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Summary. A total of 15 samples (crude extracts and pure
secondary metabolites) obtained from marine invertebrates
collected from the offshore waters of British Columbia,
Papua New Guinea, and Sri Lanka have previously been
shown to exert cytotoxic activity in the in vitro L1210
leukemic bioassay. We screened these metabolites for in
vitro cytotoxic activity against the drug-sensitive breast-
tumor cell lines MCF-7, T-47D, ZR-75-1, and MDA-MB-
231; the multidrug-resistant and P-glycoprotein (Pgp)-pos-
itive breast-tumor cell lines MCF-7 Adr and MDA-A1r;
and normal and malignant human breast epithelial cells
(HBEC) in primary culture. Eight samples exhibited sig-
nificant [drug concentration resulting in a 50% decrease in
cell growth as compared with controls (EDsg), <25 ng/ml]
dose-dependent cytotoxicity against the drug-sensitive cell
lines; the EDsp values were as low as 0.004 ug/ml. Five of
the eight samples exhibited significant cytotoxicity against
the multidrug-resistant cell lines; the EDsp values were as
low as 0.0006 pg/mi. Incubation of MCF-7 Adr cells with
varying concentrations of compounds in the presence of
Adriamycin demonstrated that none of the compounds
tested interfered with Pgp function. Results obtained using
HBEC in primary culture showed a wide range of che-
mosensitivities for a given drug against tissue taken from
different patients, demonstrating the uniqueness of the re-
sponse of different individuals to chemotherapy.

Introduction

Currently, approximately 40 drugs are available for the
treatment of cancer [24]. Combination chemotherapy for
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the treatment of breast cancer achieves response rates in
the 50%-70% range, but complete remissions occur in
only a small number of patients [15]. As a result, the
development of new chemotherapeutic agents is critical.

Previous studies have shown that marine organisms
represent a vast reservoir of new pharmacological agents
with potentially unique modes of action [12, 20]. For ex-
ample, the development of cytarabine, a widely used an-
tileukemic chemotherapeutic agent, was based on leads
provided by the isolation of 1-B-arabinofuranosyl deriva-
tives of uracil from the Caribbean sponge Cryptotethya
cryptall, 14, 27]. Didemnin-B, a metabolite of the tunicate
Trididemnin solidum, has entered phase II human cancer
trials [25]. The bryostatins, a family of metabolites isolated
from the bryozoan Bugula neritina, will soon be undergo-
ing clincial trials at the National Cancer Institute (NCI)
[25]. Our laboratory has evaluated seven crude extracts and
eight pure secondary metabolites derived from marine or-
ganisms for their potential in the treatment of breast
cancer. We have previously shown that these compounds
are cytotoxic in the in vitro L1210 leukemic bioassay.

Past drug-screening programs have relied on the in vivo
L1210 and P388 leukemic bioassays as primary screens,
and as a result, a large number of drgs effective in the
treatment of Jeukemias have been developed. However,
relatively few drugs effective against solid tumors have
resulted from this approach {4]. Therefore, we initially
screened these compounds against four drug-sensitive
breast-tumor cell lines. In addition, these compounds were
screened against the two multidrug-resistant (MDR) cell
lines MCF-7 Adr and MDA-AT1r [11, 23]. These MDR cell
lines are resistant to a number of drugs that are structurally
and functionally unrelated. A major mechanism of MDR is
associated with increased levels of the plasma membrane
protein P-glycoprotein (Pgp) [13, 26]. Pgp functions as a
pump that actively transports drugs out of the cell, thus
resulting in a net lower intracellular drug concentration.
Both the MCF-7 Adr and the MDA-A1r cell lines exhibit
Pgp amplification (60-fold and 10~ to 30-fold, respec-
tively), increased Pgp mRNA expression, and decreased
Adriamycin uptake [11, 23].
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The MDR cell lines were included in the present drug-
screening protocol to identify new drugs that might cir-
cumvent the MDR phenotype. Unfortunately, cell lines
represent a very homogeneous and highly selected popula-
tion of cells and thus do not represent the heterogeneous
population seen in naturally occurring tumors. Therefore,
we tested the cytotoxicity of these compounds against a
panel of cell lines. In addition, we assayed two of the most
cytotoxic compounds from the cell-line screenings against
normal and malignant human breast epithelial cells
(HBEC) in primary culture, which more closely resemble
the counterpart cells in vivo. Normal HBEC were included
in the screening protocol to detect tumor-specific agents. It
has been shown that the selective activity of a chemother-
apeutic drug against cancer cells in vitro relative to normal
cells does result in antitumor activity in vivo [21].

