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While effective treatments exist for acute lymphocytic leukemia (ALL), particularly in the case of children, and for
chronic mylogenous leukemia (CML), more efficacious treatments for other forms of acute and chronic forms of the
disease are still needed. The National Cancer Institute has tested over 90 000 extracts of terrestrial plants and marine
plants and invertebrates in its human cancer one-dose/60-cell-line prescreen, and the results for plants and marine organisms
meeting criteria established for activity against selected leukemia cell lines are presented. Taxonomic data are limited
to family and genus in the case of plants, and phylum for marine organisms, and those groups of organisms exhibiting
significant activity (so-called “hot” families and genera) are discussed. The “hot” terrestrial plant families Myrsinaceae
and Sapindaceae have not been studied to any extent and appear to merit special attention, although leukemia cell line
selectivity is also noted for other families.

Introduction staurosporine¥ and epothilonés are currently in clinical trials.
Ansamitocins, related to maytansanoids originally isolated from
plant sources but undoubtedly of microbial origfrand enediynes,
¢ such as calicheamici#§,have been developed as drugs targeted to
specific tumors through conjugation to appropriate monoclonal
antibodies; Mylotarg (gemtuzumab ozogamicin; calicheamicin
conjugated to the antibody hP67.6) is the first antibody-targeted
target of interest, or mimic (i.e., competitively inhibit) the endog- 2gent approved by the FDA and is used for the treatment of patients
enous substrate of the active site, such as ATRus, over 60%  With relapsed acute myelogenous leukemia (AMLA similar
of the NCEs can be related to natural products in one way or Strategy was adopted using conjugates of the potently cytotoxic
another. In addition, in a detailed analysis of the 99 compounds CC1065 analogues with polyamides that recognized particular DNA
constituting the 150 most prescribed drugs in 1993, according to Sequence
the National Prescription Audit of the United States, approximately ~ Although no formal anticancer drugs sourced from the marine
55% were either natural products or had structures based on naturaénvironment have as yet been approved for commercial use, there
product pharmacophoréshese statistics clearly demonstrate the are significant numbers of agents in clinical trials. These include
importance and potential of Nature as a primary source for drug aplidine from the Mediterranean tunicafplidium albicang’*
discovery and development. bryostatin from the bryozoaBugula neriting from the Gulf of

In the area of cancer chemotherapy, some 67% of the effective CaliforniaZ? discodermolide, isolated from the Caribbean deep water
drugs may be traced to natural origin, and many of these are spongeDiscodermia dissolutd® dolastatin 10, isolated from the
comprehensively reviewed in the recent voluArgicancer Agents Indian Ocean nudibrandbolabella auricularig?* and ecteinascidin
from Natural Product$ These include plant-derived agents, such 743, from the tunicat&cteinascidia turbinatacollected initially
as the vinca alkaloids vinblastine and vincristine, isolated from the in the Caribbeas!

A recent analysis of natural products as sources of new drugs
over the period 19812002 indicates that 67% of the 877 small-
molecule new chemical entities (NCESs) are formally synthetic, bu
16.4% correspond to synthetic molecules containing pharmaco-
phores derived directly from natural products. Furthermore, 12%
are actually modeled on a natural product inhibitor of the molecular

Madagascar periwinkleCatharanthus roseuyspaclitaxel (Taxol), Clinical Treatment of Leukemias. Acute leukemias may be
originally isolated from the bark of the Pacific yew tree from the = fatal within months if untreated. Treatment of acute lymphoblastic
Pacific NorthwestTaxus breifolia, and the analogue, docetaxel;  |eukemia (ALL), in which lymphoid cell lines are affected, involves

etoposide and teniposide, derived semisynthetically from epipodo- induction of remission using iv administered vincristine and oral
phyllotoxin, an epimer of podophyllotoxin, isolated from roots of  administration of corticosteroids (prednisone or prednisolone). In
Podophyllumspecies’, and camptothecin, isolated from the bark the case of children, 90% show remissions, with 50% remission in
of Camptotheca acuminata precursor to the semisynthethetic  the case of adults; addition of asparaginase and daunorubicin may
drugs topotecan (Hycamptin) and irinotecan (Camptosar). achieve better remission rates and longer remis@fdvisst children
Three plant-derived drugs currently in clinical trials, either alone achijeving initial remission receive CNS therapy (cranial irradiation
or in combination with other drugs, are homoharringtonine, isolated ang intrathecal methotrexate or cytarabine) to prevent relapse with
from Cephalotaus harringtoniéflavopiridol, a synthetic compound  meningeal involvement. Complete remission is generally followed
based on rohutikine frordysoxylum binectariferurha plant native by consolidation or intensification therapy at 5 and 20 weeks using
to India, and combretastin A4 as its phosphate prodrug, originally cytarabine, etoposide, thioguanine, and daunorubicin and subsequent

isolated from the southern African planb@bretum caffru® — maintenance therapy for 2 to 3 years using mercaptopurine,
Widely used anticancer drugs of microbial origin include multiple  methotrexate, vincristine, and prednisoléhe.

anthracyclined! the actinomycing? bleomycinsi® and mitomy-

cins}*while both natural and derivatized forms of the ansamy&ins, Acute non-lymphoblastic leukemias (ANLL), in which myeloid

cell lines are affected [acute myeloid or Myelogenous leukemias
® Dedicated 1o Dr. N RF h of the Lni v of 1linoi (AML)], are more common among elderly patients, making
edicated to Dr. Norman R. Farnsworth o e university o INoIs : : e
at Chicago for his pioneering work on bioactive natural products. intensive chemotherapy more difficult to apply. Most treatment

