Cyclooxygenase 2 is a key enzyme for inflammatory
cytokine-induced angiogenesis
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ABSTRACT Cyclooxygenasel (COX1) and COX2
mediate the ratelimiting step in arachidonic acid me-
tabolism. Expression of COX2 mRNA and protein is
often enhanced in various human cell types by inflam-
matory cytokines such as interleukin-If (IL-1B) and
tumor necrosis factor o (TNFa), I1-1 enhanced ex-
pression of various prostanoids and this expression was
blocked by COX2 selective inhibitors. IL-1 markedly
induced angiogenesis in vitro and in vivo, which was
significantly inhibited by COX2 selective inhibitors but
not by a vascular endothelial growth factor (VEGF)
receptor tyrosine kinase inhibitor. In contrast, COX2
selective inhibitors only partially blocked VEGE-in-
duced angiogenesis. EP2, EP4 (prostaglandin E2 recep-
tors) agonists and thromboxane A2 (TXA2) receptor
. agonists induced angiogenesis in vitro and in vivo;
IL-1B-induced angiogenesis was blocked by an EP4
antagonist and a TXA2 receptor antagonist. IL-1§ in-
duced much less anglogenesis in cornea of COX2
knockout mice than that of wild-type mice. This is the
fixst report that COX2 and some prostanoids play a key
role in IL-1B-induced angiogenesis.—Kuwano, T., Na-
kao, §., Yamamoto, H., Tsuneyoshi, M., Yamamoto, T,
Kuwano, M., Ono, M. Cyclooxygenase 2 is a key enzyme
for inflammatory cytokine-induced angiogenesis.
FASER . 18, 300310 (2004)
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BoTn 1sororMs of cyclooxygenase (COX), consttutive
COX1 and inducible COX2, catalyze the production of
prostanoids from arachidonic acid (1). COX2-induced
production of prostanoids is olten implicated in inflam-
matory diseases, characterized by edema and tssue
injury due to the release of many inflammatory cyto-
kines and chemotactic factors, prostanoids, leukotri-
enes, and phospholipase (2, 3}, Enhanced COX2-
induced synthesis of prostaglandins stimulates cancer
cell proliferation (4), promotes angiogenesis (5, 6),
inhibits apoptosis (7), and increases metastatic poten-
tial (8). COX2 is also closely involved in the carcino-
genesis process (9) and is overexpressed in adenocar-
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cinoma in comparison with noncancerous mucosal
regions in colon cancers (10) and gastric cancers (11).
Elevated levels of mRNA and protein of COX2 are
known to be associated with esophageal, head and
neck, breast, lung, prostate, and other cancers, indicat-
ing a close involvement of COX2 in tumor progression
and other pathological phenotypes in various malig-
nant tumors {6, 9). COX2 is also known w0 be associ-
ated with lymph node metastasis in gastric cancer (12)
and to affect the prognosis in primary lung adenocar-
cinoma (13).

On the other hand, ovulation is closely controlled by
prostaglandins (14). Mice deficient in COX2 fail to
ovulate, and this ovulatory failure could be restored by
prostaglandin E2 (PGE2) or IL-1p and gonadotropins
(15), suggesting that IL-13/PGE2 plays a key role in
ovulation. Numerous cytokines, hormones, growth fac-
tors, and chemical stimuli up-regulate expression of
COX2 in various cell types including malignant cells,
stromal cells, epithelial cells, and nonepithelial cells
(9). Of these many stimuli, IL-1@ has been well known
to stimulate COX2 expression and/or PGE2 produc-
tion in various cell types inchiding monocyles/macro-
phages (16), vascular endothelial cells (17), colon
Abroblasts (18), neuroblastoma cells (19), and osteo-
blasts (20). IL-1p-induced activation of the COX2 gene
is modulated by various transcription factors such as
NF-«B, IL-6, CRE (17, 21, 22). We have reported that
potent angiogenic factors such as VEGFE, IL-8, basic
fibroblast growth factor (bFGF), metalloproteinases,
and plasminogen activators are up-regulated in re-
sponse to a representative inflammatory cytokine,
TNFw in endothelial cells (23). In hwmnan cancer cells,
IL-1a/B resulted in enhanced production of angio-
genic factors VEGF and IL-8 (24). These findings led us
to theorize that angiogenesis incuced by TNFo and/or
IL-1a/PB is pardally atributable to the production of
such angiogenic factors (25). It remains unclear, how-
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ever, whether representative inflammation-related sub-
stances such as prostanoids play any role in inflamma-
tory angiogenesis.

A recent highlight is the development of COX2
inhibitors, known as nonsteroidal” anti-inflammatory
drugs (NSAIDs). Clinical trials of these NSAIDs have
been performed for some inflammatory diseases such
as rheumatoid arthritis and osteoarthritis (26, 27).
NSAIDs have been shown to inhibit the growth of
human colon tumor cells expressing higher levels of
COX?2 in vitro as well as in vivo (28). Treatment with
NSAIDs decreased polyp number and size in familial
adenomatous polyposis patients, indicating that
NSAIDs may be chemopreventive against human pol-
yposis (29). COX2 inhibitors markedly reduced polyp-
osis in adenomatous polyposis coli (Apc) mice (30, 31),
suggesting that selective COX2 inhibitors have poten-
tial as chemopreventive agents against human intestinal
and colon cancer. One possible mechanism by which
NSAIDs could modulate carcinogenesis, tumor growth,
and other malignancy-related phenotypes in various
tumors is their effects on tumor angiogenesis (9). Using
animal models with Apc mutations during polyp forma-
tion, selective COX2 inhibitors decreased the expres-
sion of VEGF, a potent angiogenic factor (31). Overex-
pression of COX2 in colon cells is accompanied by
up-regulation of VEGF, bFGF, nitric oxide synthases,
and angiogenesis (6). COX2 inhibitors suppress both
angiogenesis and tumor growth of xenografts of cancer
cells in vivo (32). It was reported that a COX2 inhibitor
suppressed angiogenesis induced by bFGF in rat cor-
neas (33). Their studies suggest that NSAIDs may
modulate tumor growth and carcinogenesis through
antiangiogenesis. However, the underlying mechanism
by which NSAIDs inhibit angiogenesis remains unclear.
In our present study, we examine whether COX2 is
directly associated with angiogenesis using various an-
giogenesis models and present a plausible model in
which a COX2 inhibitor specifically induces antiangio-
genic activity.