Materials and methods

Isolation and purification of compounds. The procedures used for the
isolation and purification of the geodiamolides [6], bromotopsentin [18],
xestospongin E [16], bastidin-4 [17], imbricatine [2], chromodorolide A
[71, jaspamide [5], glaciasterol A [22], and the Garvea extract [10] have
previously been described. The crude extracts of the other organisms
were prepared by homogenizing the organisms in methanol, filtering, and
evaporating the methanol in vacuo.

Cell culture. The MCF-7, T-47D, ZR-75-1, and MDA-MB-231 cell
lines, which originated from effusions from women with metastatic
breast cancer, were obtained from the American Type Culture Collection
(ATCC). The MDA-AI1" cell line was furnished by Dr. W. McGuire at
the University of Texas, and the MCF-7 Adr cell line was obtained from
Dr. K. H. Cowan at the National Tnstitutes of Health (NTH). All cell lines
were maintained in Ham’s F12/Dulbecco’s modified Eagle’s medium
[DME; 1:1 (v/v); Terry Fox Laboratory, Vancouver, B. C.) supple-
mented with 10 mm HEPES (H) and either 10% fetal bovine serum (FBS;
Gibco Laboratories, Grand Island, N. Y.; for MDA-MB-231), 5% FBS
and 5 pg insulin/ml (Sigma Chemical Co., St. Louis, Mo.; for MCF-7,
T-47D, and ZR-75-1), 10% FBS and | pug Adriamycin/ml (ADR; Adria
Laboratories, Mississauga, Ont.; for MDA-A1"), or 5% FBS, 5 ug in-
sulin/ml, and 0.5 ug ADR/m1 (MCF-7 Adr).

Cultures were maintained in a humidified atmosphere consisting of
5% COz and 95% air at 37° C and were subcultured weekly by treatment
with saline-trypsin-versene (MCF-7, T-47D, ZR-75-1, MDA-MB-231,
and. MCF-7 AdY) or with calcium and magnesium-free phosphate-
buffered saline (PBS) supplemented with 1 mM ethylenedi-
aminetetraacetic acid (EDTA; MDA-A17). At the time of the experiment
the cells were resuspended, and viable cells, determined by trypan-blue
exclusion and counted on a hemacytometer, were seeded at 4 x 103
cells/well onto 96-well microtiter plates (Falcon, Becton Dickinson Co.,
N.J.) in 100 ui F12/DME/H supplemented with either 5% FBS and 5 pug
insulin/ml (MCF-7, T-47D, ZR-75-1, and MCF-7 Ad") or 10% FBS
(MDA-MB-231 and MDA-A1").

Normal tissue cells obtained from breast reductions and malignant
tissue obtained from biopsies and mastectomies were prepared as de-
scribed elsewhere [9]. Tissues were minced and dissociated in
F12/DME/H supplemented with 2% bovine serum albumin (Gibco),
5 ug insulin/ml, 300 U collagenase/ml, and 100 U hyaluronidase/m!
(Sigma) at 37°C for 18 h. The epithelial cell pellet was collected by
centrifuging the cell suspension at 80 g for 4 min. The pellet was washed
twice with F12/DME/H and viable cells were counted. Cells were resus-
pended and seeded at 1x 10* cells/well onto collagen-coated 96-well
microtiter plates in 100 wl F12/DME/H, 5 ug insulin/ml and 5% patients’
sera.

Serum samples were collected in the mornings from patients who had
fasted over the previous 8~ 12 h. Blood was received in nonheparinized

tubes, incubated for 30 min at 37°C, and centrifuged at 100 g, and the
serum was collected. If not used immediately, the serum was stored at
-20°C.

