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By September 1957 the U.S. National Cancer Insti-
tute (NCI) Cancer Chemotherapy National Service
Center (CCNSC) was underway, and that fall Dr. J. L.
Hartwell’s recommendation2 was being implemented3
that five plant families prominent in the traditional
treatment of cancer patients should be employed as
sources of new anticancer drugs. That September, I
began as an assistant professor of chemistry at the
University of Maine and within 2 weeks began our still
uninterrupted collaborative research program with the
NCI directed at discovery of potentially useful antican-
cer drugs. The first objective of our CCNSC collabora-
tion was to evaluate plant species from the family
Labiatae, one of the five most promising families.2,3
Owing to the long delays in procurement of appropri-

ate Labiatae species, exacerbated by the general insen-
sitivity (to trace constituents in natural product ex-
tracts) and capricious nature of the NCI in vivo screen
(e.g., sarcoma 180, adenocarcinoma 755) then in use,4
progress was slow. Isolation of oleanolic acid (1) and
related pentacyclic triterpenes from Salvia species
(Labiatae)5 was part of our related antineoplastic re-
search at that time concerned with the tetracyclic
triterpenes of shelf fungi6 and the structures7 of certain
transformation products of betulin (2). We isolated
betulin in quantity from the Maine white birch Betula
papyrifera. Recently, the primary alcohol oxidation
product, betulinic acid, was found to be uniquely effec-
tive against a line of human melanoma, and preclinical
development is recommended.8 Even oleanolic acid (1)
has recently been proposed for development as an
antiarthritic and antiinflamatory agent.9

The general plan envisioned in 1957 for attacking the
cancer problem involved, in addition to the terrestrial
plant and fungal antineoplastic constituents approach
just noted, investigation of marine organisms, terrestrial
arthropods, and amphibians and their associated mi-
croorganisms as new sources of presumed powerful and
structurally unique anticancer drugs. The plan also
included synthesis of modifications of steroid hormones
in order to evaluate (NCI-CCNSC steroid screening
program) their possible utility in the understanding of

breast and prostate cancer, as well as structural modi-
fications of the oxygenated aromatic system of podo-
phyllotoxin (3)2 and development of new synthetic
methods for bonding the generally potent 2-haloethy-
lamine alkylating unit to biologically active natural
products such as steroid hormones, antibiotics, and
peptides. Because my total financial resources for
research in 1957 amounted to $500 and in 1958 some
$3000, implementation of the overall strategy required
considerable optimism, patience, and diligence. Indeed,
these financial constraints caused postponement of the
arthropod10 and marine organism11-14 research initia-
tions until 1965-66. The marine microorganism re-
search was begun during my expedition in the Gulf of
Alaska on the then University of Alaska research ship
Alcona in the fall of 1971. But this research area was
quickly deferred owing to insufficient resources until 8
years ago.
With my early graduate and postdoctoral students in

the 1958-59 period, we were able to productively
pursue structural modifications of podophyllotoxin15,16
that more than 20 years later assisted in our discovery
and development of pancratistatin (4a)17 and the com-
bretastatins (see 5).18,19 At the same time we began an
extensive study aimed at degradation of lanosterol (6)
by a 19-step reaction sequence to 14R-methylprogest-
erone (7),20 in 20 steps to 14R-methyltestosterone (8),21,22
and to other 14R-methyl steroids. On the presumption
that certain steroidal bufadienolide constituents con-
tained in the skin and venom glands of toads in the
family Bufonidae might exhibit cancer cell growth
inhibitory properties, we began (in 1958-59) a major
effort to make such substances available by total
synthesis for antineoplastic evaluation. At that time
the other option involving the large-scale procurement
of toads in the genus Bufo (long history of use in Chinese
and Japanese medicine) and separation of the active
constituents without an adequate bioassay system
seemed even more daunting.
Eventually, we completed total synthesis of bufalin

