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Quantitative Proteomics Reveals Regulation of
Karyopherin Subunit Alpha-2 (KPNA2) and Its
Potential Novel Cargo Proteins in Nonsmall

Cell Lung Cancer *s
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The process of nucleocytoplasmic shuttling is mediated
by karyopherins. Dysregulated expression of karyo-
pherins may trigger oncogenesis through aberrant distri-
bution of cargo proteins. Karyopherin subunit alpha-2
(KPNA2) was previously identified as a potential bio-
marker for nonsmall cell lung cancer by integration of the
cancer cell secretome and tissue transcriptome data sets.
Knockdown of KPNA2 suppressed the proliferation and
migration abilities of lung cancer cells. However, the pre-
cise molecular mechanisms underlying KPNA2 activity in
cancer remain to be established. In the current study, we
applied gene knockdown, subcellular fractionation, and
stable isotope labeling by amino acids in cell culture-
based quantitative proteomic strategies to systematically
analyze the KPNA2-regulating protein profiles in an ade-
nocarcinoma cell line. Interaction network analysis re-
vealed that several KPNA2-regulating proteins are in-
volved in the cell cycle, DNA metabolic process, cellular
component movements and cell migration. Importantly,
E2F1 was identified as a potential novel cargo of KPNA2 in
the nuclear proteome. The mRNA levels of potential ef-
fectors of E2F1 measured using quantitative PCR indi-
cated that E2F1 is one of the “master molecule” re-
sponses to KPNA2 knockdown. Immunofluorescence
staining and immunoprecipitation assays disclosed co-
localization and association between E2F1 and KPNA2.
An in vitro protein binding assay further demonstrated
that E2F1 interacts directly with KPNA2. Moreover,
knockdown of KPNA2 led to subcellular redistribution of
E2F1 in lung cancer cells. Our results collectively demon-
strate the utility of quantitative proteomic approaches and
provide a fundamental platform to further explore the
biological roles of KPNA2 in nonsmall cell lung
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Transportation of proteins and RNAs into (import) and out of
(export) the nucleus occurs through the nuclear pore complex
and is a vital event in eukaryotic cells. Nucleocytoplasmic
shuttling of the large complex (>40 kDa) is mediated by an
evolutionarily conserved family of transport factors, desig-
nated karyopherins (1). The family of karyopherins, including
importins and exportins, share limited sequence identity (15—
25%) but adopt similar conformations. In human cells, at least
22 importin B and 6 importin « proteins have been identified to
date (2, 3). Karyopherins cannot be classified solely based on
their cargo repertoires, because many of these proteins are
targeted by several different members of the karyopherin
family (4—6). The most well-established mechanism of nucle-
ocytoplasmic shuttling is the classical nuclear import pathway
in which classical nuclear localization signal (cNLS)'-contain-
ing cargo proteins transported into the nucleus are recog-
nized by importin o/importin g heterodimers (7). All importin 8
family members contain an N-terminal Ran-GTP-binding mo-
tif and selectively bind nucleoporins of the nuclear pore com-
plex, whereas unusually, importin B interacts indirectly with
hundreds of different cNLS-containing proteins via an adap-
tor protein, importin «. Importin « also acts independently
through direct binding to cargo proteins without the require-
ment for importin B (8). The import and export processes of
nucleocytoplasmic shuttle proteins are complicated, and dys-
regulated expression of karyopherin may have oncogenic ef-
fects resulting from the unusual distribution of cargo proteins.
For example, aberrant nucleocytoplasmic localization of tu-

" The abbreviations used are: cNLS, classical nuclear localization
signal; KPNA2, Karyopherin subunit alpha-2; NSCLC, nonsmall cell
lung cancer; MRN, MRE11/RAD50/NBN; DSB, double-strand break;
SILAC, stable isotope labeling with amino acids in cell culture; 2D
LC-MS/MS, two-dimensional LC-MS/MS; LC, liquid chromatography;
SCX, strong cation exchange; RP18, reverse phase 18; FDR, false
discovery rate; RT-PCR, reverse transcription polymerase chain re-
action; gPCR, real-time quantitative PCR; PI, propidium iodide.
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mor suppressor proteins, such as PTEN, WT1, Arf, and p53, is
involved in the development of several human cancers (9-14).

Karyopherin subunit alpha-2 (KPNA2) belongs to the
karyopherin family and delivers numerous cargo proteins to
the nucleus, followed by translocation back to cytoplasmic
compartments in a Ran-GTP-dependent manner (15). One
proposed hypothesis is that KPNA2 plays opposing roles in
oncogenesis through modulation of proper subcellular local-
ization of particular cargo proteins (16). For example, KPNA2
mediates the nuclear transport of NBN (also known as NBS1
or Nibrin), a component of the MRE11/RAD50/NBN (MRN)
complex involved in double-strand break (DSB) repair, DNA
recombination, cell cycle checkpoint control, and mainte-
nance of DNA integrity and genomic stability. Nuclear NBN
generally acts as a tumor suppressor protein (17-20). Inhibi-
tion or blockage of the interactions between KPNA2 and NBN
results in reduction of DSB repair, cell cycle checkpoint sig-
naling and radiation-induced nuclear focus accumulation (21),
signifying inhibition of the tumor suppressor function of nu-
clear NBN, as it loses interactions with KPNA2. In addition, a
recent study showed that cytoplasmic NBN plays an onco-
genic role via binding and activation of the PI3-kinase/AKT
pathway and promotes tumorigenesis (22). Therefore, KPNA2
appears to be a major determinant of the subcellular localiza-
tion and the biological functions of its cargo proteins, such as
NBN.

We previously identified and validated KPNA2 as a potential
biomarker for nonsmall cell lung cancer (NSCLC) by integra-
tion of cancer cell secretome and tissue transcriptome data
sets (23). We detected KPNA2 overexpression in lung cancer
tissues and showed that cancer cells with poor differentiation
and high mitosis are independent determinants for nuclear
KPNAZ2 expression in NSCLC. Data obtained from exogenous
expression and KPNA2 knockdown experiments supported
its involvement in cellular growth and motility of lung cancer
cells. KPNA2 is also overexpressed in several cancer tissues,
including breast cancer, esophageal squamous cell carci-
noma, ovarian cancer, bladder cancer, and prostate cancer,
and may be associated with tumor invasiveness (24-28).
Moreover, KPNA2 is possibly involved in the regulation of cell
proliferation, differentiation, DNA repair, and migration (16, 23,
29-31). However, the molecular pathways regulated by
KPNA2 in lung cancer are yet to be elucidated. Here, we
applied stable isotope labeling with amino acids in cell culture
(SILAC)-based quantitative proteomic technology (32), in
combination with gene knockdown and subcellular fraction-
ation, to analyze KPNA2 siRNA-induced differentially ex-
pressed protein profiles in an adenocarcinoma cell line and
explored the molecular mechanisms of KPNA2-mediated reg-
ulation in lung cancer.

