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Background: As a phosphatase belonging to the PP2C family, ILKAP plays key roles in the regulation of cell survival and
apoptosis.
Results: ILKAP interacts with importin � proteins; nuclear ILKAP interacts with RSK2 and induces apoptosis by inhibiting
RSK2 activity.
Conclusion: ILKAP contains a functional NLS and induces apoptosis by regulating RSK2 signaling.
Significance: ILKAP may regulate cell survival and apoptosis through the activation of nuclear pathways.

Integrin-linked kinase-associated phosphatase (ILKAP) is a
serine/threonine (S/T) phosphatase that belongs to the protein
phosphatase 2C (PP2C) family. Many previous studies have
demonstrated that ILKAP plays key roles in the regulation of
cell survival and apoptosis. Researchers have thus far considered
ILKAP a cytoplasmic protein that negatively regulates integrin
signaling by interacting with and phosphorylating integrin-
linked kinase 1 (ILK1). In this study, we found that both endog-
enous and tagged ILKAPmainly localize to the nucleus and that
the nuclear transport of ILKAP is nuclear localization signal
(NLS) importin-mediated. The ILKAPprotein interacts directly
with importin �1, �3, and �5. The NLS in ILKAP is located in
the N-terminal region between amino acids 71 and 86, and the
NLS-deleted ILKAPproteinwas distributed in the cytoplasm. In
addition, we show that Lys-78 and Arg-79 are critical for the
binding of ILKAP to importin �. We also found that nuclear
ILKAP interacts with ribosomal protein S6 kinase-2 (RSK2) and
induces apoptosis by inhibiting RSK2 activity and down-regu-
lating the expression level of the RSK2 downstream substrate
cyclinD1. These results indicate that ILKAP is a nuclear protein
that regulates cell survival and apoptosis through the regulation
of RSK2 signaling.

ILKAP4 is a serine/threonine (S/T) phosphatase of the pro-
tein phosphatase 2C family, which was originally identified by
Tong et al. (1) in 1998. Recent studies indicate that ILKAP plays
key roles in the regulation of cell survival and apoptosis. ILKAP
activates the apoptosis signal-regulating kinase 1 (ASK1) by
enhancing the cellular phosphorylation of Thr-845 (2) and
forms a complex with ILK1 to inhibit glycogen synthase kinase
3�-mediated integrin-ILK1 signaling in vivo, which ultimately
inhibits cell cycle progression (3, 4).
The catalytic domain of ILKAP shares appreciable sequence

homology with the protein phosphatase 2C subfamily; how-
ever, the sequence of the noncatalytic domain distinguishes this
protein from the other familymembers because this sequence is
absent in other mammalian protein phosphatase 2Cs and
shares no homology with any known proteins. It is likely that
this sequence may enable ILKAP to specifically interact with
other proteins, such as its physiological substrates that are
involved in the different cellular functions of ILKAP.
The importin �/� nuclear import pathway is one of the best

understood nuclear trafficking systems in the cell (5). Importin
� is an �60-kDa protein that contains two functional domains:
a short basic N-terminal domain (the importin �-binding (IBB)
domain) that is sufficient for importin � binding and an NLS-
binding domain that is composed of armadillo (ARM) repeats.
The latter domain binds to NLS-containing proteins and links
these proteins to importin �, which is the karyopherin that
ferries the ternary complex through the nuclear-pore complex
(6). This transport process depends on the ability of importin �
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to recognize the specific NLSs that are presented by the cargo
protein.
The classical NLSs typically contain either a single cluster of

basic residues (monopartiteNLS) or two clusters of basic amino
acids that are separated by 10–12 variant residues (bipartite
NLS) (7). The SV40 large T antigen (PKKKRKV) and nucleo-
plasmin (KRPAATKKAGQAKKKK) classical NLSs are proto-
typic mono- and bipartite classical NLSs (8, 9). Importin � has
twoNLS-binding sites that are formed by conserved residues in
its ARM repeat domain; these are considered themajor and the
minor NLS-binding sites. The N- and C-terminal clusters of a
bipartite NLS interact with theminor and themajor NLS-bind-
ing sites, which correspond to ARM repeats 4–8 and 1–4,
respectively. However, a monopartite NLS interacts primarily
with the major binding site (10–12).
Although there are many studies that have investigated the

anticancer function of ILKAP, the subcellular localization of
ILKAP is not yet clearly understood. Researchers hypothesize
that cytoplasmic ILKAP interacts with ILK1 to form a complex
with integrins (3, 4, 13). Based on these results, the National
Center for Biotechnology Information (NCBI), UniProt, and
European Bioinformatics Institute (EBI) protein databases
indicate that ILKAP is a cytoplasmic protein. In 2004, Doehn et
al. (31) found that ILKAP (also called protein phosphatase 2C�)
forms a complex with RSK2 in vivo. As a well known serine/
threonine kinase, RSK2 plays a crucial role in oncogenesis and
tumor progression. RSK2 has been reported to localize to the
nucleus, and the nuclear localization of RSK2 is crucial for the
regulation of cell proliferation and survival (14–16).
In this study, we found that ILKAP mainly localized to the

nucleus and that the nuclear transport of ILKAP is NLS impor-
tin-mediated. The ILKAPprotein interacts directlywith impor-
tin �1, �3, and �5. We found that the NLS domain in ILKAP is
located in its N-terminal region between amino acids 71–86
and that the Lys-78 and Arg-79 residues are critical for the
binding of ILKAP to importin �. We also found that nuclear
ILKAP interacts with RSK2 and induces apoptosis by inhibiting
RSK2 activity and down-regulating the expression level of the
RSK2 downstream substrate cyclin D1. These results classify
ILKAP as a newly identified nuclear protein that regulates
cell survival and apoptosis through the regulation of RSK2
signaling.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies against ILKAP (Abnova: B01P),
importin � (Santa Cruz Biotechnology: sc-136204), importin �
(Cell Signaling: 8673), RSK2 (Santa Cruz Biotechnology:
sc-1430), cyclin D1 (Santa Cruz Biotechnology: sc-753), �-tu-
bulin (Santa Cruz Biotechnology: sc-5286), H2A (Santa Cruz
Biotechnology: sc-8648), GFP (Santa Cruz Biotechnology:
sc-9996),Myc (Cell Signaling: 2272), GST (Santa Cruz Biotech-
nology: sc-138), HA (Santa Cruz Biotechnology: sc-805), FLAG
(Santa Cruz Biotechnology: sc-807), and �-actin (Santa Cruz
Biotechnology: sc-47778) were obtained.
Cell Culture and Transfections—All of the cell lines were

