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Sensitivity to gefitinib ({Iressa, ZD1839) in non-small cell
lung cancer cell lines correlates with dependence on the
epidermal growth factor (EGF) receptor/extracellular
signal-regulated kinase 1/2 and EGF receptor/Akt

pathway for proliferation
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Abstract

Gefitinib (Iressa, ZD1839), a quinazoline tyrosine kinase
inhibitor that targets the epidermal growth factar
receptor {EGFR), is approved for patients with advanced
non-small cell lung cancer {(NSCLC) in severa! countries
including Japan. However, the mechanism of drug
sensitivity to gefitinib is not fully understood. In this
study, we examined the molecular basis of sensitivity to
gefitinib using nine human lung cancer cell lines derived
from NSCLC. PC9 was the most sensitive to gefitinib of
the nine NSCLC cell lines when assayed either by colony
formation or MTS assays. The various cell lines
expressed different levels of EGFR, HER2, HER3, and
HER4, but there was no correlation between levels of
EGFR and/or HER2 expression and drug sensitivity.
Phosphorylation of EGFR, protein kinase B/AKT {Akt),
and extracellular signal-regulated kinase {(ERK) 1/2 was
inhibited by much lower concentration of gefitinib in
PCZ cells than in the other-eight cell lines under expo-
nential growing conditions. About 80% of cell surface
EGFR in PC-9 was internalized within 10 min, whereas
only about 30-50% of the cell surface EGFR was inter-
nalized in more drug-resistant cell lines in 15-60 min.
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The present study is the first to demonstrate that sensi-
tivity to growth inhibition by gefitinib in NSCLC cell lines
under basal growth condition is associated with depen-
dence on Akt and ERK1/2 activation in response to
EGFR signaling for survival and proliferation and also
that drug sensitivity may be related to the extent of
EGF-induced down-regulation of cell surface EGFR. [Mol
Cancer Ther. 2004;3{4):465-472]

Introduction

Epidermal growth factor receptor (EGFR) is a prototypical
member of the EGFR family that includes HER2/neu
(ErbB2), HER3 (ErbB3), and FIER4 (ErbB4) (1-3). EGFR
responds to a number of growth factors such as EGF/TGFa
and amphiregulin. This family of receptors plays critical
roles in the operation of signaling networks affecting
proliferation, migration, survival, adhesion, and differenti-
ation (3). EGFR and /or HER2 are highly expressed in many
tumors of epithelial origin, including cancers of lung,
breast, head and neck, and bladder (4), and patients whose
tumors express high levels of EGFR and/or HER2 have
a poor prognosis (5). EGFR family members exist as
monomers spanning the plasma membrane, and the
monomeric receptors dimerize and become functionally
active after binding to the appropriate soluble extracellular
ligand. Signal transduction is mediated by a large family of
EGF receptors and their ligands (6). Homo- and/or
heterodimerization of EGFR activates a number of intra-
cellular signal transducing elements such as phospholipase
Cv, phosphatidylinositol-3'-kinase, protein kinase B/AKT
(Akt), a small G-protein (Ras), the Ras GTPase-activating
protein, extracellular signal-regulated kinase (ERK} 1/2,
Src family kinases, and STATs (7). We have reported that
the angiogenesis signal also operates through the EGF-
EGFR pathway (8).

Agents that target tyrosine kinase receptors may
contribute to the treatment of malignancies that have rel-
atively high levels of EGFR expression (9, 10). The tyrosine
kinase inhibitor gefitinib (Iressa, ZD1839) is a synthetic
anilinoquinazoline that targets EGFR (11); it has good
oral bicavailability, and antitumor activity in a broad
range of mouse xenograft models (9) and tumor cell lines
(12). Clinically meaningful antitumor activity was ob-
served in two phase II trials of gefitinib monotherapy in
previously treated patients with advanced nen-small cell
lung cancer, NSCLC (IDEAL 1 and 2), and gefitinib is
now approved in several countries including Japan,
Australia, and the United States for the treatment of
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advanced NSCLC (13, 14). Concerning the basis of the
differential sensitivity of human malignancies to the
antitumor effect of gefitinib, animal experiments with
xenografts of human breast cancer and other epithelial
tumor cell lines have shown that tumors that overexpress
HER?2 are the most sensitive to gefitinib (15, 16). However,
it could be argued that EGFR and/or HER2 levels (17, 18),
or phosphorylation of EGFR, or other EGF/TGFa signal-
ing mechanisms (19) control the sensitivity of cancer cells
to gefitinib. Naruse et al. (20) have reported that a human
leukernic cell line resistant to phorbol ester was 400-fold
more sensitive to gefitinib than its parent, suggesting that
gefitinib is most effective against cancer cells with non-
P-glycoprotein-mediated multidrug resistance. In the pre-
sent study, we investigated the basis of sensitivity to
gefitinib in nine human cancer cell lines derived from
NSCLC and two epidermoid cancers as controls. We tested
whether the expression levels of EGFR family receptors and
Cbl, EGFR phosphorylation, activation of EGFR downstream
effectors such as Akt, or ERK1/2, and EGF-induced down-
regulation were correlated with sensitivity to gefitinib.

Materials and Methods

Materials

Gefitinib was provided by AstraZeneca (Macclesfield,
United Kingdom) (8). Recombinant human EGF was
purchased from PeproTech (London, United Kingdom).
Anti-EGFR antibody and anti-phospho-EGFR antibody
were purchased from Upstate Biotechnology (Lake Placid,
NY). Antibodies to ERK1/2, phospho-ERK1/2, Akt,
and phospho-Akt were from Cell Signaling Technology
(Beverly, MA). " I-protein A was purchased from Amer-
sham Bioscierices Corp. (Piscataway, NJ).

Cell Culture

Cell lines H522, H322, H358 {American Type Culture
Collection, Manassas, VA), QG56 and PC9 (Kyushu Cancer
Center, Fukuoka, Japan), and LK2 (Japanese Collection of
Research Bioresources, Tokyo, Japan) were cultured in
RPMI supplemented with 10% fetal bovine serum (FBS5).
A549 (Japanese Collection of Research Bioresources) was
cultured in MEM supplemented with 10% FBS and NEAA.
EBC-1 (Japanese Collection of Research Bioresources) was
cultured in MEM supplemented with 10% FBS, and human
epidermoid carcinoma KB3-1 cells were cultured in MEM
supplemented with 10% newborn calf serum. LK2 /EGFR-2
and LK2/EGFR-5 cells were established after stable
transfection with PIRE/EGFRShygl expression plasmids
using Lipofectin 2000 Reagent (Invitrogen, Corp., Carlsbad,
CA). They were cultured in RPMI supplemented with 10%
FBS and 350 pg/ml hygromycin. Cells were maintained
under standard cell culture conditions at 37°C and 5% CO,
in a humid environment.

Colony Formation Assay

Cell survival was determined by plating 3-9 x 107 cells
in 35-mm dishes. After 24 h, various concentrations of
gefitinib were added, followed by incubation for 7-10 days
at 37°C. Gefitinib was solubilized in DMSQ and controls
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for all experiments were carried out by adding equivalent
volumes of DMSO. Colonies were counted after Giemsa
staining, as described previously (21). ICsp values and 5Ds
were obtained from the best fit of the data to a sigmoidal
curve using GraphPad software.

Cell Viability Assay

CellTiter-Glo Luminescent Cell Viability Assay Kit
(Promega Corp., Madison, WI) was used to evaluate
cytotoxicity in LK2 and its stable transfectants. One
hundred microliter aliquots of exponentially growing cell
suspension (3-5 X 10° cells) were seeded into 96-well plates,
and 24 h later, various concentrations of gefitinib were
added. After incubation for 72 h at 37°C, 100 ul of CellTiter-
Glo reagent were added and luminescence measured with a
multilabel counter (Wallac, Tokyo, Japan). Each experiment
was performed in three replicate wells for each drug
concentration.

MTS Assay

A CellTiter 968 AQ,0us One Solution Cell Proliferation
Assay Kit (Promega) was used to evaluate cytotoxicity. One
hundred microliter samples of an expenentially growing
cell suspension (58 x 10° cells) were seeded into a 96-well
microtiter plate, and various concentrations of gefitinib
were added. After incubation for 72 h at 37°C, 20 pl of
CellTiter 96" AQ,.0us One Solution were added to each
well and the plates were incubated for a further 4 hat 37°C.
Absorbance was measured at 490 nm with a 96-well plate
reader. Each experiment was performed in three replicate
wells for each drug concentration. The ICsg value is defined
as the concentration needed for a 50% reduction in
absorbance calculated from the survival curves.

Western Blot Analysis

To examine EGF-stimulated phosphorylation of proteins,
confluent tumor cells were cultured in serum-free medium
for 24 h. The cells were pretreated with gefitinib at
concentrations up to 5 pM for 3 h before exposure to
20 ng/ml EGF for 15 min at 37°C. To examine phosphory-
lation under basal conditicns, subconfluent tumor cells
cultured in medium supplemented with 10% FBS were
incubated with various concentrations of gefitinib for 3 h
at 37°C. The cells were then rinsed with ice-cold PBS and
lysed in Triton X-100 buffer. The cell lysates were subjected
to SDS-PAGE and transferred to Immobilon membranes
(Millipore, Bedford, MA). After transfer, the blots were
incubated with blocking solution and probed with various
antibodies followed by washing. Proteins were visualized
with HRP-conjugated secondary antibodies followed by
enhanced chemiluminescence (ECL, Amersham).

EGFR Down-Regulation

Confluent cells in 24-well dishes were incubated with or
without 500 ng/ml of EGF for up to 1 h at 37°C in binding
medium (0.1% bovine serum albumin in RPMI). Then the
cells were washed twice with PBS to remove EGF and
incubated for 1 h at 4°C with a 1:100 dilution of anti-EGFR
monoclonal antibody recognizing the extracellular domain
of human EGFR. After washing, the cells were incubated
with 20,000 cpm/ml of "I-protein A (0.5 ng/ml) for 1 h at
4°C in binding medium. The cells were again washed and
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Figure 1. Dose-response curves of 10 human cancer cell lines, including

8 NSCLC lines and 2 epidermoid cancer lines, to gefitinib, Cell survival was
determined by colony formation assay in the absence or presence of
various doses of gefitinib. Number of colonies after incubation for 7 days
with or without gefitinib were presented when normalized by catony
numbers in the average of duplicate dishes. The ICg, for each cell line was
presented from dose-response curves. Almost all cell lines except one line
named EBC-1 were found to form colonies.

lysed with 1 N NaOH to determine the fraction of ra-
dicactivity (22). The linear regression coefficient of the
dependence of this ratio on time represents the specific
rate constant for down-regulation (K,).

