Scheme 1. Reaction Intermediates and Transition States of the Thermal {4 + 4] Cycloaddition of 4 in the Synthesis of Epoxytwinol A

(1) As Obtained Using B3LYP/6-31G(d) Calculations
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B3LYP (RB3LYP) calculations. A vibrational frequency
analysis was carried out on each stationary point.'¢ We have
confirmed that each stationary point corresponds to a local
energy minimum [the number of imaginary frequencies
{NImag) = 0], or a transition state [NImag = 1]. In addition,
starting from each transition state, an TRC calculation was
carried out and the structures of the potential energy minima
at both ends of the reaction coordinate were examined. Free
energics of the stationary points at 298 X were derived from
the B3LYP/6-31G(d) results. These calculations revealed for
the first time energy profiles (Figure 2) for the reaction
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Figure 2. Potential (ee) and free (G at 298 K} energy profiles
connecting reactant 4, epoxytwinal A(1), and epoxyquinol B (3).

pathway of the [4 + 4] cycloaddition reaction. The potential
energy profile and the free energy profile both suggest a
three-step mechanism involving biradical interrnediates
(Figure 1), Unless specifically stated, we will refer to the
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gas-phase UB3LYP/6-31G(d) potential energy differences
when discussing relative stabilities of the stationary points
in the following sections.

The first process is formation of the C8—C8’ bond. Two
monomers 4 preassociate to give complex 5, which is more
stable than two melecules of 4 by 15.1 and 7.9 kcal/mol at
the B3LYP/6-31G(d) and B3LYP/6-31+G(d,p) levels, re-
spectively. Counterpoise calculation'” at these computational
levels afforded BSSEs of 7.7 and 2.0 keal/mel,'® and hence,
the BSSE-corrected stabilization energies for complex 5 are
7.4 and 5.9 kcal/mol.'® This stabilization can be ascribed to
the two hydrogen-bond interactions shown in Scheme 1.
From this complex §, the C8—C8’ bond is formed affording
a biradical intermediate Int-1 via transition state (T8-1), in
which there are two hydrogen-bond interactions, and the bond
lengths of O- - -H and the forming C8—C8’ bond are 1.927
and 2.076 A, respectively. Each hydroxy group coordinates
to a carbonyl oxygen, acting as a Brensted acid. In Int-1,
the dihedral angle Ha-C8—C8'-Ha’ is —171.3°. The barrier
height for the first step is 17.6 keal/mol,'® and the radical is
stabilized by the hydrogen bond interactions.

The second step is rotation about the C8—C8’ bond to
afford Int-2, in which the dihedral angle Ha-C8—C8'-Ha" is
+26.3°. The transition state {TS-2) is shown in Scheme 1,
and the activation energy for this second step is 11.5 keal/
mol.'®

In the third step, an intramolecular radical coupling of
Int-2 generates epoxytwinel A (1) with formation of the C1 -
C1’ bond, the barrier height for this third step being 6.0 kcal/
mol.'* There are also two hydrogen bond interactions in the
transition state (TS-3), in which the alcohol protons coor-
dinate with a fone pair of the oxygen of the pyran rings and
the bond length O- - -H is 2.107 A.

{16) The *'Finegrid" implemented in GAUSS| AN program was employed
for the B3LYP calculations and the *Tight” option was applied for geometry
optimizations.

{17) Boys, S. F.; Bernardi, F. Mol Plns. 1970, 19, 553,

(18} See the Supporting Information.
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Though there is a possible path leading to Int-2 directly
from 4, its transition-state energy is higher than that of TS-1
by 9.8 kcal/mol, indicating that its contribution is negligible, '#

Furthermore, we have carried out additional calculations
for the reactant, complex 5, TS-1, and Int-1; single-point
UB3LYP energy evaluations using the larger basis set
6-314+G(d,p), and UB3LYP/6-31G(d) level solution-phase
energy calculations using the isodensity polarizable con-
timum model (IPCM)'® with € = 2.379 (toluene is the
supposed solvent). It should be noted that using the larger
basis set and the IPCM did not alter significantly the above-
mentioned gas-phase potential energy profile calculated at
the UB3LYP/6-31G(d} level (see Figure 2) and that the
calculation is in good agreement with the results of experi-
ments performed in toluene, '

These calculations suggest that the hydroxy group of 4
plays an essential role in this thermal [4 + 4] cycloaddition
reaction by forming hydrogen bonds throughout the course
of the reaction, from initiation until formation of the final
preduct. The importance of this hydroxy group is supported
experimentally by the observations that only Dicls—Alder
adducts were obtained in the reaction of 6 having no hydroxy
or epoxy groups'™ and in the reaction of 7 containing a
methoxy group in place of the hydroxy group'' (Figure 3).
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Figure 3. Structures of 6, 7, and Int-3.

G, symmetry is preserved throughout the reaction except
at TS-2, where the hydrogen bonds recombine. It should be
noted that the intermediate radical is rather stable owing to
the delocalization of spin density through O1—C]~-C2—C7—
C6—02. The spin density of Int-1, for example, is shown
in Figure 4, which clearly shows the delocalization of the
radical, :

{19) Foresman, J, B.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. 1. J. Phvs. Chem. 1996, 100, 16098,
{20) All hydrogens have been omitted for clariry.
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Figure 4. Spin density surface {0.002 electrons/au®) of 1nt-1.20

Calculations indicate that the transformation of epoxy-
twinol A (1) to epoxyquinol B (3) also involves three steps.
Homolytic cleavage of the C1—C1” bond affords biradical
intermediate Int-2. Rotation around the C8—C8° bond
generates Int-3, in which the dihedral angle of Ha—C8—
C8—Ha" is +58.7° (Figure 3). Epoxyquinol B (3) is
generated by a coupling reaction between Cl and C7'. The
transition state energy going from epoxytwinol A (1) to
epoxyguinol B (3) is 22.6 kcal/mol, and the latter is
thermodynamically more stable than the former by 6.0 kcal/
mol, which explains the facile transformation of the former
to the latter.

In summary, we have shown that the [4 + 4] cycloaddition
of 2H-pyran 4 consists of three consecutive steps involving
biradical intermediates. The first step is formation of the C§—
C8& bond with generation of a biradical intermediate (Int-
1). The next is rotation about the C8—C8’ bond, and the last
is radical coupling forming the C1—C1’ bond. The biradicals
are stabilized by delocalization, while two hydrogen-bonding
interactions are essential for realization of this exceptionally
rare thermal [4 + 4] cycloaddition reaction. Biradicals are
also involved in the transformation of epoxytwinol A (1)
into epoxyquinol B (3).

Acknowledgment, This work was partially supported by
a Grant-in-Aid for Scientific Research on Priority Arecas
16073219 from The Ministry of Education, Culture, Sports,
Science and Technology (MEXT).

Supporting Information Available: Cartesian coordi-
nates and absolute energies for all reported structures. This
material is available free of charge via the Internet at
http://pubs.acs.org,

OL052916M

Ong. Lett,, Vol. 8, No. 6, 2006



Angewandte

Chemie

Total Synthesis .~

DOI: 10.1002/anie.200502826

Concise Enantio- and Diastereoselective Total
Syntheses of Fumagillol, RK-805, FR65814,
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The inhibition of angiogenesis is a promising method of
treating diseases in which this process is involved, such as
cancer and rheumatoid arthritis] During our continuing
research on angiogenesis inhibitors; we have identified and
synthesized several novel compounds with such activity,
including epexyquinols A and B and azaspirene.”) Recently,
we also isolated RK-805 (3) from the fungus Neosartorya sp.1*
RK-805 is structurally similar to fumagillin (1)) and TNP-470
(2),® a synthetic derivative of fumagillin, which are both
inhibitors of angiogenesis. Ovalicin (6)) js another inhibitor
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of angiogenesis and is more stable than fumagillin and TNP-
470, while 5-demethylovalicin (7)™ was isolated recently and
found to be as potent an angiogenesis inhibitor as ovalicin.
While these natural products are anti-angiogenesis agents,
FR65814 (5)) which has a similar structure, displays
completely different biological activity and is an immuno-
suppressant. .

