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Abstract—Existing approaches to direct genomic studies are costly and time-consuming. To overcome these problems, a
series of tag-based methods utilizing short fragments uniquely representing full-length transcripts/genes from which they
originate has been developed. This review summarizes basic principles underlying these methods and their numerous mod-
ifications designed for studying transcriptome profiles, searching for unidentified expressed loci, characterization of pro-
moter regions, and high-throughput mapping of various genomic sites, such as hypo- and hypermethylated CpGs, and

chromatin-binding and DNase I cleavage sites.
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The growing need for simultaneous examination of
completed assemblies of genes, transcripts, and protein
products of particular organisms led to diversified
methodical approaches to this problem [1]. The goal of
these approaches is to extract maximum information
concerning functional activity of genome loci (gene
annotation), their variability, as well as expression profil-
ing and gene regulation.

All methods for massively-parallel sample analysis
can be divided into two main groups. The first comprises
methods based on hybridization including hybridization-
on-chip [2, 3] and subtractive hybridization [4, 5].
Common drawbacks of these indirect methods are non-
specificity and kinetic features that do not allow reliable
analysis of small-number RNA species in transcriptomes
[6].

In this aspect, the methods of direct comparison of
genomes and transcriptomes are theoretically perfect, but
this comparison is extremely labor-intensive. Therefore,
recent rapid development of new methods that are ever
faster and cheaper promises to revolutionize such studies
[7]. These methods utilize short sequences (tags) instead
of whole genes or their transcripts, which definitely deter-

Abbreviations: bp) base pair(s); RFLP) restriction fragment
length polymorphism.
* To whom correspondence should be addressed.

mine the gene/transcript from which they derive. The
substitution of whole genes/transcripts by such short rep-
resentative sequences allows a significantly cheaper
sequencing with acquisition of required data on function-
al characteristics of these genes.

The problem in analyzing of such fragments is to find
the least expensive way for their sequencing without iso-
lation of each of them from the mixture. To solve this
problem, an elegant method was offered (Scheme 1)
based on the cross-ligation of representative fragments to
produce their arbitrary heteropolymers (concatemers).
Integration of many short nucleotide segments into a
concatemer allows simultaneous sequencing of many
short fragments. Concatenation is of fundamental impor-
tance for lowering costs and time of experiment because it
allows simultaneous exploration of 10-50 times more
individual genes/transcripts.

Following the cloning and subsequent sequencing of
concatemers, a computer-based extraction of individual
representative fragments and finding coincidences with
nucleotide sequences of the genes/transcripts, which
these fragments represent, should be carried out.
Simultaneous preparation of a multitude of fragments
reveals both qualitative composition of transcriptome/
genome and quantitative balance between its individual
components. Representation of a particular transcript/
gene in a general mixture will directly determine the
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Fragments differing in nucleotide sequence

Scheme 1

number of representative fragments obtained from the
experiment.

This kind of idea allows direct comparison of
sequences without hybridization and avoidance of
hybridization-derived bias for estimation of representa-
tion of the material in the initial genomes/transcrip-
tomes.

SAGE AND ITS MODIFICATIONS USED FOR
TRANSCRIPTOME CHARACTERIZATION

A method based on this principle was first applied by
Velculescu et al. in 1995 [8]. It was named SAGE (serial
analysis of gene expression) and used for studying of gene

transcription profile. The approach is based on substitu-
tion of a cDNA set representing the transcriptome of a
particular sample by an equivalent set of representative
14-nucleotide sequences, each derived from the unique
site of distinct cDNA (Scheme 2). A 14-nucleotide
sequence, if it is not a fragment of a repetitive element of
the transcriptome, with high probability occurs in it only
once, namely, in that cDNA from which it derives. So,
detection of distinct sequence in the mixture of prepared
oligomers, first, is indicative of the presence of the initial
c¢cDNA in the transcriptome and, second, allows quantita-
tive evaluation of this cDNA in the initial mixture.

The problem of preparation of such sequences could
only be solved with the discovery of specific type IIS
endonucleases, which hydrolyze DNA at a strict distance
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from the recognition site. The recognition site-containing
oligonucleotide adapters are used for its addition to
c¢cDNA sequence. Ligation is conducted so that the intro-
duced site is localized near a unique cDNA sequence. To
do this, cDNAs were co-synthesized with biotinylated
oligothymidine adapters and hydrolyzed with Nlalll
endonuclease into short fragments. Then, 3’-terminal
fragments were isolated on streptavidin-coated magnetic
beads. This procedure resulted in a set of 3'-terminal
cDNA fragments bounded by the Nlalll recognition site
on their 5’-ends. Following ligation with oligonucleotide
adapter containing the recognition site for type IIS
endonuclease (BsmFI, GGGAC(N)IO\L) and restriction
with this enzyme, a set of 14-bp fragments representing
unique cDNA sites was obtained.

