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The importin-a family of proteins plays an important
role in the eukaryotic importin/exportin nuclear trans-
port system. These proteins recognize a nuclear local-
ization signal (NLS) within cargo proteins and import
them into the nucleus through nuclear pores, in a pro-
cess mediated by importin-b. Recent studies have shown
that importin-a proteins specifically recognize the NLS
of several cellular factors and viral proteins, thus reg-
ulating their movement. Dysregulation of importin-a is
a common hallmark of many pathologies including,
multiple cancers. In this study, we isolated aptamers
76 and 72, which bind specifically and efficiently to
KPNA2, a member of a subfamily of importin-a1.
Both of these aptamers bind to KPNA2 with an equi-
librium dissociation constant (Kd) of 150 nM and dis-
criminate between KPNA2 and other sub-family
members of importin-a, such as KPNA1 and KPNA3.
These aptamers specifically interfere with the nuclear
transport of cargo proteins mediated by KPNA2 but
neither with KPNA1 nor KPNA3, which belongs to
other subfamily of importins. These results suggest
that the selected aptamers (76 and 72) warrant further
study to explore not only their application in cancer
diagnosis but also their use as a specific reagent to
potentially block KPNA2-dependent nuclear transport
of macromolecules across the nuclear membrane.

Keywords: Aptamer/Cancer/importin-a/nuclear trans-
port/RNA.

In eukaryotic cells,macromolecular trafficking from the
cytoplasm to the nucleus and vice versa is tightly regu-
latedbyanumberofspecifictransport factorsvianuclear
pore complexes (NPC). The entire system is referred to
as the importin/exportin transport system, which

enables the transport of macromolecules larger than
40 kDa. Macromolecules, such as transcription factors,
histones, DNA and RNA polymerases and other fac-
tors, are imported into the nucleus, whereas RNA tran-
scripts and other soluble factors are exported into the
cytoplasm through nuclear pores. It has been reported
that the nuclear transport system is indispensable for
many types of cellular responses, including develop-
ment, organogenesis and tissue formation (1). To
allow shuttling between the nucleus and cytoplasm, a
cargo molecule generally possesses either a nuclear lo-
calization signal (NLS) or nuclear export signal se-
quences (NES). Importin and exportin proteins
specifically recognize the NLS and NES, respectively.
To transport cargo proteins into the nucleus, the NLS
in the cargo proteins can interact either with importin-a
or importin-b, whereas only exportins recognize the
NES region in the cargo protein, and they export the
resulting complex from the nucleus by interacting with
another protein complex (RanGTP).

Since the discovery of human importin-a nearly 20
years ago, a total of seven isoforms and over 75 iso-
form-specific cargo proteins to be imported have been
identified, including cellular and viral proteins (2). For
example, to import SV40 large T-antigen into the nu-
cleus, the NLS of SV40 T-antigen binds to importin-a
in thepresenceof importin-b, and the resulting importin-
a/importin-b/SV40-T-antigen complex shuttles through
NPCwith the aid of smallRanGTPases. Similarly, other
identified proteins either cellular or viral have also been
shown to import into the nucleus. Importin-a has
acquired diversified functions during evolution, to
meet the increasing complexity necessary in higher or-
ganisms that require a wide range of functions during
development and differentiation (3). Human importin-
a isoforms are divided into three major sub-classes ac-
cording to the homology of amino acid sequence; the a1
subclass, which contains importin-a1 and importin-a8;
the a2 subclass, which contains importin-a3 and impor-
tin-a4; and the a3 subclass, which contains importin-a5,
importin-a6 and importin-a7. All of the importin-a iso-
forms share a common domain structure consisting of a
flexible N-terminal importin-b-binding (IBB) domain
(1-70 amino acids) and aC-terminal helical core consist-
ingof tandemarmadillo (ARM)repeats (Supplementary
Fig. 1). The IBBdomain of importin-a appears to have a
dual role by acting as a motif for binding to importin-b
and as an autoinhibitor of its NLS binding pocket (4).