Systematic comparison of the biological properties of
these natural products and their derivatives is highly desir-
able.'” These compounds comprise a cyclohexane frame-
work, two epoxides, and five or six contiguous stereogenic
centers, three or four of which are situated on the cyclohexane
ring. As a result of their unique structure and important
biological properties, they have proved attractive synthetic
targets. Four racemic syntheses™ including Corey’s first
excellent total syntheses of fumagillin (1)) and ovalicin (6)
have been reported."™ The optically active compounds have
been prepared from a chiral pool, starting from quinic acid®¥
and quebrachitol" for ovalicin, glycido™ for fumagillin,
allose!™ and mannitol™ for fumagillin, and giucose™ for
FR65814, while diastercoselective syntheses of fumagillin
using chiral anxiliaries have been reported by Sorensen!™® and
Eustache!’! and their respective co-workers. However, only
one catalytic asymmetric synthesis has been reported for any
of these compounds, namely, Corey’s synthesis of ovalicin
(6)%% through substrate-enhanced asymmetric dihydroxyla-
tion. Moreover, there is no single, flexible method to access

o} Q
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both families. Herein, we disclose the concise, flexible, and
highly diastereoselective asymmetric, catalytic total syntheses
of compounds of both families, including RK-805 (3),
fumagillol {4), FR65814 (5), ovalicin (6), and 5-demethylo-
valicin (7) using our recently developed proline-mediated a-
aminoxylation of carbonyl compounds®! as a key step.
Synthesis of the fumagillin family started from 1,4-cyclo-
hexanedione monocthylene ketal (8; Scheme 1). a-Amino-
xylation of 8 (1.2 equiv) using 10 mol % of L-proline with slow
addition of nitrosobenzene (1.0 equiv) over 24 h proceeded
efficiently at 0°C to afford nearly optically pure R-c-amino-
xylated cyclohexanone 9 (>99% ee) in 93% yield, in a
reaction that can be scaled up to 25g of 8 without
compromising the yield or enantioselectivity."*9 Reductive
cleavage of the N—O hond was performed under an atmos-
phere of H; in the presence of P4/C™! for 3 hin THF (90%).
Diastereoselective construction of the epoxide moiety from
the ketone carbonyl was found to be troublesome because of
easy racemization and low selectivity: Racemic epoxide was
obtained, albeit in good yield, when 10 was treated at 00
temperature with a sulfur ylide such as dimethylsulfonium
methylide. The epoxide was generated with low diastereo-
selectivity (2.5:1-3.4:1) by conventional two-step procedures
such as vinylidene formation with Ph,P=CH, and successive
epoxidation with either TBHP in the presence of VO-
(acac),?! at room temperature or MCPBA at 0°C. After
some experimentation, it was found that cyano bis(trimethyl-
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Scheme 1, Total syntheses of fumagillol {4}, RK-805 (3), FRES814 (5), and the formal total synthesis of fumagillin {1). DMF = N N-
dimethylformamide; TMS =trimethylsilyl; DIBAL-H =diischutylaluminum hydride; TBS =teri-butyldimethylsilyl; DMAP = 4-(dimethylaminc) pyri-
dine; DMD = dimethyldioxirane; TBAF =tetra-n-butylammonium fluoride; Ts =p-toluenesulfonyl; acac= acetylacetonate; TBHP = tert-butylhydro-

peroxide; selectride = tri-sec-butylborohydride.
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silyl) ether 11 could be obtained with high diastereoselectivity
in moderate yield, although the diastereoselectivity of the
initial cyanation was low. When hydroxy ketone 10 was
treated with TMSCN (2.5 equiv) in the presence of Et;N
(0.1 equiv)P¥ at 0°C, cyano mono(trimethylsilyl) ethers 20
and 21 were obtained in low diastereoselectivity (3.5:1) after

NG, ,OTMS  NC, LOTMS 0)(

Q_..OH Q,.‘OH o
o o oo
f-; s

o]

20 21 22

0.5 h. After 2.5 h, however, bis(trimethylsiloxy) cyanocyclo-
hexane 1} was obtained with high diastereoselectivity
{>95:5) in 68 % yield along with cyano mono(trimethylsilyl)
ether 21 in 20% vyield because of kinetic discrimination
between the diastereomers during the formation of the
second TMS ether. The two-step transformation of the
cyanide to the alcohol was cleanly performed by repeated
reductions with DIBAL-H. Acid treatment with Amberlyst in
THFMHM.O at 60°C for 2days led to removal of all the
protecting groups, with concomitant dehydration affording a
cyclohexenone diol. Selective protection of the primary
alcohol with TBSC] using Et;N at room temperature for
12 h afforded TBS ether 13 in 57 % yield over three steps. The
optical purity (> 99% ee) of 13 was checked by chiral HPLC
analysis of its acetate, which indicated that no racemization
had occurred during these transformations. The absclute
stereochemistry was confirmed by the conversion of 13 into
the enantiomer of Taber's intermediate 22.M

The next task was diastereoselective introduction of the
side chain which was also found to be troublesome. The
choice of protecting group for the cyclohexenone and the
metal cation of the nucleophile are both important for
achieving the desired conjugate addition: The tertiary alcohol
should be free,”™ and vinyl zincate was found to be the
reagent of choice.”® Thus, o,B-enone 13 reacted with vinyl
zincate prepared from 14F7 at —78°C to afford the Michael
addition product, which was trapped with TMSC] as its
trimethylsilyl enol ether 15. This ether was obtained in 61 %
vield as a single isomer, in which the side chain had been
introduced stereoselectively from the same side as the
hydroxy group. Protection of the tertiary alcohol or use of
divinyl cuprate instead of vinyl zincate led to unsatisfactory
results, Epoxidation®™ of the silyl enol ether with dimethyl-
dioxirane (DMDY} at low temperature (—90°C) in acetone
proceeded diasterecselectively without oxidation of the other
trisubstituted double bonds and a-hydroxy cyclohexanone 16
was obtained after treatment with TBAF as a single isomer in
74 % yield over two steps. Though the reaction sequence of
conjugate addition, silyl trapping, and Rubottom oxidation
was also employed in Taber’s synthesis of fumagillin to install
a side chain and the hydroxy group at the C5 position, the
stereochemistry of the conjugate addition was completely
different.'] Taber et al. reported that intermediate 22 con-
taining an acetal group reacted stereoselectively with a divinyl

Angew, Chem. Int. Ed. 20086, 45, 789791
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cuprate derivative in the undesired fashion, that is, anti to the
oxygen atomn of the spirocyclic ether, necessitating several
additional steps to correct the stereochemistry. In our syn-
thesis, direct introduction of the side chain with the correct
stereochemistry by exploiting the free hydroxy group in
combination with a zincate makes the total synthesis efficient
and siraightforward.

During epoxidation at the side chain, the order of the next
two procedures was very important o obtain high diastereo-
selectivity (Scheme 1). The diastereoselectivity of epoxida-
tion of dihydroxy tosylate 17 with TBHP in the presence of
VO(acac),™ was excellent, and bis{epoxide) 18 was obtained
as a single isomer after treatment with K,CO, in MeOQH,
whereas reversal of the order of reaction led to low
diastercoselectivity {2:1).%¥) Formation of the methyl ether
with Mel and Ag,O in CH,CN gave R¥-805, which was
stereoselectively reduced with K-selectride at —78°C to give
fumagillol as a single isomer in good yield. The conversion of
fumagiflol into furhagillin in a single step is known,F™ ™ thus,
the formal total synthesis of fumagillin was also accom-
plished. When 18 was reduced with NaBH, in MeOH at
—50°C to —10°C, FR65814 was obtained predominantly in
62 % yield along with 19 in 32% yield. The conversion of 19
into fumagillol in a single step is known, <8l

Next, the syntheses of 5-demethylovalicin and ovalicin
were examined (Scheme 2). The intermediate 12 used in our
synthesis of the fumagillin family was employed here also,
first to penerate the epoxide 24. Oxidation of 24 with the
Dess-Martin periodinane {(DMP),™ followed by acid treat-
ment with thin layer chromatography (TLC) to generate a 3-
(2-hydroxyethyloxy)cyclohex-2-enone derivative, and treat-
ment with TBSCI afforded cyclohexenone 25. The side chain
was introduced in a highly diastereoselective manner by using
a vinyllithium reagent.®V As the side chain, the 6-methyl-
hepta-2,5-dien-2-yl substituent was found to be unstable, easy
to isomerize, and prone to decomposition, thus its epoxida-
tion had to be carried out immediately.’") Though conven-
tional epoxidation with VO(acac), and TBHE® or m-
chleroperbenzoic acid gave a complex mixture owing to the
instability of the side chain, and the other double bond of the
side chain was selectively epoxidized with DMD, VO.
{OiPr},"] was found to be an efficient catalyst, promoting
the epoxidation of both the silyl enol ether and the desired
side chain alkene at low temperature {(—60°C) to afford 5-
demethylovalicin (7) as a single isomer with the creation of
three chiral centers. The last task necessary to convert 5-
demethylovalicin into ovalicin (6} was transformation of the
aleohol to its methyl ether. Although conventional reagents®
such as NaH and Mel, Ag.O and Mel, or MeOTf and 2,6-di-
tert-butylpyridine, failed, a modification of Corey's meth-
od™® through the corresponding oxime gave ovalicin stereo-
selectively. Thus, protection of the alcohol as an ester,
formation of the oxime, treatment with base in MeOH, and
conversion of the oxime into a ketone gave ovalicin (6) as a