Unlike routine experiments with microchips, in
which the number of analyzed transcripts is restricted to
the number of probes placed on a substrate and specific to
already known genes and reading frames, SAGE enables
detection of all transcripts, thus allowing more reliable
quantitative data, because this method depends on a
number directly characterizing the transcript representa-
tion, rather than on readout (for example, fluorescence
intensity).

Nonetheless, the abundance of homologous and
repeated sequences in genomes and transcriptomes
means that several loci can contain representative frag-
ments with the same primary structure. This prevents
their individual estimation. Thus, the mapping of short
14-bp sequences is often troublesome. One solution for
this problem is utilization of fragments longer than 14 bp.
This can be achieved by using other type IIS endonucle-
ases. Use of Mmel endonuclease (TCCRAC(N)20~L)
instead of BsmFI in the modified method LongSAGE
lengthens the representative fragments from 14 to 21 bp
and thereby reduces their mapping ambiguity by more
than an order of magnitude (the theoretical maximum
number of transcribed loci corresponding to one repre-
sentative fragment is decreased from 279 to 15) [9].

A detailed comparison between the data of
LongSAGE and SAGE made by several research groups
demonstrated that both datasets can virtually equally rep-
resent the initial cDNA sampling. In particular, the set of
21-bp fragments from LongSAGE, which were computa-
tionally reduced to 14-bp ones, was found to be virtually
equal to the real one obtained from the standard SAGE
experiment. However, only 4-7% of ambiguously mapped
14-bp sequences can be univocally linked to the repre-
sented cDNA due to use of LongSAGE. Nonetheless,
despite reports on better effectiveness of standard SAGE
in studies on differential expression of various transcripts,
the data from LongSAGE can be considered as more reli-
able. This is due to increased mapping accuracy of 21-bp
representative sequences [9].

Quite recently the type III endonuclease EcoP151
(CAGCAG(N)25~L) was introduced allowing production
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Preparation of short representative fragments from full-length
¢DNAs according to the SAGE protocol. ) Digestion of double-
stranded cDNA with the tagging restrictase Nlalll followed by iso-
lation of biotinylated (Bio) 3’'-fragments using streptavidin-coated
magnetic beads (MB). 2) Ligation of the fragments with the
oligonucleotide adapter containing the recognition site of type I1S
endonuclease (BsmFI). 3) Hydrolysis with BsmFI to form 14-bp
fragments. 4) Subsequent ligation to form dimers of representative
fragments. 5) Removal of adapters by hydrolysis and ligation of the
dimers to form concatemers

Scheme 2

of 26-bp tags (SuperSAGE) [10, 11]. These long frag-
ments can also be used as oligonucleotides on
microchips. This combines advantages of two platforms:
repeated use of microchips and analysis of entire tran-
scriptome rather than its previously annotated part,
because oligonucleotides derive directly from mRNA, not
from previous synthesis. However, one has to remember
that elongation of representative fragments leads to
decrease in their population on sequencing of one con-
catemer. By this, it means that LongSAGE and
SuperSAGE, as compared with SAGE, require 1.5 and 2
times more sequencing reactions, respectively, for pro-
duction of an equal number of tags. In turn, decreased
sequencing effectiveness results in the increase in expen-
diture in comparison with that of the initial protocol.
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transcript. 3, 4) Dimers are released and concatenated with subse-
quent cloning

Scheme 3

Thus, the choice between SAGE and LongSAGE
depends on tasks of analysis. One of such problems is
accurate annotation of expressing genome areas. SAGE is
not suitable for its solution, because it does not provide
information on position of transcription initiation and
termination sites. However, the principle of extraction of
short representative fragments followed by their concate-
nation can be successfully utilized for cutting the cost and
time of experiment, as it was realized by Ng and cowork-
ers, who developed the method GIS (gene identification
signature) [12, 13]. GIS combines capabilities of SAGE
and its numerous modifications by simultaneous prepara-
tion of 5'- and 3'-terminal mRNA segments, thus allow-
ing mapping to genome sequences to demarcate the tran-
scription initiation and termination boundaries (Scheme
3). Insertion of full-length cDNA into a vector containing
the recognition sequence of the type IIS endonuclease

GAINETDINOV et al.