Despite the common structural features observed
among the importin-a isoforms, a number of cellular
and viral cargo proteins display remarkable specificity
toward specific importin-a isoforms for their transport
into the nucleus. For example, cellular proteins such as
JNK1 (5), NBS1 (6) and TBP-2 (7) as well as the viral
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protein SARS-CoV ORF6 (8) are exclusively
transported by KPNA2 (importin-a1). One possible
explanation for this specificity could be due to the
tissue-specific expression of the varying importin-a iso-
forms. A clear case of changes in the expression pat-
tern of one particular importin-a isoform has been
observed during the differentiation of mouse embry-
onic stem cells into neurons, which modulate the
shift of expression from KPNA2 to KPNA1 during
development (9). Similarly, malfunction of the cellular
transport machinery is commonly observed in multiple
cancers; in particular, KPNA2, compared to other iso-
forms, is a major translocator of cancer-associated
proteins. In recent years, both cancer cells and tissues
have been shown to express elevated transcriptional
levels (5�10-fold) of KPNA2 compared to normal
cells and tissues (10, 11). Thus, KPNA2 has emerged
as a potential biomarker for multiple cancer forms,
including melanoma, cervical cancer, esophageal
cancer, lung cancer, ovarian cancer, prostate cancer,
brain cancer, liver cancer and bladder cancer (12). In
addition, it is also important to develop selective in-
hibitors that block specific isoforms without affecting
the bulk of NLS cargo proteins shuttling through the
NPC. To this end, peptides have been designed to
target specific isoforms of importin-a based on the
NLS domains of cellular proteins (13, 14).

Considering the role of KPNA2, it has been an im-
portant aim to develop ligands that bind efficiently to
KPNA2, because such ligands may have potential bio-
medical applications. In view of this, the selection of
specific aptamers against KPNA2 is an attractive strat-
egy, because they are known to bind specifically and
efficiently to their target ligands, similarly to an anti-
body binding to its target antigen. Moreover, such se-
lected aptamers have been shown to have a higher
capacity for molecular discrimination compared to
antibodies. In the past, we were able to select efficient
aptamers that distinguish between closely related influ-
enza subtypes (15�17) and recognize herpes simplex
viruses (18). In this study, we have explored the apta-
mer selection strategy to isolate aptamers that bind
efficiently to KPNA2 and distinguish it from other iso-
forms of the importin-a family of proteins. We have
carried out a total of eight selection cycles using a
completely random RNA pool in the presence of
KPNA2. The KPNA2 specific aptamers were enriched
in the eighth selected pool and, upon sequencing, we
identified two major sequences belonging to clone 76
(22%) and clone 72 (4%). These aptamers efficiently
bind to KPNA2 and discriminate between KPNA2
and other isoforms such as KPNA1 and KPNA3.
Both the 76 and 72 aptamers bind to either the
human or mouse-derived KPNA2 protein with equal
affinity (Kd& 150 nM). These aptamers were also
tested for their ability to interfere with KPNA2 func-
tion during the nuclear transport of cargo proteins,
and both of these aptamers (76 and 72) were able to
interfere with the KPNA2-dependent nuclear transport
of cargo protein but not either with KPNA1-depend-
ent or KPNA3-dependent nuclear transport. These re-
sults suggest that the selected aptamers (76 and 72)
warrant further studies to explore their potential

application not only in molecular cancer diagnosis
but also as a specific reagent to interfere with
KPNA2-depenedent nuclear transport of macromol-
ecules across the nuclear membrane.

Matrial and Methods

Materials
KPNA2 proteins from either mouse or human were
expressed in E. coli and purified as previously
described (9, 19). Similarly, mouse KPNA1 was ex-
pressed in E. coli and purified also as previously
described. Human KPNA2 was received as a gift
from Dr. Miyamoto (National Institute of
Biomedical Innovation). The purity of the mouse
KPNA1, mouse KPNA2 and human KPNA2 proteins
was confirmed by SDS-PAGE (12.5%)
(Supplementary Fig. 2). The mouse KPNA3 protein
was prepared and confirmed the purity as mentioned
above (data not shown).

