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HPLC and LC/MS analysis of reaction products between EPQB and L-cysteine.

(A) Structure of Epoxyquinol B (EPQB). (B) HPLC and LC/MS analyses of reaction of EPQB and cysteine. 10 mM EPQB and 100 mM
L-cysteine were incubated in water for 10, 30, 60, and 120 minutes at 4°C. The samples were separated by XTerra MSC18 column. HPLC
and LC/MS systems were carried out by Allians 2695 Separation Module (Waters) and Q TRAP LC/MS/MS System {Applied Biosystems)
with XTerra MSC18 column by using a gradients of 0.05% formic acid and acetonitrile {(2~100%).

determined as [EPQB +2Cys-2H,0—H]~ (Rt: 23.8 minutes,
miz: 593.0) and [EPQB+1Cys-2H,0-H]™ (Rt: 28.7
minutes, m/z: 472.0), respectively. These results suggest
that one EPQB molecule is sequentially bound to two
cysteine. molecules through two. of its reactive sites.
The UV spectra of EPQB, EPQB+1Cys-2H,0, and
EPQB +2Cys-2H,0 show absorption maxima at 237, 225,
and 220 nm, respectively (data not shown), indicating that
these compounds containing the same chromophore derived
from a a,B-unsaturated ketone. Therefore, it was strongly
suggested that this conjugated system retained in the
molecules of two reaction products and thus the reaction
sites on EPQB are two epoxides. To confirm this possibility,
we analyzed the structures of two reaction products. EPQB
was incubated with L-cysteine for 1 and 4 hours, by 'H-
NMR. Since it was difficult to isolate enough amount of

these products for NMR analysis, the reaction mixture was
lyophilized, dissolved again in methanol-d, and prepared
for the measurement of 'H and DQF-COSY spectra by a
Jeol JNM ECP-500 NMR spectrometer. The 'H-NMR data
revealed that the ratio of integration value between methyl
doublets of EPQB (1.24 ppm, J=6.4 Hz), and each product
(product 1: 1.26 ppm, J=6.4 Hz, and product 2: 1.28 ppm,
J=6.4Hz) was two to one. As the 'H signal derived from
11-H (6.4 ppm, s) was still observed in the '"H-NMR spectra
of both products, the addition site of cysteine molecule was
supposed to be on two epoxide part of EPQB. (The
numbering of both products was temporarily assigned on
the basis of the corresponding carbon atoms of EPQB.) We
focused on the analysis of the 'H chemical shifts of epoxide
parts in both reaction products. The assignments of 13-H,
14-H and 15-H were difficult because of overlapping with
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the background signals from the reaction mixture. On the
other hand, the signals of 3-H, 4-H and 5-H of products
were observed separately. The signal of 4-H of EPQB
(3.80ppm, dd, J=1.4, 3.7Hz) shifted to high magnetic
field (product 1: 3.63 ppm, dd, J=1.8, 3.2 Hz, product 2:
3.62ppm, dd, J=1.8, 2.8 Hz), because of the formation of
the C-S bond in adducts instead of the C-O bond in EPQB.
The cross peak was due to the protons attached to the
carbon atoms originated from C4 and C5 of EPQB. It was
clearly observed in the DQF-COSY spectrum. Furthermore,
the stereo-structure of the products was investigated by the
Dreiding model. It was considered that the six membered
ring of the products has 3-a-OH, 4-f-H, 5-B-OH and ., f-
unsaturated ketone system, because of the subsequent ring
opening of epoxide accompanied with the inversion of 4-H.
The dihedral angle of 50~55° between 3-H and 4-H and
110~115° between 4-H and 5-H were correlated to J
values as given in the NMR spectrum by the Karplus’s
correlation between dihedral angle and J values [5]. These
results suggested that the initial binding site of L-cysteine
in EPQB was the C-4 position. The analyses of LC/MS,
UV, and NMR data indicated that one molecule of EPQB
binds to two molecules of L-cysteine through its opening of
the two epoxides.

When EPQB was treated with recombinant VEGFR2
kinase protein, we noticed that several ladder-like
hypershifted bands appeared with EPQB-dependent manner
(Fig. 2A). Since it was previously shown that one EPQB
covalently binds to two cysteines, we anticipated that
EPQB crosslinked the binding proteins through the
cysteine residues. To investigate this possibility, we used
cysteine/serine-mutated Vhl related phosphatase (VHR)
proteins [6, 7] as a model protein. VHR protein contains
only four cysteine residues; Cys22, Cys30, Cysl24, and
Cys171. Therefore, we made two mutant VHR proteins, 35
and 4S; in these mutant proteins, three of the cysteines
(C22/30/124) and all of the cysteines (C22/30/124/171) on
VHR were replaced with serines, respectively. Wild type
(WT) or each cysteine/serine mutant VHR (3S and 48)
were incubated with 10mM EPQB in water and VHR
buffer (50 mM Tris-HCl (pH 7.5) and 1.0 mM EDTA) for 1
hour. The samples were separated with SDS-PAGE and the
VHR proteins were detected by western blotting analysis.
As shown in Fig. 2B, ladder-like hypershifted bands were
observed in EPQB-treated WT VHR proteins. On the
contrary, only dimerized band of VHR was appeared when
EPQB was treated with 3S mutant VHR protein which
contains only one cysteine. Furthermore, no additional
band was observed when EPQB was treated with 4S mutant
VHR protein. The data shown in Fig. 2B was obtained
in the water condition to correlate with the LC/MS

A EPQB

- 0.001 0.01 0.1

mM)

iB: VEGFR2

B WT 35 4s

EPQB - 4+ =+ = 4

83 kDa
62

47

25
16

IB: VHR

Fig. 2 EPQB crosslinks VHR protein through the binding
with cysteine residues.

{A) The appearance of a ladderlike hypershifted bands
containing recombinant VEGFR2 kinase protein by EPQB
treatment. Recombinant VEGFR2 kinase protein {66 kDa) was
treated with 0.001, 0.01, 0.1, 1, and 10mM EPQB for 2 hours in
vitro. These samples were analyzed by Western blotting. (B}
Crosslinking assay of EPQB. Wild type (WT) or cysteine/serine
mutant (3S and 4S) VHR {400 ng) were incubated with 10mM
EPQB in water for 1 hour. The proteins were separated with SDS-
PAGE and VHR proteins (21kDa) were detected by Western
blotting.

experiment condition. In fact, there were 1o differences in
the crosslinking pattern between the water and the VHR
buffer conditions (data not shown). These results strongly
suggest that EPQB crosslinked proteins through the
cysteine residues on its target protein.

Recently, there have been a few reports on small-
molecule ligands containing two protein-binding surfaces.
These ligands modulate a number of cellular processes
especially signal transduction pathways. FK1012A, which
is a dimer of FK506, is developed as a pharmacological
mediator. It induced dimerization of the FK506-binding
protein and consequently initiated the signaling cascade
[8~10]. Furthermore, Guido L. et al. suggested that
helenalin, a sesquiterpene lactone, crosslinks protein




through the cysteine residues of NF-xB [11]. Since the
active site of NF-xB contains cysteine residues, the binding
and crosslinking by helenalin may affect the signaling
pathway. Our results showed that one EPQB also binds to
two cysteine residues in its binding protein(s), and suggests
that EPQB may consequently inhibit angiogenesis signal
transductions through inter/intramolecular crosslinking of
the target proteins.
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Cytotrienin A (1) is a microbial antitumor secondary metab-
olite that was isolated from the fermentation broth of
Streptomyces sp. RK95-74 from soill It possesses an

o (+)-cytotrienin A (1)

E.E.E-triene motif within a 21-membered cyclic lactam,
which also contains four chiral centers. These are common
structural features of the ansamycin class of natural products,

which include the mycotrienins (or ansatrienins),” trienomy-.

cins,”? thiazinotrienomycins,"! and trierixin® Cytotrie-
nin A, with its unusual aminocyclopropane carboxylic acid
side chain, exhibits potent apoptosis-inducing activity on HL-
60 cells with an EDg, value of 7.7 nM. To facilitate elucidation
of its mechanism of action, the development of a method for
the total synthesis and derivatization of cytotrienin A is highly
desirable. The research groups of Smith and Panek have
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accomplished the total synthesis of othcr members of this
class of natural products, including trienomycins A and E

‘mycotrienin A,”"! and thiazinotrienomycin E.! Although the

macrocyclic core of cytotrienin A has been synthesized in its
protected form by Panek et al.”! and Kirschning et al.,l'" the
total synthesis of cytotrienin A, with the side chain attached,
has not been reported. The relative and absolute stereochem-
istry has not been confirmed, but has been assigned based on
analogous mycotrienin natural products. Herein we report the
first total synthesis of the naturally occurring enantiomer of
cytotrienin A, which confirms its relative and absolute
stereochemistry.

