same sample or in different samples. A
comparison of the efficiency of the search for tumor
markers using the SAGE and 2DE methods has shown
that the method of the serial analysis of gene expres-
sion exceeds 2DE by more than three times with
regard to informativeness [47]. This is related to two
problems, i.e., (1) the presence of tags for which there
iS no appropriating site in the genome (in this case,
mistakes occur in sequencing or amplification) and (2)

the existence of several sites in the genome with
sequences identical to the tag. Both problems are
eliminated by extending the tag in LongSage [48] and
Tag-seq [49, 50] modifications. Currently, the produc-
tion and sequencing of the Tag-seq libraries for sam-
ples is conducted on a commercial basis (mRNA tag
profiling service). The main advantage, as well as the
shortcoming, is that, as in the hybridization on micro-
chips, this approach is only part of the transcriptome
analysis; on one hand, it makes the analysis cheaper
and, on the other, less informative.

METHODS OF TRANSCRIPTOMICS

Transcriptome analysis methods were originally
aimed at identifying the mRNA, the level of synthesis
of which dramatically changes during carcinogenesis.
This approach can detect mRNA prognostic markers
used for the PCR analysis of biopsy materials in which
mRNAs are fairly stable. However, it is not possible to
use mRNA markers for diagnoses because they
quickly degrade in the serum. A promising alternative
approach to searching the transcriptome for diagnos-
tic markers is the analysis of noncoding RNA
(ncRNA), which is divided into two groups of short
(less than 200 bp) and long (more than 200 bp). There
are several thousand ncRNAs encoded in the human
genome. The most numerous family of ncRNA is
microRNA (more than 800 types have currently been
identified), the main function of which is to regulate
the expression of nearly all genes that code human
proteins. Regulation is carried out at the post-tran-
scriptional level as a result of the specific hybridization
of miRNA to its target mRNA [51—53]. Recently, it
has been shown that miRNA is secreted into the
bloodstream in the exosome by tumors and, after the
degradation of exosomes, accumulate in the blood in
the form of highly stable complexes with Argonaut
protein family [54]. Profiling the tissue-specific
microRNA content in blood serum allows one to pre-
cisely establish the localization of tumors (often with
the definition of its subclass) and predict its further
progression [55].

Unlike the genes that encode short ncRNA, long
ncRNA genes occupy the largest part of the genome,
including areas previously called “junk DNA.” The total
length and, therefore, the total number of these genes is
many times greater than the length of the genes that
encode the proteins (more than 90% and 2% of the
genome, respectively) [56]. In view of the uncertainty of
the position of the 5'-and 3'-ends of mRNA, as well as their
processing, alternative splicing, and editing, and the syn-
thesis of antisemantic sequences, the number of individual
RNAs in the transcriptome can reach one million or more.
The greater part of this RNA does not contain poly(A)-
sequences and, apparently, is transcribed with the partici-
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pation of RNA-polymerase I11. Preliminary data indicate
that the further analysis of this terra incognita can lead to
revolutionary changes in molecular biology [57]. While
some long ncRNA is fairly stable in the blood serum and

MOLECULAR BIOLOGY Vol. 47 No.1 2013

can be used in serological tumor diagnostics, some are
secreted in blood flow in stable protein complexes [58].
Thus, the number of tumor markers used in clinical prac-
tice can be greatly increased in the future.
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Table 1. Methods of searching for tumor markers

Approach Method Analysis of protein or cDNA Marker identification Ii?]fs;_
Proteomics | 2DE, 2D DIGE| 2DE electrophoresis Mass spectrometry [1]
in vitro SELDI Adsorption to surfaces of microchips Mass spectrometry [2]
Reverse SEREX Analysis of two copies of expression cDNA libraries of tumor using | Sequencing [4]
proteomics autoantibodies

Proteomex Immunobloting of 2DE cancer electrophoregram of normal and | Mass spectrometry [5]
tumor tissues using autoantibodies
AMIDA 2DE immunoprecipitates of normal and tumor tissues obtained us-| Mass spectrometry (6]
ing autoantibodies of cancer patient
Proteomics | Oncomine Analysis of cDNA hybridization databases with probes of micro- | On microchip probe [7]
in silico chip
EST Analysis of sequencing cDNA fragment databases On sequence [8]
SAGE Analysis of databases of cDNA expression On tag [8]
Transcrip- | Analysis Analysis of microRNA expression profiles of tumor exosomes On miRNA content [9]
tomics of microRNA
WTSS Analysis of high-performance database transcriptome sequencing | On ncRNA content [10]
Genomics |GM High-performance sequencing of exome of normal and tumor tis-| PCR [11]
sues
EGM High-performance sequencing libraries of DNA fragments of nor-| pCR [12]
mal and tumor tissue after treatment with bisulfite

Profiling of MicroRNA Expression

Due to the tissue specificity and mass secretion of
many miRNA in the exosomes by tumors in blood, the
recently developed method of profiling miRNA
expression is most promising for the sensitivity and
accuracy of cancer diagnoses. This method is not yet
used in clinical practice. In this case, the application
of hybridization on microchips for detecting a marker
is not so effective (the length of microRNA does not
exceed 23 bp, and some miRNA differ by only one
base), while the RT-PCR elongation of the amplified
fragment during the reaction (mirQ method) provides
highly reproducible results [51].

