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Tumor Cells

Jinggiu Dai, James A. Fishback, Yu-Dong Zhou,* and Dale G. Nagle*

Department of Pharmacognosy, Research Institute of Pharmaceutical Sciences, School of PharmecgityJof Mississippi, Uniersity,
Mississippi 38677-1848

Receied June 12, 2006

Hypoxia-inducible factor-1 (HIF-1) is a transcription factor that promotes tumor cell adaptation and survival under
hypoxic conditions. HIF-1 is currently recognized as an important molecular target for anticancer drug discovery. A
T47D breast tumor cell-based reporter assay was used to evaluate the NCI Open Repository of marine invertebrates and
algae lipid extracts for HIF-1 inhibitory activity. Bioassay-guided fractionation and isolation of an active extract from
Axinella sp. yielded seven new sodwanone triterpenoids [3-epi-sodwanorig, B-épi-sodwanone K 3-acetatg)(
10,11-dihydrosodwanone By, sodwanones TW (3, 7, 8, 9)], the new yardenone triterpene R-Rydroxyyardenone

(10), and the previously reported compounds sodwanonB) Aspdwanone Bf), and yardenonel(). The structures

and relative configurations of thegainellametabolites were determined spectroscopically. The absolute configuration
of 1 was determined by the modified Mosher ester procedure. Sodwano8givhibited both hypoxia-induced and

iron chelator (1,10-phenanthroline)-induced HIF-1 activation in T47D breast tumor cells1®@M), and 8 was the

only sodwanone that inhibited HIF-1 activation in PC-3 prostate tumor cells (&€«M). Compoundsl, 3, 4, and5
inhibited hypoxia-induced HIF-1 activation in T47D cells {Gralues 26-25 uM). Compound2 was cytotoxic to

T47D cells (1Go 22 uM), and 8 showed cytotoxicity to MDA-MB-231 breast tumor cells 23 uM).

Intratumoral hypoxia (a reduced state of oxygen tension) is a natural product$! Most of these compounds are also known to
common feature of solid tumots. The extent of tumor hypoxia  regulate other molecular targets at the concentrations required to
correlates with advanced disease stages, malignant progression, anishhibit HIF-1.
poor prognosis and is a significant contributor to radiation and  Using established human breast carcinoma cellsnasitro
chemotherapy treatment resistaficeCurrent approaches to over-  models, we have developed a T47D cell-based reporter assay for
come tumor hypoxia include those that increase oxygenation during HIF-1 inhibitors and examined over 10 000 natural product-rich
radiotherapy and those that develop hypoxia-activated prodrugs suctplant, marine invertebrate, and microbe extraét®otent HIF-1
as radiation sensitizers and hypoxia-activated cytotokifis\o inhibitors such as manassantin B were subsequently identified from
small-molecule drug that specifically targets tumor hypoxia is in these studie®!3 Iron chelators like desferrioxamine and 1,10-
clinical use, and there are only two hypoxic cytotoxins (tirapazamine phenanthroline activate HIF-1 by inhibiting the hydroxylases that
and AQ4N) in clinical trialst The promising results from tira-  promote the degradation and inactivation of the oxygen-regulated
pazamine clinical trials (phase Il and Ill) have validated the HIF-1o subunit!214Manassantin B and related compounds selec-
feasibility of small-molecule drugs that target tumor hypdxia. tively inhibited HIF-1 activation by hypoxia, in contrast to their
However, the application of tirapazamine for cancer treatment is relatively weak ability to inhibit 1,10-phenanthroline-induced HIF-1
limited by toxicity. activation1213 Herein, we report the isolation and molecular

To discover potential drug leads that target tumor hypoxia, our characterization of 11 sodwanone/yardenone triterpenoids from an
research efforts focus on the discovery of natural product-derived active marine spongéxinella sp. extract that inhibited HIF-1
inhibitors of hypoxia-inducible factor-1 (HIF-1). First identified as  activation.

a transcription factor that is activated by hypoXid|F-1 has been
shown to be a major regulator of oxygen homeostisisExtensive Results and Discussion

studies indicate that HIF-1 plays an important role in cancer biology In a T47D breast tumor cell-based reporter aséape crude

by regulating the expression of hundreds of geifed. The . : )
p?ocegses tt?at are re%ulated by HIF-1 target ggnes range fromextract from a South African collection of the marine sponge

. T . o O
tumorigenesis, angiogenesis, glycolysis, survival, growth, invasion, ﬁ)l(llirjtlelfczeét%:w ‘Z“ %(;nO/Lwi)tt:gzltbltr%?nohgr?coexcliac (tlo{; ﬁi'ngg;%d
metastasis, to treatment resistaR€e In addition to hypoxia, the 1 Y y pronc >y ty40%).

o . . At 5 ug mL™%, this extract also inhibited an iron chelator (1,10-
activation of oncogenes and/or inactivation of tumor suppressor henanthroline at 10M)-induced HIF-1 activation by 50% in T47D
genes can also lead to HIF-1 activatfoll. Overexpression of the (F:)ells Five grams of the active extract was obtair¥ed fr(:)m the NCI
oxygen-regulated HIF€ subunit is associated with advanced o er.1 Re ogsito Examination of a freshlv prepared samole of the
disease stages and poor prognosis in many forms of cérner. P P - Y brep P

animal models, HIF-1 inhibition Suppresses tumor angiogenesis anolextract revealed that it inhibited hypox_la-lnduced HIF-1 actl\iatlon

