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Lentiviral Vector-Mediated shRNA against
AIMP2-DX2 Suppresses Lung Cancer Cell
Growth through Blocking Glucose Uptake

Seung-Hee Chang"®, Youn-Sun Chung"®, Soon-Kyung Hwang?, Jung-Taek Kwon'"?, Arash Minai-Tehrani',

Sunghoon Kim*, Seung Bum Park®, Yeon-Soo Kim®, and Myung-Haing Cho

Aminoacyl-tRNA synthetases [ARS]-interacting multifunc-
tional protein 2 (AIMP2) has been implicated in the control
of cell fate and lung cell differentiation. A variant of AIMP2
lacking exon 2 (AIMP2-DX2) is expressed in different can-
cer cells. We previously studied the expression level of
AIMP2-DX2 in several lung cell lines and reported elevated

expression levels of AIMP2-DX2 in NCI-H460 and NCI-H520.

Here, we report that the suppression of AIMP2-DX2 by
lentivirus mediated short hairpin (sh)RNA (sh-DX2) de-
creased the rate of glucose uptake and glucose transport-
ers (Gluts) in NCI-H460 cells. Down-regulation of AIMP2-
DX2 reduced glycosyltransferase (GnT)-V in the Golgi ap-
paratus, while inducing the GnT-V antagonist GnT-lil.
Down-regulation of AIMP2-DX2 also suppressed the epi-
dermal growth factor receptor/mitogen activated protein
kinase (EGFR/MAPK) signaling pathway, leading to the
decrease of the proliferation marker Ki-67 expression in
nuclei. Furthermore, dual luciferase activity reduced cap-
dependent protein translation in cells infected with sh-DX2.
These results suggest that AIMP2-DX2 may be a relevant
therapeutic target for lung cancer, and that the sh-DX2
lentiviral system can be an appropriate method for lung
cancer therapy.

INTRODUCTION

AminoacyltRNA synthetases (ARSs) are essential enzymes
that join amino acids to transfer RNAs, linking the genetic code
to specific amino acids. ARSs participate in a wide variety of
functions, including transcription, translation, splicing, inflamma-
tion, angiogenesis and apoptosis. Three nonenzymatic proteins,
ARS-interacting multifunctional proteins (AIMPs), associate
with ARSs in a multi-synthetase complex of higher eukaryotes

1,7,8,%

(Park et al., 2005). AIMP2 (previously known as both p38 and
JTV-1) is associated with a multi-ARS complex and interacts
with AIMP1 via its coiled-coil leucine zipper motif. It is regulated
for lung cell differentiation (Kim et al., 2003) and is also impli-
cated in the control of neural cell death (Ko et al., 2005). Upon
transforming growth factor-beta (TGF-B) treatment, AIMP2 is
translocated to the nucleus and binds to the far upstream ele-
ment (FUSE)-binding protein (FBP) (Kim et al., 2003), which is
a transcriptional activator of c-myc gene (Duncan et al., 1994).
AIMP2 binding stimulates ubiquitination and proteasomal-
dependent degradation of FBP. These events lead to down-
regulation of c-myc, which is required for differentiation of func-
tional alveolar type Il cells (Kim et al., 2003). AIMP2-DX2 is
named for the variant of AIMP2 that has a deletion in exon 2,
and which is specifically expressed in a variety of cancer cells
including lung cancer, breast cancer, liver cancer, stomach
cancer and bone cancer (Kim, 2004; 2005). Therefore, the use
of specific short hairpin (sh)RNA to suppress the expression of
AIMP2-DX2 may be a rational therapeutic strategy for treat-
ment of cancer.

Gilucose is the most important energy source for cell growth.
Fast-growing cancer cells require more glucose than normal
cells do. Glucose passage across cell membranes is mediated
by a family of transporters termed glucose transporter (Glut).
Glucose uptake in non-small cell lung cancer (NSCLC) is re-
lated to Glut-1, which is a significant indicator of poor prognosis
in NSCLC (Younes et al., 1997). Protein glycosylation has an
important role in many cellular processes, including cell growth,
cell-cell interactions, cancer metastasis, differentiation and
development. Using a systems-level approach to investigate
the concentration between glycosylation and cellular function,
Lau et al. (2007) demonstrated a fine-tuning mechanism for
switching from growth to arrest in cells based on the flux of
UDP-GIcNAc through the Golgi and the extent of N-glycan
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branching of growth factor receptors.