Results

Sensitivity to Gefitinib in NSCLC and Epidermoid
Carcinoma Cell Lines

We first compared the effect of gefitinib on a panel of nine
NSCLC cell lines, and two epidermoid carcinoma cell lines
as controls, by both colony formation and MTS assay. Eight
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of the nine NSCLC cell lines and the two epidermoid cancer
cell lines showed considerable resistance to gefitinib. Dose-
response curves to gefitinib for 10 of the 11 human cancer
cell lines assessed by the colony formation assay are
presented in Fig. 1, and ICs values for the 11 cell lines
are given in Table 1. The seven NSCLC lines, A549, H522,
H322, H358, H157, QG56, and LK2 showed 100- to 200-fold
greater resistance to gefitinib than PC9 cells; the latter had
an ICs of 0.06 pm. The drug sensitivity of all 11 human
cancer cell lines was also examined by MTS assay, and the
ICsp values are also presented in Table 1. By the MTS assay,
the 1Csp of PC? was 4 pM, and A549, H522, H322, H358,
EBC-1, H157, QG56, and LK2 had 5- to 10-fold greater
resistance to gefitinib (Table 1). In the colony formation
assay, one of the epidermoid carcinoma cell lines, KB3-1,
showed 25-fold higher resistance to gefitinib than the other
cell line, A431, which had an ICsy of 0.4 pM (Fig. 1 and
Table 1). When assayed by the MTS assay, the KB3-1 cells
showed only a 2-fold higher resistance to gefitinib than
the A431 cells (Table 1). Although the relative resistance
of the other NSCLC and epidermoid cell lines compared
with PC9 and A431 cells was much less when assayed by
MTS than by colony formation, both assays concurred in
indicating that the PC9 and A431 cells were more sensitive to
gefitinib than the other cell lines examined in this study.

Expression of EGFR and Its Family of Receptor
Proteins, HER2, HER3, and HER4

We examined expression of EGFR, HER2, HER3, and
HERA4 in all the cell lines used in this study by Western blot
analysis. Expression of EGFR and its family members,
HER2, HER3, and HER4, in the NSCLC cell lines varied
considerably (Fig. 2). The level of expression of the
receptors in each of the NSCLC and epidermoid cancer
cell line is given in Fig. 2 relative to expression levels in the
drug-sensitive lings PC9 and A431, respectively. One of the

Table 1. Cell lines employed in this study, sensitivities to gefitinib, and EGF-induced stimulation of EGFR, Akt, and ERK1/2

Cell Lines Origin ICs0 (um)? Fold Stimulation by EGE®
Colony Formation MTS EGFR Akt ERK1/2

PC9 Human NSCLC (Adenocarcinoma) 0.06 (1.0) 4 (1.0) 16 4.0 2.9
AS49 Human NSCLC (Adenocarcinoma) 13 (217) 21 {5.3) 35 11.1 15.6
H522 Human NSCLC (Adenocarcinoma) 13 (217) 20 (5.0) 24 19 45
H322 Human NSCLC (Adenocarcinoma) 6.8 (113) 27 (6.8) 6.6 28 1.7
H358 Human N5CLC {Adenocarcinoma) 20(33) 12 (3.0) 32 21 8.8
EBC-1 Humar NSCLC (Squamous cell carcinoma} ND* ., 21 (5.3) 13 1.1 14
H157 Human NSCLC (Squamous cell carcinoma) 12 (200} 30 (7.5 125 4.1 2.3
QG56 Human NSCLC {Squamous cell carcinoma) 7.8 (130) 42 (10.5) 15 38 12.7
LK2 Human NSCLC (Squamous cell carcinoma) 8.0 (133) 20 (5.0) nd 33 32
Ad31 Human epidermoid carcinoma 0.4 (1.0 10 {1.0) 1.6 18 87
KB3-1 Human epidermoid carcinoma 10 (25) 15 {1.5) 313 42 6.9

*Drug sensitivity of nine human non-small lung cancer cell lines and two epidermoid cancer cell lines to gefitinib was assayed by both coleny formation and MTS. 1Cs value for
each cell line is presented from two independent assays, and relative activity is presented in parentheses when normalized by 1Csp for PC9 cells.
*The fold stimulation by EGF of EGFR, Akt, and ERK 112 is presented for each cell line when normalized by untreated control in the absence of EGF (see Fig. 4),

*ND, not determined because of poor colony-forming ability of the cell fine.
“nd, not detected because of poor phosphorylation.

3
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Figure 2. Protein expression of four EGFR family members, EGFR,

HER2, HER3, and HER4, in nine NSCLC lines and two epidermoid
carcinoma cell lines. Cellular protein levels of four EGFR family proteins
ware determined by Weastern blot analysis using specific antibodies. Each
lane was analyzed with 100 pg protein of cell lysates from each cell line.
Relative expression protein levels for NSCLC and epidermoid cancer cell
line are presented when protein level of each EGFR farnily for PC2 and
Ad431 is presented as 100%.

NSCLC cells, LK2 that expressed almost no detectable
EGFR and HER2, was relatively resistant to gefitinib. On
the other hand, QG56 cells that expressed more EGFR than
PCY cells were much less sensitive than the latter to
gefitinib (Table 1). Expression of the four family members,
EGFR, HER2, HER3, and HER4, varied among the NSCLC
cell lines. Of two epidermoid cancer cell lines, gefitinib-
resistant KB3-1 cells had only 10% of the EGFR level of
A431 cells. In contrast, five of the NSCLC cell lines (H358,
AS549, H522, EBC1, QG56) had more HER2, while four
NSCLC cell lines had lower levels of HER3 than PC9. KB3-1
cells had 10-20% of the EGFR, HER2, HER3, and HER4 of
A431 cells (Fig. 2). Thus, expression of the four EGFR
family members is not correlated with the cytotoxicity of
gefitinib. We next examined if increasing the expression of
EGFR in LK2 cells, which expressed very low levels, if any,
of EGFR (see Fig. 2) would render them sensitive to
gefitinib. Two EGFR transfectants (LK2/EGFR-2 and LK2/
EGFR-3) were isolated by introducing ¢DNA of human
EGFR into the LK2 cells. These EGFR transfectants had
much higher EGFR levels than their parent, or mock
transformed LK2 cells (Fig. 3A). However, their sensitivity
to gefitinib was similar to that of the parent strain when
assayed by the cell viability assay (Fig. 3B).

Effect of Gefitinib on Phosphorylation of EGFR, Akt,
and ERK1/2

EGF/TGFa causes phosphorylation of EGFR by its
tyrosine kinase activity, and leads to activation of a number
of downstream cytoplasmic signaling melecules (6). We
first examined the effect of gefitinib on phosphorylation of
EGFR, Akt, and ERK1/2 in response to EGF (EGF-induced
phosphorylation) in the cell lines used in this study.

Figure 4 shows the inhibitory effect of gefitinib on EGF-
induced autophosphorylation of EGER, and phophoryla-
tion of Akt and ERK1/2 in three of the NSCLC cell lines.
EGF stimulated EGFR autophosphorylation and activation
of Akt and ERK1/2 in PC9 (A), A549 (B), and QGS56 (C)
cells, and activation was blocked to different extents by
gefitinib. Table 2 presents ICsq (M) values for EGF-induced
autophosphorylation of EGFR, and for phosphorylation of
Akt and ERK1/2. ICs, gefitinib doses for EGF-induced
autophosphorylation of EGFR were similar in all the
NSCLC cell lines including PC9 although the drug-resistant
lines EBC-1 and H157 had 2.7- and 0.2-fold higher ICsq (um)
values. EGF-induced Akt phosphorylation in four of the
NSCLC cell lines was 10-fold or more resistant to- gefitinib
than in PC9 cells while the other cell lines showed similar
1Csp values to PC9. ERK1/2 phosphorylation was highly
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Figure 3. Protein expression of EGFR in LK2 and its two EGFR

transfectants (LK2/EGFR2 does not alter sensitivity to gefitinib in LK2
cellst. A, comparison of EGFR, Akt, and ERK1/2 protein expression levels
and phosphorylation of EGFR, Akt, and ERK1/2 with or without EGF in a
subclone of LK2 cells transfected with EGFR or mack vector. Serum-
starved cells were treated with 20 ng/ml EGF for 10 min. Protein extracts
were resolved by 7.5% SDS-PAGE and probed with either antibody.
Immunoreactive proteins wera visualized by enhanced chemilumines-
cence. B, dose-response curves of a subclone of LK2 cells transfected

* with EGFR or mock vector to gefitinib. Sensitivity to gefitinib was

determined by cell viability assay in the absence or presence of varicus
doses of gefitinib, The number of viable cells was calculated at 72 h and
graphed as percentage of untreated cells. Points, average of triplicate
dishes; bars, SD.
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Figure 4. Dose-dependent inhibition of EGF-induced EGFR autophos-
phorylation, Akt and ER1/2 phosphorylation in three human cancer cells.
Serum-starved cancer cells were treated for 3 h with the indicated
concentrations of gefitinib, followed by the addition of EGF (20 ng/ml} for
15 min. Protein axtracts were reselved by 7.5 % SDS-PAGE and probed with
either antibody. Immunoreactive proteing were visualized by enhanced
chemiluminescence. A, PCY cells; B, A549 cells; and C, QGS6 cells.
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resistant to gefitinib in most of the NSCLC cell lines,
while the remaining three were only weakly resistant
(1.1- to 3.1-fold). The two epidermoid carcinoma cell
lines, A431 and KB3-1, showed similar ICsy values for
gefitinib with respect to EGFR, Akt, and ERK1/2
phosphorylation (Table 2}.