RNA pool
The RNA library was designed to contain a central
domain of randomized sequences flanked by invariable
50 and 30 sequences. The ssDNA library AGTAATACG
ACTCACTATAGGATCCTGAGCTACTGAC-N60-
CACCACT ACTGACCATACAC, with 60-nucleotide
contiguous random sequences, was synthesized and
flanked by defined sequences, including the T7 pro-
moter (in italics). The 50 and 30 defined sequences
were 50- AGTAATACGACTCACTATAGGATCCTG
AGCTACTGAC-30 and 50-GTGTATGGTCAGTAG
TGGTG-30, respectively. Polymerase chain reaction
(PCR) was performed with the random DNA library
(1 � 1014 molecules) with 0.25 mM of each of the 50-
and 30-primers. To preserve the abundance of the ori-
ginal library, the PCR was limited to eight cycles to
avoid amplifying a skewed population from the
random DNA library. The DNA library was converted
into an RNA library by in vitro transcription using a
T7 Ampliscribe kit (Epicentre Technologies, USA).
This RNA library was used for selection.

In vitro selection
Selection was performed using 16 mg (�1014 RNA mol-
ecules) of the original RNA library in RNA binding
buffer (10mMHEPES, pH 7.4; 150mMNaCl) at a 7:1
molar ratio of RNA to protein. During the later selec-
tion cycles, the concentration of recombinant mouse
KPNA2 was decreased to select high affinity RNA
molecules. The RNA was briefly heated to 95 �C and
then cooled to room temperature to form stable struc-
tures before the selection steps. In the selection cycles,
tRNA (total tRNA from E. coli, Roche, Switzerland)
was used as a non-specific competitor. After the RNA
was incubated with mouse KPNA2 at room tempera-
ture for 10min, the protein�RNA complexes were fil-
tered through a pre-wetted nitrocellulose acetate filter
(HAWP filter, 0.45 mm, 13.0-mm, Merck Millipore,
USA) fitted in a ‘pop-top’ filter holder (Nucleopore)
and washed with 1ml of RNA binding buffer. The
RNAs that were retained on the filter were eluted
and recovered as previously described (15, 16). The
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recovered RNAs were reverse-transcribed in 20 ml of a
reaction mixture containing 50mM Tris-HCl (pH 8.3),
50mM KCl, 10mM MgCl2, 0.5mM spermidine,
10mM DTT, 0.4mM dNTPs, 0.4 mM primer and
25U AMV reverse transcriptase (Wako, Japan). The
nucleotides and enzymes were added after a denatur-
ation and annealing step (2min at 95 �C, followed by
incubation at room temperature for 10min). Reverse
transcription was performed for 45min at 37 �C. The
resulting cDNA was amplified by PCR and used as a
template to obtain RNA for the next round of selec-
tion. For amplification of the cDNA by PCR, a 20 ml
aliquot of the reverse transcription reaction (cDNA
reaction mixture) was diluted in 80 ml of PCR reaction
mixture [PrimeSTAR Max Premix (Takara, Japan)
with 1 mM of each primer]. The reaction mixture was
amplified using the following conditions: 95 �C for 20 s,
54 �C for 10 s and 72 �C for 20 s. This program was
repeated for as many cycles as needed to produce a
DNA band of the correct size. The PCR product was
precipitated in ethanol and used for transcription. In
vitro transcription was performed at 37 �C for 3 h with
a T7 Ampliscribe kit (Epicentre Technologies). After
treatment with DNase I, the reaction mixture was frac-
tionated on an 8% denaturing polyacrylamide gel. The
RNA was extracted from the gel, quantified and used
for the next cycle of selection and amplification. We
manipulated each selection cycle to ensure specificity
and high affinity of the KPNA2-bound molecules. For
example, we modified the ratio of RNA:KPNA2, com-
petitor concentrations (tRNA) and buffer volumes. To
remove the filter binders, pre-filtration of the RNA
pools were performed for each selection round. A
total of eight selection cycles were carried out and
the RNA pool from cycles 1, 3, 5 and 8 were evaluated
for binding to the mouse KPNA2 protein.