We envisioned installing the side chain midway through
the synthesis and constructing the triene unit at a late stage by
ring-closing metathesis (RCM).!''Y We reasoned that intro-
duction of the bulky side chain after formation of the
macrocyclic core would be difficult, and also, a long sequence
of reactions after the construction of the labile triene unit
would be avoided. Other noteworthy features of our
approach are the use of novel organocatalyzed and proline-
mediated enantioselective reactions, both of which have been
developed by our research group.!' Specifically, we planned
to form two (C11 and C12) of the three contiguous chiral
centers with an aldol reaction by using an organocatalyst, and
to control the configuration at C3 by using proline-mediated
a-aminoxylation.

The synthesis started with an organocatalyzed aldol
reaction which was found to be problematic. The original
procedure!™! which used proline was not practical for large-
scale synthesis owing to the excess amount of furfural
required (10 equivalents), low yield, and low diastereoselec-
tivity [Eq. (1)]. After some experimentation, diol 2 was
obtained in good yield and with good d.e. when the reaction
was conducted without solvent using surfactant-proline con-

(o] Q 10 mol% OH
o catalyst NaBH, 0 : )
I H* H o MeOH W OH
\ Me solvent, 4°C Me! \ Me
Xy 2

proline x/y =10:1 DMF 32h 10%
48h 77%

antifsyn = 1:1

cat. 33 x/y=15 neat antifsyn = 6.2:1, 96% ee

0O

MLQ,,

H
33
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Scheme 1. Reagents and conditions: a) 33, 4°C, 48 h; b) NaBH,, MeOH, 0°C, 1 h (77%, 96% ee, anti:syn 6.2:1}; c} p-MeOPhCH (OMe),, PPTS,
benzene, 80°C, 1 h (64%, >99% ee after recrystallization); d) DIBAL-H, Et,0, —78°C to —10°C, 128 h [80% (92% brsm)]; ) SO;-py, DMSO,
Et,N, CH,Cl,, 0°C, 45 min (quant.); f) 34, tBuLi, THF, —78°C, 1 h: Me,Zn, 0°C, 20 min; then 5 at ~78°C; —35°C, 3 h (79%); g) TIPSOT, 2,6-
lutidine, CH,Cl,, 0°C, 23 h (999%); h) O,, Rose Bengal, EtCN, hv, ~78°C, 8 h; Me,S, —20°C, 15 h; DABCO, —20°C, 2 h; 1) NaBH,, CeCl;-7H,0,
EtOH, 0°C, 20 min {81% from 7); j) TrCl, EtN, CH,Cly, 23°C, 3 h (93%); k) 1H-benzotriazole-1-carbaldehyde, DMAP, CH,Cl,, 23°C, 4 h (quant.);
1) [Pd,(dba)s}-CHCl;, nBuyP, HCO,NH,, 1,4-dioxane, 23°C, 67 h (76 %); m) DDQ, CH,Cl/pH 7 phosphate buffer, 0°C, 4 h (96%); n) 35, DMAP,
Et;N, 0°C, 20 min (989%); o) py(HF),, THF, 23°C, 17'h (84%); p} I, Ph,P, imidazole, benzene, 23°C, 30 min; q) 16, LHMDS, THF, ~90°C,

40 min; then 15 at —90°C; —65°C, 18 h (78% from 14); r) (Boc),0, DMAP, CH,Cl;, 23°C, 30 min (96%): s) 1,3-propanedithiol, Et;N, MeOH,
23°C, 18 h (87%); t) 1-cyclohexenecarboxylic acid, EDCI, DMAP, CH,Cl,, 23°C, 21 h (78%); u) pyrrolidine, CH,Cly, 23°C, 5 h; v) NaBH,, E1OH,
50°C, 21 h (57% from 20); w) AllocCl, Et;N, CH,Cl,, 23°C, 40 min; x) TsOH-H,0, MeOH, 23°C, 1 h (94% from 22); y) MnO,, CH;Cl,, 23°C,
40 min: 7) [PhyP*CHy]l, tBuOK, THE, 0°C, 30 min (74% from 24); aa) 46% HF, MeCN, 23°C, 16 h [68% (91% brsm}]; ab) TESOTF, iPr,EtN,
CH,Cl,, 23°C, 30 min {99%); ac) NaBH,, Sg, THF, 50°C, 2.5 h; ad) 42, BOP-Cl, iPr,EtN, toluene, 23°C, 8 h; K,CO;, MeOH, 23°C, 10 min (79%
from 28); ae) Mn0,, CH,Cl,, 23°C, 5 min; NaBH,, MeOH, 0°C; af) 4-triethylsiloxy-3-penten-2-one, DMF, 23°Ct0 50°C, 9 h (77% from 30);
ag) Grubbs | catalyst (40 mol %), CH,Cl,, 23°C, 71 h [39% (51 % brsm)]; ah) Amberlyst 15, THF/H,0 (10:1), 23°C, 47 h (95%). Definitions of
acronyms given in reference [28].
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jugated catalyst 33.""l This catalyst was developed by us for
aldol reactions in the presence of water. As this reaction
proceeds without solvent, scale-up and purification are
straightforward. Diol 2 was treated with p-anisaldehyde
dimethyl acetal in the presence of PPTS to provide 3, which
was isolated in diastereomerically and optically pure form
(>99% ee) after recrystallization (and without the need for
column chromatography; Scheme 1).

Reduction of 3 with DIBAL-H gave primary alcohol 4 in
80% yield (92% yield based on recovered starting material
(brsm)). Alcohol 4 was oxidized to aldehyde 5 quantitatively.
The reaction of 5 with vinyl zincate,™! prepared from vinyl
iodide 34 with rBuli and Me,Zn, proceeded in a highly
diastereoselective manner to afford 6 as a single isomer in
79% yield. Notably, other vinyl metals gave low diastereo-
selectivities"® The secondary hydroxy group of 6 was
protected with the TIPS:group. The furan ring was cleaved
by oxidation with O, under irradiation conditions in the
presence of Rose Bengal.'! Subsequent cis/trans isomeriza-
tion using DABCO, followed by Luche reduction!™ gave diol
8 as a mixture of diastereomers at C10 in 81 % yield (over 3
steps). The primary hydroxy group of 8 was protected as the
trityl ether. The free hydroxy group of 9 was converted into
formate ester 10, which was removed by reduction using a
palladium-PBu, complex with the protocol developed by
Tsuji and co-workers ! to provide 11 as a single isomer
without positional or E/Z isomerization. Removal of the
PMB group followed by reaction with acid chloride 35%" gave
ester 13. Selective removal of the TIPS group gave primary
alcohol 14, which was transformed into iodide 15 with PPh,
and I,. Coupling of fragment 15 and sulfone 16 was success-
fully performed by the lithiation of hydroxysulfone 16 with
LHMDS, followed by alkylation using 15 to afford 17 in 78 %
yield (over 2 steps). After protection of the phenol of 17 as its
Boc derivative, the azide moiety was reduced to an amine
with 1,3-propanedithiol,”! and the amide bond with cyclo-
hexenyl carboxylic acid was constructed to provide 20 in good
yield. This completed installation of the side chain.