Figure 5 presents the effects of gefitinib on phesphory-
lation of EGFR, Akt, and ERK1/2 in three cell lines under
basal growth condition in the presence of 10% serum. EGFR
autophosphorylation and activation of Akt and ERK1/2 in
PC9 (A), A549 (B), and QGS56 (C) cells were inhibited to
different extents. In PC% cells, EGFR autophosphorylation
as well as Akt and ERK1/2 activation were almost
completely blocked by 0.1 pM gefitinib (Fig. 5A). By con-
trast, in the other two cell lines, A549 and QGS56, there
was only slight if any inhibition of the activation of Akt
and ERK1/2 despite the fact that EGER phosphorylation
was completely inhibited at 0.5-5 pm (Fig. 5, B and Q).
Under basal growth condition, all three processes, EGFR
autophosphorylation and activation of Akt and ERK1/2
were the most susceptible to inhibition by gefitinib in
PCY cells. The ICs; for EGFR autophosphorylation was
only 0.07 uM in PC9 while the ICs, values in the other cell
lines were about 4-fold or more higher. XB3-1 cells also
showed a 3-fold higher ICso for EGFR autophosphorylation
than the A431 cells. Gefitinib inhibited Akt activation
under basal growth condition with an ICsy of 0.08 uM in
PC9, whereas the ICs5; values for QG56 and the other
seven cell lines were 4- to 125-fold higher. The dose of
gefitinib to inhibit ERK1/2 activation in PC9 cells under
basal growth condition was almost 200-fold lower than
that required to inhibit the other seven NSCLC cell lines
(Table 2). The ICs value for ERK1/2 activaton in H358
cells was about 3-fold higher than in PC9 cells, while the
ICsy values for both Akt and ERK1/2 phosphorylation in
KB3-1 were much higher than in the drug-sensitive A431
cells (Table 2).

Inhibition by gefitinib of EGF-induced and basal phosphorylation of EGFR, Akt, and ERK1/2 in nine NSCLC and two epidermoid

Cell Lines EGF-Induced {ICsq, um)* Basal Condition (ICsy, puM)

P-EGFR P-Akt P-ERK1/2 P-EGFR P-Akt P-ERK1/2
PCY 0.30 (L.0) 0.05 (1.0) 0.07 (1.0} 0.07 (LY 0.08 (1.0) 0.03 (1.0)
A549 0.22 (0.7) 0.06 (1.2) 022 (3.1} 0.25 (3.6) 5< (63<) 5< {167<)
Hs522 0.30 (1.0) 0.50 (10) 0.40 (5.7) 0.50 (7.1) 5 (63) 5< (167<)
H322 043 (1.4) 0.13 (2.0) 5< (71<) 0.35 (5.0) 5< (63<) 5¢ (167<)
H358 0.40 (1.3) 0.13 (2.0) 0.75 (11) 5 (71) 5< (63<) 0.1(3.3)
EBC-1 0.80 {2.7) 5< {100<) 5< (71<) 5 (71) 10< (125<) 10< (333<)
H157 0.06 (0.2) 0.07 (14) 0.13 (1.9) 0.7 (10) 5 (63) 5¢ (167<)
QG536 0.20 (0.7) 0.90 (18) 2.20 (31) 0.3 (4.3) 0.35 (4.4) 5¢ (167<)
LK2 nd® 0.50 (10) 0.08 {(1.1) nd 10< (125<) 10< (333<)
A431 0.04 (1.0) 0.10 (1.0) 0.04 {1.0) 0.05 (1.0 0.5 (1.0) 0.1 (1.0)
KB3-1 0.04 (1.0) 0.12(1.2) 0.05 {1.3) 0.13 {2.6) 5 (10) 5< (50<)

*ICsq values were obtained from 50% inhibitory doses of gefitinib on phosphorylation of EGFR, Akt, and ERK1/2 under EGF-stimulated or basat (10% serum) culture condition
as presented in Fig. 2. The relative activity for ICgg of each cell line is presented in parentheses when normalized by the [Cso value in PC9 and A431, respectively.

®nd, not detected because of poor phospherylation.
*
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EGF-Induced EGFR Down-Regulation and Expression
of Cbl Protein

Cell surface EGFR is internalized during EGF/TGFe-
driven receptor recycling in exponentially growing cells. We
compared the rates of EGF-induced internalization of EGFR
in the cell lines expressing relatively high amounts of EGFR
(Fig. 6). After exposure to EGF, EGFR was rapidly down-
regulated from the cell surface, and we found that 80% and
60% of the cell surface EGFR was intermalized within 15 min
in PC9 and A431 cells, respectively. In contrast, there was
only 30-50% loss of cell surface EGFR 15-40 min after EGF
stimulation in EBC-1, A549, and QGS56 cells. Sixty percent to
80% of the EGFR molecules thus appeared to be rapidly
internalized from the cell surface in gefitinib-sensitive cells,
whereas much fewer EGFR molecules were internalized in
the resistant cells and internalization was slower.

Cbl is a key protein limiting the initial step of EGFR
endocytosis (6), and the EGFR signaling complex is
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Figure 5. Dose-dependentinhibition by gefitinibof EGFR, Aktand ERK1/2
phospharylation under basal growth canditions in three human cancer cell
lines. Exponentially growing cells in 10% serum medium were pretreated
for 2 h with the indicated concentrations of gefitinib. Protein extracts were
resolved by 7.5% SDS-PAGE and probed with either antibady. EGFR, Akt,
and ERX1/2 activity was determined using each corresponding anti-
phospho antibody. Immunoreactive proteins were visualized by enhanced
chemiluminescence. A, PCO cells; B, A549 cells; and C, QG586 cells.
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Figure 6. Time kinetics for EGF-induced down-regulation of EGFR, All cell
lines (PCY, EBC-1, A549, QG56, A4371) were further incubated with 500 ng/mi
EGF at 37°C for the indicated periods, Then cells were incubated for 1 h at
4°C with & monoclonal antibody against human EGF receptor which
specifically recognizes extracellular domain of EGFR and for another T h with
125_protain A. Relative amount of '25I-protein A bound to the EGFR antibody
is plotted and cell suface EGFR was detemmined by 'Pl-protein A [see
Materials and Methods; Ref. 22}, Points, average of triplicate dishes; bars, SD.

degraded in a coordinate manner with Cbl after interacting
with EGF (23). We examined expression of Cbl protein in
the nine NSCLC cell lines and two epidermoid carcinoma
cell lines (Fig. 7). Almost all the cell lines differed in their
expression of Cbl with EBC-1 and QG356 cells expressing
considerably less Cbl than the other cell lines. The relative
expression levels of Cbl protein in both the NSCLC and
epidermoid cancer cell lines are presented in Fig. 7. Cbl
expression appears not to be correlated with either the rate
of EGF-induced down-regulation (see Fig. 6} or sensitivity
to gefitinib {Table 1).

Discussion

Of the nine NSCLC cell lines, PC9, derived from an
adenocarcinoma, was the most sensitive to the EGFR-
targeting agent, gefitinib, and of the two epidermoid cancer
cell lines, A431 was more sensitive to gefitinib than KB3-1.
The sensitivity of PC9 was similar to that of A431. All these
cell lines except LK2 expressed some, although variable,
levels of EGFR, HER2, HER3, and HER4. EGFR expression
in PCY was similar to that of some of resistant NSCLC cell
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Figure 7. Expression of Cbl and EGFR protein in nine NSCLC cell fines

and two epidermoid carcinoma cell lines. Protein levels of Chl, EGFR, and
p-actin determined by Western blot analysis using 100 gg protein of cell
lysate of each cell line from NSCLC and EC lines are presented when PC3
(NSCLC) and A431 (EC) are respectively normalized as 100%.
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Figure 8. A model of how drug sensitivity to gefitinib is controlled in
NSCLC and EC. From our present study, in gefitinib-sensitive cell lines
{PC2 and A431), only EGFR-driven signaling following activation of both
Akt and ERK1/2 was dominant for survival. On the other hand, in gefitinib-
resistant cells, EGFR is not a survival factor and other factor or receptor-
driven cell survival following activation of downstream signaling effectors
was dominant. Therefore, cells, the survival and apoptosis of which are
totally dependent on EGFR signaling, are highty susceptible to gefitinib.

lines. We also observed no apparent difference in sensitiv-
ity to gefitinib between LK2 and two EGFR derivatives
(LK2/EGFR-2 and LK2/EGFR-5), suggesting that it is
unlikely that the level of EGFR expression is directly
associated with sensitivity to gefitinib. A related study by
Moasser et al. (15) reported that tumors overexpressing
HER2 were highly sensitive to gefitinib. However, our data
show that HER2 expression was much higher in five of
the drug-resistant NSCLC lines than in PC9 (Fig. 2). The
expression of two other EGFR family members, HER3 and
HER4, also varied among the nine NSCLC lines, suggesting
again that it is also unlikely that cellular HER3 and HER4
levels are related to sensitivity to gefitinib. In the two
epidermoid cancer lines, expression of the four EGFR
family members was much higher in the gefitinib-sensitive
A431 cells than in the KB3-1 cells. However, this correlation
is not convincing because we only compared two cell lines.