Whole Transcriptome Shotgun ncRNA Sequencing

The method of whole transcriptome shotgun
sequencing (WTSS) basically allows one to determine
the nucleotide sequences of mRNA and ncRNA of tis-
sue transcriptome using commercially available Kits
for preparing samples and poly (A)-neutral amplifica-
tion (Fig. 4) [59—61]. Illumina sequencers, which are
the most commonly used for WT'SS, have a capacity of
up to 300 billion nucleotides, the length of the “read,”
i.e., the fragments read, is ~50—100 nt, and the
sequencing costs is 1 USD per 1 million nucleotides
($12000 per run) [62]. The subsequent computer
analysis provides a way to define and connect

sequences of all transcribed exons to identify all RNA
isoforms, i.e., to reveal the distinctions in the position
of the 5'-and 3'-ends of all gene transcripts, as well as
to detect previously unidentified RNAs [55]. Over
time, this approach can lead to the complete recon-
struction of all tissue and cell transcriptomes (using
microdissection technology) that would require the
depth of sequencing in some terabases to ensure ade-
quate coverage for the quantitative analysis of all
ncRNA.

GENOMIC METHODS

There are two major groups of genomic tumor
markers [63], i.e., (1) genetic markers, i.e., DNA frag-
ments of tumor cells, at the point where mutations
were found, as well as deletions, amplifications, or
translocations that arise at different stages of carcino-
genesis, and (2) epigenetic marks, including areas of
the promoter regions, the hypermethylation of which
in tumor cells leads to the inhibition of gene transcrip-
tion (silencing). Another rarely used epigenetic
approach is based on an analysis of the global hypom-
ethylation of DNA of tumor cells.

Search for Genetic Markers

The largest number of genetic markers was found
before the genomic era in the analysis of retroviruses in
MOLECULAR BIOLOGY Vol. 47
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Table 2. Analysis methods of searching for tumor markers on PubMed database*

Number of publications
Method First reference (year) Trend***
total number per year 2010—2011%*
2DE 1972 1680 43 114 2.7
2D DIGE 2002 180 20 29 1.5
SELDI 2001 376 37 20 0.5
SEREX 1998 53 4 3 0.8
Proteomex 2003 0 0 0.0
AMIDA 2004 2 0 0 0.0
Oncomine 2007 16 4 4 1.0
EST 1996 38 2 1 0.5
SAGE 1998 134 10 4 0.4
miRNA 2002 838 93 275 2.9
WTSS 2005 103 17 22 1.3
GM 1960 24097 473 1450 3.1
EGM 1978 1354 41 220 5.4

* Search was performed using the following algorithm (the method name) AND (cancer markers). ** The number of publications per
year for 2010—2011 (current efficiency). *** The ratio of the current productivity of the number of publications per year over the life-
time of the method (trend >1 indicates an increase in popularity, <1 indicates a decrease in popularity).

mice, cotransfection experiments, and positional
cloning. Currently, these markers are identified using
high-sequencing methods of exome (coding part of
the genome or parts of it) of normal and tumor cells of
cancer patients. The analysis of genetic markers is a
basis for consulting families with hereditary predispo-
sition to the occurrence of cancer (these cases average
about 20—30% of the general number of patients) [11].
Finally, genetic markers are used for predictions, but
not for serological diagnostics, since for this purpose,
it is necessary to clear tumor cells circulating in blood,
which is only possible at the late stages of the disease
or in postoperative monitoring.

Search for Epigenetic Markers

The CpG-island hypermethylation of promoter
regions of genes in tumor cells is a much more com-
mon event than DNA mutation. The library of epige-
netic markers are obtained by treating DNA with
restriction enzyme, introducing adapters to the ends
of all the fragments, DNA bisulfite treatment (which
allows one to split most of the fragments of islands with
unmethylated cytosine residues), and genome ampli-
fication of fragments that remain intact. Libraries of
normal and tumor tissue obtained from the same can-
cer patients are subjected to high-performance
sequencing with subsequent identification of tumor-
specific epigenetic markers by computer analysis [12].
The high stability of DNA can detect tumor-specific
epigenetic markers in biological fluids and stool using
PCR. The specificity of the assay significantly
increases upon the amplification of hypermethylated

MOLECULAR BIOLOGY Wl. 47 No. 1 2013

fragments longer than 200 bp, since it allows one to
eliminate the DNA of normal cells that enter into the
bloodstream because of apoptosis [64]. However,
despite the high specificity and sensitivity of analysis
of epigenetic markers (especially when their panels is
using), in the clinical diagnosis of tumors, they are sel-
dom used, due to the identification of common, but
nondangerous pre-neoplastic tissues and adenomas, as
well as the age-related changes of the genome [65, 66].

CONCLUSIONS

An analysis of the frequency of the use of methods
described in the review for identifying tumor markers
using the PubMed database showed that genomic
techniques are the most popular, followed by methods
of analyzing miRNA and the two-dimensional elec-
trophoresis of proteins (Table 2). The popularity and
effectiveness of the search for transcriptomic tumor
marker by high-performance sequencing methods is
growing rapidly. The possibility of the complete recon-
struction of the cell and tissue transcriptome in the
future could lead to the identification of new diagnos-
tics of noncoding RNA that is stable in sera in protein
complexes and suitable for tumors.

It is important to note that, despite the long history
of genomic methods of the search for diagnostic mark-
ers of tumors, their use in clinical practice is limited.
Thus, the review of currently in use or undergoing
clinical and preclinical testing of diagnostic markers of
colon cancer shows that most of them (70%) are pro-
teins, and 30% are DNA fragments [67]. This is prob-
ably due to the fact that, despite the lower sensitivity of
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immunochemical methods of analyzing protein mark-
ers compared to the results of DNA amplification in
protein tests provide an opportunity for a clear diagno-
sis, whereas DNA testing requires the use of large pan-
els of markers and the laborious sequencing of DNA
products. At the same time, one must radically
increase the sensitivity of modern methods of protein
detection. This will make it possible to analyze low-
copy-number proteins and overcome an enormous
dynamic range of concentrations when testing biolog-
ical samples (up to a trillion times).
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