MATERIALS AND METHODS
Agents used

One COX?2 inhibitor (DFU) was obtained from Banyu Phar-
maceutical Go., Tokyo, and another (JTE-522) from Japan
Tobacco Inc., Tokyo. The characteristics of these COX2
inhibitors were previously reported (34, 35). The chemical
structures of DFU and JTE522 are shown in Fig. 1. ONO-AEL-
259 (a PGE2 receptor EP2 agonist), ONO-AE1-329 {a PGE2
receptor EP4 agonist), ONO-AE3-208 {an EP4 antagonist),
ONO-NT-126 {TXA2 receptor antagonists, used for in vitro),
and ONO-8809 (orally active type of ONO-NT-126, used for
in vivo) were obtained from ONO Pharmaceutical Co, Tokyo.
146619 (a TXA2 receptor agonist) was purchased from
Cayman Chemical Co. (Ann Arbor, MI, USA). IL-18 and
VEGF were purchased from R&D Inc. (Minneapolis, MN,
USA).
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Figure 1. Chemical structures of COX2 inhibitors, DFU {a)
and JTE522 (4). DFU and JTE522 are selective inhibitors of
COX2 without significant activity on COX]. The chemical
name of DFU (C,oH,,FO,S; mol wt 360. 4) is 3-(3-fluorophe-
nyl)-4 (4-[methylsulfonyl] phenyl)-5, B-dimethyl-5H-furan-2-
one, and- that of JTE522 (C,H;gFN;O,5; mol we 338. 4) is
4-(4-cyclohexyl-2-methyl-1, 3-oxazol-5-y1)-2fluorobenzenesul-
fonamide.

Cell culture

HUVEGs (Clonetics Inc., San Francisco, CA, 1JSA) were
cultured according to the manufacturer's instructions
(36, 37).

‘Western blot analysis

Confluent KB3-1 celis were cultured in medium containing

¢ 799% NBS and HUVECs in medium containing 0.5% FBS for

-5

94 h. The cells were then preincubated with COX2 inhibitors
for 4 h before 1 ng/mL IL-1B or 20 ng/mL VEGF and
incubated for 24 h at 37°C. Cells were then rinsed with
ice-cold PBS and lysed in Triton X-100 buffer (50 pM HEPES,
150 pM NaCl, 1% Triton X-100, and 10% glycerol containing
1 1M PMSF, 1 mg/mL aprotinin, 1 mg/mL leupeptin, and 2
M sodium vanadate). Cell lysates were subjected to SDS-
PAGE and transferred to Immobilon membranes (Millipore,
Bedford, MA, USA). After transfer, blots were incubated with
the blocking solution and probed with anti-COX1 antibody,
or anti-COX?2 antibody, followed by washing. The protein
content was visualized using HRP-conjugated secondary anti-
bodies, followed by enhanced chemiluminescence (ECL,
Amersharn).

Migration assay of HUVECs

This assay was performed using a multiwell chamber. Polycar-
bonate filters (8 jun pores) were coated with 1.33 pg/mL
fibronectin for 1 h at 37°C and used as the inner chamber
(36, 87). HUVECs (3%10° cells) were suspended in EBM
containing 0.5% FBS and seeded into the inner chamber. In
the outer chamber, we added an EP4 agonist (ONO-AE1-320,
1 or 10 uM), a TXA2 receptor agonist (U46619, 1 or 10 pM),
PGF2 (1 or 10 pM). VEGF (20 ng/mlL), or IL-18 (1 ng/mL),
with or without serial dilutions of DFU (10 or 100 pM) or
JTE522 (10 or 100 pM). IL-1B, with or without EP4 antagonist
(ONO-AES-208, 1 or 10 pM) or TXAZ2 receptor antagonist
{ONQO-NT-126, 1 or 10 uM) in the same medium, was added.
After incubation for 5 h at 37°C, nonmigrated celis on the
upper surface of the filter were removed and cells that had
migrated under the filter were counted. Cells were counted
using average numbers from assays of three chambers.

Comneal micropocket assay in mice and quantification of
corneal neovascularization

The corneal micropocket assay in mice has been described
(36, 87). Briefly, 0.3 pL of hydron pellets (JFN Sciences, New
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Brunswick, NJ, USA) containing IL-1B (30 ng/pellet), the
EP2 agonist ONO-AEL-259 (1 or 10 pg/pellet), the EP4
agonist ONO-AEIL-329 (1 or 10 pg/pellet), the TXA2 recep-
tor agonist U46619 (50 or 100 ug/pellet), PGF2 (50 or 100
ng/pellet), or VEGF {200 ng/pellet) was prepared and

implanted in the corneas of male BALB/c mice. DFU (50 °

mg - kg™ - day™), JTE522 (50 or 100 mg - kg™ - day™), the
EP4 antagonist ONO-AES-208 (1 mg - kg™ + day™?), and the
TXA2 receptor antagonist ONO-8809 (1 mg - kg™ - day™)
were administered oxally on days 1-6, and the VEGF receptor
tyrosine kinase inhibitor SU5416 was administered intraperi-
toneally on days 1-6. On day 6, the mice were killed and their
corneal vessels were photographed. Images of the comeas
were recorded using Nikon Coolscan software. Areas of
corneal neovascularization were analyzed using the software
package NIH Image 1.61 (36, 37) and expressed in mm?®. The
corneal micropocket assay was also performed with COX2
knockout mice. COX2 knockout mice (C57BL/6, 120P2-
Ptgs2 "1™y (38) were purchased from Taconic Farms Inc.
{Germantown, NY, USA}). In this assay, 0.3 pL of hydron
pellets containing IL-18 (30 ng/pellet) or VEGF (200 ng/
pellet) were implanted in the corneas of male COX2 knock-
out or wild-type mice. As wild-type counterpart, C57 Black
mouse was used.

ELISA assays of PGE2 and TXA2/TXB2

Concentrations of PGE2 and TXA2/TXB2 in the condition
medium of HUVECs were measured using commercially
available ELISA kits. Cells were plated in 24-well dishes in
medium containing 2% FBS. When cells were subconfluent,
the medinm was replaced with 0.5% serum medium for 24 h.
The cells were then preincubated with various concentrations
of DFU or JTES22 for 4 h, followed by 1 ng/mL IL-1p at 87°C.
Assays were performed after 24 h of incubation with 0.5%
serum medinm. Results were normalized for the number of
cells and reported as picograms of growth factor/10* cells/ 24
h.

Immunohistochemistry of mouse cornea

After stimulaton by IL-1B for 6 days, cornea of Balb/cN
mouse was formalin-fixed, paraffin-embedded, and sliced into
sections (4 pm thick) as described (39). Tissue sections were
immunohistochemically stained using polyclonal primary an-
tibody and the Streptavidin-biotin-peroxidase method {Histo-
fine SABPO Kit; Nichirei, Tokyo, Japan). COX2 polyclonal
antibody (Dilution 1:200; Cayman) was used as a primary
antibody.