Compound-testing protocol. On day 0, the cells were seeded onto the
microtiter plates as described above. After 24 h, the medium was remov-
ed and 100 pl fresh medium containing serial dilutions of the agents to be
tested was added to the wells. Cultures were incubated with the drugs for
48 h. The cells were then washed and cultured in drug-free medium for
48 h. A 48-h drug-incubation period was selected to ensure that all cells
passed through at least one cell cycle, thus allowing phase-specific and
cell-cycle-specific agents to exert their effects. The cell-cycle times of
MCE-7, T-47D, ZR-75-1, MDA-MB-231, MCF-7 Adr, and MDA-A1*
cells are 30, 22, 44, 21, 23, and 18 h, respectively. A 48-h drug recovery
period was selected to ensure that cytostatic agents could be distin-
guished from cytotoxic agents. After the recovery period, the cells were
quantified by the tetrazolium-dye reduction (MTT) assay [3, 19].

In some experiments performed to detect agents that might circum-
vent the MDR phenotype, MCF-7 Adr cells were incubated in the con-
centration of Adriamycin that results in a 50% decrease in cell growth
relative to controls for this line (EDso, 5 pug/ml) as well as in- different
concentrations of the drug to be tested during the incubation period.

MTT assay. The medium was removed and 100 pl MTT (1 mg/ml,
Sigma) dissolved in phenol-red-free F12/DME/H (Sigma) was added to
each well. Following a 5-h incubation period at 37° C, 100 ul 20% formol
in saline was added to each well and left for 30 min at room temperature
to fix the cells to the plate. The formol-saline-MTT solution was then
gently removed with a multichannel pipette (Titertek/ICN Flow, Costa
Mesa, Calif.), and 100 il isopropanol was added to each well to dissolve
the formazan crystals. After 1 h, the plates were read on a 96-well
microplate reader (model EL 311, Biotek Instruments Inc., Winooski,
Vermont) at 540 nm. Absorbance values were converted to cell numbers
via standard curves specific for each cell line. Cytotoxicity was deter-
mined by comparing drug-treated cultures with control cultures (which
are assigned a value of 100%). The EDsp value was then determined from
the dose-response curve.

Results
Compounds screened against drug-sensitive cell lines

Figure 1 illustrates the wide range of chemical structures of
all of the pure samples tested in our in vitro screening
protocol. Table 1 summarizes the EDsg values obtained for
compounds screened against the MCF-7, T-47D, ZR-75-1,
and MDA-MB-231 cell lines. Of the 15 samples screened,
8 demonstrated significant cytotoxicity (EDso, <25 pg/ml)
against either the MCF-7 or the T-47D cell line. Only these
8 samples were screened against ZR-75-1 and MDA-MB-
231 cells; all 8 compounds were significantly cytotoxic
against the former cell line, whereas 6 were significantly
cytotoxic against the latter.

The EDsp values for Adriamycin were determined in all
of these cell lines to provide a standard with which the
samples could be compared. The EDsq values recorded for
two pure samples, the geodiamolides and jaspamide, were
comparable with or lower than those noted for Adriamycin.
The values obtained for another sample, QCI-32, which is
a crude extract, were 12-, 1.4-, 18-, and 0.47-fold those
found for Adriamycin in screening against the MCF-7,
T-47D, ZR-75-1, and MDA-MB-231 cell lines, respec-
tively. EDso values as low as 0.6 ug/ml were noted for the
crude extract PNG-31A in the T-47D cell line; this value is
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Fig. 1. Structures of pure metabolites isolated
from marine organisms

10-fold that determined for Adriamycin. Values recorded
for the five remaining compounds that exhibited signifi-
cant cytotoxicity ranged from 0.58 to 33 pug/ml and were at
least 9-fold those found for Adriamycin.