* To whom correspondence should be addressed. Tel: 1-301-846-5387.r€gimens involve cytarabine and an anthracycline, such as dauno-
Fax: 1-301-846-6178. E-mail: dn22a@nih.gov. rubicin or idarubicir?®> Subsequent consolidation therapy, although
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less common than for ALL, may involve use of daunorubicin and line prescreen, starting at a nominal 109 mL™1, was instituted
high-dose cytarabine, and maintenance therapy is not as effectivein 1991. Due to the apparent success in antileukemia drug de-
Due to the poorer prognosis, bone marrow transplantation is morevelopment in the early NCI program (1962982), it was decided
widely accepted as a treatment than for A#SL. that activity observed solely against the leukemia lines would
Chronic leukemias usually occur in older patients. Chronic generally not be used as a criterion for selection of extracts for
lymphocytic leukemia (CLL) accounts for about 30% of all bioassay-guided isolation of potential active agents. As a conse-
leukemias in the West, but is rare in the Far East. Low-risk patients quence, a significant number of extracts solely possessing activity
may survive over 10 years without treatment, and cytotoxic therapy against leukemia lines were not studied further. Likewise, extracts
is not generally recommended. For higher risk groups, chlorambucil sShowing activity against leukemia lines only in the single-dose
is most widely used, and response rates vary from 40 to 20%. prescreen were not advanced to the five-dose 60-cell-line screen.
No established therapies exist for those patients failing initial ~ To analyze the complete database on a uniform basis, a dataset
treatment. was compiled encompassing all the leukemia test results from 1989
Chronic myeloid leukemia (CML) is relatively rare and usually o early 2000 by combining the dataset from the early five-dose
occurs in older patients. In over 90% of the cases, CML is associatedassays (19891991), using only data observed at the 10mL~*
with the presence of an abnormal chromosome (the Philadelphiadose level (which amounted to approximately 5000 five-dose
chromosome) in blood cells, and the median survival time is about assays) and the85 000 one-dose 60-cell-line dataset (192000).
5 to 6 yeargs Palliative therapies have involved use of bisulfan or  Thus, the overall dataset analyzed was derived from approximately
hydroxyurea, and in some cases Cytarabine or, under experimentapo 000 extracts of marine invertebrates and algae and terrestrial
conditions, homoharringtonine has shown some benefit. Interferon Plants.

alpha has led to response rates of-80%25 but more recently In selecting “active” extracts for subsequent analysis, a very
the protein kinase inhibitor Gleevec has been heralded as aconservative criterion has been applied requiring that an extract
breakthrough in the treatment of CME. demonstrate 50% or greater cytolytic activity against both the K-562

Agents in Clinical Trials. Several hundred trials are in progress and the HL-60 leukemia cell lines at the 109 mL™* level. We
for the treatment of acute lymphoblastic and myelogenous leuke- elected not to use data.from the other cell lines begguse the CCRF-
mias. Many involve the use of agents such as cytarabine, cladrabine CEM and RPMI-8226 lines are generally too sensitive to cytolytic
fludarabine, and decitabine in combination with anthracyclines, @dents, and the Molt-4 and SR cell line data were not included in
cyclophosphamide, melphalan, methotrexate, and mitoxantrone, ancll the earlier assays.
frequently combining with biological agents (e.g., Alemtuzumab, In a significant number of cases, the collection contractor(s)
Epratuzumab, Rituximab), radiation therapy, and stem cell (e.g., Provided multiple parts (e.g., bark, fruit, leaves, roots, stems, twigs,
allogenic peripheral blood stem cell) or bone marrow transplanta- wood) from the same terrestrial plant specimen, and each part
tions. Other agents being studied include arsenic trioxide, carbo- constituted a separate physical sample. In addition, each physical
platin, docetaxel, etoposide, flavopiridol, Nrallylamino-17- sample was extracted by an organic solvent (methatichlo-
demethoxygeldanamycin (17-AAG), homoharringtonine, pentostatin, fomethane, 1:1) and water, thus producing two extracts per sample
temozolomide, thalidomide, and topotecan (either alone or in (see http://npsg.ncifcrf.gov/ for the extraction protocols). With this
combination), but this list is by no means exhaustive. Reference to in mind, once the base dataset was established using uniform assay
http://www.cancer.gov/Search/SearchClinicalTrialsAdvanced. conditions, only one “active” extract per plant specimen has been
aspx gives a listing of the trials in progress (search “Type of Cancer” counted, even though several extracts of different parts may have
using the pull-down menu for the various leukemias). exhibited “activity”. Thus in the limit case, even though 14 extracts

For the chronic leukemias, reference to the above-mentioned from the same plant speci_m_en (S(_aven parts with two extract§ per
cancer website gives a listing of over a hundred trials and includes Part) may have shown “activity”, this has been recorded as a single
use of agents similar to those mentioned above. Other agents being‘]‘actlve” plant. Slmllarly, in the case of the marine-derived _extracts,
studied include bryostatin, chlorambucil, hydroxyurea, an@12- It both the organic and the aqueous samples were “active”, only
tetradecanoylphorbol 13-acetate (TPA), and as with the acute ©N€ organism has been counted.

leukemias, treatment often includes biological agents, radiation, and [N the subsequent discussion, to protect the rights of the Source
transplantation procedures. Countries from which organisms (plants and marine invertebrates)

have been collected, geographic areas have deliberately been defined
by region rather than country names, and, in addition, the only
taxonomic data given are phylum for the marine samples and family
and genus for the terrestrial plant samples. In the performance of
the collections through the qualified contractors listed below, the
d\ClI agreed to abide by the terms of its Letter of Collection (LOC),
which ensures confidentiality of specific results and collection data.
Details of the LOC are available at http://ttb.nci.nih.gov/nploc.html.