Binding analysis of aptamers
To obtain individual aptamers, the amplified PCR
products from cycle 8 were directly ligated into the
pCRII vector (Invitrogen) according to the manufac-
turer’s protocol. DNA was isolated from individual
clones by the alkaline-lysis method and sequenced
with a BigDye Terminator Sequencing kit (Life
Technologies) on a DNA sequencer (Model 373A,
Life Technologies). The secondary structures of the
aptamers were predicted using the MFold program
(20). To evaluate the mouse KPNA2 binding to the
RNA pools from selection cycles 1, 3, 5 and 8 as well
as the individual aptamers, internally labeled RNA
was prepared using 0.5mCi/ml [a-32P]ATP and bind-
ing experiments were performed using a filter binding
assay similar to those previously reported (21). The
binding and in vitro transcription conditions were simi-
lar to those used for selection, except for the RNA and
mouse KPNA2 protein concentrations. For the evalu-
ation of binding of RNA pools (from 1, 3, 5 and 8
selection cycles) to the mouse KPNA2 protein, we
used 20 nM of labeled RNA and different concentra-
tion (490, 980 or 1960 nM) of mouse KPNA2. The
RNA�KPNA2 complexes retained on the filters were
washed with 1ml binding buffer and air dried and the
radioactivity was quantified with an image analyzer

(BAS2000, Fuji Film, Japan). To ensure that the bind-
ing was specific, we performed binding assays in the
presence of a 10-fold molar excess of tRNA as a non-
specific competitor. Similarly, these RNA pools were
also evaluated under similar conditions for their bind-
ing ability to another importin family subclass mouse
KPNA1. Individual clones (aptamers 76, 72 and 21)
binding ability to the mouse KPNA2 was evaluated
using 25 nM of labeled RNA using [a-32P]ATP in the
presence of 10-fold molar excess of tRNA and mouse
KPNA2 protein (246, 492 and 984 nM). Next, to judge
the importance of sequence of the above aptamers for
binding, we carried out another filter binding assay
using 25 nM of unselected pool RNA (containing
random RNA sequences), in the presence of 10-fold
tRNA and excess amount of mouse KPNA2 protein
(490, 980 and 1960 nM). In order to estimate the equi-
librium dissociation constants, we performed a filter
binding assay using labeled aptamer RNA for either
clone 72 or clone 76 (25 nM) in the presence of various
concentrations (37, 74, 148, 296 and 592 nm) of mouse
KPNA2. Additionally, aptamers 76 and 72 binding to
the human KPNA2 was also evaluated by filter bind-
ing assay at different concentrations (37, 74, 148, 296
and 592 nM). The equilibrium dissociation constants
were determined for all complexes (aptamer 76-
mouse KPNA2, aptamer 76-human KPNA2, aptamer
72-mouse KPNA2, aptamer 72-human KPNA2) using
a nonlinear regression algorithm in GraphPad Prism
6.0 (GraphPad Software).

In vitro nuclear transport assay in the presence
and absence of aptamers
To evaluate the aptamers’ (76 and 72) ability to inter-
fere with human KPNA2 functions, we performed in
vitro nuclear transport assays similar to those previ-
ously described (22). Initially, HeLa cells were cultured
on an eight-well slide slip for two days in DMEM con-
taining 10% FBS. The cells were then permeabilized
with digitonin and then the cytosolic components were
washed out with transport buffer (20mM
HEPES�KOH pH 7.3, 110mM CH3COOK, 5mM
CH3COONa, 2mM (CH3COO)2Mg, 0.5mM EGTA,
2mM DTT, 1 mg/ml each of aprotinin, pepstatin and
leupeptin). Nuclear transport was established with
400 nM GST-SV40TAgNLS-GFP, 600 nM importin-
b, 400 nM human KPNA2, 4 mM RanGDP, 350 nM
NTF2, 0.5mM GTP and an ATP regeneration
system, at 37 �C for 8min. To perform the same
assay in the presence of the RNA aptamers (either 76
or 72) or pool RNA, we denatured the RNA in binding
buffer (10mM HEPES, pH 7.4; 150mM NaCl) and
equilibrated for 10min at room temperature. The rena-
tured aptamers (at 5.0mM final concentration) were
pre-incubated with human KPNA2 at room tempera-
ture for 5min prior to execution of the transport assay
as indicated in the figure legends. Cells were fixed in
3.7% formaldehyde in PBS and observed by fluores-
cence microscopy. The quantitative analysis of trans-
port efficiency was performed using Image J software
(23) as follows: the mean value of the fluorescent signal
inside the nucleus was measured and the signal inten-
sity was calculated by normalizing with the mean value
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of the control cells. A total of 60 cells were randomly
selected for each sample and the mean value with
standard deviation was reported. To compare the spe-
cificity of the aptamers interference of nuclear trans-
port mediated by different sub-class of importins, we
performed the above assay by replacing the KPNA2
either with KPNA1 or KPNA3 proteins.