RESULTS

Enhanced expression of COX2 by IL-13 and effect
of COX2 inhibitors

A representative inflammatory cytokine, IL-13, induces
upregulation of COX2 in various cell types. Western
blot analysis was performed with specific antibodies
against COX1 and COX2 to examine expression of
both isoforms in human head and neck cancer KB3-1
cells and HUVEGs. In KB3-1 cells and HUVEGs, IL-18
did not enhance COX1 protein expression, indicating a
constitutive expression of COX1 gene (Fig. 2a). Two
COX2 inhibitors, DFU and JTE522, also had no effect
on expression of COX1 protein. In contrast, there
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marked increases appeared in COX2 levels in KB3-1
cells as well as HUVECGs by IL-1B. However, two COX2
inhibitors, DFU and JTE522, up to 50 uM did not block
IL-18-induced up-regulation of COX2 protein (Fig. 25).
Other inflammatory cytokines such as TNFa and IL-la
also enbhanced production of COX2 protein but not
that of COXI (data not shown). IL-1B potently up-
regulated expression of COX2 in various cell types used
in this study. In contrast, VEGF, a representative angio-
genic factor, did not enhance COX2 protein expres-
sion (Fig. 2¢).

Production of prostanoids by IL-1p and effect
of COX2 inhibitors

We first investigated whether IL-1B could enhance the
production of prostanoids through the up-regulation of
COX2 gene. HUVECs produce little if any prostanoids
without the exogenous addition of cytokines (Table 1).
I1-18, however, induced marked production of prosta-
noids, including PGE2 and TXB2/TXA2. As TXA? is
very unstable, we therefore measured TXB2 (a rela-
tively stable prostanoids derived from TXA2). Cellular
production of both PGE2 and TXB2 was increased
~10-fold over the control by IL-1B alone. This IL-1B-
induced production of these prostanoids was markedly
inhibited by the addition of DFU or JTE-522 (Table 1),
These two COX2 inhibitors were found to inhibit the
production of prostanoids at similar dosages as used in
this study when human cancer cells or monocytic cells
were treated with IL-1B (data not shown).

Cell migration by vascular endothelial cells in
response to IL-13 or prostanoids and effect
of COX2 inhibitors

Cell migration of vascular endothelial cells is a key step
in the process of neovascularization. We first examined
whether I1-13 or prostanoids could stimulate cell mi-
gration and whether COX2 inhibitors could affect the
IL-1p-induced migration of vascular endothelial cells,
IL-1 at 1 ng/mL stimulated cell migration ~2.5-fold
higher than the control, whereas VEGF at 20 ng/mL
stimulated cell migration ~3.5-fold higher (Fig. 3a).
DFU or JTE522 at a concentration of 100 uM resulted
in marked inhibition of IL-1B-induced migration by
vascular endothelial cells (Fig. 8a). In contrast, there
was no evidence of inhibition by DFU or JTE52 at 100
rM on cell migration stimulated by VEGF (Fig. 3a).
Exogenous addition of a PGE2 receptor EP2 agonist
(ONO-AE1-259), EP4 agonist (ONO-AE1-329}, or a
TXAZ2 receptor agonist (U46619) at a concentration of
10 pM stimulated cell migration ~twofold over the
control (Fig. 38). There was, however, no apparent
stimulation of cell migration by PGF2 (data not shown).
The stimulatory effects of prostanoids were comparable
to those of VEGF or IL-1p, and their stimulatory effects
on cell migration were reproducibly observed. We then
investigated which prostanoid was responsible for IL-
1p-induced angiogenesis in vitro. IL-1B-induced cell
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migration was significantly inhibited by an EP4 antag-
onist (ONOQ-AE3-208, 10 pM) and a TXAZ receptor
antagonist (ONO-NT-126, 10 pM) (Fig. 3¢). These
findings suggest that COX2 activity is closely associated
with IL-1B-nduced angiogenesis in vitro. Moreover,
TXA?2 and PGE2 appeared to play critical roles in
IL-1B-induced angiogenic activity in vitro.

TABLE 1. IL-1R-induced production of prostanoids by vascular
endothelial cells and inhibition of COX2 inhibitors"

IL-1B COX2 inhibitor PCE2 TXB2/TXA2
(ng/ml.) (rM) (pg/mL - 10% cells) {pg/mL - 10" cells)

0 None 1.4 1.2

1 None 15.2 (100)° 15.8 (100)

1 DFU (0.3) 6.1 {34) 10.1 {61)

1 DFU {3.0) 4.8 (25) 5.9 (32)

1 DFU {30) 2.1 (5) 1.8 (4)

1 JTE522 (0.1) 6.9 (40) 10.5 (64)

1 JTES22 (1.0) 2.8 (10} 6.5 (35)

1 JTE522 (50) 2.4 (4) 2.0 (6)

“PGE? and TXB2/TXA2 production into culture medium was
measured by ELISA when HUVECs were stimulated with IL-18 and
incubated with or without DFU or JTE522 for 24 h.  “Each value
(pg/mL + 107 cells/24 h) was the mean of duplicate cultures. In
parentheses, IL-1B-induced production of prostancids was recorded
as 100% when cellular amounts of eicosanoids in the absence of the
cytokine was subtracted from that in the presence of the cytokine
alone.
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ysis, KB3-1 cells and HUVECs were incubated in
the absence or presence of 1 ng/mL IL-18 with
or without indicated doses of DFU or JTE522.
The same amount of cellular protein was sepa-
rated by SDS-PAGE and Western blot analysis
was performed with specific antibody against
COX1 {a) and COX2 (}). ¢) Protein levels of
COX2 in KBS-1 cells and HUVECs were also
compared when exposed to 20 ng/mL VEGF or
1 ng/mL IL-1B.

Angiogenesis in vivo in response to IL-1( and the
effect of selective GOX2 inhibitors