Carrying out desulfonylation without affecting the nitro
group was difficult. After experimentation, a novel method
was developed which consisted of removal of the Boc group
with pyrrolidine™™ followed by treatment of phenol 21 with
NaBH,. This method provided 22 in 57 % yield (over 2 steps)
through a- retro-Michael-reaction with SO,Ph, probably
involving o-quinonemethide; followed by reduction with
NaBH,. The phenol was protected as its Alloc derivative
and removal of the Tr group gave alcohol 24 in 94 % yield
(over 2 steps). Oxidation of 24 with MnQ,, followed by a
Wittig reaction gave diene 26 in 74 % yield (over 2 steps). As
we could not remove the TIPS group after construction of the
triene moiety, this protecting group was replaced with the
easily removable TES group at this stage. Treatment with HF
provided 27 in 91 % yield (brsm), then reaction with TESOTY
afforded 28 quantitatively. The nitro group was reduced with
NaBH,S,*! and was accompanied by removal the Alloc
group to provide 29. The amine 29 was treated with carboxylic
acid 42 (vide infra) in the presence of BOP-Cl to afford 30 in
79 % yield (over 2 steps).
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Carboxylic acid 42 was synthesized as shown in Scheme 2.
Proline-mediated a-aminoxylation™ of aldehyde 36 pro-
ceeded clficiently to provide 37. Under Horner-Emmons
reaction conditions, a crude sample of 37 was converted into

oTBS OTBS oTBS
a b-d
Ox o N
S NONHPh EtO,C OR
36 37 38 R = NHPh
39R=H
40R =Me
oT8s lo)
e-g h—j
— _— HO
SN Nome NN NoMe
a1 42

Scheme 2. Reagents and conditions: a) nitrosobenzene, L-proline,
MeCN, —20°C, 24 h; b) triethyl phosphonoacetate, NaH, THF, 23°C,
45 min; c) CuSO,, MeOH, 0°C, 46 h (46% from 36, 98% ee}; d) Mel,
NaH, DMF, 0°C, 1 h (94%); e} DIBAL-H, CH,Cl,, ~78°C to —40°C,
2 h; f) MnO,, CH,Cl,, 23°C, 2 h; g) [Ph,P*CHy)I, tBUOK, THF, 0°C,
15 min (66 % from 40); h) py(HF),, MeCN, 0°C, 1.5 h; i) SO,-py,
DMSO, Et;N, CH,Cl,, 0°C, 50 min; j) NaClO,, NaH,PO,-2H,0, 2-
methyl-2-butene, tBuOH/H,0 (3:1), 23°C, 1 h (56% from 41).

alcohol 39 by treatment with CuSO, in MeOH giving 46 %
yield (over 3 steps) with 98 % ee. Williamson ether synthesis
gave 40 in 94 % yield. Diene 41 was synthesized by a three-
step procedure: reduction with DIBAL-H, oxidation with
MnO,, and a Wittig reaction (Ph,P=CH,). Carboxylic acid 42
was constructed by removal of the TBS group, oxidation with
SO;-pyridine,”? and subsequent oxidation by the method of
Pinnick and co-workers.™

All that remained to complete the synthesis was the
crucial ring formation. The protecting group of the phenol
was converted from methyl to the more easily removable TES
group through an oxidation/reduction sequence: 1) oxidation
to the quinione with MnO,, 2) reduction to hydroquinone 31
with NaBH,, 3) immediate protection of 31 with 4-triethylsi-
loxy-3-penten-2-onel”! (this was the best silylating reagent in
this particular case as low yields were obtained with other
reagents because of the facile oxidation of hydroquinone 31 to
quinone by adventitious O,). Next RCM methodology, which
had been used by Panek and co-workers in the synthesis of the
core lactam of cytotrienin; was employed.”! This reaction
proceeded slowly when catalyzed by the first-generation
Grubbs catalyst to afford triene in 39% yield along with
recovered starting material 32 (23%), and therefore, a good
conversion (51% brsm) was obtained. Removal of the TES
group with Amberlyst 15 gave (4)-cytotrienin A (1) in 95%
yield. Synthetic cytotrienin A exhibited spectroscopic proper-
ties identical to those of the natural product! (\H NMR and
IR spectroscopy, R; value, optical rotation, and HPLC
analysis) which confirms the absolute stereochemistry.

In summary, the first asymmetric total synthesis of (+)-
cytotrienin A has been achieved, and its absolute configu-
ration has been confirmed. There are several noteworthy
features to this total synthesis: a practical diastereo- and
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enantioselective aldol reaction using novel catalyst 33 under
solvent-free conditions, highly diastereoselective construction
of the three contiguous chiral centers, a deoxygenation
reaction without positional or E/Z isomerization (from 10 to
11), desulfonylation using NaBH, (from 21 to 22), control of
the absolute configuration at C3 by proline-mediated o-
aminoxylation, and RCM for the formation of the 2I-
membered macrolactam. :
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Several epoxyquinoids interfere with NF-«B signaling
by targeting IKKS or NF-«B. We report that epoxyqui-
nol B (EPQB), classified as an epoxyquiniod, inhibits
NF-«B signaling through inhibition of the TAK1 com-
plex, a factor upstream of IKKg and NF-kB. cDNA
microarray analysis revealed that EPQB decreased
TNF-a-induced expression of NF-¢B target genes.
EPQB covalently bound to a recombinant TAKI.
TAB1 fusion protein in vitro, and inhibited its kinase
activity. Furthermore, in vitro/in situ treatment with
EPQB resulted in a ladder-like hypershift of TAK1
protein bands. We reported recently that EPQB cross-
links proteins via cysteine residues by opening its two
epoxides, and our current results suggest that EPQB
inhibits NF-xB signaling by crosslinking TAK1 itself
or TAKT through other proteins.

Key words: epoxyquinol B; crosslink; TAKI; NF-«B

Epoxyquinoids exert anti-inflammatory effects by
inhibiting nuclear factor «B (NF-«B) signaling.)
Dehydroxymethylepoxyquinomicin (DHMEQ) delivers
anti-inflammatory and antitumor effects by inhibiting
the nuclear translocation of NF-«B.? Jesterone dimer,
which is structurally similar to epoxyquinols, also
inhibits NF-«B activation.” Moreover, several epoxy-
quinoids, for example, parthenolide, a sesquiterpen
lactone isolated from the medicinal herb Feverfew,®

manumycin A, an antibiotic from Streptomyces parvu-
lus,” and epoxyquinone A monomer, a Synthetic
derivative of epoxyquinol,® have been reported to
inhibit I-«B kinase (IKK) B kinase activity.

These inhibitory activities are thought to be mediated
by the epoxide structure of epoxyquinoids, which reacts
with nucleophiles, especially cysteine thiol groups.
Parthenolide, manumycin A, and epoxyquinone A
monomer bind directly to Cys-179 of IKK B, which is
in the activation loop and plays a critical role in enzyme
activation.”

We have found that epoxyquinol B (EPQB), a fungal
metabolite and an epoxyquinoid that contains two
epoxides, inhibits angiogenesis by covalently binding
to cysteine residues of VEGFR2, EGFR, FGFR, and
PDGFR8.¥ Furthermore, we recently found that EPQB
crosslinks proteins through cysteine residues by opening
its two epoxides.” Hence, we hypothesized that EPQB
inhibits signal transduction, including NF-«B signaling,
through inter- and intramolecular crosslinking of target
proteins.

Here, we report that EPQB blocks tumor necrosis
factor-o (TNF-w)-induced NF-«B signaling through
inhibition of TAKI, which plays a critical role in
activating NF-«B signals. Additionally, EPQB binds
directly to a TAK1-TAB1 fusion protein and crosslinks
this protein complex. These findings suggest that
EPQB inhibits NF-«kB signaling by crosslinking pro-
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teins, including TAK! itself or TAKI through other
proteins.

Materials and Methods

Cells and reagents. Hel.a cells were cultured in
Dulbecco’s Modified Eagle’s Medium (Sigma, St.
Louis, MO) containing 10% heat-inactivated fetal calf
serum (FCS) (JRH Bioscience, Lenexa, KS), 50 units/
ml of penicillin, and 50 pg/ml of streptomycin (Sigma).
Human umbilical vein endothelial cells (HUVECs)
were cultured in HuMedia-EG2 (Kurabo, Osaka, Japan)
containing 2% FCS in 5% CO; at 37°C. Isolation and
total synthesis of EPQB were performed as described
previously.'”® Biotinylated EPQB (Bio-EPQB) was
synthesized by oxime formation from EPQB and
biotinylated alkoxyamine, which was prepared from
1,8-diamino-3,6-dioxaoctane via seven chemical trans-
formations. The structure of biotinylated EPQB was
determined by its physico-chemical properties, detailed
'H- and '*C-NMR analyses including two-dimensional
techniques, and mass spectroscopies. Recombinant
human TNF-« was purchased from Sigma.

Antibodies. Anti-phospho-TAK! (Thr-187) antibody
was described previously.!"'® Anti-p65 rabbit polyclo-
nal antibody (F-6), anti-I«B-o rabbit polyclonal
antibody (C-21), anti-TABI goat polyclonal antibody
(C-20), anti-TAB2 goat polyclonal antibody (E-20),
anti-TAK! rabbit polyclonal antibody (M-579), and
anti-RIP rabbit polyclonal antibody (K-20) were pur-
chased from Santa Cruz Biotechnology (Santa Cruz,
CA). Anti-phospho-1-«B-¢ rabbit polyclonal antibody
(#9241), anti-IKK 8 rabbit polyclonal antibody (#2684),
and * anti-phospho-IKKB rabbit polyclonal ~antibody
(#2694), were from Cell Signaling Technology
(Beverly, MA).

cDNA microarray analysis. HUVECs (2 x 10 cells/
well) were cultured and treated with and without EPQB
for 2h. After stimulation with TNF-& (20ng/ml) for
1 h, total RNA was extracted using ISOGEN (Nippon
Gene, Tokyo). Next, cDNA microarray analysis was
performed using the ¢cDNA GEArray Human NF-«B
Signaling Kit (SuperArray, Frederick, MD). The gene
expression profiles determining upregulation or down-
regulation of genes after EPQB treatment were com-
pared using GEArray analyzer software (Super Array).

