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Figure 6 Effect of knock down of Akt and ILK on YB-1 nuclear accumulation, and expression of MDR1, MVP/LRP and CXCRA4.
(a) SKOV-3 cells were treated with Akt siRNA (100nM), ILK siRNA (10nM) or control siRNA (100nM) for 48h, and then
cytoplasmic and nuclear extracts were prepared. Anti-Aktl, anti-Akt2, anti-Akt3, anti-ILK, anti-pAkt, and anti-YB-I immunoblots
were performed with cytoplasmic extracts, and anti-YB-1 and anti-CREB immunoblots were performed with nuclear extracts. (b)
SKOQV-3 cells were treated with Akt siRNA (100nM) or ILK siRNA (10nM) for 48 h and then total RNA was prepared. QRT-PCR
was performed for MDR1, MVP/LRP, CXCR4, YB-1 and GAPDH housekeeping gene. The relative gene expression for each sample

was determined using the formula
mean of three independent experiments; bars +s.d.

demonstrated that both Akt phosphorylation and YB-1
nuclear localization were blocked by administration of
LY294002 in SKOV-3 xenograft model. Nuclear loca-
lization of YB-1 is induced through various pathways
including Akt (see Introduction). The Akt-dependent
pathway for YB-1 nuclear localization would provide
further insight how Akt-targeting anticancer therapeutic
strategy could be developed.

In conclusion, we have identified several genes that
are regulated by YB-1 and/or its nuclear localization.
Further immunohistochemical analysis should be re-
quired to elucidate the role of YB-1 in the expression of
CXCR4 and other relevant genes that are associated
with the clinicopathological characteristics in human
ovarian cancers. Based on our present experimental
results, we aim to present YB-1 and YB-l-dependent
gene networks as molecular targets for the further
development of novel anticancer therapeutic strategies.

Materials and methods

Cell culture and reagents

OVCAR-3 and SKOV-3 were purchased from American Type
Culture Collection (Manassas, VA, USA). RMG-I, RMG-II,
RMGe-111, RMBG and RTSG were kindly provided by Dr S
Nozawa, Department of Obstetrics and Gynecology,
Keio University. These cell lines were grown in DMEM

2(-AG) = PIGIGAPDH)-Ci(target) yhich reflected target genes normalized to GAPDH levels. Data were

supplemented with 10% fetal bovine serum (FBS) in an
atmosphere of 5% CO;. LY294002 and U0126 were purchased
from Sigma Chemical Co. (St Louis, MO, USA). IL-6-
hydroxymethyl-chiro-inositol 2(R)-2-O-methyl-3-O-octadecyl-
carbonate (Hu et «l., 2000), SB203580 (Cuenda et al., 1995),
and SP600125 (Bennett er al, 2001) were obtained from
Calbiochem (San Diego, CA, USA). Anti-YB-1 was generated
as described previously (Ohga et al., 1996). Anti-CREB, anti-
PKB/Akt, anti-phospho-PK B/Akt, anti-ILK, Akt siRNA and
1LK siRNA were obtained from Cell Signaling Technology
(Beverly, MA, USA).

Western blotting

Western blotting was performed as previously described
(Kaneko et al., 2004). Cells were lysed in buffer A (10 mM
HEPES (pH7.9), 10mM KCI, 10mM EDTA, | mM DTT, 0.4%
v/v IGEPAL, ImMm Na3;VO,, !|mM PMSF, and 10 pg/ml
aprotinin and leupeptin) for 10min on ice, and then
centrifuged for 3min at 15000r.p.m. The supernatant
fractions (cytoplasmic soluble proteins) were collected. The
nuclear pellet was then washed and then lysed in buffer C
(20mM HEPES (pH7.9), 200 mM NaCl, | mM EDTA, 5% v/v
glycerol, | mM DTT, | mM Na;VO,, | mM PMSF and 10 pg/ml
aprotinin and leupeptin). Lysates were incubated on ice for 2 h,
and then centrifuged 15000 r.p.m. for Smin. The lysates were
separated by sodium dodecyl sulfate—polyacryl amide gel
electrophoresis (SDS-PAGE), and then were transferred to a
nitrocetlulose membrane. The membrane were incubated with
the primary antibody and visualized with secondary antibody
coupled to horseradish peroxidase (Celi Signaling Technology)
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Figure 7 Effect of LY294002 on Akt phosphorylation and YB-I nuclear localization in SKOV-3 xenograft. (a) Effect of LY294002 on
Akt phosphorylation in SKOV-3 xenograft. SKOV-3 cells were injected subcutaneously (5.0 x 10° cells/0.1 ml/mouse). When tumors
reached approximately 1000-2000 mm®, animals were randomly assigned to two groups of five. The first group received i.p. injections of
DMSO as a control. The second group received i.p. injections of 50 mg/kg LY294002. One hour after LY294002 injection, mice were
killed humanely (while anesthetized) by cervical dislocation and tumors were cxcised. Western blot analysis was carried out using
cytosolic extracts prepared from tumor tissues from two animals treated with or without drug. (b) Quantitative analysis of Akt
phosphorylation in SKOV-3 tumor xenograft. Levels of Akt phosphorylation were normalized to their nonphosphorylated form as
shown in Figure 7a. Data are expressed as mean+s.d. of three to five mice. (¢) Immunohistochemical staining was carried out using
conventional protocols. The arrows indicate positive cell nuclei staining for YB-1 ( x 200 magnification). (d) Quantitative analysis of
YB-1 nuclear localization in SKOV-3 tumor xenograft. YB-1 nuclear localization was determined by counting the number of positive
YB-1 nuclear cells in high-power fields as shown in Figure 7b. Data were mean of each section (five sections per mouse). Columns,

mean; bars +s.d.

and SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL, USA). Bands on Western blots were
analysed densitometrically using Scion Image ‘software (ver-
sion 4.0.2; Scion Corp., Frederick, MD, USA).

Oligonucleotide microarray analysis

The siRNA corresponding to nucleotide sequences of the YB-1
(5-GGU UCC CAC CUU ACU ACA U-3) was purchased
from QIAGEN Inc. (Valencia, CA, USA). A negative control
siRNA was obtained from Invitrogen (Carlsbad, CA, USA).
siRNA duplexes were transfected using Lipofect AMINE2000
and Opti-MEM medium (Invitrogen) according to the
manufacturer’s recommendations. Duplicate samples were
prepared for microarray hybridization. At 48 h after siRNA
transfection, total RNA was extracted from cell cultures using
ISOGEN (Nippon Gene Co. Ltd., Tokyo, Japan). Total RNA
(2 ug) was reverse-transcribed using GeneChip 3’-Amplifica-
tion Reagents One-Cycle cDNA Synthesis Kit (Affymetrix
Inc., Santa Clara, CA, USA) and then labeled with CyS or
Cy3. The labeled cRNA was applied to the oligonucleotide
microarray (Human Genome U133 Plus 2.0 Array, Affyme-
trix). The microarray was scanned on a GeneChip Scan-
ner3000 and the image was analysed using a GeneChip
Operating Software verl.

Correlation analysis of gene expression, and clustering of cell
lines and genes expression

Gene expression data for the 60 human tumor cell lines were
obtained from the Developmental Therapeutics Program
(http://www.dtp. nci.nih.gov/), expressed as log of the mRNA
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levels in cell line/mRNA levels in reference pool in the NCI
screen. Pearson correlation coefficients were calculated for each
gene~gene pair. Hierarchical clustering can be used to group cell
lines and genes in term of their patterns of gene expression. To
obtain cluster trees for genes that showed distinct expression
patterns across the 60 cell lines, we used the program ‘Cluster’
and ‘Tree View’ (http://rana.lbl.gov/) with average linkage
clustering and a correlation metric (Eisen ez al., 1998).