(9)23-35 and all the major Bufo constituent bufadieno-
lides including resibufogenin (10) and marinobufotoxin
(11).34,35 Although nearly all were found to exhibit a
significant level of activity against the NCI KB na-
sopharynx carcinoma cell line,3,4 marinobufagin (12) was
found to provide a curative response level using the in
vivo Ehrlich ascites system. While the Chinese Bufo
bufo gararizans preparation Ch’an Su and the Japanese
counterpart Sen So are still in common use in Asia, the
western medical potential of the animal36 and plant37
bufadienolides require much further study. One of
these, resibufogenin (10), is marketed in Japan as a
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respiratory stimulant, and a bufalin (9)-type steroid is
now believed to occur in human plasma and induce
leukemia cell differentiation.38

Our early (1959-65) explorations of 2-haloethylamine
chemistry quickly led to a very potent series of antine-
oplastic agents39 and quite significant improvements in
the required synthetic methods.40-43 Those advances
allowed convenient syntheses of various steroid (13)44
and antibiotic (14)44 2-haloethylamine derivatives. Most
importantly, while investigating application of the Man-
nich reaction in 1959, we discovered a new heterocyclic
ring system that became the precursor of our diazabi-
cyclostatin maleate (15),45-47 DABIS maleate, now being
readied for phase II human cancer clinical trials.48-50

DABIS maleate (15) was found to exhibit very strong

(including curative levels) activity against a variety of
NCI in vivo experimental cancer systems.47 In phase I
trials the MTD proved to be unusually high, and 750
mg/m2 has been recommended for phase II clinical
trials.48 By 1965, NCI interest in developing 2-haloet-
hylamines subsided and we accordingly began to phase
out this area of research.

Our initial research with anticancer antibiotics such
as actidione (cycloheximide, see 14) was productively
extended during the 1970’s and included the prepara-
tion, crystallization, and X-ray crystal structure deter-
mination of carminomycin (16),51 employed for cancer
treatment in Russia and elsewhere (including clinical
trials against breast cancer in the United States). That
was followed by our X-ray crystal structure elucidation
of the South African Streptomyces griseoluteus constitu-
ent 593A (17, NSC-135758).52 Initial NCI clinical trials
against certain human lymphomas were encouraging,
but clinical supplies proved to be a problem. In keeping
with nature’s virtuosity in synthesizing a phenomenal
variety of anticancer substances, 593A appears to be the
first naturally occurring prototype of the 2-haloethy-
lamines to be isolated. Obviously, this is one of the very
small number of occurrences where synthetic structures
preceded the biosynthetic lead. Another example of this
precedence of synthesis involves the diazoketone groups
of the anticancer antibiotic azotomycin (18), of which
we completed the first total synthesis53 as well as a new
synthesis of DON (19).54 At the time both anticancer
antibiotics were in preclinical and clinical development.
Over the past 8 years we have been pursuing the
isolation and structural characterization of cancer cell
growth inhibitory substances from marine and ter-
restrial microorganisms, and results of these endeavors
will be reported in the future.
Now returning to 1965, this proved to be an especially

important year. It included the move to expanded
laboratory facilities at Arizona State University, which
allowed initiation of the marine organism11-14 and
arthropod10 approaches to new types of antineoplastic
substances, as well as my appointment as an advisor
to the NCI for anticancer drug discovery and develop-
ment. Because of the latter responsibilities, I decided
for ethical reasons not to compete for any of the then
current NCI natural products (plants and microorgan-
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isms) research contracts or to be a recipient of plant
leads (and later animal leads) from any of the NCI
natural products procurement contracts.3,4 With those
self-imposed limitations, it seemed necessary, except for
a brief period in 1979-81 (with plants), to increase our
own field collections of plants from Mexico to Alaska
and Western Canada and later worldwide. The same
constraints were employed, albeit worldwide from the
start, with field collections of marine organisms and
arthropods. While the consequences of these ethical
decisions continue to prove (in respect to field biology)
very challenging, they did leave me free to better serve
the NCI and recommend new NCI research contract
initiatives such as the first marine animal research
(including procurement) contract (with Professor A.
Weinheimer) then (1970) at the University of Oklahoma.
That NCI contract led to Weinheimer’s discovery55 of
didemnin B56 (20) and the ecteinascidin leads that were
developed by Rinehardt.57 The clinical trials of didem-
nin B are ongoing, and the ecteinascidin 729 (21) clinical
trials will soon begin.
Another important consequence of 1965 was the NCI