Data Analysis. In this review we present a comprehensive
evaluation and analysis of data obtained in the testing of more than
90 000 extracts of terrestrial plants and marine plants and inver-
tebrates against the HL-60 and K-562 leukemia cell lines. A major
portion of the data (19912000) was obtained using a prescreen
based on the 60 human cancer cell line screen, which was performe
at a nominal single dose of 10@ mL~! (85 000 assays), with the
remainder being abstracted from data obtained from the five-dose,
60-cell-line screen performed in the 1988991 time frame. The
six leukemia cell lines routinely used in the NCI 60-cell-line screen
are CCRF-CEM, MOLT-4, RPMI-8226, SR, HL-60(TB), and Between late 1986 and late 2004, the Natural Products Branch
K-562. The CCRF-CEM and MOLT-4 cell lines are acute lym- (NPB), a Branch of the NCI's Developmental Therapeutics Program
phocytic leukemia cell lines consisting of T-cells, while the RPMI-  (DTP/NCI), coordinated the collection of over 60 000 samples of
8226 cell line, derived from a human myeloma, and the SR cell higher plants (which as mentioned above often included multiple
line, derived from pediatric immunoblasts, are B-cells. HL-60(TB) parts per single plant specimen) through contracts with Missouri
cells are derived from promyelocytic leukemia, and K-562 cells Botanical Garden (tropical and subtropical regions of Africa and
are derived from chronic myelogenous leukemia. Details of the Madagascar), the University of lllinois at Chicago (Southeast Asia),
screen have been published by B&yd. New York Botanical Garden (Central and South America; 1986

From 1989 to 1991, the NCI Developmental Therapeutics 1996), the Morton Arboretum (1996001), and World Botanical
Program (DTP) tested approximately 8000 extracts in the five-dose, Associates (20022004) (in the continental United States and
60-cell-line format starting, in general, at a nominal dose of 100 territories). Approximately 12 000 marine samples from the Carib-
ug mL~1, To expedite the screening process, a one-dose, 60-cell-bean and Indo-Pacific regions have been collected through contracts

Discussion
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Figure 1. Number of antileukemia “active” and total number of marine organism phyla tested in the NCI human cancer one-dose/
60-cell-line prescreen.
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Figure 2. Number of antileukemia “active” marine specimens from marine organism phyla expressed as a percentage of the total number
tested.

with SeaPharm and Harbor Branch Oceanographic Institute {1986 In Vitro “Active” Antileukemic Extracts from Marine

1989), the Australian Institute of Marine Science (198B91), Invertebrates and Plants. A total of 620 active organisms of

the University of Canterbury, New Zealand (1981P90), and Coral marine origin, representing 12 phyla (in the case of the mangrove

Reef Research Foundation (199&esent). Cancer cell line screen-  plants, these are listed under Angiospernzelass, and denoted

ing data represented by over 943 000 assays of individual extractsby an asterisk against the name, rather than under the true phylum,

have been recorded, and from these, 1296 individual organisms of Tracheophyta) were selected as “active” from a total of 9945

marine and terrestrial origin have been designated as “active” by individual organisms tested. The data are summarized in Figure 1,

reason of their strong cytolytic activity against the HL60 and K562 where for ease of visualization, the points have been connected,

cell lines. but no graphical connotations should be drawn, and in Figure 2,
It should be noted that in the years after 2000 a prescreen the percentage “hits” are given with the actual percentages shown

comprising the MCF-7 breast, NCI-H460 lung, and SF-268 CNS adjacent to the bars.

human cancer cell lines run at a nominal concentration of 0 Among the 620 “actives”, 407 (8.7%) belong to the phylum

mL-1 replaced the 60-cell-line single-dose prescreen. Although a Porifera (sponges), which is generally a major source of bioactive

large number of extracts have been tested in this three-cell-line metabolites, although currently there are a number of compounds

prescreen, the data are not applicable to the present discussion. that though isolated from members of this phylum, are probably
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Figure 3. Number of antileukemia “active” and total number of plant specimens from selected terrestrial plant families tested in the NCI
human cancer cell line one-dose/60-cell-line prescreen.

produced from interactions by the host sponge and microbes eitherof 2.5 plant part samples were collected for each plant specimen,
within or associated with the nominal producer. Irrespective of the and since two extracts are derived from each sample, this leads to
actual source(s), significant anticancer leads from this phylum an average of five extracts per single plant specimen. Thus
include discodermolid@ and the hemiasterlin derivativésThis conservatively, close to 14 000 (70 000/5) plant specimens have
represents an initial “hit rate” of ca. 8% and is comparable to those been screened.

found with the phyla Phaeophyta (brown algae, 8.4%), Bryozoa  Of the 242 plant families comprising the NCI collection, 95
(“moss animals”, 8.0%), and then by the Echinodermata (“starfish”, contain samples whose extracts exhibit antileukemia “activity”
6.8%). However, the total numbers tested in these latter phyla werebased on the selection criteria mentioned above. An overview of
considerably less than those for the Porifeedlecting perhaps an ~ some of the more significant findings is presented in Figure 3. Space
initial bias in these earlier collections from prior knowledge of limitation prevents the inclusion of families with eight or less active
nominally “active” phyla. Perhaps the most notable discovery from plants, but these 75 families, along with their active genera, are

these phyla are the bryostatins from the BryozBagula neritina, listed in footnoted of Table 1. The triangles indicate the number
which are still in clinical trials as components of combined of individual discrete plants that tested as “active” within the
therapies, usually in conjunction with cytolytic agefdt should designated families (numbers indicated on the left-hand axis), while

be noted that the bryostatins were initially developed using a murine the diamonds indicate the total numbers of discrete plants tested
leukemia model and, in fact, required a six-day assay in the 60- from the particular families (numbers indicated on the right-hand
cell-line screen to show the significant effects on human leukemia axis). The families are listed in alphabetical order along the
lines, rather than the usual two-day assay. horizontal axis, and in order to clarify the number of “actives”