‘We investigated whether IL-1B could induce angiogen-
esis in vivo in mouse corneas. Implantation of IL-1f at
doses of 10-30 ng into mouse corneas was found to
induce neovascularization in a nonvascular area of the
cornea at rates comparable to 200 ng of VEGF. Appar-
ent angiogenesis in the cornea in mice when either
IL-1B at 30 ng or VEGF at 200 ng was implanted (Fig.
4b, f). Oral administration of DFU (50 mg- kg™
- day™") or JTE622 (100 mg kg™ - day!) dramatically
inhibited IL-1B-induced angiogenesis (Fig. 4¢, d) but
not VEGF-induced angiogenesis (Fig. 44). In contrast,
intraperitoneal administration of SUB416, a specific
inhibitor of both VEGF receptors, KDR/FIk-1 and Flt-1
(40), almost completely inhibited VEGF-induced angio-
genesis (Fig. 4g) but had no effect on IL-1B-induced
angiogenesis in vivo (Fig. 4¢). Quaniitative analysis
using three or four mice for each assay showed almost
complete inhibition of IL-1f-induced neovasculariza-
tion when DFU or JTE-522 was orally administered (Fig.
47). Almost no inhibition by DFU (Fig. 44, §) or JTE-522
{data not shown) of VEGF-induced neovascularization
was observed, whereas SU5416 significantly inhibited
VEGF-induced neovascularization. IL-1B-induced an-
giogenesis was blocked by selective COX2 inhibitors in
vitro and in vivo.
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Figure 3. Effects of COX2 inhibitors and prostanocids on cell
migration. a) Effects of COX2 inhibitors on endothelial cell
migration by VEGF and IL-1f were assayed using HUVECs in
vitro, The migrated cell number was the mean of triplicate
dishes, Relative activity (%) was recorded as 100% when the
cell pumber (133%9.7) in the absence of any factor was
subtracted from that in the presence of VEGF (20 ng/mL) or
IL-1B (1 ng/mlL) alone. &) Effects of a TXA2 receptor agonist
{U46619, 1 or 10 nM), a PGE2 receptor EP2 agonist (ONO-
AE1-259, 1 or 10 kM) and EP4 agonist (ONO-AE1-329, 1 or
10 wM) on cell migration were determined by using HUVECs.
¢) Effects of 2 TXA2 receptor antagonist (ONO-NT-126) and
an EP4 antagonist (ONC-AE3-208) on IL-1B-induced vascular
endothelial cell migration. Both agents were found to signif
icantly inhibit IL-1B-induced cell migration in vitro. Each
column gives the average value *sp when 3 independent
assays were performed. *Statistically significant difference
(P<0.01) to value for IL-1f alone.
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Angiogenesis in vivo by prostanoid receptor agonists

We next investigated whether prostanoids could also
induce neovascularization in mouse corneas in vivo.
Corneal implantation of a TXAZ2 receptor agonist
(U46619, 50 or 100 pg), an EP2 receptor agonist
(ONO-AE1-259, 1 or 10 pg) or an EP4 receptor agonist
(ONG-AE1-329, 1 or 10 pg) as a pellet was found to
induce angiogenesis, although its neovascularization
activity was less than that of IL-1B (Fig. Be-e). In
contrast, PGF2 did not induce angiogenesis (data not
shown). Quantitative analysis using three or four mice
for each assay showed angiogenic activity of TXA2 and
PGE2 when their respective agonists were implanted
{Fig. 51).

Eifect of prostanoid receptor antagonists on
angiogenesis in vivo by IL-1p

We further investigated which prostanoid was most
closely involved in IL-1B-induced angiogenesis. Oral
administration of the TXAZ2 receptor antagonist ONO-
8809 (1 mg - kg™ -+ day™) or the EP4 receptor antago-
nist ONO-AE3-208 (1 mg - kg™! - day™!) was found to
reduce IL-1f-induced angiogenesis in mouse corneas
(Fig. 6a-¢). Quantitative analysis showed that ONO-
8809 and ONO-AES-208 both significantly inhibited
IL-1@-induced angiogenesis by ~50% (Fig. 64).

Localization of COX2 in infiltrating cells within
IL-1p —treated corneas

We examined whether COX2-positive cells were infil-
trated in IL-1B-treated corneas. The cornea developed
new vessels by IL-1B3, immunchistochemical analysis of
the corneas was performed with anti-COX2 antibody.
Many infiltrating cells stained with COX2 appeared in
the stroma and anterior chamber when treated with
IL-1B (Fig. 7). By contrast, there appeared to be no
infiltrating cells within the untreated corneas (data not
shown). Cells infiltrated near new vessels in the cornea
consisied of inflammatory cells, including monocyte/
macrophage. Immunohistochemical analysis with mu-
rine macrophage-recognizing monoclonal antibody
(F4/80) showed many F4/80-positive cells in IL-1B-
ireated cornea (data not shown).

Angiogenesis by IL-13 in COX2 knockout mice

We finally asked whether COX2 was directly involved in
IL-1B-induced angiogenesis in vivo. We compared an-
giogenesis by IL-18 between COX2 knockout mice and
wild-type mice. Implantation of IL-1§ at a dose of 30 ng
into cornea of wild-type mouse induced neovasculariza-
tion in a nonvascular area. By contrast, a marked
reduction in the angiogenesis in cormnea of COX2
knockout mice was demonstrated (Fig. 8b). We ob-
served angiogenesis at similar levels between wild-type
and COX2 knockout mice by VEGF at a dose of 200 ng
(Fig. 8¢, d). Quantitative analysis using three to four
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Figure 4., Effects of COX2 inhibitors
on angiogenesis in vivo. Photographs
of zngiogenesis in mouse corneas.
Mice were treated with DFU (50 mg-
kg™ - day™, orally), JTES22 (50 or 100
mg - kg™ - da}z'], orally), or SU5416
(25 mg- kg™ +day’, intraperitone-
ally) on day 1 to 6. Six days later,
vessels in the region of the pellet im-
plant were photographed. Represen-
tative photographs of mouse corneas;
a) buffer alone, b) IL-1B (30 ng), ¢)
IL-1B with DFU (50 mg - kg™ * day™),
d) IL.1p with JTE522 (100 mg:
kg™ - dar"), ¢) IL-1P with SU5416 (25
mg + kg™ * day™), f) VEGF (200 ng),
g VEGF with $U5416 (25 mg- kg
~day™), h) VEGF with DFU (50
mg - kg™ - day™). i} Quantification of
corneal neovascularization in mice af-
ter administration of DFU, JTES22, or
8UB416. Neovascular areas developed
in mouse corneas {a—h) were quantified
as described in Materials and Methods.
Columns are mean (*sp) of 3 or 4
independent experiments. *Statistically
significant difference (P<0.01} to value
for IL-10 alone.

IL-1p(ng/ml) 0 10 30 30 30 30
VEGF(ng/ml) 6 0o 0 0o 0
SU5416(mg/kg/day) © 0 O )
DFU(mg/kg/day)y © 0 0 50 0 0
JTESZ2(mg/kg/iday) 0 0 0 0 50 160

mice for each assay showed very low (~20%) angiogen-
esis by IL-1B in COX2 knockout mice in comparison
with wild-type mice (Fig. 8e). A similar level of angio-
genic activity in vivo by VEGF between COX2 knockout
and wild-type mice was observed (Fig. 8¢).