Quantitative real-time polymerase chain reaction

RNA was reverse transcribed from random hexamers using
AMYV reverse transcriptase (Promega, Madison, WI, USA).
Real-time quantitative PCR was performed using the Real-
Time PCR system 7300 (Applied Biosystems, Foster City, CA,
USA) ‘as described previously (Maruyama er al., 2006). In
brief, the PCR amplification reaction mixtures (20 ul) con-
tained cDNA, primer pairs, the dual-labeled fluorogenic
probe, and TagMan Universal PCR Master Mix (Applied
Biosystems). The thermal cycle conditions included maintain-
ing the reactions at 50°C for 2 min and at 95°C for 10 min, and
then alternating for 40 cycles between 95°C for 15s and 60°C
for I min. The primer pairs and the probe were obtained from
Applied Biosystems. The relative gene expression for each
sample was determined using the formula 2(-4C)=
2(G(GAPDH)-CGilurgel)) which reflected target gene expression
normalized to GAPDH levels.

Immunofluorescence
Cells were plated on glass coverslips in six-well plates and
allowed to attach overnight. Then, cells were rinsed with PBS



and then fixed in 4% paraformaldehyde/PBS for 30 min. Cells
were rinsed twice with PBS and then permeabilized with 0.5 ml
of solution containing 5% BSA, 0.2% Triton X-100 in PBS for
90 min. After 1h of blocking with 2% goat serum, the cells
were incubated overnight with primary antibody at 4°C in 1%
BSA in PBS. Cells were then rinsed three times with PBS and
incubated with | ug/ml of Alexa Flour 546-labeled secondary
antibody (Molecular Probe, Eugene, OR, USA) in 1% BSA in
PBS for 60 min. Coverslips were mounted on slide glasses using
gel mount and viewed using an Olympus BXS51 florescence

. microscope (Tokyo, Japan) and photographed with Olympus
DP-70 digital camera.

Tumor xenograft study

Male BALB/c nude mice were obtained from Kyudo Co., Ltd.
(Fukuoka, Japan). SKOV-3 cells were harvested and resus-
pended in PBS. The suspension was injected subcutaneously in
the mice (5.0 x 10°cells/0.1 ml/mouse). When tumors reached
about 1000-2000 mm?, animals were randomly assigned to two
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Abstract

Antibodies are the most rapidly expanding class of
human therapeutics, including their use in cancer
therapy. Monoclonal antibodies (mAb) against epidermal
growth factor (EGF) receptor (EGFR) generated for
cancer therapy block the binding of ligand to various
EGFR-expressing human cancer cell lines and abolish
ligand-dependent cell proliferation. In this study, we
show that our mAb against EGFRs, designated as
B4G7, exhibited a growth-stimulatory effect on

various human cancer cell lines including PC-14, a
non-small cell lung cancer cell line; although EGF
exerted no growth-stimulatory activity toward these
cell lines. Tyrosine phosphorylation of EGFRs occurred
after treatment of PC-14 cells with B4G7 mAb, and it was
completely inhibited by AG1478, a specific inhibitor of
EGFR tyrosine kinase. However, this inhibitor did not
affect the B4G7-stimulated cell growth, indicating that
the growth stimulation by B4G7 mAb seems to be
independent of the activation of EGFR tyrosine kinase.
Immunoprecipitation with anti-ErbB3 antibody revealed
that B4G7, but not EGF, stimulated heterodimerization
between ErbB2 and ErbB3. ErbB3 was tyrosine
phosphorylated in the presence of B4G7 but not in the
presence of EGF. Further, the phosphorylation and
B4G7-induced increase in cell growth were inhibited

by AG825, a specific inhibitor of ErbB2. These results
show that the ErbB2/ErbB3 dimer functions to promote
cell growth in B4G7-treated cells. Changes in
receptor-receptor interactions between ErbB family
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members after inhibition of one of its members are
of potential importance in optimizing current EGFR
family—directed therapies for cancer.

(Mol Cancer Res 2007;5(4):393-401)

Introduction

The epidermal growth factor (EGF) receptor (EGFR) is a
member of the structurally related ErbB family of receptor
tyrosine kinase. The ErbB family includes four members [i.e.,
EGFR (ErbBl1), ErbB2, ErbB3, and ErbB4], all of which can
dimerize with each other; in addition to homodimerization,
specific ligands also induce heterodimerization of different
pairs of the ErbB family members (1, 2). Although structural
similarity exists between the family members, important
differences are also present. Unlike the rest of the ErbB family,
ErbB3 lacks tyrosine kinase activity (3, 4) and ErbB2 has no
known ligand (5). EGF and transforming growth factor a bind
directly only to EGFR, whereas neuregulins (also known as
heregulins) are specific for ErbB3 and ErbB4 (6-8). Because
expression levels of the family members and their ligands vary
considerably in various cells, signaling pathways via activation
of EGFR family members are complex.

Ligand-induced dimerization of EGFR is required to elevate
its tyrosine kinase activity. The activated EGFR autophosphor-
ylates tyrosine residues in its own COOH terminus, after which
the receptor recruits and phosphorylates several signaling
molecules such as growth factor receptor binding protein 2
(Grb-2), phospholipase C-y, Src homology and collagen protein
(Shc), and Grb2-associated binding protein 1 (Gabl; refs. 9,
10). Thus, ligands for EGFR are able to activate a variety of
signaling pathways through their association with these
signaling molecules. The mitogen-activated protein kinase
(MAPK) pathway leading to phosphorylation of extracellular
signal—regulated kinase (ERK)-1/2 plays an essential role in
cell growth (9), and the phosphatidylinositol 3-kinase pathway
is also important for cell growth and cell survival (11, 12).
Another important signaling pathway is one for down-
regulation of activated receptors. EGF binding is believed to
result in localization of EGFR to clathrin-coated pits, from
where EGFR is endocytosed. Recruitment of the Grb2/Casitas
B-lineage lymphoma (Cbl) complex to the EGFR and
subsequent activation of Cbl—-dependent ubiquitination are
essential for the delivery of EGFRs into these clathrin-coated

pits (13).
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Alterations resulting in enhanced EGFR expression or
function have been documented in a variety of tumors,
including non-small cell lung cancer, breast cancer, and
gliomas (14-17). These changes can occur due to increased
production of ligands such as EGF and transforming growth
factor q, increased gene transcription or amplification of EGFR,
and receptor mutations resulting in constitutive activation of the
receptor tyrosine kinase (18, 19). A variety of approaches to
block the EGFR-mediated signaling pathway are currently
undergoing clinical evaluation, including the use of anti-EGFR
monoclonal antibodies (mAb), low molecular weight tyrosine
kinase inhibitors, and immunoconjugates (20, 21). A series of
anti-EGFR mAbs produced showed inhibitory activity toward
the binding of EGF to A431 cells (22). As a result of the
inhibition of receptor kinase, these anti-EGFR mAbs prevented
ligand-induced stimulation of growth in a variety of cells that
expressed both EGFR and ligand (20). It was also reported that
anti-EGFR mAbs have the capacity to form receptor-containing
complexes that result in receptor internalization, an important
mechanism for attenuating receptor signaling (23).

It is important to further explore the primary mechanism by
which various antibodies against EGFR affect growth of a
variety of cells. In this present study, we decided to examine the
growth-inhibitory effect of a mouse anti-human EGFR mAb,
B4G7, which had previously been prepared against human
A431 cells (24). Contrary to our expectations, B4G7 actually
exhibited a growth-stimulatory effect in a variety of cells
including gefitinib-sensitive and gefitinib-resistant non—small
cell lung cancer cell lines, PC-9 and PC-14, respectively.
Because EGF showed no stimulatory effect on the growth of
these cell lines, we studied the molecular effects of B4G7 mAb
and EGF in more detail. Our results indicate that mAb against
EGFR increased growth of several cancer cell lines by
stimulating the formation of ErbB2/ErbB3 heterodimers.

Therefore, it is of importance to consider the status of all ErbB
family members in cancer cells, not just the EGFR, for
optimizing EGFR-directed cancer therapies.