(Mmel) in ligation sites allows preparation (after hydrol-
ysis with this enzyme) of the representative tags of both
ends of the transcript. The subsequent self-circularization
of the vector leads to formation of sequences (PET,
paired-end ditag) containing both 5'- and 3'-terminal
tags, and subsequent concatenation of PET significantly
improves sequencing efficiency and cost-effectiveness of
analysis. Thus, the given method enables not only acqui-
sition of the data on transcript representation, but also
determination of its initiation and termination sites. This
allows annotation of previously unidentified mRNAs.

GIS analysis of mouse embryonic stem cells identi-
fied hundreds of previously uncharacterized mRNAs,
including several intergenically spliced transcripts [14].
Further, software was developed for automation of con-
catemer sequencing data procession, removal of possible
artifact sequences, mapping of found sequences to the
genome, and database management. One of the impor-
tant features of this software is the possibility of data pro-
cessing via the Internet.

OTHER APPROACHES BASED ON USE
OF SHORT REPRESENTATIVE FRAGMENTS
(454 SEQUENCING, MS-PET, MPSS)

A novel method for primary DNA structure analysis,
which has been developed in 454 Life Sciences (USA)
and named 454 sequencing™, revolutionizes tag-based
studies of transcriptomes [15, 16]. This sequencing
method significantly outperforms the traditional Sanger
sequencing (based on the state-of-the-art solutions) in
number of simultaneously analyzed samples (~300,000
and ~400, respectively), but at a cost of substantially
shorter reads (~100 and ~500 bp, respectively).

According to the original protocol, the DNA frag-
ments, 300-500 bp in length, are ligated with oligonu-
cleotide adapters, and non-biotinylated single-stranded
chains were separated by biotin—avidin interaction,
bound with excess of DNA-affinity beads, and encapsu-
lated into droplets of water-in-oil emulsion. Then PCR
with primers identical to the initial adapters is conducted
in these droplets, or “microfines”, which serve as peculiar
microreactors, to produce a set of amplified sequences,
each associated with an individual bead. The single-
stranded DNA-carrying beads are deposited into wells of
a fiber-optic slide. Each well is 44 um in diameter and
contains no more than one bead. Subsequent sequencing
is conducted in these wells combined in a flow system:
nucleoside triphosphates are delivered in determinate
order one after another, and added polymerase comple-
ments the primer identical to the initial oligonucleotide
adapter. This reaction is accompanied by release of
pyrophosphate with chemical modification of luciferin
into its oxidized form (pyrosequencing) and light emis-
sion. Detection of luminescence allows simultaneous
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short-read (~100 bp) of primary structures of hundreds of
thousands of DNA fragments.

These characteristics make the offered sequencing
method ideal in approaches based on use of short repre-
sentative sequences, because shortening of read-length in
each reaction is significantly compensated by the number
of reactions. In this case, concatenation is not necessary
because of the multiplicity of simultaneous sequencing
reactions.

Thus direct cDNA sequencing with the use of tech-
nology promoted by 454 Life Sciences enables prepara-
tion of libraries containing up to ~300,000 5'-terminal
transcriptional fragments, ~100 bp in length, which ade-
quately characterize the transcriptome analyzed. In par-
ticular, use of this protocol for investigation of the
Medicago truncatula transcriptome revealed many new
mRNAs [17].

This sequencing principle was used in the develop-
ment of a GIS modification named MS-PET: short
paired-end ditags (PET) formed after ligation and con-
taining 5’'- and 3'-terminal tag pairs were subjected to
direct sequencing (omitting concatenation) according to
the 454-sequencing™ method. An additional stage of
PET dimerization allows doubling of MS-PET efficiency.
Eventually, the total number of produced PETs increases
100-fold in comparison with their number in GIS [16].

The MS-PET conception can be used in virtually all
fields associated with routine mapping of functional loci
to genome, including identification of epigenetic ele-
ments (ChIP-PET, see below) and genome rearrange-
ments.

The principle that a transcriptome can be represent-
ed as a set of tags has become yet more popular with devel-
opment of the MPSS (massively parallel signature
sequencing) strategy [18, 19]. Acquisition of 17-bp repre-
sentative sequence, which flanks the 3'-terminal hydrolyt-
ic site of Dpnl, is achieved by direct sequencing of this
fragment on cDNA, rather than by utilization of type IIS
endonuclease, and without additional concatenation. The
sequencing occurs through hybridization of 4-bp “decod-
ing” adapters containing a unique fluorescence label with
single-stranded end of mRNA and subsequent hydrolysis
releasing the next four nucleotides. So, four such stages
are enough for determination of 17-bp structure (includ-
ing the nucleotide of the Dpnl recognition site).

