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Abstract
Cloning of alternatively polyadenylated transcripts is
crucial for studying gene expression and function. Recent
transcriptome analysis has mainly focused on large EST
clone collections. However, EST sequencing techniques
in many cases are incapable of isolating rare transcripts
or address transcript variability. In most cases, 3΄ RACE is
applied for the experimental identification of alternatively
polyadenylated transcripts. However, its application
may result in nonspecific amplification and false positive
products due to the usage of a single gene specific primer.
Additionally, internal poly(A) stretches primed by oligo(dT)
primer in mRNAs with AU-rich 3΄UTR may generate
truncated cDNAs. To overcome these limitations, we have
developed a simple and rapid approach combining SMART
technology for the construction of a full length cDNA library
and hybrid capture PCR for the selection and amplification
of target cDNAs. Our strategy is characterized by enhanced
specificity compared to other conventional RT-PCR and 3΄
RACE procedures.
Introduction
Alternative 3΄ processing and polyadenylation of pre-mRNA
can generate multiple transcript isoforms of the same
gene and has evident roles in mRNA stability, localization
and translational efficiency (Bartel, 2009; de Moor et al.,
2005; Wickens et al., 2002). Despite the important role
of alternative 3΄ processing and polyadenylation in gene
function, genome wide characterization of 3΄ UTRs is still
incomplete. Recent studies have shown that as many as
5,000 human genes may have unreported 3΄ end extensions
(Le Texier et al., 2006). Even in the well-characterized
genome of Caenorhabditis elegans, nearly half of the genes
deposited in WormBase lack an annotated 3΄ UTR and
only ~5% are reported to have alternative 3΄ UTR isoforms
(Mangone et al., 2010).
Alternative poly(A) sites may be located in the same
3΄ exon and are referred to as tandem poly(A) sites or in
alternative 3΄exons (Yan and Marr, 2005). The presence of
transcript isoforms with extended 3΄ UTR is often related to
mRNAstability, translational efficiency and cellular localization
(Decker and Parker, 1995; Jansen, 2001; Mazumder et al.,
2003; Wilusz et al., 2001). Alternative polyadenylation may
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significantly alter transcript characteristics by the addition of
regulatory elements within the non-coding terminal end of
the transcript (Gu et al., 2009; Ji et al., 2009).
To date, the elucidation of gene expression and function
requires the isolation and cloning of alternatively spliced or
polyadenylated transcripts. High-throughput transcriptome
research has focused on extended expressed sequence
tag (EST) libraries, as well as the characterization of 3΄
UTRs mainly using computational methods (Bengert
and Dandekar, 2003; Chen et al., 2006). Although EST
collections are a helpful tool for the identification of novel
transcripts, their potential is limited by low representation
of rare transcripts, poor coverage of many tissue types and
developmental stages, as well as deposition of sequences
from misspliced RNAs (Wang, 2008). In addition, the
coverage of many organisms' transcriptome by ESTs
remains incomplete due to issues such as transcript end
bias, library coverage limitations and sampling differences
(Modrek and Lee, 2002).
Cloning and characterization of transcript isoforms
either by cDNA library screening or by rapid amplification of
cDNA ends (RACE) (Frohman, 1993) is the most common
method for the experimental validation of predicted
extensive variations at the 3΄ end of transcripts. Screening
of cDNA library is an expensive, tedious and time consuming
procedure. On the other hand, the conventional 3΄ RACE
method often has practical problems, such as low sensitivity
for rare transcripts and high background of non-specific
amplification products, due to internal priming of the oligo(dT) primer in adenine rich stretches (Nam et al., 2002).
Hybridization capture in solution using biotinylated DNA
probes is also an alternative approach for transcript isolation
from amplified (Levin et al., 2009) or enriched (Haraguchi
et al., 2003) cDNA libraries, as well as for nucleic acids
detection of pathogens in clinical or environmental samples
(Chen et al., 1998; Jacobsen, 1995; Maibach et al., 2002).