Other phyla, such as Cnideria (4.4%) and Chordata (4.8%), gaveversus the total number tested for each of the families, all the
lower hit rates at the ca. 5% level, while the least productive phyla, triangles have been linked by a dashed line, as well as all the
in contrast to the Phaeophytaere the Mollusca (2.3%), Chloro-  diamonds. It should be stressed, however, that these lines do not
phyta (green algae, 2.0%), and Rhodophyta (red algae, 1.4%). Everhave any graphical significance. In Figure 4, the number of “active”
though formally less productive, the phylum Chordata has yielded plant specimens is expressed as a percentage of the total number
the promising agents aplidine (phase Il clinical trials) and ectein- tested, representing the so-called “hit rate”, with that figure being
ascidin 743 (approaching registration in the EU), isolated from the adjacent to the column.

tunicatesAplidium albicansand Ecteinascidia turbinatarespec- The largest number of plant specimens collected and tested were
tively, while another agent in phase I/ll clinical trials, kahalahide from the Fabaceae (1205), Rubiaceae (1015), and Euphorbiaceae
F, has been isolated from the molluglysia rufescend! However, (951). In the case of the Fabaceae, the number of “active” specimens
it is now known that this peptide is concentrated from the ingestion recorded was 51, giving a “hit rate” of about 4.2%, while for the
by the mollusk of an alga from the gen@yopsis although Rubiaceae and Euphorbiaceae, the “hit rates” were only 2.4% (24
whether this is the actual producer is still under investigation. “active” specimens) and 3.3% (31 “active” specimens), respectively.

Of interest, however, is that in the case of the Crustacea, whereThese rates are low compared to that observed for the Myrsinaceae
149 separate organisms were tested as both organic and aqueoud8.8%; 22 “actives”/117 tested) and the relatively high “hit rates”
extracts, no “active” extracts/organisms were identified using our observed for the Annonaceae (10%; 40/399), Apocynaceae (12.3%;
parameters for activity. 41/333), Meliaceae (10.1%; 35/346), and Solonaceae (11.7%;

In Vitro “Active” Antileukemic Extracts from Terrestrial 14/122). The Clusiaceae (8.9%; 40/449), Flacourtiaceae (6.6%;
Plants. There are close to 70 000 records of plant extracts tested 16/241), Myrtaceae (7.4%; 19/256), and Sapindaceae (8.2%; 24/
in the one-dose/60-cell-line screen when the data in the DTP Natural294) showed moderate rates of “activity”.

Product Extract database are examined. Following discussions with  Table 1 lists those families that containl14 or more individual
the plant collection contractors, it was estimated that an averageplant specimens that were considered “active” (i.e., one or more
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Table 1. Distribution of Leukemia Cell Line Active “Hot” Families and “Hot” Genera of Terrestrial Plant Ofigjin

no. of genera no. of genera “active” genera no.
family® in family collected (=3 active plants) active regions of collection of active plants
Annonaceae 40 (399) 128 69 Annona 6 Caribbean, South America, East Africa,
South Africa
Enicosanthum 5 Southeast Asia
Mitrephora 4 Southeast Asia
Polyalthia 6 Southeast Asia
Xylopia 4 widespread
Apocynaceae 41 (333) 215 79 Rauwolfia 3 East Africa, South Africa, Caribbean
Tabernaemontana 7 widespread
Thevetia 3 East Africa, West Africa, Caribbean
Clusiaceae 40 (449) 47 26 Calophyllum 13 Southeast Asia, South Asia
Clusia 3 Central America, South America
Cratoxylum 4 Southeast Asia
Garcinia 10 East Africa, West Africa
Kayea 3 Southeast Asia
Euphorbiaceae 31 (951) 321 162 Alchornea 3 Central America, South America
Croton 4 Southern Africa, Central America
Glochidion 3 Southeast Asia
Macaranga 6 Southeast Asia
Fabaceae (Leguminaceae) 657 209 Albizia 14 East, Southern & Central Africa,
51 (1205) Caribbean, Southeast Asia
Cojoba 3 Central America, South America
Entada 3 Central Africa, East Africa
Inga 3 Central America, South America
Piptadeniastrum 3 Central Africa, West Africa
Flacourtiaceae 16 (241) 89 46 Casearia 9 widespread
Meliaceae 35 (346) 51 36 Aglaia 6 Southeast Asia
Chisocheton 7 Southeast Asia
Dysoxylum 9 Southeast Asia
Myrsinaceae 22 (117) 37 16 Ardisia 4 Southeast Asia
Conandrium 3 Southeast Asia
Embelia 4 East Africa, Southeast Asia
Maesa 7 East Africa, Southern Africa,
Southeast Asia
Myrtaceae 19 (256) 120 53 Eugenia 6 South America, Southern Africa,
Southeast Asia
Syzygium 8 Southeast Asia, Central America,
Southern Africa
Rubiaceae 24 (1015) 630 238 Palicourea 5 South America, Central America
Psychotria 6 South America, West & Southern
Africa, Caribbean
Sapindaceae 24 (294) 144 73 Harpullia 6 Southeast Asia
Serjania 3 Central America
Solanaceae 14 (122) 90 41 Cestrum 4 Central America, South America,
Caribbean
Solanum 8 East Africa, South America