Results

Selection of RNA ligands
To select an RNA aptamer against KPNA2, random
RNA pool over a 60-nucleotide stretch flanked by a
fixed 37-nucleotide primer region at the 50 end and 20-
nucleotide primer region at the 30 end was used. This
randomized pool represents approximately 1014 differ-
ent species under our experimental conditions. For the
initial selection, the N-60 RNA pool (3.0 mM) and
mouse KPNA2 (0.43 mM) were mixed and incubated
for 10min in the presence of buffering agents and the
free RNA was separated from the mouse
KPNA2�RNA complexes by filtration. The mouse
KPNA2 bound RNAs retained on the filter were re-
covered in a hot 7 M urea solution and subsequently
amplified by reverse transcription, PCR and in vitro
transcription. To enrich specific aptamers during the
selection process, in each selection cycle, competition
between the individual sequences was allowed. For
this, a high RNA pool to target protein ratio was
used in the initial selection cycles. In the subsequent
selection cycles (2�8), the ratio between the mouse
KPNA2 protein and RNAs (pool RNA and tRNA)
was manipulated to increase the selection stringency
(Table 1). To ensure selection of specific aptamers
during the selection cycles, a non-specific competitor,
tRNA, was used at different molar ratios. After eight
rounds of selection cycles, RNA pools (1, 3, 5 and 8)
were selected for the evaluation of enrichment of
mouse KPNA2-binding aptamers and their specificity.
The specificity and binding of RNA pools to the mouse
KPNA2 was analyzed by filter binding assay at differ-
ent concentrations (490, 980 and 1960 nM). The bind-
ing results show that the pool RNAs binding increased
progressively with selection cycles and also the specifi-
city to KPNA2, compared to the KPNA1 (Table 1).
No significant retention of the selected RNA pool
occurred on the filter in the absence of mouse
KPNA2, indicating that the non-specific filter binders
were not co-isolated during the selection process.
Approximately 17% of the 8th RNA pool bound to

mouse KPNA2 (Table 1). Since the 8th selection cycle
RNA pool bound specifically to the mouse KPNA2,
we proceeded to the cloning and sequencing steps to
evaluate the sequences in the pool. Individual aptamers
from the eight cycles were classified based on the se-
quence similarity. We observed that aptamer 76 repre-
sented 22% of the population, whereas aptamer 72 and
aptamer 21 represented 4% and 2%, respectively, in
the selected pool of cycle 8. The secondary structures
of these aptamers were predicted according to the
MFold program (20, Fig. 1a). Next, all three aptamers
were evaluated with the filter assays for their binding
ability to mouse KPNA2 (at concentrations of 246, 492
and 984 nM), in the presence of a 10-fold molar excess
of tRNA to avoid non-specific interactions with RNA.
These filter binding assays showed that only aptamers
76 and 72 bound to mouse KPNA2, but aptamer 21
showed either minimal or insignificant binding to
mouse KPNA1 (Fig. 1b). In order to clearly evaluate
that the sequence of 76 and 72 would be important, we
performed another binding assay with unselected pool
RNA (containing random sequences) and found that
the unselected RNA pool had no binding ability even
in the excess amount of mouse KPNA2 protein
(1960 nM, Fig. 1b). These binding analyses clearly sug-
gest that the sequences of aptamers 76 and 72 are im-
portant for their affinity and specificity to the mouse
KPNA2 and thus, all further studies were focused
using these two aptamers.