EXPERIMENTAL PROCEDURES

Cell Culture and Stable Isotope Labeling by Amino Acids in Cell
Culture—The CL1-5 human lung cancer cell line was derived from

one man with poorly differentiated lung adenocarcinoma and kindly
provided by Professor P.C. Yang (Department of Internal Medicine,
National Taiwan University Hospital, Taipei, Taiwan). Cells were main-
tained in RPMI 1640 with 10% fetal bovine serum plus antibiotics at
37 °C at a humidified atmosphere of 95% air/5% CO, (33). For SILAC
experiments, CL1-5 cells were maintained in lysine-depleted RPMI
1640 (Invitrogen, Grand Island, NY) supplemented with 10% dialyzed
fetal bovine serum (Invitrogen, Carlsbad, CA), and 0.1 mg/ml heavy
[U-18Cg]L-lysine (Invitrogen) or 0.1 mg/ml light L-lysine (Invitrogen).
Every 3-4 days, cells were split and media replaced with the corre-
sponding light or heavy labeling medium. In approximately six dou-
bling times, cells achieved almost 100% incorporation of isotopic
labeling amino acids and were subjected to small interfering RNA
treatments.

Gene Knockdown of KPNA2 With Small Interfering RNA—Gene
knockdown of KPNA2 was performed as described previously (23).
Briefly, 19-nucleotide RNA duplexes for targeting human KPNA2 were
synthesized and annealed by Dharmacon (Thermo Fisher Scientific,
Lafayette, CO). In brief, CL1-5 cells cultured in stable isotope labeling
medium were transfected with control siRNA (Heavy) and KPNA2
pooled siRNA (Light) (GAAAUGAGGCGUCGCAGAA, GAAGC-
UACGUGGACAAUGU, AAUCUUACCUGGACACUUU, GUAAAUUG-
GUCUGUUGAUG)), respectively using Lipofectamine RNAIMAX re-
agents (Invitrogen) according to the protocol provided by the
manufacturer. At 48 h after transfection, cell lysates were prepared for
Western blotting to determine gene knockdown efficacy.

Subcellular Fractionation—CL1-5 cells transfected with control
siRNA or KPNA2 siRNA were mixed at an equal ratio (1:1) and
subjected to a subcellular fractionation using the ProteoJET™ Cyto-
plasmic and Nuclear Protein Extraction Kit KO311 (Fermentas, Can-
ada), according to the manufacturer’s instructions. The efficacy of
fractionation was determined via Western blotting using GAPDH as
the cytosolic control and Lamin B as the nuclear control protein.

In-solution Digestion of Proteins and Micro-column Desalting—In-
solution digestion was performed with the protocols described below.
Briefly, the protein mixture (100 ng) was dissolved in 50 mm
NH,HCO,, reduced with 10 mwm dithiothreitol (DTT) for 30 min at 56 °C
and alkylated using 30 mmM iodoacetamide in the dark for 45 min at
room temperature. Next, 30 mm DTT was added to quench iodoac-
etamide for 30 min at room temperature. The solution was diluted
fivefold with 25 mm NH,HCO;, and trypsin added at a ratio of 1:50 and
digested at 37 °C overnight. Micro-columns packed with SOURCE
15RPC (30 wul bed volume) were regenerated with series of steps:
100% acetonitrile (ACN)/0.1% formic acid (FA), 80% ACN/0.1%FA,
50% ACN/0.1% FA, and final equilibration with 0.1%FA. Samples
were acidified with 0.1% FA and desalted using the micro-column via
brief centrifugation at 3000 rpm at room temperature for 2 min.
Peptides bound to resin were eluted using 25% ACN/0.1%FA, 50%
ACN/0.1%FA and 80% ACN/0.1%FA (three bed volumes each).

Online Strong lon Exchange/Reverse Phase Liquid Chromatogra-
phy-tandem Mass Spectrometry — Peptides prepared from in-solution
digestion were separated and analyzed via the online two-dimen-
sional liquid chromatography-mass spectrometry (2D LC-MS/MS)
technique using a strong cation exchange (SCX) and reverse-phase
18 (RP18) nanoscale liquid chromatography system coupled with a
LTQ-Orbitrap mass spectrometer (Thermo Fisher, San Jose, CA) (34).
Briefly, equal mixtures of SILAC peptides were injected into an in-
house packed SCX column (Luna SCX, 5 um, 0.5 X 150 mm, Phe-
nomenex) and fractionated into 30 fractions using a 45 h continuous
ammonium chloride gradient in the presence of 30% ACN and 0.1%
FA. Each effluent of SCX fraction (1 wl/min) was continuously mixed
with a stream of 0.1% FA/H,O (50 nl/min), and peptides were trapped
on a RP column (Source 15 RPC, 0.5 X 5 mm, GE Healthcare) and
separated using coupled BEH C18 chromatography (1.7 um, 0.1 X
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120 mm, Waters) with an acetonitrile gradient in 0.1% FA performed
on a Dionex UltiMate 3000 nano LC system. MS/MS analysis was
performed on a LTQ-Orbitrap mass spectrometer with a nanoelec-
trospray ion source (Proxeon Biosystems). Full-scan MS spectra (m/z
430-m/z 2000) were acquired in the Orbitrap mass analyzer at a
resolution of 60,000 at m/z 400. The lock mass calibration feature was
enabled to improve mass accuracy. The most intense ions (up to 12)
with a minimal signal intensity of 20,000 were sequentially isolated for
MS/MS fragmentation in the order of intensity of precursor peaks in
the linear ion trap using collision-induced dissociation energy of 35%,
Q activation at 0.25, activation time of 30 ms, and isolation width of
2.0. Targeted ions with m/z = 30 ppm were selected for MS/MS once
and dynamically excluded for 50s.

Database Search and Protein Quantification Pipeline—All MS and
MS/MS data were analyzed and processed with Quant.exe in the
MaxQuant environment (version 1. 0. 13. 8), developed by Professor
M. Mann for peptide identification and quantification analyses (35).
The top six of fragment ions per 100 Da of each MS/MS spectrum
were extracted for a protein database search using the Mascot search
engine (version 2.2.03, Matrix Science) against the concatenated
Swiss-Prot v.56 human forward and reverse protein sequence data
set with a set of common contaminant proteins (total 45500 entries).
The search parameters were set as follows: carbamidomethylation (C)
as the fixed modification, oxidation (M), N-acetyl (protein), and pyro-
Glu/GIn (N-term) as variable modifications, 5 ppm for MS tolerance,
0.5 Da for MS/MS tolerance, and 2 for missing cleavage. The SILAC
label (K) was set as either none, fixed or variable modifications,
depending on whether the precursor ion was determined as light,
heavy or uncertain label by the MS feature detection algorithm of
MaxQuant, respectively, to generate three Mascot search results. The
peptides and proteins identified in all search results were further
analyzed with Identity.exe using following criteria: six for minimum
peptide length, one for minimum unique peptides for the assigned
protein. The posterior error probability of peptides identified in for-
ward and reverse databases was used to rank and determine the false
discovery rate (FDR) for statistical evaluation (35, 36). First, pep-
tide and protein identifications with FDR less than 1% were accepted.
The peptides shared (not unique for leading proteins) between mul-
tiple leading proteins were assigned to one of them (the first one) as
razor peptides. And then, proteins with at least two ratio counts
generated from unique and razor peptides were considered as quan-
tified proteins for further analysis (detailed information is summarized
in supplemental Tables S3 and S4). The median value of SILAC ratios
was calculated as protein abundance (KPNA2 siRNA/control siRNA
ratio) to minimize the effects of outlier values. Finally, global median
normalization was applied for recalculating protein abundance (nor-
malized protein ratio) to reduce the system error from sample prep-
aration in each experiment.