Another key principle is cDNA amplification fore-
going the sequencing (Scheme 4). Right after reverse
transcription, the cDNAs prepared are ligated with
degenerate adapter (random 32-bp sequence). The aggre-
gate diversity of adapter sequences (16.8 million variants)
significantly exceeds that of a common transcriptome.
This makes us feel certain that every transcript gets a
unique label (adapter). Then the ligation product is
amplified and hybridized with microbeads, each carrying
covalently bound fragments complementary to one of the
initial adapters. Following step-by-step determination of
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MPSS protocol. /) Biotinylated (Bio) cDNA is hydrolyzed at the
Dpnll recognition site, and 3'-fragments are isolated using strepta-
vidin-coated magnetic beads (MB). 2) These fragments are ligated
into a special plasmid carrying the random 32-bp adapter (32N)
and two sequences identical to primers used in subsequent PCR
(PCR-F and PCR-R). 3) The amplification product is hydrolyzed
with endonuclease to obtain single-stranded outstanding termini.
4) The product thus prepared is hybridized with microbeads (trap),
each of them carrying covalently-bound fragments, which are com-
plementary to one of the initial 32N adapters. The final product is
microbead with ~100,000 covalently-bound identical molecules. 5)
Each of them is separately sequenced in a flow system. This avoids
data bias upon examination of even small amounts of represented
transcripts

Scheme 4

primary structure is conducted in a specially designed
flow system, which sequentially operates with each bead.
This avoids distortion of data on representation of each
individual mRNA and provides reliable information on
complexity of transcriptome including that on represen-
tation of low-copy transcripts.

Utilization of MPSS for exploration of the
Arabidopsis thaliana transcriptome revealed 6700 new
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transcripts in addition to 18,000 sense and ~7000 anti-
sense transcripts described earlier. Similar results were
obtained from exploration of transcriptomes of other sim-
ple organisms, such as Alexandrium fundyense [20-22].
Human gene expression maps created using MPSS for 32
normal tissues have updated the information on transcrip-
tion of human genes. Evaluation of the data has con-
firmed a hypothesis that most difference between cells is
due to differential transcription of a small number of
genes [23]. Not any less impressive are the results of the
search for genes specifically expressed in cancer cells [24].

SHORT REPRESENTATIVE FRAGMENTS-BASED
MAPPING TECHNOLOGIES FOR OTHER
GENOME FUNCTIONAL ELEMENTS

The SAGE method is applicable not only for the
study of transcriptomes, but also any functional genome
sequences or those important for diagnostics, such as
RFLP (restriction fragment length polymorphism) sites,
hypo- and hypermethylated regions, as well as sites of
chromatin—protein binding. As in the case of SAGE, it is
necessary to ligate an oligonucleotide adapter containing
endonuclease IS restriction site to these important func-
tional loci for the formation of short representative frag-
ments. Subsequent hydrolysis by this enzyme leads to the
release of short segments flanking and representing each
of these loci. Random concatenation of the resulting rep-
resentative fragments, cloning, and sequencing of con-
catemers enable mapping to genome of each functional
locus under study. Obviously, the stage of concatenation is
also important in the given case for substantial saving of
time and cost cutting.

At present, the Digital Karyotyping approach is
applied for the study of insertion—deletion polymorphism
(Scheme 5) [25, 26]. Genome DNA hydrolyzed by one of
the widely used in RFLP analysis endonucleases is used as
an initial sample. Subsequent ligation of adapters con-
taining the Mmel recognition site to genome fragments
enables preparation of 21-bp tags used for further con-
catenation. Comparison of representation of a given tag
after sequencing of concatemers provides information on
amplification or deletion of the corresponding genome
locus. The utilization of methyl-sensitive enzyme as the
initial endonuclease makes it possible to study the methy-
lation extent of recognition sites for this enzyme within
the whole genome (MSDK, methylation-specific digital
karyotyping) [27].

One modification of the GIS method named ChIP-
PET (chromatin immunoprecipitation-PET) is designed
for mapping of genome loci saturated with sites of tran-
scription factors or other proteins revealed via immuno-
precipitation of chromatin [28].