Binding efficiency of the selected aptamers
To determine the dissociation constants (Kd) of the
selected aptamers (72 and 76), we performed filter
binding assays using aptamers labeled with
[a-32P]ATP with increasing concentrations of either
mouse KPNA2 (37, 74, 148, 296 and 592 nM) or
mouse KPNA1 (72, 144, 288 and 576 nM). Both the
76 and 72 aptamers bound to mouse KPNA2 with
equal affinity; the calculated dissociation constant
(Kd) was approximately 150 nM for both aptamers
(Fig. 2a and b). Both aptamers did not show any bind-
ing to mouse KPNA1, even at the highest concentra-
tion (576 nM, Fig. 2a). Mouse and human KPNA2 are
highly conserved, with an amino acid similarity of
94.5% (Supplementary Fig. 3); thus, we hypothesized
that these two aptamers would bind with equal effi-
ciency to both mouse and human KPNA2. To test
this, we repeated this experiment with human-derived
KPNA2 and found that these two aptamers bound

Table 1. Concentration of RNA and protein used and the ability of the RNA pool to bind to the KPNA2 and KPNA1 in different selection cycles

Selection

cycle

Pool RNA

(kM)

Competitor RNA

(kM)

Mouse KPNA2

(kM)

% of binding to mouse KPNA2 % of binding to mouse KPNA1

0.49 0.98 1.96 kM 0.49 0.98 1.96kM

1 3 None 0.43 0 0 0 0 1 0
2 0.31 2 0.43
3 0.31 5 0.22 1 2 4 0 0 0
4 0.15 5 0.22
5 0.31 10 0.11 3 7 21 0 1 2
6 0.31 10 0.11
7 0.15 10 0.11
8 0.15 10 0.11 6 12 27 0 1 1
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with a similar affinity to that of mouse-derived
KPNA2 (data not shown). To evaluate the aptamers’
ability to interfere with KPNA2 activity, we used a
previously developed in vitro nuclear transport assay
using human-derived KPNA2 protein.

In vitro assay to evaluate the aptamers’ ability
to interfere with nuclear transport
An overview of in vitro nuclear transport is depicted in
Fig. 3a, in which cultured cells are initially permeabi-
lized, followed by the addition of a ternary complex
(consisting of human-derived KPNA2, importin-b1
and GST-NLS-GFP cargo protein) and observation

of GFP positive cells upon transport of the complex
into the nucleus. We reasoned that if aptamer binding
to human KPNA2 interferes with the binding of ei-
ther importin-b1 or GST-NLS-GFP (or both pro-
teins), then there would be a lack of GFP
accumulation in the cell nucleus (Fig. 3b). In a typical
in vitro transport assay, cells with green fluorescence
were observed when permeabilized cells were incubated
for approximately 10min with the ternary complex
(Fig. 4a) and cells with no fluorescence were observed
in the absence of the ternary complex (Fig. 4b). As
predicted, in the presence of either the 76 or 72
aptamer (5 mM final concentration), the human

(a)

(b)

Fig. 1. In vitro selected aptamers and their ability to bind mouse KPNA2. (a) The predicted secondary structures of aptamers (76, 72 and 21)
presented were drawn using mfold program. (b) Filter binding assays were performed with labeled aptamers (20 nM) in the presence of native
mouse KPNA2 (246, 492 and 984 nM) and a 10-fold excess of tRNA as a non-specific competitor. Filter binding assay was also carried out using
25 nM of unselected pool RNA in the presence of 10-fold excess of tRNA and an excess amount of mouse KPNA2 protein (490, 980 and
1960 nM).
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KPNA2-dependent transport of cargo protein (GST-
NLS-GFP) was significantly decreased, as determined
by the decrease in the fluorescence of GFP positive
cells (Fig. 4c and d). However, the presence of
random RNA sequences (pool RNA) (Fig. 4e) did

not affect the transport of the cargo protein, a result
similar to that observed in the control (Fig. 4a).

The GST-NLS-GFP cargo protein is also trans-
ported into the nucleus by KPNA1 or KPNA3 in the
presence of importin-b1. To test whether the aptamers

Fig. 2. Evaluation of the binding efficiency of the selected aptamers to mouse KPNA2 and KPNA1. (a) Filter binding assay showing the labeled
aptamers binding to mouse KPNA2 at various concentrations. The framed region shows that the aptamers’ binding ability to mouse KPNA1, at
the indicated concentrations. (b) The amount of aptamer�KPNA2 complex retained on the filter was quantified at different concentrations of
mouse KPNA2, and the dissociation constant (Kd) was determined using GraphPad Prism 6.0 nonlinear regression algorithm (GraphPad
Software).