Resuits
Growth-Stimulatory Activity of mAb against EGFR

We previously produced a mouse anti-human EGFR mAb
against A431 cells and referred to it as B4G7 (24). In this study,
we first examined the effect of the B4G7 mAb on the growth of
various human cancer cell lines. The mAb exhibited a growth-
stimulatory effect on human non-small cell lung cancer cell
lines (PC-9, PC-14, and A549) as well as on A431 human
epidermoid carcinoma cells, as determined from the results of a
colorimetric assay (Fig. 1). The growth-stimulatory action of
B4G7 was confirmed by counting the number of PC-14 cells in
the presence or absence of B4G7 (data not shown). We also
examined the mitogenic activity of purified mouse immuno-
globulin G (IgG) toward PC-14 cells and found that their
growth was not affected by this control IgG (data not shown).
These were unexpected results because many research groups
have previously reported that anti-EGFR mAbs block the
binding of ligand to various EGFR-expressing human cancer
cell lines and thereby abolish ligand-dependent cell prolifera-
tion (20). Because EGF showed no stimulatory effect on the
growth of these cell lines, we next studied the molecular effects
of B4G7 mAb and EGF on EGFR.

B4G7 mAb Affects Neither the Internalization nor the
Down-Regulation of EGFR in PC-14 Cells

As shown in Fig. 2A, the majority of EGFRs were localized
at the cell surface in the control cells. After EGF stimulation,
the distribution of EGFRs was quite distinct: the cell-surface
receptors disappeared; and EGFR-containing vesicles appeared
in their place, thus indicating the internalization of EGFR on
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FIGURE 2. B4G7 affects neither the internal-
ization nor the down-regulation of EGFR in PC-14
cells. A. PC-14 cells were treated with 100 ng/mL
EGF or 10 pg/mL B4G7 mAb for 15 min. EGFR
localization of these cells was determined by
immunostaining as described in Materials and
Methods. Bar, 10 um. B, PC-14 celis were treated
or not with EGF or B4G7 for the indicated times.
Cell lysates were prepared and used for the
detection of EGFR as described in Materials and
Methods. The blot was reprobed with a R-actin

antibody to show equal loading. Similar results
were obtained from four independent experiments.
Immunoblot analyses of total cellular lysates,
which were prepared by using the Laemmli SDS
buffer containing 5% mercaptoethanol, gave sim-
ilar results.

EGFR i

EGF stimulation. In contrast, most of EGFRs still remained
on the cell surface after B4G7 treatment. We next did Western
blot analysis to assess the down-regulation of EGFRs after
stimulation of PC-14 cells with EGF or B4G7 mAb (Fig. 2B).
The down-regulation increased as the incubation time with EGF
was lengthened, whereas EGFRs were still detected even 12
h after B4G7 treatment. Thus, B4G7 mAD affected neither the
internalization nor the down-regulation of EGFRs.

Activation of EGFR, ERK1/2, and Akt after B4G7
Treatment

Next, we assessed EGFR phosphorylation on Tyr and
phosphorylation of ERK1/2 and Akt, downstream molecules of
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EGFR, after stimulation of PC-14 cells with EGF or B4G7
mAb (Fig. 3). Following the addition of EGF or B4G7, tyrosine
phosphorylation of EGFR was observed with a peak at 10 to
15 min. ERK1/2 and Akt were phosphorylated even in the
absence of EGF or B4G7, and this phosphorylation was further
augmented in both EGF- and B4G7-treated cells. It thus seems
that the growth-stimulatory activity of B4G7 mAb is not simply
explained by its activity to stimulate tyrosine phosphorylation
of EGFR and subsequent phosphorylation of ERK1/2 and Akt
molecules. Figure 3 also shows the effect of AG1478, a specific
inhibitor of EGFR tyrosine kinase, on tyrosine phosphorylation
of EGFR. This inhibitor suppressed the tyrosine phosphoryla-
tion of EGFR in both EGF- and B4G7-treated cells, although a
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FIGURE 4. AG1478 shows no inhibitory activity against B4G7-
stimulated cell growth. PC-14 cells were pretreated with 200 nmol/L
AG1478 for 2 h and then incubated with 100 ng/mL EGF or 10 pg/mL
B4G7. After 2 d of incubation, their growth was estimated by means of the
WST-1 assay as described in Materials and Methods. Columns, mean
(n = 6); bars, SD. *, P < 0.01. Similar results were obtained from three
independent experiments.

faint band of phosphorylated EGFR band was still visible in
EGF-treated cells afier AG1478 treatment. On the other hand,
the inhibitory activity of the inhibitor against the phosphory-
lation of ERK1/2 and Akt was not remarkable. This result
suggests that activation of the two signaling proteins ERK1/2

and Akt in B4G7-treated cells occurred via a pathway
independent of the tyrosine phosphorylation of EGFR.

Next, we determined the effect of AG1478 on the B4G7-
stimulated cell growth (Fig. 4). This inhibitor showed no
inhibitory activity against the stimulation of PC-14 cell growth,
indicating that the growth stimulation by B4G7 mAb seems to
have been independent of the activation of EGFR tyrosine
kinase.

Stimulated Formation of HER2/HER3 Heterodimer by B4G7

EGFR, ErbB2, ErbB3, and ErbB4 are members of the ErbB
family of receptors. ErbB receptors signal through a network
involving receptor homodimerization and heterodimerization.
Thus, we examined whether B4G7 mAb would cause the
down-regulation of other members of the ErbB family although
it did not down-regulate EGFR. As shown in Fig. 5A,
incubation of PC-14 cells with EGF, but not with B4G7
mAb, caused down-regulation of ErbB2. On the other hand.
neither EGF nor B4G7 mAb down-regulated ErbB3. Many
studies have shown that ligand-activated EGFRs preferentially
recruit ErbB2 into a heterodimeric complex in cells that
coexpress ErbB2 (25). Thus, it is most likely that EGF down-
regulated ErbB2 through the increased formation of EGFR/
ErbB2 heterodimer. In fact, when lysates from EGF-treated PC-
14 cells were incubated with anti-EGFR antibody, ErbB2
became detectable in the immunocomplex (Fig. 5B).
contrast, it was not detected in lysates from B4G7-treated PC-
14 cells.

ErbB3 has been observed to preferentially heterodimerize
with ErbB2 in several cancers, leading to a strong oncogenic
signal thought to promote tumor cell proliferation (26). We thus
studied whether treatment of PC-14 cells with EGF or B4G7
would affect complex formation between ErbB2 and ErbB3.

Immunoprecipitation with anti-ErbB3 antibody revealed that
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B FIGURE 5. B4G7 stimulates ErbB2/ErbB3
B4G7 EGF heterodimer formation. A. PC-14 cells were
treated or not with EGF or B4G7 for the indicated

10 15 30 60 - 5
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4 ip:anti-EGFR Ab

times. Lysates were prepared from these cells and
used for the detection of ErbB2 and ErbB3 as
described in Materials and Methods. The blot was
reprobed with a p-actin antibody to show equal
loading. B. EGFR was immunoprecipitated from
the lysates by using anti-EGFR antibody, and the
immunoprecipitates were examined for EGFR and
ErbB2 as described in Materials and Methods. C.
PC-14 cells were treated or not with EGF or B4G7
for 15 min. The supernatant fractions of cell
lysates were immunoprecipitated with anti~c-
erbB3 antibody, and proteins eluted from the
immunocomplexes were subjected to SDS-PAGE
and used for immunoblot analysis of ErbB2 and
ErbB3. Similar results were obtained from three
independent experiments.
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FIGURE 6. AGB825 inhibits tyrosine phosphorylation of ErbB3 and cell growth in B4G7-treated cells. A. PC-14 cells were pretreated with 0.5 pmol/L
AGB825 for 2 h and then treated with EGF or B4G7 for 15 min. The cells were then subjected to immunoprecipitation with anti—c-erbB3 antibody and used for
the detection of ErbB3 and its tyrosine phosphorylated form by using anti-ErbB3 antibody and anti-phosphotyrosine antibody (PY20). B. PC-14 cells were
incubated with EGF for the indicated times after AG825 (0.5 umol/L) pretreatment. Cell lysates were then prepared and used for immunoblot analysis of
ErbB2 and its phosphorylation by using anti—c-ErbB2 antibody and anti—phospho-erbB2 (Tyr'?*®) antibody, respectively. C. PC-14 cells were incubated with
EGF or B4G7 for 2 d in the presence of 0.5 umol/L AG825. Their growth was estimated by means of the WST-1 assay as described in Materials and Methods.
Columns, mean (n = 6); bars, SD. *, P < 0.01. Similar results were obtained from three independent experiments.