Here, we report that the down-regulation of AIMP2-DX2 ex-
pression by lentiviral-based shRNA can suppress glucose up-
take and decrease cancer cell growth through the alteration of
the epidermal growth factor receptor/mitogen activated protein
kinase (EGFR/MAPK) signaling pathway. These results sug-
gest that AIMP2-DX2 may be a relevant therapeutic target for
lung cancer, and that lentiviral vector-based shRNA method
targeting of AIMP2-DX2 can be an appropriate method for
treatment of lung cancer.

MATERIALS AND METHODS

Reagents, plasmid and antibodies

Penicillin-streptomycin was purchased from GibcoBRL (USA).
Freund’s complete adjuvant, Freund’s incomplete adjuvant,
anti-mouse IgG-fluorescein isothiocynate (FITC), anti-rabbit IgG
FITC conjugate, anti-Goat IgG FITC conjugate, 4/, 6-diamidino-
2-phenylindole (DAPI), 6-diazo-5-oxo-L-norleucine (DON) and
cytochalasin B were purchased from Sigma-Aldrich (USA).
Anti-Glut-1, anti-Glut-2, anti-Glut-3, anti-Glut-4, anti-GnT-lll, anti-
GnT-V, anti-phospho-EGFR (Tyr1173), anti-K-ras, anti-ERK1/2,
anti-Mnk1, anti-elF4E and anti-Ki-67 antibodies were obtained
from Santa Cruz Biotechnology (USA). Anti-O-linked N-acetyl-
glucosamine was purchased from Affinity BioReagents (USA).
Anti-EGFR was purchased from Cell Signaling Technology
(USA). Anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was purchased from AbFrontier (Korea). Monoclonal AIMP2-
DX2 antibbody was prepared as described previously (Kim,
2004; 2005). The bicistronic construct, pcDNA-fLUC-pollRES-
rLUC, was a kind gift from Dr. Gram (Novartis Pharma AG,
Switzerland).

Production of lentivirus for siRNA targeting of AIMP2-DX2
Five small interfering (si)RNA sequences targeting human
AIMP2-DX2 mRNA were designed. The best sequences for
down-regulating AIMP2-DX2 expression were si-AIMP2-DX2
#4 (5'-GCUGGCCACGUGCAGGAUUAC-3) and si-AIMP2-
DX2 #5 (5-CACGUGCAGGAUUACGGGGC-3') (Kim, 2004;
2005). Scrambled sequence (5'-AAUCGCAUAGCGUAUGC
CGUU-3') was used as a control. shRNA was generated based
on above siRNA sequences and cloned into pENTR/U6™ entry
vector (Invitrogen, USA). The cassettes containing U6 promoter
and shRNA-target sequences were transferred to a lentivirus
vector (pLenti6/BLOCK-iT™-DEST vector) following the manu-
facturer's instructions (BLOCK-iT™ Lentiviral RNAi Expression
System; Invitrogen). Recombinant lentiviral vectors were pack-
aged using ViraPower™ Lentiviral Packaging Mix (Invitrogen)
and the virus titer was determined using HIV 1 p24 ELISA KIT
(PerkinEImer Life Sciences, USA). Lentiviral vector-medited
shRNA targeting AIMP2-DX2 #4 and AIMP2-DX2 #5 were
referred to sh-DX2 #4 and sh-DX2, respectively. Lentiviral de-
livery of shRNA of non-specific targeting (scramble) was re-
ferred to sh-scr.

Cell culture and lentivirus infection

WI-38 (normal control), A549, NCI-H226, -H322, -H460, and
-H520 NSCLC cells were cultured in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS), 100 units/ml penicilin G
sodium and 100 pg/ml streptomycin sulfate in a humidified incu-
bator in an atmosphere of 5% CO, at 37°C. NCI-H460 (Ameri-
can Type Culture Collection number HTB-177) cells were
seeded in a T25 or T75 flask 24 h before lentivirus infection,
then infected with lentivirus containing shRNA targeting AIMP2-
DX2 and scramble (p24, 10 ng/ml) for 24 h. The medium was

were removed and replaced with fresh medium. After additional
incubation for 48 h, cells were harvested for future experiments.