: S . by 67% and 82% at the concentrations of 1 angicgh mL™1,
retards tumor growtk? Since HIF-1 inhibitors represent potential respectively. Bioassav-quided fractionation vielded eight new
tumor-selective drugs with low side effects on the well-oxygenated sodr\)/vanong/' ardenongt?iter enoids and threey reviouslg reported
normal tissues, intensive research efforts are currently undemaysodwanones); ardenones P P y rep
to discover HIF-1 inhibitorg.811The majority of the known small- y )

e : The first compound isolated was a colorless oil with the
molecule HIF-1 inhibitors are natural products or derived from
P molecular formula GHs¢Os, as deduced from HRESIMS spectro-

* Corresponding authors. (Y.-D.Z.) Tel: (662) 915-2012. Fax: (662) metric and'3C NMR spectroscopic data. The IR spectrum showed
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Fax: (662) 915-6975. E-mail: dnagle@olemiss.edu. hydroxyl groups. ThéH NMR spectrum (Table 1) exhibited the
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Table 1. 'H NMR Spectral Data fod—4 and7—10 (400 MHz, CDC})

proton 1 2 3 4 7 8 9 10
3 3.73(d, 6.0) 4.94 (d, 6.0) 3.79 (d, 6.0) 3.72(d, 6.0)
4a 1.86 m 2.05m 1.95m 3.23(t, 11.6) 3.14 (t, 12.0) 1.88 m 3.01lm 3.05m
b 1.68m 1.81m 1.72m 2.18m 2.15m 1.50 m 231lm 2.20m
5a 1.55m 1.65m 1.70 m 1.97m 1.94m 2.36 m 5.21 brs 1.77m
b 1.35m 1.50m 1.50 m 1.42m 1.35m 1.12m 1.32m
7 3.60 (dd, 3.55(dd, 11.3, 4.9) 3.69 (dd, 3.09 (dd, 3.01 (dd, 4.19 brs 4.13 brs 3.05 (dd,

11.3,4.9) 11.3,4.9) 12.0,4.1) 11.2,4.1) 11.3,5.4)
8a 1.56 m 1.56 m 1.70m 1.75m 1.66 m 1.80m 1.83m 2.00m
b 1.24m 1.24m 1.65m 153 m 1.49m 1.40m 1.70m
9a 2.14m 211m 1.90m 2.16m 2.07m 1.32m 1.40m 1.48m
b 1.85m 1.88m 1.97m 1.86m
10 1.75m 1.37m 191m
11 1.49m 1.49m
12a 1.45m 1.45m 2.03m 2.20m 2.20m 2.38m 1.50m 4.41
b 1.35m 1.35m 1.88 m 1.90 m 1.70 m 1.88 m 1.22m
13a 1.80m 1.80m 2.03m 2.64m 2.65m 1.50m 1.72m 1.93m
b 1.03m 1.10m 2.35m 2.35m 1.22m 1.20m 1.65m
15 1.72m 1.72m 1.39m 1.35m 4.07
16 1.26m 1.26 m 1.90m 1.50 m 1.84m 1.55m
16 1.69m 1.45m
17 1.43m 1.43m 1.70m 1.83m 1.50 m 1.62m
17 1.61m 1.40m 1.48 m
18 3.39 (dd, 3.45 (dd, 3.06 (dd, 4.01m 3.96 brs 3.84 (dd,
10.4,5.2) 10.4,5.2) 9.6, 4.9) 9.6, 4.9)

20a 1.87m 1.87m 2.03m 247 m 2.63m 5.23 brs 248 m 1.74m
b 1.50m 1.55m 1.48m 1.77m 1.70m 2.30m 1.30m
2la 3.08 m 3.11m 3.19m 2.80m 2.68 m 3.04m 1.50m 3.04m
B 2.05m 2.05m 2.18m 2.62m 2.59m 2.25m 2.22m
22 3.74 (d, 5.6)
23
24 1.18s 1.17s 1.25s 1.34s 1.28s 1.45s 1.26s 1.20s
25 1.02s 1.03s 1.16s 1.30s 1.24s 1.30s 1.19s 1.19s
26 0.65s 0.70 s 1.02s 1.24s 1.05s 0.86s 1.02s 0.95s
27 4.80s,4.46s 490s,4.48s 1.63s 1.73s 1.49s 1.18(d, 6.5) 0.86s 1.08 (d, 6.5)
28 0.80 (d, 6.5) 0.80(d, 6.5) 1.65s 2.05s 1.94s 0.88 (d, 6.5) 0.88s 0.70s
29 1.04s 1.04s 1.12s 1.17s 1.24s 1.02s 1.27s 1.09s
30 1.21s 1.21s 1.29s 1.56s 1.53s 1.24s 1.12s 1.20s
31 1.14s 1.13s 1.25s 1.50s 1.48s 1.10s 1.10s 1.20s
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Figure 3. SelectedH—1H COSY (bold solid bars) anéH—13C

Figure 1. SelectedH—H COSY (bold solid bars) anéH—13C HMBC (arrows) correlations of.
HMBC (arrows) correlations of.