Immunofiuorescence analysis. To investigate the
localization of NE-kB p65, Hela cells were incubated
on glass coverslips with or without EPQB for 2h and
stimulated with 20 ng/ml of TNF-« for 40 min. Immu-
nofluorescence analysis of NF-«B p65 was performed
as described previously.? To quantify fluorescence
localization in the nucleus, the numbers of p65-positive
nuclei were counted. The data are the representative
averages of triplicate experiments.

Plasmids and transfections. A Flag-tagged TAKI-
expressing plasmid was transiently transfected into
HeLa cells using the Fugene 6 transfection reagent
(Roche Diagnostics, Germany). After 24 h of incubation,
the transfected cells were treated with and without
EPQB for 2h and stimulated by TNF-a (20ng/ml)
for Smin. The samples were analyzed by Western
blotting.

Immunoprecipitation and Western blot analysis. Hel.a
cells and HEK293T cells (2 x 10° cell/well) were
treated with and without EPQB for 2h and stimulated
with TNF-« (20 ng/ml) for 5 min. Immunoprecipitation
and Western blot analysis were performed as described
previously.'"'?  Proteins were visualized using the
SuperSignal West Pico Chemiluminescent Substrate
(Pierce, Rockford, IL).

TAKI kinase assay. Human recombinant TAKI-
TAB! fusion protein (Upstate Biotechnology, Charlot-
tesville, VA) and MKK6 (Jena Bioscience, Jena,
Germany) were used in the TAK1 kinase assay. TAKI
kinase activity was analyzed as described.'"'? The
percentage of inhibition was quantified with a bioimage
analyzer (Fujix BAS2000).

In vitro binding assay. In the in vitro competitive
binding assay, human recombinant TAK1-TAB1 fusion
protein (100 ng/sample) was incubated with and without
0.1, 1, and 10 mm EPQB for 1 h at 37°C in 50 mM Tris—
HCI (pH 7.4). Next, each sample was treated with
biotinylated EPQB (Bio-EPQB) 8) at 0.5mM for lh
at 37°C. These samples were detected by Western
blotting,

Results

EPQB downregulates expression of NF-kB target
genes

Natural and synthetic epoxyquinoids have been
reported to inhibit NF-«B signaling.! Hence, we inves-
tigated the effects of EPQB on NF-«B signaling by
measuring changes in gene expression in TNF-o-
stimulated HUVECs using a ¢cDNA microarray. After
TNF-« stimulation several genes were upregulated, such
as inhibitor of NF-«B (I-«B), vascular cell adhesion
molecule-1 (VCAM-1), and E-selectin, as listed in
Table 1.

In contrast, 30 um EPQB abolished the upregulation
of several TNF-a-induced genes (Fig. 1B and Table 1).
Correlating with parallel changes in mRNA levels,
EPQB significantly suppressed cell adhesion by inhibit-
ing the expression of cell adhesion molecules, such as
ICAM1, VCAMI, and E-seléctin, at the protein level in
a dose-dependent manner (Supplemental Fig. |; see
Biosci. Biotechnol. Biochem. Web site). These results
suggest that EPQB has an inhibitory effect against
TNF-a-induced NF-«B signals.
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Table 1. Down-Regulated Genes upon Treatment with EPQB

Gene symbol Gene name Ratio# Ratio*
ICAMI Intercellular adhesion molecule 1 (CD54), human rhinovirus receptor 1.29 0.53
ICAM2 Intercellular adhesion molecule 2 1.01 0.38
IFNA1 Interferon, alpha 1 0.67 0.58
IL1A Interleukin 1, alpha 1.98 0.66
iL8 Interleukin 8 113 0.65
JUN V-jun sarcoma virus 17 oncogene homolog (avian) 0.87 0.70
TAK! Mitogen-activated protein kinase kinase kinase 7 (MAP3K7) 1.i1 0.51
NF-«B1 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (p105) 1.23 0.46
NF-«kB2 Nuglear factor of kappa light polypeptide gene enhancer in B-cells 2 (p49/p100) 1.41 0.52
I-xBa Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 1.39 0.65
CCL2 Chemokine (C-C motif) ligand 2 1.09 0.72
E-selectin Selectin E (endothelial adhesion molecule 1) .12 0.55
TNFAIP3 Tumor necrosis factor, alpha-induced protein 3 1.10 0.45
VCAMI Vascular cell adhesion molecule 1 2.01 0.41

Ratio#: {TNF-e stimulated control sample/TNF-a non-stimulated control sample]

Ratio*: [TNF-a stimulated EPQB treatment sample/ TNF-« stimulated control sample]
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Fig. 1.~ Changes in TNF-a-Induced Gene Expression in HUVECs
under EPQB Treatment,

A, Structure of epoxyquinol B (EPQB). B, cDNA microarray of
NF-«B signaling. HUVECs were cultured and treated: with. and
without EPQB for 2h. After stimulation with and without TNF-a
(20ng/ml) for I'h, total RNA was extracted. cDNA microarrays
were assessed by cDNA GEArray for human NF-«B signaling. The
up- and down-regulated genes were a-5, interleukin 8; ¢-3, interferon
al; c-4, interleukin | «; c-6, TAKI; d-7, NF-«Bi; e-5, V-jun
sarcoma virus 17 oncogene homolog; e-7, NF-«B2; e-9, Chemokine
ligand 2; -2, ICAM2; £-7, I-«Ba; £9, E-selectin; f-11, TNF-o
induced protein 3; g-2, ICAM2; and h-12, VCAMI.

EPQRB inhibits the nuclear translocation of NF-kB

Because nuclear translocation of NF-xB is vital to
TNF-a-induced NF-«B signaling, we investigated the
effect of EPQB on NF-«B p65 localization in HelLa
cells. In most cells, NF-«B p65 was localized to the
cytoplasm without TNF-a stimulation, and in only a

fraction of the cells was p65 observed in the nuclei
(22.9 £ 3.26% cells). Forty minutes after TNF-a stim-
ulation, NF-«B shuttled into the nuclei in most cells
(64.3 £3.77% cells), but this translocation was com-
pletely blocked by 10 um EPQB (28.1 £ 2.32% cells).
Moreover, an electrophoretic mobility shift assay
using nuclear extract from EPQB-treated cells revealed
that TNF-a-stimulated NF-«B binding to its target DNA
was inhibited by EPQB in a dose-dependent manner.
This inhibition did not occur, however, when EPQB was
added to nuclear extract preparations of TNF-« treated
cells (Supplemental Fig. 2; see Biosci. Biotechnol.
Biochem. Web site). These results suggest that EPQB
inhibits TNF-a-induced nuclear translocation of NF-«B.

EPQB inhibits TNF-« induced phosphorylation of
TAK! in situ and the kinase activity of recombinant
TAKI-TABI protein in vitro

To characterize the effect of EPQB on TNF-a
signaling, we examined TNF-a-~induced phosphorylation
of TAK1, IKKS, and I-«xB by Western blot. TAKI,
IKKB, and I-«B were dephosphorylated in unstimulated
cells, but became. significantly phosphorylated after
TNF-¢ stimulation. Yet EPQB inhibited TNF-a-induced
TAKI1, IKKS, and I-«B phosphorylation. in a dose-
dependent manner (Fig. 2A). Because TAKI is up-
stream of IKKS and I-«B, these results suggest that
EPQB either inhibits TAK1 directly or acts on proteins
that are upstream of TAK1.

TAK1 participates in the TAK1/TAB1/TAB2 com-
plex, which is activated by polyubiquitin chain transfer
from RIP to the zinc finger domain of TAB2.'!®
Hence, we tested the effects of EPQB on TNF-a-
induced RIP polyubiquitination by immunoprecipitation
assay with anti-RIP antibody. As shown in Fig. 2B,
RIP was polyubiquitinated after TNF-o stimulation, and
EPQB did not inhibit the polyubiquitination of RIP.