maintained in DMEMwith 10% FBS and were cultured at 37 °C
in a humidified atmosphere with 5% CO2. The mitogenic stim-
ulation involved the use of base medium containing 3 �g/ml

insulin, 150 ng/ml epidermal growth factor, and 5% FBS. The
transfections were performed using FuGENE HD (Roche
Applied Science) according to the manufacturer’s instructions.
Plasmid Constructs—cDNA encoding importin �1/3/5,

importin �1, RSK2, ILKAP, or its fragments was amplified by
PCR and subcloned into the pcDNA3.1/Myc-HisA,
pcDNA3.1/Myc-His, pEGFP-C1, and pGEX-4T1 vectors for
mammalian or Escherichia coli expression. The pEGFP-C1-
ILKAP N-�71–87 and pEGFP-C1-ILKAP�71–87 constructs
were generated by ligating the DNA synthesis fragments into
the NheI and Bpu1102I sites of pEGFP-C1-ILKAP 1–107 and
the pEGFP-C1-ILKAP vector, respectively. The construction
of the ILKAP mutants was performed by PCR using the
QuikChange site-directed mutagenesis kit from Qiagen.
Extraction of Nuclear, Cytoplasmic, and Whole-cell Proteins—

The whole-cell protein extracts were obtained using cell lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5% Nonidet
P-40, 1mMDTT, and 1� protease inhibitormixture) according
to the manufacturer’s instructions. The cytoplasmic and
nuclear protein extracts were prepared using the nuclear and
cytoplasmic protein extraction kit (Beyotime Institute of Bio-
technology) following the manufacturer’s instructions. Briefly,
the cells were washed with ice-cold PBS and then lysed in cell
lysis buffer containing 10 mM HEPES, pH 7.9, 10 mM KCl, 0.1
mM EDTA, 1 mM DTT, 0.4% IGEPAL, and 1 mM phenylmeth-
anesulfonyl fluoride (PMSF) for 20 min on ice. After centrifu-
gation, the supernatants (corresponding to the cytoplasmic
extracts) were collected, and the nuclei pellets were washed
once with ice-cold cell lysis buffer and then resuspended in
nuclear extraction buffer (0.4 M NaCl, 20 mM HEPES, pH 7.9, 1
mM EDTA, 1 mM DTT, and 1 mM PMSF). After vigorous shak-
ing for 30 min at 4 °C, the nuclear extracts were collected by
centrifugation.
GST Pulldown Experiments—The GST and GST fusion pro-

teins were incubated with glutathione-Sepharose 4B (GE) for
2 h at 4 °C, extensively washed with PBS, immobilized on the
beads, and then incubated with the cell lysates (5mg) overnight
at 4 °C with gentle agitation. The beads were collected by cen-
trifugation and washed five times. After the supernatants were
removed in the final wash, the samples were separated by SDS-
PAGE and analyzed through immunoblotting.
Co-immunoprecipitation Assay—The primary antibodies

were added to 50�l of proteinGbeads (RocheApplied Science)
and incubated at 4 °C for 2 h. The corresponding cell lysates or
nuclear protein extracts were incubated with the antibody-
beads complex at 4 °C for 4 h. The beadswerewashed five times
with 1:10 diluted lysis buffer and then eluted by boiling in
Laemmli sample buffer. The precipitated proteins were sub-
jected to immunoblot analysis with the corresponding
antibodies.
siRNA Knockdown of ILKAP—The pGenesil RNAi system

(shRNA) was used to reduce the expression of ILKAP in cells
through RNA interference technology according to the manu-
facturer’s protocols. Forward and reverse oligonucleotides
encoding the anti-ILKAP short hairpin RNA (shRNA)
sequence were used.
Homology Modeling and Molecular Docking—The sequence

of ILKAPwas searched against the Protein Data Bank using the
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NCBI-BLAST search tool to identify a related protein structure
that could be used as a template. TheMODELLERprogramwas
used to build the three-dimensional structure of ILKAP. The
model with the highest score was chosen for further refinement
through energy minimization. The energy minimization was
performed using the NAMD package. The popularity of pro-
tein-protein docking as a powerfulmethod for the prediction of
the structures of protein complexes is growing almost daily (17,
18). In this study, ZDOCK was used to perform the automated
molecular docking. ZDOCK is an initial stage rigid body pro-
tein-docking algorithm that explicitly searches the rotational
space and uses a fast Fourier transform algorithm to signifi-
cantly speed up the search of the translational space (19). The
rotational sampling interval was set to 6°, and all of the default
parameters were used. The best docking conformations were
selected for optimization by the RDOCK program, which is a
three-stage energy minimization algorithm that was designed
as a refinement and re-ranking tool for the top predictions
obtained by ZDOCK.
RSK2 Kinase Assays—The RSK2 kinase assay was performed