RT-PCR

Total RNA was isolated using TRIzol Reagent (Invitrogen), and
subjected to RT-PCR ONE-STEP RT-PCR PreMix Kit (iNtRON
Biotechnology, Korea) following the manufacturer's protocol.
Two micrograms RNA were amplified with specific primers at
the following cycling conditions: RT step - reverse transcription
reaction at 45°C for 30 min, denaturation of RNA: cDNA hybrid
at 94°C for 5 min; PCR step - denaturing at 94°C for 60 s, an-
nealing at 53°C for 60 s, and extension at 72°C for 60 s, 35
cycles. GAPDH was amplified as an internal standard. The
sequences of primers used for RT-PCR were: AIMP2-DX2,
forward (5'-ATGCCGATGTACCAGGTAAAGCCCTATC-3) and
reverse (5'-CTTAAGGAGCTTGAGGGCCGTGTTAAAAG-3');
GAPDH, forward (5-GAAGGACTCATGACCACAG-3) and
reverse (5-CTTCACCACCTTCTTGATG-3'). Products were
analyzed by electrophoresis on 1% agarose gels.

Western blot analysis

After measuring the protein concentration of the lysates using a
Bradford Protein Assay Kit (Bio-Rad, USA), equal amounts (25
ng) of protein were separated by 10-15% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to nitrocellulose membranes. After membranes were
blocked in Tris buffered saline-Tween (TBST) containing 5%
skim milk for 1 h at room temperature, immunoblotting was
performed by incubating overnight at 4°C with the correspond-
ing primary antibody in 5% skim milk and then with secondary
antibody conjugated to horseradish peroxidase (HRP) for 1 h.
After washing, the band of interests was visualized using a
model LAS-3000 luminescent image analyzer (Fuijifilm, Japan).

Immunofluorescence assay

Cells were seeded in two-well chamber slides (Nalge Nunc,
USA\) at a density of 1 x 10* per well and infected with lentivirus
containing sh-DX2 and sh-scr for 24 h. After 48 h incubation,
slides were washed with phosphate buffered saline (PBS) and
fixed in 4% paraformaldehyde for 10 min at 37°C. Cells were
washed and fixed again with a 1:1 (v/v) mixture of methanol
and acetone. After being blocked with 3% bovine serum albu-
min (BSA) in TBST for 1 h, cells were incubated in a 1:50 dilu-
tion of primary antibody overnight at 4°C, washed and incu-
bated in a 1:500 dilution of FITC-conjugated secondary anti-
body for 2 h at room temperature. Nuclei were stained with
DAPI for 30 min in the dark. After washing, coverslips were
mounted using Dako Cytomation Faramount Aqueous Mount-
ing Medium (Dako North America, USA), and the slides were
visualized using a fluorescence microscope (Nikon, Japan).

Cy3-labeled glucose uptake

Cells were cultured on glass and infected with lentivirus con-
taining sh-DX2 and sh-scr for 24 h. After an additional 48 h
incubation, 12.5 pM of Cy3-labeled glucose (Park et al., 2007)
was added and the live cells were monitored using confocal
laser scanning microscopy (CLSM) within 15 min.

Luciferase assay

Cells were grown in six-well plates and infected with sh-DX2
and sh-scr. After 24 h incubation, cells were transfected with
bicistronic reporter gene for 24 h. The next day, cells were
washed twice in ice-cold PBS, extracted in passive lysis buffer
(Promega, USA) and assayed for firefly and Renilla luciferase
activities, according to the manufacturer’s instructions. Firefly
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Fig. 1. Human AIMP2-DX2 expressions in lung cell lines. (A)
Expressions of AIMP2-DX2 in lung cell lines were deter-
mined by RT-PCR. The upper bands showAlIMP2 mRNA
expression and the lower bands indicate expression of
AIMP2-DX2 mRNA. (B) AIMP2-DX2 protein expression in
several lung cell lines determined by Western blot analysis.
Twenty-five micrograms of protein lysate from several lung

cell lines were loaded into each well and the proteins re-
GAPDH m solved by 12% SDS-PAGE. Following transfer to a nitrocellu-
lose membrane, Western blot was conducted using anti-

AIMP2-DX2 and goat anti-mouse HRP-conjugated IgG as
the primary and secondary antibody, respectively.