. single isomer, with the ovalicin intermediates 28 and 29 each

obtained also as single isomers.® Note that oxime 29 was
converled into ovalicin (6} in good yield without affecting the
two epoxides or the trisubstituted alkene under alkylation
conditions, when this conversion is usually performed under

www.angewandte.org
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Scheme 2. Total syntheses of ovalicin (6} and 5-demethylovalicin (7). Ms = methanes ulfonyl; DMP = Dess-Martin periodinane; Piv= pivaloyl;

OTf==trifluoromethanesulfonate, Py = pyridine.

oxidative, reductive, or acid-hydrolysis conditions.®¥ Though
the synthetic scheme from 25 is similar to that in Corey’s
elegant synthesis,"*" in which introduction of the side chain
followed by various functional group manipulations are key
transformations, there is an important difference; namely, the
effective epoxidation catalyst (VO(OiPr);), which allows
diasterecselective double epoxidation without affecting the
labile side chain, saves a couple of steps and improves the
efficiency of the synthesis.

The 'H and ®CNMR spectra, IR spectra, and optical
rotations of the synthetic samples of 3,11 4,114 5 51 g 136.35] 51,4
7% are in complete agreement with those previously reported.

In summary, the concise enantio- and diastereoselective
total syntheses of fumagillol, RK-805, FR65814, 5-demethy-
lovalicin, and ovalicin in 11-15steps from commercially
available compounds have been demonstrated. These are
some of the shortest syntheses reported for these chiral
natural products and demonstrate clearly the power of the
profine-mediated asymmetric catalytic a-aminoxylation. The
initial aminoxylation reaction controls both the absolute and
the relative stereochemistry of the subsequently generated
stereogenic centers, which are formed by the following
transformations: 1) a highly diastereoselective formation of
bis(trimethylsilyl ether) cyanide 11 involving kinetic discrim-
ination; 2) a diastereoselective Michael reaction by the use of
vinyl zincate {13—15); 3) a stereoselective double epoxida-
tion catalyzed by VO(OiPr); at low temperature (26—7); and
4) an alkylative deprotection of an oxime (29—6). Corey's
asymmetric total synthesis of ovalicin (6)*”) using asymmetric
dihydroxylation is a landmark chiral synthesis of a member of
the fumagillin and ovalicin families. The present route using
an a-aminoxylation catalyzed by inexpensive proline is as
efficient as Corey’s synthesis;™ it allows the synthesis to be
performed on a large scale and allows easy derivatization, as

www.angewandie.org
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well as being the first strategy applied to both fumagillin and
ovalicin families, thus demonstrating the flexibility of the
present synthetic method.
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Abstract

Hepatocellular carcinoma (HCC) is one of the most common
tumor-related causes of death worldwide for which there is
still no sutlsfactery treatment. We previcusly reported the
anttanglogemc effect of gefitinib, a selective epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitor that. has
been used successfully to treat Jung cancer. In this study, we
investigated the effects of gefitinib on tumer-induced angio-
genesis by using HCC cell lines (HCC3, CB012C3, and AD3)
in vitre as well as in vive. Oral administration of gefitinib
inhibited angiogenesis induced by HCC3 and CB012C3, but
not by AD3 in the mouse dorsal air sac model. Production of
both vascular endothelial growth factor (VEGF) and chemo—
kine C-X-C motif ligand 1 (CXCL1) by EGF-stimulated HCC was
more markedly inhibited by, gefitinib in HCC3 and CBO12C3
cells than in AD3 cells. EGF stimulated the phosphorylatlon of
EGFR, Alt, and extracellular mgna.l-regulated kinase 1/2
(BRK1/2) in HCC3 and CBO12C3 cells, whereas EGF stimulated
phosphorylatwn of EGFR and ERK1/2, ‘but_not Akt in AD3
cells. In fact, Akt was constltutwely activated in the absence of
EGF in AD3 cells., Gefitinib inhibited Akt phosphorylatwn in
all three cell lmes, but it was about five times less effective in
AD3 cells. The concentration of PTEN in AD3 cells was about
a half that in HCC3 and CBO12C3 cells. Transfection of HCC3
cells with PTEN small intexfering RNA reduced their sensitivity
to gefitinib in terms of its inhibitory effect on both Akt
phosphorylation and the production of VEGF and CXCLL In
conclusion, effect of gefitinib on HCC-induced angiogenesis
depends on its inhibition of the production of angiogenic
factors, probably invelving a PTEN/Akt signaling pathway.
(Cancer Res 2006; 66(10): 5346-53)

introduction

Hepatocellular carcinoma {HCC) is the fifth most common
malignancy worldwide (1) and the prognosis for HCC patients is
still very poor. Members of the epidermal growth factor receptor
(EGFR) family have emerged as critical factors in the development
and growth of various types of cancer, including HCC (2). These
receptors are part of a complex networl of signal transduction
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cascades that modulate tumorigenic processes, such as prolifera-
tion, adhesion, migration, differentiation, angiogenesis, and escape
from apoptosis (3-6). High EGFR expression in human cancers is
often correlated with advanced disease, metastasis, and poor
clinical outcome, for example in non—small cell lung carcinoma
{NSCLC), breast, cervical, and head and neck carcinomas (7-9).

Gefitinib (Iressa, ZD1839) is an orally active and selective EGFR
tyrosine kinase inhibitor that blocks EGFR-mediated signal
transduction pathways involved in cancer growth (10, 11). Gefitinib
has antiproliferative activity in various human cancers in vivo
as well as in vitro (12, 13). It is now approved as 2 monotherapy
for patients with locally advanced or metastatic NSCLC (14-16}
and is under investigation for the treatment of prostate, breast,
head and neck, gastric, and colorectal cancer (17), An important
recent discovery is the close association between a clinical
response to gefitinib in patients with NSCLC and somatic
mutsations in the EGFR gene (18, 19). In NSCLC cells carrying
such mutations, gefitinib treatment markedly inhibited phosphor-
ylation of EGFR and its dovwmnstrearn signaling kinases, Akt and
extracellular s:gnal—regulated kinase 1/2 (ERKI/Z) Consistent with
this observation, we have reported that the sens:t.mty of NSCLC
cell lines to gefitinib under basal gmwth condition is closely
correlated with their dependence for survival and proliferation
on Akt and ERK1/2 activation in response to EGFR signaling (20).
Cappuzzo et al. (2I) have reported that patients with phosphor-
ylated Akt-positive turnors who received gefitinib had a better
response rate and time to progression. Moreover, increased
EGFR gene copy number evaluated by fluorescent in situ
hybridization (FISH) was significantly associated with higher
response rates and lower progression rates in ]ung cancer (22)
and in colon cancer (23).

HCC is a typical hypervascular tumor and tumor angiogenesis is
a prerequisite for both jts growth and metastasis (24, 25).
Angiogenesis and vascular invasion are common characteristics
of malignant tumors in patients with HCC (26, 27). Enhanced
expression of vascular endothelial growth factor (VEGF) and
chemokine C-X-C motif ligand 1 (CXCL1) is often seen both in
HCC cells in culture and at sites of angiogenesis in the livers' of
HCC patients (26, 28-33). Ishikawa et al, (34) have previously
reported antitumor effect by antiangiogenesis gene therapy using
angiostatin gene on HCCs in the xenograft model, A recent study by
Liu et al. (35) has also shown that administration of a VEGFR
tyrosine kinase inhibitor induced both antitumor and antiangio-
genesis effects against HCCs in the xenograft model. On the other
hand, we have previously reported the inhibition of EGF-induced
migration of vascular endethelial cell and neovascularization in
mouse corneas by gefitinib, suggesting that its antitumor effect
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may be mediated in part through its antiangiogenic activity
{386, 37). Overexpression of EGFR was also observed in 60% to 85%
of tumor tissue of HCC (38), and a phase II trial of gefitinib has
been proceeding against patients with advanced unresectable HCC
in the United States, In this study, we asked whether EGFR
inhibition could modulate tumor angiogenesis induced by HCC
cells and examined possible mechanisms underlying the effects of
gefitinib.