Network Analysis— After quantification analysis, differentially ex-
pressed proteins of interest were converted into gene symbols and
uploaded into MetaCore Version 6.5 build 27009 (GeneGo, St. Jo-
seph, MI) for biological network building. MetaCore consists of cu-
rated protein interaction networks based on manually annotated and
regularly updated databases. The databases describe millions of
relationships between proteins based on publications on proteins and
small molecules. These relationships include direct protein interac-
tions, transcriptional regulation, binding, enzyme-substrate interac-
tions, and other structural or functional relationships. In the present
study, we used a variant of the shortest paths algorithm in Analyze
Networks to map the hypothetical networks of uploaded proteins by
default settings. The relevant network maps are analyzed based on
relative enrichment of the uploaded proteins and also relative satu-
ration of networks with canonical pathways. In this workflow the

networks are prioritized based on the number of fragments of canon-
ical pathways on the networks.

Quantitative Reverse Transcription Polymerase Chain Reaction—
Total RNA was extracted from control siRNA and KPNA2 siRNA-
transfected CL1-5 cells using TRIzol reagent (Invitrogen). Subse-
quently, cDNA was synthesized via reverse transcription polymerase
chain reaction (RT-PCR) with the Superscriptlilkit (Invitrogen). Real-
time quantitative PCR (qPCR) was performed on a 20-ul reaction
mixture containing 750 nm forward and reverse primers, varying
amounts of template and 1X Power SYBR Green reaction mix (Ap-
plied Biosystems, Foster City, CA). The primers used in this study
were designed using Primer Express Software (Applied Biosystems)
and the sequences listed in supplemental Table S1. SYBR Green
fluorescence intensity was determined using the ABI PRISM 7500
detection system (Applied Biosystems), and the gene level normalized
against that of the beta-actin control gene.

Flow Cytometry Analysis—Cells transfected with control siRNA or
KPNAZ2 siRNA for 48 h were harvested by trypsinization. For cell cycle
analysis, cells were fixed in 70% ice-cold ethanol comprising 2 mg/ml
RNase for 30 min, and ultimately stained with propidium iodide (PI, 50
mg/ml) for 10 min. The fluorescence of Pl in control siRNA or KPNA2
siRNA-transfected cells was determined using flow cytometric anal-
ysis (BectonDickinson FACScan SYSTEM, Mountain View, CA). We
counted the percentage of cells in the sub-G0/G1, G0/G1, S and
G2/M phases using CellQuest™ programs.

Plasmid Construction—For expression of E2F1 in mammalian
and E. coli cells, the open reading frame of E2F1 was obtained from
CL1-5 cells by PCR using the sense primer, 5'-GAATTCAACATG-
GCCTTGGCCGG-3’, and antisense primer, 5-TCTAGAGAAATC-
CAGGGGGGTGA-3'. The full-length E2F1 gene fragment was ligated
into pGEM-T easy vector (Promega Corporation, Madison, WI) de-
signed to introduce an EcoRl site at the initiating methionine and an
Xbal site six base pairs downstream of the C terminus of E2F1, and
subsequently subcloned into the eukaryotic expression vector,
pcDNA 3.1/myc-His (Invitrogen). To generate recombinant E2F1 from
E. coli, the gene fragment was subcloned into the prokaryotic expres-
sion vector, pET-15b (Novagen Darmstadt, Germany), and trans-
formed into the BL-21 cell line to produce His-tagged E2F1 protein.
To map the binding domains between KPNA2 and E2F1, domain
structure analysis (http://www.uniprot.org/uniprot/P52292) was ap-
plied to predict potential NLS binding sites in KPNA2, and cNLS
Mapper (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.
cgi) was applied to predict potential cNLS sites in E2F1. Based on
domain structure analysis (http://www.uniprot.org/uniprot/P52292),
two regions, '*2W-R2%® and %'°R-N“°® were predicted as potential
NLS binding sites in KPNA2. Serious deletion constructs of KPNA2
with or without these two NLS binding sites (KPNA2-D1~D4 frag-
ments in Fig. 5C) were subcloned into pGEX4T (GE Healthcare) for
producing recombinant proteins in E. coli. Based on the cNLS Map-
per (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi),
two potential cNLS sites were predicted in E2F1, 8RPPVKRRLDLE®®
and "'KVQKRRIYDI'"® (Fig. 5D). The deletion and site-directed mu-
tagenesis of the cNLS sequences in E2F1 were performed using the
QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Strat-
agene Europe, Amsterdam, The Netherlands), according to manufac-
turer’s instructions. Mutated products were verified using direct DNA
sequencing. The primer sequences used for these constructions were
summarized in supplemental Table S2.

Immunofluorescence Assay—Transfected cells were cultured in
glass coverslips using the 12-well culture dish format. Cells were fixed
with 4% formaldehyde and treated with permeabilized buffer (0.1%
Triton X-100 and 0.05% SDS in phosphate-buffered saline (PBS)).
Next, cells were blocked in blocking solution (0.1% saponin, 0.2%
bovine serum albumin in PBS) and incubated with primary antibodies.
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After washing, cells were further incubated with Alexa Fluor 594-
conjugated or Alexa Fluor 488-conjugated secondary antibodies for
1 h (Molecular Probes, Eugene, OR), and DNA was stained with
Hoechst 33258. Following a second wash with PBS, cells were
mounted in 90% glycerol in PBS containing 1 mg/ml of p-phenylene-
diamine and observed under a Zeiss Axio Imager Z1 microscope (Carl
Zeiss, Gottingen, Germany).

In Vitro Binding Assay of E2F1 and KPNA2 —Recombinant GST and
GST-KPNA2 prepared from soluble fractions of E. coli lysates were
incubated with glutathione-Sepharose 4B beads (GE Healthcare) at
4 °C overnight. GST and GST-KPNA2 proteins (10 ng) immobilized on
glutathione-Sepharose beads were incubated with 1000 ul soluble
fraction of His-tagged E2F1, including wild-type and NLS mutant
proteins, respectively. After washing three times with ice-cold PBS,
bound proteins were boiled for 10 min with SDS sample buffer and
subjected to 10% SDS-PAGE, followed by Western blotting assay.

Co-immunoprecipitation Assay—CL1-5 cells were extracted in
Nonidet P-40 (Nonidet P-40) lysis buffer (1% Nonidet P-40, 20 mm
Tris-HCI pH 7.5, 150 mm NaCl, 1 mm NagVO,, 5 mm EDTA pH 8.0,
10% glycerol, 10 pug/ml leupeptin, 10 ug/ml aprotinin, 1 mm phenyl-
methylsulfonyl fluoride) and fractionated by centrifugation (10,000 X
g, 15 min at 4 °C) to obtain cell lysates. For co-immunoprecipitation of
endogenous KPNA2 with p53, c-Myc or E2F1, cell lysates (2 mg
protein) from CL1-5 cells were incubated with 3 ug of anti-KPNA2
antibody (B-9, Santa Cruz Biotechnologies) or control IgG together
with 50 ul of a 50% (w/v) slurry of protein G beads. All the incubations
were rotated overnight at 4 °C, and then washed two times with Tris
buffer A (20 mm Tris-HCI ph 7.5, 250 mm NaCl, 0.5 mm DTT) and four
times with Tris buffer B (20 mm Tris-HCI ph 7.5, 0.5 mm DTT). The
resulting protein complexes were eluted with SDS sample buffer,
transferred to polyvinylidene difluoride membranes and analyzed by
Western blotting using primary antibodies raised against the following
proteins: p53 (DO1, Santa Cruz Biotechnologies, Santa Cruz, CA),
E2F1(KH95, Santa Cruz Biotechnologies), c-Myc (9E10, Clontech
Laboratories, Inc., Palo Alto, CA) and KPNA2 (Proteintech Group Inc.).
Subsequently, membranes were incubated with the appropriate sec-
ondary antibodies and the signals were visualized by enhanced
chemiluminescence according to the specifications from the supplier
(Millipore).