A normal Non Small Cell Lung Cancer
WI38 A549 H226 H322 H460 H520
AIMP2
AIMP2-DX2
B normal Non Small Cell Lung Cancer
WI38 A549 H226 H322 H460 HS520
AIMP2-DX2 e —— — D

GAPDH | DU WDEPYEDsy

luciferase represents cap-dependent while Renilla luciferase
activity represents cap-independent protein translation.

Statistical analysis

Data are expressed as mean + SE. Student’s t-test was used
for comparison between the two groups. Comparison of several
groups was done with one-way ANOVA. All statistical analyses
were performed using GraphPad Software version 4.02 (USA).
*p < 0.05 was considered significant and **p < 0.01 and ***p <
0.001 highly significant compared to corresponding control.
Quantification of Western blot analysis was performed using
Multi Gauge version 2.02 program (Fuijifilm).

RESULTS

Expression of AIMP2-DX2 in human lung cell lines

Human AIMP2 mRNA consists of 963 base pairs. But, in sev-
eral cancer cell lines, it also presents a smaller transcript (756
base pairs). Our RT-PCR data clearly confirmed such a pattern
(Fig. 1A). The smaller transcript is the alternative splicing from
of AIMP2 lacking exon 2 (AIMP2-DX2), which is specifically
expressed in several lung cell lines. The expression levels of
different lung cell lines were detected by RT-PCR and Western
blot analysis. NCI-H460 and -H520 cell lines showed elevated
expression of AIMP2-DX2 compared to other cell lines (Figs.
1A and 1B).

Structure and down-regulation of AIMP2-DX2 mRNA and
protein expression in NCI-H460 cells

Figure 2A depicts the exon structure of AIMP2 and AIMP2-DX2.
The siRNA primers were designed targeting the junction se-
quences between exons 1 and 3 of AIMP2. In the Figure, the
underlined and italicized portions indicate exon 1 and exon 3
sequences of AIMP2, respectively. NCI-H460 cells were in-
fected with lentivirus expressing either of two different shRNAs
against AIMP2-DX2. As a shRNA control, NCI-H460 cells were
infected with lentivirus delivered sh-scr. Both shRNA lenti-
viruses targeting AIMP2-DX2 decreased the mRNA levels as
determined by RT-PCR analysis (Fig. 2B). Western blot data

confirmed the RT-PCR results (Fig. 2C). sh-DX2 infected cells
displayed a significant decrease in protein level of AIMP2-DX2.
With 10 ng/ml of AIMP2-DX2, based on a concentration study
(data not shown), cells were infected for 0, 12, 24 and 48 h.
The level of AIMP2-DX2 was clearly decreased after 12 h (Fig.
2D). Expression of AIMP2-DX2 in the cytosol was further con-
firmed by an immunofluorescence assay. A reduction in fluo-
rescence intensity was evident in sh-DX2 infected cells com-
pared with control and sh-scr infected cells (Fig. 2E).

Down-regulation of AIMP2-DX2 reduce the rate of glucose
uptake in NCI-H460 cells

To examine the uptake of glucose in sh-DX2 infected cells, 12.5
M of Cy3-labeled glucose was used for live cell imaging (Park
et al., 2007). The uptake of Cy3-labeled glucose by NCI-H460
cells reached the maximum after 15 min. No differences in Cy3-
labeled glucose uptake were detected between control cells
and sh-scr infected cells. However, significantly reduced Cy3-
labeled glucose uptake was detected in sh-DX2 infected cells
compared with control or sh-scr infected cells by CLSM (Fig.
3A). Statistically significant correlations were detected between
sh-DX2 infected cells and both control and sh-scr infected cells.
Statistical difference of Cy3-labeled glucose uptake in the cyto-
sol was observed after 6 min (Fig. 3B).

Down-regulation of AIMP2-DX2 decreases the expression
of glucose transporter proteins