Materials and Methods

Cell culture and reagents. Three murine HCC cell lines HCC3,
CBO12C3, and AD3 were established as described previonsly (39, 40} and
were cultured in William's E (Life Technologies, Inc., Grand Island, NY)
supplemented with 10 ng/mL EGF, 10% fetal bovine serum (FBS), 320 mg/L
L-glutamine, and 2 g/L glucase, at 37°C in 5% CO2 in 2 humid environment.
Gefitinib was provided by Astra Zeneca Pharmaceuticals (Macclesfield,
United Kingdom) and was dissolved in DMSOQ for in vitre studies zs
described previously (20, 27). LY294002, a selective inhibitor of phospha-
tidylinositol 3-kinase (PI3K), and U026, an ERK inhibitor, were purchnsed
from Sigma Chemical Co. (St Louis, MO). Recombinant EGF, anti-phospho-
EGFR (Tyr'*™), anti-EGFR, and anti-P13K p85 entibodies were parchased
from Upstate Blotechno]ogy. Inc. (Lake Placid, NY). Ann—phospho-ﬁkt
(Ser*™), anti-Akt, “anti-phospho- -ERK1/2 (The®™/Ty*™), and antl-ERK1/2
antibodies were purchased from Cell S:gna]mg Technology (Beverly, MA).
Anti-PTEN and apti-PI3K p110 antibodies were from Sants Cruz
Biotechnology, Inc. {Santa Cruz, CA). Anti-B-actin antibody was from
Abcam, Ltd. (Cambridge, United Kingdom).

Cell proliferation assay, HCC cells were suspended at 5.0 X 10°%/mL
in medium with or without 10 ng/mL EGF and seeded into 48-well
plates for the indicated periods. The following day, cell numbexrs were
. counted using a Z1 Series Coulter Counter (Beckman Conlter, Inc,
Fullerton, CA).

Mouse dorsal air sac assay. This assay was carried out in 7- to 10-

week-old male mice as previously described (41). Male BALE/c mice were -

obtained from Kyudo' Co., Ltd. (F ukixoka. Japan). HCC cells (2 x 10‘) were
suspended in 150 i PBS and injected into a chamber that consisted of a
ring (M.ﬂlapore Corp., Bedford, MA) covered with Millipore Blters (045 pm
pore size) on’ each side. This was implanted into an air sac praduced by
injecting 10 mL of air s.c. on the back of an anesthetized mouse (50 mg/kg
pentobarbital, jv) on day 0. Gefitinib was administered p.o. from day 0 to
day 4. On day 5, the chambers were removed from the s.c. fascia and
replaced with black rings of the same inner diameter as the chambers.
Photographs of these sites ‘were assessed by counting the number of newly
formed vessels >3 mm in length within the area of the rings.

Quantification of VEGF and CXCL1 in conditioned' medium. The
concentrations of VEGTF and CXCL1 in conditioned medimm from HCC cells
were measured using ELISA Xits (R&D Systems, Minneapolis, MN) as
described previously (42). Briefly, HCC cells were seeded in 24-well dishes st
25 % 10%/2 mL/well and, when subconflnent, the medinm was replaced
with seram-free medium for 24 hours, containing different concentrations
of kinase inhibitors, with or without 10 ng/mL EGF at 37°C. Resulls are
presented as means X SD.

Western blot analysis. After culture for 12 hours in serum-free medinm
without EGF, HCC cells were treated with the indicated concentration of
gefitinib for 3 hours and then stimulated with 10 ng/mL EGF for 15 minntes
. at 37°C. After rinsing with ice-cold PBS, the cells were lysed in Triton X-100

buffer [50 pmol/L HEPES (pH 7.4), 150 mmol/L NaCl, 1% Triton X-109, 10%
glyeerol, 1 mmol/L phenylmethylsulfony! fluoride, 10 pg/ml aprotinis,
10 pgfmL leupeptin, and 1 mmel/L NagVO,]. Lysates were subjected to
SPS-PAGE and transferred to lmmobilon membranes (Millipore). Blots
were incubated with primary antibodies and visualized with a secondary
antibody coupled to horseradish peroxidase (Amersham, Piscataway, NJ),
and enhanced chemiluminescence system, as described previously (20).
Bands on Western blots were analyzed densitometrically using Scion Image
software (version 4.0.2; Scion Corp., Frederick, MD).

PTEN gene silencing wsing small interfering RNA. The ability of
25-nuclectide duplexes of RNA to interfere with PTEN expression was
tested. The specific small interfering RNA (siRNA) sequence used was
nucleotide 58 to 82, relative to the first nucleotide of the start codon, of
PTEN (Genbank accession number NM_008960). Mock siRNA duplexes
were obtained from Invittogen (Cerlsbad, CA). siRNA duplexes were
transfected osing LipofectAMINE 2000 and Opti-MEM mediwn {Invitrogen)
according to the recommendations of the mannfacturer, Reduction in PTEN
expression was confirmed by Western blot analysis.

FISH analysis, FISH analysis wes done as described previously (43).
Mouse EGFR cDNA (BC-023729-EGFR) and Mere Mouse BAC clone 43124

- were obtsined from Open Biosystems (Huntsville, AL). The probes for EGFR

and chromosome 11 were labeled with digoxigenin and biotin by nick
translation methods, respectively. The slides were incubated at 75°C for 10
minutes to cedenature the EGFR and chromasome 11 probes and allowed
to hybridize overnight at 37°C. After stringency wash, digoxigenin-labeled
EGFR and biotin-labeled- chromosome 11 probes were detected using
antidigoxigenin-Cy3 and anti-biotin-Cy5, The chromatin was counter-
stained with 4, 6-dmmino-2-pheny]mdule Ann]ysts was done with a Leica
DMRAZ flacrescence microscope {Deerfield, IL) equipped with the Leica
CWad00 FISH software. Average numbers of chromosome were determined
by scoring 30 to 40 metaphase spreads.’

Statistical analysis. Statistical analysis used the Mann-Whitney U test
and Student’s ¢ test, with P < 005 considered stalistically significant, and
was done using JMP 5.01 software (SAS Institnte, Ine. Cary, NC).

Results

Effect of EGF on the cell growth of HCC cell lines. The growth
rates of HCC cell lines’ were measured under normal growth
conditions with 10% FBS, in the presence or absence of 10 ng/mL
EGF. Doubling times for HCC3, CBO12C3, and AD3 were 13.5,12.1,
and 12.6 hours, respectively, in the presence of EGF and 22.4, 14.6,
and 14.6 hours, respectively, in the absence of EGF (Fig. 1). Growth’
rates for the three lines were comparable, although EGF affected
the growth of HCC3 cells rather more thau that of the other two
cell lines.

Gefitinib inhibits tumor-indnced angiogenesis in vivo. We
next - investigated whether gefitinib could inhibit angiogenesis
induced by HCC cells in vivo, using the dorsal air sac assay. In the
absence of gefitinib, lmplantatlon of chambers containing each of
the three HCC cell lines resulted in the development of micro-
vessels with thin curled’ structures and tiny bleeding spots in
addition to the preexisting vessels (Fig. 24), consistent with
our previous studies (41). The oral administration of gefitinib at
150 mg/kg/d markedly reduced the development of microvessels
induced by HCC3 and CBO12C3 cells, but not by AD3 cells
{Fig. 24). About a 60% reduction in angiogenesis was seen in mice
implanted with HCC3 cells and given 75 mg/kg/d gefitinib and
a simnilar reduction was seen in mice implanted with CBOI2C3
cells and given 150 mg/kg/d gefitinib (Fig. 2B).

Inhibitory effect of gefitinib on production of VEGF and
CXCL1 in HCC cells. To understand how gefitinib modulates
angiogenesis, we examined the effect of this EGFR-selective drug
on the production of two potent inducers of angiogenesis, VEGF
and CXCL1 [interleukin-8 (IL-8) homologue/KC/Gro-a) in HCC cell
lines (Fig. 34). EGF increased the production of both VEGF and
CXCLI by 1.6- to 3.2-fold in all three cell lines. At 0.1 to 5.0 pmol/L,
gefitinib inhibited EGF-stimulated production of VEGF and CXCL1
by HCC3, CBO12C3, and AD3 to different extents. At 1 pmol/L,
gefitinib blocked the production of CXCL1 by >80% in HCC3 and
CBO12C3 cells and by 60% in AD3 cells in the presence of EGF. At
the same concentration, gefitinib also blocked VEGF production by
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mean of triplicate wells; bars, SD,

HCC3 and CBO12C3 cells by 60% to 80%, whereas VEGF
production by AD3 cells was only inhibited by 20% in the presence
of EGF (Fig. 34). The production of VEGF and CXCL1 in response
to exogenous EGF was rather more sensitive to inhibition by
gefitinib in HCC3 and CBO12C3 cells compared with AD3 cells.