RESULTS

Identification and Quantification of Differentially Expressed
Proteins in KPNA2 Knockdown Cells with the SILAC Pro-
teomic Approach—To investigate the molecular mechanisms
of KPNA2-mediated regulation in lung cancer cells, we ap-
plied the SILAC-based quantitative proteomic method com-
bined with subcellular fractionation to systematically analyze
KPNA2 siRNA-induced differential expression protein profiles
in the CL1-5 adenocarcinoma cell line. A schematic diagram
of the experimental workflow is shown in Fig. 1A. Briefly,
CL1-5 cells were cultured in light or heavy labeling media,
followed by transfection with control siRNA and KPNA2
siRNA, respectively. Equal numbers of siRNA-transfected
cells were mixed and analyzed using 2D LC-MS/MS to allow
quantitative analysis of the whole proteome. Simultaneously,
quantitative analysis of the nuclear proteome was performed
using protein fractionation, followed by 2D LC-MS/MS anal-
ysis. Western blotting analysis revealed the efficiency of
KPNA2 knockdown and nuclear fractionation (Fig. 1B) in lung
cancer cells with SILAC labeling. Following the experimental

workflow, a total of 5770 and 4385 nonredundant proteins in
the whole and nuclear proteomes were identified, respec-
tively. Among these proteins, 2975 and 2353 proteins with at
least two ratio counts generated from unique and razor pep-
tides in the whole and nuclear proteomes were quantified,
respectively. The ratio distributions of quantified proteins are
presented in Fig. 1C. Details of the quantified proteins and
peptides are shown in supplemental Table S3 and Table S4.
The annotated spectra represented quantified proteins with
single peptide identifications, including 136 proteins identified
in whole proteome and 137 proteins identified in nuclear
proteome were shown in supplemental Fig. S1. Using 2-fold
change as the criterion for selection of KPNA2-regulated pro-
teins from the whole proteome, we identified 62 up-regulated
and 47 down-regulated proteins in KPNA2 siRNA-transfected
cells, compared with control cells (supplemental Table S5). To
confirm that quantitative information obtained from MS-based
proteomic analysis reflects the protein expression levels in
vivo, we assessed the expression levels of 3 (CLNS1A, PLAU
and SEPTO9) of the 109 differentially expressed proteins using
Western blotting. The consistency between Western blotting
and MS-based quantitative results, depicted in Fig. 2A, sup-
ports the theory that the SILAC strategy represents a reliable
and feasible method to analyze KPNA2 siRNA-induced differ-
entially expressed protein profiles. In addition, we verified 14
differentially expressed proteins (including 10 up-regulated
and 4 down-regulated) using gPCR analysis, with a view to
determining the mRNA levels in KPNA2 knockdown cells. As
shown in Fig. 2B, KPNA4, PLAU, and SEPT9 mRNA levels
were decreased (KPNA2 siRNA/control siRNA ratio: 0.43,
0.17, and 0.64) and those of CBS, CLNS1A, GALNT7,
HMGCS1, PKP3, RBL1, and TLE3 were increased (KPNA2
siRNA/control siRNA ratio: 1.20, 2.01, 1.76, 2.49, 1.78, 5.87,
and 1.24) in KPNA2 knockdown cells, compared with control
cells, in which mRNA fold changes were positively correlated
to the SILAC quantitative ratio. However, the mRNA levels of
ALDH1A3, DDX11, FLG, and PELP1 were similar (KPNA2
siRNA/control siRNA ratio: 1.02, 1.00, 1.00, and 1.07) be-
tween the two cell populations. These results collectively
suggest that qPCR analysis is an effective alternative strategy
to narrow down the range of differentially expressed candi-
dates obtained from MS-based quantitative analysis in a high-
throughput manner in cases where the antibody is not
available.

Network Analysis of KPNA2-regulated Signaling Based on
Quantitative Whole Proteome Analysis—To clarify the poten-
tial pathways or processes involving KPNA2, the 109 proteins
displaying a twofold change in whole proteome analysis (sup-
plemental Table S5) were further examined using the Meta-
Core bioinformatics tool. This analysis revealed that the dif-
ferentially expressed proteins are highly correlated with organ
development, anatomical structure morphogenesis, cellular
component movement, cell proliferation, migration and loco-
motion (Table I). The process listed in the second significant
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Fic. 1. Strategy used to analyze KPNA2 siRNA-induced differentially expressed protein profiles in lung cancer cells. A, Schematic
diagrams show the workflow designed for profiling KPNA2-regulated proteins via proteomic-based analysis. The processes include SILAC
labeling, siRNA treatments, subcellular fractionation, 2D LC-MS/MS analysis, protein identification and quantification with MaxQuant software.
B, CL1-5 cells were cultured in SILAC-labeling media and transfected with control and KPNA2 siRNA, respectively. After transfection for 48 h,
equal numbers of heavy- and light-labeled cells were mixed and subjected to nuclear fractionation, as described in Materials and Methods.
Total cell lysates (20 ng per lane) and nuclear fractions (N, 10 ng per lane) from siRNA-transfected cells were analyzed by Western blotting to
examine the efficiency of gene knockdown. GAPDH was used as a cytosolic control and lamin B1 as a nuclear control. C, The log, ratio
distributions of quantified proteins were fitted with a Gaussian function using Origin 6.0 software (OriginLab Corp., Northampton, MA). Mean
(xc) and two standard deviation (w) values were calculated using the formula: y = y, + (A/[rad]7W?/2)e[/rad](-2((x — xc)/w)?).

network was most consistent with our previous finding that
knockdown of KPNA2 reduces proliferation and migration in
lung cancer cells (23). Notably, 13 proteins in the second
significant network (CSTA, CDC45L, FN1, FOSL1, JUP,
PKP3, PLAU, RBL1, SEPT9, SFN, S100A7, and UHRF1) are

reported to be dysregulated, whereas the other 13 proteins
(ALDH1A3, ARPP19, CBS, CLNS1A, DDX11, FLG, GALNT7,
HMGCS1, KPNA4, PELP1, PNPLA6, RRM2, and TLE3) are
not dysregulated in lung cancer (Table Il) (37-52). Therefore,
the quantitative whole proteome data set may facilitate our
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Fic. 2. Validation of KPNA2-regulated proteins. A, CL1-5 cells were transfected with control and KPNA2 siRNA, respectively. After
transfection for 48 h, cell lysates were prepared (20 ng per lane) and detected using Western blotting. The MS spectra, peptide sequences,
and quantified ratios (arrow indicates the first peak of the spectrum) of SET9, PLAU and CLNSAT1 are presented. B, The relative mRNA levels
of differentially expressed proteins in KPNA2 knockdown cells. Total RNA from control siRNA or KPNA2 siRNA-transfected cells was purified
and reverse-transcribed, and the resultant cDNA subjected to gPCR analysis using gene-specific primers. Fold change of the mRNA level for
each protein in KPNA2 knockdown cells was calculated as a ratio relative to control siRNA-treated cells. Results were expressed as mean

values * S.D. from three independent experiments.