The uptake of Cy3-labeled glucose is inhibited by D-glucose but
not by L-glucose, and Cy3-labeled glucose is taken up through
a glucose specific transporter system, not by passive diffusion
in vitro (Park et al., 2007). Glucose uptake in NSCLC is relative
to glucose transporter type | (Glut-1) expression (Younes et al.,
1996). Presently, protein levels of Glut-2, Glut-4 and Glut-1
were decreased by lentiviral sh-DX2 infection. Glut-3 expres-
sion did not show such pattern as detected by Western blot
analysis (Fig. 4A). Immunofluorescence analysis of Glut-1,
Glut-2 and Glut-4 expression in NCI-H460 cells clearly con-
firmed the results of Western blot analysis (Fig. 4B).
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Fig. 2. Down-regulation of AIMP2-DX2 mRNA and protein expres-sion in NCI-H460 cells. (A) Structural schema of AIMP2 and AIMP2-DX2
gene. Underlines and italics ind-icate exon 1 and exon 3 sequence of AIMP2, respectively. (B) RT-PCR and (C) Western blot analysis of
AIMP2-DX2. Cells were infected with lentiviral vector-mediated shRNA targeting sh-DX2 #4, sh-DX2 and sh-scr as a control for 24 h. After an
additional incubation for 48 h, cells were harvested for the aforementioned analyses. (D) AIMP2-DX2 expression in various time points after
infection. (E) Localization of AIMP2-DX2 in NCI-H460 cells were detected by immunofluore-scence assay using fluorescence microscopy.
Infected cells with either sh-DX2 or sh-scr were fixed and incubated with primary antibody, anti-AIMP2-DX2, followed by fluorescent secondary
antibody, goat anti-mouse FITC-conjugated IgG. Top, localization of anti-AIMP2-DX2 (green via FITC); Middle, nucleus (blue ia DAPI staining);
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and Bottom, merged signals. The scale bar represents 20 um.
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Fig. 3. Effect of sh-DX2 on Cy3-labeled
glucose uptake in NCI-H460 cells. (A) Fluo-
rescence images in NCI-H460 cells were
moni-tored by live-cell imaging with CLSM.
Infected cells were treated with 12.5 pM of
Cy3-labled glucose. The scale bar repre-
sents 10 um. (B) Fluorescence intensities
were determined by continuous measure-
ment of regions of interest (ROI) of three
independent cells. Open square, control;
open ftriangle, sh-scr; and open circle, sh-
DX2. *p < 0.05, **p < 0.01, **p < 0.001
significantly increased compared to sh-scr,
and **p < 0.001 significantly increased com-
pared to control.

sh-scr sh-DX2

Fig. 4. Effects of sh-DX2 on glucose transporters (Gluts). The ex-pression of glucose transporter (Glut) proteins in infected cells was detected
by Western blot analysis (A) and an immunofluorescence assay using fluorescence microscopy (B). sh-DX2 and sh-scr infected cells were
fixed, washed and incubated with primary antibodies (anti-Glut-1, anti-Glut-2, and anti-Glut-4) followed by fluorescent secondary antibody, goat
anti-rabbit FITC-conjugated IgG. The scale bar represents 20 um.
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Fig. 5. Overexpression of EGFR protein by high glucose via glycosyltransferase (GnT). (A) Effect of DON on glucose-induced O-GIcNAc. Cells
were pre-treated with DON (10, 20 and 40 pM), GFAT inhibitor for 30 min, then 100 mM of glucose was added for additional 2 h. and then har-
vested for Western blot analysis. (B) Expression of O-GIcNAc protein was detected by Western blot (Upper panel). Densitometric analysis of the
bands corresponding to O-GIcNAc (Lower panel). Cells were infected with lentivirus containing sh-DX2 and sh-scr for 24 h. After additional incuba-
tion for 48 h, cells were treated with 100 mM of glucose for 2 h. (C) The expression of glycosyltransferases (GnTs) in infected cells were detected
by Western blot analysis (Upper panel) and immunofluorescence assay using fluorescence microscope (Lower panel). sh-DX2 and sh-scr infected
cells were fixed, washed, and incubated with primary antibodies, anti-GnT-V, and anti-GnT-lll, followed by fluorescent secondary antibody. The
scale bar represents 10 um. (D) GnT-lIl protein expression in several lung cell lines was determined by Western blot analysis. Twenty-five micro-
grams of protein lysate from several lung cell lines loaded into each well and the proteins were separated by 12% SDS-PAGE. Following transfer
of the proteins to a nitrocellulose membrane, the membrane was incubated with anti-GnT-Ill and rabbit anti-goat HRP-conjugated IgG as the pri-
mary and secondary antibody, respectively. (E) Expression of EGFR protein was detected by Western blot. Cells were infected with lentivirus con-
taining sh-DX2 and sh-scr for 24 h. After additional incubation for 48 h, cells were treated with 100 mM of glucose for 2 h and then harvested for
Western blot analysis. (F) Effect of cytochalasin B on glucose-induced EGFR. Cells were pre-treated with the glucose transport inhibitor cyto-
chalasin B (10 or 100 pM) for 10 min, then 100 mM of glucose was added for an additional 2 h. EGFR and GAPDH were detected by Western blot
analysis. (G) Effect of cytochalasin B on EGFR protein level in sh-DX2 treated cells. Cells were infected with lentivirus containing sh-DX2 for 24 h,
and treated with cytochalasin B (10 or 100 uM) for 48 h. The cells were lysed and 25 g of protein was used for Western blot analysis.