MTPA tions were observed byH—13C HMBC (Figure 1) between C-2
-0.044 | and H-3, H-4, H-24, H-25; from C-6 to H-4, H-5, H-7, H-11, H-26;
: 0 from C-10 to H-9, H-11, H-27; C-14, H-13, H-29, H-15, H-28;
from C-19 to H-20, H-18, H-29; from C-22 to H-21, H-30, H-31;
and between C-23 and H-21, H-30, H-31, to establish the carbon

-0.011

\\ +0.009/
+0.018

+0/+0.032

tg:ggz_g:g:; | skeleton and the substitution pattern of functional groups that was
H 6 identical to that of sodwanone K, a triterpenoid previously isolated
+0.063 ; from the marine spongaxinella weltnerit> Comparison of thé3C
Figure 2. SelectedAd values AS (ppm)= ds — dg] for (R)- and NMR spectroscopic data dfwith those of sodwanone K showed
(9-MTPA esters ofl. nearly complete analogy of the chemical shifts, except for C-2 and

C-3. Clear NOESY caorrelations between H-24 and H-7 and between
presence of seven methyl grougs= 0.65, 0.80, 1.02, 1.04, 1.14, H-25 and H-26 suggested that the relative configuration of this
1.18, and 1.21 ppm) and three protons attached to oxygenatedportion of 1 was similar to that of sodwanone K, except that a
carbons av = 3.39, 3.60, and 3.73 ppm, respectively. TRE NOE between H-3 and H-24 indicated tHatvas the C-3 epimer
NMR spectrum (Table 2) contained 30 carbon resonances, and theof sodwanone K. The absolute configuration of C-3 was determined
13C DEPT spectrum indicated the presence of seven methyl groups,using the modified Mosher ester meth§dlwo separate samples
11 methylenes, five methines, and seven quaternary carbon atomsof 1 were each treated withR}-(+)- and §)-(—)-a-methoxye-

Analysis of thelH—1H COSY and!H—-13C HMQC spectra (trifluoromethyl)phenylacetyl chloride (MTPA) in anhydrous py-

suggested the presence of five clédr-1H spin systems:—CH- ridine, respectively, to yield theS|- and R)-MTPA ester derivatives
(3)—CH,(4)—CHy(5)—, —CH(7)—CHx(8)—CH(9)—, —CH(11) 1sandlr. TheH NMR chemical shift values of theRj-MTPA
CH3(12)—CH3(13)—, —CH3(28)—CH(15)-CH,(16)—CH,(17)— ester derivative ir) were subtracted from the values of thg)-(

CH(18)—, and—CH,(20)—CH,(21)—. Long-rangeH—13C correla- MTPA ester (9 [AS = 6 (§-MTPA — & (R-MTPA]. The
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distribution of positive and negativ&d values around the MTPA
esters (Figure 2) indicated d@uconfiguration for C-3. Therefore,
1 was deduced to be 3-epi-sodwanoneliX (

In contrast tol, compound?2 contained one acetate ester. The
1D (*H, 13C, and'3C DEPT) and 2D (COSY, HMQC, and HMBC)
NMR spectra oR were similar to those df, except for the presence

of the acetate ester and the H-3 proton resonance. The chemical

shift observed for the H-3 resonance lrwas shifted downfield
from 0 = 3.73 tod = 4.94 ppm with respect to the resonance
observed for H-3 ir2 and was consistent with a proposed structure
with a C-3-substituted acetate ester. Therefore, comp@uds
deduced to be 3-epi-sodwanone K 3-acetaje (

Compound3 was obtained as a colorless resin with the molecular
formula GoH4s04, as deduced from HRESIMS data. Its IR spectrum
possessed a strong hydroxyl absorption at 3425.c@omparison
of theH and3C NMR spectra o3 (Tables 1, 2) with those df
revealed thaB was a structurally related sodwanone triterpene.
However, the presence of olefinic resonances in fié@ NMR
spectrum of3, the downfield chemical shift of the $28 methyl
group atd 1.65 ppm in théH NMR spectrum, and the additional
methyl group (ad 1.63 ppm) indicated th&& was consistent with
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Figure 4. SelectedH—H COSY (bold solid bars) anéH—13C
HMBC (arrows) correlations of.

Table 2. 13C NMR Spectral Data fol—4 and7—10 (100
MHz, CDCl)

carbon 1 2 3 4 7 8 9 10
2 765 79.1 779 827 827 778 775 816
3 76.2 783 77.0 218.0 217.8 1042 77.8 217.9
4 258 235 259 356 356 23.8 304 3438
5 335 335 326 381 377 329 1153 318
6 432 433 43.0 423 423 887 1490 453
7 754 76.1 749 797 795 713 719 775
8 326 328 274 311 317 268 361 302
9 353 353 321 269 269 288 287 297
10 147.0 146.9 126.8 129.0 129.0 335 422 327
11 54,7 55.0 1379 1355 1350 414 429 925
12 19.7 197 292 286 237 264 258 744
13 359 356 292 322 354 305 296 396
14 778 77.8 137.0 163.4 160.0 437 86,5 828
15 33.2 332 127.2 1295 1278 421 51.1 482
16 279 282 320 1814 1795 294 26.2 26.1
17 298 301 27.1 1419 1450 36.0 38.0 285
18 759 76.2 799 1376 1375 717 820 81.9
19 450 453 422 43.0 46.1 149.0 495 4838
20 324 324 379 270 26.7 1160 36.1 31.6
21 349 349 358 325 376 301 248 355
22 218.0 218.0 218.0 214.0 213.0 78.7 215.0 216.0
23 81.4 818 826 481 48.1 787 406 826
24 21.0 21.0 21.7 208 20.7 187 195 20.2
25 287 289 290 264 269 245 298 26.9
26 11.8 120 183 179 176 175 227 152
27 106.9 1071 205 208 19.7 158 164 214
28 158 158 205 125 119 165 135 20.2
29 141 140 178 216 242 202 181 1538
30 2000 200 208 205 221 202 183 221
31 265 269 267 243 248 305 183 26.1