TABLE |
Top three significant biological networks in which 109 differently expressed proteins identified in the whole proteome are involved

No GO processes

Total nodes

Root nodes  Pathway  p-Value  z-Score g-Score

1 Organ development (64.2%), anatomical structure 74
morphogenesis (55.2%), positive regulation of
cell migration (26.9%), positive regulation of
cellular component movement (26.9%), positive
regulation of locomotion (26.9%)

2 Regulation of cell proliferation (45.5%),
anatomical structure morphogenesis (50.0%),
positive regulation of cell migration (24.2%;),
organ development (57.6%), positive regulation
of cellular component movement (24.2%)

3 Anatomical structure morphogenesis (60.0%;
5.206e-26), organ development (67.7%; 6.210e-
25), positive regulation of cell migration (30.8%;
7.832e-25), positive regulation of cellular
component movement (30.8%; 2.865e-24),
positive regulation of locomotion (30.8%;
3.133e-24)

73

72

understanding of the molecular mechanisms of KPNA2 in lung
cancer tumorigenesis and provide a resource for biomarker
discovery in human cancers.

Identification of Potential Cargo Proteins for KPNA2 Based
on the Quantitative Nuclear Proteome—To determine the po-
tential cargo proteins of KPNA2, we focused on those that
displayed variable expression in nuclear fractions (nuclear
proteome). We hypothesized that nuclear transport of cNLS-

19 140 9.32E-36 50.01 225.01

26 79 3.6E-53 69.07 167.82

18 92 1.1E-33 48.05 163.05

bearing cargo proteins of KPNA2 is attenuated or defective in
KPNA2 knockdown cells, leading to reduced expressions of
cargo and its downstream effectors in the nuclear fraction.
Using twofold change as the criterion to select potential cargo
proteins, we identified 28 up-regulated and 87 down-regu-
lated proteins in KPNA2 siRNA-transfected nuclear fractions
(supplemental Table S6). We used MetaCore software to build
biological networks and analyzed the possible biological link-
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TABLE Il
Twenty-six differentially expressed proteins in the second significant network deduced from whole proteome analysis

Protein ratio obtained

Dysregulated in

from whole proteome MRNA ratio obtained Unique lung cancer
Symbol Recommended name (KPNA2 SiRNA/ control Trom qgPCR (KP.NA2 peptide (reference
; siRNA/ control siRNA)  number
siRNA) number)
CBS Cystathionine beta-synthase 4.98 1.20 4 No
CLNS1A Methylosome subunit pICIn 2.49 2.01 7 No
GALNT7 N-acetylgalactosaminyltransferase 7 5.21 1.76 3 No
HMGCS1  Hydroxymethylglutaryl-CoA synthase, 6.02 2.49 15 No
cytoplasmic
KPNA4 Importin subunit alpha-4 0.47 0.43 7 No
PKP3 Plakophilin-3 2.24 1.78 4 Yes (37)
PLAU Urokinase-type plasminogen activator 0.46 0.17 2 Yes (38)
RBL1 Retinoblastoma-like protein 1 12.66 5.87 2 Yes (39)
SEPT9 Septin-9 0.45 0.64 6 Yes (40)
TLE3 Transducin-like enhancer protein 3 2.46 1.24 3 No
ALDH1A3 Aldehyde dehydrogenase family 1 2.08 1.02 2 No
member A3
DDX11 Probable ATP-dependent RNA 0.39 1.00 2 No
helicase
FLG Filaggrin 13.89 1.00 3 No
PELP1 Proline-, glutamic acid- and 2.27 1.07 15 No
leucine-rich protein 1
ARPP19 cAMP-regulated phosphoprotein 19 2.34 ND? 5 No
CDC45L  CDC45-related protein 0.48 ND 1 Yes (41)
CSTA Cystatin-A 11.24 ND 3 Yes (42, 43)
FNA Fibronectin 6.25 ND 4 Yes (44)
FOSL1 Fos-related antigen 1 0.35 ND 2 Yes (45)
JUP Junction plakoglobin 18.52 ND 12 Yes (46)
KIF11 Kinesin-like protein 0.40 ND 11 Yes (47)
PNPLA6 Neuropathy target esterase 2.00 ND 9 No
RRM2 Ribonucleoside-diphosphate 0.47 ND 8 No
reductase subunit M2
S100A7 Protein S100-A7 90.91 ND 2 Yes (48, 49)
SFN 14-3-3 protein sigma 5.29 ND 3 Yes (50, 51)
UHRF1 E3 ubiquitin-protein ligase 0.33 ND 8 Yes (52)

2 ND: mRNA levels of differentially expressed proteins were not determined by qPCR analysis.

TaBLE Il
Biological networks in which 115 differently expressed proteins identified in the nuclear proteome are involved

No GO processes

Total nodes Root nodes Pathway p-Value

z-Score g-Score

1 Response to DNA damage stimulus (46.0%), DNA
metabolic process (46.0%), DNA repair (38.0%)

2 DNA metabolic process (48.0%), DNA replication
(30.0%), cell cycle (46.0%)

3 Regulation of actin polymerization or depolymerization
(11.6%), organelle organization (34.9%), cellular
component movement (23.3%)

4 DNA metabolic process (43.8%), cell cycle (45.8%), cell
cycle phase (33.3%)

5 Response to stress (52.1%), response to organic
substance (41.7%), response to stimulus (68.8%)

ages between these 115 differentially expressed proteins ob-
tained from the nuclear proteome (Table lll). We then set
several criteria to select the dysregulated networks and tar-
geted proteins for further verification. First, the targeted bio-
logical network that was selected from Table Il should be with
less p-value, high z-score and high g-score that indicate the

50 25 5 1.53e-52  70.06 76.31
51 18 1 1.53e-34 49.84 51.09
50 17 0 6.77e-33  49.04 49.04
50 16 2 5.37e-30 44.71 47.21
50 15 0 1.08e-27  41.89 41.89