Stimulation with EGF/TGFa and other ligands activates
Akt, ERK1/2, and other molecules, and such EGFR
signaling controls cell migration, adhesion, apoptosis, cell
cycle progression, growth, and angiogenesis (3). In our
present study, we examined the effect of gefitinib on EGFR
autophosphorylation and the downstream signaling by
ERK1/2 and Akt under both EGF-induced and basal
growth condition (Table 2). When the cells were stimulated
with EGF, exposure to gefitinib blocked EGFR autophos-
phorylation at similar concentrations in all NSCLC cell
lines including PC9. Inhibition of EGF-induced phosphory-
lation of ERK1/2 required higher doses of gefitinib in all
the other NSCLC lines than in PC9 (Table 2). Treatment
with gefitinib also inhibited EGF-induced Akt phosphory-
lation at similar doses in five of eight NSCLC cell lines
including PC9 cells. Therefore, EGF-induced EGEFR auto-
phosphorylation and Akt activation do not appear to be
related to levels of sensitivity to gefitinib.
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Under basal growth conditions in the presence of 10%
serum, inhibition of EGFR autophosphorylation in seven
of the NSCLC cell lines required 4-fold (or higher) levels
of gefitinib than PC9 (Table 2). To our surprise, activa-
tion of both Akt and ERK1/2 in almost all the NSCLC lines
was found to be much less susceptible to the inhibitory
effect of gefitinib under basal growth condition than in the
drug-sensitive PC9 cells (Table 2). The activation of EGFR,
Akt, and ERK1/2 in A431 cells was also highly sensitive to
inhibition in comparison with KB3-1. Taken together, these
findings indicate that under basal growth condition, high
sensitivity to gefitinib in NSCLC and epidermoid cancer
lines is closely correlated with dependence on Akt and
ERK1/2 activation in response to EGFR signaling for
survival and proliferation (see Fig. 8). Consistent with this
notion, Barnes et al. (24) have reported that gefitinib
inhibited EGFR and mitogen-activated protein kinase
(MAPK) activation efficiently in exponentially growing
cutaneous carcinoma cells.

We also observed an apparent difference in EGF-induced
down-regulation of cell surface EGFR between drug-
sensitive PC9 or A431 cells and drug-resistant EBC-1,
A549, QG56, and KB3-1 cells (see Fig. 6). Almost all cell
surface EGFR molecules were rapidly internalized in PC9
or A431 cells when only 30-50% of the cell surface EGFR
molecules were slowly internalized in gefitinib-resistant
cell lines. EGFR molecules in the sensitive cell lines seem to
be highly susceptible to EGF stimulation with the result
that they transduce the signals more effectively than the
drug-resistant cells. We also examined expression of Cbl
protein (Fig. 7). Cbl is a key protein affecting receptor
internalization in general. However, there was no correla-
tion between level of Cbl protein and EGF-induced down-
regulation of EGFR.

In conclusion, one NSCLC cell line, PCY, of the nine
strains examined was especially sensitive to the effect of
gefitinib. This sensitivity appears to follow from the fact
that this cell line is much more dependent than the others
on the EGF receptor/ERK1/2 and Akt pathway for its
survival and proliferation (see Fig. 8). The sensitivity of the
EGFR pathway could be useful for predicting the likely
effectiveness of gefitinib in NSCLC patients. Further
analysis of other signaling processes in addition to EGFR
phosphorylation are called for using clinical specimens.
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The eukaryotic Y-box binding protein-1 {(YB-1) functions in vari-
ous biological processes, including transcriptional and transla-
tional control, DNA repair, drug resistance, and cell proliferation.
To elucidate the physiological role of the YB-1 protein, we dis-
rupted one allele of mouse YB-1 in embryonic stem (ES) cells.
Northern blot analysis revealed that YB-71+/- ES cells with one in-
tact allele contain approximately one-half the amount of mRNA
detected in wild-type (¥B-7++} cells. We further found that the
protein level of YB-7+/- cells was reduced to approximately 50—
60% compared with that of YB-1+/+ cells. However, no apparent
growth difference was found between YB-1+- and YB-7+/* cells.
YB-71+~ cells showed increased sensitivity to cisplatin and mito-
mycin C, but not to etoposide, X-ray or UV irradiation, as com-
pared to YB-1++ cells. YB-1 may have the capacity to exert a
protective role against cytotoxic effects of DNA damaging agents,
and may be involved in certain aspects of drug resistance. (Cancer
Sci 2004; 95: 348-353)

he Y-box protein family, which is widely distributed from

bacteria to mammals, contains a cold-shock domain which
is highly conserved from prokaryotic cold-shock proteins.” The
human Y-box binding protein, YB-1, which is located on chro-
mosome 1p34, was initially identified as a transcription factor
which associates with the Y-box sequence appearing in the ma-
jor histocompatibility complex class II genes.>-#

It has been hypothesized that YB-1 might play a role in pro-
moting cell proliferation through the transcriptional regulation
of vartous relevant genes, including proliferating cell nuclear
antigen, epidermal growth factor receptor, DNA topoisomerase
I, thymidine kinase, and DNA polymerase ¢ In our labo-
ratory, we have shown that YB-1 is involved in transcriptional
activation of the human multidrug resistance 1 gene.”® and
also the DNA topoisomerase Ila gene'® in response to various
environmental stimuli, YB-1 appears to play a critical role in
cell proliferation, DNA replication, and drug resistance. The bi-
ological roles of YB-l include modification of chromatin,
translational masking of mRNA, participation in the redox sig-
naling pathway, RNA chaperoning, and stress response regula-
tion.'V It has also been demonstrated that eukaryotic Y-box
proteins regulate gene expression at the translational level by
recognizing RNA,'>'9 The murine YB-1 protein (MSY1) is
specifically expressed in testis rather than other tissues, and
regulates the translation of germ cell RNA,™ The Y-box bind-
ing proteins thus appear to play critical roles in both mRNA
turnover and translational control.

YB-1 also appears to protect mammalian cells from the cyto-
toxic effects induced by DNA damage. We have previously re-
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ported that human cancer cell lines overexpressing YB-1
showed resistance to cisplatin, while the reduction of YB-1 it-
self leads to increased drug sensitivity to cisplatin, other DNA-
interacting drugs, and UV irradiation.'® We also demonstrated
that YB-1 protein is localized mainly in the cytoplasm, but
translocates to the nucleus when cells are irradiated with UV or
treated with anticancer drugs.'® YB-1 specifically binds to cis-
platin-modified DNA, apurinic DNA and also 8-oxo-gpanine-
containing RNA,7-'"! We have further demonstrated that YB-1
binds directly to repair-associated proteins such as proliferating
cell nuclear antigen and p53 protein.'®?» YB-1 may thus be in-
volved in the process of DNA repair and/or DNA damage re-
sponse. In clinical studies on YB-1, the cellular level of YB-1
was found to be closely associated with tumor growth and
prognosis in ovarian cancers, lung cancers, and breast
cancers.2!-2%

To gain more insight into how YB-1 proteins exert their mul-
tiple functions, we carried out a targeted disruption of the
mouse YB-1 gene (MS§YI) in mouse embryonic stem (ES) cells.
‘We have established ES cell lines with a heterozygously tar-
geted disruption of the YB-7 gene (¥B-1*/-), which we found to
result in hypersensitivity to cytotoxic agents, such as cisplatin
and mitomycin C.

Materials and Methods

Cell growth characteristics. CCE ES cells and YB-1 knockout
cells were maintained on a feeder cell layer in DMEM supple-
mented with 20% heat-inactivated fetal bovine serum and 100
units/ml of recombinant leukemia inhibitory factor at 37°C in
an atmosphere of 10% CQ, in air.

Construction of the targeting vector. The mouse ¥YB-/ gene was
isolated from a 129/Sv genomic library by the standard plaque
hybridization method, using mouse ¥YB-1 ¢cDNA as a probe. The
targeting vector contained approximately 8.4 kb of genomic se-
quence interrupted by a polll-neo-poly(A) cassette. Insertion of
the neomycin (neo) cassette resulted in deletion of a 1.8-kb
Sall/Bglll fragment of the YB-/ gene, containing 43 nucle-
otides of exon 5 and 84 nucleotides of exon 6, as well as 240
nucleotides of intron 5 and 1.4 kb of intron 6, A pair of herpes
stmplex virus thymidine kinase (TK) cassettes (TK1 and TK2,
both under control of the MC1 promoter) were placed flanking

To whom correspondence should be addressed.

E-mail: uchiumi@biochem1.med . kyushu-u.ac.jp

Abbreviations: YB-1, Y-box binding protein-1; ES, embryonic stem; MTS, [3-{4,5-
dimethylthiazol-2-y1}-5-(3-carboxymethoxyphenyl)-2-{4-sutfophenyl)-2H-tetrazo-
lium, inner salt; PES, phenazine ethosulfate.

Shibahara et al.



the ¥B-I genomic sequence in the targeting vector to allow for
positive and negative selection of DNA when introduced into
ES cells.? The targeting construct was linearized at a unique
Notl site located on the plasmid vector.

Isolation of heterozygous mutant embryonic stem cell lines. The
ES cell line CCE was cultured on a feeder cell layer and elec-
troporated, using 5x 107 cells and 50 pg of the linearized target-
ing vector DNA, as described.?® The transfected cells were
subjected to positive and negative selection, using G418 (250

g/ml; Geneticin, GIBCO/BRL) and ganciclovir (GANC) (5
mM; a gift of Nihon Syntex) as selective agents. Colonies dou-
bly resistant to G418 and GANC were grown on 24-well plates
to expand them for Southern blot analysis. DNA was isolated
from each cell line and analyzed by Southern blot hybridiza-
tion.

Southern blot analysis. Genomic DNA (8 pg) was digested
with EcoRV and Bglll, then run on a 0.7% agarose gel and
transferred to a nylon membrane filter (Hybond N1; Amer-
sham). The filter was hybridized with a 0.3-kb EcoRV/EcoRI
fragment (5" internal probe A) and a 0.3-kb Xhol/HindIII frag-
ment (3" flanking probe B), labeled with [o-**P]dCTP. The
membrane was washed, applied to an imaging plate, and ana-
lyzed using a Bio-image analyzer BAS 2000 (Fuji Photo Film
Co., Kanagawa).

RNA isolation and northern blot analysis. Cells in the exponen-
tial growth phase were transferred to a medium without feeder
layer cells and further cultured on a gelatin-coated dish for 4
days to avoid contamination with ¥B-/ mRNA derived from
feeder cells, Total RNA was isolated using an RNeasy spin col-
umn {Qiagen, Hilden, Germany). RNA samples {10 pg/lane)
were separated on a 1% formaldehyde-agarose gel and were
transferred to a membrane. The membranes were hybridized
with 32P-labeled mouse YB-1 1.2-kb ¢cDNA as a probe.'™ Ra-
dioactivity was visualized by autoradiography and was ana-
lyzed using a Fujix Bas 2000 bioimaging analyzer (Fuji Photo
Film Co., Tokyo).