B4G7 but not EGF stimulated heterodimeriztion between
ErbB2 and ErbB3 (Fig. 5C).

The EGFR extracellular domain (amino acids 1-621) shares
45% amino acid identity with that of ErbB3. Due to this
homology, specific B4G7 antibody against EGFR may show
some cross-reactivity against ErbB3. We thus determined
whether B4G7 binds to ErbB3 as well as to EGFR. Immuno-
complexes were prepared from lysates of PC-14 cells using
B4G7 and assayed for the presence of ErbB3 by immunoblot
analysis. Because ErbB3 was not detected at all in these
complexes (data not shown), B4G7 seems to promote formation
of ErbB2/ErbB3 heterodimers by its binding to EGFR but not
to ErbB3.

B4G7-Stimulated Cell Growth Requires ErbB2/ErbB3
Heterodimer and ErbB3 Tyrosine Phosphorylation

If ErbB2/ErbB3 heterodimers are formed in the presence of
B4G7, ErbB3 of B4G7-treated cells could be phosphorylated
by ErbB2 tyrosine kinase. Indeed, ErbB3 was tyrosine
phosphorylated in the presence of B4G7 but not in the presence
of EGF (Fig. 6A). Further, this phosphorylation was inhibited
by AG825, a specific inhibitor of ErbB2. On the contrary, EGF-
induced phosphorylation of ErbB2 at Tyr'**", possibly through
heterodimerization of EGFR/ErbB2, was not inhibited by
AGR825 (Fig. 6B), indicating a selective inhibitory action of
this inhibitor against ErbB2 tyrosine kinase. Further analysis
of immunocomplexes formed in the presence of anti-
EGFR antibody confirmed that ErbB2 phosphorylation by
EGFR tyrosine kinase was not inhibited by this inhibitor:
tyrosine-phosphorylated ErbB2 was detected only in the
immunocomplexes from EGF-treated cells but not in those
from B4G7-treated cells, and this phosphorylation was not
inhibited by AG825 (data not shown).

To examine association of ErbB2 tyrosine kinase with
B4G7-induced cell growth, we treated PC-14 cells with AG825
before their stimulation with EGF or B4G7. As shown in
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Fig. 6C. cell growth increased by B4G7 was suppressed to the
control level by this pretreatment. These results show that
ErbB2 tyrosine kinase and the ErbB2/ErbB3 dimer function to
promote cell growth in B4G7-treated cells.

Discussion

We previously produced a mAb against EGFRs by
immunizing BALB/c mice with human epidermoid carcinoma
A431 cells (24). This mAb, which we named B4G7, inhibited
the binding of '’I-EGF to A431 cells and human fibroblasts
and specifically precipitated EGFR of A431 cells. Sato et al.
(22) also produced mAbs against A431 cells and found that
these antibodies were capable of inhibiting both the binding of
EGF to its receptor and ligand-induced cell proliferation. In this
study, we made the unexpected finding that B4G7 mAb exerted
growth-stimulatory activity toward various cancer cell lines. We
initially thought that B4G7 stimulated cell growth via signaling
pathways originating from EGFR tyrosine phosphorylation
because B4G7 stimulated EGFR tyrosine phosphorylation and
also phosphorylation of MAPK and Akt, two downstream
signaling molecules of EGFR. However, the growth stimulation
by B4G7 was independent of EGFR activation itself because
the stimulation was not affected by the presence of AG1478, an
EGFR tyrosine kinase-specific inhibitor.

EGFR forms homodimers as well as heterodimers with the
other ErbB family members, and cooperation between ErbB
family members plays pivotal roles in a variety of critical
functions. It is thus reasonable to speculate that binding of
B4G7 mAb to EGFR affects cross-talk among the ErbB family
and the cellular etfects mediated by these receptors. In B4G7-
treated PC-14 cells, the EGFR/ErbB2 complex was not
detected, although its formation was increased in response to
EGF (Fig. 5B). Therefore, B4G7 may have blocked the ability
of EGFR to heterodimerize with ErbB2 or ErbB3 and thus
facilitated enhanced dimerization between ErbB2 and ErbB3. In
fact, ErbB2/ErbB3 heterodimers were formed in the presence of
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B4G?7 but not in the presence of EGF (Fig. 5C). In EGF-treated
PC-14 cells, major combinations of ErbB family members were
EGFR homodimer and EGFR/ErbB2 heterodimer. AG1478
inhibited, but not completely, EGFR phosphorylation, whereas
it inhibited phosphorylation of ERK1/2 and Akt to a lesser
extent. The limited efficacy of AG1478 could have arisen from
unblocked ErbB2 signaling in the form of EGFR/ErbB2.

At least six different ligands are known to bind to EGFR.
These ligands include EGF, transforming growth factor a,
amphiregulin, heparin-binding EGF, betacellulin, and epiregu-
lin (1, 20, 27). A second class of ligands, collectively termed
neuregulin, bind directly to ErbB3 and/or ErbB4 (6-8). It is
known that ErbB2 and ErbB3 dimerize to produce a high-
affinity receptor for neuregulin-1. Because production and
secretion of neuregulin-1 have been reported in many human
lung cancer cell lines (28), it is very likely that neuregulin-1 or
neuregulin isoform is secreted from PC-14 cells and thereafter
activates the ErbB2/ErbB3 heterodimer in an autocrine fashion.
This likelihood is supported by the finding that ErbB3
phosphorylation was increased on B4G7 addition and abrogat-
ed in the presence of AG82S, which selectively inhibits the
ErbB2 kinase activity.

The physiologic role of ErbB2, in the context of ErbB ligand
signaling, is to serve as a coreceptor (29, 30). ErbB2 seems to
be the preferred partner of the other ligand-bound ErbBs (25,
31). ErbB3 functions as an indispensable ErbB2 dimerization
partner and is required for proliferation of ErbB2-overexpress-
ing tumor cells, and neither ErbB1 nor ErbB4 could replace
ErbB3 as partner of ErbB2 to drive proliferation. Therefore, it
seems that the ErbB2/ErbB3 formed in the presence of B4G7
but not in the presence of EGF transmits effective proliferation
signals in PC-14 cells. This notion is supported by our finding
that AG82S5, a specific inhibitor of ErbB2, suppressed B4G7-
stimulated cell growth (Fig. 6C). Taken together, these findings
indicate that B4G7 transmitted signals for growth stimulation
by increasing the formation of ErbB2/ErbB3 (see Fig. 7).

The signals generated by activated growth factor receptors
are generally attenuated by the process of receptor internal-
ization, which leads to receptor degradation (32, 33).
Neuregulin has been reported to undergo slow endocytosis
followed by receptor recycling to the plasma membrane (34).

Signals for growth stimulation
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In contrast, most of the EGF-stimulated EGFR molecules are
destined to lysosomal degradation. Due to the consequent
clearance of EGFR but not ErbB3 molecules from the cell
surface, the mitogenic signal evoked by EGF is less potent
than the neuregulin signal (29). In PC-14 cells, EGFR and
ErbB2 were down-regulated in the presence of EGF, but their
levels were unchanged after B4G7 treatment. Therefore, slow
endocytosis and receptor recycling of ErbB2 and ErbB3 may
explain the capacity of B4G7 to deliver more sustained
mitogenic signals than EGF. Another mechanism for the
different mitogenic capacity probably involves the recruitment
of distinct sets of downstream effectors to each of the
activated ErbB family members. One of the downstream
effectors is phosphatidylinositol 3-kinase, the activation of
which results in the phosphorylation of the 3’ position of
phosphatidylinositol 4,5-bis-phosphate to yield phosphatidyli-
nositol 3,4,5-tris-phosphate. Phosphatidylinositol 3.4,5-tris-
phosphate, in turn, activates several downstream signaling
molecules including Akt. ErbB3 effectively couples to the
phosphatidylinositol 3-kinase/Akt pathway because it has six
tyrosine phosphorylation sites with YXXMs motifs, which
serve as excellent binding sites for phosphatidylinositol 3-
kinase (35, 36). Because the phosphatidylinositol 3-kinase/Akt
pathway originating from ErbB3 is suggested to play an
important role in the stimulation of cell growth (37, 38), it is
reasonable to speculate that this pathway is linked to the
mitogenic superiority of ErbB3. In this study, we determined
the phosphorylation time course of Akt in B4G7- and EGF-
treated cells, but there was no significant difference between
their phosphorylation kinetics.