GnT-lll
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Fig. 6. Effects of sh-DX2 on EGFR/MAPK signal and cell prolix-feration. Reduced expression of EGFR/MAPK signal pathway relative proteins
by sh-DX2 infection. (A) Cells were infected with lentivirus containing sh-DX2 and sh-scr for 24 h and sequentially incubated with fresh me-
dium for 48 h. After 48 h incubation, cells were lysed and 25 ug was used for Western blot analysis. (B) Fluorescence imaging of the
EGFR/MAPK relative proteins. Infected cells with lentivirus containing sh-DX2 and sh-scr were fixed and assayed using immunostaining for
EGFR, ERK1/2, Mnk1 and elF4E. The scale bar represents 20 um. (C) For dual luciferase assay, cells were transfected with bicistronic re-
porter construct, pcDNA-fLUC-pollIRES-rLUC, for 24 h following infection with sh-DX2 and sh-scr. The next day, cells were lysed and assayed
for firefly and Renilla luciferase activities. Values are the mean + SE of three independent experiments. *p < 0.05 vs control, **p < 0.01 vs sh-
scr. (D) The expression of Ki-67 in infected cells was detected by Western blot analysis (Upper panel) and immunofluorescence assay using

fluorescence microscope (Lower panel). The scale bar represents 10 um.

High glucose induced EGFR expression via glycosyltrans-
ferase (GnT) in the Golgi apparatus

To investigate whether glucose could induce the hexosamine
pathway, cells were treated with various concentrations of
glutamine fructose-6-phosphate amidotransferase (GFAT) inhi-
bitor (DON) in the presence of glucose and the expression
levels of O-GIcNAc were analyzed by Western blot. The O-
GIcNAc protein levels were decreased in a dose-dependent
manner (Fig. 5A). OPN as a highly phosphorylated and glyco-

sylated protein with five O-glycosylation sites was employed to
detect the changes in O-glycosylation. Increased OPN protein
level was evident in the presence of high glucose. The dose-
dependent decrease of OPN expression was observed in the
presence of different concentrations of DON (Fig. 5B). Because
the protein levels of O-GIcNAc were also detected in infected
cells in the presence and absence of glucose, the results indi-
cated that high glucose (100 mM) markedly increased the pro-
tein levels of O-GIcNAc in control and sh-scr infected cells.
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However, sh-DX2 infected cells did not show the same pattern.
Densitometric analysis clearly confirmed the Western blot re-
sults (Fig. 5C). The effects of sh-DX2 on glycosyltransferases in
the Golgi apparatus were investigated. sh-DX2 infected cells
decreased the protein level of GnT-V whereas an increase in
protein level of GnT-lll was observed by Western blot. The
findings were further supported by immunofluorescence analy-
sis of GnT-V and GnT-lll (Fig. 5D). Furthermore, we deter-
mined the expression levels of GnT-lIl in different lung cell lines
by Western blot. Normal cell line (WI-38) showed high expres-
sion level of GnT-lll, whereas low expression levels in lung
cancer cell lines were observed. Among the lung cancer cell
lines, NCI-H226 and NCI-H520 showed higher expression
compared to other examined lung cancer cell lines (Fig. 5E).
High glucose induced an increase in EGFR protein expression
of control cells and sh-scr infected cells, whereas sh-DX2 in-
fected cells did not show such pattern of change. These results
suggest that up-regulation of EGFR in high glucose conditions
takes place through an AIMP2-DX2-dependent mechanism
(Fig. 5F). To study the effect of high glucose on EGFR, the
glucose transport inhibitor, cytochalasin B, was used. Pre-
treatment with the inhibitor suppressed glucose-induced EGFR
expression (Fig. 5G). In sh-DX2 infected cells, cytochalasin B
affected the EGFR protein expression in a dose-dependent
manner (Fig. 5H).

and this decreased signal is trans-
mited to EGFR via glycosyltransfera-
ses, affecting the EGFR/MAPK path-
way. The delivered signal, as a whole,
causes a decrease of elF4E expres-
sion, which may lead to transcription
reduction resulting decreased cell
proliferation. Wang et al. (2009) and
Guo et al. (2007) showed the link
between GnT-V/GnT-lll and EGFR.