Compounds screened against drug-resistant cell lines

Table 2 summarizes the EDso values obtained for the
samples and for Adriamycin during screening against the
Pgp-positive cell lines MCF-7 Adr and MDA-ATr, Of the
eight samples screened, six demonstrated significant cyto-
toxicity against either the MCF-7 Adr or the MDA-AT1r cell
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Table 1. EDso values obtained for compounds screened against the drug-sensitive breast-cancer cell lines MCF-7, T-47D, ZR-75-1 and MDA-MB-231

Agent EDso values (ug/ml)

MCF-7 T-47D ZR-75-1 MDA-MB-231
Geodiamolides 0.0068 £.0003 0.044+.003 0.033+.024 0.004
Xestospongin E >>50 >50 ND ND
Bromotopsentin >>100 325 ND ND
PNG-31A2 54=+5 0.6 7 24+1
Bastidin-4 6.0£.6 0.58 £.05 29+.1 26+.1
Imbricatine >50 2319 ND ND
Chromodorolide A >>100 >>50 ND ND
Garvea? 33+9 1943 21+1 23+1
QCI-322 12+4 0.09+.02 0.09+.01 0.018 +.001
QCI 4-16-8%2 >100 50+22 ND ND
PNG-137A2 30+3 13+3 16+3 >50
PNG-137B? 98+2 35+12 ND ND
QCI-1172 >>100 >>100 ND ND
Glaciasterol A 19+1 213 26+1 >>50
Jaspamide 0.027 +£.004 0.019+.009 0.042 +.002 0.024 £.001
Adriamycin 0.10+.01 0.065+.009 0.005 £.001 0.038 +.006

Data represent mean values = SEM. Only the compounds that exhibited significant cytotoxicity towards the MCF-7 and T-47D cell lines were screened

against the ZR-75-1 and MDA-MB-231 cell lines. ND, Not done
a2 Crude extract

Table 2. EDs5g values obtained for compounds screened against the
multidrog-resistant breast-cancer cell lines MCF-7 Adr and MDA-ATr

Agent EDsp values (ug/ml)
MCEF-7 Adr MDA-Al"
Geodiamolides 0.092+.015 (14) 0.0006 +.0001 (0.15)

PNG-31A2 51+2(9.4) 41 +4(1.7)
Bastidin-4 >>20(>3.3) >100 (>38)

Garvea® 27 +4 (0.82) 2543 (1.1)
QCI-32¢ 10+4 (8.3) 1.3+.4(72)
PNG-137As2 >50 (>1.7) 25+2 (<0.5)
Glaciasterol A 18+1(0.95) 19 +2 (<0.38)
Jaspamide 0.77+.02 (29) 0.022+.005 (0.92)

Adriamycin 5+2(50) 714(184)

Data represent mean values = SEM for 2—4 experiments. Values in
parentheses indicate the magnitude of increase in resistance noted for the
MDR daughter cell lines as compared with the corresponding drug-sen-
sitive parent lines (EDso of the resistant daughter cell line/EDso of the
sensitive parent line)

2 Crude extract

line. MCF-7 Adr cells were 50 times more resistant to
Adriamycin than was the parent MCF-7 cell line, whereas
MDA-A1r cells were 184 times more resistant than was the
parent line MDA-MB-231. Table 2 also compares the
EDso values found for compounds screened against the
MDR cell lines MCF-7 Adr and MDA-Alr with those
obtained using the drug-sensitive parent cell lines (EDso
drug-resistant/EDso drug-sensitive).

Compounds screened against MCF-7 Ad' cells
in the presence of Adriamycin

To determine whether compounds whose EDs5p ratios were
less than or equal to 1 might circumvent the MDR pheno-

type by interfering with Pgp, MCE-7 Adr cells were incu-
bated in the presence of the ED50 concentration (5 pg/ml)
of Adriamycin and in varying concentrations of test com-
pounds. Additive cell cytotoxicity was observed between
Adriamycin and all compounds tested (results not shown).
However, no synergy was observed between any of the
samples and Adriamycin, suggesting that these compounds
do not interfere with Pgp function.

Compounds screened against normal and malignant
HBEC in primary culture

Table 3 summarizes the cytotoxicities of the geodi-
amolides and jaspamide as tested against malignant and
normal HBEC in primary culture. No significant trend
indicating tumor specificity was observed for either of
these agents. However, broad variation was seen in the
cytotoxicity of a given agent for different tissue samples:
the EDso values recorded for the geodiamolides ranged
from 0.018 to 5.5 pg/ml and from 0.21 to >10 pg/ml in
malignant and normal tissue, respectively, whereas the
corresponding values determined for jaspamide ranged
from 0.0005 to 3.8 pwg/ml and from <0.05 to 0.5 ug/ml.
Adriamycin EDsp values were included for reference in
cases in which sufficient tissue was available.