high possibility and reliability of targeted network. Second,
more identified proteins (root nodes shown in network) in-
volved in less pathways would be better to narrow down one
simple and also important interaction network. For example,
there were 18 identified proteins involved in only one pathway
showing in the second significant network, Table Ill. Third, the
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Fic. 3. Biological network of KPNA2-regulated proteins identified from the nuclear proteome. Quantitative nuclear proteomic analysis
revealed the contribution of several transcription factors to the biological functions of KPNA2. A, The top significant network involving response
to DNA damage stimulation, DNA metabolic processes and DNA repair is controlled by p53 and c-Myc. B, KPNA2 interacted with p53 and
c-Myc in lung cancer cells. CL1-5 cells were lysed and the resulting cell lysates were analyzed by co-immunoprecipitation assays using
anti-KPNA2 antibodies coupled with protein G beads as described under “Experimental Procedures.” After an overnight incubation at 4 °C, the
precipitated protein complexes were analyzed by Western blotting using anti-p53, anti-c-Myc and anti-KPNA2 antibodies as indicated. C, The
second significant network involving DNA metabolic processes, DNA replication and cell cycle is controlled by E2F1. Nodes represent proteins,
lines between the nodes indicate direct protein-protein interactions, and green, red, and gray lines signify positive, negative, and unspecified
effects, respectively. Highlighted lines indicate the canonical pathways. Various proteins on the map are indicated with different symbols,
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biological functions of dysregulated proteins should be over-
lapping with those regulated by KPNA2. Fourth, there are
potential novel cargo proteins of KPNA2 shown in the target
networks. Accordingly, Fig. 3A showed the top significant
network and concluded that the proteins are mainly regulated
by two transcription factors, p53 and c-Myc (Fig. 3A). This
result was supported by previous data showing that both p53
and c-Myc interact with KPNA2 through their cNLS se-
quences (53, 54). We then performed the co-immunoprecipi-
tation assay to examine the interaction between KPNA2 and
these two cargo proteins in lung cancer cells. As shown in Fig.
3B, the endogenous p53 and c-Myc proteins were co-immu-
noprecipitated with KPNA2, respectively. This result suggests
that the quantitative proteomics method combined with Meta-
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Core analysis is reliable and feasible for discovery of cargo
proteins for KPNA2. We then applied this integrated ap-
proaches to search for novel cargo proteins of KPNA2. As
specified earlier, cell viability was decreased in KPNA2 knock-
down cells (23). We further tested the possibility of KPNA2
involvement in the cell cycle via flow cytometry analysis. As
shown in Fig. 4A, we found that KPNA2 production was
efficiently down-regulated by pooled and also every single
siRNAs (siRNA-1, 2, 3 and 4) transfected CL1-5 cells. The flow
cytometry analysis revealed that cell cycle arrested in the
G2/M phase was observed in cells transfected with pooled
siRNA, siRNA-2 or siRNA-3, whereas siRNA-1 and siRNA-4
were less potent (Fig. 4B). Accordingly, we focused on the
second significant network involving DNA metabolic process,

representing functional class. Global nodes highlight the proteins identified in the current study. Red bottoms indicate down-regulated proteins
and blue bottoms indicate up-regulated proteins in KPNA2 knockdown cells. D, The relative mRNA levels of E2F1-regulated proteins in KPNA2
knockdown cells. Total RNA from control siRNA or KPNA2 siRNA-transfected cells was purified and reverse-transcribed, and the resultant
cDNA subjected to gPCR analysis using gene-specific primers. Fold change of the mRNA level for each protein in KPNA2 knockdown cells
was calculated as a ratio relative to control treatment. Results were expressed as mean values + S.D. from three independent experiments.
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DNA replication and the cell cycle (Fig. 3C). In this second
significant network (Fig. 3C), there were three transcription
factors, including STAT5A, androgen receptor and E2F1 in-
teract with multiple proteins directly (nodes represent pro-
teins, lines between the nodes indicate direct protein-protein
interactions, global nodes highlight the proteins identified in
the current study, red bottoms indicate down-regulated pro-
teins and blue bottoms indicate up-regulated proteins in
KPNA2 knockdown cells). Notably, E2F1 is the master mole-
cule with maximal lines between nodes, in which 18 differen-
tially expressed proteins identified in this study are shown to
interact with E2F1, including ATAD2, BARD1, BLM, CDK®,
CLSPN, DBF4, JMJD6, MAT2A, MCM10, MYH10, NBN, PAF,
PMS2, POLA1, POLA2, PRIM2, UGDH, and UHRF1 (Fig. 3C
and Table IV). Among these proteins, seven proteins (ATAD2,
BLM, CDK6, CLSPN, DBF4, NBN, and UHRF1) have been
reported as dysregulated in lung cancer (Table IV) (22, 55-60).
Accordingly, we suggest E2F1 would be the key transcription
factor responsible for biological processes in the second sig-
nificant network. To our knowledge, E2F1 is a potent tran-
scription factor that exerts tumor-promoting effects in multi-
ple cancers, including lung cancer, breast cancer, and thyroid
cancer (61-64). E2F1 elicits the expression of genes involved
in progression through the G2 and M stages (65-67), similar
to the functional characteristics of KPNA2 examined in the
current study (Fig. 4). To validate that E2F1 plays a central role
in this network (Fig. 3C), mRNA levels of 12 differentially ex-
pressed proteins regulated by E2F1 were further examined
successfully using gPCR analysis. As shown in Fig. 3D and
Table IV, CLSPN, DBF4, JMJD6, MCM10, POLA1, POLA2,
PMS2, and UGDH mRNA levels were decreased with aver-
age ratios of 0.52, 0.65, 0.73, 0.80, 0.52, 0.65, 0.75, and
0.57-fold, respectively, upon KPNA2 knockdown compared
with control cells. The gene levels of ATAD2, BARD1,
MYH10, and NBN were slightly altered with average ratios
of 1.03, 1.00, 1.12, and 1.11-fold, respectively upon KPNA2
knockdown. Our results imply that E2F1 is the sole tran-
scription factor response for biological processes in the
second significant network. These results collectively sug-
gest that KPNA2-mediated tumorigenesis occurs through
the regulation of several master transcription factors, such
as p53, c-Myc, and E2F1.

KPNAZ2 Interacts Directly with E2F1—Next, we further con-
firmed whether E2F1 acts as a novel cargo protein for KPNA2.
To examine the specific interactions between KPNA2 and
E2F1 in vivo, we initially established the subcellular distribu-
tions of these two molecules via immunofluorescence analy-
sis. As shown in Fig. 5A, the subcellular localization of over-
expressed KPNA2 in lung cancer cells was enriched in
nucleus that is consistent with the overexpressed patterns of
KPNA2 in several human cancer tissues, such as lung cancer,
breast cancer, ovary cancer, bladder cancer, and esophageal
squamous cell carcinoma (23-28, 30). Because of unavailabil-
ity of an antibody applicable for immunofluorescence staining

of endogenous E2F1 using lung cancer cells, a myc-tagged
E2F1 was constructed and expressed in KPNA2-knockdown
CL1-5 cells in this study. As expected, KPNA2 was colocal-
ized with E2F1 in lung cancer cells. Moreover, the immuno-
precipitation assay demonstrated the association between
endogenous E2F1 and KPNA2 in CL1-5 lung cancer cells as
well as in nasopharyngeal carcinoma cells (NPC-TW02) and
HEK?293 cells (Fig. 5B and data not shown). An in vitro GST
pull-down assay further confirmed the direct interactions be-
tween KPNA2 and wild-type E2F1 (Fig. 5C). To determine the
binding domains between KPNA2 and E2F1, we searched two
potential NLS binding sites, '*?W-R23® and 3'SR-N“%® in
KPNA2 based on domain structure analysis that deposited in
UniProtKB/Swiss-Prot  database (http://www.uniprot.org/
uniprot/P52292). We also used the cNLS Mapper (http://
nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) to
predict 8RPPVKRRLDLE®® (NLS1) and '®'KVQKRRIYDI'"®
(NLS2) as two potential cNLS sites in E2F1. According to this
information, four serial deletion constructs of KPNA2 and two
deletion constructs of E2F1 were generated for in vitro pull-
down assay (Figs. 5C, 5D). As shown in Fig. 5C, we found that
the interaction between E2F1 and deletion mutants
(KPNA2-D2 and KPNAZ2-D3) was dramatically decreased,
suggesting that the NLS binding domain located in '#2W-R>38,
but not 3'°R-N“°® was necessary for KPNA2 binding to E2F1.
Unexpectedly, the production yield and stability of recombi-
nant KPNA2-D4 protein (1-314 a.a.) were too low to be used
for this comparative pull-down assay (supplemental Fig. S2).
On the other hand, we found that deletion of ®°RPP-
VKRRLDLE®® ¢cNLS site (NLS1) but not "®'KVQKRRIYDI'"®
(NLS2) in E2F1 substantially impaired its binding to KPNA2,
suggesting that the NLS1 was essential for E2F1 binding to
KPNA2 (Fig. 5D-a). Next, we further dissected the key resi-
dues of E2F1 required for KPNA2 binding using site-directed
mutagenesis, by which alanine residues were introduced re-
spectively into positions 89-91 (NLS1 mutant construct, M1)
and 164-166 (NLS2 mutant construct, M2) for replacement of
lysine and arginine residues. The in vitro pull-down assay
demonstrated that interactions between KPNA2 and E2F1
with mutated NLS1 are significantly decreased to 42%, com-
pared with those with wild-type E2F1 (Fig. 5D-b). This result
suggests that the NLS1 sequence (residues 89-91) of E2F1
was required for E2F1-KPNA2 interactions, consistent with
the general characteristics of a cargo protein.