Neuregulin activates ERK MAPK, a signaling pathway that
is critical in the mitogenic effect of neuregulin (39, 40). It has
been indicated that sustained, but not transient, activation of
ERK induces phosphorylation of immediate early gene
products, which leads to their stabilization and activation,
resulting in appropriate gene expression, such as that of cyclin
D (41, 42). Further, only sustained ERK activation induces and
maintains decreased expression levels of antiproliferative genes
(43). Thus, the duration and magnitude of ERK activity is a key
determinant for the mitogenic response of various cells to EGF
(44, 45). The differential mitogenic response of PC-14 cells to
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FIGURE 7. Schematic representation of how
mAb B4G7 stimulates cell growth. Homodimers
and heterodimers of EGFR are formed on EGF
addition. On the other hand, the ErbB2/ErbB3
heterodimer is formed in the presence of B4G7
mAb because binding of B4G7 mAb to EGFR
inhibits the ability of EGFR to form heterodimers
with ErbB2 and ErbB3. ErbB2/ErbB3, unlike
EGFR dimers, continues to exist on the cell
surface and transmits signals for growth stimula-
tion. ErbB2/ErbB3 may be activated in an auto-
crine fashion.
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EGF and B4G7 may be related to the differential kinetics of
ERK activation in B4G7- and EGF-treated cells. However, both
EGF and B4G7 mAb stimulated phosphorylation of ERK in a
similar time-dependent manner (see Fig. 3). We studied
phosphorylation of ERK and Akt in PC-14 cells treated with
EGF or B4G7 for a longer period of time, but observed no
significant difference in the phosphorylation time course
between B4G7- and EGF-treated cells.* The duration of Akt
and MAPK activities may be essential, but not sufficient, for
ensuring G, phase progression of PC-14 cells. A more detailed
side-by-side comparison of PC-14 cells treated with EGF or
B4G7 should provide a hint for elucidating the signaling
pathway for B4G7-induced cell growth.

A variety of approaches to block the EGFR-mediated
signaling pathway are undergoing clinical evaluation, including
the use of mAbs against EGFR and ErbB2 (46). The study
presented here might have important clinical implications
because it indicates that mAb against EGFR stimulated the
growth of several cancer cell lines by affecting dimerization of
EGFR family members other than EGFR. Similarly, ZD1839, a
specific EGFR tyrosine kinase inhibitor, has been reported to
inhibit the growth of ErbB2-overexpressing breast cancer cells,
possibly by sequestration of ErbB2 and: ErbB3 receptors in an
inactive heterodimer configuration with EGFR (47). Another
group also reported that elimination of ErbB2 signaling resulted
in an increase in EGFR expression and activation and that its
increased activation contributed to sustained cell survival (48).
Changes in receptor-receptor interactions between ErbB family
members and compensatory changes in the ErbB family after
inhibition of one of its members are of potential importance in
optimizing current EGFR family -directed therapies for cancer.

Materials and Methods
Materials

EGF (ultrapure) from mouse submaxillary glands was
purchased from Toyobo Co. Ltd. (Osaka, Japan). FCS,
phenylmethylsulfonyl fluoride, pepstatin A, p-toluenesul-
fonyl-L-arginine methyl ester, leupeptin, and aprotinin came
from Sigma (St. Louis, MO). AG1478 [4-(3-chloroanilino)-6,7-
dimethoxyquinazoline] and AG825 [4-hydroxy-3-methoxy-5-
(benzothiazolylthiomethyl)benzylidenecyanoacetamide] were
purchased from Calbiochem (San Diego, CA). RPMI 1640
and DMEM were from Nissui Pharmaceutical Co. Ltd. (Tokyo,
Japan). Antibodies used and their sources were as follows: anti-
phosphotyrosine (PY20; BD Transduction Laboratories, San
Jose, CA); anti—phospho-EGFR (Tyr''”) and anti—phospho-
erbB2 (Tyr'2**) (Upstate Biotechnology, Lake Placid, NY),
anti-EGFR (1005) and anti-ErbB3 (C-17; Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA); anti-Akt (Cell Signaling
Technology, Inc., Beverly, MA); anti-MAPK (Sigma); anti—
phospho-Akt (Tye*”) and anti-ACTIVE MAPK (Promega,
Madison, WI); anti—c-ErbB2/c-Neu (Ab-3; Calbiochem);
horseradish peroxidase—conjugated swine anti-rabbit immuno-
globulin (DAKO, Glostrup, Denmark); and horseradish perox-
idase—linked sheep anti-mouse IgG and biotinylated sheep
anti-mouse immunoglobulin (GE Healthcare, Piscataway, NJ).

# Kenji Takenchi and Fumiaki Ito, unpublished data.
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A mouse anti-human EGFR mAb (B4G7) was purified from
mouse ascites by ammonium sulfate precipitation and protein G
column chromatography. All other chemicals were commercial
products of reagent grade.

Cell Culture

Human non—small cell lung cancer cell lines PC-9 and PC-
14 were obtained from Tokyo Medical University (Tokyo,
Japan). Both lines were cultured in RPMI 1640 supplemented
with 5% FCS in 5% CO, at 37°C in a fully humidified
atmosphere. Human adenocarcinoma A549 and epidermoid
carcinoma A431 were cultured in DMEM supplemented with
5% FCS. Exponentially growing cells were used in all
experiments.

Growth Stimulation Assay

Cells were seeded at a density of 2 x 10° per well into a
96-well microtiter plate and cultured for 2 days in the presence
of 5% FCS. They were then treated with 100 ng/mL EGF or
10 ug/mL B4G7 mAb. After incubation for 48 h, growth
stimulation was quantified by a colorimetric assay with the
WST-1 reagent according to the manufacturer’s instruction
(Dojindo Laboratories, Kumamoto, Japan).

Preparation of Cellular Lysates and Immunoblotting

PC-14 cells were seeded at a density of 1.2 x 10° per
35-mm-diameter dish and cultured for 2 days. They were then
treated or not with 100 ng/mL. EGF or 10 pg/mL B4G7 mAb
for indicated times at 37°C. When the effects of AG1478 or
AGR825 were assayed, these inhibitors were added 2 h before
the addition of EGF or B4G7. The cells were then washed with
ice-cold PBS and subsequently lysed by incubating in
hypotonic buffer [10 mmol/L Tris-HCl (pH 7.8), containing
10 mmol/L NaCl, 1.5 mmol/L MgCl,, 0.5 mmol/L DTT,
0.5 mmol/L phenylmethylsulfonyl fluoride, 2 ug/mL leupeptin,
2 pg/mL aprotinin, and 0.3% NP40]. The lysates were
incubated on ice for 10 min and clarified by centrifugation at
1,500 x g for 5 min at 4°C. Total proteins (10 pg/mL) from
the supernatant fractions were resolved by SDS-PAGE and
transferred to Immobilon-P membrane (Millipore, Bedford,
MA). The membranes were sequentially incubated, first with
primary antibody for 2 h and then with horseradish peroxidase—
conjugated anti-rabbit IgG antibody (1:1,000) or anti-mouse
IgG antibody (1:1,000) for 1 h. Finally, the proteins were
visualized by use of an enhanced chemiluminescence Western
Blotting Detection System (GE Healthcare) and exposed to
autoradiography film (Fuji Medical X-ray film RX-U, Fuji
Photo Film Co., Ltd., Tokyo, Japan).