as described previously (20). Briefly, agarose beads with the
immunoprecipitated kinase were drained with a syringe and
resuspended in 20 �l of 1.5� kinase assay buffer. The kinase
reaction was initiated by the addition of 10 �l of the substrate
mixture containing ATP (300 �M, 0.2 �Ci of [�-32P]ATP) and
the S6 peptide (800 �M). After 10 min at 30 °C, 20 �l of the
supernatant was removed and spotted onto phosphocellulose
paper (Whatman). The paper was washed five times with 150
mM orthophosphoric acid. The [32P]phosphate that was
incorporated into the protein substrate was quantified on a
VersaDocTMMP5000 imager using the Quantity One software
(Bio-Rad). To quantify the amount of RSK2 in the immuno-
precipitates, the remaining reaction mixture (minus the 20
�l of the supernatant) was solubilized and analyzed by
immunoblotting.
Annexin V/Propidium Iodide Apoptosis Assay—The cells

were plated onto 24-well glass-bottomed dishes, and the assays
were performed using the annexinV/propidium iodide apopto-
sis assay kit (Sigma) according to the manufacturer’s instruc-
tions. The images were collected using a BX51 microscope
(Olympus).
Statistical Analyses—All of themeasurementswere collected

in triplicate for each independent preparation. The results were
statistically analyzed using Student’s t test and analysis of vari-
ance. The SPSS software, version 16.0, was used for all of the
statistical analyses, and differences with a p value less than 0.05
were considered statistically significant.

RESULTS

Both Endogenous and Tagged ILKAP Were Detected in the
Nucleus—We examined the localization of endogenous ILKAP
in different cell lines using the anti-ILKAP antibody. As shown
in Fig. 1A, the endogenous ILKAP protein was detected in the
nucleus, althoughweak cytoplasmic stainingwas also observed.
To further confirm the subcellular localization of the endog-
enous ILKAP protein, the subcellular fractions that were
prepared from HepG2 and A549 cells were analyzed by
immunoblotting.

We found that the expression level of endogenous ILKAP
was rather low in the tested cells. In addition, ILKAP was
mainly detected in the nuclear fraction (Fig. 1B), which is in
agreement with the immunofluorescence results. The purity of
the nuclear and cytosolic fractions was demonstrated by prob-
ing with antibodies against H2A and �-tubulin.

ILKAP was first found as a regulator of integrin signaling.
Thus, we examined the subcellular localization of ILKAP in
A549 cells that were cultured on different types of extracellular
matrices, including fibronectin, collagen type I, and collagen
type IV, to activate integrin signaling.We found that the endog-
enous ILKAP protein was mainly detected in the nuclear frac-
tion in the cells that were cultured in the different extracellular
matrices (Fig. 1, C and D).
We next examined the subcellular localization of the tagged

ILKAP protein. The immunoblotting analysis with anti-EGFP
antibody indicated that the EGFP-ILKAP fusion protein was
properly expressed in the transiently transfected MCF7 cells
(Fig. 2A). EGFP-ILKAP was detected exclusively in the nucleus
(Fig. 2B, left panel), whereas EGFP alone was diffusely distrib-
uted in both the cytoplasm and the nucleus (Fig. 2B, right
panel). Similar results were obtainedwithMCF7 cells that were
cultured in different extracellular matrices (Fig. 2C) and with
other cell lines (Fig. 2D). Additional immunoblotting analyses
were performed using the subcellular fractions prepared from
EGFP-ILKAP-expressing HepG2, A549, and MCF7 cells. In
agreementwith the immunofluorescence results, EGFP-ILKAP
was predominantly found in the nuclear fraction (Fig. 2E).
To exclude the effect of the position of the EGFP on the

nuclear localization of the ILKAP fusion protein, we also exam-
ined the subcellular localization of the Myc-ILKAP fusion pro-
tein, in which the tagged protein was fused to the C-terminal
end of ILKAP, in MCF7 and HepG2 cells using the anti-Myc
antibody. No staining was detected when the cells were trans-
fected with pcDNA3.1/Myc-HisA or when the secondary anti-
body was used alone, which demonstrates the specificity of the
immunofluorescence staining of the Myc fusion protein. Simi-
larly to EGFP-ILKAP, the Myc-ILKAP fusion protein was pre-
dominantly distributed in the nucleus of the different cell lines
that were examined (Fig. 2F).

We also examined the localization of EGFP-ILKAP over
time. A series of time-lapse images of EGFP-ILKAP was cap-
tured 10, 18, 24, and 48 h after transfection. In addition, immu-
noblotting analyses were also performed to examine the local-
ization of EGFP-ILKAP at these time points. The real-time
imaging clearly demonstrated that EGFP-ILKAP was mainly
localized in the nucleus. As shown in Fig. 2, G and H, both the
real-time imaging and the immunoblotting results clearly
showed that EGFP-ILKAP was mainly localized in the nucleus.
We also found weak cytosolic ILKAP localization 48 h after
transfection. These results indicated that both the endogenous
and the tagged ILKAP were mainly localized in the nucleus.
Modeling and Docking Study—The human phosphatase 2C

(Protein Data Bank (PDB) id: 1A6Q) has a high level of
sequence identity with ILKAP; therefore, a model of ILKAP
was built using theMODELLER software. The structure with
the minimum free energy and the highest score was used as
the initial model. Energy minimization, which comprised
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2000 steps of steepest decent followed by 2000 steps of con-
jugate gradient, was then performed to optimize the ILKAP
model.
The crystal structure of importin � isoform 1 (karyopherin

�2, PDB code 3FEX C-chain) was used for the docking simula-
tions with ILKAP. The resultant docked structure was a 2.2 Å
resolution x-ray structure for the cap-binding complex-impor-
tin � complex, which provides insight into the binding of
importin � to the CBP80 subunit of the cap-binding complex
(21). The importin � structure from this complex contains 10
ARM structural repeats and lacks the first 69 amino acid resi-
dues (importin �-binding domain).