Knockdown of KPNA2 Causes Subcellular Redistribution of
E2F1 in Lung Cancer Cells—After establishing that KPNA2
interacts with E2F1, we were interested in determining
whether KPNA2 mediates nuclear translocation of E2F1. To
examine the effect of KPNA2 on subcellular distribution of
E2F1 in lung cancer cells, we applied the siRNA approach to
knock down endogenous KPNA2 expression in lung cancer
cells that co-expressed myc-tagged E2F1 and then examined
the subcellular distribution of E2F1 using an immunofluores-
cence assay. To simultaneously observe the localization of
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E2F1 in control siRNA-transfected cells as well as in KPNA2
siRNA-transfected cells, two groups of cells were suspended
and mixed at a ratio of 1:1 and then seeded onto coverslips
for the immunofluorescence assay. The expression patterns
of KPNA2 and myc-tagged E2F1 were detected with anti-
KPNA2 and anti-myc antibodies, respectively. The cells trans-
fected with control siRNA were distinguished from cell trans-
fected with KPNA2 siRNA by the relative intensity of
fluorescence signals shown in the same micrographs, in
which the lower fluorescence intensity of KPNA2 in given cells
indicated the KPNA2 siRNA-mediated reduction of KPNA2
expression. As shown in Fig. 6, three different representative
distributions of exogenous E2F1 in KPNA2- knockdown cells,
specifically, major distribution in the nucleus (Fig. 6A, e-h),
major distribution in the cytoplasm (Fig. 6A, i-l), and ubiqui-
tous distribution throughout the nucleus and cytoplasm (Fig.
6A, m-p). To detect alterations in the subcellular distribution
of E2F1, image quantification was performed in control and
KPNA2- knockdown cells, (n>50 in each group, Fig. 6B). As
expected, the proportion of cells with major nuclear E2F1
signals was reduced significantly in the KPNA2 knockdown
cell group, compared with control siRNA-transfected cells
(58.8 = 8.3% versus 21.6 = 4.4%), and cells with major
cytoplasmic E2F1 signals were observed in the KPNA2
knockdown, but not the control group (20.2 = 10.9% versus
0%). In general, the proportion of cells showing cytoplasmic
E2F1 signals was increased in KPNA2-knockdown cell group
compared with the control group [78.4% (58.2% +20.2%)
versus 41.2% (41.2%+0%)] (Fig. 6B) We further confirmed
this regulation by subcellular fractionation, followed by West-
ern blotting analysis. Fractionation efficacy was validated by
the detection of GAPDH and Lamin A/C in the cytosolic and
nuclear fractions, respectively (Fig. 6C). The protein level of
E2F1 was normalized to that of the two marker proteins. We
found that E2F1 in the cytoplasmic fraction was increased in
KPNA2 knockdown cells, compared with that in control
siRNA-transfected cells (Fig. 6C), consistent with the subcel-
lular redistribution observed with immunofluorescence stain-
ing experiments (Figs. 6A and 6B). Similar results were ob-
served in Hela cells (supplemental Fig. S3), indicating that the

KPNA2 knockdown-mediated redistribution of E2F1 is not
restricted to lung cancer cells. These results collectively sug-
gest that KPNA2 mediates E2F1 transport from the cytoplasm
to the nucleus in vivo.

DISCUSSION

KPNA2, a potential tumor marker, has been shown to play
important roles in cellular proliferation, differentiation, cell-
matrix adhesion, colony formation and migration, using over-
expression or knockdown approaches (23, 28-31). However,
the detailed molecular mechanisms of KPNA2 action in can-
cers remain to be clarified. Recently, Noetzel et al. confirmed
that KPNA2 acts as a novel oncogenic factor in human breast
cancer via detailed phenotypic characterization with overex-
pression or knockdown experiments in benign and malignant
human breast cells. The group showed that up-regulation of
RAC1, PCNA, p65, and OCT4 mRNA is associated with
KPNA2 overexpression and proposed that these putative
downstream effectors of KPNA2 contribute to the malig-
nancy of breast cancer (30). In the current study, we em-
ployed the SILAC approach to systematically analyze global
protein changes upon KPNA2 knockdown in lung cancer
cells. Using this approach, proteins extracted from different
cell populations (negative control siRNA and KPNA2 siRNA-
transfected cells) can be processed in a single experiment
after equal mixing of cell numbers or protein mass, thus
minimizing experimental variations, contaminations, and
artifacts that originate from separating sample processing
(82, 68, 69). The SILAC-based strategy is particularly useful
for subcellular proteome analysis because of its consis-
tency through the course of subcellular fractionation on
parallel cell populations. We obtained comprehensive data
sets of potential proteins regulated by KPNA2, which may
be useful to address the molecular mechanisms underlying
the phenotypic alterations in KPNA2-overexpressing and
knockdown cancer cells.

Several cargo proteins of KPNA2 have been identified to
date, including NBN, OCT4, NFKB1, Myc, p53, LEF-1, CHK2,
BRCA1, S100A2, S100A6, RECQL, RAC1, and p65 (21, 29,
583, 70-80). Among these proteins, six were detected in the