Next we tested in vifro TAKI kinase activity to
determine whether EPQB would directly inhibit TAKI.
Recombinant TAKI-TAB1 fusion protein phosphor-
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Fig. 2. Inhibition of TAK! Activation in HeLa Ceils.
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A, Western blot analysis of phosphorylation of NF-«B signaling proteins. Hela cells were treated with and withowt EPQB for 2h and
stimulated with 20 ng/ml of TNF-« for 5 min. p-TAK]I, p-IKKJ, and p-I-«B indicate phosphorylated molecules. B, Polyubiquitination of RIP.
HEK?293T cells were stimulated with or without TNE-a for 5 min. Samples were immunoprecipitated with anti-RIP antibody and analyzed by
Western blot. The asterisk denotes the heavy chain band, and # indicates a nonspecific band. C, In vitro TAKI kinase assay. Human recombinant
TAKI-TAB! protein was incubated with and without EPQB, and wus subjected to kinase reactions with MKK6 and y-[2P] ATP.
The percentage of kinase inhibition was quantified with a bioimage analyzer.

ylated MKKS6, but EPQB inhibited TAKI1 kinase activity
in a dose-dependent manner (Fig. 2C). These results
suggest that EPQB directly inhibits TAKI activity in
NF-«B signaling.

EPQB covalently binds TAKI-TABI fusion protein

Because EPQB directly inhibits TAK1 kinase activ-
ity, we anticipated that EPQB would bind to TAKI.
To investigate this possibility, we tested the binding of
EPQB to a recombinant TAKI-TABT1 fusion protein
using “Bio-EPQB." As shown in Fig. 3A, Bio-EPQB
covalently bound to the TAK1-TABI1 fusion protein, and
its binding was precluded by EPQB in a dose-dependent
manner. The binding between TAKI-TAB2 fusion
protein and Bio-EPQB was inhibited by cysteine and
glutathione, but not by serine (Supplemental Fig. 3; see
Biosci. Biotechnol. Biochem. Web 'site). These results
suggest that EPQB covalently binds to TAK1-TAB1/2
complex through cysteine residues.

EPQOB crosslinks TAK1 and inhibits NF-«B signaling
When EPQB was administered to Flag-tagged TAK1-
overexpressed cells, we noticed that several hypershifted
bands appeared in an EPQB-dependent manner (Fig. 3B
the left panel). Because these proteins did not represent

‘polyubiquitinated bands (Supplemental Fig. 4; see Bio-

sci. Biotechnol. Biochem. Web site), this result suggests
that Flag-tagged TAK1 was covalently incorporated into

high-molecular weight complexes. Furthermore, treat-
ment of recombinant TAKI-TAB1 with- EPQB also
elicited the formation of ladder-like hypershifted var-
iants.of TAKI-TAB1 protein in vitro (Fig. 3B the right
panel); the apparent molecular weights of these newly
appearing proteins were 90, 120140, and 170-200kDa,
as observed by SDS-PAGE. Because recombinant
TAKI1-TABI fusion protein weighs only 45 kDa, these
results” strongly suggest that EPQB induces covalent
crosslinking between TAK1 and other proteins.

To exclude the possibility that NF-xB signaling is
inhibited only by cysteine modification. and not by
crosslinking, we treated cells- with N-ethylmaleimide
(NEM), a nonspecific and cell-permeable thiol binder.
NEM did not inhibit TAK1 phosphorylation, suggesting
that cysteine residues. are not involved in TAKI
activation (Supplemental Fig. 5; see Biosci. Biotechnol.
Biochem. Web site).

Before stimulation with EPQB ‘and TNF-«, Flag-
tagged TAK1-overexpressed cells were treated with and
without NEM to block the cysteine residues that bind to
EPQB. Then TAKI1 proteins were immunoprecipitated
and analyzed by Western blot. As shown in Fig. 3C,
TAKI crosslinking was inhibited by NEM pretreatment,
suggesting that NEM modified the cysteine residues
targeted by EPQB. Under this condition, EPQB failed to
inhibit the phosphorylation of TAKI, suggesting that
modification of the cysteine residues alone is insufficient
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A, Binding assay between EPQB and TAK!. Recombinant TAK1-TAB1 fusion protein was pretreated with and without EPQB at various
concentrations for | h as the competitor, and then incubated with Bio-EPQB at 0.5 mu for | h at 37°C. The samples were analyzed by Western
blot. B, Appearance of supershifted bands containing TAK! under EPQB treatment. Flag-TAK I-overexpressing HeLa cells were treated with
EPQB at various concentrations for 2 h. The samples were immunoprecipitated with anti-Flag antibody (left panel). Recombinant TAK1-TABI
fusion protein (45 kDa) was treated with EPQB at 10mM for 2h in vitro (right panel). These samples were analyzed by Western blot. C, Flag-
TAK -overexpressing Hela cells were pretreated with N-ethylmaleimide for | h at 300um and treated with EPQB at 30um for | h. These
samples were immunoprecipitated with anti-Flag antibody and analyzed by Western blot. The asterisk denotes a supershifted band, and #
indicates a nonspecific band. The arrow head indicates TAKI protein band (77 kDa).

for TAKT inhibition. Instead, crosslinking of EPQB
to TAK1 or to TAK1 and other proteins appears to be
critical to EPQB-mediated inhibition.

Discussion

NF-«B activation occurs: in rheumatoid. arthritis,
kidney inflammation, and malignant tumor growth.!>~!7
Hence, pharmaceutical  inhibitors of NF-«B- activation
have been screened and developed as potential ther-
apeutic agents. Because Cys179 of IKKpS has been
reported to be the target of several fungus-derived
epoxyquinoids,*® we examined the effects of EPQB
on NF-«B signaling by cDNA microarray.

We found that EPQB inhibited. the expression of
TNF-a-induced genes, such as NF-«B, I-«B, ICAMI,
VCAMI, and E-selectin (Fig. 1B). In addition, it
significantly inhibited nuclear translocation of NF-«B
and TAK! phosphorylation- at. Thr187 (Fig. 2A). Be-
cause phosphorylation of TAK1 at Thr187 is crucial
to IKK activation and subsequently to NF-«B,'? we
focused on the inhibition of TAK1 activation by EPQB.

TAKL is one of the most well-characterized mitogen-
activated protein kinase kinase kinases, and the binding
of polyubiquitinated RIP via the TAB2 zinc finger
domain is necessary to TAKI activation.'®'?) Hence we

examined to determine whether TAK]1 kinase activity
and RIP polyubiquitination would be inhibited by
EPQB.

Immunoprecipitation analysis revealed that EPQB did
not inhibit RIP polyubiquitination (Fig. 2B). Further-
more, EPQB inhibited the kinase activity of the TAK1-
TAB1! fusion protein in a dose-dependent manner
(Fig. 2C). These results strongly suggest that EPQB
inhibits TAK I activity directly in the context of TNF-a-
induced NF-«B signaling.

Although TAKI plays a critical role in the activation
of NF-«B signaling, few inhibitors of TAKI! have
been reported. 5Z-7-oxozeaenol, a resorcylic lactone of
fungal origin, inhibits the interleukin-induced activation
of TAK1, IKK, JNK, p38, and NF-«B in vitro and shows
anti-inflammatory  activity in vivo.2® This report also
suggests that a TAK1 inhibitor is a potential candidate
for the inhibitor of NF-«B signaling.

In this study, we found that EPQB covalently bound
recombinant TAK1-TAB1 fusion protein (Fig. 3A) and,
that EPQB induced crosslinking to TAKT1 itself, or to
TAKI and other proteins, which might cause inhibition
of NF-xB signaling (Fig. 3B, C). We reported recently
that EPQB showed anti-angiogenic effects, and cova-
lently bound to two cysteines.®) Furthermore, we found
that EPQB crosslinked through cysteine residues on
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recombinant VEGFR?2 kinase protein in an EPQB-
dependent manner.” These results suggest that EPQB
has multiple targets, and that the crosslinking of target
proteins induces inhibition of several signal transduc-
tions. There are a few reports that compounds crosslink
two cysteines of target proteins. Guido et al. has
suggested that helenalin, a sesquiterpene lactone, cross-
links proteins: through cysteine residues on NF-«B.2V
Because the active site of NF-«B contains several
cysteine residues, helenalin might affect NF-«B signal-
ing by binding and crosslinking to it. The kinase
activation loop of TAKI, which contains an autophos-
phorylation site at threonine residues (Thri84 and
Thr187) and a serine residue (Ser192), also contains a
cysteine residue (Cys180).%? Therefore, we propose that
EPQB: inhibits NF-«B signaling through EPQB-induced
crosslinking. with TAK1 and other proteins.