development of the in vivo murine P388 lymphocytic
leukemia based on its ability to select a majority of the
then (and now) anticancer drugs active against human
cancer. Very importantly, the P388 leukemia, unlike
the NCI L1210 leukemia,3,4 proved sensitive to trace
antineoplastic components in complex natural product
extracts. Application of that bioassay system caused a
positive real change in our ability to isolate arthropod,
marine animal, and plant antineoplastic constituents.
Some of our earliest successes came with our Arizona
and Oregon plant leads.
The first real advance was with a 1967 collection

(Oregon) of Helenium autumnale (Compositae) where
helenalin (22),58,59 not previously known to be antine-
oplastic, proved to be the most active (P388, T/C 220 at
3 mg/kg) constituent accompanied by some previously
unknown components such as autumnolide.60 Although
not further developed at the time, that situation is
changing. Recently, helenalin (22) as the glutaric acid
ester has been found to have potent topoisomerase II
activity.61 Parallel investigations employing a 1966
collection of Baileya multiradiata (Compositae) led to
other active (P388) and new pseudoguaianolide lactones
exemplified by multigilin (23, P388 T/C 164 at 12.5 mg/
kg) and multistatin (24, P388 T/C 131 at 32 mg/kg).62,63

In this period we also completed a practical synthesis
of the plant quinone lapachol then in clinical develop-
ment.64

In the 1970’s, we achieved better success with ter-
restrial plants, especially with Combretum caffrum
(Combretaceae), an African willow tree that has a
history of being used by the Zulu for various purposes.
One of those was as a charm to ward off enemies. (In
retrospect, how appropriate when one considers the
cancer problem!) From that tree we were able to isolate
(about 1 mg from 70 kg of the plant) combretastatin A-4
(25) among roughly 20 other active substances.19 Com-
bretastatin A-4 has proved to be a powerful inhibitor of
tubulin assembly and a variety of human cancer cell
lines.19 Recently, we have converted it to a prodrug (5),
which was realized by a fairly classic phosphate ester
procedure.18 The product proved to be a substance
about as soluble as sucrose in water, whereas the
original phenol sodium, potassium, and other salts
dissociate so fast in water that they are useless in terms
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of improving the solubility. Recently, combretastatin
A-4 was used against tissue from 47 ovarian cancer
patients (tissue taken at the University of Arizona), and
this substance turned out to be very active against about
27 of those specimens. We’ve also found recently that
the phosphate prodrug (5) is very active in vivo and
causes tumors to hemorrhage. On the basis of the
promising antiangiogenesis and other antineoplastic
effects, clinical development of combretastatin A-4 pro-
drug (5) is underway.
One of the plant families we began investigating in

parallel with the Combretaceae was the Amaryllidaceae.
Hippocrates, about 200 B.C., used extracts from plants
of the genus Narcissus for treating breast cancer
patients. The most active substance located so far in
this plant family is pancratistatin17 (4a, from Pancra-
tium littoralis, later reidentified as Hymenocallis lit-
toralis). We were able to determine the structure by
X-ray crystallography and more recently have converted
it to a phosphate prodrug (4b). This time, synthesis of
the phenol phosphate proved to be quite challenging,
and eventually we resorted to starting with a trivalent
phosphite and oxidizing later in the synthesis.17 The
prodrug (4b) again proved to have a very nice spectrum
of activity and is in preclinical development. In addition
to important antineoplastic activity, pancratistatin17
also has an unusual spectrum of antiviral activity. So
far, it is the first substance to cure Japanese encepha-
litis in an animal model.65,66 Another interesting series
of plant-derived clinical candidates (26a,b) was obtained
from the Costa Rican tree Phyllanthus acuminatus
(Euphorbiaceae).67 Both phyllanthoside (26a) and phyl-
lanthostatin 1 (26b) intraconvert in aqueous ethanol
through an ortho acid rearrangement68 of the ester
group to give an equilibrium mixture. Phyllanthoside
has completed phase I human trials, and we hope that
the phase II trials will be successful.
For reasons noted above, it became possible in 1965-