However, its application to transcriptome analysis of 3΄ UTR
extended isoforms remains limited.
Direct high throughput sequencing of cDNA (RNA-Seq)
is a recently developed approach that uses deep-sequencing
technologies, allowing the further characterization and
quantification of prokaryotic and eukaryotic transcriptomes
(Wang et al., 2009). RNA-Seq has also been applied to
C. elegans transcriptome for the identification of 3΄ UTR
isoforms by developing a high throughput method called
poly(A)-position profiling by sequencing (3P-Seq). This
method is based on the isolation of the single stranded
polyadenylated ends after ligation with a biotinylated adaptor
at the 3΄ end of mRNAs, partial digestion with RNase T1,
magnetic capture of biotinylated DNA fragments, reverse
transcription - digestion with RNase H and finally, the purified
polyadenylated ends are subjected to high-throughput
sequencing (Jan et al., 2011). Compared to conventional
methods, this approach permitted the identification of 8,580
additional UTRs in C. elegans transcriptome and provided
evidence that thousands of deposited shorter UTR isoforms
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that were supported by oligo(dT) based methods may not
be authentic and seem to derive from internal-priming
artifacts.
Although RNA-Seq is a very attractive approach to
transcriptome profiling, it is still a technology under constant
development and faces some technical challenges. For
example, 7-nt or longer homopolymers have higher error
rates, leading to ambiguous base calls in the sequence output
(Huse et al., 2007; Margulies et al., 2005) and therefore
the read accuracy in AU rich 3΄ UTRs may be imprecise
in some cases. Some technical manipulations such as
RNA or cDNA fragmentation may also have a negative
impact on the sequencing outcome. More specifically,
RNA or cDNA molecules must be fragmented into smaller
pieces to be compatible with deep-sequencing technology.
RNA fragmentation has little bias over the transcript body
but is relatively depleted for both the 5΄ and 3΄ ends. In
contrary, cDNA fragmentation is strongly biased towards
the identification of sequences from the 3΄ end of transcripts
(Wang et al., 2009). In any case, RNA-Seq technologies
provide only partial sequencing information and do not allow
the direct cloning of target transcripts. Therefore, EST clone
collections remain the major sequence sources for many
species.
Here, we present a simple and efficient approach for
the experimental identification and cloning of alternatively
polyadenylated transcripts with extended 3΄ UTR. It combines
SMART technology (Zhu et al., 2001) and hybrid capture
PCR and fills an important niche in transcriptome research.
We successfully applied this method for the isolation and
cloning of an alternatively polyadenylated transcript of Cc
RNase gene from the insect Ceratitis capitata (Rampias et
al., 2008).
Materials and Methods
RNA isolation and of single stranded cDNA library
construction
Total RNA was prepared from six-day-old larvae of the insect
Ceratitis capitata by the acid guanidinium thiocyanatephenol-chloroform method (Bouhin et al., 1992). Poly (A)+
RNA was isolated from 100 µg total RNA using Dynabeads
oligo (dT)25 (Dynal AS, Oslo, Norway) in accordance with
the manufacturers' protocol. Approximately 1 μg of poly
(A)+ RNA was reverse transcribed using the SMART PCR
cDNA synthesis kit (Clonotech Laboratories, Palo Alto,
CA). Briefly, a 5 µl cDNA synthesis mixture containing
the poly(A)+ RNA, 2.4 µM 3΄SMART CDS primer IIA (5΄AAG CAG TGG TAT CAA CGC AGA GTA CT(30) (A/C/G/T)
(A/G/C) -3΄), and 2.4 µM SMART IIA oligonucleotide (5΄AAGCAGTGGTATCAACGCAGAGTACGCGGG-3΄)
was
incubated at 72 ºC for 2 min and placed on ice for another 2
min. The reaction volume was then adjusted to 10 µl adding
2 µl 5× first-strand synthesis buffer (250 mMTris-HCl, pH
8.3, 30 mM MgCl2, 375 mM KCl, 10 mM DTT), 1 µl dNTP
mixture (10 mM each), 1 µl deionized water and 1 µl (200
U) of Superscript II reverse transcriptase (Life Technology,
Rockville, MD). The reaction was carried out at 42 ºC for
1hour and terminated by the addition of 80 µl of TE buffer,
followed by incubation at 72 ºC for 7 min. The single stranded
cDNA molecules were precipitated with ethanol–sodium
acetate and resuspended in 20 µl TE buffer.