Effect of gefitinib on phosphorylation of EGFR, Akt, and
ERK1/2 in HCC cells. When EGFR binds EGF or transforming
growth factor-r, it is autophosphorylated and activates a number
of downstream signaling molecules, such as Akt and mitogen-
activated protein kinase (ERK1/Z; ref. 42). We examined the effect
of gefitinib on the phosphorylation of EGFR, Akt, and ERKL/2 in
the three cell lines in vitro. Exogenous EGF enhanced the
phosphorylation of EGFR, Akt, and ERK1/2 in HCC3 and CBO12C3
cells. By contrast, EGF enhanced the phosphorylation of EGFR and
ERK1/2, but not Akt, in AD3 cells; Akt was constitutively
phosphorylated in AD3 cells when EGF was added exogenously
(Fig. 3B). Phosphorylation of Akt was also inhibited by gefitinib
to different extents in the three cell lines: 0.1 umol/L gefitinib
inhibited Akt phosphorylation in HCC3 and CB012C3 by 50%
compared with EGF alone, but had no effect at this concentration
in AD3 cells (Fig, 3B). Although Akt was constitutively phosphory-
lated in the absence of EGF in AD3 cells, phospho-Akt was rather
less sensitive to the inhibitory effect of gefitinib in AD3 than in the
other two cell lines.

Involvement of Akt and ERK1/2 in EGF-induced production
of angiogenic factors, VEGF and CXCLI. To identify the EGF/

EGFR-activated signal pathways involved in the production of
anglogenic factors, we looked at the effects of LY294002, a selective
inhibitor of PI3K, and U0126, am inhibitor of ERK1/2, on the
production of VEGF and CXCL1 by HCC3 and AD3 cells. LY294002
inhibits Akt activation by specifically blocking PI3K, a positive
regulator of Akt kinase. EGF increased VEGF and CXCL]
praduction in both these cell lines 2- to 3-fold (see Fig. 34) and
treatment with LY294002 resulted in a significant decrease in the
production of both factors in HCC3 cells compared with EGF alone
(Fig. 44 and B). However, LY294002, tested up Lo a concentration
of 5 umol/E, had no effect on the EGF-induced production of
VEGF and CXCL1 in AD3 cells (Fig. 44 and B). Treatment with
0126 also affected cellular production of VEGF in both cell lines
but there was no significant difference in the inhibitory effect of
U0126 on cellular production of VEGF between two cell lines
(Fig. 4C). U0126 showed only a slight, if any, inhibition of CXCL1
production, but there was no significant difference in its inhibition
between two cell lines (Fig. 4D). ]

Role of PTEN in gefitinib-mediated inhibition of Akt
activation and production of angiogenic factors, Akt activation
is regulated by both phosphorylation at serine-473 and PIP,
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Figure 2, Effect of gefltnib on anglogenesis Induced by HCC cell lines in the
mouse dorsal alr sac assay. A, representative photographs of assay chambers
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Mann-Whitney U test.
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* Prolein extracls were resolved by Western blot analysis and probed with various antibodies. Actlvilies of phosphorylated EGFR, Akt, and ERK1/2 were normalized to

thelr nonphosphorylated form when each actlvlly of phnspho -EGFR, phospho-Akt, and phospho-ERK1/2 in the pressnce of EGF without gefltini In three cell lnes

was normallzed as 1 O

binding to pleckstrin homoelogy domain of Akt. The level of cellular
PIP; is controlled by PI3K and the lipid phosphatase, PTEN (44).
We compared the expression of PI3K and PTEN in the three cell
lines in the presence or sbsence of EGF. In.the absence of EGF,
all three cell lines expressed similar levels of the PI3K catalytic
subunit, pl10, but HCC3 and CBO12C3 expressed rather higher
levels of the regulatory subunit, p85, than AD3 (Fig. 54). Quan-
titative analysis showed that PTEN was expressed in AD3 at
about half the level in HCC3 or CBO12C3, both in the absence and
presence of EGF (Fig. 54). This difference in PTEN expression
between AD3 and the other two cell lines was consistently found in
repeated experiments with mdependently cultured cell lines {data
not shown).

Because gefitinib had been found to be a much less effective
inhibitor of Akt activation and angiogenic factor production in
AD3 cells than in HCC3 cells (Fig. 3B), we next examined whether
the lower expression of PTEN in AD3 could be related to this.
In HCC3 cells transfected with PTEN siRNA, the PTEN gene was
very effectively silenced (see Fig. 5B); Akt was found to be
phosphoryiated in the absence of EGF, but was not in mock-
transfected cells; and Akt phosphorylation was much less sensitive
to inhibition by gefitinib (Fig. 5C). We then looked at cellular
levels of CXCL1 and VEGF. The cellular levels of CXCLI, but not
VEGE, in PTEN siBNA-transfected HCC2 cells were about half
those in mecletransfected cells (Fig. 5D} and the production of
both VEGF and CXCLI1 in response to EGF became insensitive to
inhibition by gefitinib,

Increased EGFR gene copy number in HCC cells. Cappuzzo
et al. (22) reported that gene amplification and copy number of
EGFR gene in association with Akt activation is closely associated
with drug sensitivity on therapeutic efficacies of gefitinib in
NSCLC. We examined il EGFR gene was amplified in liver cancer
cell lines, HCC3 and AD3 by FISH analysis. HCCS and AD3 cells
showed increased copy number of EGFR gene compared with
normal spleen cells (Fig. 6). However, EGFR gene amplification
was not observed in both HCC3 and AD3. HCC3 cells were near
triploid with 2.7 * 0.9 copies of chromosome 11 per cells and
613 + 184 of chromosome per cells. AD3 cells were near
tetraploid with 3.7 & 0.9 copies of chromosome 11 per cells and
778 £ 183 of chromosome per cells. We found that both cell
lines increased copy number of EGFR gene; however, there was
no apparent difference in both gene amplification and copy
number of EGFR in HCC3 and ADS3,

Discussion

We have previously reported that gefitinib inhibits EGF-induced
angiogenesis both in vitro and ir vivo (36, 37). In this study, we have
shown for the first time that tumor-induced angiogenesis in the
mouse dorsal air sac assay can be blocked by gefitinib treatment.
However, when different HCC cell lines were used in this model to
induce angiogenesis, its susceptibility to inhibition by this drug
was found to vary. Angiogenesis induced by HCC3 cells was most
susceptible to inhibition by gefitinib. Angiogenesis induced by
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CB012C3 cells was also inhibited by gefitinib, but at higher doses
of the drug, In contrast, anglogenesis induced by AD3 was relatively
resistant to inhibition by gefitinib.

We first examined expression of which angiogenic factor was
augmented by exogenous addition of EGF in HCC cell lines
by membrane-bound antibody array technology. Of varicus
angiogenesis-related factors, we observed up-regulation of VEGF
and CXCLI genes by EGF (data not shown), and we focused on
these two potent angiogenic factors. In all HCC lines, EGF was
found to enhance cellular production of both VEGF and CXCLI.
The production of these potent angiogenic factors was alse more
effectively inhibited by gefitinib in HCC3 and CBOI2C3 cells than
that in AD3 cells, This suggests that the inhibitory effect of
gefitinib on HCC-induced angiogenesis might be due to its effect
on the production of such angiogenic factors. The production of
angiogenic factors, including VEGF and 1L-8, is often enhanced
by EGF, TGF-o, and other cytokines in tumor cell lines (25, 38,
45-48), Consistent with these previous studies, the production
of both VEGF and CXCL! increased 1.6- to 32-fold with EGF
treatment in all three HCC cell lines. The fact that gefitinib was a
much less effective inhibitor of VEGF and CXCL1 production in
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Figure 4. Effect of kinase inhibltors, LY294002 and U0126, on the production of
VEGF and CXCL1 by HCC3 and AD3 cells cultuzed in the presence of EGF.
Cells (2.5 % 10%wel]) were incubated with or withoul kinase Inhibltars in 24-well
plates for 24 hours, VEGF and CXCL.i were measured in culture supernalants
uslng ELISA kits, Concentrations of the anglogenic taclors In the presence of
inhibltors were normalized 1o those In the absence of Inhibllors, Columns, mean
of triplicate wells lor HCC3 (closed) and AD3 (open}); bars, 8D, °, P < 0.05;
**, P < 0.01 compared with treatment with EGF alone uslng the wo-tailed
Student's | test.