66 to begin a broadly based evaluation of the arthropoda
classes Insecta, Arachnida, Crustacea, and Myriapoda
for potential antineoplastic constituents, and this rep-
resented the first such directed investigation of the
arthropods.10 Over the next 4 years we isolated anti-
neoplastic substances that ranged from simple purines
and isoxanthopterin (27, from Asian butterflies)69 to an
approximately 100-unit protein from the legs of the

female Asian beetle Allomyrina dichotomus.70 By 1972,
the need for increasingly larger scale (500 000+ mem-
bers of each species) recollections of insects and the
consequent drain of meager resources combined with
the generally more promising antineoplastic activity
shown by our then rapidly increasing marine animal
extract leads led to a deferral of this important research
thrust. Meanwhile, for obvious reasons, the decision to
follow the marine organisms, especially the marine
invertebrates, has continued to consume a major portion
of our resources. In retrospect, the 1972 decision has,
given the difficult circumstances, proven to be quite
correct. The marine invertebrates have been shown by
us and others to be a most remarkable source of
antineoplastic substances and anticancer drugs with
unprecedented structural types.71-73

As mentioned earlier, we were not able to begin
investigating marine animals until 1965-66 (8 years
after the start of our research group) and that delay was
strictly due to financial and facility reasons. Histori-
cally, the concept began to grow during my graduate
school period. It arose frommy own experience growing
up about a mile from the Atlantic Ocean. I had never
seen a marine invertebrate with cancer, and that made
me wonder whether these organisms have protective
agents that we could adopt to human use. From 1966,
we were able to begin in earnest, and in that period,
again thanks to the collaboration of my colleagues at
the NCI, we began to explore specimens from various
worldwide ocean areas. This was the first effort ever
to systematically look at marine organisms as new
sources of anticancer drugs, and within 3 years we had
the compelling positive evidence. By 19683,11 we had
ample evidence that at least 10% of such organisms
would yield extracts with antineoplastic activity. The
corollary expectation was that if we were able to isolate
and characterize the antineoplastic substances they
would probably reveal structures we organic chemists
would have never thought of as being useful for treating
cancer patients. Fortunately, that hope has been real-
ized.
Because of the extent and complexity of our research

over the past 30 years directed at discovery of marine
organism anticancer constituents, the remainder of this
progress overview will be devoted to five of the currently
most promising preclinical and clinical series of anti-
cancer drugs: the cephalostatins, halichondrin/halist-
atins, spongistatins, dolastatins, and bryostatins. The
exception that follows is a brief look at the rather
inauspicious beginning of the isolation/structure studies
late in the 1960’s. By utilization of the P388-leukemia-
guided bioassay, the first marine invertebrate constitu-
ents were isolated from Florida and Taiwan mollusca
species and proved to be the marginally active (P388,
T/C 123-131 at 100 mg/kg) amino acid taurine (28).74
Fortunately, that near-nonevent was soon followed by
the P388-bioassay-directed isolation from the ham-
merhead shark (Sphyrna lewini)75 and green sea urchin
(Strongylocentrotus droebachiensis)76 of antineoplastic

Invited Review Journal of Natural Products, 1996, Vol. 59, No. 8 815



(P388 in vivo) glycoproteins and by the isolation and
structural elucidation (by X-ray crystallography) of the
P388 cell growth inhibitor aplysistatin (29) from the
Australian sea hare Aplysia angasi.77 Meanwhile, in
the 1968-73 period a series of most challenging, albeit
very productive, marine invertebrate antineoplastic
constituent leads were undertaken, and progress with
five of these to the present will complete this review.