Immunostaining of Cells for Confocal Laser Scanning
Microscopic Observation

Immunostaining of cells was done as previously described
(49). Briefly, PC-14 cells were grown on coverslips for 2 days
and then stimulated with 100 ng/mL EGF or 10 pg/mL B4G7
mADb for 15 min. The cells were fixed with methanol for S min
at —20°C, after which they were washed thrice with 20 mmol/L
TBS (pH 7.4) containing 1 mmol/L CaCl, (TBS-Ca) and incu-
bated with anti-EGFR antibody for 2 h at room temperature.
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After being washed with TBS-Ca, the cells were incubated with
biotinylated sheep anti-mouse immunoglobulin antibody
(1:100) for 1 h at room temperature and then with Texas
red—labeled streptavidin (GE Healthcare). The stained cells
were observed under a confocal laser scanning microscope
(MRC1024, Bio-Rad, Hercules, CA).

Immunoprecipitation

PC-14 cells were seeded at 1.2 x 10° per 150-mm dish and
incubated in RPMI 1640/5% FCS for 2 days. The cultures were
then incubated for 2 h in the presence or absence of 0.5 pmol/L
AGR825 and treated with either EGF or B4G7 for the indicated
times at 37°C. They were lysed in hypotonic buffer and
centrifuged at 1,500 x g for 5 min as described above. The
supemnatant fractions were incubated overnight at 4°C with
anti—c-erbB3 (clone 2F12) antibody (LabVision Co., Fremont,
CA) or anti-EGFR antibody (B4G7). Immunocomplexes were
collected on protein G-sepharose (GE Healthcare). Bound
proteins were washed thrice with 10 mmol/L Tris-HCI buffer
(pH 7.4) containing 135 mmol/L NaCl, 0.1% NP40, 0.1%
Triton X-100, a cocktail of protease inhibitors (0.1 mg/mL
phenylmethylsulfonyl fluoride, 2 pg/mL leupeptin, I pg/mL
pepstatin A, 0.1 pg/mL p-toluenesulfonyl-L-arginine methyl
ester), 1 mmol/L sodium orthovanadate, 2 mmol/L EGTA,
5 mmol/L EDTA, 50 mmol/L sodium fluoride, and 30 mmol/L
Na,P,0, and once with TBS and eluted in Laemmli sample
buffer containing 2-mercaptoethanol. Eluted proteins were
subjected to SDS-PAGE and immunoblotted as described
above. '

Protein Assay

Protein content was assayed by using a Coomassie Plus
Protein Assay reagent (Pierce Chemical Co., Rockford, IL)
according to the manufacturer’s instructions.
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In order to review gene alterations associated with drug responses in vitro to identify candi-
date genes for predictive chemosensitivity testing, we selected from literature genes fulfilling
at least one of the following criteria for the definition of ‘in vitro chemosensitivity associated
gene’: (i) alterations of the gene can be identified in human solid tumor cell lines exhibiting
drug-induced resistance; (ii) transfection of the gene induces drug resistance; (iii) down-
regulation of the gene increases the drug sensitivity. We then performed Medline searches
for papers on the association between gene alterations of the selected genes and chemosen-
sitivity of cancer cell lines, using the name of the gene as a keyword. A total of 80 genes
were identified, which were categorized according to the protein encoded by them as follows:
transporters (n= 15), drug targets (n = 8), target-associated proteins (n= 7), intracellular
detoxifiers (n= 7), DNA repair proteins (n= 10), DNA damage recognition proteins (n = 2),
cell cycle regulators (n = 6), mitogenic and survival signal regulators (n= 7), transcription
factors (n = 4), cell adhesion-mediated drug resistance protein (n = 1), and apoptosis regula-
tors (n = 13). The association between the gene alterations and chemosensitivity of cancer
cell lines was evaluated in 50 studies for 35 genes. The genes for which the association
above was shown in two or more studies were those encoding the major vault protein, thymi-
dylate synthetase, glutathione S-transferase pi, metallothionein, tumor suppressor p53, and
bcl-2. We conclude that a total of 80 in vitro chemosensitivity associated genes identified in
the literature are potential candidates for clinical predictive chemosensitivity testing.

Key words: chemotherapy — sensitivity — drug resistance — solid tumor

INTRODUCTION

surgery for the primary tumor. Systemic chemotherapy
against malignant tumors remains of limited efficacy in spite

Malignant neoplastic diseases remain one of the leading
causes of death around the world despite extensive basic
research and clinical trials. Advanced solid tumors, which
account for most malignant tumors, still remain essentially
incurable. For example, 80% of patients with non-small cell
lung cancer have distant metastases either at the time of the
initial diagnosis itself or at the time of recurrence after

For reprints and all correspondence: lkuo Sekine, Division of Internal
Medicine and Thoracic Oncology, National Cancer Center Hospital,
Tsukiji 5-1-1, Chuo-ku, Tokyo 104-0045, Japan. E-mail: isekine@ncc.go.jp

of the development in the recent past of several new
chemotherapeutic agents; therefore, patients with distant
metastases rarely live for long (1).

Tumor response to chemotherapy varies from patient
to patient, and clinical objective response rates to standard
chemotherapeutic regimens have been reported to be in the
range of 20—40% for most common solid tumors. Thus, it
would be of great benefit it became possible to predict
chemosensitivity of various tumors even prior to therapy.
DNA, RNA and protein-based chemosensitivity tests have
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330 In vitro chemosensitivity associated genes

been performed in an attempt to predict the clinical drug
response, but the precise gene alterations that might be
predictive of the chemosensitivity of the tumors are still
unknown. Here we aimed to review the gene alterations that
may be associated with the drug response in vitro (in vitro
chemosensitivity associated genes) in order to identify candi-
date genes for predictive chemosensitivity testing in the
clinical setting. The association between these gene altera-
tions and clinical chemosensitivity in lung cancer patients
has been reported elsewhere (2).

METHODS

In vitro chemosensitivity associated genes were identified
from the medical literature as described previously (2).
Briefly, we conducted a Medline search for papers on tumor
drug resistance published between 2001 and 2003. This
search yielded 112 papers, including several review articles.
Manual search of these papers led to identification of 134
genes or gene families that were potentially involved in drug
resistance based on their function. We conducted a second
Medline search for in vitro studies of the 134 genes or gene
families using the name of the gene as a keyword. Genes

Table 1. Transporters and in vitro evidence of association with chemosensitivity

that fulfilled at least one of the following criteria for the defi-
nition of in vitro chemosensitivity associated gene were
selected from the 134 genes: (i) alterations of the gene can
be identified in a human solid tumor cell lines exhibiting
drug-induced resistance; (ii) transfection of the gene induces
drug resistance; (iii) down-regulation of the gene or of the
protein encoded by it increases the drug sensitivity. For this
last category, we included studies in which the gene
expression or function was suppressed by antisense RNA,
hammerhead ribozyme, or antibody against the gene product.
Finally, a Medline search for papers on the association
between gene alterations and chemosensitivity of solid tumor
cell lines was performed using the name of the gene as a
keyword. Papers in which the association was evaluated
in 20 or more cell lines were included in this study.
The name of each gene was standardized according to the
Human Gene Nomenclature Database of National Center for
Biotechnology Information (NCBI).

RESULTS

Of the 134 genes or gene families, gene alterations were
found in cells exhibiting drug-induced resistance, transfec-
tion of the gene increased or decreased the drug resistance,

Gene Alterations Sensitivity of Drugs . Association with Reference no.
symbol in DIRC chemosensitivity (cancer,
UCs DCs drug)

ABCA2 U - S Estramustine - 1
ABCBI 0f R S DOX, PTX, VCR, VBL Yes (lung, DOX) 2—11

No (lung, DOX) 12
ABCBL1 - R - PTX - 13
ABCCH U R S CPT, DOX, ETP, MTX, VCR Yes (lung, CDDP, DOX) 11,14-21

No (lung, PTX) 22
ABCC2 U R S CDDP, DOX, MTX, VCR No (lung, DOX) 18, 21, 23-25
ABCC3 NC,U R - ETP, MTX Yes (lung, DOX) 21,25-28
4BCC4 NC, U NC,R - MTX No (lung, DOX) 12, 25, 29-31
ABCC5 NC, U NC - DOX, MIT Yes (lung, ETP) 12, 25,31-34
ABCG2 M, U R - DOX, MIT, MTX, SN38, TOP - 35-43
MvpP U - NC DOX Yes (brain, CDDP, DOX) 4447