aThe term “hot family” refers to those families having more than 14 individual plants designated as active by the stated selection criteria, and
“hot genera” refers to those genera containing three or more active pldiits.total number of active plants is listed next to each family name.
The number in parentheses next to each family name refers to the total number of plant$ @stgdenera containing 3 active plants are listed
herein. Those genera within the same family containing at least one but less than three active plants are listed inl.fé@eatra containing
at least one but less than three active plants are listed with the corresponding family in alphabetical order of family name (in bold). The number
next to the family name designates the number of active plants found, and the number in parentheses indicates the total number of plants tested:
Actinidiaceae 1 (45) Saurauia Alangiaceae 1 (18) Alangium Alismataceae 1 (1) Sagittarig Anacardiaceae 7 (231) Choerospondias
KoordersiodendLannea Poupartia Protorhus PseudospondiasSorindeia Ancistrocladaceae2 (11) Ancistrocladus Annonaceae40 (399)
AnaxagoreaCleistopholis CyathocalyxCymbopetalurriEupomatia GoniothalamusGuatterig Isolong MezzettiaMiliusa, Monodorag Neowaria,
OncodostigmaRollinia; Apocynaceae31 (333)Alstonig Ancylobothrys Bonafousia Cabucala Carvalhoa, Cerbera Chilocarpus Ervatamia
Holarrheng Hunteria Kopsia NeisospermaStrophanthus Tonduzia Voacanga Aquifoliaceae 2 (34) llex, SphenostemorAraceae 1 (47)
Philodendron Araliaceae 5 (155) Arthrophyllum Dendropanax Didymopanax Polyscias Schefflera Aristolochiaceae 2 (11) Aristolochig
Asclepiadaceael (36) Parquetina Asteraceael3 (303)Baccharis Bidens Brachylaena Inula, Melampodium Montanoa Pluchea Senecio,
Solidagq TarchonanthusVerbesina Vernoniopsis Zinnia; Betulaceael (7) Alnus Bignoniaceael (132) Tynanthus Bixaceael (22) Bixa;
Boraginaceae?2 (90) Cordia, Ptelocarpa Burseraceae8 (227) Canarium Commiphora Dacryodes Protium Canellaceael (4) Warburgig
Caprifoliaceae 1 (20) Viburnum Caricaceael (11) Cylicomorpha Chenopodiaceael (8) Spirostachys Chrysobalanaceae5 (90) Atung
Dactyladenia Licania, Maranthes Parinari; Clusiaceae40 (449)Harungana Mammea Pentadesmgal ovomita, Tovomitopsis Combretaceae?
(144) AnogeissusBucida CombretumConocarpusTerminalig Commelinaceael (14) Palisotg Convolvulaceae6 (39) AstripomoeaErycibe
Ipomoea Merremig Cyperaceael (23) Machaering Datiscaceael (4) OctomelesDidymelaceael (2) Didymeles Dilleniaceae?2 (60) Dillenia,
Curatella; Dioscoreacea€l (11) Dioscorea Dipterocarpaceael (100) Shorea Ebenaceaet (152) Diospyros Eucleg Elaeocarpaceaet (99)
Elaeocarpus Sloanea Ericaceael (71) Philippia; Euphorbiaceae31 (951) Amyrea AntidesmaAporusa Bridelia, ChamaesyceCleistanthus
HomolanthusHyeronima Margaritaria, Phyllanthus Sapium SecurinegaTrewia Uapacag Fabaceaes1 (1205)AbaremaAcosmiumAdenanthera
AmblygonocarpusArchidendron Cassia ChamaecristaClathrotropis Dalbergia, EriosemaErythrina, ErythrophleumLonchocarpusLysiloma
Maniltoa, Milletia, Mundulea Paraserianthes Pentaclethra Platymiscium Platypodium Prosopis Psoralea Senna Xylia; Fagaceae7 (85)
CastanopsisLithocarpus Quercus Flacourtiaceae 16 (241) Bembicia Laetia Lindackerig Scolopia Zuelanig Gnetaceael (12) Gnetum
Gonystylaceael (12) GonystylusHippocastanacead (44)Billia; Heliconiaceael (6) Heliconig Icacinaceae3 (81)Icacing ApodytesLeptaulus
Iridaceae 1 (5) Crocosmia Lauraceae 12 (331)Aniba BeilschmiedeaCaryodaphnopsisCryptocarya DryadodaphneEndlicheria Gliricidia,
Litsea Pleurothyrium Lecythidaceae9 (74) Barringtonia, EschweileraFoetidia, Grias, PetersianthusLoganiaceae2 (6) GeniostomaNorrisia;
Loranthaceael (51)Helixanthera Magnoliaceae6 (32) Kadsura Liriodendron Magnolia Michelia, Talauma Malpighiaceael (56) Byrsonima
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Footnote d for Table 1 continued:

Malvaceae? (57) ThespesiaMarcgraviaceae3 (13) Marcgravia, Marcgaviastrum SouroubeaMelastomataceae8 (239)Medinilla, Memecylon
Miconia, Miconiaoreg Meliaceae 35 (346) Cedrelopsis Ekebergia EntandrophragmaGaurea Malleastrum Sandoricum Trichilia, Turraea

Vavaeg Xylocarpus Monimiaceae5 (59) GlossocalyxSiparuna StegantheraXymalos Moraceae13 (328)Artocarpus Ficus Maclura, Malaisia,

Parartocarpus Myristicaceae 12 (210) Brochoneura Endocomia Horsfieldia, Knema Myristica, Pycnanthus Myrsinaceae 22 (117)Labisia,

Monoporus Myrsing RapaneaMyrtaceae 19 (256)Calyptranthes DecaspermuimEucalyptus Melaleuca, WhiteodendromNepenthaceaéel (6)

NepenthesOlacaceael (150)Diogog Onagraceael (4) Ludwigia; Orchidaceae?2 (3) Bulbophyllum Phaius Pinaceae2 (14) Pinus Piperaceae
4 (84)PeperomiaPiper, PothomorphgPittosporaceaes (39)Pittosporum Polygalaceaés (43) Moutabea SecuridacaXanthophyllumPolygonaceae
1 (29) Coccoloba Proteaceae3 (48) Faureag Gevuina, Grevillea; Pteridophyta 1 (41) Nephelea Rhamnaceae5 (87) Alphitonia, Colubring,

Gouanig Rosaceael (72) Polylepis Rubiaceae 24 (1015) Bathysa Chassalia Coussarea Enterospermum Erithalis, Gardenia Ixora,