Hybridization capture of target cDNAs
Hybrid selection of the Cc RNase target transcripts was
performed using a biotin labelled single stranded cDNA
probe captured on streptavidin coated magnetic beads.
The capture probe was complementary to a portion of the
known sequence of the Cc RNase cDNA (nucleotides 69790, accession number AJ441124) and was synthesized by
conventional PCR using the 5´ biotinylated forward primer
TTGTGGAAAATCATACGAG-3΄ and the reverse primer 5΄CTGCAGACATCGCTTACTT-3΄. The biotinylated strand
of the PCR product was attached to streptavidin coated
paramagnetic beads (Dynabeads® M-280 Streptavidin,
Dynal, Oslo, Norway) as recommended by the manufacturer
and resuspended in 80 μl of a buffer containing 3.75 x SSC,
0.125% SDS, 1.5625 x Denhardt's.
The synthesized single stranded cDNAs (20 µl)
were denatured by heating at 99°C for 5 min, followed
by immediate cooling on ice for 3 min and then directly
added to the biotinylated captured Cc RNase probe. The
hybridization reaction (100 μl) was performed at 68 °C for
6 h in 3 x SSC, 0.1% SDS, 1.25 x Denhardt's (hybridization
buffer) under continuous agitation (800 rpm) in an
Eppendorf thermomixer. Following hybridization, the beads
were collected by a magnetic particle separator allowing the
hybridization solution to be removed and washed twice with
200 μl of 2 x SSC, 0.1% SDS, at 63°C, four times with 200 μl
of 10 mM Tris-HCl (pH 8.0), 1 mM ethylanediaminetetraacetic
acid (EDTA) at room temperature, and finally resuspended
in 50 μl of distilled H2O. All post-hybridization wash steps
were performed in constant agitation of 1400 rpm using an
Eppendorf thermomixer.
PCR amplification, cloning and characterization of
captured cDNAs
Following hybridization and washes, the target single
stranded cDNAs were amplified by PCR, using the LD
primer (5΄- AAG CAG TGG TAA CAA CGC AGA GT-3΄),
which is complementary to the SMART adaptor at the 3΄ and
5΄ end of the synthesized cDNAs. Ten microliters of purified
hybrids and 5 U of Pfu Turbo DNA polymerase (Stratagene,
CA, USA) were used for the PCR reaction, performed at
95°C for 3 min, followed by 25 cycles of 95°C for 1 min,
56°C for 1 min, 68°C for 2 min and a final extension of 10
min at 68°C.
The amplified products were then purified using
the QIAquick PCR purification kit (Qiagen), cloned into
the pCR2.1 vector (Invitrogen, Carlsbad, CA, USA) and
characterized by restriction endonuclease mapping and
DNA sequencing.
3΄ RACE-PCR
One μg poly (A)+ RNA was reverse transcribed
using
the
oligo(dT)
adaptor
primer
(5΄GGCCACGCGTCGACTAGTACT18-3΄) and 1 µl of of the
single stranded cDNA library was used as template in a
PCR reaction, containing the gene specific primer DS74 (5΄TTGTGGAAAATCATACGAGA-3΄) and the adaptor primer
(5΄-GGCCACGCGTCGACTAGTAC-3΄). Ten microliters of
the PCR products were analyzed on an ethidium bromidestained 1% agarose gel and subsequently employed for
Southern blot analysis.