A total of 60 clusters and 2000 complexeswere obtained after
the ZDOCK calculation. Of these, the best 15 docking poses
were selected based on the top scores andwere re-ranked by the
ZRANK score, which is a more detailed energetics-based scor-
ing function that has been developed and tested for the re-rank-
ing of docked protein poses (22). Based on the scoringmethods,
the best five possible structures (poses 87, 869, 1140, 1249, and
1255) were selected for RDOCK refinement. The models of the
five top binding complexes are shown in Fig. 3. In addition, root

mean square deviation analysis revealed that poses 87, 1140,
and 1255 were very similar (Fig. 3).
Initial Prediction of the NLS by Analyzing the Interface Resi-

dues of the Complexes—The NLS-binding sites are located in
the concave face of the protein near regions of invariant Trp
and Asn arrays (23, 24). We defined importin � as the receptor
and found two groups of interface residues (residues 71–86 and
92–102 in the ILKAP model face) that face the 6–7 ARM
repeats of the receptor model in poses 87, 1140, and 1255 by
analyzing the interface residues of the predicted structures (Fig.
4, A–F). Two groups of interface residues, containing amino
acids 151–158 and 225–231, face the 6–7 ARM repeats of the
receptor model in pose 869 (Fig. 4, G and H); no residues face
the appropriate site in pose 1249. According to these results, we
identified four putative NLS regions that contain multiple pos-
itively charged amino acid residues; these four regions are
located at amino acids 71–86, 92–102, 151–158, and 225–231
and are designated NLS1, NLS2, NLS3, and NLS4, respectively
(Fig. 5A). The interaction energy of each group with importin �
was then calculated (Table 1). We determined that residues
71–86 in the predominantmodel of ILKAP (poses 87, 1140, and

FIGURE 1. Subcellular distribution of endogenous ILKAP. A, cells grown on coverslips were fixed and immunostained with anti-ILKAP (red) antibody. DAPI
(blue) staining of the nuclei is shown. B, subcellular localization of endogenous ILKAP examined by cell fractionation and immunoblotting. HepG2 and A549
cells were separated into nuclear (N) and cytoplasmic (C) fractions. Equal protein amounts (80 �g) were loaded onto SDS-PAGE (10%) gels, and the protein
expression was analyzed with anti-ILKAP, anti-H2A, and anti-�-tubulin antibodies. C, A549 cells grown on coverslips coated with fibronectin (10 mg/ml),
collagen type I (5 mg/ml), or collagen type IV (5 mg/ml) were fixed and immunostained with anti-ILKAP (red) antibody. DAPI (blue) staining of the nuclei is
shown. D, the A549 cells grown on the different extracellular matrices were examined by cell fractionation and immunoblotting.
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FIGURE 2. Subcellular distribution of tagged ILKAP. A, detection of the protein expression of the full-length EGFP-ILKAP and the EGFP empty constructs.
MCF7 cells were transiently transfected with each construct and allowed to recover for 24 h. The protein expression was confirmed by immunoblotting using
an anti-EGFP antibody. B, localization of EGFP-ILKAP and EGFP in MCF7 cells. MCF7 cells were transiently transfected with the respective constructs and grown
on coverslips for 24 h after transfection. The cells were then fixed and counterstained with DAPI for nuclear staining (blue). C, localization of EGFP-ILKAP and
EGFP in MCF7 cells grown on coverslips coated with fibronectin (10 mg/ml), collagen type I (5 mg/ml), or collagen type IV (5 mg/ml). D, localization of
EGFP-ILKAP and EGFP in different cell lines. E, the subcellular localization of EGFP-ILKAP was examined by cell fractionation and immunoblotting. HepG2, A549,
and MCF7 cells were separated into nuclear (N) and cytoplasmic (C) fractions, and the protein expression levels were analyzed with anti-EGFP, anti-H2A, and
anti-�-tubulin antibodies. F, distribution of the Myc-ILKAP fusion protein in MCF7 and HepG2 cells. MCF7 and HepG2 cells were immunostained with anti-Myc
antibody. The protein localization was detected using a Cy3-conjugated secondary antibody. G, time-lapse images of EGFP-ILKAP in A549 cells after transfec-
tion. The protein was detected through the microscopic observation of EGFP (green) over a period of 48 h. The merged image was formed by merging the
images that were obtained 48 h after transfection. H, immunoblotting analysis of EGFP-ILKAP by cell fractionation.
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1255) have a higher interaction energy and were thus most
likely to contain the NLS sequence.
Identification of a 16-Amino Acid Sequence in the N Termi-

nus of ILKAPThat Is Necessary for Nuclear Targeting—To con-
firm the hypothesis and identify the NLS sequence of ILKAP,
we investigated the subcellular localization of several ILKAP
deletion mutants based on the docking results. We also used a
web-based computer program called PSORT II to search the
functional NLS in ILKAP and found only one putative NLS
region, which was located at amino acids 173–189 and is desig-
nated NLS5 (Fig. 5A). We fused a fragment of 200 amino acids
in the N terminus of ILKAP to the C terminus of EGFP and
examined the subcellular distribution of this fusion protein in
A549 cells. As shown in Fig. 5B, the N-terminal fragment
(pEGFP-C1-ILKAP 1–200) of ILKAP was capable of directing
EGFP to the nucleus (Fig. 5, B and D).
Next, we determined whether the unique N terminus of

ILKAP was required for its nuclear localization. As shown in
Fig. 5, B and D, the N-terminal fragment (pEGFP-C1-ILKAP
1–107) of ILKAPwas capable of directing EGFP to the nucleus.
Following this procedure, the C-terminal deletion construct

pEGFP-C1-ILKAP 108–392 was generated and transiently
expressed in A549 cells. However, this C-terminal fragment

(pEGFP-C1-ILKAP 108–392) of ILKAP was diffusely distrib-
uted in both the cytoplasm and the nucleus. These results sug-
gested that the N terminus of ILKAP is necessary and sufficient
for nuclear targeting. We concluded that the nuclear importa-
tion of the ILKAP protein is distinctly regulated and that the
functional NLS is located in its unique N terminus, which con-
tains NLS1 and NLS2.
To identify the minimal sequence within the N terminus of