Generally, when diving, you find marine worms very
difficult to collect owing to a lightning-fast retraction
mechanism, and the result is a hole in the coral or sand
as the organism quickly recedes. The South African
marine worm we became very interested in, namely,
Cephalodiscus gilchristi, is usually only a couple of
millimeters long. However, it actually comes out of its
tube and swims outside for feeding operations. We
began working on this species in 1972 and continued to
the present; recently we investigated a half-ton recol-
lection. Some 10 years ago, we isolated the first
member of a new series of very potent cancer cell growth
inhibitory compounds, the cephalostatins.78-80 The
genus Cephalodiscus is rare among marine worms, and
there are only a few species. Cephalostatins 1 (30)78
and 7 (31)79 have been selected for clinical development.
Both have remarkable activity with a somewhat differ-
ent overall spectrum. Against the P388 lymphocytic
leukemia and the NCI human cancer cell line panel, the
ED50 values drop to 10-9 µg/mL when cephalostatin 1
is used. Recently, we isolated cephalostatins 16 and 17
(32).80 This very impressive series of substances is still
not complete. A Japanese group has recently begun to
isolate parallel compounds from a tunicate,81 so it seems
these compounds occur more widely than we originally
believed.
A 1973 collection of the South African marine sponge

Spirastrella spinispirulifera82 gave extracts that would
double the life span of animals given the P388 lympho-
cytic leukemia: a very important lead. Once we started
the actual separations, we found that some of these
fractions would give a curative level of activity. While
a very exciting lead at that time, it is still so today. From
1973 to 1979 we completed several scale-up operations
and extensive separations aimed at the active constitu-
ents. Before we could isolate the active components on
each attack, we ran out of material. Each time we found
less than 1 µg and needed to overcome that serious
problem. From 1979 to 1980, we went to the next scale-
up entailing about 3 tons of the red sponge. Then we
had the problem of trying to reduce the biomass so that
we could work with the active fractions on a laboratory
scale. At one point in this endeavor it was necessary
to use HPLC columns that were nearly 3 m tall and 15
cm in diameter. That really helped with the initial
concentration. By 1981, thanks to efforts on that scale,
we isolated the first anticancer substance from the red
sponge.82 We obtained about 800 µg but were unable
to solve the structure in 1981 using early 400 MHz NMR
equipment with which it was still necessary to decouple

every complex signal by hand. At that time the instru-
mentation was really not up to the challenge of such a
complex structure with only 800 µg (now spongistatin
4) available.82 Before proceeding further, we need to
review another endeavor that led to the final solution
of the red sponge anticancer components’ structural
challenges.
The Republic of Maldives is about 1500 miles long

comprising some 1200 islands: a very interesting place
with a great variety of marine fauna. In 1986, we
collected a black sponge initially identified as a Spongia
sp. but recently reidentified as a Hyrtios sp. We found
very quickly that it had potential anticancer constitu-
ents. In this case, the initial activity was very modest
and we didn’t think it was a high-priority lead for over
1 year. Then the activity of key fractions markedly
increased. We returned to the Maldives in 1988 for a
400-kg wet weight recollection. After launching a
determined effort to separate the anticancer substances,
we found some of the most active constituents to be the
red sponge spongistatin series that we had been working
with from 1973.
We finally isolated the first of the Maldive spongist-

atins, albeit only a few milligrams, but by 1988 that was
enough to solve the structure problems. The first of the
Maldives series was spongistatin 1 (33a)83 with 63
carbon atoms in a macrocycle, 21 oxygen atoms, and a
chlorine atom. The structure required our solving it
three times, in three different solvents, over the course
of 1 year. Then we finally felt confident the structure
was solved, although it had posed a lot of difficulties
with the NMR interpretations even 6 years ago. Now
we know spongistatin 1 (33a) is a 32-membered mac-
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rocyclic lactone with a chlorine atom and 23 chiral
centers. Currently the chiral centers are still a chal-
lenge. Although we obtained 10 mg of spongistatin 1
from the original 400 kg of sponge, we’re still trying to
grow crystals for the X-ray analysis.