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Figure 1. Schematic representation of 3΄ RACE PCR suppression in mRNAs containing internal poly(A) stretches. The initiation
of cDNA synthesis from internal poly(A) stretches located in 3΄ UTR results in the generation of 5΄ and 3΄ truncated single
stranded cDNAs from a single mRNA template. A gene specific primer (GSP) is used for the second strand cDNA synthesis
and the double stranded cDNA molecules are then amplified in a PCR reaction using the gene specific primer and the adaptor
one. During amplification, the population of 3΄ truncated single stranded cDNA molecules generated in RT reaction prevents
the extension of the adaptor primer due to hybridization of internal poly(A) stretches and therefore suppresses the full length
cDNA synthesis.
Southern blot analysis
Southern blot experiments were carried out as described
previously (Maniatis et al., 1989), using a 32P-labeled DNA
probe corresponding to nucleotides 58-784 of the Cc cDNA
sequence (Accession number AJ441124).
Results and Discussion
The extended UTR region in alternatively polyadenylated
transcripts is almost 90% longer than the constitutive UTR
region (cUTR) and has a higher AU content (Tian et al.,
2005). These AU rich sequences often contain poly (A)
stretches which can be primed by oligo(dT) adaptor-primer
during the reverse transcription reaction, resulting in the
generation of 3΄- and 5΄- truncated single stranded cDNA
molecules (Nam et al., 2002) and in the accumulation of

non-specific 3΄ RACE amplification products. Moreover,
since the 3΄- truncated single stranded cDNAs contain
oligo(dT) sequences, they may be hybridized to internal
poly(A) stretches of the cDNA template, suppressing the full
length target cDNA synthesis (Figure 1).
To overcome this problem, we have developed a
simple approach in order to increase the specificity and the
efficiency of the target cDNA amplification.
The basic principle of the method is outlined in figure 2.
It consists of the following steps: (i) Construction of a single
stranded cDNA library according to the SMART protocol.
(ii) Hybridization of cDNA molecules with a biotinylated
single strand DNA probe immobilized on streptavidin
paramagnetic beads. (iii) Magnetic pull down and wash of
the immobilized hybrids. (iv) PCR amplification of the target
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Figure 2. Schematic representation of the hybrid capture protocol for the selection of alternative transcripts. mRNAs are
represented by black line and cDNAs by black boxes.

cDNA molecules, using a primer complementary to the 5΄
SMART adaptor sequence (LD primer).
To our knowledge this is the first adapted magnetic
capture hybridization PCR protocol to study the expression
of alternative transcripts by employing the SMART cDNA
synthesis technology.
Construction of cDNA library and hybrid selection of target
transcripts
In order to evaluate the efficiency of our protocol, we prepared
a single stranded SMART cDNA library from 6-day-old
larvae of the insect Ceratitis capitata. SMART technology
offers the advantage of full length cDNA synthesis, due to
the usage of the SMART oligo that specifically binds at the
5΄ end of mRNA molecules. The SMART anchor sequence
and the poly(A) sequence serve as universal priming sites
for end-to-end cDNA amplification. This approach eliminates
the amplification of 5΄or 3΄ truncated molecules.

In the next step, the isolation of the Cc RNase target
transcripts was performed by hybrid selection using a biotinlabelled single stranded DNA probe captured on streptavidin
coated magnetic beads. The DNA probe is designed to
be complementary to a part of the coding region of the
Cc RNase gene and has a length of 721 nucleotides and
a melting temperature (Tm) of 60-70°C. The synthesized
single stranded SMART cDNA library was hybridized at
68°C for 6 hours under continuous agitation to ensure that
magnetic beads remained in suspension. The enrichment of
target transcripts is especially crucial when working with low
copy alternative transcripts. High stringency hybridization
conditions facilitates the removal of the majority of non
target cDNA molecules, increasing the concentration of the
specific target transcripts by several orders of magnitude.