(Table 2) revealed the presence of 30 carbons, anéf@®EPT
experiment indicated the presence of eight methyl groups, eight
methylenes, one methine, and 13 quaternary carbons atoms. Portions
of the 'H NMR spectrum (Table 1) were similar to those of the
previously reported compound sodwanone #).}¢ The major
differences in the spectra were thatcontained two additional
olefinic resonances in tHéC NMR. The remaining3C resonances,

the proton chemical shifts, and coupling constants were consistent
with most of the spectrum ob. Long-range!H—13C HMBC
couplings were observed i(Figure 3) between the H-9 and H-27
proton resonances and C-18 {29.0), and the H-12, H-26 and
H-27 proton resonances were coupled to C41185.5). The'H

NMR resonances and tHél—!H coupling patterns observed for
the bicyclic C-14-C-23 portions of4 were identical to that o5.

a proposed structure with double bonds located at C-10,11 andThis indicated tha# is a new unsaturated version of the previously

C-14,15. Long-rangéH—13C HMBC couplings between both the
H-9 and H-27 resonances and C-1D X26.8) further supported

identified compound sodwanone B){8 which can be referred to
as 10,11-dihydrosodwanone B)(

the location of the double bonds. In addition, the proton resonances The molecular formula o7 was determined to be the same as

at H-12, H-26, and H-27 were coupled to C-13137.9); H-13,
H-29, and H-28 were coupled to C-14 {37.0); and the H-16 and
H-28 proton resonances were coupled to C-d5127.2). Com-
parison of thé3C NMR spectroscopic data with those of sodwanone
O'7 revealed that the chemical shifts of the bicyclic G211
portions of the structures were analogous. This suggeste@ that
a structurally related nevxinellatriterpene, herein referred to as
sodwanone T.

The molecular formula oft was determined to bes@14,0s by
HRESIMS and3C NMR data. Analysis of th&*C NMR spectrum

that of 10,11-dehydrosodwanone 8) (CsoH420s) by HRESIMS

and analysis of th&’C NMR spectrum. Comparison of thel and

13C NMR spectra of7 (Tables 1 and 2) with those dfindicated

that the bicyclic C-2-C-11 portion of the structures was analogous

in both compounds. Long-rangkel—3C HMBC couplings (Figure

4) were observed between the H-20 and H-13 proton resonances
and the C-19 resonance &t46.1, the H-28 and H-29 proton
resonances were coupled to C-16127.8), and H-28, H-29, and
OH-17 were coupled to C-1&(179.5). Thus/ possesses a hew
carbon skeleton where the two separate bicyclic portions of the
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Figure 5. Proposed mechanism for the formation7of

structure are connected at the bridgehead carbon C-19 by the-C-12

Dai et al.

Figure 6. SelectedH—1H COSY (bold solid bars) anéH—13C
HMBC (arrows) correlations of0.

spectrum suggested the presence of hydroxyl (3438ciand
carbonyl (1712 cm?®) groups. Thé3C NMR spectrum ofl0 (Table
2) showed carbon resonances for two keto-carbodg217.9 and
216.0) and seven other oxygen-substituted carbon resonances, three

C-13 linker. This new sodwanone analogue was assigned the trivial of which were quaternary carbondc(92.5, 82.6, 81.6) and four

name sodwanone ). The occurrence df presents a biogenetic
problem. If a divergence in the biosynthetic pathways for the

were methinesdc 82.8, 81.9, 77.5, 74.4). THél NMR spectrum
of 10(Table 1) showed the presence of seven tertiary methyl groups

formation of most sodwanones is responsible for the production of and one methyl resonance &j 1.08 (d,J = 6.5 Hz). The'3C

7, it would appear likely that alternate ring formation would result
in a significantly different functional group substitution pattern.
Therefore, the occurrence @fappears most likely to result from
an acid-catalyzed rearrangementdofas in Figure 5.

The molecular formula 08 was determined to bes@s500s by
a combination of HRESIMS an#C NMR data. Comparison of
the NMR spectra oB (Tables 1 and 2) with those of the known
sodwanones suggested tlBapossessed the same tricyclic €-2
C-11 system as previously reported for sodwandieird the same
bicyclic C-14-C-23 system as reported in the structure of sod-
wanone S° This was confirmed by evaluation of the COSY,
HMQC, and HMBC spectra. Additional analysis of the COSY and
HMQC spectra of8 suggested the presence of five partial
structures: —CH,(4)—CHy(5)—, —CH(7)—CH,(8)—CH,(9)—CH-
(10)—CHj5(27), —CHy(12)—CH,(13)—, —CH3(28)—CH(15)—CH,-
(16)—CHy(17)—CH(18)~, and—CH(20)-CH,(21)—CH(22)-. Con-
nection of the partial structures was facilitated by interpretation of
the TH—13C HMBC spectrum. Specifically, long-rangéi—13C
couplings were observed between C-3 and H-4, H-5, H-24, H-25;
from C-6 to H-4, H-5, H-7, H-8, H-26; from C-11 to H-5, H-7,
H-10, H-12, H-26; from C-14 to H-13, H-15, H-18, H-20, H-28,
H-29, and between C-19 and H-18, H-20, H-29. Therefore,
compound8 was deduced to be sodwanone V.