In this study, we found that EPQB inhibits: TNF-a-
induced TAKL1 activity by crosslinking to"TAKT1 itself
or to TAK1 and other proteins. These results strongly
suggest that the mechanism of inhibition of EPQB
differs from that of other epoxyquinoids, because EPQB
harbors a highly reactive element that contains two
epoxides. Hence, EPQB might be a good lead compound
to design a crosslinking agent to prevent signal trans-
duction.
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Angiogenesis is an inevitable event in tumor progression and
metastasis, and thus has been a compelling target for cancer therapy
in recent years. Effective inhibition of tumor progression and
metastasis could become a promising way to treat tumor-induced
angiogenesis. We discovered that a fungus, Neosartorya sp., isolated
from a soil sample, produced a new angiogenesis inhibitor, which
we designated azaspirene. Azaspirene was previously shown to
inhibit human umbilical vein endothelial cell (HUVEC) migration
induced by vascular endothelial growth factor (VEGF) at an effective
dose, 100% of 27 pmol/L without significant cell toxicity. In the present
study, we investigated the antiangiogenic activity of azaspirene
in vivo. Azaspirene treatment reduced the number of tumor-induced
blood vessels. Administration of azaspirene at 30 ug/egg resulted
in inhibition of angiogenesis (23.6-45.3% maximum inhibition relative
to the controls) in a chicken chorioallantoic membrane assay. Next,
we_elucidated. the molecular mechanism of antiangiogenesis of
azaspirene. We investigated the effects of azaspirene on VEGF-induced
activation of the mitogen-activated protein kinase signaling pathway
in HUVEC. In vitro experiments indicated that azaspirene suppressed
Raf-1 activation induced by VEGF without affecting the activation of
kinase insert domain-containing receptor/fetal liver kinase 1 (VEGF
receptor 2). Additionally, azaspirene preferentially. inhibited the
growth of HUVEC but not that of the non-vascular endothelial cells
NIH3T3, Hela, MSS31, and MCF-7. Taken together, these results
demonstrate that azaspirene is a novel inhibitor of angiogenesis and
Raf-1 activation that contains a unique carbon skeleton in its molecular
structure. (Cancer Sci 2008; 99: 1853-1858)

The angiogenic process is tightly controlled by a wide
variety of positive and negative regulators, including growth
factors, cytokines, lipid metabolites, and cryptic fragments of
hemostatic proteins.!’ Among these molecules, vascular
endothelial ‘growth factor (VEGF), a soluble angiogenic factor
produced by many tumor and normal cells, plays a key role in
regulating normal and abnormal angiogenesis.? Angiogenesis
is ‘also initiated in response to certain pathological conditions,
suchas solid tumor growth, diabetic retinopathy, psoriasis, and
rheumatoid arthritis, in all of which angiogenesis is responsible
for the disease progression.®

In particular, it is well-known that the growth of tumors larger
than-a few cubic millimeters requires continuous recruitment of
new blood vessels.”” Complex and diverse cellular actions are
implicated in angiogenesis, namely extracellular matrix degra-
dation, proliferation and migration of endothelial cells, and
morphological differentiation of endothelial cells to form tubes.”
These newly synthesized blood vessels also provide a route for
cancer cells to enter the blood circulation and spread to other
organs.” Therefore, the inhibition of angiogenesis is a promising
strategy to treat tumors. In particular, research on VEGF receptors
(VEGFR) has been a focus of angiogenesis research. VEGFR1
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is required for the recruitment of hematopoietic precursors and
for migration of monocytes and macrophages,® whereas VEGFR2
and VEGFR3 are essential for vascular endothelial and lym-
phendothelial cells, respectively.”® Notably, the VEGFR2
signaling pathway is a promising target for inhibiting angio-
genesis because it is a common pathway for tumor-induced
angiogenesis,®®

Especially, Raf-1 or Raf-1-interacting molecules are possible
targets for antiangiogenic compounds.®"'? In fact, various synthetic
compounds that inhibit the VEGF, platelet-derived growth factor
(PDGF), and epidermal growth factor (EGF) signaling pathways
are under development, such as, vatalanib (PTK787/ZK222584),
sorafenib (BAY 43-9006), and vandetanib (ZD6474/Zactima).(*-1?
However, there have been relatively few reports of natural
compounds with antiangiogenic activities.('®

Hence, it is still important to explore new angiogenesis
inhibitors from natural compounds. We have discovered several
naturally occurring angiogenesis inhibitors, such as RK-805,(4
epoxyquinol A and B,#") epoxytwinol A, RK-95113,% and
azaspirene, which has a 1-oxa-7-azaspiro[4.4]non-2-ene-4,6-
dione skeleton and.is derived from fungal metabolites.® In
the present study, we.report the antiangiogenic activity of
azaspirene in vivo and reveal the molecular basis underlying it.

Materials and Methods

Reagents and antibodies. Azaspirene was prepared as described
previously.? The selective kinase insert domain-containing
receptor/fetal liver kinase 1 (KDR/FIk-1) tyrosine kinase inhibitor
SU5614, MEK1 kinase inhibitor PD98059, and Hsp90 inhibitor
geldanamycin were purchased from Calbiochem (La Jolla, CA,
USA). Paclitaxel was purchased from Xi’an High-Tech Industries
(Xian, China). Recombinant human VEGF was purchased from
R & D Systems (Minneapolis, MN, USA). Recombinant human
EGEF, basic fibroblast growth factor (bFGF), and PDGF were
purchased from Sigma-Aldrich (St Louis, MO, USA). Mouse
monoclonal antibodies against phospho-tyrosine, MEK1, and
MEK2 were purchased from Transduction Laboratories (Lexington,
KY, USA), whereas antibodies against HSP90, Raf-1, phospho-
Raf-1, phospho-ERK1/2, and phospho-MEK1/2 were purchased
from Stressgen Biotechnologies (Victoria, BC, Canada), Santa Cruz
Biotechnology (Santa Cruz, CA, USA), Upstate Biotechnology
(Lake Placid, NY, USA), Cell Signaling Technology (Beverly, MA,
USA), and Cell Signalling Technology, respectively. Rabbit
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polyclonal antibodies against KDR/Flk-1, Raf-1, ERK1/2, and
MEK1/2 were purchased from Santa Cruz Biotechnology, Zymed
Laboratories (South San Francisco, CA, USA), Cell Signaling
Technology, respectively. Blocking buffer and working con-
centrations of the above antibodies were prepared according to
the manufacturers’ instructions.

In vivo tumor-induced angiogenesis in a renal carcinoma xenograft
model. The assay for tumor-induced angiogenesis was carried
out as described by Kreisle and Ershler.®” Female BALB/c mice
(7 weeks old; Charles River Laboratories, Tokyo, Japan) were
used for invivo experiments. BALB/c mice were injected intra-
dermally (i.d.) with 1 X 10% murine renal carcinoma (RENCA)
cells in the back on day 0. Mice were administered vehicle or
paclitaxel (6 or 20 mg/kg, intraperitoneally [i.p.], daily) consisting
of 5% ethanol and 5% polyoxyethylene castor oil in saline for
days 0-6. Azaspirene was dissolved in normal saline containing
10% dimethyl sulfoxide (DSMO). Azaspirene (31.6 or 100 mg/kg,
i.p.) was administered every second day (days O, 2, 4, and 6).
The animals were euthanized on day 7, and skin with tumors was
separated from the underlying tissue. Tumor angiogenesis was
quantified by counting the number of blood vessels oriented
toward the tumor using a digital camera. The same observer
made all counts. The present study was in accordance with the
Helsinki Declaration of the World Medical Association and the
guidelines of the ethical committees of the authors’ institutions.

Chicken chorioallantoic membrane assay. The formation of new
blood vessels within chicken chorioallantoic membrane (CAM)
was assessed as described previously.®® In brief, fertilized Dekalb
chicken eggs (Omiya Kakin, Saitama, Japan) were placed in a
humidified egg incubator. After a 4.5-day incubation at 38°C, a
1% solution of methylcellulose containing 30 |Lg azaspirene/egg
was loaded inside a silicon ring placed on the surface of the

CAM. After further incubation for 2 days, a fat emulsion was.

injected into the chorioallantois, such that the vascular neétworks
stood out against the white background of the lipid. Antiangiogenic
responses were evaluated under a stereomicroscope and photo-
graphed with a x7.25 objective. Quantitative analyses were carried
out with angiogenesis-measuring software (Kurabo Angiogenesis
Image Analyzer; version 1.0; Kurabo, Osaka; Japan). Five eggs
were analyzed in each treatment group, and all experiments
were repeated three times.