The structural elucidation of spongistatin 1 (33a)
quickly led to structural assignments for spongistatin
2 (33b)84 followed by spongistatin 3 (33c).84 Both were
found to involve some variations in the acetylation
pattern of the parent macrocyclic lactone. We discov-
ered spongistatin 4 (33d),82 as noted above, in 1981 in
the African red sponge. Once we solved the structures
of spongistatins 1-3, we were able to elucidate the
structure of spongistatin 4 and continue in the same
fashion with the other red sponge constituents (very
small amounts). At present, we have determined the
structures up to spongistatin 9 (34d). With the red
sponge components, there is a departure in the structure
at number 5 (34a) due to an additional tetrahydrofuran
ring. Spongistatins 5 (34a),82 7 (34b),85 8 (34c),86 and
9 (34d)86 all carry that ring system. However, the
cancer cell growth inhibitory activity of spongistatin 5
was not diminished compared to that of spongistatin 1.
Furthermore, spongistatin 6 (33e)85 from the red sponge
represents a return to the original spongipyran struc-
ture minus the tetrahydrofuran ring.
The profile of spongistatin 1 against the NCI human

cancer cell line panel is probably the best to date in the
NCI’s evaluation programs. For example, with small
cell lung cancer, the amount of spongistatin 1 required
for 50% growth inhibition is 10-10 M, and that activity
continues in lines from the colon cancer, renal cancer,
ovarian cancer, and breast cancer sets. The latter are
the most strongly inhibited, at roughly 10-12 M. Even
more exciting are the current in vivo results. Spong-
istatin 1, used against the OVCAR-3 xenograph at 25
µg/kg, led to better than 70% long term survivors. In
terms of mechanism of action, spongistatin 1 inhibits
mitosis and microtubule assembly.87,88 Both the anti-
cancer in vivo and mechanistic studies are in progress,
while spongistatin 1 is being readied for preclinical
development.
Now we’ll turn to another very important research

area beginning with a series of sponges from the
western Pacific. One of the best of these was an

Axinella species we collected (1979) in the Western
Caroline Islands in the Palau group and another from
the Republic of Comoros off east Africa. With the
sponge from Palau, we were proceeding ahead rapidly
when, unfortunately, for reasons beyond control of any
of us, the NCI’s natural-products-based anticancer drug
discovery research suddenly came to an end in October
1981. All of us contributing to that program were set
back several years. As a result, we didn’t recover to a
point where we could isolate key anticancer constituents
from the Palau sponge until 1983-84. Then we isolated
the component now known as halichondrin B (35a).89
However, a Japanese group very capably led by Uemura
published the structure (35a) just as we were complet-
ing this important discovery and assisting the NCI with
initial antineoplastic evaluations. Halichondrin B (35a)
is now in preclinical development in the NCI and looks
excellent. That comment also applies to other powerful
anticancer substances in our series such as halistatins
1 (35b)90 and 2 (36).91

Next, we’ll review the exceptionally important dola-
statin leads. In 1972, specimens of Dolabella auricu-
laria were collected off the island of Mauritius in the
Indian Ocean. Like the red sponge, when we got this
sea hare to our laboratories and began the evaluation,
we found it would more than double the lifespan of
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animals with the P388 leukemia. Again, this was a very
high priority lead that we pursued very intensively and
with which we encountered a very similar sequence of
events. We never seemed to collect enough of the sea
hare to solve the problem during the 1970’s. Over the
next 10 years to 1982, we had to recollect a number of
times in Mauritius, and it wasn’t until we obtained an
almost 2-ton collection that we were finally able to solve
the problem. The separation was extremely challeng-
ing. The simplest way we ever found to isolate the key
substance, dolastatin 10 (37),92 involved about 20 000
fractions and some 23 separate chromatographic steps
using various techniques. We first isolated dolastatin
10 (37)92 in 1984, and it took about 1 year to solve the
structure problem with that first milligram. Crystal-
lization failed, so we had to solve the structure employ-
ing high-field NMR, high-resolution mass spectrometry,
and finally total synthesis.