The molecular formula 0® was deduced to be sgH500,4 by
interpretation of the HRESIMS andC NMR data. Comparison
of the'H and®3C NMR spectra 0B (Tables 1 and 2) with those of
known sodwanones suggested tBdtad the same tricyclic C-2
C-11 system as in sodwanon&%nd the C14C18 epoxide-
bridged C14-C19 cyclohexane ring and C-19-substituted side chain
(C20—-C31) that were previously reported for the structure of
sodwanone # Analysis of the COSY and HMQC spectra 8f

NMR resonances observed 10 were very similar to those of the
previously reported compound yarden&héll) except for the
chemical shift of C-12 (Table 2). As the major difference, the C-12
methylene resonance observedlih(dc 28.5) was replaced with

a downfield methine resonanced& 74.4, typical for an oxygen-
bearing carbon. Analysis of thel—1H COSY and*H—13C HMQC
spectra suggested the presence of five distinct spin systei@bt,-
(4)—CHy(5)—, —CH(7)—CHy(8)—CH5(9)—CH (10)-CHs(27)—,
—CH (12)-CHy(13)—CH(14)—, —CHx(16)—CH,(17)—CH(18)—,

and —CH,(20)—-CHy(21)—. Long-range couplings were observed
in thelH—13C HMBC spectrum (Figure 6) between C-11 and H-10,
H-12, H-26, H-27 and from C-15 to H-14, H-16, H-28, H-29,
suggesting that the structure contained a hydroxyl group at C-12.
The relative configuration of0 was assigned to be the same as in
11 since both have nearly identical NOESY correlations ang,J
coupling constants. However, a clear NOE was observed in the
NOESY spectrum between H-12 and H-26, while there was no NOE
observed between H-12 and H-27. Therefore, this metabolite is a
C-12-hydroxylated form of the previously reported compound
yardenon® (11) and is trivially named 1R-hydroxyyardenonel().

Three previously reporte@ixinellatriterpenes were also isolated
and identified as sodwanone B)(sodwanone Bf), and yardenone
(11) by comparison of theitH and 3C NMR spectra with those
reported in the literatur&:2?

Concentratiorresponse studies were performed to determine
the effects ofLl—11 on HIF-1 activation, and the data are shown in
the Supporting Information. In T47D breast tumor cells, the most
active compound3, inhibited both hypoxia (1% &- and an iron
chelator (1Q«M 1,10-phenanthroline)-induced HIF-1 activation with
an 1G; of 15 uM. The 1G5, values forl—5 for the inhibition of
hypoxia-induced HIF-1 activation range from 20 to 28! in a

confirmed these partial structures and facilitated the deduction of T47D cell-based reporter assay. CompouBdsd4 also inhibited

the six partial structures—CH(3)—CHy(4)—CH(5)—, —CH(7)—
CHy(8)—CH(9)—CH(10)-CHj5(27), —CH,(12)—CHyx(13)—, —CHs-
(28)—CH(15)—CHy(16)—CHy(17)—CH(18)—, —CHy(20)—CH,-
(21)—, and —CH3(30)—CH(23)-CHs(31)—. As in 8, the partial
structures o were readily connected by interpretation of long-
range!H—13C HMBC couplings from C-6 to H-4, H-5, H-7, H-8,
H-26; from C-11 to H-5, H-7, H-10, H-12, H-26, H-27; from C-14
to H-13, H-15, H-18, H-20, H-28, H-29, and between C-23 and
H-21, H-23, H-30, H-31. In this new sodwanone, trivially named
sodwanone W9), the ether link of the seven-membered cyclic ether

1,10-phenanthroline-induced HIF-1 activation with comparabig IC
values (20 and 3@M, respectively). The remaining compounds
inhibited by less than 50% at the highest concentration tested (30
uM). Among the compounds examined, ordyinhibited hypoxia

(1% Oy)-induced HIF-1 activation, with an Kgof 15uM in PC-3
prostate tumor cells. Under experimental conditions (hypoxia for
16 h), no statistically significant cytotoxicity was observed in T47D
cells. In the T47D cell-based primary screening assay, the crude
extract from thisAxinella sp. inhibited hypoxia-induced HIF-1
activation by 90% at xg mL~*. If we assume that the compounds

(C18-C23) was opened and an additional ether bridge was formed responsible for the HIF-1 inhibitory activity in the crude extract

between C14 and C18. The relative configuratio® afas deduced

had a molecular weight of 500 and the yield was 1%, then the

from the NOESY spectrum, where NOE interactions were observed anticipated 1G, value of the purified active compound should be

between H-7/H-25, H-3/H-24, H-10/H-26, H-18/H-29, and H-28/
H-29.

Compound 10 was obtained as colorless needles with the
molecular formula GH4s0s, as deduced by HRESIMS. The IR

sub-micromolar. However, none of the compouniis11) dis-
played this level of expected potency. One possible explanation is
that the potent HIF-1 inhibitory activity exhibited by the crude
extract was caused by a synergistic effect of the compounds
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identified. To test this hypothesis, a mixture bf8 and 10 was 86%, 44%, and 81%, respectively) were further separated by a second
prepared and the effect of the mixture on HIF-1 activation examined. level of CC to produce compounds(10.0 mg, 0.2% yield)2 (1.0
Compoundsl—8 and 10 were mixed at the ratio of 10:1:5:2.5:7: Mg, 0.02% yield)3 (5.0 mg, 0.1% yield)4 (2.5 mg, 0.05% yield)5
1:2:1:5, on the basis of the yield of each respective compound from (7-0 mg, 0.14% yleld)oﬁ (1.0 mg, 0.02% ylelgl)]‘(z.o mg, 0.04%
the extract. In a T47D cell-based reporter assay, the mixtung (5 Y/¢'d): 8 (1.0 mg, 0.02% yield)? (5.0 mg, 0.1% yield)10 (5.0 m,
mL~1) inhibited hypoxia-induced HIF-1 activation by 4% 6% 0.1% yield), andL1 (10.0 mg, 0.2% yu‘elld). 24