Cell culture. MCF-7 cells were cultured in'RPMI-1640 medium -

supplemented with 5% calf serum in the presence of 30 pg/mL
penicillin and 42 jig/mL streptomycin under a humidified
atmosphere of 5% CO, at 37°C. NIH3T3, HeLa, MSS31 (a mouse
spleen stromal cell line; a gift from Dr. N. Yanai, Tohoku
University), and HEK293T cells were cultured in Dulbecco’s
Modified. Eagle’s Medium containing 10% fetal calf serum
(FCS) in 5% CO, at 37°C. Human umbilical vein endothelial cells
(HUVEC) were cultured in' Humedia-EG2 (Kurabo) at 37°C
under a 5% CO, atmosphere. All cell experiments were carried
out using HUVEC between passages three and six.

Western blotting. Pre-confluent NIH3T3, HeLa, MSS31, and
MCF-7 cells were pretreated with serum-free medium. HUVEC
were pretreated with M199 containing 2% FCS overnight and
were left untreated or exposed to various concentrations of
azaspirene for 60 min prior to the addition of various stimulators:
VEGF (12.5 ng/mL), EGF (10 ng/mL), bFGF (10 or 25 ng/mL),
PDGF (30 ng/mL), or phorbol 12, 13-dibutyrate (PDBu) (10 ng/mL).
Twenty-five {imol/L. PD98059 and 10 umol/L SU5614 were used
as a positive control for the MEK1 kinase inhibitor and the KDR/
Flk-1 tyrosine kinase inhibitor, respectively. Western blotting
experiments were prepared as described previously.®’?®

immunoprecipitation. Confluent HUVEC were pretreated with
M199 containing 2% FCS medium overnight and were left
untreated or exposed to various concentrations. of azaspirene
for 60 min prior to the addition of VEGF (12.5 ng/mL). SU5614
(10 umol/L) and geldanamycin (10 pwmol/L) were used as positive

1854

controls for KDR/Flk-1 tyrosine kinase inhibitor and Hsp90
inhibitor, respectively. The immunoprecipitation experiments
were carried out as described previously. @

Cell proliferation assay. NIH3T3, HeLa, MSS31, MCF-7 and
HUVEC were seeded on 96-well microplates (3.0 x 10° cells per
well). Test compounds were dissolved in DMSO at appropriate
concentrations and were treated for 48 h. Cell proliferation assays
were carried out using the WST-8 (Nacalai Tesque, Kyoto, Japan)
protocol. The absorbance (A,;,) of each well was measured
using a Wallac 1420 multilabel counter (Amersham Bioscience,
Piscataway, NJ, USA).

Cell transfection. The expression plasmids bearing cDNA of
KDR/Flk-1 were prepared as described previously.®" We cloned

- the complementary DNA of KDR/FIk-1 into the Kpnl-Xhol sites

of the pcDNA4/TO vector (Invitrogen, Carlsbad, CA, USA).
Transfection of pcDNA4/TO-KDR/Flk-1 plasmids was carried out
using Fugene HD (Roche Diagnostics, Mannheim, Germany)
according to the manufacturer’s standard protocol.

Results

Azaspirene inhibited tumor-induced angiogenesis in a renal
carcinoma xenograft model. As azaspirene (Fig. 1a) was isolated
from fungal metabolites by screening with an endothelial cell
migration assay, the inhibitory activity of azaspirene against
tumor-induced angiogenesis was examined using murine RENCA
cells invivo: BALB/c mice received either azaspirene (31.6 or
100 mg/kg; i.p., every second day) or paclitaxel (6 or 20 mg/kg,
i.p., daily) after inoculation of RENCA cells (1 x 10° cells/site)
subcutaneously. The number of vessels oriented toward the
tumor, the tumor volume, and the bodyweight were assessed
after 7 days. As shown in Fig. Ib,c; the number of blood vessels
oriented toward the tumor decreased with azaspirene treatment.
The maximum dose of 100 mg/kg also showed a tendercy to
reduce the tumor volume. Although the reduction in tumor volume
did not reach statistical significance, in contrast to paclitaxel, the
antiangiogenic activity of azaspirene was not associated with a
loss” of bodyweight (data  not shown). These results clearly
indicate that azaspirene had antiangiogenic effects in vivo.

Azaspirene showed antiangiogenic activity in a chicken'CAM
assay. The antiangiogenic activity of azaspirene was investigated
in'vivo using a chicken CAM assay. After 2 days of incubation,
azaspirene elicited an antiangiogenic résponse, which was visible
under a microscope as a spoke-wheel-like pattern of blood vessels.
Azaspirene produced a decrease in the development of angio-
genesis in the chick embryo without any sign of thrombosis or
hemorrhage (Fig.2a). In Fig.2b, azaspirene suppressed the
neovascularization of chick embryo when compared to vehicle
(71.4 £ 18.1% of the value obtained with 10% DMSO, n=5 in
each group).

Azaspirene inhibited angiogenic factor-induced activation of
MAPK in HUVEC. VEGF induces proliferation and migration through
activation of its cell surface receptor, KDR/Flk-1.%? To understand
the molecular mechanism by which azaspirene exerfs its antian-
giogenic activities, we investigated the effects of azaspirene on
VEGF-induced activation of MEK1/2 and ERK1/2, which are
downstream signaling molecules of KDR/Flk-1. VEGF-induced
MEK1/2 and ERK1/2 activations were significantly inhibited
by azaspirene in a dose-dependent manner (Fig. 3a), and azaspirene
suppressed. the kinase: cascade Raf-1-MEK-ERK. pathway
activated by three other stimulation factors, EGF, bFGF, and PDBu
(Fig. 3b—d). These data suggest that azaspirene blocks upstream
activation of the MAP kinase signaling pathway in HUVEC.

Azaspirene inhibited VEGF-induced Raf-1 activation without
affecting tyrosine phosphorylation of KDR/Flk-1 or protein complexes
of Raf-1. To examine the effect of azaspirene on the cellular
mechanism of Raf-1 activation, formation of Raf-1 complexes,
and phosphorylation of KDR/Flk-1 in HUVEC, we studied the
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Fig. 1. Effect of azaspirene on tumor-induced 5
angiogenesis in vivo. (a) The chemical structure of 5
azaspirene. (b) Photographs of tumor-induced o
vessel formation after treatment with vehicle, 5
azaspirene, and paclitaxel. (¢) Quantification 4

of newly formed blood vessels. The statistical
significance of differences between the control
and experimental groups was determined using
one-way ANOVA, Tukey method analysis, repeated
measures. *P < 0.05; **P < 0.01 was taken as the
level of statistical significance.
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Fig. 2. Suppression of blood vessel formation: within: chorioallantoic
membrane (CAM) by azasprirene. (a) The 4.5-day-old CAM were treated
with increasing concentrations of azaspirene for 48 h, and then patterns
of angiogenesis were photographed. (b) The total area of blood vessels
was analyzed with angiogenesis-measuring software and is shown under
each panel. Solid column; vehicle (10% dimethyl sulfoxide); hatched
column, 30 pg/egg azaspirene. The statistical significance of differences
between contro! and experimental groups was determined using two-
group two-tailed Student’s t-test. *P < 0.05 was taken as the level of
statistical significance.
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phosphorylation of Raf-1 and Raf-1-binding proteins. The results
showed that azaspirene inhibited VEGF-induced phosphorylation
of Raf-1 in a dose-dependent manner (Fig. 4a). Additionally,
azaspirene had no effect on- the- disruption of Hsp90-Raf-1-
MEK complexes and did not markedly suppress VEGF-induced
KDR/Flk-1 autophosphorylation at concentrations up to 81 ptmol/L
(Fig. 4a,b). These data suggest that the mode of action of
azaspirene is different from those of known antiangiogenic
compounds, such as the receptor tyrosine kinase inhibitor,
vatalanib, Raf-1 kinase inhibitor, and sorafenib.(*1"

Azaspirene did not inhibit angiogenic factor-induced activation of
ERK1/2 in NIH3T3, HelLa, MSS31, and MCF-7 cells. To investigate the
effect of azaspirene on the activation of ERK1/2 in several cell
lines other than HUVEC, we examined the phosphorylation of
ERK1/2 in non-vascular endothelial cells. As shown in Fig. 5a,
phosphorylation of ERK1/2 induced by bFGF, PDGF, and PDBu
in NIH3T3 cells was not remarkably suppressed by azaspirene
at 81 or 270 umol/L. Similarly, azaspirene did not inhibit the
phosphorylation-of ERK1/2 induced by EGF or PDBu in HeLa,
MSS31, or MCF-7 cells (Fig. 5b,c). These results suggest that
azaspirene specifically inhibits the MAPK signaling pathway in
vascular endothelial cells.