AD3 than in HCC3 and CBOQI2C3 cells suggests that the EGF
induction mechanism in AD3 cells may be refractory to gefitinib.
Our previous studies suggested two pathways by which gefitinib
could exert its antiangiogenic effects: (@} EGF/TGF-a up-regulates
the expression’of angiogenic factors by cancer cells themselves,
resulting in the induction of angiogenesis by a paracrine
mechanism, and this process is inhibited by gefitinib; or (b)
EGF/TGF-o induces angiogenesis through direct interaction with
EGFRs on endothelial cells and this process is inhibited by
gefitinib (36, 37). In our studies of EGF-induced neovasculariza-
tion in the mouse cornes, we obtained evidence supporting the
latter pathway as gefitinib inhibited activation of EGFR in the new
vessels themselves (37). The results of our present study suggest
that the former pathway is a more likely candidate because
gefitinib inhibited the production of both VEGF and CXCL1 by
HCC cells. '

While studying the mechanism underlying the different inhib-
itory effects of gefitinib on VEGF and CXCL1 preduction by HCC
cell lines, we found that the drug had differential effects on Akt
activation. Whereas EGF treatment of HCC3 and CBO12C3 cells
resulted in the phosphorylation of EGFR, Akt, and ERK1/2, and this
was highly susceptible to inhibition of gefitinib. In AD3 cells,
gefitinib also inhibited the phosphorylation of EGFR and ERK1/2
in response to EGF, but Akt seemed to be constitutively active in
the absence of EGE, and phospho-Akt levels in AD3 cells were
less susceptible to the effects of gefitinib. Interestingly, LY294002,
a selective inhibitor of PI3K, blocked production of VEGF znd
CXCL1 in HCC3, but not that in AD3, whereas U0126, an ERK1/2
inhibitor, did not have this selective inhibitory effect. Taken
together, these different effects of gefitinib on the induction of
angiogenesis and the production of angiogenic factors suggest an
important role for the Akt pathway. However, as ERK1/2 and PI3K
inhibitors also reduced the production of angiogenic factors, these
signaling pathways may also play a role in the antiangiagenic
effects of gefitinib.

Recent studies have shown that a mutation in exons 18 to 21 of
the EGFR gene is closely associated with a clinical response to
gefitinib in NSCLC patients (18, 19) and that the proliferation of
NSCLC cells carrying such EGFR mutations is highly sensitive to
gefitinib in vitro (18). We, however, could not observe any mutation
in exons 18 to 21 of the EGFR gene in three lines used in this study
(data not shown). Cappuzzo et al. (22} have reported that EGER
gene amplification and increased copy number are important to
limit therapeutic efficacy of gefitinib in lung cancer. However,
there was no difference in gene amplification and copy number of
EGER in both HCC3 and AD3 cells. Therelore, altered expression of
angiogenic factors and Akt activations between two lines might not
be directly associated with gene amplification of EGFR,

In this study, AD3 cells showed both constitutive Akt zctivation
and reduced levels of PTEN compared with HCC3 and CBG12C3
cells (Figs. 38 and 54). It has been shown that phospho-Akt was
recognized as a risk factor for early disease recurrence and poor
prognosis of HCC (49). We have previously reported that
sensitivity to gefitinib in NSCLC cell lines is associated with
EGFR signaling pathways involving Akt and ERK1/2 and is closely
finked with cell growth and apoptosis; activation of Akt and/or
ERI(1/2 was most susceptible to inhibition by gefitinib in one of
the nine NSCLC cell lines, which carries 2 mutation in the EGFR
catalytic demain {20). Both PI3K and PTEN are closely associated
with activation of Akt, and reducing PTEN levels might be
expected to change both Akt activation in response to EGF and its
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Figure 5. Compatlson of PI3K and PTEN protein levels in three HCC celis ines and efiec!s of depleting PTEN using SiRNA In HCC3. A, HCC cells were cullured with or
withoui 10 ng/mL EGF for 24 hours. Proteln extracts were resolved by Western blot analysls with antl-FI13K p110, antl-PTEN, or anti-p-actin antlbodies. Levels of PTEN
expression were measured by densitometry and normalized to the -actin levels In each cell fine, Columns, mean of trpllcale experiments; bars, SD. 8, HCGA3
cells were transfected with PTEN siBNA, and afler 24 hours PTEN levels were determined by Western blo! analysls. Levels of PTEN expresslon were normallzed to
p-actin levels In each cell line. C, effect of PTEN siRNA on Akt phosphorylatlon In HCC3. Twenly-Tour hours after transfection with siRNA {100 nmol/L), HCC3
cells were stimutaled with 10 ng/mL EGF for 15 minutes, with or without gefillnib at the concentrations Indlcated. Phospharylated Ald levels were normalized 1o
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*, P < 0.05; =, P < 0.01 compared wilh treaiment with EGF afone using the two-tailed Student’s ! test.

sensitivity to gefitinib, Reducing PTEN gene expression in HCC3 activation is associated with the sensitivity or resistance of EGFR
cells using PTEN siRNA indeed decreased the sensitivity of both signaling to gefitinib.

Akt activation and the production of VEGF and CXCL1 to gefitinib

{Fig. 5). Another study has shown that loss of PTEN expression ~ Acknowledgments
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Figure 6. Detection of gene ampiiiication and copy number of EGFA gene In HCC3 and AD3 cells by FISH analysls. The digoxigenin-labeled EGFR and blotin-labeled
chromosome 11 probes were detected using antldigoxigenin-Cy3 (yellow) and antl-blolin-Cy5 {rev). Represeniative melaphase spreads from normal spleen cells
{A), HCCS cells (B), 2nd AD3 cells {C}. The hybridized probe was detecled by fluorescence microscopy.
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17@3-Estradiol Induces Down-Regulation of Cap43/MDRG1/Drg-1, a
Putative Differentiation-Related and Metastasis Suppressor Gene,

in Human Breast Cancer Cells

Abbas Fotovati, Teruhiko Fujii,*2 Miki Yamaguehi,'? Masayoshi Kage,® Kazuo Shirouzu,? Shinji Oie,

Yuji Basaki,* Mayumi Ono,*® Hideaki Yamana,' and Michihiko Kuwano

Cap43 has been identified as a nickel- and calcium-inducible
gene (1). The Cap43, a 43-kDa protein, has three unique 10-
amino acid tandem-repeat sequences at its carboxyl termi-
nus and is phosphorylated by protein kinase A (2). The Cap43
gene is identical to the N-myc downstream regulated gene 1
(NDRG1), = human homocysteine-inducible gene (3}, and to
the differentiation-related gene-1 (4). Cap43 expression is
reduced in tumor cells (RTP/Rit42; ref. 5). Furthermore, the
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expression of Cap43 is markedly influenced by several stimuli,
including oxidative stress, metal ions, hypoxia, phorbol esters,
vitamins A and D, steroids, homocysteine, and tunicamycin as
well as oncogenes {N-myc and C-myc) and tumor suppressor
genes (p53 and VHL; refs. 1, 3, 5-10).

Although several studies have elucidated various character-
istics of the Cap43, its exact function remains unclear. Cap43 is
expressed in various organs, induding the prostate, ovary,
colon, and kidney, and its expression is dynamically changed
during postnatal development in the kidney, brain, liver, and
nerves (3, 11-13). These studies, which suggest the involve-
ment of Cap43 in organ maturation and differentiation, have
recently prompted detailed investigations of its role in the
neuronal system. Cap43 was originally shown to be responsible
for Charcot-Marie-Tooth disease type 4D; mutations in Cap43
are commonly identified in this hereditary neuropathy of the
motor and sensory systems. Okuda et al. have recently
established Cap43 lmockout mice that exhibit Schwann cell
dysfunction, suggesting that Cap43 is essential for the
maintenance of the myelin sheaths in peripheral nerves (14),
Consistent with this study, Hirata et al. have reported that
Cap43 plays an important role in the terminal differential of
Schwann cells during nerve regeneration (15).

In contrast with these studies, Stein et al. have identified
Capd3 as a gene that is up-regulated by p53 and have also
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shown that Cap43 is required for p53-dependent apoptosis,
thereby indicating that Cap43 is a p53 target gene (16). Fur-
thermore, Kim et al. have reported that the Cap43 Is associated
with microtubules in the centrosome and participates in the
spindle checkpoint in a p53-dependent manner, suggesting
that Cap43 may play a key role in the regulation of micro-
tubule dynamics {17). Overexpression of the Cap43 gene also
inhibits growth in colon cancers as well as metastasis in
prostate and colon cancer cells in an animal mode] (18, 19},
suggesting that Cap43 suppresses metastasis. Low levels of
Cap43 expression in breast cancer cells are closely comelated
~ with poor dinical outcomes (20). Cap43 thus seems to be
closely associated with the differentiation andfor malignant
states of human cancers,

In the present study, we examine how the expression of the
Cup43 gene could be modulated during therapeutic treatment
by antiestrogenic drugs and discuss the potential of Cap43 as a
molecular target for the therapeutic efficacy of anuest.rogemc
anticancer agents in breast cancer.