DISCUSSION

Voronov et al. recently reported that IL-1 is required
for both angiogenesis and tumor invasiveness using
JL-1B or IL-1a knockout mice (41). Other independent
studies have reported that IL-1B promotes tumor
growth, invasion, and angiogenesis in animal models
with concomitant enhanced production of VEGF,
MMP-2, I1-8, and adhesion molecules (42, 43). IL-1la
also promotes angiogenesis in vive through VEGFK
receptor pathway possibly by inducing VEGF synthesis
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(44). However, it remains unclear how VEGF or other
angiogenesis-related factors could be involved in IL-1-
induced angiogenesis and tumor invasion. In our
present study, IL-18 was found to markedly enhance
production of prostanoids such as PGE2 and TXA2/
TXB2. IL-1B-induced production of prostanoids was
almost completely blocked by both COX2-selective
inhibitors DFU and JTE522. Both cell migration by
vascular endothelial cells in vitro and corneal neovas-
cularization in vivo were markedly induced in response
to IL-1B at rates similar to VEGF. Administration of
COX2 inhibitors resulted in a dramatic reduction of
IL-1B-induced angiogenesis in vivo as well as cell migra-
tion in vitro. A TXA2 receptor agonist (U46619), an
EP2 agonist (ONO-AE1-259), and an EP4 agonist
(ONO-AE1-329) stimulated cell migration in vitro and
induce corneal neovascularization in mice. TXAZ re-
ceptor antagonists (ONQO-8809) and EP4 antagonist
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Figure 5. Angiogenesis in vivo by pro-
stanoid receptor agonists. Photo-
graphs of angiogenesis in mouse cor-
neas. Hydron pellets containing of a)
buffer alone, &) IL-1B (30 ng/peliet),
¢) TXAZ receptor agonist (U46619,
100 pg/pellet), 8) EP2 agonist {(ONO-
AE1-259, 10 ug/pellet), ¢) EP4 agonist

(ONQ-AE1-320, 10 pg/pellet) were i .
implanted into the corneas of Balb/c &3l
mice, Six days later vessels in the re- £
gion of the pellet implanted were pho- % -
tographed. Quantitative analysis was g gl
performed on data in panel fwith  or =
4 mice corneas. 32 I
B
g I
z
0
1L-13(ng)
U4661%(pg)

ONO-AE1-329(ug)
ONO-AE1-259(ng)

(ONG-AE3-208) also inhibited IL-1B-induced angio-
genesis in vivo. We therefore present a model that some
prostanoids such as TXA2 and PGE2 directly induce
angiogenesis through interaction with their cognate
receptors on vascular endothelial cells (Fig. 9).

Figure 6. Inhibition of IL-18 —induced
angiogenesis by prostanoid receptor
antagonists. Photographs of angiogen-
esis In mouse corneas. Hydron pellets
containing IL-18 (30 ng/peller) were
implanted into the corneas of Balb/c
mice. TXAZ receptor antagonist (ONQ-

=]
(=]
)
Pt

10 0 0
10

o e o o
(=]
-

We also observed apparent reduction in IL-1B-n-
duced angiogenesis in corneas of the COX2 knockout
mice in comparison with wild-type mice. This experi-
ment with knockout mice strongly suggests a direct
involvement of COX2 and relevant prostanoids in

b

8809, 1 mg - kg™ - day™') or the PGE2
receptor EP4 antagonist (ONO-AES- o 4l
208, 1 mg - kg™ - day™) was adminis- £ .
tered orally on day 1 to 6. Representa- T sl
tive photographs of mouse corneas a) 2
IL-1B (80 ng/pellet), b) IL-1R with T I
ONO-8809 (I mg- kg™ - day™), and 2 2}
¢) IL-18 with ONO-AE3-208 (1 mg- g A
kg™ - day™?). d) Quantitative analysis z
was performed on data in panels a—¢ P d
with 3 or 4 mice corneas. *Statistically ]
significant difference (P<0.01) to ]
value for IL-1B alone. 1L-1p(ng/mb)
ONO-8809(mg/kg/day)
ONO-AE3-208(mg/kg/day)
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Figure 7. Identification of COX2-positive cells infiltrating in
corneas treated with IL-1B. Immunohistochemical staining
was preformed with the sections of IL-1B-treated cornea in
mice with anti-COX2 antibody (g, 5). The black arrows
represent new vessels and the red arrows represent COX2
positive cells. Compared with untreated group {data not
shown), section of IL-1B-treated corneas shows numerous
immunopositive cells in stroma and anterior chamber. Mag-
nification, 40X (a), 100X (&).

IL-1B-induced angiogenesis. However, some neovascu-
larized area was observed in the COX2 knockout mice
by IL-1B, suggesting an involvement of different factors
or pathways in IL-1B-induced angiogenesis.

COX2 overexpresssion up-regulates expression of
several angiogenic factors, VEGF and bFGF, and COX2
inhibitors significantly inhibited production of VEGF
and bFGF as well as angiogenesis in vivo (32, 45).
Administration of COX2 inhibitors blocked expression
of VEGF and bFGF in vitro as well as angiogenesis and
tumor growth in vivo (32). It has been reported that
prostaglandins stimulate production of VEGF and
bFGF (46). We have reported that IL-la and TNFa
significantly enhance production of VEGF, IL-8, bFGF
(28, 24), and COX2 protein in endothelial cells and
cancer cells (Fig. 9). Such potent angiogenic factors are
expected to be involved in angiogenesis through the
IL-1a/B-COX2 pathway (17). It seems likely there are
at least two pathways in the IL-1f-induced production
of VEGF and other factors through either COX2-
dependent or COX2-independent pathways. IL-1B-in-

ANTIANGIOGENIC EFFECT OF COX2 INHIBITORS

duced production of VEGF and I1-8 was, however,
inhibited by only ~50% when treated with COX2
inhibitors at concentrations of 50 to 100 uM (T.
Kuwano and M. Ono, unpublished data). In contrast,
COX2 inhibitors at low concentrations markedly inhib-
ited IL-1B-induced production of PGE2 and TXB2/
TXA? (Table 1). Qur in vivo study further demon-
strated that IL-1B-induced corneal angiogenesis in vivo
was blocked, but not compleiely, by DFU and JTE522.
This TL-1B-4nduced angiogenesis was blocked only
slightly if at all by SU5416. This in vivo study suggests
specific involvement of prostanoids in IL-1B-induced
angiogenesis rather than in angiogenesis by the VEGF/
VEGEF receptor pathway (Fig. 9).