ILKAP that was capable of localizing to the nucleus, a series of
truncation constructs, in which different fragments of the N
terminus of ILKAP (1–107) were fused to the C terminus of
EGFP, was generated and transiently expressed in A549 cells.
As shown in Fig. 5C, the construct containing the first 86 amino
acids of the N terminus was predominantly localized in the
nucleus, but the first 71 amino acids failed to accumulate in the
nucleus (Fig. 5, C and D).
Based on the results obtainedwith the EGFP-ILKAP-N107aa

deletion constructs, it is apparent that the EGFP fusion proteins
with either 70 residues deleted from the N terminus or 21 res-
idues deleted from the C terminus of ILKAP-N107aa were
capable of being targeted to the nucleus. These results suggest
that NLS1 (a minimum stretch of 16 amino acids) is required
for nuclear targeting, whereas the construct lacking this region
was not capable of translocating EGFP to the nucleus.

FIGURE 3. Modeling results of ILKAP structure and docking of ILKAP with
importin �. A, optimal model of ILKAP. The structure is shown as a ribbon
display model. The �-helices, the �-sheets, and the �-turns are shown in red,
cyan, and green, respectively. B, docking complex of importin � (shown in
green) with ILKAP in different poses (poses 87, 1140, and 1255 are shown in
red, blue, and yellow, respectively) obtained after root mean square deviation
analysis. The best five possible structures of the complex (poses 87, 1140,
1255, 869, and 1249) are shown in C–G.

FIGURE 4. Interactions between the binding groove of importin � with
ILKAP. Interactions between the binding groove (in green; the other parts of
importin � are shown as a yellow and/or gray surface) of importin � with ILKAP
(shown as a gray ribbon) are shown. The interface residues (NLS-binding sites)
in ILKAP are shown in red: residues 71– 86 (A) and 92–102 (B) in pose 87,
residues 71– 86 (C) and 92–102 (D) in pose 1140, residues 71– 86 (E) and
92–102 (F) in pose 1255, and residues 151–158 (G) and 225–231 (H) in pose
869.
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The ILKAP Protein Interacts Directly with Importin Proteins—
To test the hypothesis that the nuclear transport of the ILKAP
protein is NLS-mediated, we performed an in vitro GST pull-
down assay to test the ability of ILKAP to interactwith importin
� and importin�. ILKAPwas expressed as a fusionwithGST in
bacteria. The GST protein alone was utilized as a negative con-
trol. As shown in Fig. 6A, ILKAP was able to interact with both
importin � and importin � (Fig. 6A).
The binding of ILKAP to three importin � proteins was also

confirmed using an immunoprecipitation assay with COS-7
cell extracts. First, COS-7 cells were co-transfected with EGFP-

tagged full-length ILKAP (EGFP-ILKAP) and various Myc-
tagged importins (importin �1, �3, and �5). Importin �1, �3,
and�5 represent each of the subfamilies of importin� proteins.
Twenty-four hours after transfection, the cells were lysed, and
the Myc-importin complexes were precipitated with anti-Myc
antibody andproteinG-Sepharose beads. The precipitateswere
immunoblotted for Myc and EGFP. In this assay, EGFP-ILKAP
was able to interact with all of the tested importin � proteins
(Fig. 6B). Then, COS-7 cells were co-transfected with Myc-
tagged importin �1 and the various EGFP-tagged ILKAP
constructs (residues 1–107, 1–210, 108–392, 1–107-�71–87,
full-length-�71–87, and full-length protein). The immunopre-
cipitation results are shown in Fig. 6C; the EGFP-ILKAP full-
length, 1–107, and 1–200 fusion proteins were recognized by
importin �1. EGFP ILKAP 108–392, 1–107-�71–86, and full-
length-�71–87, however, did not bind these importins. Thus,
the nuclear transport of ILKAP ismediated by importin� via its
binding to the 71–86 amino acid sequence.
Lys-78 and Arg-79 Are theMost Crucial Residues ThatMedi-

ate the Interaction with Importin � and the Nuclear Localiza-
tion of ILKAP—We have confirmed that the nuclear transport
of ILKAP ismediated by importin� via its binding to the 71–86
amino acid sequence. To determine the contribution of the
specific amino acids within this region, we aligned human
ILKAP with orthologous proteins from other species and
showed that 78KRK80 is highly conserved among all of the spe-
cies that were examined (Fig. 7A). This result suggested that
78KRK80 likely acts as a functional NLS in ILKAP. To test this
hypothesis, site-directed mutagenesis was performed to gener-
ate four mutant constructs (Fig. 7B). We examined the subcel-
lular localization of the four ILKAP mutants. As shown in Fig.
7C, the K78A, R79A, and K78A/R79R substitutions disrupted
the nuclear localization of EGFP-ILKAP. The K80A substitu-
tion did not impair nuclear localization. Immunoblotting anal-
ysis was performed using the subcellular fractions prepared
from A549 cells that express each of four ILKAP mutants. In
agreement with the immunofluorescence results, the mutated
proteins with the K78A, R79A, or K78A/R79A substitutions
were predominantly found in the cytosolic fraction, whereas
the mutant with the K80A substitution was predominantly
located in the nuclear fraction (Fig. 7D).
We then performedGSTpulldown assays to test the ability of

the ILKAPmutants to interact with importin � and � proteins.
ILKAPmutants were expressed in fusion with GST in bacteria.
The GST protein alone was utilized as a negative control. As
shown in Fig. 7E, Mutant 3 (K80A substitution) was able to

TABLE 1
The interaction energies of the four putative NLS regions (NLS1, NLS2,
NLS3, and NLS4) with importin-� in various poses
The interaction energy (Einter) includes the electrostatic energy (Eelec) and the van
der Waals interactions (EvdW).