Cells and cell culture. Human breast cancer cells SI-BR-3, MDA-

MB-231, T47D, MCF-7, and CRL1500 weré obtained from the -

American Type Culture Collection {Manassas, VA}. YMB-1 and
OCUB-M were obtained from the Japanese Collection of Research
Bioresources (Osaka, Japan) and Riken/Wako (Osaka, Japan), respec-
tively. A tamoxifen-resistant cell line, R-27, was established from MCF-7
{21). All cell lines were grown in phenol red - free McCoy's (PromoCell
GmbH, Heidelberg, Germany) and LeibovitZ's 1-15, RPMI 1640, and
a-MEM containing 10% fetal bovine serum, 100 units/mL penicillin G
sodium, and 100 pg,n’mL streptomydin sulfate. -

Estragen receptor-or overexpression in estrogen ‘receptor—negative cell
lines, Two estrogen receptor-o. {ER-a)-negative cell lines, SK-BR-3
and MDA-MB-231, were transfected with either pRefCMV vector or ER-
« plasmid DNA (a kind gift from Dr. Shin-jchi Hayashi, Department of
Molecular Medical Technology, Faculty of Medicine, Tohoku Univer-
sity, Seridai, Japan) using LipofectAMINE Plus {Invitrogen Life
Technologies, Inc.,, Gaithersburg, MD). Three days after transfection,
500 pg/mL G418 disulfate {Nacalai Tesque, Kyoto, Japan) was added to
the growth medium, The resulting G418-resistant cells were propagated
to generate stable cell lines for use in further studies.

Cell proliferation assay. Cells were plated at 2 X 10? per well in 12-
well dishes. After 48 hours, cells were finsed and incubated for a fur-
ther 24 hours in same medium supplemented with 5% double
charcoal-stripped serum CSS. Cells were then washed with serum-,
estrogen-, and phenol red-free medium and then incubated in
medivm supplemented with 5% CSS in the presence or absence of
17p-estradiol E; (Sigma-Aldrich Co, St Louis, MO) with or without
tamoxifen (Calbiochem, La Jolla, CA). The cells were trypsinized and
counted at 0, 2, 4, and 6 days after incubation with a coulter counter
{Beckman Coulter, Miami, FL).

Immunocytochemistry. Cells were trypsinized and plated on glass
coverslips in six-well plates. Then, cells were rinsed with PBS and fixed
in 4% paraformaldehyde/PBS for 30 minutes at room temperature.
Cells were permeabilized with solution containing 5% bovine serum
albumin, ©0.2% Triton X-100 in PBS for 90 minutes at room
temperature. After 1 hour of blocking with 2% goat serum, the cells
were incubated overnight with rabbit polyclonal anti-Cap43 (1:1,000;
developed in our laboratory; ref. 10). Cells were then rinsed and
incubated with goat antirabbit IJgG and 1 pg/mL Alexa Fluor 546
{Molecular Probes, Eugene, OR) for 60 minutes at room temperature.
Nudlear staining was carried out using 4',6-diamidino-2-phenylindole
(1:1,000, Dojindo, Kumamoto, Japan). Coverslips were mounted on
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slide glasses using gel mount and viewed using an Olympus BX51
florescence microscope {Olympus, Tokyo, Japan).

Western blot analpsis. After treatment with E,, tamoxifen, ICl
182780 (Nacalai Tesque), or nickel chloride (NiCly; Nacalai Tesque),
200 pl lysis buffer [0.29 NP40, 225 mmol/L NaCl, 25 mmol/L Tiis
(pH 7.4)] was added. The cells were harvested, and the cell slurry was
sonicated briefly before centrifugation at 15,000 % g for 15 minutes at
4°C. The supernatant was collected, and 30 pg aliguots of protein were
loaded into each well, separated using SDS-PAGE, and transferred to
Immobilon membranes (Millipore, Bedford, MA). After wansfer, blots
were incubated with blocking solution and probed with antibodies. The
antibodies used were as follows: rabbit polyclonal antibody directed
against Cap43 (produced in our laboratory; ref, 10), rabbit polyclonal
anu-ER-a antibody (Santa Cruz Biotechnology, Inc, Santa Cruz, CA),
and anti-g-actin (Sigma-Aldrich). The relative expression of each
protein was calculated using the NIH Image Analysis Program version
1.62 (NIH, Bethesda, MD).

RNA extraction and cDNA synthesis. Total RNA was exiracted using
1SOGEN-LS reagent {Nippon Gene, Toyama, Japan)} and digested with
DNase I (Sigma-Aldrich). Total RNA (1 pg) was then reverse transcribed
using random hexamer priting and SuperScript 11 reverse transcriptase
{Toyobo, Osaka, Japan).

Real-time PCR. ¢DNA {100 ng} was amplified in a real-time PCR
using SYBR Creen Mix {PE Applied Biosystems, Warington, United
Kingdom} and 200 nmol/L phmer for Cap43. The real-time PCR
reactions were done in an ABI PRISM Model 7700 Sequence Detectar
(Applied Biosystems, Foster City, CA) under the following conditions:
50°C for 2 minutes, 95°C for 1 minute followed by 40 cydes aL 95°C
for 15 seconds and 60°C for 1 minute. The sequences of primers were
as follows: Capa3d forward primer 5-AGGCGGACATICTGGAAATG-3'
and reverse primer 5-CGGTACTTCCCCAGCACACTT-3, pS2 forward
primer 5-TTTGGAGCAGAGAGGAGGCAATGG-3' and reverse primer
5. TGGTATTAGGATAGAAGCACCAGGG-3', and C-myc forward primer
5"-AGGCGCGCGTAGTTAATTCAT-3" and reverse primer 5-CGCCC-
TCTGCTITGGGA-3". Glyceraldehyde-3-phosphate dehydrogenase and
B-actin were used as reference genes. -

Immunchistochemistry. Tissue sections were taken from 96 breast
cancer patients who underwent radical surgery {Department of Surgery,
Kurume University Hospital, Kurume, Japan) between 1995 and 1999.
The 4-nm tissue sections. were deparaffinized for 15 minutes at 85°C
and the slides were heated in a2 microwave oven in a CCl buffer for
60 minutes. The sections were stained using the Benchmark {IHC
Automated Systems, Tucson, AZ) with rabbit polyclonal anti-Cap43
(9. 10), anti-ER-@, anti~progesterone receptor (PgR), ant-epidermal
growth factor receptor (EGFR), and anti-HER-2 antibody. All antibodies
else than Cap43 (produced in our laboratory) were purchased from
Ventana Medical Systems (Tucson, AZ). The samples were viewed using
an Olympus BX51 florescence microscope.

The extent to which Cap43 proteins were stained in immunohisto-
logic studies was analyzed to compare the strength of Cap43 expression
in cancer cells with that in normal glands: cancer cells that expressed
Cap43 stronger than normal glands appeared positive for staining and
normal glands expressing Cap43 stronger than cancer cells were
negative for staining. The extent to which ER-a or PgR proteins were
stained in immunohistologic studies was defined by the percentage of
cells with strongly stained nudlei: >10%.defined a gland as positive for
ER-o or PgR and <9% defined it as negative. The immunohistochemical
expression of EGFR and HER-2 was categarized into four groups: score
0, no staining at all or membrane staining in <10% of the wmor cells;
score 1+, faint/barely perceptible partial membrane staining in >10% of
the tumor cells; score 2+, weak to moderate staining of the entire
membrane in >10% of the tumor cells; score 3+, strong staining of the
entire membrane in >10% of the tumor cells. The extent of
immunohistologic staining for EGFR and HER-2 was defined as
follows: scores of 2+ or 3+ were regarded as positive and scores of
0 or 1+ were regarded a5 negative. The positive cells were counted by
two experienced observers who were blinded to the condition of the
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patients. The relationship between Cap43 and each dinicopathologic
finding {age, turnor size, menopausal status, histologic grade, lymph
node metastasis, and expression of EGFR, HER-2, ER-a,, and PgR) and
postoperative survival was examined,