Yes (lung, DOX) 10
ATPTA U - - CDDP — 48
ATPTB U R - CDDP - 48-52
SLC29AL 4] - - 5-FU No (NCl-panel) 52,53
SLC28A1 - S - 5'-DFUR No (NClI-panel) 53, 54
SLC19A1 D - MTX Yes (NCl-panel) 55—58

Alterations in drug-induced resistance cells (DIRC): D, down-regulated; M, mutated; NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs)
and down-regulating cells (DCs): NC, no change: R, resistant; S, sensitive.
Drugs: CDDP, cisplatin; CPT, irinotecan; DOX, doxorubicin; ETP, etoposide; MIT, mitoxantrone; MTX, methotrexate; PTX, paclitaxel; SN38, irinotecan
metabolite; TOP, topotecan; VBL, vinblastine; 5-FU, 5-luorouracil; 5'-DFUR, 5’-deoxy-5-fluorouridine, capecitabine metabolite.
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Table 2. Drug targets, the associated proteins, and in vitro evidence of association with chemosensitivity

Association with

Gene Alterations Sensitivity of Drugs Reference no.
symbol in DIRC chemosensitivity
UCs DCs (cancer, drug)

TUBB IEC,M - - PTX - 59-63
TUBB4 U - S PTX Yes (NCl-panel, PTX) 59, 60, 63—66
TUBA IEC,M R - PTX - 64, 67, 68
TYMS u R S 5-FU Yes (renal cell, 5-FU) 69—-74

No (NCl-panel, 5-FU) 75

Yes (lung, DOX) 10
TOPI M R* - CPT - 76—84
TOP2A M, D - - ETP, DOX No (lung, DOX) 10, 82—91
TOP2B D - - ETP - 86, 87
DHFR M, U . R* - MTX - 92-96
MAPA — S - PTX - 97
MAPT - S - PTX - 98
STMNI U R - PTX = 99, 100
KIF5B - R R ETP, PTX - 101, 102
HSPAS - R - ETP - 103
PSMD14 - R - CDDP, DOX, VBL - 104
FPGS D - - 5-FU - 105

Alterations in drug-induced resistance cells (DIRC): D, down-regulated; IEC, isoform expression change; M, mutated; U, up-regulated. Sensitivity of
up-regulating cells (UCs) and down-regulating cells (DCs): R, resistant; S, sensitive. Drugs: CDDP, cisplatin; CPT, irinotecan; DOX, doxorubicin; ETP,
etoposide; MTX, methotrexate; PTX, paclitaxel; VBL, vinblastine; 5-FU, 5-fluorouracil.

*Over-expression of the mutant gene.

according to the protein encoded by them as follows: trans-
porters (n = 15, Table 1), drug targets (n = 8, Table 2),
target-associated proteins (n = 7, Table 2), intracellular
detoxifiers (n = 7, Table 3), DNA repair proteins (n = 10,

and down-regulation of the gene altered the drug sensitivity
for 45, 57 and 32 genes, respectively, and a total of 80 genes
fulfilled the criteria for the definition of an ‘in vitro chemo-
sensitivity associated gene’. The genes were categorized

Table 3. Intracellular detoxifiers and in vitro evidence of association with chemosensitivity

Gene Alterations Sensitivity of Drugs Association with Reference no.
symbol in DIRC e —————————— chemosensitivity
UCs DCs (cancer, drug)
GSTPI U - S CDDP, DOX, ETP Yes (lung, DOX) 10, 106, 107
Yes (NCl-panel) 108
GPX - R, NC - DOX Yes (lung, CDDP) 109-112
GCLC 8] R S CDDP, DOX, ETP Yes (NCl-panel) 106, 108, 113-121
GGT2 U R - CDDP, OXP - 114,117,122, 123
MT U, NC R - CDDP Yes (urinary tract, 118, 124—130
CDDP)
Yes (lung, DOX) 10, 131
RRM?2 U R - 5-FU, GEM, HU - 71, 132—134
AKR1BI U - - DNR - 135

Alterations in drug-induced resistance cells (DIRC): NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs) and down-regulating cells (DCs):
NC. no change; R, resistant; S, sensitive. Drugs: CDDP, cisplatin; DNR, daunorubicin; DOX, doxorubicin; ETP, etoposide; GEM, gemcitabine; HU,
hydroxyurea; OXP, oxaliplatin; 5-FU, 5-fluorouracil.
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Table 4. DNA damage recognition and repair proteins and in vitro evidence of association with chemosensitivity

Gene Alterations Sensitivity of Drugs Association with ) Reference
symbol in DIRC chemosensitivity no.

UCs DCs (cancer, drug)
HMGBI U - - CDDP - 136
HMGB2 - S - CbDP - 137
ERCC1 U R S CDDP - 138—140
XPA u R - CDDP No (NCl-panel) 141-143
XPD - R - CDDP Yes (NCl-panel) 142144
MSH?2 D, NC - - CDDP - 145, 146
MLHI D, NC - - CDDP - 145-147
PMS2 D, NC - - CDDP - 146, 147
APEX1 - R . - BLM - 148
MGMT - R S CPM, ACNU Yes (lung, DOX) 10, 149—152
BRCAI U S R PTX - 153155
GLO1 - R - DOX - 156

Alterations in drug-induced resistance cells (DIRC): D, down-regulated; NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs) and
down-regulating cells (DCs): R, resistant; S, sensitive. Drugs: ACNU, 1-(4-amino-2-methyl-5-pyrimidinyl)-methyl-3-(2-chloroethyl)-3-nitrosourea; BLM,

bleomycin; CDDP, cisplatin; DOX, doxorubicin; PTX, paclitaxel.

Table 4), DNA damage recognition proteins (n =2,
Table 4), cell cycle regulators (n = 6, Table 5), mitogenic
and survival signal regulators (n = 7, Table 6), transcription
factors (n = 4, Table 6), cell adhesion-mediated drug resist-
ance protein (n = 1, Table 6), and apoptosis regulators (n =
13, Table 7).

The association between the gene alterations and in vitro
chemosensitivity was evaluated in one study for 25 genes, in
two studies for seven genes, in three studies for two genes,
and in five studies for one géne, and in a total of 50 studies
for 35 genes (Table 8). Significant association was found
between chemosensitivity and alterations of genes encoding
transporters, drug targets and intracetlular detoxifiers
(Table 8). Genes for which such association was shown in

two or more studies were those encoding the major vault
protein/lung resistance-related protein (MVP) (Table 1), thy-
midylate synthetase (TYMS) (Table 2), glutathione
S-transferase pi (GSTP1), metallothionein (MT) (Table 3),
tumor suppressor protein p53 (TP53), and B-cell CLL/
lymphoma 2 (BCL2) (Table 7).

DISCUSSION

We identified a total of 80 in vitro chemosensitivity
associated genes. These genes have been the subject of
considerable research, and of numerous scientific publi-
cations. In addition, we may also have to expect the exist-
ence of many other genes associated with chemosensitivity

Table S. Cell cycle regulators and in vitro evidence of association with chemosensitivity

Gene Alterations Sensitivity of Drugs Association with Reference no.
symbol in DIRC chemosensitivity (cancer,
UCs DCs drug)

RBI - R - DOX Yes (lung, DOX) 157—-159

No (lung, CDDP, DOX) 160
GML S - MMC, PTX Yes (lung, CDDP) 161—163
CDKNIA 9] R, S S CDDP, BCNU, PTX - 164—171
CCNNDI - R, S S CDDP, MTX, PTX No (lung, DOX) 10, 172—176
CDKN2A - S,R - CDDP, 5-FU, PTX, TOP Yes (brain, 5-FU) 177-184
CDKNIB - R - DOX - 185

Alterations in drug-induced resistance cells (DIRC): U, up-regulated. Sensitivity of up-regulating cells (UCs) and down-regulating cells (DCs): R, resistant; S,
sensitive, Drugs: BCNU, carmustine; CDDP, cisplatin; DOX, doxorubicin; MMC, mitomycin C; MTX, methotrexate; PTX, paclitaxel; TOP, topotecan; 5-FU,