Certain difficulties can be met when studying
genome methylation: the general number of CpG-dinu-
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Protocol of Digital Karyotyping (DK). /) Isolation of genome
DNA is followed by its hydrolysis with RFLP endonuclease (Sacl)
and ligation to biotinylated adapter (Bio). 2) The ligated frag-
ments are extracted using streptavidin-coated magnetic beads
(MB), then the fragments are subjected to enzymatic hydrolysis
with Nlalll splitting DNA into short fragments, and ligation with
an adapter containing the recognition site for type IIS endonucle-
ase (Mmel). After the hydrolysis with Mmel (3) and formation of
ditags (4), they are released from the adapter sequences and ligat-
ed to form concatemers (5)

Scheme 5

cleotides in a genome is great, incommensurably higher
than the number of all possible variants of transcripts.
Thus, the volume of initial sampling of sequences under
study becomes too great leading finally to insufficient
length of representative fragments for their univocal map-
ping along the whole genome. In connection with this, a
principal necessity arises for artificial decrease in the ini-
tial set of methylation sites under study. The RIDGES
method (rapid identification of genomic DNA splits) was
developed for the study of prolonged hypomethylated
genome regions [29]. It comprises ligation of adapter
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sequences containing the Mmel recognition site to the
termini of fragments formed after the hydrolysis of the
genome DNA with methyl-sensitive endonuclease.
Subsequent stages coincide with those in the SAGE
method and enable production of concatemers composed
of representative tags neighbored with non-methylated
CpG-dinucleotides. Preliminary extraction of sequences
belonging to anticipatorily determined genome region
(from hundreds of thousands to millions of base pairs)
from the hydrolysis products of genome DNA comprises
the main characteristic feature of the RIDGES method.
This is realized via use of the coincidence cloning princi-
ple: the genome DNA under study and a preliminarily
cloned limited genome region, both hydrolyzed by
methyl-sensitive endonuclease, are used as two samples
[30]. This enables focusing attention of investigators on
the loci of interest.

Methylation-specific primer (MSP)-SAGE is
another method utilizing the SAGE principle for the
study of methylated sequences. In this case, representa-
tive genome tags are derived from a special methyl-specif-
ic primer by its completing enabling production of a
genome segment containing methylated CpG-dinu-
cleotide. Then 17-bp sequences, which are subsequently
concatenated, are released from these fragments by their
hydrolysis with type IIS endonuclease. As in SAGE, the
sequence of concatemers gives information on the local-
ization of CpG-sites and on the extent of their methyla-
tion, which is proportional to the relative portion of cor-
responding tags in the obtained nucleotide sequences
[31].

Finally, the application of type IIB endonucleases
hydrolyzing DNA from both 5'- and 3'-termini from the
recognition site was proposed for the study of genomes
[32]. The obtained fragments of 21-33 bp in length are
usually purified in gel and cloned, and, following purifi-
cation of the plasmid DNA, these fragments are cut out
by corresponding restrictase and concatenated. The aver-
age distance between neighboring recognition sites for
this type endonucleases varies from 500 to 8000 bp. This
enables analysis of insertion—deletion and single-
nucleotide genome polymorphism. The utilization of
methyl-sensitive enzymes also broadens the field of appli-
cation of type IIB endonucleases.

In view of the great variety of polygenome methods,
the selection of a distinct approach plays the key role. As
mentioned above, hybridization approaches have limita-
tions associated with characteristic features of the
hybridization process (for instance, do not give informa-
tion on low-represented mRNAs).

In connection with this, the methods of direct
genome and transcriptome sequence determination are
preferred, which can be significantly simplified by using
short fragments unambiguously representing them,
instead of full-length sequences (genome or mRNA).
Using these representative sequences or tags, one can
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produce desired functional information at substantially
lowered cost for sequence determinations.

It is impossible to choose one or several most effec-
tive protocols, because each of them has its own virtues
and shortcomings [33]. The elevation of reliability of the
results requires a confirmation by alternative methods
and integration of data obtained by different methods
[34-36]. Approaches based on use of representative tags
are applicable for study of transcriptomes, as well as any
sites of specific cleavage of a genome: recognition sites for
methyl-sensitive (hypo- and hypermethylated regions) or
methyl-insensitive endonucleases (RFLP sites), sites of
chromatin—protein binding, sites of DNase I cleavage, as
well as sites that can be cleft under the action of chemical
or physical factors. This principle can be integrated into
any technique, when a necessity arises, for routine deter-
mination of multiple functionally important loci along
the genome length.

This study was supported by the Program supporting
the Scientific Schools (project 2006.2003.4) and
Programs on Molecular and Cellular Biology of the
Presidium of the Russian Academy of Sciences.
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