Immunoblotting of the YB-1 protein. The cells were lysed in
TNE buffer (50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 1 mM PMSF, 10 pg/ml leupeptin, 10 |ig/
ml aprotinin), and beiled in western sample buffer for [0.0%
SDS-PAGE and western blot analysis. An antibody to YB-1
was generated as described previously.'” PCNA-specific anti-
body (PCL0; Santa Cruz) and p2l (sc-817; Santa Cruz) were
used for western blotting.

Proliteration rates. To determine the proliferation rates of ES
cells, 5x10* cells were plated in triplicate in 6-well plates and
the cell numbers were determined at the indicated time points
using a CASYR cell counter.

Clonagenic survival assay. ES cells were plated on gelatin-
coated 6-well plates at a density of approximately 300 cells/
well. Twenty-four hours after plating, ES cells were treated
with various chemical agents, X-rays or UV irradiation. Plates
were incubated for 7 days and the surviving ES cell colonies in
each well were counted after staining with Giemsa. The plating
efficiency was ~60—80%. The relative sensitivity of each ¢lone
of YB-1+/- ES cells was determined by dividing the TCy value
for each cell line by that of wild-type (YB-1+/+) ES cells,

MTS survival assay. CellTiter 96 Aqueous One Solution cell
proliferation Assay (Promega) was used to evaluate drug sensi-
tivities. The 96-well plates were inoculated with 4000 cells/
well in a volume of 100 pl of ES medium. Twenty-four hours
later, drugs were added at various concentrations. Seventy-two
hours later, 20 pl of MTS/PES was added, and incubation was
continued for 2 h at 37°C. In the presence of the electron-cou-
pling reagent PES, MTS is reduced by dehydrogenase enzymes
found in metabolically active cells into a formazan product that
is readily soluble in tissue culture medium. The quantity of for-
mazan product was measured in terms of the absorbance at 490
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nm. At least five different drug concentrations were used to de-
termine the 1Cs, values, and each drug concentration was repli-
cated in 4 wells for each individual experiment. The relative
sensitivity of each YB-7+/~ ES cell clone was determined by di-
viding the ICy, value for each cell line by the YB-/+* ES cell
line 1Cy, value.

Results

Targeted disruption of the YB-1 gene. The mouse YB-/ gene,
which encodes a 49-kDa protein, is composed of 8 exons, spans
more than 16 kb, and is 99% identical to human YB-1. A re-
gion of genomic DNA carrying part of two exons and the adja-
cent intron region, was replaced by a neo cassette (Fig. 1A).
This region was chosen as the target since it encodes the C-ter-
minal domain of the YB-1 protein, which is essential for pro-
tein interaction and nucleoside binding.?® The resulting
construct was electroporated into ES cells, and cells showing
increased resistance to both G418 and GANC were selecied.
The DNAs of resistant clones were digested with restricticn en-
zymes and hybridized with several different probes. Homolo-
gous recombinants were characterized by the appearance of a
5.5-kb EcoRV fragment with the 5™-internal probe A, and a
10.3-kb BgllI fragment with the 3-flanking probe B (Fig. 1, B
and C). Additional Southern blot analysis using other restriction
enzymes confirmed the targeted disruption of one allele of
mouse YB-1 (data not shown). Furthermore, hybridization with
the neo probe showed that the predicted genomic DNA frag-
ment size is similar in all of these clones. Approximately 4% of
G418- and GANC-doubly resistant cells carried the expected
structure for the mutated allele.

Decrease in mRNA expression and protein levels in heterozygous
YB8-1+- ES cells, Northern blot analysis of YB-1 mRNA, using
the full-length YB-1 cDNA as a probe, was performed in ¥B-
{+* cells and three differsnt clones of YB-1+/ cells. We found
that ¥B-1+- cells contain approximately half the amount of
mRNA detected in YB-I+/* cells (Fig. 2A). Consistent with this
observation, western blot analysis of heterozygously disrupted
mutant cells also showed a reduction in YB-1 protein levels.
For semi-quantitative analysis, various amounts of cell lysate
were applied to the same gel, and we estimated that the protein
level of YB-1*" cells was reduced to approximately 50-60% of
the wild-type level (Fig. 2B). YB-I*/~ cells thus established
grew normally in ES medium, despite these characteristics. The
doubling time of ¥B-I+* and three clones (1, 2, and 5) of YB-
[+ cells were 10.2, 10.0, 9.0, and 10.2 h, respectively (Table
1). Thus, no apparent growth retardation or abnormal cell mor-
phology was found in YB-/+/- cells, in spite of the reduced con-
tent of YB-1 protein.

Drug, X-ray, and UV irradiation sensitivity of targeted cells to DNA
damaging agents. YB-1 has been proposed to be involved in the
sensitivity of cells to DNA-damaging agents such as cisplatin
and mitomycin C.'* We therefore explored the role of YB-I
heterozygosity in sensitizing ES cells to a variety of cytotoxic
agents using both MTS and clonogenic survival assays. As
shown in Table 2, we found that YB-/+- cells are more sensi-
tive to cisplatin and mitomycin C, and moderately more sensi-
tive to etoposide than YB-I*/* cells. This enhanced sensitivity
was seen in three independently isolated ¥YB-I+- clones (1, 2,
and 5), and the depletion of YB-1 was required for drug sensiti-
zation. Comparisons made at the ICs, dose for cisplatin re-
vealed that YB-I*- cells were approximately 3-fold more
sensitive to cisplatin than ¥YB-7+* cells (ICs,=20.0 pM). Simi-
larly, comparisons made at the 1Cs, dose for mitomycin C re-
vealed that YB-I*~ cells were approximately S5-fold more
sensitive to mitomycin C than YB-I++ cells (3C5=9.0 M),
Also, comparisons made at the IC,,; dose for etoposide revealed
that YB-1*- cells showed a moderate level of sensitivity (1.4-

Cancer Sci | Aprit2zood | wvol.95 [ ro.4 | 349



fold), compared with ¥B-1+* cells (IC=0.6 pM) (Table 2A).
Taken together, the results described above suggest that the
concentration of YB-1 appears to correlate inversely with cellu-
lar sensitivity to DNA-damaging agents. Clonogenic survival
assays were also performed on ¥YB-i+* and ¥B-f+- cells to de-
termine whether differences observed in MTS survival assays
would translate into differsnces in clonogenicity. We treated
cells with a variety of chemotherapeutic drugs, X-ray or UV ir-
radiation and then incubated them for 7 days before counting
colonies with greater than 50 cells per colony. This assay pro-
vides a longer-term assessment of cell growth than the MTS as-
say and directly assesses the ability of individual cells to
proliferate into viable colonies. We tested the cytotoxicity of
cisplatin, mitomycin C, etoposide, X-rays, and UV irradiation
against ¥B-1+* and ¥B-I1+~ cells. The dose of agent required to
reduce colony formation to 10% (1Cy) of that by the control
non-treated cells is shown in Table 2B. Consistent with data
gained in MTS assays and previous observations in KB cells,'®
¥YB-1+- cells exhibited greater sensitivity to cisplatin and mito-
mycin C than YB-I** cells. The dose-modifying factor for
equivalent cell Killing (IC,g) was approximately 2.0-fold for cis-
platin and mitomycin C. In contrast, ¥B-1+/~ cells were found
to be as sensitive as YB-I+/* cells to etoposide, X-ray and UV
irradiation (Table 2B, Fig. 3). Our results suggested that the re-
duction of YB-1 level in ES cells preferentially enhances their
sensitivity to DNA cross-linking agents.

No change of p21 levels between YB-1** and YB-1+~ cells.
Swamynathan er al, established DT40 cells, in which one allele

of Chk-YB-1b is disrupted.?” The DT40YBIb (+/-} cells
showed multiple abnormalities, such as slow growth rate, in-
creased cell size, increased genomic DNA content, and reduced
p2! levels.”" We found no apparent growth retardation or ab-
normal cell morphology in YB-/+/- cells, in spite of the reduced
content of YB-1 protein. We examined whether p21 levels were
changed in these wild-type and mutant ES cells. Western blot
analysis of heterozygously disrupted mutant cells (YB-1+/-)
also showed a reduction in YB-1 protein levels, but no change
of p21 levels was observed in these wild and mutant ES cells
(Fig. 4).

- Discussion

To clarify the biological role of YB-1 by modulating the
amount of cellular YB-1, cell lines defective in the YB-I gene
should be useful. In the present study, we have generated ¥B-
I*/~ cell lines using a gene-targeting techniques. The cell lines
established have a sequence alteration in a defined region of
one allele of the YB-/ gene, and display a significant depletion
of YB-1 mRNA (approximately 50%). Consistent with the re-
duction in mRNA transcripts, the protein level of the YB-/+-
cells was reduced to approximately 50-60%, compared with
that of YB-1** cells. In this study, insertion of the neomycin
(rneo) cassette resulted in deletion of a 1.8-kb region of the YB-{
gene, containing a part of exon 5 and all of exon 6. The mutant
allele may produce a truncated protein and this protein may
function in a dominant-negative manner. We could not detect
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Targeted disruption of the mouse YB-T gene. {A) Configurations of the intact and mutated alleles. The targeting vector carried approxi-

mately 8.4 kb of the genomic sequence, within which a part of exon 5 and all of exon 6 was replaced by the polll-nec-poly(A) cassette. Restriction
enzyme sites are shown; Xhol (X), Bglit (B), Sall (S), EcoRV (EV), and Sac! (Sc}. Thick lines indicate the genomic sequence and thin lines represent the
bacterial plasmid. The 5’ to 3’ orientation of the mouse Y8-1 gene is left to right, while the 5’ to 3" orientation of the pofll neo pA cassette, HSV-
1 thymidine kinase gene (TK1) and HSV-2 thymidine kinase gene (TK2) is right to left. Positions of the 5'- and 3'-probes, indicated as probes A and
B, respectively, are also shown. (B and C) Southern blot analysis of the DNA isolated from the embryonic stem cell lines. An EcoRV digest hybridized
with probe A (5 internal}, and a Bg/ll digest hybridized with probe B (3" flanking) yielded a wild-type band and a mutant band as indicated. In
both cases, genotypes of cells are shown as follows: lane 1, YB-1+/~; lane 2, clone 1 of YB-T1+~; lane 3, clone 2 of YB-1+/~; lane 4, clone 5 of ¥B-1+-,
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Fig. 2. {A) Northern blot analysis of the ¥8-1 mRNA isolated from the
germ-line-transmitted embryanic stem cell lines. Total RNA (10 pg)
from each cell line was separated on a 1% agarose gel containing 2.2
M formaldehyde, transferred to a Hybond N* membrane, and hybrid-
ized with 2P-labeled Y8-1 cDNA (1060 bp). Relative expression levels of
Y8-1 mRNA are presented following normalization to 185 ribosome
RNA. (B) Immunoblot analysis of the Y8-1 protein isolated from the
germ-line-transmitted embryonic stem cell lines. To detect the protein
fevel of YB-1 semi-quantitatively, 30, 20, and 10 ug of total cell lysate
were applied to adjacent lanes. The amount of YB-1 in each cell line
was quantitated by immunoblot analysis of the same membrane with
anti-PCNA antibody and is expressed relative to the amount of PCNA.
Relative expression of YB-1 is presented following normalization to
PCNA levels.