o S 3-epi-Sodwanone K (1):colorless oil: f]p?* +6.5 (€ 0.20, CH-
and 1,10-phenanthrol!qe-|nduced H-”:.-l actlvat_lon_ by:BB% (n . C|2); IR (film) Vmax 3412, 2935, 1709 crﬁ; 1H and!3C NMR data in
= 3). Therefore, significant synergistic HIF-1 inhibitory activity  Taples 1 and 2; HREIM&vz 490.3636 (calcd for gHsiOs 490.3658).
does not appear to exist between these compounds. The most active Preparation of (R)- and (S)-MTPA Esters of 3-epi-Sodwanone
constituents may have been lost in the separation. It is noted thatK (1). Compoundl (2.0 mg, 4.0umol) was dissolved in pyridines
considerable mass from each of the active fractions irreversibly (180uL) and treated with 1@L (53.4umol) of (R)-(—)-MTPA chloride
bound to the CC Si gel during the isolation process. Certain at room temperature in a NMR tube for 12 h to yield ti8-MTPA
sodwanones have been proposed to be generated via cyclization ofSterls The ®)-MTPA ester (r) was prepared fron (2.0 mg, 4.0
unstable epoxide intermediaf®slt remains possible that such a  #mol) and ©-(+)-MTPA chioride (53.4umol) using the same

. . rocedure as described fbs.
structurally related unstable analogue(s) is responsible for the potentp 3-epi-Sodwanone K, §-MTPA ester (1s): 'H NMR (pyridine-ds,

HIF-1 inhibitory activity and that many, if not most, of the ,4q MHz) 0.69 (s, H-26), 1.17 (s, H-24), 1.04 (s, H-25), 2.00 (m /Bi-4
sodwanone triterpenes isolated from various collectionsafella 1.88 (M, H-41), 1.54 (m, H-B), 1.41 (m, H-5), 1.50 (m, H-11), 1.54

species actually represent degradation artifacts. (m, H-83), 1.23 (m, &), 2.20 (M, H-B), 1.88 (m, ), 3.53 (dd, 11.2,
Cell line-dependent cytotoxicity has been reported for sod- 4.9, H-7).
wanones A, G, H, and 5:20-22 The effect ofl—11 on tumor cell 3-epi-Sodwanone K, R)-MTPA ester (1r): *H NMR (pyridine-ds,

proliferation/viability was examined in T47D and MDA-MB-231 400 MHz) 0.70 (s, H-26), 1.18 (s, H-24), 1.08 (s, H-25), 1.99 (m/3}-4
breast tumor cells and in PC-3 and DU145 prostate tumor cells, 1-87 (M, H-4), 1.54 (m, H-$), 1.38 (m, H-%), 1.44 (m, H-11), 1.54
Following 48 h incubation under normoxic conditions (95% air/ E{% |_||—|a%) 1.22 (m, &), 2.20 (m, H-$), 1.93 (m, &), 3.52 (dd, 11.2,
5% CQ,), 2 inhibited T47D cell proliferation/viability with an 163 A SR 24

L . 3-epi-Sodwanone K 3-acetate (2)olorless oil; f]p**+5.2 (€ 0.15,
of 22 //LM and 8 inhibited MDA-MB-231 cells with an 1Go of 23 CH2C|2); IR (fl|m) Vmax 3410, 2089, 1644 cmt; 'H and’3C NMR data

#M. None of the other compounds inhibited by greater than 50% i, Taples 1 and 2; HRESIMSn/z 532.3731 (calcd for §HsOs
at the highest concentration tested (8®). A previous study 532.3764).

indicated that sodwanone A is cytotoxic to DU-145 cellss(I8.6 Sodwanone T (3):colorless oil; fjp?* —78.7 € 0.14, CHCL,); IR
1M).20 In our study, the I1G, for sodwanone Ag) for the inhibition (film) vmax 3425, 2976, 2939, 1713, 1645 ch'H and**C NMR data
of DU-145 cell proliferation/viability was greater than 881. This in Tables 1 and 2; HRESIMSwz 472.3559 (calcd for €HsgO4

variation in cytotoxic activities may be caused by the extremely 472.3553). _ s
poor solubility of sodwanone A in aqueous solution. In fact, crystals _ 10,11-Dihydrosodwanone B (4)white powder; &]o* —8.9 € 0.06,

: ' : : _CH.Cl); IR (film) vmax 3413, 1713, 1625 cm; UV (CH,Cl) Amax (log
were observed in the tissue culture medium that contained sod ¢) 262 (3.58), 300 (3.23¥H and *C NMR data in Tables 1 and 2:

wanone A at 3Q:M. HRESIMS miz 482.3053 (calcd for GH.:0s 482.3032).
) . Sodwanone U (7)white powder; §]p?* +6.0 (€ 0.13, CHCl,); IR
Experimental Section (film) vmax 3436, 1641 cmk UV (CH:Cly) Amax (I0g €) 256 (3.66),

General Experimental Procedures Optical rotation was measured 300 (3.33);'H and *C NMR data in Tables 1 and 2; HREIM&/z
on an Autopol IV automatic polarimeter. The IR spectrum was obtained 482.3031 (calcd for 6H.,05 482.3032).
using a Genesis Series FTIR. The NMR spectra were recorded in,CDCI __Sodwanone V (8):colorless oil; pJo® +1.3 (¢ 0.30, CHCl); IR
on Bruker AMX-NMR spectrometers operating at either 400 or 500 (filM) vmax 3442, 2360, 1642 cnd; 'H and**C NMR data in Tables 1
MHz for 'H and either 100 or 125 MHz fdfC, respectively. The NMR and 2; HREIMSm/z 490.3676 (calcd for 6Hs0Os 490.3658).