Dolastatin 10 (37)92 was found to be a peptide in
which, except for valine, the other four amino acid
components, N,N-dimethylvaline, dolaisoleuine, dola-
proine, and dolaphenine (derived from phenylalanine),
were all unprecedentedsone of nature’s marvelous
secrets revealed. The antineoplastic activity of dolas-
tatin 10, the most active of the dolastatin series, was
such that we knew it was going to clinical development.
For example, at 11 µg/kg it afforded an 80% cure rate
against the in vivo B16 melanoma. In general, dolas-
tatin 10 has yet to meet an experimental cancer it
couldn’t attack.93 The next problem was the nine chiral
centers in that novel peptide of which we didn’t even
know the chirality of one. Furthermore, to prepare
dolastatin 10 for eventual clinical trials, we would have
needed about 700 tons of the sea hare. For ecological
and many other reasons, that was not an option.
Dolastatin 10 had to be synthesized, and that required
determination of the chirality. So we started the total
syntheses and then relied on our knowledge of the high-
field NMR characteristics of the components to direct
the total synthetic approaches. Each of the total
syntheses we completed required about 28 steps; they
were not easy at the beginning and it took 15 total
syntheses.94-96 However, that was better than the
theoretical 512! Subsequently, we have been preparing
dolastatin 10 by total synthesis and have recently
completed another 13-g total synthetic scale-up of
dolastatin 10 to meet clinical supply requirements.
The dolastatin 10 mechanism of action is complex and

seems focused on inhibiting tubulin assembly.97-99 It
is a noncompetitive inhibitor of vincristine and is much
more active than vincristine. Dolastatin 10 inhibits
microtubule assembly at 1.2 µmol. In that respect it is
the most potent such inhibitor known. With spongista-
tin 1 (33a), interaction (5-µmol region) with tubulin
seems to be only part of the mechanism, and this
spongipyran is a noncompetitive inhibitor of both vin-
cristine and dolastatin 10. With regard to combretasta-

tin A-4 (25), it is a noncompetitive inhibitor of colchicine
and is almost as active as dolastatin 10 in terms of
inhibiting tubulin assembly. In general, these are a
most interesting series of compounds. Dolastatin 10
(37) entered phase I human clinical trials in November
1995 through the NCI. The first human trials began
at the Mayo Clinic in Rochester and at the University
of Texas M. D. Anderson unit in Houston. We hope
that, as those trials are expanded, dolastatin 10 will
prove to be a very useful anticancer drug. Only expert
clinical research and time will provide the answer.
Meanwhile, one of a large number of dolastatin 10
structural modifications we synthesized, designated
auristatin PE (38),97 has been entered into seven phase
I cancer clinical trials in Japan.

Because we are still working on various structural
and synthetic aspects of the dolastatins, it seems
appropriate to limit further review here to only two
more of the most promising, namely dolastatins 11
(39)100,101 and 15 (40).102 Dolastatin 11 (39) represents
a new type of depsipeptide with good cell-growth inhibi-
tory activity and unusual activity toward actin (a
protein series that cause cells to creep). As a result,
the NCI placed dolastatin 11 into preclinical develop-
ment in March 1995. Dolastatin 15 (40)102,103 is another
very active substance with a different antineoplastic
profile than that shown by dolastatins 10 and 11. In
fact, the only unit common to dolastatin 10 and dolas-
tatin 15 is the dolavaline group. Dolastatin 15 is now
in clinical development, and the structural modification
LU103793 (NSC D-669356, 41)104 has been undergoing
phase I human cancer clinical trials in Europe and the
U.S. phase II clinical trials of LU103793 (41) are
nearing initiation. Present evidence suggests that the
dolastatins represent an extraordinary resource for
further discovery and development of potentially useful
anticancer drugs.96
In 1968, we were collecting specimens in the upper