Azaspirene preferentially inhibited the growth of HUVEC and
suppressed MAPK activation in HEK293T cells transiently expressing
KDR/Flk-1. To investigate the effect of azaspirene on cell growth
inhibition and MAPK activation in HEK293T cells transiently
expressing. KDR/Flk-1, we. examined-the unique biological
activities of azaspirene on HUVEC. We first tested the effects
of azaspirene on the growth of NIH3T3, HeLa, MSS31, MCF-7,
and HUVEC in a proliferation assay. Interestingly, azaspirene
preferentially inhibited the growth of HUVEC rather than those
of the other four cell lines at 81.4 pmol/L: (Fig. 6a). In addition,
we investigated whether azaspirene influenced VEGF-triggered
activation of the MAPK signaling pathway in HEK293T cells
transiently expressing KDR/FIk-1.%¥ VEGF-induced ERK1/2
activation was strongly inhibited by azaspirene at 27 pmol/L
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Fig. 4. Effect of azaspirene on the autophosphorylation of kinase insert
domain-containing receptor/fetal liver kinase 1 (KDR/FIk-1), phosphoryla-
tion of Raf-1, and disruption of Raf-1 complexes. (a) Azaspirene did
not inhibit the autophosphorylation: of KDR/FIk-1 induced: by vascular
endothelial growth factor (VEGF). Human umbilical vein endothelial
cells (HUVEC) were pretreated for 60 min with various concentrations
(8, 27, or 81 umol/L) of azaspirene and SU5614 (10 pmol/L) before exposure
to VEGF (12.5 ng/mL) for 5 min. (b) Azaspirene inhibited the phos-
phorylation of Raf-1 induced by VEGF (12.5'ng/mL, 5 min), but did not
disrupt the Raf-1, Hsp90, MEK1, or MEK2 complexes. HUVEC were pretreated
for 60 min with various concentrations (8, 27, or 81 umol/L) of azaspirene
and geldanamycin (10 umol/L) before exposure to VEGF (12.5 ng/ml)
for 5 min. 1B, western blotting analysis; IP, immunoprecipitation experiments.
The results shown are representative of three experiments.
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three experiments.

(Fig. 6b). These results demonstrate that azaspirene has a unique
biological activity of preferentially inhibiting the growth of
HUVEC and would inhibit ERK1/2 activation in cells expressing
KDR/Flk-1 in a specific manner.

Discussion

Recently, Igarashi et al. reported the antiangiogenic activity
of fluorosynerazol, which possesses a_1-oxa-7-azaspiro{4.4}non-
2-ene-4,6-dione skeleton identical to azaspirene.®* Fluorosynerazol
showed an antiangiogenic effect in a CAM assay, but its mode of
action was not elucidated. As both fluorosynerazol and azaspirene
had the same oxo-azaspiro skeleton, we sought to reveal the
molecular target of azaspirene, which appeared to inhibit only
new tumor-induced blood vessel formation without having any
visible effect on preexisting blood vessels (Fig. 1b).

The  antiangiogenic activity - of - azaspirene was . confirmed
using both a tumor neo-angiogenesis assay (Fig. 1) and a CAM
assay (Fig. 2). Next, we focused on identifying the molecular
target of azaspirene and investigated the effects of azaspirene on
VEGF-induced activation of the MAPK signaling pathway in
HUVEC. We observed that azaspirene was capable of blocking
the downstream events of VEGF-induced KDR/FIk-1 signaling,
such as activation of MEK1/2 and ERK1/2. We also found that
azaspirene inhibited EGF-, bFGF-, and PDBu-induced MEK1/2
and ERK1/2 activations at a similar concentration as used for
VEGF in HUVEC. Azaspirene inhibited the VEGF-induced
phosphorylation ‘of ERK1/2 in mouse endothelial MS1 VEGF
cells (data.not shown). It is suggested that azaspirene possesses
interesting  properties, such as preferential interference with
VEGF-induced MAPK signaling in HUVEC.

Azaspirene suppressed VEGE-induced Raf-1 activation with-
out affecting the activation of KDR/FIk-1 or disrupting Hsp90-
Raf-1-MEK1-MEK2 complexes in HUVEC. Moreover, we
found that this activity of azaspirene was not due to Hsp90 inhi-
bition (data not shown). Thus, azaspirene specifically blocked
VEGF-induced phosphorylation of Raf-1; but the molecular tar-
get through which it exerts its effects remains unknown, There
are controversial reports on Raf-1 activation in endothelial cells.
One research group suggested Ras-independent Raf-1 activation
via a protein kinase C (PKC)-dependent pathway.®** Another
group suggested the involvement of p2l-activated- protein
kinase-1 and src kinase on Raf-1 activation.®™™ To clarify the
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Fig. 5. Effect of azaspirene on the mitogen-activated protein (MAP) kinase signaling pathways in NIH3T3, Hela, MSS31, and MCF-7 cells. Azaspirene
did not inhibit the phosphorylation of ERK1 and 2 induced by platelet-derived growth factor (PDGF), epidermal growth factor (EGF), or phorbol
12, 13-dibutyrate (PDBu) in other cell lines. (a) NIH3T3 cells were pretreated for 60 min with various concentrations (27, 81, or 270 umol/L) of
azaspirene and PD98059 (25 pumol/L) before exposure to basic fibroblast growth factor (bFGF) (10 ng/mL) for 5 min, PDGF (30 ng/mL) for 5 min, or
PDBu (10 ng/mL) for 5 min. (b) Azaspirene did not inhibit the phosphorylation of ERK1 and 2 induced by EGF (10 ng/mL, 5 min) or PDBu (10 ng/mL,
5 min) in Hela cells, (c) MSS31 and MCF-7 cell lines were pretreated for 60 min with various concentrations (27, 81, or 270 umol/L) of azaspirene
and PD98059 (25 umol/L) before exposure to PDBu (10 ng/mL) for 5 min. After stimulation, the cells were harvested and western blotting was
carried out. IB, western blotting analysis. The results shown are representative of three experiments.
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Fig. 6. Effects of azaspirene on'the growth of human umbilical vein endothelial cells (HUVEC) and on mitogen-activated protein kinase (MAPK)
activation in the HEK293T cell system. (a) Effects of azaspirené on the growth of NIH3T3, Hela, M5S31, and MCF-7 cells and HUVEC in a proliferation
assay. The azaspirene-induced growth inhibitions for the different cell lines were as follows: ¢, NIH3T3 (IC;, = 216 pmol/L); O, Hela (IC;, = 189 umoliL);
A, MSS31 (IC;, = 173 umolfl); ®, MCF-7 (IC,, = 75.6 pmoliL); and O, HUVEC (IC,, = 62.1 umol/L). Each value is expressed relative to the 1% dimethyl sulfoxide
(DMSOY) control group; bars, SD. The statistical significance of differences between the growth inhibition (%) of HUVEC with azaspirene at 81 pmol/l
was determined using one-way ANOVA, Tukey method analysis, repeated measures. *P < 0.05; **P < 0.01 was taken as the level of statistical
significance. (b) Effects of azaspirene on vascular endothelial growth factor (VEGF)-induced ERK1 and 2 phosphorylation in HEK293T cells expressing
kinase insert domain-containing receptor/fetal liver kinase 1 (KDR/Fik-1). HEK293T cells transfected with KDR/Flk-1 were incubated for 1 h in the
absence (DMSO) or presence of various concentrations of azaspirene (27, 81, or 270 umol/L). These cells were then treated with 50 ng/mL VEGF for
5 min. After stimulation, the cells were harvested, and western blotting was carried out. 1B, western blotting analysis. The results shown are
representative of three experiments.
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molecular mechanism of Raf-1 activation, we elucidated the
mechanism of azaspirene.

It is noteworthy that azaspirene preferentially inhibited the
cell growth of HUVEC when compared with NIH3T3, Hela,
MSS31, and MCF-7 cells (Fig. 6a). Next, we demonstrated that
azaspirene. inhibited the activation of ERK1/2 in. KDR/FIk-1-
overexpressing HEK293T cells (Fig. 6b). These results were
consistent with the observation that azaspirene specifically
inhibits the MAPK signaling pathway in HUVEC.

In conclusion, our current data demonstrate that azaspirene
had antiangiogenic properties in vivo, and we have revealed that
the effects of azaspirene on Rat-1 activation might be correlated
with its antiangiogenic activity. Further intensive studies of the
target identification of azaspirene will unravel the mystery of the
VEGF-signaling pathway in HUVEC.
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