Table 1. Doubling time of YB-1++ and YB-1+/- ES cells

Cell lines Doubting time (h)
YB-]vi 10.2
YB-1--

Clone 1 10.0

Clone 2 9.0

Clone S 10.2

Each value is the mean of duplicate determinations.

the NH,-terminally truncated form of the YB-1 protein by im-
muneblotting using an antibody against the NH,-terminus of
¥B-1 (data not shown). Although we tried to establish double
knoeckout ES cells (YB-1--) by subsequent culture of heterozy-
gous mutant cells in an elevated concentration of G418, we
could not isolate homozygous null mutant ES cells, suggesting
that a complete lack of YB-1 may be lethal in ES cells. We
have previously shown that YB-1 is directly involved in multi-
drug-resistance | gene activation at the transcriptional level,
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Table 2. A. Sensitivity of YB-1** and YB-1+- S cells to various drugs
on MTS assay

Relative sensitivity?

1Cge" for —
Agent YB- 1+ YB-1+
Clane 1 Clone 2 Clone 5
Cisplatin (uAg) 200 0.5 0.3 0.2
Mitormycin € {uM} 9.0 0.3 0.2 0.1
Etoposide {(uM) 0.6 1.5 0.5 0.2

B. Sensitivity of YB-1** and YB-1+- ES cells to various drugs on colo-
nogenic assay

Relative sensitivity?

)
Agent cy‘g'_rff}f YB-1+-
Clone 1 Clene2 Clones

Cisplatin (uM) 1.5 0.6 0.7 0.4
Mitomycin C (W) 0.16 0.6 0.6 0.5
Etoposide (uM) 0.07 1.2 1.2 0.9
Uv {J/m3?) 38 1.1 0.9 0.9
Rays (Gy) 5.4 1.0 1.2 0.8

1} The ICs, of YB-1++ and YB-1++ cells for each agent was determined
by MTS assay and the ICy, was determined by colony formation assays.
2) The relative sensitivity of each clone of YB-1+- ES cells was deter-
mined by dividing the ICs, or [Cgp value far each cell line by that of
YB8-1+ ES cell line, Values are means derived from two separate ex-
periments.

YB-1 is directly required for basal promoter activation in re-
sponse Lo genotoxic stresses, including carcinogens, anticancer
agents, and UV irradiation.”® Also, varying levels of expres-
sion of the YB-I protein are associated with many biological
phenomena, including cell proliferation and transforma-
tion.>21.22 3.2 Determining how YB-1 plays a role in biologi-
cal processes in eukaryotic cells is therefore important. We
have shown that YB-l is located mainly in the cytoplasm,
and then accumulates in the nucleus when cells are exposed
to genotoxic stress.'® We have observed that YB-1 is overex-
pressed in human cancer cells lines that are resistant to cisplat-
in, and that the amount of YB-I correlates with the sensitivity
of these cells to anti-cancer drugs, cisplatin, mitomycin C and
UV imradiation.'™™ However, the previously observed inverse
correlation between YB-1 levels and drug sensitivity in human
cancer cell lines may result from genetic and epigenetic differ-
ences unrelated to YB-1 among these cell lines. Single knock-
out ES cells of various genes, such as O%methylguanine-DNA
methyltransferase (MGMT) and multiple drug related protein
1 (MRP1), which are associated with DNA repair and drug
resistance, respectively, displayed a higher sensitivity to anti-
cancer drugs as compared with their wild-type counter-
parts.?%-30 In principle, these particular ES cell lines, having
a defect in one allele of the YB-] gene, could facilitate studies
on the biological role of the YB-1 protein.

Cisplatin is widely used in treating a variety of human malig-
nancies. Resistance to this agent is mediated through pleiotro-
pic mechanisms, including decreased drug accumulation,
detoxification of the drug, and DNA repair.’* 3 We have also
shown that YB-1 levels correlate with sensitivity to cisplatin,
suggesting that YB-1 is directly involved in both the cellular re-
sponse to cisplatin and cisplatin resistance.! We therefore ex-
amined the sensitivity of the ¥B-/+/- cells to various anticancer
drugs, X-rays, and UV irradiation. YB-1*/- cells showed an in-
creased sensitivity to cisplatin and mitomycin C; drugs which
induce cross-linking of DNA. Conversely, no dramatic differ-
ence in sensitivity to etoposide compared to ¥B-7+/* cells was
noted in the MTS assay, or the colony formation assay. Essen-
tially, these results are consistent with the sensitivity levels of
YB-1 antisense transfectants, in terms of colony formation,™
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Fig. 4. Immuncblot analysis of the YB-1 and p21 proteins isolated
from the germ-line-transmitted embryonic stem cell lines. Total cell ly-
sate (20 pg) was applied to adjacent lanes, In both cases, genotypes of
cells are shown as follows: lane 1, YB-7++ ES! lane 2, clone 1 of YB-7+
ES; lane 3, clone 2 of YB-1+- ES.

We consider that the MTS assay can be markedly affected by
the rate of cell death, rather than clonogenic survival, and that
in turn, can be dependent on the proportion of cells undergoing
apoptosis. This may be the reason why we still observed a sen-
sitivity to etoposide in the MTS assay of YB-/+/~ cells. ES cells
with the ¥B-/*~ background had a 60% expression level of
YB-1 protein compared to ¥B-I+/+ cells. This reduced protein
level in YB-1+/- cells clearly reflects the sensitivity level of the
heterozygous mutant cells, as expected from the findings that
stoichiometric amounts of YB-1 protein are needed for sensitiv-
ity to cisplatin and mytomicin C. These results indicate that
YB-1 is invelved in the cellular response to DNA-damaging
agents, especially DNA-cross-linking agents. However, in this
study no apparent difference in sensitivity to UV irradiation
was found between YB-7+/- and ¥B-1*/* cells, as compared with
the previous study.'?! The IC;; dose for UV irradiation of wild-
type ES cell was 3.8 (J/m?), compared to 7.0 (J/m*) in KB
cells. This finding may be a result of the genetic and epigenetic
differences between human cancer cell lines and ES cells.

YRB-1 has been shown to bind preferentially to cisplatin-mod-
ified DNA, apurinic DNA, and RNA containing 8-
oxoguanine,'s 20 sygaesting that this protein may bind prefer-
entially to structurally altered DNA.'? Several nuclear proteins
that recognize cisplatin-DNA adducts have been char-
acterized.** Among the HMG protein family, HMG! and
HMG?2 have been shown to bind specifically to DNA that con-
tains cisplatin-induced intrastrand cross-links™ and to sensitize
cancer cells to cisplatin.® ¥ Also, IXRI, a yeast protein con-
taining an HMG box, confers sensitivity to cisplatin, though a
correlation between the cellular levels of HMG proteins and the
repair of damaged DNA has not been demonstrated.® It has
been established that various repair processes, mainly nucle-
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otide excision repair and mismatch repair, are involved in repair
of the cisplatin-induced DNA damage® Cells deficient in
DNA repair have been found to be particularly sensitive to cis-
platin. Mammalian cells defective in XPF- and ERCC-I,
among the proteins involved in nucleotide excision repair, are
extremely sensitive to cisplatin.® In fact, DNA repair activity
has been implicated as a main cause of the resistance of many
cell lines to cisplatin. Thus, the cellular sensitivity to cisplatin
may be determined by a dynamic interaction between DNA
damage recognition processes and DNA repair proteins. We
have demonstrated that YB-1 interacts directly with proliferat-
ing cell nuclear antigen and p53, which are essential proteins in
DNA replication and repair.'s- 2 We have also shown that over-
expression of the p53-associated protein p73, involved in DNA
repair and apoptosis, increases cellular levels of YB-[,*" and
that YB-1 possesses 3'-5" DNA exonuclease activity. YB-1 may
recognize DNA damaged by a DNA-cross-linking agent, such
as cisplatin, and be involved in the process of DNA repair, pos-
sibly through interaction with other repair-related proteins.

Recent studies using heterozygous DT40 YB1b (+/-) cells
with one copy of the wild-type Chk-YB-1b allele showed a
slower rate of growth, abnormal cell morphology, increased cell
size, and increased genomic DNA content, compared to wild-
type DT40 cells, and it was concluded that YB-1 plays an im-
portant role in cell proliferation?” In contrast, we found no
such apparent growth retardation or abnormal cell morphology
of ¥B-1*- ES cells compared with the wild type. We also found
no difference of p21 levels between the two (Fig. 4). This may
be due to the following reasons: 1) The level of YB-1 protein in
YB-1+- cells was approximately 60% of that of YB-1+/* cells
and this level of YB-1 protein may be sufficient for the prolif-
eration of ¥YB-I+- cells. 2) DT40 cells were derived from
chicken B lymphocytes and do not express p33. Therefore,
mouse ES cells may differ greatly from DT40 cells with respect
to genetic background, especially regarding the cell cycle and
apoptosis control processes. Additional studies are required to
determine the differences in phenotype between mouse ES and
chicken DT40 cells. Also, the cellular level of YB-1 is associ-
ated with tumor growth in ovarian cancers, lung cancers, and
breast cancers.?'-*" At present, we have not been able to estab-
lish a homozygous null mutant in ES cells. Taken together,
these findings suggest that the YB-1 function may be essential
for cell viability and proliferation.