. HB 24 .
spectra were recorded running gradients and using residual solvent peak?ﬁIr?]())dwan;;flvéé%ﬁcglgégsi(soég Ell]ISDSS Cgi‘r-gl—(lcaorig?écclil_&l\j:ll?z)(’jga
(0 7.27 for*H and¢ 77.0 for'*C) as internal references. The HRESIMS Vmax ' ’ X ’

spectra were measured using a Daltonic micro TOF with electrospray ?72-3?&3) 1 and 2; HREIMSmz 474.3707 (caled for GHscOs

ionization. Silica gel (206400 mesh) was us_ed for column chroma- 12R-Hydroxyyardenone (10):white powder; §]p* +74.7 € 0.35,
tography. TLCs were run on Mel’Cke,a;254 or SboRP13F254 plates and CH2C|2); IR (fllm) Vmax 3438, 2976, 1712' 1442' 1031 Cm 1H and
visualized under UV at 254 nm or by heating after spraying with a 1% 13c NMR data in Tables 1 and 2; HRESIM#z 504.3442 (calcd for
anisaldehyde solution in acetic acid®0, (50:1). CaoH4s0s 504.3451).

Sponge Material. The sponge material was obtained from the Cell-Based Reporter Assay for HIF-1 Activity. The transfection,
National Cancer Institute’s Open Repository Program. A new species compound treatment, exposure to hypoxic conditions (1:#56% CQy/
of Axinella(Axinellidae) was collected (collection C020287) at a depth  949% N,) and normoxic conditions (5% G95% air) and a hypoxia
of 16 m off the southeastern coast of South Africa on March 22, 2000 mimetic (10uM 1,10-phenanthroline), and luciferase activity deter-
(photograph in Supporting Information). While the complete taxonomic mination were performed as previously describe@ihe compounds
characterization of this species has not been fully completed, the samplevere prepared as 10 mM stock solutions in isopropanol and stored at
was identified to be a nevAxinella species by Dr. Michele Kelly —80°C.
(National Institute of Water and Atmospheric Research Limited, Neutral Red Assay for Cell Proliferation/Viability. The T47D,
Auckland, New Zealand). The sample was frozer20 °C and ground MDA-MB-231, PC-3, and DU145 tumor cells were purchased from
in a meat grinder. A voucher specimen (collection number CDN7239) ATCC and maintained in DMEM/F12 medium (JRH Biosciences)
was deposited in the Department of Invertebrate Zoology, National supplemented with 10% (v/v) FBS (Hyclone) and antibiotics (50 U
Museum of Natural History, Smithsonian Institution, Washington, D.C.  mL~! penicillin G sodium and 52g mL~* streptomycin, GIBCO) under

Extraction and Isolation. Ground sponge material was extracted a humidified atmosphere (5% GO5% air) at 37°C. Exponentially
with H,O. The residual sample was then lyophilized and extracted with grown cells were plated at the density of 30 000 cells per well in a
CH.Cl/MeOH (1:1), residual solvents were removed under vacuum, volume of 100uL of DMEM/F12 medium with 10% FBS and
and the crude extract was stored-&20 °C in the NCI repository at antibiotics into 96-well plates (Corning). After 24 h, test compounds
the Frederick Cancer Research and Development Center (Frederickwere diluted in serum-free DMEM/F12 with antibiotics and added to
Maryland). The crude extract of the marine spordgenellasp. was the wells in a volume of 10@L (n = 3). The incubation continued for
subjected to a process of bioassay-guided fractionation. The crudeanother 48 h at 37C. Cell viability was determined by the Neutral
extract (5 g) was separated into five fractions by CC on Si gel (50 g), Red method& with modifications described earliét.The following
using gradients of hexanes and EtOH (85:15, 50:50, 0:100). The activeformula was used to calculate % inhibition of cell proliferation/
fractions -5 (0.5 mg mL* HIF-1 assay inhibition values 46%, 74%,  viability: % Inhibition = 1 — ODs4(treated)/ORu(control).



1720 Journal of Natural Products, 2006, Vol. 69, No. 12 Dai et al.

Acknowledgment. The authors thank the Natural Products Branch (5) Semenza, G. L.; Wang, G. Mol. Cell. Biol. 1992 12, 5447-5454.
Repository Program at the National Cancer Institute for providing  (6) Semenza, G. LNat. Re. Cancer2003 3, 721-732.
marine extracts from the NCI Open Repository used in these studies, (7) Giaccia, A.; Siim, B. G.; Johnson, R. Bat. Re.. Drug Discaery
T. Smillie (NCNPR, University of Mississippi) for coordinating sample 2003 2, 1-9. _
acquisition from the NCI, D. K. Jones (NCNPR, University of (8) Semenza, G. LExpert Opin. Ther. Target28006 10, 267-280.
Mississippi) for screening NCI samples in the HIF-1 assay, S. L. (9 Zhong, H.; De Marzo, A. M.; Laughner, E.; Lim, M.; Hilton, D. A.;
McKnight (University of Texas Southwestern Medical Center at Dallas) zagzag, D.; Buechler, P.; Isaacs, W. B.; Semenza, G. L.; Simons, J.