Discussion

Past drug-screening programs have illustrated that the in-
corporation of solid tumors into a drug-screening protocol
is essential, since agents that are effective in treating
leukemias are not necessarily effective against solid
tumors [4]. The crude extracts and pure metabolites eval-
uated herein had previously been screened and found to be
cytotoxic in vitro in the leukemic 1.1210 bioassay.
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Table 3. EDsg values obtained for the geodiamolides and jaspamide tested against normal and malignant breast epithelial cells in primary culture

Agent EDso values (ug/ml)

N1 N2 N3 Cal Ca2 Ca3 Cad Ca5
Geodiamolides 0.21 >10 >6 0.1 0.018 5.5 0.5 ND
PNG-73 <0.05 0.08 0.5 ND ND ND 0.0005 3.8
Adriamycin ND 0.25 0.29 ND ND ND ND ND

N, Normal cells; Ca, malignant cells; ND, not done

In the present study, mammary carcinoma was used as a
solid-tumor model. Breast-cancer cell lines were selected
for initial screening because the cells are plentiful and easy
to grow. However, cell lines result from cell selection and
the populations are very homogeneous in their characteris-
tics. Therefore, we used four drug-sensitive and two drug-
resistant breast-tumor cell lines to represent the hetero-
geneity seen in naturally occurring breast tumors. In addi-
tion, primary cultures of epithelial cells from malignant
breast tissue were incorporated into the screening protocol
because they more closely resemble the counterpart cells in
vivo. Epithelial cells from normal tissue were also included
to determine the tumor specificity of these agents. As our
results illustrate, there was broad variation in the biological
activity of cytotoxic compounds tested on different cell
lines and on different primary cultures.

Of the 15 compounds tested against the drug-sensitive
cell lines MCF-7 and T-47D, 8 demonstrated significant
activity. Agents with an EDsg value of up to 25 pg/ml were
selected for further testing against the ZR-75-1 and MDA-
MB-231 cell lines and the drug-resistant cell lines. We
selected 25 pg/ml as our cutoff value because some of the
compounds tested were crude extracts, and an excessively
low cutoff point might have resulted in the exclusion of
potentially toxic compounds from further testing. In addi-
tion, some of the compounds with EDso values of around
25 ug/ml exhibited low in vivo host toxicity (unpublished
results).

The geodiamolides (a mixture of two cyclodepsipep-
tides that are identical except that one is brominated and
the other is iodinated) and jaspamide are very promising
compounds, since they exhibited cytotoxicity comparable
with that of Adriamycin when tested against the drug-sen-
sitive cell lines and were several orders of magnitude more
cytotoxic than Adriamycin when screened against the
MDR cell lines. The observation that compounds such as
the geodiamolides were much less cytotoxic against MCF-
7 Adr cells as compared with the parent line MCF-7,
whereas they were more cytotoxic against MDA-ATr cells
than against the parent line MDA-MB-231, suggests either
that cellular mechanisms in the MDA-AT1r cells may enable
the drugs to overcome the effects of Pgp overexpression or
that these drugs are simply not affected by this efflux
pump. Our failure to observe synergy between any of the
samples and Adriamycin indicates that these drugs do not
interfere with Pgp function. These compounds were also
very cytotoxic against some of the malignant and normal
HBEC in primary culture. The four crude extracts PNG-
31A, BC-3, QCI-32, and PNG-137A also warrant further

investigation since they demonstrated significant cytotox-
icity in the preliminary cell-line screens; their full potential
may not be realized until the pure active metabolites have
been isolated.

For the drugs that demonstrated in vitro activity, we will
determine the therapeutic index (median lethal dose/me-
dian effective dose) using mice bearing the transplantable
Shionogi mammary carcinoma from our colony [7]. As the
structures of the pure samples illustrate (Fig. 1), marine
organisms represent a vast reservoir of new and interesting
chemical families that potentially provide novel modes of
action, better therapeutic indices, and fewer side effects
and are effective against currently untreatable solid
tumors.
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