Arachidonic acid metabolites have been known to
modulate endothelial cell proliferation or migration

n’é‘ -
E
g 2]
b}
5
8
§ 1
8
F .
0
IL-1f(ng) 0 30 30 6 0
VEGF(ng) 0 0 0 2060 200

Figure 8. Angiogenesis in cornea of COX2 knockout mice
Photographs of angiogenesis in mouse corneas. IL-1B or
VEGF was implanted in corneas of COX2 knockout mice and
wild-type mice on day 1. Six days later, vessels in the region of
the pellet implanted were photographed. Representative pho-
tographs of angiogenesis in corneas of wild-type and COX2
krnockout mice a) wild-type mouse: IL-1B (30 ng); ») COX2
knockout mouse: IL-1B (30 ng); wild-type mouse: VEGF (200
ng); and d) COX2 knockout mouse: VEGF (200 ng). &)
Quantitative analysis was performed on data in panels a-d
with § or 4 mice corneas. Black bars represent wild-type mice;
blue bars represent COX2 knockout mice. *Statistically sig-
nificant difference (P<<0.01) to the value for IL-1§ in wild-
type mouse.
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Figure 9. A model for IL-1B-induced angiogenesis and effect
of COX2 inhibitor. We previously reported that IL-1B and
TNF-o enhance production of angiogenesisrelated factors
such as VEGF, IL-8, bFGF, plasminogen activator, and metal-
loproteinases from vascular endothelial cells and other cell
types, resulting in angiogenesis through autocrine and/or
paracrine control. In the present study, we demonstrated that
inflammatory cytokines such as IL-1B and probably TNF-«
induce angiogenesis through the direct interaction of prosta-
noids with vascular endothelial cells. COXZ2 induced by IL-1B
catalyzes the process of arachidenic acid cascade in vascular
endothelial cells. PGE2 and TXA2 are prostanoids, final
products of the arachidonic acid cascade thought to be
critical factors for angiogenesis through PGEZ2 receptors
(EP2, EP4) and the TXA2 receptor.

and capillary formation in vivo (47). We previously
reported that arachidonic acid metabolism inhibitors
block angiogenesis in vivo as well as in vitro, suggesting
a close association between prostanoids and angiogen-
esis. Of the various prostanocids produced by COX2 in
response to IL-1p, PGE2 appears to play a key role in
inflammatory angiogenesis (5). PGI2 (48) and TXA2
{49) were reported to demonstrate some angiogenic
activity in vivo. Our study indicated that PGE2 and
TXA2 stimulate cell migration by vascular endothelial
cells. Cell migration in response to I1L-1B, but not to
VEGF, was blocked by DFU or JTEB22. Angiogenesis
assay in vivo also demonstrated induction of angiogen-
esis in corneas by a TXAZ2 receptor agonist (U46619)
and an EP4 agonist (ONO-AE-329). Taken together,
these results consistently support the notion that in-
flammatory cytokine-elicited angiogenesis is induced
mainly by TXA2, PGE2, and other undetermined pro-
stanoids through COX2 activation. Both COX2 inhibi-
tors at low concentrations significantly inhibited the
production of PGE2 and TXA2/TXB2 whereas at high
concentrations inhibited the IL-1B-induced migration
of vascular endothelial cells (Tablel and Fig. 3). Con-
cerning this discrepancy, experimental conditions for
the two assay systems are different. 1) In the migration
assay, IL-1B and COX2 inhibitors were added simulta-
neously while COXZ2 inhibitors were added 4 h before
exposure to JL-13 in the prostancid production assay.
2) Migration assay was performed for only 5 It whereas
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prostanoid production assay was performed for 24 h.
We still favor the idea that PGE2 and TXA2/TXB2 play
key roles in IL-1B-induced cell migration. However,
further study is required to determine the involvement
of prostanoids other than PGE2 and TXA2/TXB2
and/or angiogenic factors in the IL-1B-induced cell
migration.

The tumor microenvironment consists mainly of vari-
ous inflammatory cells and closely affects proliferation,
survival and migration in the neoplastic process (50). Of
these inflammatory cell types, macrophage is a significant
component of inflammatory infiltrates, affecting angio-
genesis as well as malignant characteristics of cancer.

. Infilration of macrophages is closely associated with

microvascular density and malignant status in various
human tumor types (24). Activated macrophages are
thought to play 2 key role in angiogenesis of inflammatory
diseases and in malignant tumors. Activated macrophages
infiltrating tumor stroma and inflammatory regions pro-
duce various angiogenesis factors, including prostanoids
(25). Related studies have reported that activation of
macrophage is accompanied by induction of COX2 and
1L-1B (16) and that high expression of COX2 is often
observed in macrophages infiltrating in tumor stroma
(18). We have reported that macrophage infiltration is
maximized in mouse comea within 4 to 5 days after
inflammatory stimuli by chemical cauterization and that
the kinetics of macrophage infiltration is similar to that of
neovascularization (39). Consistent with this study, inflam-
matory cytokine IL-1f could induce infiltration of COX2-
positive macrophages and/or other inflammatory cells in
cornea. If such macrophages/monocytes actively produce
prostanoids, these prostanoids could also play a key role
in angiogenesis under certain inflammatory conditions.
NSAIDs block tumor development in some animal
carcinogenesis models (30). In a recent study, COX2
overexpression in the skin of transgenic mice resulted
in suppression of tumor development, again suggesting
a key role for COX2 and elevated prostaglandin levels
in the development of skin tumor (51). On the other
hand, angiogenesis, a risk factor for metastasis and
recurrence {52), is closely involved in the tumor devel-
opment process. Angiogenesis is a prerequisite for the
early switch-on of tumor development in several animal
carcinogenesis models. Anticarcinogenic and antineo-
plastic effects of NSAIDs are known to be mediated
through COX2-dependent and -independent pathways
(63). Anticarcinogenesis and antineoplastic effects
through inhibition of COX2 dependent pathways could
be attributable at least in part to inhibition of angio-
genesis by NSAIDs. The clinical application of COX2
inhibitors will provide new information as to whether
COX2 is a useful molecular target.
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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 quinazaline tyrosine kinase
inhibitor that targets the epidermal growth factor
receptor {EGFR), is approved for patients with advanced
non-small cell lung cancer [NSCLC) in several 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. PCO was the most sensitive to gefitinib of
the nine NSCLC cel! 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 andfor HERZ 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
PCH 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 celi lines
under basal growth condition is associated with depen-
dence on Akt and ERK1/2 activation in response to
EGFR signaling for survival and profiferation 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 HER4 (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 HERZ 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
Cry, phosphaticiyiinosit’:ol—?:’-kmase, 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-
EGEFR 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 bioavailability, 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 non-small cell
lung cancer, NSCLC (IDEAL 1 and 2), and gefitinib is
now approved in several counfries 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
HER2 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 ef al. (20) have reported that a human
leukemic 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-glyceprotein-mediated multidrug resistance. In the pre-
sent study, we investigated the basis of sensitivity to
gefitinib in nine huwman cancer cell lines derived from
NSCLC and two epidermoid cancers as confrols. We tested
whether the expression levels of EGFR family receptors and
Chl, 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 Kingdor) (8). Recombinant human EGF was
purchased from PeproTech (Londeon, 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 Biosciences 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 (FBS).
A549 (Japanese Collection of Research Bioresources) was
cultured in MEM supplemented with 10% FBS and NEAA.
EBC-1 (Japanese Collection of Research Bicresources) 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 LK2Z/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 10% 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 DMS0 and controls