for providing the pTK-HRE3-luc construct, M. T. Davies-Coleman (10) \(/Z) %ﬂ?xwél::2?1398'32%h558?g_38,32'|ead|e 3. M.: Nicholis. L. G.:

(Dept. of Chemistry, Rhodes University, Grahamstown, South Africa) Harris, A. L.; Stratford, I. J.; Hankinson, O.; Pugh, C. W.: Ratcliffe,
and P. L. Colin (Coral Reef Research Foundation, Koror, Palau) for P. J.Proc. Natl. Acad. Sci. U.S.A997 94, 8104-8109. (b) Ryan,
providing a photograph of théxinellasp., and F. T. Wiggers (NCNPR, H. E.; Poloni, M.; McNulty, W.; Elson, D.; Gassmann, M.; Arbeit,
University of Mississippi) for obtaining some NMR spectra. This work J. M.; Johnson, R. SCancer Res200Q 60, 4010-4015. (c) Kung,
was supported by the National Institutes of Health-NCI CA 98787-03 A. L.; Wang, S.; Klco, J. M.; Kaelin, W. G.; Livingston, D. MNat.

(D.G.N./Y.D.Z.), the DOD-Prostate Cancer Research Program PC040931 Med. 200Q 6, 1335-1340.

(D.G.N.), and NOAA NURP/NIUST NA16RU1496. This investigation ~ (11) Nagle, D. G.; Zhou, Y.-DCurr. Drug Target2006 7, 355—-369.
was conducted in a facility constructed with support from Research (12) Hodges, T. W.; Hossain, C. F.; Kim, Y.-P.; Zhou, Y.-D.; Nagle, D.
Facilities Improvement Grant No. C06 RR-14503-01 from the National G.J. Nat. Prod.2004 67, 767-771. _
Institutes of Health. The U.S. Army Medical Research Acquisition ~(13) Hossain, C. F.; Kim, ¥.-P.; Baerson, S. R.; Zhang, L.; Bruick, R.

. : R . K.; Mohammed, K. A.; Agarwal, A. K.; Nagle, D. G.; Zhou, Y.-D.
Activity, 820 Chandler St., Fort Detrick, MD 21702-5014 is the Biochem. Biophys. Res. Coma@i05 333 1026-1033.

awarding and administering acquisition office for the DOD support. 14) Wang, G. L.; Semenza, G. Blood 1993 82, 3610-3615
The content herein reported does not necessarily reflect the position or 15y g, ‘A AKNin. M.: Géydou E M. Kashman. Y. Nat. Prod.

the policy of the Government, and no official endorsement should be 1997 60, 700—703.
inferred. (16) Ohtani, I.; Kusumi, T.; Kashman, Y.; Kakisawa, 8. Am. Chem.
. . . . So0c.1991 113 4902-4906.
Supporting Information Available: Table with the G, values of (17) Rudi, A.; Yosief, T.; Schleyer, M.; Kashman, Yetrahedron1999
1-11 on HIF-1 activation in T47D and PC-3 cells, and cell prolifera- 55, 5555-5566.
tion/viability in T47D, MDA-MB-231, PC-3, and DU145 cells. (18) Rudi, A.; Goldberg, I.; Stein, Z.; Benayahu, Y.; Schleyer, M.;
Photograph of théxinella sponge collection C020287. The material Kashman, Y.Tetrahedron Lett1993 34, 3943-3944.
is available free of charge via the Internet at http://pubs.acs.org. (19) Rudi, A.; Kashman, Y.; Benayahu, Y.; Schleyer, M.Nat. Prod.
1994 57, 1416-1423.
References and Notes (20) Funel-Le Bon, C.; Berfyd=.; Thomas, O. P.; Reyes, F.; Amade, P.

J. Nat. Prod.2005 68, 1284-1287.

(1) Brown, J. M.; Wilson, W. RNat. Re.. Cancer2004 4, 437-447. (21) Rudi, A Goldberg, 1. Stein, Z.: Kashman, Y.; Benayahu, V..

(2) Harris, A. L.Nat. Re.. Cancer2002 2, 38—47.

(3) Weinmann, M.; Welz, S.; Bamberg, Murr. Med. Chem-Anti- Schleyer, M.; Gravalos, M. D. Gl. Nat. Prod.1995 58, 1702
Cancer Agent£003 3, 364-374. 1712,

(4) (a) Rischin, D.; Peters, L.; Fisher, R.; Macann, A.; Denham, J.; (22) Carletti, I.; Long, C.; Funel, C.; Amade, B.Nat. Prod.2003 66,
Poulsen, M.; Jackson, M.; Kenny, L.; Penniment, M.; Corry, J.; Lamb, 25-29.
D.; McClure, B.J. Clin. Oncol.2005 23, 79-87. (b) Williamson, (23) Borenfreund, E.; Puerner, J. Roxicol. Lett.1985 24, 119-124.
S. K.; Crowley, J. J.; Lara, P. N., Jr.; McCoy, J.; Lau, D. H.; Tucker,  (24) Zhou, Y.-D.; Kim, Y.-P.; Mohammed, K. A.; Jones, D. K.; Muham-
R. W.; Mills, G. M.; Gandara, D. Rl. Clin. Oncol.2005 23, 9097~ mad, |.; Dunbar, D. C.; Nagle, D. G. Nat. Prod 2005 68, 947—950.

9104. (c¢) Rischin, D.; Hicks, R. J.; Fisher, R.; Binns, D.; Corry, J.;
Porceddu, S.; Peters, L. J. Clin. Oncol.2006 24, 2098-2104. NP060278Q