In conclusion, we have established YB-1 single knockout cell
lines, using gene targeting techniques, and shown that the ex-
tent of YB-1 expression correlates with cellular sensitivity to
the cytotoxic effects of cisplatin and mitomycin C. YB-1 ap-
pears to protect cells or DNA integrity from the toxic insults as-
sociated with exposure to DNA-damaging agents. YB-1 is
therefore expected to be involved in variety of biological roles,
including transcription, cell proliferation, drug resistance, and
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DNA repair. To elucidate these physiological roles of the YB-1
protein, establishment of mouse lines defective in YB-/ genes is
in progress. For more definitive studies, designed to evaluate
the precise role of the YB-1 protein in vivo, the generation of
conditional YB-1 mutants may be necessary.
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Interleukin-13 Represses MRP2 Gene Expression
Through Inactivation of Interferon Regulatory
Factor 3 in HepG2 Cells

Keiji Hisaeda,! Akihiko Inokuchi,' Takanori Nakamura,' Yukihide Iwamoto,? Kimitoshi Kohno, Michihiko Kuwano ¢

and Takeshi Uchiumi!#

The human multidrug resistance protein 2 (MRP2/ABCC2), expressed on the bile canalicular
membrane, mediates the multispecific efflux of several organic anions, including conjugates of
glucuronate, sulfate, and glutathione. Expression of MRP2 can be altered in response to envi-
ronmental stimuli such as cholestasis and jaundice. We previously reported that MRP2 mRNA
expression levels are decreased in the nontumorous part of hepatitis C virus-infected human liver
tissues, and that inflammatory cytokines inhibit MRP2 expression in human hepatic (HepG2)
cells. We investigated the molecular mechanisms by which inflammatory cytokines modulate
MRP2 gene expression in hepatic cells. Treatment of human hepatic cells with interleukin-13
(IL-1B) or tumor necrosis factor & resulted in a decrease in the protein and mRNA levels of
MRP2. 1118 inhibited the transcriptional activity of MRP2 promoter constructs by 40%, and
this inhibition of MRP2 promoter activity was mediated through the interferon stimulatory
response element (ISRE). Electrophoretic mobility shift assays with IL-13-treated nuclear ex-
tracts showed a decrease in the formation of DNA protein complexes, specifically those including
interferon regulatory factor 3 (IRF3). Expression of recombinant human IRF3 increased MRP2
promoter activity, Treatment with a specific extracellular signal-regulated kinase inhibitor re-
lieved IL-1B-induced MRP2 mRNA downregulation and abrogated the binding of IRF3 to the
ISRE element. In conclusion, IL-13 induces downregulation of the MRP2 gene by inactivating
IRF3 binding to ISRE on the MRP2 promoter in human hepatic cells; this inactivation is
accomplished via interference with the extracellular signal-regulated kinase pathway.

{HePATOLOGY 2004;39:1574-1582.)
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ransport proteins in the basolateral and canalicu-

lar membranes of hepatocytes mediate transport

of organic solutes into and from the liver. Biliary
elimination of both endogenous compounds and exoge-
nous drugs or poisons is a major physiological self-defense
role of various transporters.! One of the major transport
systems of chis type involves the adenosine triphosphate
binding cassecte (ABC) transporter family. Among the
numerous ABC rtransporters, P-glycoprotein (P-gp/
ABCBI1) and multidrug resistance protein 2 (MRP2/
ABCC2) have been shown to mediace transport of
cationic and anionic compounds into bile, and bile salc
exporting pump {BSEP/ABCBI11) has been shown to ex-
port bile acids.23 MRP2 initially was identified as a mul-
tispecific organic anion transporter in the canalicular
membrane of hepatocytes and was shown to transport a
wide range of conjugated compounds, including leukotri-
ene C4, glucuronidase and sulfated molecules, and mole-
cules conjugated to glurathione.4-6 Inherited defects in
MRP2 result in Dubin-Johnson syndrome, a congeniral
disease associated with chronic hyperbilirubinemia and
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jaundice.’? Liver diseases are characterized by distur-
bances in the hepatobiliary eransport of endogenous and
exogenous compounds. Hepatic expression of ABC trans-
porters can be influenced by a number of endogenous and
environmental factors, Inflammation is induced under
various pathological conditions, such as carcinogenesis,
cholestasis, and regeneration by partial hepatectomy and
by lipopolysaccharides.!9-'4 Administrations of inflam-
matory cytokines interleukin (IL)-6 and IL-18 has been
shown to result in a 20% to 60% decrease in the mRNA
levels of MRP2, organic anion-transporting polypeptide
1, organic anion-transporting polypeptide 2, and bile salt
exporting pump in the mouse liver compared with un-
treated controls.!® The decreased hepatic expression of
these transporters affects the cellular efflux of various
physiological compounds, suggesting that these cytokines
may play a key role in the hepatic expression of anion
transporters in inflammatory cholestasis.!> Altered ex-
pression of the organic anion-transporting polypeptide
and Mrp transporters also is expected to influence the
pharmacokinetics of various drugs that are transported by
these proteins.

The transcription factor interferon regulatory factor 3
(IRF3) is expressed constitutively in many cell types, and
its expression is thought to contribute to self-defense from
viral infection by inducing type I interferons.'®!7 IRF3 is
required for the expression of interferon B and the che-
mokine regulated on activation, normal T cell expressed
and secreted (RANTES) in response to viral infection. In
unstimulated cells, IRF3 is present dominantly in the cy-
toplasm and is phosphorylated in the N terminal domain.
After viral infection, the C terminal domain of IRF3 is
phosphorylated, leading to dimerization and interaction
with the coactivator CBP/p300.'® This complex is then
translocated to the nucleus, where it activates 2 promoter
containing the IRF3 binding sice.

We previously compared the expression of ABC trans-
porters between the hepatitis C virus (HCV)-infected and
non-HCV-infected liver in patients with hepatic cancers
and reported that the expression levels of MRP2 mRNA
and MRP2 protein were decreased significantly and spe-
cifically in the nontumorous part of HCV-infected liver
tissue.!? However, the expression levels of other ABC
transporters—MDRI, MDR3, MRP1, and MRP3—were
not significantly different between the HCV-infected and
non-HCV-infected liver.!? We hypothesized that the
downregulation of MRP2Z mRNA levels after cytokine
treatment occurred primarily at the transcriptional level,
and that this reduction in MRP2 transcription could be
the result of alteration in regulatory nuclear transcription
factors. We previously characterized regulatory elements
in the human MRP2 promoter in liver cells.?® In the
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present study, we show that MRP2 mRINA transcription
decreased 24 hours after IL-18 and tumor necrosis factor
o (TNFa) treatment. Nuclear extract treated with IL-13
showed a marked decrease in DNA protein complexes,
including IRF3 complexes, and nuclear accumulation of
IRF3 was decreased by treatment with IL-18. The IL-
18—induced MRP2 mRNA downregulation was relieved
by a specific extracellular signal-regulated kinase (ERK)
inhibitor. We hypothesize that this inflammatory cyto-
kine-induced downregulation of MRP2 is the result of
reductions in both the nuclear accumulation of IRF3 and
the binding of IRF3 to interferon stimulatory response
element (ISRE}, and that these reductions occur via the

ERK pathway.

Materials and Methods

Cell Culture. Human hepatoblastoma HepG2 cells
were cultured in Dulbecco’s modified Eagle’s medium
(Nissui Seiyaku, Tokyo, Japan) conraining 10% fetal calf
serurn.'?:20 Normal human hepatocytes hNHeps (Sanko
Junyaku, Japan) were cultured according to the manufac-
ture’s protocol.

Antibodies and Drugs. The antibodies used in these
experiments are as follows: MRP2 (M2II-6; Alexis, San
Diego, CA), P-gp (C219; Centacor, Malvern, PA), IRF3
(FL425; Santa Cruz Biotech, Santa Cruz, CA), high mo-
bility group protein-I (T-16; Santa Cruz Biotech), and
glucose-6-phosphate dehydrogenase (A9521; Sigma-Al-
drich, Saint Louis, MO). All IRFs and Spl antibodies
were purchased from Sanra Cruz Biotech. The drugs Ac-
tinomycin D, PD98059, SB203580, and SPG00125 were
purchased from Carbiochem (San Diego, CA).

Preparation of Protein. For whole-cell lysate, cells
were washed with ice cold phosphate-buffered saline and
solubilized in 0.5 mL of radio-immunoprecipitation assay
buffer (50 mM Tris HCI, 150 mM NaCl, 1% Triton
X-100, 0.1% SDS, 0.5% deoxycholate, 1 mM phenyl-
methyl sulfony! fluoride, and 1 mg/mL trypsin inhibitor}
for 30 minutes on ice, then centrifuged at 15,000¢ for 10
minutes at 4°C. For nuclear and cytoplasmic extract,
HepG2 and hNHeps were harvested by exposure to tryp-
sin, resuspended in 200 gL of an ice-cold solution con-
taining 10 mM HEPES NaOH (pH 7.9}, 10 mM KCl,
0.2 mM ethylenediaminetetraacetic acid (EDTA), 0.2
mM ethylene glycol bis{Baminoethyl ether) (EGTA), 0.5
mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl
flucride, and incubated on ice for 15 minutes. The cells
were then lysed by passing 10 times cthrough a 25-gauge
needle atcached to a 1-mL syringe, and the lysate was
centrifuged for 40 seconds in a microcentrifuge. The su-
pernatant was stored for cytoplasmic extract. The nuclear
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pellet was resuspended in 100 1L of an ice-cold solution
containing 20 mM HEPES NaOH (pH 7.9), 0.4 M
NaCl, 0.75 mM spermidine, 0.15 mM spermine, 0.2
mM EDTA, 0.2 mM EGTA, 0.5 mM dithiothreitol, 0.5
mM phenylmethylsulfonyl fluoride, and 25% (vol/vol)
glycerol, incubated for 30 minutes on ice with frequent
gentle mixing, and then centrifuged for 20 minutes at4°C
in a microcentrifuge to remove insoluble marerial. The
resulting supernatant (nuclear extract) was stored at
—80°C.