for all experiments were carried out by adding equivalent
volumes of TIMSO. Colonies were counted after Giemsa
staining, as described previously (21). ICss values and SDs
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 pl 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 96" AQuaous One Solution Cell Proliferation
Assay Kit (Promega) was used to eva]uate cytotoxicity. One
hundred microliter samples of an expenentially growing
cell suspension (5-8 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® AQueous One Solution were added to each
well and the plates were incubated for a further 4 h at 37°C.
Absorbance was measured at 490 nin with a 96-well plate
reader. Each experiment was performed in three replicate
wells for each drug concentration. The ICsq 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 conditions, 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 SD5-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 ditution of anti-EGFR
monoclonal antibody recognizing the extracellular domain
of human EGFR. After washing, the cefls were incubated
with 20,000 cpm/ml of J-protein A (0.5 ng/ml) for 1h at
4°C in binding medium. The cells were again washed and
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Figure 1. Dose-response curves of 170 human cancer cel! lines, including
8 NSCLC lines and 2 epidermaid 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 colony
numbers in the average of duplicate dishes, The ICgo for each cell fine 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-
dioactivity (22). The linear regression coefficient of the
dependence of this ratic 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 ICsp 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 PC% cells; the latter had
an ICg of 0.06 pM. The drug sensitivity of all 11 human
cancer cell lines was also examined by MTS assay, and the
1C5, values are also presented in Table 1. By the MTS assay,
the ICg of PC9 was 4 M, 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 ICgy of 0.4 uMm (Fig. 1 and
Table 1). When assayed by the MTS assay, the KB3-1 cells
showed only a 2-fold higher resistance fo gefitinib than
the A431 cells (Table 1). Although the relative resistance
of the other NSCLC and epidermoid cell lines compared
with PC% 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
HER4 in all the cell lines used in this study by Western blot
analysis. Expression of EGFR and its family members,
HER?, 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 lines PC9 and A431, respectively. One of the

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

Cell Lines Origin ICsg (1)* Fold Stimulation by EGF®
Colony Formation MTS EGFR Akt ERK1/2

PCo Human NSCLC (Adenocarcinoma) 0.06 (1.0) 4 (1.0} 1.6 40 29
AB49 Human NSCLC (Adenocarcinoma} 13 (217) 21 (5.3) 35 11.1 15.6
Hb522 Human NSCLC (Adenocarcinoma} 13 (217) 20 (5.0) 24 1.9 4.5
H322 Human NSCLC (Adenocarcinoma} 6.8 (113) 27 (6.8) 6.6 28 17
H358 Human NSCLC {(Adenocarcinoma) 2.0 (33) 12 (3.0) 3.2 21 8.8
EBC-1 Human NSCLC {Squamous cell carcinoma) ND*® 21 (5.3 1.3 1.1 14
H157 Human NSCLC {Squamous cell carcinomay) 12 (200} 30 (7.5 125 41 23
QG56 Human NSCLC {Squamous cell carcinoma) 7.8 (130) 42 (10.5) 15 3.8 127
| Human NSCLC (Squamous cell carcinoma) 8.0 (133} 20 (5.0) nd? 33 32
Ad31 Human epidermoid carcinoma 04 (1.0) 10 (1.0) 1.6 18 8.7
KB3-1 Human epidermoid carcinoma 10 (25} 15 (1.5) 31.3 42 6.9

Drug seasitivity of nine luman non-stnatl lung cancer cell lnes and two epidemmoid cancer cell Jines to gefitinib was assayed by both colony forination and MTS. ICsq value for
each cell line is presented from two independent assays, and relative activity is presented in parentheses when nonnalized by 1Csp for PCY cells.
5The fold stimulation by EGF of EGFR, Akt, and ERK 1/2 is presented for each cell line when nonmalized by untrented contral in the absence of EGF (see Fig. 4).

*ND, not determined becanse of poor colony-forming ability of the celt line.
‘nd, not detected becanse of poer phosphosylation.



AG8 EGFR Driven Signaling Limits Sensitivity to Gefitinib

% o o
$ o8 8§ 8
€ ¥ I o <€ T

H3z22

EBC1
H157

QG586
LK2

EGFR

HER2

HER3

HER4 ;
20 [100 |10 104 a1 43 M ;&

Flgure 2. Protein exprassion 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
were determined by Western blot analysis using specific antibodies. Each
lane was analyzed with 100 pg protein of cell lysates from each cell line.
Relative expression protein laevels for NSCLC and epidermoid cancer cel
line are presented when protein level of each EGFR family for PC9 and
A431 iz 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
PCS 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,
Ab49, H522, EBCI1, QG56) had more HER2, while four
NSCLC cell lines had lower levels of HERS 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
EGEFR in LK2 celis, 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-5) were isolated by introducing ¢cDNA 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 Phosphoryiation 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 molecules (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 EGFR, 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 QG356 (Q)
cells, and activation was blocked to different extents by
gefitinib. Table 2 presents ICs; (M) values for EGF-induced
autophosphorylation of EGFR, and for phosphorylation of
Akt and ERK1/2. IC5 gefitinib doses for EGF-induced
autophosphorylation of EGFR were similar in all the
NSCLC cell lines including PC? although the drug-resistant
lines EBC-1 and H157 had 2.7- and 0.2-fold higher ICsp (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
IC5p 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
cells). A, comparison of EGFR, Akt, and ER¥K1/2 protein expression levels
and phosphorylation of EGFR, Akt, and ERK1/2 with or without EGF in a
subcfone of LK2 cells transfected with EGFR or mock vector. Serum-
starved cetls were treated with 20 ng/mil EGF for 10 min. Protein extracts
were resolved by 7.5% SDS-PAGE end probed with either antibody.
Immunoreactive proteins were visualized by ephanced chemilumines-
cence. B, dose-response curves of a subclone of LK2 cells transfected
with EGFR or mock vector to gefitintb, Sensitivity to gefitinlb was
determined by cell viability assay in the absence or presence of various
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/mi} for
1% min. Protein extracts were resolved by 7.5% SDS-PAGE and probed with
either antibody. Immunoreactive proteins were visualized by enhanced
chemiluminescence. A, PCO cells; B, A549 celis; and C, QG56 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 phosphory-
laton 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
TCO (A), A549 (B), and QG56 (C) cells were inhibited to
different extents. In PC9 cells, EGFR autophosphorylation
as well as Akt and ERK1/2 activabon were almost
completely blocked by 0.1 pm gefitinib (Fig. 5A). By con-
trast, in the other two cell lines, A549 and QG56, there
was only slight if any inhibition of the activation of Akt
and ERK1/2 despite the fact that EGFR phosphorylation
was completely inhibited at 0.5-5 pM (Fig. 5, B and C).
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 IC5 for EGFR autopheosphorylation was
only 0.07 um in PC9 while the ICsg values in the other cell
lines were about 4-fold or more higher. KB3-1 cells also
showed a 3-fold higher ICs; for EGFR autophosphorylation
than the A431 cells. Gefitinib inhibited Akt activation
under basal growth condition with an ICsp of 0.08 uM In
PC9, whereas the ICg, values for QGB56 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 ICsp value for ERK1/2 activation in H358
cells was about 3-fold higher than in PC9 cells, while the
ICso values for both Akt and ERK1/2 phosphorylation in
KB3-1 were much higher than in the drug-sensitive A431
cells (Table 2).