Fig. 3. Schematic representation of the experiments performed to analyze the ability of the aptamers to interfere with nuclear transport of cargo
protein by KPNA2. (a) Permeabilized cells were incubated at 37 �C for 8min in the presence of ternary transport complex [KPNA2, transporters-
b1, and NLS protein (GST-NLS-GFP)]. After incubation, the cells were fixed and observed under microscope for the presence of GFP in the
nucleus. (b) A predicted scenario if the selected aptamers were to interfere with KPNA2, KPNA1, KPNA3 or all three.
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Fig. 4. In vitro nuclear transport assay using human KPNA2. (a) Permeabilized cells were incubated at 37 �C for 8min in the presence of the
ternary transport complex (human KPNA2-importin-b1-NLS-GFP) and observed under microscope. (b) A buffer control, in the absence of any
transport complex (human KPNA2-importin-b1-NLS-GFP). (c) In the presence of aptamer 76 (5 mM) and the ternary transport complex
(human KPNA2-importin-b1-NLS-GFP). (d) In the presence of aptamer 72 (5mM), and the ternary transport complex (human KPNA2-
importin-b1-NLS-GFP). (e) In the presence of pool RNA (5 mM) and the ternary transport complex (human KPNA2-importin-b1-NLS-GFP).
For details, see the Materials and Methods. Cells were fixed after 8min incubation and images were collected.

Fig. 5. In vitro nuclear transport assay using KPNA1. (a) Permeabilized cells were incubated at 37 �C for 8min in the presence of the ternary
transport complex (KPNA1-importin-b1-NLS-GFP) and observed under the microscope. (b) A buffer control, in the absence of any transport
complex (KPNA1-importin-b1-NLS-GFP). (c) In the presence of aptamer 76 (5 mM), and the ternary transport complex (KPNA1-importin-b1-
NLS-GFP). (d) In the presence of aptamer 72 (5 mM), and the ternary transport complex (KPNA1-importin-b1-NLS-GFP). (e) In the presence of
pool RNA (5 mM) and the ternary transport complex (KPNA1-importin-b1-NLS-GFP). For details, see the Materials and Methods. Cells were
fixed after 8min incubation and images were collected.
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(76 and 72) would be able to interfere with this type of
nuclear transport, we performed a similar experiment
to the one described above, except that we replaced
KPNA2 either with KPNA1 or KPNA3. Similarly,
cells with green fluorescence were observed when per-
meabilized cells were incubated with a ternary complex
composed of all three components (KPNA1, importin-
b1 and GST-NLS-GFP cargo) (Fig. 5a) and no fluor-
escent cells were observed in the absence of the ternary
complex (Fig. 5b). Interestingly, the population of the
GFP positive cells was not significantly affected by the
presence of either the aptamers (76 and 72) or pool
RNA (Fig. 5c�e). Further, we have carried the nuclear
transport assay with KPNA3 in the presence or ab-
sence of aptamers (76 and 72), or pool RNA. The
permeabilized cells incubated with all three compo-
nents (KPNA3, importin-b1 and GST-NLS-GFP
cargo) show green fluorescence cells (Fig. 6a) and no
fluorescent cells were observed in the absence of the
ternary complex (Fig. 6b). As observed in the case of
KPNA1, the presence of aptamers, or pool RNA was
also not affected the population of GFP positive cells
(Fig. 6c�e). To quantify this observed reduction of
GFP fluorescence, we used Image J (NIH program)
to measure the fluorescence resulting from any one of
KPNA1-, KPNA2-, and KPNA3–mediated nuclear
transport. The GFP fluorescence intensity of a total
of 60 cells was measured for all of the samples via
random selection of cells. These analyses showed that
in the presence of the aptamers (76 and 72), the GFP
fluorescence intensity decreased by approximately 40%
when KPNA2 was used for the nuclear transport (Fig.

7a). However, these two aptamers (76 and 72) and pool
RNA had no effect on either KPNA1-dependent (Fig.
7b) or KPNA3-dependent (Fig. 7c) nuclear transport
of cargo protein. The significant of quantitated data
was statistically evaluated as shown in Fig. 7d.