Northern Blot Analysis. Total RNA was isolated us-
ing RNeasy spin columns {Qiagen, Hilden, Germany).
10 pug of total RNA from HepG2 cells was separated on a
1% formaldehyde-agarose gel and transferred to a mem-
brane as described previously.!? An MRP2 complemen-
tary DNA (cDNA) probe (—28 to 513) was synthesized
by polymerase chain reaction {PCR).

Reporter Gene Vector Constructs. The fragments of
the 5' region of the MRP2 gene were ligated into the Sacl
and HindIII sites of pGL3-basic (Promega, Madison,
WT). All plasmids were analyzed by restriction enzyme
digestion, and the promoter inserts were sequenced. Sice-
directed mutagenesis of ISRE in p-491 MRP2 Luci was
performed by a PCR-based method. The promoter se-
quence was amplified with Taq polymerase, a 5'-primer
491 TAGGAGCTCTAGCGACTGATGCCAC and a
3'-primer that introduces a specific mutation into the
ISRE region (5'-AGAAGCGAAACT-3" to 5'-Acgt-
GCGegtCT-3"). Amplification was also performed with a
5'-primer that introduces second specific mutation into
the ISRE region and a 3’-primer AAGCTTGATTCCT-
GGACTGCGTC. Mutant constructs of CCAAT en-
hancer-binding protein 8 (C/EBPS), hepatocyre nuclear
factor 1 (HNF1), and upstream stimulacory factor (USF)
were made using the same method (for C/EBPS:
5'primer GAACTTTTAACCGCCTGTATTATG; 3’
primer  AAGCTTGATTCCTGGACTGCGTG;  for
HNFI1: 5’ primer GGCAAGGTCGGCGATTAAATGG;
3’ primer CCATTTAATCGCCGACCTTGCG; and for
USF 5’ primer GGCTTTTTAGTTGTATGTCCATCG
3'primer GGATGGACATTGTACTAAAAAGCC). A
second PCR was then performed with Taq polymerase
using the first PCR products as a template. The PCR
product was cloned into pGEM-Teasy vector, which was
subsequently digested with Sacl and HindIII fragments.
The fragments were ligated into the Sacl and HindIIT sites
of pGL3-basic (Promega).

Luciferase Assay. HepG2 cells were transfected by
the Lipofectamine method as previously described.?!
Briefly, a mixture of 5 ug of Lipofectamine 2000 (Life
Technologies, Grand Island, NY), and 1 pg of reporter
plasmid was incubated with the cells for 6 hours, Then,
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fresh medium containing 20 ng/mL IL-18 was added,
and the cells were cultured for an additional 24 hours. In
separate experiments, 20 uM PD98059 was administered
for 30 minutes before IL-18 stimulation. 100 ng of
pRL-TK (Promega) was cotransfected as a control for
transfection. Luciferase activity was measured using a dual
luciferase assay system (Promega). Twenty, 100, or 200
ng of Flag-only vector or Flag-IRF3 vector was cotrans-
fected to investigate the effect of IRF3 function on the
MRP2 promoter. Promater activities are given as the
mean & SD of triplicate transfections, The level of signif-
icance of promoter activities in the presence of regular
substrates was determined using Student’s # test.

Electrophoretic Mobility Shift Assay (EMSA). Nu-
clear extracts were incubated for 30 minutes on ice in a
final volume of 20 L of reaction mixture concaining 25
mMHEPES (pH 7.5), 100 mM KCI, 1 mM EDTA, 10%
glycerol, 0.7 mM DTT, 10 ng of poly (dIdC), and 1 X
104 cpm of #2P-labeled oligenucleotide probe in the ab-
sence or presence of wild-type or murant {mt) competi-
tors. The samples were electrophoresed on an 8%
polyacrylamide gel (polyacrylamide/bisacrylamide ratio,
80:1) in Tris borate buffer. The DNA sequence of the
sense strand of the wild-type MRP2ISRE oligonucleotide
is GCAGCAGAAGCGAAACTGCAC, and that of the
mutant MRP2ISRE is GCAGCAcgtGCGegtCTGCAC.
For supershift experiments, 2 ug of each antibody was
added to the reaction mixture.

Results

IL-1B and TNFo Reduced the Expression of the
MRP2 Protein and mBNA. We examined whether the
MRP2 protein levels were affected by treatment of IL-13
and TNFa in HepG2 cells. Treatment with various doses
of IL-18 and TNFe up to 20 ng/mL for 24 hours mark-
edly reduced the MRP2 protein level in a dose-dependent
manner, although P-gp levels remained the same. (Fig.
1A). We next examined the effect of IL-18 and TNFx
stimulation on MRP2 mRNA expression levels. MRP2
mRINA levels were markedly reduced in a dose- and time-
dependent manner (Fig. 1B,C). Treatment with IL-13 at
10 ng/mL or TNFe« at 1 ng/mL for 24 hours reduced
cellular MRP2 mRINA levels to 40% or less of the levelsin
the untreated contro! (Fig. 1B). Treatment for 12 hours
or longer with 20 ng/mL IL-18 or TNFe decreased
MRP2 mRNA levels to 30% to 40% of the levels in con-
trols at time 0 (Fig. 1C). We next examined whether
IL-18 signaling inhibitors could affect the IL-13-induced
downregulation of MRP2 gene expression. IL-18 is
known to regulate several signal transduction cascades,
including the three main kinase cascades, mitogen-acti-
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Fig. 1. Alteration of multidrug resistance protein 2 (MRP2) and P-
glycoprotein (P-gp)/MDR1 protein and mRNA levels in HepG2 in re-
sponse to interleukin-18 (IL-183} or tumor necrosis factor-ce {TNFo)
administration. (A) For Westem blot analysis, 200 ug of protein was
loaded, and blots were incubated with an antibody, M2I1I-6 for MRP2
and C219 for P-gp/MDR1. (B.C) Northem blot analysis. (B) HepG2 cells
were treated with the indicated dose of IL-18 (feft) or TNFee {right) for
24 hours, (C) HepG2 cells were treated with 20 ng/mL IL-13 {left) or
TNFee {right) for the indicated time. Ten micrograms total RNA was
loaded and hybridized with MRP2 cDNA. The results were representative
of three experiments.

vated protein kinase-ERK, c-Jun NH,-terminal kinase
(JNK), and p38 mitogen-activated protein kinase.22:23
Coadministration of SB203580 (p38 mitogen-activated
protein kinase inhibitor) and SP600125 (JNK inhibirtor)
with IL-18 had no effect on the IL-13-mediated down-
regulation of MRP2 mRNA levels (Fig. 2, lanes 2, 3, and
5), whereas PD98059 (ERK1/2 inhibitor) almost com-
pletely relieved the downregulatory effect of IL-18 (Fig.
2, lanes 2 and 4). There seemed to be no inhibitory effect
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Fig. 2. Extracellular signal-regulated kinase (ERK} pathways were
involved in interleukin-13 (IL-1@)-induced MRP2 downregulation. 20 uM
PD98059 (MEK1/2 inhipitor), 25 M SB203580 (p38 inhibitor), or 20
1M SPE00125 (INK inhibitor) were pretreated for 30 minutes before
IL-18 stimulation (20 ng/mL) in HepG2 cells. After 24 hours, total RNA
were harvested and hybridized with multidrug resistance protein 2
(MRP2) ¢cDNA. Relative MRP2 mRNA expression levels are shown, com-
pared with the expression in untreated cells. This result was representa-
tive of three experiments.
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Fig. 3. Rates of MRP2 mRNA decay. 5 ug/mL actinomycin D was
incubated for 30 minutes with HepG2 cells, and interleukin-18 (IL-15;
20 ng/mL} was administrated for the indicated time. Total RNA was
harvested, and 10 pg of RNA was loaded on a 1% formaldehyde-
agarose gel and transferred to a membrane. This result was representa-
tive of three experiments.
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of PD98059 alone on MRP2 mRNA expression (Fig. 2,
lane 7). These results suggest that MRP2 mRNA down-
regulation by IL-18 involves the ERK pathway.

To understand how MRP2 mRNA expression was
downregulased by IL-1f3, we initially examined whether
the stability of MRP2 mRNA was altered. The MRP2
mRNA stability was examined, in the absence or presence
of IL-18, by blocking synthesis with 5 pg/mL of actino-
mycin D (Fig. 3}, We observed that MRP2 mRNA was
degraded ac similar half-lives of approximately 12 hours
under both conditions (Fig. 3), suggesting that IL-18-
induced downregulation of MRP2 mRNA was not the
result of destabilization of mRNA by IL-13.

Human MRP2 Gene Promoter Activity was Inhib-
ited by IL-1B Through an Interferon Stimulatory
Response Element at — 179/— 146bp. We investigated
human MRP2 promoter activity in response to IL-13
administration using a series of 5'-promoter deletion
analysis. Deleted promoter fragments were ligated into
the reporter gene vector pGL3 basic and were transiently
transfected into HepG2 cells. The [uciferase activity of
the complete series of 5'-deleted MRP2 promoter con-
struces is shown in Fig. 4. Compared with p-1659, the
luciferase activity decreased to 30% when p-491 was as-
sayed, suggesting that a purtative positive cis-clement is
localized in the —1659/—491 bp region. We also ob-
served an approximately 50% increase in luciferase activ-
ity by p-179 as compared with p-491, suggesting that a
negative regulatory element is localized in the ~491/
=179 bp region. Administration of IL-18 reduced MRP2
promoter activity by 30% to 50% when p-2653, p-1659,
p-491, and p-179 were assayed (Fig. 4). However, IL-183
failed to reduce the MRP2 promoter activity when p-146
and p-21 constructs were assayed. These results suggested
that a putative IL-18 response element is located on the
=179/ =146 region. We identified an ISRE within the
— 179/ =146 region (Fig. 4). To examine whether muta-
tions within the ISRE binding mortif affected the down-
regulation of the MRP2 promoter activity in response o
IL-15, we performed a mutagenesis analysis of the pro-