Pose Residues NLS Eelec EvdW Einter

87 71–86 NLS1 �211.80114 �24.35565 �236.15679
87 92–102 NLS2 34.17237 45.07577 79.24794
1140 71–86 NLS1 �138.39299 29.87968 �108.51331
1140 92–102 NLS2 �44.79956 �6.13201 �50.93157
1255 71–86 NLS1 �73.16285 60.00461 42.00687
1255 92–102 NLS2 �17.99775 60.00461 42.00687
869 151–158 NLS3 �15.23122 �15.59997 �30.83199
869 225–231 NLS4 �65.59090 10.08778 �55.50312

FIGURE 5. A 16-amino acid sequence in the N terminus of ILKAP is neces-
sary to mediate the nuclear localization of EGFP-ILKAP. A, schematic rep-
resentation of ILKAP and its five putative NLSs (red). B, the N-terminal and
C-terminal deletion mutants derived from pEGFP-C1-ILKAP are depicted
schematically. The different constructs were introduced into A549 cells, and
the subcellular distributions of the fusion proteins were visualized through
fluorescence microscopy. Nu, nucleus; Cy, cytoplasm. C, nuclear localization
of the deletion mutants of EGFP-ILKAP-N107 in transfected A549 cells. The
EGFP-ILKAP-N107 constructs were generated with deletions at either the N or
the C terminus of the N-terminal domain of ILKAP, as indicated. The cells were
viewed directly by immunofluorescence 24 h after transfection. aa, amino
acids. D, the localization of the different constructs in A549 cells was visual-
ized through fluorescence microscopy.
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interact with both importin � and importin �. However, both
theK78Aand theR79A single substitutions disrupted the inter-
action with importin � and importin �. As expected, the K78A/
R79A double mutant disrupted the interaction (Fig. 7E).

We also used immunoprecipitation assays with the COS-7
cell extracts to test the ability of the ILKAPmutants to interact
with the importin� proteins. As shown in Fig. 7, F–H, theK80A
substitution did not impair the interactionwith any of the three
importin � proteins. However, both the K78A and the R79A
single substitutions disrupted the interactionwith the importin
� proteins. As expected, the K78A/R79A double mutant also
disrupted the interaction. These results indicate that Lys-78
andArg-79 are themost crucial residues thatmediate the inter-
action with importin � and thus the nuclear localization of
ILKAP.
ILKAP Interacts with RSK2 in the Nucleus and Reduces RSK2

Activity—RSK2 is hypothesized to play key roles in the regula-
tion of cell proliferation and survival (25). T. S. Eisinger et al.
found that mitogen induced the accumulation of RSK2 in the
nucleus and enhanced proliferation through the induction of
cyclin D1. The nuclear localization of RSK2 is crucial for the
regulation of cell proliferation and survival (25). In 2004,Doehn

et al. (31) found that ILKAP forms a complexwith RSK2 in vivo,
but these researchers did not discuss the subcellular localiza-
tion of these two proteins (15). In this study, we asked whether
ILKAP interacts with RSK2 in the nucleus and whether ILKAP
negatively regulates cell proliferation by affecting RSK2 signal-
ing. We first performed co-immunoprecipitation assays using
the nuclear fractions of HEK293 cells to investigate whether
ILKAP could interact with RSK2 in the nucleus. HEK293 cells
were treated with mitogen for 8 h. The nuclear fractions were
isolated and lysed, and RSK2 was precipitated with anti-RSK2
antibody andproteinG-Sepharose beads. The precipitateswere
immunoblotted for RSK2 and ILKAP antibody. We found that
ILKAP could be detected in the precipitates (Fig. 8A). Then, we
used immunofluorescence assays to investigate the co-localiza-
tion of ILKAP and RSK2. After mitogen treatment, HA-ILKAP
co-localized with RSK2 in the nucleus (Fig. 8B). All of these
results demonstrated that ILKAP can interact with RSK2 in the
nucleus.
The phosphorylation of RSK2 at Ser-227 directly activates

RSK2 activity. Thus, we examined the phosphorylation levels of
RSK2 at Ser-227 in HA-ILKAP- and HA-ILKAP Mutant
1(K78A substitution)-expressing HEK293 cells. The results in

FIGURE 6. Co-immunoprecipitation analysis of ILKAP-importin interactions. A, importin � and importin � were found to interact with the GST-ILKAP fusion
proteins through a GST pulldown assay. The GST and GST fusion proteins expressed in E. coli were immobilized on glutathione-Sepharose beads. After
extensive washing, the beads were incubated with equal amounts of protein extracts from untransfected A549 cells. The retained proteins were analyzed by
immunoblotting with anti-GST, anti-importin �, or anti-importin � antibodies. B, the lysates of COS-7 cells expressing Myc-importin � proteins (importin �1, �3,
and �5) and EGFP-ILKAP were immunoprecipitated with an anti-Myc antibody. Each precipitate sample was blotted with anti-Myc and anti-EGFP antibodies to
detect importin � (Myc) and ILKAP (EGFP). Ctrl-IgG, mouse IgG and beads (negative control). C, the lysates of COS-7 cells expressing various EGFP-ILKAP
constructs (residues 1–107, 1–200, 108 –392, N�71– 86, F�71– 86, or full-length protein) and Myc-importin �1 were immunoprecipitated with an anti-EGFP
antibody. Each precipitate sample was blotted with anti-Myc and anti-EGFP antibodies to detect both importin �1 (Myc) and ILKAP (EGFP).
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Fig. 8C show that the expression of WT or mutant ILKAP did
not affect the expression level of RSK2. We found that HA-
ILKAP but not HA-ILKAP Mutant 1 or the control decreased
the phosphorylation level of Ser(P)-227 (Fig. 8C).
We also examinedwhether ILKAP affects RSK2 kinase activ-

ity. FLAG-tagged RSK2 was co-expressed with HA-ILKAP in
COS-7 and HEK293 cells. The cells were exposed to EGF prior
to lysis. After the precipitation of RSK2 with an antibody to the
FLAG tag, the kinase activity of RSK2 was determined. The