Previous reports suggest that hybridization temperature
should not exceed 70°C, so as to reduce the probability of
bead degradation (St John and Quinn, 2008). In our case
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the Dynal beads tolerated a hybridization temperature of
68°C making them suitable for this protocol.
Isolation and characterization of alternative isoforms
Following hybridization, the beads were collected by a
magnetic particle separator allowing the hybridization
solution to be removed and washed twice with 2 x SSC,
0.1% SDS, at 63°C and four times with TE buffer at room
temperature. The selected ss cDNAs captured on the beads
were used as a template in polymerase chain reaction with
the LD primer, that specifically binds at both ends of the
cDNA molecules. The application of the above strategy in
our case, allowed the retrieval of two distinct bands, as
visualized in a 1.2% agarose gel (Figure 3A, lane 1). These
cDNAs correspond to the two transcripts of the Cc RNase
gene (Rampias et al., 2008), as confirmed by Southern blot
(Figure 3B, lane 1) and sequencing analysis. These results
demonstrated the high specificity of transcript selection and
amplification in our method.
A series of experiments under different salt
concentrations (2 to 3.5 × SSC in hybridization buffer) was
performed in order to determine the optimal hybridization
conditions. Comparison of the final PCR amplification
products revealed that the usage of 3 x SSC hybridization
buffer assured the retrieval of the most abundant and
specific DNA product (Figure 4A).
The capture of hybrids on paramagnetic beads also
allows extensive washing prior to the final PCR reaction.
Applying different washing conditions of the selected
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beads, demonstrated that the stringency of wash is a
crucial parameter, since even traces of non-target DNA
can produce severe background in the subsequent PCR
amplification step. When beads were initially washed with
2 × SSC containing 0.1% SDS at hybridization temperature
(63°C) and then with TE at room temperature, an optimal
elimination of non-specific cDNA molecules at the final
amplification step was achieved. In contrary, when higher
salt concentration in wash buffer (3-3.5 x SSC) or lower
incubation temperatures (55-60°C) were applied, the non
specific amplification was significantly increased (Figure
4B).
A relatively low number of amplification cycles (25
cycles) were applied in order to avoid PCR bias. However,
a higher number of cycles can be used under optimized
conditions to further increase the sensitivity of the proposed
method. Moreover, the hybridization beads may also be
used as a direct template for real time PCR amplification
using specific primers for each transcript isoform. This
approach could provide a direct and accurate measurement
of the expression levels of the transcript variants.
The development of this technique was attempted
due to the difficulty of isolating the alternative Cc RNase
transcript applying the conventional 3΄ RACE procedure
(Figure 3A, lane 2). As shown in Figure 3, only specific PCR
products were detected following our method, whereas the
application of the conventional 3΄ RACE (Frohman, 1993)
led to the accumulation of non-specific products and failed
to specifically amplify the longer transcript. Sequence
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Figure 3. Comparative demonstration of the PCR products obtained applying the magnetic capture hybrid selection technique
(lane 1) and 3΄ RACE (lane 2). (A) The PCR products were analyzed on an ethidium bromide-stained 1.2% agarose gel in
parallel with λ phage DNA digested with HindIII (lane 3). (B) Southern blot analysis of PCR amplification products with a 32Plabelled specific probe corresponding to nucleotides 69-790 of the Cc RNase gene.
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Figure 4. Comparative demonstration of the PCR products obtained under several hybridization and washing conditions. (A)
The final PCR products yielded under different hybridization conditions, 2 x SSC (lane 1), 3 x SSC (lane 2) and 3.5 x SSC
(lane 3) and (B) under different washing conditions 2 x SSC at 55 oC (lane 1), 2 x SSC at 60 oC (lane 2), 2 x SSC at 63 oC (lane
3), 3 x SSC at 63 oC (lane 4) and 3.5 x SSC at 63 oC (lane 5) were analyzed on an ethidium bromide-stained 1.2% agarose
gel in parallel with λ phage DNA digested with HindIII (lane 4A and lane 6B).