MastixiodendronMorinda, Randig Rytigynia Timonius Tricalysig Rutaceae9 (194)ClausenaEuodia Evodiella, Halfordia, ParamignyaVepris

Zanthoxylum Sabiaceael (5) Meliosma Santalaceael (21) Osyris Sapindaceae24 (294) Allophylus Arfeuillea, Chytranthus Dodonaea
Eriocoelum Haplocoelum LepidopetalumLepisanthesMacphersoniaMajidea, Molinaeg Paullinia, Tina, Tristiropss, Zanhg Sapotaceael 1l

(244) Breviea, Chrysophyllum Manilkara, Palaquium Payena Planchonella Pouterig TridesmostemgnSarcolaenaceae? (31) Leptolaena
SarcolaenaSimaroubaceae? (51) Cedronia Simaruba Solanacea€l4 (122)Datura, Vassobia Sterculiaceae3 (186) Sterculig Styracaceaed

(7) Styrax Symplocaceael (31) SymplocosTheaceae8 (55) Eurya, TernstroemiaTiliaceae 2 (160) TrichospermumGrewia Ulmaceael (70)

Trema Velloziaceael (1) Xerophyta Verbenaceae4 (224) ClerodendrumLantang Vitex Violaceael (42) Leonig Viscaceael (4) Viscum

Winteraceae 1 (13) Zygogynum Zingiberaceae 9 (96) Aframomum Amomum Boesenbergia Hedychium Hornstedtia Plagiostachys
PleuranthodiumRenealmiaTapeinochilo.

extracts of the plant exhibited greater than 50% cytolytic activity “hotspots” for antitumor lead and drug discovery, but, as stated in
against both the HL60 and K562 leukemia cells lines). The number the Data Analysis section above, the names of countries of collection
of “active” plants is given with the family name, together with the and detailed taxonomic data are not provided in order to protect
total number of plants tested in parentheses (column 1). Thus, forthe rights of the Source Countries that have participated in the NCI
the Annonaceae, 40 “active” plants were recorded out of 399 tested.collection program.

Also listed are those genera that contained three or more “active” “Hot” Plant Families and Genera. A Chemistry Update. The
plants (column 4), which are five in the case of the Annonaceae families and genera listed in Table 1 are designated as “hot”, and
(Annona, Enicosanthum, Mitrephora, Polyalthia, Xylgpi@hose previous research related to the study of these families and genera
genera containing at least one and less than three “active” plantshas been analyzed on the basis of publications reported in the
are listed in the table footnotefollowing the corresponding family PubMed database (http://www.ncbi.nih.gov/entrez/query.fcgi) of the
names, which are given in alphabetical order; again, for the NIH National Library of Medicine, together with some information
Annonaceae, 14 such genera are listed. Also listed in Table 1 isfrom other sources, though not from use of Scifinder, as we do not

the number of genera in the family as reported in Fent-Book have access to this database.
(column 2¥° and the number of genera collected to date in the  As mentioned above, the highest number of “actives” was
NCI program (column 3). recorded for the Fabaceae (51/1205), but the highest “hit rate” was

The families and genera listed in Table 1 are designated as “hot”, observed for the Myrsinaceae (18.8%; 22/117). Of the “hot” genera
and the regions where they were predominantly collected are givenlisted for the Myrsinaceae, antitumor activity has been reported
in the right-hand column. Thus, for the “hot” genera in the for a benzoquinone isolated frorrdisia crisp@® and for an
Annonaceae family, the collection locations for theanonaand alkylphenol fromArdisia iwahigensi§! and the potential of this
Xylopiagenera are widespread, whereas the “actisr@tosanthum, genus as a source of biologically active compounds has recently
Mitrephora, and Polyathia samples were collected only from  been reviewed?