5-fluorouracil.
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Table 6. Mitogenic and survival signal regulators, integrins, transcription factors and in vitro evidence of association with chemosensitivity

Gene Alterations Sensitivity of Drugs Association with Reference no.
symbol in DIRC chemosensitivity

UCs DCs (cancer, drug)
ERBB2 - R,NC S CDDP, PTX Yes (lung, DOX) 10, 22, 186—191
EGFR - R — DOX No (lung, CDDP, DOX, PTX) 10, 22, 112, 192
KRAS2 - R* - CDDP - 193
HRAS — R*, NC - Ara-C, DOX, PTX No (lung, DOX) 10, 193—197
RAF - R - DOX - 198
AKTI - NC, R S CDDP, DOX, PTX - 199-201
AKT2 - R S CDDP — 200, 202
ITGBI - - S ETP, PTX - 203, 204
JUN - R - CDDP No (lung, DOX) 10, 205
FOS 8) S CDDP No (lung, DOX) 10, 206—208
MYC NC, U S,R R, S,NC CDDP, DOX No (lung, DOX) 10, 209-216
NFKBI U - S 5-FU, DOX, ETP - 217-222

Alterations in drug-induced resistance cells (DIRC): NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs) and down-regulating cells
(DCs)): NC, no change; R, resistant; S, sensitive. Drugs: Ara-C, 1-beta-D-arabinofuranosylcytosine; CDDP, cisplatin; DOX, doxorubicin; ETP, etoposide;
PTX, paclitaxel; 5-FU, 5-fluorouracil.

*Up-regulated with mutated K-ras gene.

Table 7. Apoptosis regulators and in vitro evidence of association with chemosensitivity

Gene Alterations Sensitivity of Drugs Association with Reference no.
symbol in DIRC chemosensitivity
UCs DCs (cancer, drug)
TP53 - S, R* R, S CDDP, DOX Yes (brain) 223-229
' ' Yes (NCI-panel) 230
No (breast, DOX) 231
No (breast, DOX, PTX) 232
No (lung, PTX) 22
MDM2 - S,R S CDDP, DOX, PTX - 169, 233—238
TP73 - - R CDDP, ETP - 239, 240
BCL2 U,b R - CDDP, CPT, DOX Yes (breast, DOX) 164, 198, 231, 241244
Yes (lung, PTX) 22
No (breast, DOX) 232
BCL2L1 NC R CDDP, PTX - 243-251
MCL1 - - DTIC - 252
BAX NC s R CDDP, ETP, 5-FU No (breast, DOX) 231, 244, 253-260
No (lung, PTX) 22
BIRCA - NC S PTX - 261, 262
BIRCS - R S CDDP, ETP - 263265
TNFRSF6 NC - s CDDP Yes (lung, DOX) 10, 242
CASP3 - S . - CDDP, DOX, ETP No (lung, DOX) 10, 266—268
CASP8 - - R CDDP - 261
HSPB1 C R S DOX - 52, 269273

Alterations in drug-induced resistance cells (DIRC): D, down-regulated; NC, no change; U, up-regulated. Sensitivity of up-regulating cells (UCs) and
down-regulating cells (DCs): NC, no change; R, resistant; S, sensitive. Drugs: CDDP, cisplatin; CPT, irinotecan; DOX, doxorubicin; DTIC, dacarbazine; ETP,

etoposide; PTX, paclitaxel; 3-FU, 5-fluorouracil.
*Resistant in mutant TP53 over-expressed cells.
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Table 8. Gene categories and association with in vitro chemosensitivity

Category No. of Total no. No. of studies
genes of studies showing association
(%)
Transporter 15 13 7 (54)
Drug target 8 5 3(69)
Target associated 7 0 0(0)
protein
Intracellular detoxifier 7 6 6 (100)
DNA repair 10 3 2(67)
DNA damage 2 0 0(0)
recognition protein
Cell cycle 6 5 3 (60)
Mitogenic signal 5 3 1 (33)
Survival signal 2 0 0(0)
Transcription factor 4 3 0(0)
Cell 1 0 0(0)
adhesion-mediated
- drug resistance
protein
Apoptosis 13 12 5(42)
Total 80 50 22 (44)

but not selected in the current study, because they have
never caught the scientific eye for some reasons. Thus, the
results of this study may be significantly influenced by
publication bias. Nonetheless, we do believe that these genes
have been selected reasonably carefully, and that they may
be helpful for establishing a clinical predictive chemosensi-
tivity test.

While the association between alterations of the 80 genes
and the chemosensitivity of various cell lines was evaluated
in 50 studies, significant association was observed in only 22
(44%) (Table 8). The cellular functions of a gene vary among
cell types and experimental conditions. The evaluation of the
gene functions, however, was conducted under only limited
cellular contexts in these studies, as expected. Thus, for
example, the conditions of a gene transfection experiment
may differ from those of an experiment to evaluate the che-
mosensitivity for many cell lines. The gene functions may not
necessarily be examined under all possible conditions, but the
evaluation must be conducted under conditions similar to
those in the clinical setting in order to develop clinical che-
mosensitivity testing using these genes.

The other possibility for the poor correlation to in vitro
chemosensitivity may be that more than one gene alterations
are involved in the chemosensitivity of tumors. This may be
discussed from the standpoint of the signal transduction
pathway and from the cellular standpoint. From the stand-
point of the signal transduction pathway, more than one gene
may be involved in the reaction to a cytotoxic agent. One of
the best examples is cooperation of TP53 with another

member of the p53 family, p73 (TP73), in the response to
both DNA damage and chemosensitivity (3,4). From the cel-
lular standpoint, several pathways may work additively,
antagonistically, or complementally in determining the che-
mosensitivity of the cell. This can be understood well from
the context of induction and inhibition of apoptosis being
controlled by pro-apoptotic and anti-apoptotic pathways.
Thus, it would be important to study several pathways at the
same time, or to evaluate the net effect of the involvement
of various pathways.

Complex factors influencing the cellular chemosensitivity
may be operative on a tumor ir vivo, in such a way that
the tumor may exhibit highly heterogeneous gene altera-
tions; that the tumor cells may interact with various host
cells, including immune cells, fibroblasts and vascular
endothelial cells; and that the differences in the distance
between each tumor cell and blood vessels may affect the
exposure level of tumor cells to a drug. No systematic
approach has been developed to include this complex inter-
play of factors in the study of cellular chemosensitivity,
although studies on cell adhesion-mediated drug resistance
may be partly helpful.

Among the six genes for which the association was shown
in two or more in vitro studies, four encode classical drug
resistance proteins which are known to inhibit the drug—
target interaction. These proteins are relatively specific for
the drug as well as the cell type; e.g. TYMS is critical for
5-fluorouracil sensitivity. Thus, TYMS is a good candidate
for chemosensitivity testing in patients with colorectal
cancer who are treated with S-fluorouracil (Table 2). MVP is
involved in the transport of doxorubicin, therefore, it would
be of interest to examine the association between the
expression of MVP and the drug response in patients with
breast cancer; the association of MVP with chemosensitivity
has been evaluated only for brain tumor and lung cancer cell
lines, to date (Table 1). However, the remaining two of the
six genes, TP53 and BCL2, are associated with apoptosis,
and therefore may be relatively cell-type specific. Since all
the three in vitro studies using breast cancer cell lines failed
to show any associations between alterations of these genes
and the chemosensitivity, the association should be evaluated
in other tumor types in the clinical setting (Table 7).

The recently developed ¢cDNA microarray technique
allows analysis of the mRNA expression of more than
20 000 genes at once, and as many as 100—400 genes have
been statistically shown as potentail chemosensitivity-related
genes in various studies (5—7). The 80 genes in the current
study were selected theoretically based on their known func-
tions, and their contribution to in vitro chemosensitivity was
shown in the experiments. Thus, it would be of interest to
evaluate the expression profiles of these genes by cDNA
microarray analysis, even if the difference in expression
between sensitive and resistant cell lines does not reach stat-
istical significance.

In conclusion, 80 in vitro chemosensitivity associated
genes were identified from a review of the literature, which



may be considered to be future candidates for clinical predic-
tive chemosensitivity testing.
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