Gulf of Mexico. During that period, a Bryozoa specimen
that subsequently was found to be Bugula neritina was
collected and gave extracts that again more than
doubled the lifespan of animals with the P388 lympho-
cytic leukemia. We pursued that lead for 4 years, and
in 1972, much to our distress, lost the activity. Mean-
while, we were conducting expeditions in the Gulf of
California and collected another bryozoan, again power-
fully active, that turned out to be B. neritina. Research
was continued with that specimen, and later we col-
lected it again off the coast of California. Extensive
bioassay (P388)-directed separation of the California B.
neritina extracts led to isolation of the first milligram
of bryostatin 1 (42) in 1981.105 We were able to
crystallize this substance and complete the X-ray crys-
tallographic structural determination. Bryostatin 1 was
found to be a remarkable macrocyclic lactone.106-125

Meanwhile, we’ve been discovering106 new (43-45)
bryostatins and now have 20 of this series in hand from
B. neritina collections that range from the Gulf of
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Mexico, Gulf of California, and coast of California to
Japan (Gulf of Sagami).126 More recently, we have
explored B. neritina from two more remote areas in the

Gulf of Japan.127 B. neritina from one of these areas
produces bryostatin 10 (46) in fairly abundant amounts
(about 10-3%). In contrast, the yields of the spongist-
atins range from 10-6 to 10-8%. Dolastatin 10 was
found in some 10-6% yield. Some of the other dolast-
atins were isolated in 10-7% yields. Bryostatin 1 was
found in 10-6% yields and some of the rarer bryostatins
in yields of 10-8%. Hence, bryostatin 10 being produced
in 10-3% yields is very interesting and potentially
important for the future.

Among some of the very interesting early aspects of
bryostatin 1 (42) was the observation that microgram
doses (usually around 50 µg/kg) would double survival
times against the P388 lymphocytic leukemia and later
provide cures against the B16 melanoma in the mouse
(particularly the variation that metastasizes very quickly
to the lungs).106 The same type of activity was found
against the M5 ovary system.106 Subsequently, we were
greatly stimulated by the experiments of Dr. P. Blum-
berg110,111 in the NCI, where bryostatin 1 was shown to
be a powerful antitumor promoter and either an inhibi-
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tor or stimulator of protein kinase C. In fact, it has a
tremendous effect on the signal transduction pathway.
Later, bryostatin 1 (42) was found to promote the
normal growth of bone marrow progenitor cells.114,120
One consequence of the hematopoietic progenitor effects
was found when mice, given 1 µg of bryostatin 1,
followed by a lethal dose of radiation, were found to
survive.119,121 Furthermore, bryostatin 1 was found to
be an immune stimulant,108,125 and it also stimulates
the normal production of interleukin 2 and interferon.
Bryostatin 1 (42) was placed in clinical development

in 1988 and 2 years later went into phase I human
cancer trials. After nearly 5 years of clinical progress
with bryostatin 1, we’re beginning to see results from
these first phase I trials. The first melanoma patient
who was treated about 5 years ago is still alive.123
Three years ago, the first ovarian cancer patients were
entered in the phase I trials, and two who received the
proper therapeutic dose are still alive.124 The phase II
clinical trials of bryostatin 1 recently started in the U.S.
For example, the NCI has started six phase II human
trials against non-Hodgkins lymphoma,113 melanoma,
and renal cancer. Combination anticancer drug trials
with bryostatin 1 are also underway.
The firm foundation for discovery of potentially useful

and hopefully curative anticancer drugs based on ani-
mal, plant, and microorganism sources is now in place.
Given the necessary resources and diligence directed at
discovery and development of new anticancer drugs of
biosynthetic origin, the cancer problem will be controlled
and the current human and economic disasters will
eventually recede.
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Herald, D. L.; Barkóczy, J.; Kantoci, D.; Hogan, F. J. Chem. Soc.,
Perkin Trans. 1 1996, 8, 859-863.

(96) Pettit, G. R. The Dolastatins. In Progress in the Chemistry of
Organic Natural Products;Herz, W., Kirby, G. W., Steglich, W.,
Tamm, C., Eds.; Springer-Verlag: New York, in press.

(97) Pettit, G. R.; Srirangam, J. K.; Barkóczy, J.; Williams, M. D.;
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