Fig. 4
analysis of the longer Cc RNase transcript revealed a 71%
AU content, as well as the presence of several adenine-rich
stretches in the extended UTR region (Ac. No AJ 874689). It is
possible that the internal priming of the oligo-(dT) containing
primer to these adenine-rich stretches during standard 3΄
RACE led to non specific amplification. This hypothesis
is in agreement with previous reports demonstrating
that the high rate of oligo-(dT) priming in internal poly(A)
tracts during reverse transcription can generate a high
background of nonspecific products (Nam et al., 2002). In
our protocol, the addition of the hybridization capture step

allows the complete removal of the 3΄-truncated ss cDNA
molecules prior to the final amplification step, facilitating
the complete target cDNA synthesis and allowing the
identification of transcript variants with adenine rich regions
in their sequence. Given the fact that the high AU content
of the extended 3΄ untranslated region is a general feature
of the alternatively polyadenylated transcripts, our method
is suitable for the efficient amplification of transcript variants
generated by alternative choice of the polyadenylation
signal.

Figure 5. BLASTN analysis of the Cc RNase transcripts (mRNA 01, mRNA 02) using the Ceratitis capitata NCBI dbEST.
Each EST is represented by a horizontal line. Arrows show the direction of EST sequencing read. The accession numbers of
corresponding ESTs, the identity and the coverage of the query sequence are also indicated. The accession numbers of the
Cc RNase transcripts are AJ441124 (mRNA 01) and AJ874689 (mRNA 02).
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Since our previously reported experimental results
demonstrated that the longer Cc RNase transcript is more
abundant than the shorter one (Rampias et al., 2008), a
question about the representation of Cc RNase transcripts
in the current expression databases is raised. Recently, the
first major EST dataset from the insect Ceratitis capitata
embryo and adult head cDNA libraries was released
(Gomulski et al., 2008). A BLASTN analysis using the
longer Cc RNase transcript sequence as query against this
database retrieved six ESTs corresponding to the full length
sequence of the shorter Cc RNase transcript and only two
ESTs (FG082396.1 and FG080372.1) corresponding to
3΄- truncated sequences of the longer transcript (Figure 5).
In addition, given that all the retrieved ESTs represented
5΄ sequencing reads of the cDNA clones, the BLASTN
analysis pointed out the lack of currently available sequence
information regarding the 3΄ end of the longer Cc RNase
transcript in EST databases. In fact, the method described in
this report could avert this incompleteness since it facilitates
the isolation of full-length 3΄ UTR extended transcripts that
are not represented in EST databases.
The protocol presented here is highly flexible and
can also have potential applications in the identification
of transcripts that contain regulatory elements within their
3΄ UTR, such as AU-rich elements (AREs) (Barreau et
al., 2005) or retroelement insertions (Lee et al., 2008), by
designing DNA hybridization probes highly specific for these
elements. It is well known that some 3΄ UTR regulatory
elements are extremely conserved reflecting a very strong
selective pressure for these sequences among different
transcripts. Alternative polyadenylation produces transcript
isoforms with 3΄ untranslated regions of different lengths.
Therefore, if a regulatory element is present in an extended
UTR, only those element-containing transcript isoforms are
regulated (Legendre et al., 2006). Recently, it was shown
that proliferating cells such as CD4+ lymphocytes express
mRNAs with shortened 3΄ untranslated regions with fewer
microRNA target sites (Sandberg et al., 2008). Thereafter,
we believe that our protocol can also be adapted to detect
alternative transcripts that host regulatory UTR elements
and microRNA target sites by using the appropriate cDNA
probes.
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