Statistical analysis. The % test, Fisher’s exact probability test, and
Student’s 1 test were used for statistical analyses. In patients undergoing
resection, the relationships between Cap43 expression and prognosis
were exarnined by the Kaplan-Meier method (22} and the univarate
refationship between prognostic factors and overall survival rate was
assessed by the log-rank test, P < 0.05 was regarded as statistically
significant,
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Comparison of cellular levels of Cap43 and ER-o: in human
breast cancer. All eight breast cancer cell lines used in this
study were saeened for Cap43 expression using immunoblot-
ting and Immunocytochemistry (Fig. 1). SK-BR-3, MDA-MB-
231, CRL1500, OCUB-M, and R-27 showed relatively high
levels of Cap43 protein expression, whereas its expression was
decreased in T47D, MCE-7, and YMB-1 (Fig. 1A). ER-o was
expressed in T47D,. MCF-7, YMB-1, and R-27, but its
expression was negligible in SK-BR-3, MDA-MB-231,
CRL1500, and OCUB-M. Consistent with the results from
Western blot analysis (Fig. 1A), immunocytochemical analysis
of the eight cell lines showed the expression of Cap43 in SK-
BR-3, MDA-MB-231, CRL1500, OCUB-M, and R-27 (Fig. 1B).
A tamoxifen-resistant cell line, R-27, showed a much higher
expression of Cap43 protein than its parental counterpart cell

SK-BR-3

T47D

Fig. 1. Protein exprassion of Cap43 and ER-a in eight breast cancer cell lines.
A, cellular protein levels of Cap43 and ER-o were determined by Western blot
analysis. B, cells were viewed using an Olympus BXE1 {luorescence microscope
and photographed with an Clympus DP-70 digitat camera. Magnification, x 260.
Green, Capd3.
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Fig. 2. Effect of E; {10~2 mol/L) with or withaut tomexifen (10~° mol/L) on celt
growth, The cells were trypsinized and counted with a Coulter counter at the
indicated times.{, Ex {—); &, Ez {107 mol/L); @, Ez (107" mal/L} + 1amoxifen
{10~ mol/L}.

line, MCF-7 (Fig. 1A and B). We conducted further studies to
examine whether the expression of ER-a in these cell lines,
and the addition of By tamoxifen, and ICI 182780, to the
culture could modulate the expression of Cap43. Three ER-o-
positive {T47D, MCF-7, and R-27) and two ER-a-negative (SK-
BR-3 and MDA-MB-231) cell lines were selected for further
study. .

Cell growth dependence on E; and the effect of tamoxifen. We
used an Ey-depleted culture condition to examine whether the
addition of B, to the five breast cancer cell lines tested in this
experiment promoted E,-dependent growth. Previous studies -
have shown that the growth of human breast cancer cell lines
depends on the presence of 107° to 10~ mol/L E; in the cultuze
medium (23, 24). Of the five cell lines, the addition of
10~% mol/L E, enhanced growth in the ER-a-positive cell lines
(T47D, MCEF-7, and R-27). However, neither of the ER-o-
negative lines, SK-BR-3 and MDA-MB-231, showed enhanced
growth on the addition of E; to the culture (Fig. 2). Tamoxifen
at 10~° mol/L inhibited E;-induced cell growth in T47D and
MCE-7 cel] lines, resulting in a degree of growth similar to that
observed in the absence of E;. However, tamoxifen could not
inhibit E;-induced cell growth in R-27 cells (Fig. 2).

Effects of Eo with or without tamoxifen or ICI 182780 on
Capd3 expression, We next used real-time PCR and Western
blotting to examine whether E; could modulate expression of
Cap43 in cultured breast cancer cells. As shown in Fig. 3A,
expression of Cap43 mRNA was markedly down-regulated by
exogenous addition of E; for 24 hours in the ER-¢-positive
lines, T47D, MCF-7, and R-27, but not in the ER-c-negative
lines, SK-BR-3 and MDA-MB-231 (Fig. 3A). Furthermore, E,
down-regulated expression of Cap43 in a dose-dependent
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manner in the three ER-a-positive cell lines, Tamoxifen at 107¢
mol/L or ICI 182780 at 1077 mol/L almost completely
abrogated the E;-induced down-regulation of the Cap43 gene
in two ER-a-positive lines, T47D and MCF-7, in the presence

178-Estradiol Down-Regulates Cap43 in Breast Cancer

of various doses of E; (1072 to 107 mol/L). However, the
abrogatory effect of tamoxifen was hardly observed in the
tamoxifen-resistant R-27 line in comparison with its parental
MCE.7 cells (Fig. 34). ICI 182780 at 1077 mol/L almost
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Fig. 3. Effect of Ez with ar without
tamoxilen and IC1 182780 on Cap43
expression. 4, Cap43 mRNA. ££), E; (~);
£12 E (102 mol/LY; £-10,
E {10-"° mol/L); £-8, B (10™° mol/L); £-6, 5
Ez (107 mol/LY); £-12/7-6, Ez (10~ mol/L) + 2100
tamoxilen (10~° mol/L); £-10/7-6, E2 =g :
{1071° mol/L) + tamoxifen (107% mal/L); FRERAT
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(10™ mul/L);}E—B/!CI—Z Ez (10'" mol/L} + ICI =~
182780 (10~ mol/L); E-6//CI-7 Ep (16~°
malfL) + IC1182780 (10~7 mol/L). B, Cap43
protein, Numbers, density of the Cap43
band for each cell line normalized to the B C
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¢, effects of Ep with or without tamoxifen
and IC1 182780 on pS2Z mRANA expression in
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Fig. 4. Enhanced expression of Cap43 gene by nickel in breast cancer cell lines.
Exptesston of Cap43 mRNA (4) and Cap43 protein (8) were analyzed by
real-time PCR andWestarn biotting, respectively. The relative fold increase of Cap43
pratein expression is the amount of Cap43 protein detected in the presence of
NiCl, divided by the amount of Cap43 present in the absance of NiCla.

completely abrogated the Ej-induced down-regulation of the
Cap43 in R-27 cells, whereas tamoxifen at 10~° mol/L could
not abrogate the E-induced down-regulation of the Cap43
when in the presence of E; at 10™® and 107% mol/L,
respectively. In contrast, no marked change in Cap43 mRNA
levels in SK-BR-3 and MDA-MB-231 was evident when these
cell lines were treated with E, in the absence or presence of
tamoxifen and ICI 182780 (Fig. 3A). Consistent with the
effects on mENA levels of Cap43, Western blot analysis also
showed that the expression of Cap43 protein was decreased in
Es-treated T47D, MCF-7, and R-27 lines and tamoxifen at
10~% mol/L or ICI 182780 at 1077 mol/L abrogated the E,-
induced down-regulation of Cap43 in these three ER-o-
positive cell lines. By contrast, neither treatment with Ej
alone nor B, with tamoxifen or ICI 182780 affected cellular
Cap43 protein levels in the SK-BR-3 or MDA-MB-231 lines
(Fig. 3B).

Previous studies-have shown that the expression of the pS2
gene is profoundly affected by E; in MCF-7 cells (23-25). The
results from the present study are consistent with these find-
ings, showing that administration of E; markedly increases
expression of pS2 mRNA and that administration of tamo-
xifen or ICI 182780 blocks this E;-induced stimulatory effect
in the T47D, MCF-7, and R-27 cell lines (Fig. 3C). The inhib-
itory effect of tamoxifen on the Ep-induced stimulation of
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pS2 mRNA expression in the R-27 line was much less than
that in its parental MCF-7 cells. By contrast, ICI 182780 at
10~ mol/l. more greatly abrogated the Ej-induced down-
regulation of Cap43 than tamoxifen at 107¢ mol/L in R-27
cells. Expression of pS2 mRNA was not affected by either E;
alone or B; and tamoxifen in the SK-BR-3 and MDA-MB-231
(Fig. 3C).

Up-regulation of the Cap43 gene by nichel in all breast cancer
cell lines. Cap43 was originally isolated as 2 gene induced by
nickel compounds and its expression is highly susceptible to
the presence of nickel (1, 9). We examined whether exposuze to
nickel at 1 mmol/L for 24 hours could specifically alter the
expression of Cap43 in the five breast cancer cell lines.
Exposure to nickel markedly enhanced cellular Cap43 mRNA
levels in all five lines (Fig. 4A). The matked increase in the
levels of Cap43 mRNA seen in these cell lines was observed
irrespective of the expression of ER-a (Fig. 4A). Western blot
analysis also showed significant increases in the levels of
Cap43 protein in nickel-treated cell lines {Fig. 4B). Cap43
protein levels were higher in the two untreated ER-a-negative
lines, SK-BR-3 and MDA-MB-231, than in the ER-e-positive
lines, However, expression of Cap43 protein was further
enhanced in these ER-o-positive cell lines in response to

nickel.

' MDA ME-231
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Fig. 5. Effects ¢f E» with or without tamoxéfen and IC1 182780 on C-myc mANA
expression in breast cancer ¢ell lines, Maximal expression Jevels of C-myc mRNA
in each cellline are normalized as 100%.
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