RKS2 that was co-expressed with active ILKAPwas found to be
nearly inactive, whereas RSK2 alone showed high kinase activ-
ity (Fig. 8, D and E).
ILKAP Induces Apoptosis by Affecting the RSK2 Downstream

Effector Cyclin D1—ILKAP is an apoptosis-associated phos-
phatase. Thus, we investigated the effect of ILKAP expression
in A549 cells. We found no noticeable nuclear morphological
changes in the EGFP-ILKAP-positive cells 24 h after the trans-
fection of EGFP-ILKAP. However, 36–48 h after transfection,

FIGURE 7. Lys-78 and Arg-79 are the most crucial residues for mediating the interaction with importin � and the nuclear localization of ILKAP. A, the
residues from 78 to 80 are highly conserved. The sequence alignment of the human ILKAP with orthologous proteins in nine species was performed using the
ClustalW alignment program. The missing amino acids are indicated with hyphens. The identical and similar residues are highlighted. The highly conserved
residues in the NLS1 of ILKAP are boxed, and the residue numbers corresponding to the human sequence are shown. homo, Homo sapiens; bos, Bos taurus;
Gallus, Gallus gallus domesticus; Mus, Mus musculus; Sus, Sus scrofa domestica. B–D, determination of the essential amino acids of NLS by mutational analysis.
A549 cells were transiently transfected with the four mutant constructs that were derived from pEGFP-C1-ILKAP through site-directed mutagenesis (B). Nu,
nucleus; Cy, cytoplasm. The transfected proteins were then examined by fluorescence microscopy (C) and immunoblotting (D). N, nucleus; C, cytoplasm.
E, importin � and importin � were found to interact with the GST-ILKAP mutant (mutants 1, 2, 3, and 4) fusion proteins through a GST pulldown assay. The GST
and GST fusion proteins expressed in E. coli were immobilized on glutathione-Sepharose beads. After extensive washing, the beads were incubated with equal
amounts of protein extracts from the untransfected A549 cells. The retained proteins were analyzed by immunoblotting with anti-GST, anti-importin �, or
anti-importin � antibodies. F–H, the lysates of COS-7 cells expressing Myc-importin � proteins and the EGFP-ILKAP mutants (mutants 1, 2, 3, and 4) were
immunoprecipitated with an anti-Myc antibody. Each precipitate sample was blotted with anti-Myc and anti-EGFP antibodies to detect importin � (Myc) and
ILKAP (EGFP). Ctrl, mouse IgG and beads (negative control).
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the nucleus of 35–50% of the EGFP-ILKAP-positive cells
became irregular, and 5–10% of the positive cells showed
nuclear condensation and fragmentation. After 48 h, the num-
ber of positive cells significantly decreased, and most of the
positive cells exhibited nuclear condensation and fragmenta-
tion (Fig. 9A). We exogenously expressed HA-ILKAP, ILKAP-
shRNA, and a loading control in A549 cells for 48 h. The cell
survival assay showed that HA-ILKAP expression significantly
reduced the cell viability (�78%). In the ILKAP-shRNA-ex-
pressing cells, the cell viability was significantly higher
(�38.2%) when compared with the control (Fig. 9B). We next
investigated whether ILKAP induced apoptosis in A549 cells
using the annexinV/propidium iodide assay.We found that the
expression of ILKAP could induce apoptosis inA549 cells when
compared with the control (Fig. 9C). We also measured the
caspase-3 activity in the tested cells. The caspase-3 activity of
the ILKAP-expressing A549 cells was significantly higher than
that in the control cells. In the ILKAP-shRNA-expressing
cells, the caspase-3 activity was lower when comparedwith that
in the shRNA control cells (Fig. 9D).
Nuclear RSK2 enhances proliferation through the induction

of cyclin D1 expression (15). Thus, we next investigated
whether ILKAP regulates the RSK2 downstream protein factor
cyclin D1. As shown in Fig. 9E, the expression level of cyclin D1
was markedly reduced in the tested cells after the expression of
WT-ILKAP. In the ILKAP-silenced A549 cells, the expression
level of cyclin D1 was increased (Fig. 9F). We also used quanti-
tative RT-PCR assays to examine whether ILKAP affects the
cyclin D1 mRNA level. We found that the overexpression of
ILKAP decreases the cyclin D1 mRNA level by �38.2% when
compared with the control. The knockdown of ILKAP

increases the cyclinD1mRNA level by�41.2%when compared
with the siRNA control (Fig. 9, G and H).

All of the above results demonstrate that nuclear ILKAP can
interact with RSK2 and inhibit RSK2 activity. ILKAP also con-
trols cell proliferation and survival by regulating the expression
of the RSK2 downstream substrate cyclin D1.

DISCUSSION

ILKAP was initially identified in a yeast two-hybrid screen
baitedwith ILK andwas considered a cytoplasmic protein asso-
ciated with the down-regulation of integrin signaling (3, 4, 13).
ILK has been shown to act as a serine/threonine kinase and to
directly activate several signaling pathways downstream of
integrins. ILK localizes to focal adhesions and binds directly to
the cytoplasmic domain of the integrin�1 and�3 subunits (13).

ILK is normally found in complex with two other proteins:
particularly interesting new cysteinehisticline rich protein
(PINCH) and parvin. The heterotrimeric complex between
ILK, PINCH, and parvin, which is termed the IPP complex, is an
essential signaling platform that regulates cell adhesion,
spreading, and migration (26). The IPP complex is a central
constituent of at least�1- and�3-integrin-containing adhesion
sites, which bind other regulatory factors to influence multiple
cellular processes. Without the formation of the IPP complex,
integrin signaling cannot be regulated (27). Leung-Hagesteijn
and co-workers (3, 4) showed that the ILKAP inhibition of ILK
activity selectively inhibited the S9 phosphorylation of glycogen
synthase kinase 3� without affecting the Ser-473 phosphoryla-
tion of PKB. These results indicated that ILKAP links to the IPP
complex by interacting with ILK and is localized in �1- and
�3-integrin-containing focal adhesions.