Southeast Asia. The predominant regions of collection for the  While antibacterial triterpenoids and benzoquinones (embelin)
various “hot” genera are included to give an indication of possible have been isolated froBmbeliaspecies334a search of PubMed
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Figure 4. Number of antileukemia “active” plant specimens from selected terrestrial plant families expressed as a percentage of the total
number tested.
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failed to give any references to cancer-related activities for this derived from Clusia species have also been associated with
genus, and the same applied to the ggboisandrium The isolation cytotoxic activity®®7°No cancer-related references were found in
of cytotoxic alkylated benzoquinones has been reported faesa PubMed for the genuSratoxylum while cytotoxic coumarins have
lanceolatg®® while other diverse biological activities, including been isolated fronKayea assamicét
antileishmanial and virucidal, have been reported for triterpenoid In the family Flacourtiaceae, clerodane diterpenoids have been
saponins frorﬂ\/laesaspeci6§.6’37|t is clear from the antileukemia reported as the cytotoxic constituents fr@aseariaspecieg,Z*Wl
data reported herein that this family and its constituent genera merityhile the same genus was found to be the most promising in a
closer examination as a source of potential antitumor leads. screening study of Australian Flacourtiaceae for cytotoxicity and
Relatively high “hit rates” were observed for the Annonaceae other bioactivities® Clerodane diterpenoids were also isolated as
(10%; 40/399), Apocynaceae (12.3%; 41/333), Meliaceae (10.1%; the cytotoxic constituents ofaetia corymbulosasee Table 1
35/346), and Solanaceae (11.7%; 14/122). The so-called annonafootnote d).”® Activity against the leukemia HL-60 cell line by
ceous acetogenins undoubtedly account for the high number of extracts ofEugeniaspecies, one of the “hot” genera of the family
“actives” observed in the Annonaceae; these acetogenins often showMyrtaceae, has been attributed to eugenol in the casé.of
potent cytotoxicity, and progress in this area has been reviewed caryophyllatd” and hydrolyzable tannins in the caseEoflambos’®
by McLaughlin et aP8 In the case of the Apocynaceae (12.3%; While numerous bioactivities, including antimicrobi@lantiplas-
41/333), the high number of “actives” may in part be attributed to modial® and cytotoxicity® have been reported for extracts of
the frequent occurrence of indole alkaloids as major antitumor active Syzygiunspecies, little research appears to have been reported thus
constituents in many of the genera. Notable examples are the highlyfar on the isolation of active agents. Antibacterial triterpenes have
effective anticancer drugs vinblastine and vincristine, isolated from been isolated fron$yzygium guineengéand immunomodulatory
Catharanthus roseusRecent examples include ajmaline and effects have been reported for flavanoids isolated f@nsama-
yohimbine analogues and derivatives isolated fr®auwolfia rangense?
Serpentinégand three new indole alkaloids together with 12 known A similar situation exists for the two “hot” genera of the
analogues isolated froffiabernaemontana calcarééin the case Sapindaceae-iarpullia and Serjania with no reports of cancer-
of the “hot” genusThevetia, active cardenolides have been isolated related activity for these two genera in PubMed, although hemolytic
from Thevetia ahouia* activity has been reported for the acylated triterpenoid saponins
The “hot” genera in thd/eliaceaehave yielded benzofurans and  isolated fromHarpullia austro-caledonic&® Of the Sapindaceae
terpenoids as active constituents. Notable discoveries from the genugienera listed in footnotd to Table 1 (genera having at least one
Aglaia have been the potent rocaglate derivatives, silvestrol and or two antileukemic plant extracts), there are no reports in PubMed
episilvestrol, in addition to other rocaglate analogues and new related to cytotoxicity or cancer-related activity; however, two
baccharane-type triterpenoitfs#” Further investigations of these  genera not listed are reported to yield cytotoxic compounds. Thus,
rocaglate derivatives have demonstrated that this class of mole-the isolation of a novel cytotoxic and antibacterial long-chain fatty
cules may well be cytostatic rather than cytotoxic agents with alcohol glycoside has been reported from the barkCapania
activities involving inhibition of NF«B activation in T-cells glabra®* and very weak cytotoxicity has been observed with
(rocaglamides}®~° Recently, Greger's group in Vienna have saponins isolated fromNephelium maingay® The genuodonea
reported! that one of these metabolites, aglaiastatin, inhibited has been evaluated for antimicrobial and anti-inflammatory activi-
growth and induced apoptosis of HT29/H11 colorectal carcinoma ties®® and has yielded a novel clerodane diterpenoid and fla-
cells at nanomolar levels, with a 1000-fold higher concentration vonoids®” Although a farnesyl glycoside has been isolated from
being required to affect normal intestinal cell lines. The limonoid Lepisanthes rubiginosao activity was reportef In contrast, the
trichilin B has been isolated as the active constituent fAagtaia genusPaullinia is associated with various biological activities; in
elliptica (unpublished; NCI Molecular Targets Development Pro- particular, extracts ofPaullinia cupana commonly known as
gram, http://home.ncifcrf.gov/mtdp/compounds/692266.html). A guarana, have been reported to show antibacterial and antioxidant
search of PubMed gave no cancer-related references to the genuactivitie$® and chemopreventive effects agaihkhitrosodiethyl-
Chisocheton whereas reports of the isolation of cytotoxic and amine-induced lesions in mi¥eand ethanol- and indomethacin-
antitumor active di- and triterpenoid constituents have been pub- induced gastric lesiorf8.SeveralPaullinia species contain purine
lished for the other Meliaceae “hot” genudysoxylunf2-54 The alkaloids (e.qg., caffeine), which are used as marker compounds in
Solanaceae family is notable as a source of steroidal glycosideschemotaxonomic studies and may be associated with some of the
and alkaloids, and a range of steroidal glycosides have been isolatediological observed effec8,and flavone glycosides have been

as cytotoxic constituents fro@estrum nocturnugrone of the two isolated fromP. pinnata a plant used in African traditional medicine
“hot” genera listed in Table % The other “hot” genusSolanum for the treatment of malaria, although no biological activities of
is a rich source of steroidal alkaloR§s°8 and glycoside8?-69with the compounds were report&dFinally, while there are no reports

reported cytotoxicity and cancer-related activity, and the spiro of cancer-related activity for the gendianha saponins having anti-
cyclopentylcyclohexenone solavetivone, isolated fr@mlanum phospholipase A activity have been isolated from an anti-
indicum has been reported to be weakly cytotoxic to OVCAR-3 inflammatory extract oZanha africanaroot bark?* It is evident
cancer cell$! that the Sapindaceae, like the Myrsinaceae, merits further study as
Moderately “active” families include the Clusiaceae (8.9%; @ source of potential antitumor leads.
40/449), Flacourtiaceae (6.6%; 16/241), Myrtaceae (7.4%; 19/256), As mentioned above, the largest number of plant specimens
and Sapindaceae (8.2%; 24/294). While the Clusiaceae “hot” generacollected and tested were from the Fabaceae (1205), Rubiaceae
Calophyllumand Garcinia have been sources of anti-HIV agents (1015), and Euphorbiaceae (951), but their “hit” rates, as shown in
in the NCI program (see the calanolides and guttiferones at Figure 3, are the lowest compared to the other “hot” families
http://home.ncifcrf.gov/mtdp/name_sor.html), the extracts of sam- (Fabaceae, 4.2%, 51/1205; Rubiaceae, 2.4%, 24/1015; Euphorbi-
ples collected from these genera have also shown in vitro antileu- aceae, 3.3%, 24/951). Cancer-promoting phorbol esters and related
kemic activity, as reported in Table 1. The NCI has not pursued compounds are usually associated with the Euphorbid€ems]
these as anticancer leads, but antileukemic activity has been reportedome also show some significant cytotoxicity, but other cytotoxic

for coumarins isolated fronCalophyllum brasiliensg? 3 while chemotypes have also been isolated from genera of this family.
several prenylated benzophend¥e¥ and a prenylated depsidéfe No cancer-related publications are recorded in PubMed for the “hot”
have been isolated as active constituents f@arcinia species. genusAlchornea although ellagic acid has been isolated as the