Discussion

The nuclear exportin/importin transport system is a
critical process for all eukaryotic cells, affecting gene
expression, signaling pathways, the cell cycle and
pathogenesis. One of the key components of this trans-
port system is importin a, which initiates the process
by recognizing the NLS within the cargo and import-
ing macro proteins into the nucleus through the nu-
clear pores, as mediated by importin-b. Currently,
seven importin-a proteins are grouped into three sub-
families. Despite their similarity, these proteins display
remarkable specificity toward their cognate cargo
proteins, which may decide the fate of the cell during
differentiation, as observed in embryonic stem cells (9,
24). The divergent roles of importin-a in the normal
and in diseased cells scenarios have attracted much
attention toward the development of ligands that spe-
cifically bind to a specific subfamily. In this study, we
explored an in vitro selection strategy to identify apta-
mers from a completely random RNA pool that could
bind specifically and efficiently as well as discriminate
among subfamily members of importin-a. We executed
a total of 8 selection cycles, which resulted in an en-
richment of two aptamers, 76 and 72, as major and
minor representation in the pool, respectively. These

Fig. 6. In vitro nuclear transport assay using KPNA3. (a) Permeabilized cells were incubated at 37 �C for 8min in the presence of the ternary
transport complex (KPNA3-importin-b1-NLS-GFP) and observed under the microscope. (b) A buffer control, in the absence of any transport
complex (KPNA3-importin-b1-NLS-GFP). (c) In the presence of aptamer 76 (5 mM), and the ternary transport complex (KPNA3-importin-b1-
NLS-GFP). (d) In the presence of aptamer 72 (5 mM), and the ternary transport complex (KPNA3-importin-b1-NLS-GFP). (e) In the presence of
pool RNA (5 mM) and the ternary transport complex (KPNA3-importin-b1-NLS-GFP). For details, see the Materials and Methods. Cells were
fixed after 8min incubation and images were collected.
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two aptamers bind efficiently (Kd& 150 nM) to
KPNA2-derived from either mouse or human.
Moreover, both clones failed to bind to KPNA1
(Fig. 2b). The secondary structure predictions suggest
that these two aptamers are not related to each other.

Because these two aptamers bound to the human
KPNA2 specifically, an in vitro nuclear transport
assay was used to evaluate whether the selected apta-
mers interfered with human KPNA2-mediated nuclear
transport. Our analyses showed that ability of human
KPNA2 to transport the cargo protein (GST-NLS-
GFP) decreased by about 40% in the presence of
either aptamer 76 or aptamer 72 (Fig. 6a). The effi-
ciency of interference for these two clones was
observed to be the same, correlating well with their
affinity towards human KPNA2. However, under simi-
lar conditions, random RNA sequences (pool RNA)
showed no effects on nuclear transport activity
mediated either by KPNA1 or KPNA2, or KPNA3,
suggesting that the negatively charged surface of the
aptamers had no major roles in binding to KPNA pro-
teins. Nevertheless, structural analyses of the aptamer-
KPNA2complex may reveal the specific binding site
and shed light on their interference with KPNA2-
mediated nuclear transport. Interestingly, both apta-
mers failed to interfere neither the KPNA1-mediated
nor KPNA3-mediated nuclear transport of cargo pro-
tein. Taken together these results suggest that the se-
lected aptamers 76 and 72 are able to discriminate
efficiently and block specifically the human KPNA2-
mediated nuclear transport (that belongs to the sub-

family of importin�a1) from KPNA1 (that belongs to
the subfamily of importin�a2) or KPNA3 (that be-
longs to the subfamily of importin�a3) (Figs 4�6).

In short, this study identified two aptamers (76 and
72) that bound with a high affinity to mouse or human
KPNA2 and were able to distinguish it from other sub-
family members, such as KPNA1 and KPNA3.
Importantly, both aptamers efficiently and specifically
interfered with KPNA2-mediated nuclear transport.
We believe that these selected aptamers will have
useful applications as new reagents for cancer diagno-
sis because many cancer cells and tissues are known to
overexpress KPNA2 (10�12). In addition, these apta-
mers may aid in modulating the specific nuclear trans-
port system mediated by KPNA2; if these aptamers
were delivered into the cytoplasm by fusion with inter-
nalizing aptamers (25, 26), they would probably be
internalized by receptor-mediated endocytosis.

Supplementary Data

Supplementary Data are available at JB Online.
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