~(=0-0-(

Protein
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Down-regulation of AIMP2-DX2 suppresses EGFR/MAPK
signals and cell proliferation

To determine whether EGFR/MAPK signaling molecules were
affected by sh-DX2 infection, Western blot and immunofluores-
cence analysis were carried out in infected cells. Western blot
analysis using specific antibodies to various MAPKs revealed
that the response of NCI-H460 cells to sh-DX2 was selective
and specific because decreases of EGFR, K-ras, ERK1/2,
Mnk1 and elF4E expressions were clearly observed (Fig. 6A).
Immunofluorescence analysis of EGFR, ERK1/2, Mnk1 and
elF4E apparently confirmed such pattern (Fig. 6B). Further-
more, dual luciferase activities were measured to study the
changes in protein translation of infected cells. The relative ratio
of firefly/Renilla (Cap-dependent/Cap-independent) activities
was markedly decreased in sh-DX2 infected cells compared
with control (p = 0.034) and sh-scr (p = 0.003) infected cells,
indicating that the infection of cells with sh-DX2 reduced cap-
dependent protein translation (Fig. 6C). In addition, the effect of
sh-DX2 on cell proliferation was investigated. sh-DX2 infected
cells clearly had decreased quantity of Ki-67 (cell proliferation
marker) protein as detected by Western blot. Immunofluores-
cence analysis distinctively re-confirmed that sh-DX2 de-
creased the expression level of Ki-67 (Fig. 6D).
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DISCUSSION

AIMP2-DX2 counteracts with AIMP2 and overexpresses in
human lung cancer

AIMP2 is a novel tumor suppressor, which has a unique role in
TGF-B signaling via interaction with Smad 2/3 Kim (2004, 2005).
The observation that the level of AIMP2 is markedly reduced,
regardless of TGF-B, is evidence that the generation of AIMP2-
DX2 leads to loss of AIMP2 activity. AIMP2-DX2 is closely as-
sociated with tumorigenesis by its mediated induction of the
decrease of AIMP2 level. Suppression of AIMP2-DX2 expres-
sion may thus provide important therapeutic applications. Pres-
ently, down-regulation of AIMP2-DX2 expression using lentiviral
vector-mediated shRNA was demonstrated in lung cancer cells.

Effects of AIMP2-DX2 on glucose uptake and transporters
The high metabolism and increased rates of glucose consump-
tion of cancer cells are associated with changes in the levels
and isoenzyme compositions of glycolytic enzymes (Golshani,
1992) and the overexpression of Gluts (Brown and Wahl, 1993;
Merrall et al., 1993; Yamamoto et al., 1990) compared with the
surrounding normal tissues. Changes in the rate of glucose
uptake and overexpression of glucose transporters are also
associated with adaption to hypoxia partly due to increased
dependency on glycolysis as an energy source (Ismail-Beigi,
1993; Merrall et al., 1993), a condition that may arise in rapidly
growing tumors (Vaupel et al., 1989). These changes in glu-
cose metabolism have been successfully used to diagnose of
stage and monitor tumor response to therapy by (2-[fluorine-
18]-fluoro-2-deoxy-D-glucose (FDG) positron emission tomo-
graphy imaging (Abdel-Dayem et al., 1994). The FDG analogue,
2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-amino]-2-deoxy-D-
glucose (2-NBDG), has been also widely applied in various
studies for tumor imaging and the examination of Glut-related
cell metabolism (Lloyd et al., 1999; Natarajan and Srienc, 2000;
Oh et al., 2002; Yamada et al., 2000; Yoshioka et al., 1996).
However, 2-NBDG is applicable only in a non-physiological
sugar-depleted environment. In this study, we used a novel
fluorescence-labeled glucose analogue, Cy3-linked O-1-glyco-
sylated glucose, which can behave as D-glucose. Cy3-labeled
glucose is tolerant to intense light sources and can be applied
in a bioassay system without glucose starvation (Park et al.,
2007). Our results showed that the down-regulation of AIMP2-
DX2 significantly decreased glucose uptake, which may lead to
reduction of glucose consumption rate in sh-DX2 treated cells.
Glucose uptake in NSCLC is related to Glut-1 expression,
which is a significant indicator of poor prognosis (Minami et al.,
2002; Younes et al., 1997). Glut-1 expression indicates increa-
sed glucose uptake as well as increased energy consumption
(Younes et al., 1996). Kalsi et al. (2008) reported the expres-
sion of Glut-2 and Glut-4 in the human lung adenocarcinoma
epithelial cell line. These proteins are also overexpressed in
various tumor cells (Godoy et al., 2006). Presently, sh-DX2
decreased Glut-1, Glut-2 and Glut-4 expression in lung cancer
cells. These results indicate profound changes in energy me-
tabolism that play an important role in cancer progression.