Fic. 5. KPNA2 interacts with E2F1, both in vitro and in vivo. A, E2F1 was co-localized with KPNA2. CL1-5 cells were cotransfected with
KPNA2 and E2F1 plasmids. After transfection for 48 h, cells were prepared for immunofluorescence staining using anti-KPNA2 and anti-myc
antibodies to detect the exogenous expression of KPNA2 and E2F1, respectively. B, E2F1 was co-immunoprecipitated with KPNA2. CL1-5
cells were lysed and the resulting cell lysates were analyzed by co-immunoprecipitation assays using anti-KPNA2 IgG or control IgG coupled
with protein G agarose beads. Details are provided under “Experimental Procedures.” After an overnight incubation at 4 °C, the precipitated
protein complexes were analyzed by Western blotting using anti-E2F1 and anti-KPNA2 antibodies as indicated. C, In vitro binding assay of
serial truncated KPNA2 and E2F1. His-tagged E2F1 was generated from E. coli, and the soluble fractions of cell lysates incubated with 10 ug
GST and four serial truncated genes of GST-KPNA2 (KPNA2 WT and KPNA2 D1~D3)-immobilized glutathione-Sepharose beads, respectively.
Bound proteins were detected by Western blotting, and Coomassie brilliant blue staining indicated equal amounts of GST and GST-KPNA2
proteins used in the pull-down assay. The diagram represents the NLS binding sites of KPNA2 and serial truncated clones. ND, not determined.
D, In vitro binding assay of KPNA2 and mutated E2F1. His-tagged E2F1 D1 and D2 (a), M1 and M2 (b) were generated from E. coli, and the
soluble fractions of cell lysates incubated with 10 ug GST and GST-KPNA2-immobilized glutathione-Sepharose beads, respectively. Bound
proteins were detected by Western blotting, and Coomassie brilliant blue staining indicated equal amounts of GST and GST-KPNA2 proteins
used in the pull-down assay. The diagram represents the predicted NLS sequences of E2F1 and NLS mutation clones.
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Fic. 6. Knockdown of KPNA2 causes subcellular redistribution of E2F1 in lung cancer cells. A, CL1-5 cells were transfected with control
siRNA and KPNA2 siRNA, respectively, followed by transfection with E2F1/myc plasmid. At 24 h after transfection, cells transfected with
KPNA2 siRNA were mixed 1:1 with control siRNA-transfected cells and re-seeded on coverslips for additional 24 h. At 48 h after transfection,
cells were prepared for immunofluorescence staining using anti-KPNA2 and anti-myc antibodies to detect endogenous expression of KPNA2
and exogenous expression of E2F1, respectively. Asterisks indicate KPNA2 knockdown cells. B, Quantification analysis of subcellular
distribution acquired from immunofluorescence staining. Error bars indicate standard deviation. A p value of less than 0.05 indicates statistical
significance using the unpaired Student’s t test. C, CL1-5 cells transfected with control siRNA or KPNA2 siRNA, followed by transfection with
E2F1/myc plasmid. At 48 h after transfection, cells were lysed and fractionated as nuclear and cytoplasmic fractions, followed by Western

blotting. GAPDH was used as the cytosolic control and lamin A/C as the nuclear control.

nuclear proteome (NBN, BRCA1, S100A6, TP53 (p53),
RECQL, and RAC1) with protein ratios (KPNA2 siRNA/control
siRNA) of 0.47, 0.38, 0.98, 0.79, 0.79, and 1.02, respectively
(supplemental Table S3). However, E2F1 and c-Myc were not
successfully identified or quantified in this study, probably
because of their low abundance in CL1-5 lung cancer cells. As
shown in supplemental Fig. S4, the Western blotting analyses
of several cell lines, including HEK293, HeLa, MCF-7, MDA-
MB-231, CL1-0, and CL1-5, demonstrated that the endoge-
nous protein level of E2F1 in CL1-5 cells was much lower than
that in HEK293, Hela cells, and MCF-7 cells. Technically, the
SILAC-based LC-MS/MS quantitative proteomic method fa-
cilitates high-throughput and accurate quantification, but is

limited by dynamic range of detection, i.e. the ionic signals
derived from high-abundance proteins mask those from low-
abundance proteins, such as transcription factors. This may
account for the under detection and quantification of E2F1
and c-Myc in our study. Notably, however, 25 differently
expressed proteins in the top significant network of the nu-
clear proteome are regulated by p53 and c-Myc, and 18
differentially expressed proteins in the second significant net-
work interact with E2F1 (Figs. 3A and 3C). These proteins are
majorly involved in DNA replication, DNA metabolic process,
response to DNA damage stimulus and the cell cycle. Fur-
thermore, gPCR analysis disclosed a decrease in the mRNA
levels of eight proteins regulated by E2F1 upon KPNA2
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Fic. 7. Hypothetical schematic of the roles of KPNA2 and E2F1
in NSCLC. Nuclear transportation of E2F1 was mediated by KPNA2
through the classical nuclear import pathway. The biological functions
of downstream effectors of E2F1 were maintained in cells with normal
expression of KPNA2 and E2F1. In NSCLC cells, aberrantly overex-
pressed KPNA2 or E2F1 triggered dysregulation of downstream ef-
fectors of E2F1 and contributed to oncogenesis.

knockdown (Fig. 3D and Table 1V), supporting our hypoth-
esis that elimination of KPNA2 leads to suppression of
cargo protein transport from the cytoplasm to nucleus and
down-regulation of the levels of downstream effectors of
these cargo proteins. In conclusion, subcellular quantitative
proteome analysis combined with bioinformatics tools ef-
fectively facilitated our search for master transcription fac-
tors in the interaction network and provided a basis for
identifying cargo proteins of KPNA2, such as p53 and c-
Myc, and E2F1.

E2F1 belongs to the E2F family of DNA-binding proteins
(E2F1 to E2F6), which are central regulators of cell cycle
progression, proliferation, differentiation, migration, and sur-
vival (81-85). Previous studies indicate that many E2F1 reg-
ulatory molecules are involved in lung cancer tumorigene-
sis, such as VEGF, HMGA2, UHRF1, TS, and SKP2 (52, 60,
86-89). To determine the clinical relevance of potential
effectors of E2F1 (CLSPN, DBF4, JMJD6, MCM10, POLAT1,
POLA2, PMS2, and UGDH) identified in the current study
(Fig. 3C), we used the Human Protein Atlas version 7.0
database, a public repository of human antibodies, and
obtained immunohistochemistry images of their expression
patterns in lung cancer and normal tissues. We observed
that five proteins (JMJD6, POLA1, POLA2, PMS2, and
UGDH) are dysregulated in 49~89% lung cancer tissues
with moderate to strong intensity, supporting our hypothe-
sis that KPNA2-associated E2F1 downstream signaling
contributes to lung cancer tumorigenesis (Fig. 7).

To our knowledge, herein we demonstrated for the first time
the regulatory effect of KPNA2 on cell cycle. We found that
knockdown of KPNA2 led to a significant arrest of cell cycle at
the G2/M phase in CL1-5 and MDA-MB-231, whereas this
effect was not apparent in CL1-0 and MCF-7 cells (supple-
mental Fig. S5). This result was consistent with the previous

findings that knockdown of KPNA2 significantly reduced the
cell viability in CL1-5 and breast cancer cells but not in CL1-0
cells (23, 30). The underlying mechanism behind these phe-
notypic alterations is currently unclear and remains to be
deciphered. Given the prominent role of KPNA2 in multiple
cellular processes that might be associated with cancer pro-
gression, future investigations would aim for comparatively
analyzing the differential protein complexes of KPNA2 be-
tween CL1-5 and CL1-0 cells to reveal the significance of
KPNA2-mediated nucleocytoplasmic shuttling of cargos in
lung cancer development.

In conclusion, this is the first study to demonstrate that
depletion of KPNA2 leads to global changes in the expression
patterns of cellular proteins involved in the cell cycle, prolif-
eration and migration, using SILAC quantitative proteomics
analysis. We have additionally identified a potential novel
cargo protein, E2F1, for KPNA2. Both KPNA2 and E2F1 are
overexpressed in multiple human cancers, and our findings
provide a new avenue for exploring the roles of these proteins
in tumorigenesis.
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