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

carcinoma cells

Cell Lines EGF-Induced (ICsq, pM}" Basal Condition (ICgp pM}

P-EGFR P-Akt P-ERK1/2 P-EGFR P-Akt P-ERK1/2
PC9 0.30 (1.0) 0.05 (1.0) 0.07 (1.9) 0.07 (1.0) 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<)
H522 030 (1.0) 0.50 (10} 0.40 (5.7} 0.50 (7.1) 5 (63) 5< (167<)
H322 0.43 (14) 0.13 (2.0} 5< (71<) 0.35 (5.0} 5< (63<) 5< (167<)
H358 040 (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 (1.4) 0.13 (1.9 0.7 (10} 5 (63) 5< (167<)
QG56 0.20 (0.7) 0.90 (18) 2.20 (31) 0.3 (43) 0.35 (4.4) 5< (167<)
LK2 nd® 0.50 (10) 0.08 (1.1} nd 10< (125<) 10< (333<}
A431 0.04 (L.O) 0.10 (1.0) 0.04 (1.0) 0.05 (1.0) 0.5 (1.0) 0.1 (L.0)
KB3-1 0.04 (1.0) 0.12 (1.2) 0.05 (1.3) 0.13 (2.6) 5 (10) 5« {50<)

%[5 values were obtained from 50% iuhibitory doses of gefitinib on phospherylation of EGFR, Ak, and ERI1/2 under EGF-stimulated or basal (10% serum) culture condition
ps presented in Fig. 2. The relative activity for ICsq of each cell line is presented in pareatheses when noralized by the ICyo value in PCY and A431, respectively.

bd, not detected because of poor phosphorylation.



470 EGFR Driven Signaling Limits Sensitivity to Gefitinib

£EGF-Induced EGFR Down-Regulation and Expression
of Cbl Protein

Cell surface EGFR is internalized during EGF/TGFa-
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 internalized within 15 min

in PCY 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 QG56 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.

Chl 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 gefitinib of EGFR, Akt and ERK1/2
phosphorylation under basal growth conditions in three human cancer cell
lines. Exponentially growing cells in 10% serum medium were pretreated
for 3 h with the indicated concentrations of gefitinib, Protein extracts were
resolved by 7.5% SDS-PAGE and probed with either antibody. EGFR, Akt,
and ERK1/2 activity was determined using each corresponding anti-
phospho antibody. Immunoreactive proteins were visualized by enhanced
chemilurninescence. A, PCQ cells; B, A549 cefls; and C, QG56 cells.
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Figure 6, Time kinetics far EGF-induced down-regulation of EGFR. All cell
fines (FCY, £BC-1, AB49, QGS56, A431} were further incubated with 500 ng/mi
EGF at 27°C for the indicated periods. Then cells were incubated for 1 h at
4°C with a monoclonal antibody against human EGF receptor which
specifically recognizes extracellular domain of EGFR and for another 1 h with
125 protein A. Relative amount of '2%l-pratein A bound to the EGFR antibody
is plotted and cell surface EGFR was determined by 125I-prm:ein A (see
Materials and Methods: Ref. 22). Points, average of triplicate dishes; bars, 8D,

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 QG56 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 {o be correlated with eifher 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 EGER-
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 PC9 was similar to that of some of resistant NSCLC cell
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Figure 7. Expression of Cbt and EGFR protein in nine NSCLC cell fines
and two epidermoid carcinoma cell lines. Protein levels of Cbl, EGFR, and
p-actin determined by Western blot analysis using 100 pg protein of ceft
lysate of each cell line from NSCLC and EC lines are presented when PC9
(NSCLC) and A431 (EC) are respectively normalized as 100%.
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Figure 8. A model of how drug sensitivity to gefitinib is controiled in
NSCLE and EC. From our present study, in gefitinib-sensitive cell lines
{PCO 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 highly 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
A437 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 aufophos-
phorylation at similar concentrations in all NSCLC cell
lines including PC9. Inhibition of EGF-induced phosphory-
Jation 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 EGFR 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 PCY (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 conditien than in the
drug-sensitive PC9 cells (Table 2). The activation of EGFR,
Akt, and ERK1/2 in A431 cells was also highly sensitive {o
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 e al. (24) have reported that gefitinib -
inhibited EGFR and mitogen-activated protein kinase
{MAPK) activation efficiently in exponentially growing
cutanecus carcinoma cells.

We also abserved an apparent difference in EGF-induced
down-regulation of cell surface EGFR between drug-
sensitive PCY or A431 cells and drug-resistant EBC-L,
A549, QUGB6, 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-
ton between level of Cbl protein and EGF-induced down-
regulation of EGFR.

In conclusion, one NSCLC cell line, PC9, 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-1+- ES cells with one in-
tact allele contain approximately one-haif the amount of mRNA
detected in wild-type (YB-7+/*) cells. We further found that the
protein level of YB-7+/~ cells was reduced to approximately 50—
60% compared with that of ¥YB8-1+/+ cells. However, no apparent
growth difference was found between YB-7+- and YB-T+ cells,
¥YB-1+- 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) : .o '

The 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 trauscriptional regulation
of various relevant genes, including proliferating cell nuclear
antigen, epidermal growth factor receptor, DNA topoisomerase
T, thymidine Kinase, and DNA polymerase o.5¢ 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 Ilo. 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-1 include medification of chromatin,
translational masking of mRNA, participation in the redox sig-
naling pathway, RNA chaperoning, and stress response regula-
tion.!" Tt has also been demonstrated that eukaryotic Y-box
proteins regulate gene expression at the translational level by
recognizing RNA.'2% The murine YB-1 protein (MS5Y1) 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 imradiation.’® We also demonstrated
that YB-1 protein is localized mainly in the cytoplasm, but
translocates to the nuclens 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-guanine-
containing RNA.17-19 We have further demonstrated that YB-1
binds directly to repair-associated proteins such as proliferating
cell nuclear antigen and p53 protein.!82® 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.?-3

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 (MSYI) in mouse embryonic stem (ES) cells.
‘We have established ES cell lines with a heterozygously tar-
geted disruption of the YB-1 gene (YB-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% CO, in air.

Construction of the targeting vector. The mouse ¥YB-1 gene was
isolated from a 129/Sv genomic library by the standard plague
hybridization method, using mouse YB-/ 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 (reo) cassette resulted in deletion of a 1.8-kb
Sall/Bglll fragment of the YB-I 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
simplex virus thymidine kinase (TK) cassettes (TK1 and TK2,
both under control of the MC1 promoter) were placed flanking
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