Effects of AIMP2-DX2 on glycosyltransperase in the Golgi
apparatus and EGFR expression

GnT-V, GIcNAc-B1-6, plays a pivotal role in the processing of
N-linked glycoproteins and influences cancer progression and
metastasis. Gene expression of GnT-V is regulated by a tran-
scriptional factor involved in angiogenesis and invasion of tu-
mor cells (Taniguchi et al., 1999). When the formation of the
product of GnT-V is inhibited by overexpression of GnT-lll, lung

metastasis of melanoma cells is suppressed (Yoshimura et al.,
1995). GnT-lll catalyzes the addition of bisecting GIcNAc (-
1,4-GIcNAc branching) to biantennary sugar chains and pre-
vents the subsequent actions of GnT-V and GnT-IV (Sasai et
al., 2002; Sultan et al., 1997; Wang et al., 1997). GnT-lll is an
antagonist of GnT-V in terms of diminished metastatic potential
and integrin-mediated cell migration (Chakraborty and Pawelek,
2007; Zhao et al., 2006). Presently, it was clear that sh-DX2
decreased GnT-V and increased GnT-lll expression, which
may alter N-linked glycosylation leading to regulation of N-
glycoproteins. Interestingly, we also demonstrated overexpres-
sion of GnT-lll in a normal lung cell line (WI-38) and squamous
cell lines (NCI-H226 and NCI-H520) suggesting low metastatic
activity of squamous carcinoma compared to large-cell carci-
noma and adenocarcinoma.

Effects of AIMP2-DX2 on EGFR/MAPK signaling pathway
High glucose transactivates EGFR, independent of local up-
regulation of EGF protein, potentially amplifying the functional
response (Saad et al., 2005). MAPK has been implicated in
long-term cellular effects such as gene transcription and cell
proliferation and differentiation (Srinivasa et al., 2012; Sugden
and Clerk, 1997). MAPK activation is EGFR-dependent in most
cells. It has also been reported that activated EGFR can stimu-
late the MAPK signaling pathway (Kanno et al., 2003). Our
findings showed the suppressive effect of sh-DX2 on EGFR
expression in the presence of different glucose concentrations.
Inhibition by the known glucose transport inhibitor cytochalasin
B suggests that sh-DX2 may suppress cell proliferation by in-
hibiting EGFR expression. Our results clearly showed that ex-
pression of K-ras, ERK1/2, Mnk1 and elF4E, which are in-
volved in the EGFR/MAPK signaling pathway, were generally
decreased by sh-DX2. Decreased elF4E as an important pro-
tein of the translation initiation complex resulted in a decrease
of cap-dependent protein translation that may play a key role in
cell proliferation and growth. Ki-67 is a marker for cell prolifera-
tion of solid tumors (Steck and el-Naggar, 1994) and is overex-
pressed in clinical stage IA lung adenocarcinomas (Watanabe
et al., 2006). Presently, lentiviral delivery of sh-DX2 decreased
Ki-67 expression, which may inhibit cancer cell proliferation.

In conclusion, our results clearly demonstrate that lentiviral
vector-mediated siRNA down-regulation of AIMP2-DX2 can
inhibit glucose uptake and suppress the EGFR/MAPK signaling
pathway. As a result, decreased protein synthesis by sh-DX2
may regulate cancer cell growth. These results suggest that
AIMP2-DX2 may be a relevant therapeutic target for lung can-
cer, and that the sh-DX2 lentiviral delivery system can be an
appropriate method for lung cancer therapy.
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