FIGURE 8. ILKAP interacts with RSK2 in the nucleus and inhibits RSK2 kinase activity. A, HEK293 cells were treated with mitogen (M) for 8 h. The nuclear
fractions were isolated and lysed (L). RSK2 was precipitated with anti-RSK2 antibody (Ab) and protein G-Sepharose beads. The precipitates were immuno-
blotted for RSK2 and ILKAP antibody. ctr, control. B, A549 cells were transiently transfected with EGFP-ILKAP for 16 h and treated with mitogen for 8 h. The cells
were then stained with anti-RSK2 (red) antibody. DAPI (blue) staining of the nuclei is shown. C, HEK293 cells were transfected with an empty vector or a plasmid
expressing either HA-ILKAP or HA-ILKAP Mutant 1 for 16 h. The cells were then treated with mitogen for 8 h, lysed, subjected to SDS-PAGE, and immunoblotted
using phosphospecific antibodies to RSK2 phosphorylated at Ser-227, non-phosphospecific antibodies to RSK2 or anti-HA antibody. D and E, HEK293 (D) and
COS-7 (E) cells were co-transfected with plasmids expressing HA-ILKAP and FLAG-RSK2. Twenty-four hours after transfection, the cells were serum-starved for
4 h, exposed to 1 ng/ml EGF for 30 min, and lysed. RSK2 was precipitated from the cell lysates with antibody to the FLAG tag, and its kinase activity was
determined and expressed as a percentage of the maximal value obtained. * indicates a significant difference (p � 0.05) when compared with the control. Error
bars indicate S.D.
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FIGURE 9. ILKAP regulates cyclin D1 protein expression and induces apoptosis. A, HEK293 cells were transfected with the EGFP-ILKAP construct, and the
expressed EGFP-ILKAP in the cells was visualized by UV microscopy at different times. B, A549 cells were transfected with HA-ILKAP, empty vector, shRNA-ILKAP
or shRNA-control. The 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide assay was performed to examine the cell proliferation rate 24, 36, and 48 h
after the cells were transfected with each construct. C, the cells were assayed using the annexin V/propidium iodide (PI) apoptosis assay kit (Sigma-Aldrich) 48 h
after the cells were transfected with each construct. D. The caspase-3 activity in the transfected cells was determined. E and F, immunoblots were performed
to examine the cyclin D1 protein levels in the transfected cells. G and H, the RNA was extracted, and a quantitative RT-PCR assay was performed. * indicates a
significant difference (p � 0.05) when compared with the control. Error bars indicate S.D.
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However, ILK lacks well conserved motifs that are required
for eukaryotic protein kinase activity (28). The GXGXXG con-
sensus sequence of the kinase subdomain I, which is required
for covering and anchoring the nontransferable phosphates of
ATP, is not conserved in ILK proteins from different species.
ILK-deficient fibroblasts, chondrocytes, and keratinocytes do
not show changes in Akt or glycogen synthase kinase 3� phos-
phorylation (23, 24, 29). Knock-in mice with mutations in the
putative pleckstrin homology (PH) domain (R211A) or in the
autophosphorylation site (S343A or S343D) are completely
normal and do not show changes in Akt or glycogen synthase
kinase 3� phosphorylation or actin organization downstream
of integrins (30). Recently, Wickström et al. (27) indicated that
ILK is a pseudokinase that functions as a scaffold protein and
not as a kinase in invertebrates. The regulatory role of integrin
signalingwas not associatedwith the kinase activity of ILK.Our
results showed aweak cytosolic localization of ILKAP.Thus, we
hypothesize that ILKAP regulates integrin signaling by catalyz-
ing some key downstream factors but not by directly phos-
phorylating ILK.
Interestingly, although our results showed a weak cytoso-

lic localization of ILKAP, we did not find any significant focal
adhesion localization. Moreover, both the endogenous and
the tagged ILKAP proteins were strongly detected in the
nucleus. We found that the nuclear import of ILKAP is spe-
cifically dependent on a short, poorly basic NLS that is
located at the N terminus of the protein between residues 71
and 86. This NLS could not be predicted using conventional
NLS prediction algorithms. We also found that the nuclear
transport of ILKAP was mediated by the importin �/�
nuclear transport pathway. We know that the NLS-binding
sites are located in a concave groove on the surface of impor-
tin �. The major binding site is composed mainly of the H3
helices of ARM repeats 1–4, whereas the minor site is
located at ARM repeats 6–8. The protein docking results
suggested that ILKAP may bind to the minor binding site of
importin �.
In 2004, Doehn et al. (31) found that ILKAP forms a complex

with RSK2 in vivo. As a well known serine/threonine kinase,
RSK2 plays a crucial role in oncogenesis and tumor progres-
sion. RSK2 has been reported to localize to the nucleus (14–16,
25). Thus, we hypothesized that ILKAPmay interact with RSK2
in the nucleus and regulate cell proliferation and apoptosis by
affecting RSK2 signaling. We found that nuclear ILKAP inter-
acts with RSK2 and that ILKAP induces apoptosis by inhibiting
RSK2 activity and down-regulating the expression level of the
RSK2 downstream substrate cyclin D1.
In summary, we found that ILKAP is a nuclear protein and

that the nuclear transport of ILKAP is NLS importin-mediated.
The ILKAP protein interacts directly with importins �1, �3,
and �5. We also found that ILKAP induces apoptosis by inhib-
iting RSK2 activity and down-regulating the expression level of
the RSK2 downstream substrate cyclin D1. These results clas-
sify ILKAP as a newly identified nuclear protein that regulates
cell survival and apoptosis through the regulation of RSK2
signaling.
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