Prenylated benzophenones isolated f@lusiaspecies and propolis  active antiplasmodial constituent fromichornea cordifolia®
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Clerodan& and labdan® diterpenoids have been reported to be family Lauraceae, cytotoxic constituents include flavonoids and

the cytotoxic constituents @roton oblongifoliuswhile cytotoxic a-pyrones fromCryptocarya obeata,'3! aporphine isoquinoline
lupane-type triterpenes have been isolated f@othidion sphaer- alkaloids fromCassytha filiformi&*? and Lindera megaphylla33
ogynumand G. eriocarpunf® The schweinfurthins have been and butanolidesoS-unsaturateg~lactones) fromLindera com-
isolated as cytotoxic constituents Macaranga schweinfurthii munis'®* Litsea acutiena®®® andMachilus obeatifolia.’3¢ In the

representing the “hotMacarangagenus'®® Podophyllotoxin-like family Lecythidaceae, the only report found in PubMed of cytotoxic

lignans are responsible for the cytotoxic activity of extracts of constituents are a polysubstituted aryl benzoate, gustastatin, and

Bridelia ferruginea(see footnoted to Table 1)1t A variety of betulinic acid isolated fromGustaia hexapetald®” Although

compounds isolated frorBuphorbiaspecies have been reported acylated triterpenoid saponins have been isolated frotidia

to reverse multidrug resistance in mouse lymphoma cells, including africana no bioactivity was reportetf® and triterpene saponins

cycloartane¥2and driportlandin, a new scopoletin derivative from have been reported froBarringtonia acutangulataa plant used

E. portlandical®® The jatrophane diterpenoids from varioEsi- in Australia as a fish poisof#®

phorbiaspecies have demonstrated effects against the P-glycopro- The genusArtocarpusof the family Moraceae is a rich source

tein complex in mouse and human tumor cell lines, with recent of cytotoxic prenylated flavone$®-145while cytotoxic triterpenes

reports from Hohmann et @ Corea et all?® Madureira et al% have been reported frofficus microcarpa“® and xanthones from

and Ferreira et dP7108\What is also of interest is that jatrophane Cudrania species#7-149 Interestingly, HIV-inhibitory prenylated

esters, in particular jatrophane 1 isolated from samples of Corsicanxanthones have been isolated fréfaclura tinctorial>°

and Sardinianifie. semiperfoliataare tubulin-stabilizing agents with There are no reports in PubMed of the isolation of constituents

a mechanism of action similar to that of paclitak®l. having significant cytoxicity from genera of the family Sapotaceae,
No cancer-related activity has been reported in PubMed for the although weak activity has been reported faD4salloylchlorogenic

“hot” generaCojobaandPiptadeniastrunof the Fabaceae family. ~ acid, one of several polyphenolic antioxidants isolated from

However, from the genualbizia, antitumor triterpenoid saponins ~ Manilkara zapota®* Polyphenolic antioxidants have also been

have been reported fromlbizia grandibracteat&® and A. julib- reported fromChrysophyllum cainit@>?while bioactive triterpenoid

rissin, ! while the macrocyclic pithecolobine alkaloids isolated from  glycosides and saponins have been isolated ftahuca indica®™

A. amarahave been shown to be cytotoxic and to interact with andTieghemella heckelt?*

calf thymus DNA!2 Triterpenoid saponins are also responsible for ~ Several constituents having cancer-related activity have been

the cytotoxicity of extracts of the “hot” genus speciEstada isolated from genera of the family Zingiberaceae. 6-Gingerol, a
pursaetha!3as well as in the case éfrchidendron ellipticun{see major phenolic constituent of gingetingiber officinale has been
footnoted in Table 1)114 reported to induce apoptosis in human leukemia HL-60 ¥éil&®

There are no records of cancer-related activity for the Rubiaceae@d inhibit angiogenesi$; while curcumin fromCurcuma longa
“hot” genus Palicourea but a number of compounds have been has been reporteq to mduce apoptotic effects in human breast cancer
reported from species of the “hot” genBisychotria Some examples ~ and mammary epithelial cet8? Panduratin A, an aryl cyclohexenyl
are the benzoquinolizidine alkaloids possessing antileishmanial andketone, fromkaempferia panduratashows similar effects in human
antimalarial activity in addition to cytotoxicity fronfPsychotria colon cancer HT-29 cell$? Other cytotoxic constituents reported
klugii,115 the cytotoxic naphthoguinone froR. rubrall and are Iabda_me dlt_e_rpen0|ds isolated frakipinia calc:?lratel60 and
cytotoxic pyrrolidino-indole tetramers and pentamers frém Renealmia alpinid® and a styryl cyclohexene isolated from
forsterianall’ Cytotoxic lupane triterpenoids have been isolated Zlnglber.cassum'qndlﬁz . , . o
from Coussarea paniculaté®and antileukemic fractions have been ~ Selective Inhibition of Leukemia Cell Lines.While the majority
reported fromixora coccinegsee footnotel in Table 1)1191n 1977, of the “active” extracts did not exhibit selectivity for the leukemia
Jolad et al. reported the isolation and structures of two antitumor Cell line panel since they also showed varying levels of cytotoxicity
cyclic peptides, bouvardin and deoxybouvardin, from a well-known 2gainst cancer cell lines in other disease panels (colon, CNS, breast,
Mexican ethnobotanical plant, identified taxonomically Bsu- etc.), certain extracts d_emonstrated highly selective activity against
vardia ternifolia, a member of the Rubiaceae known by a variety the _Ieukeml_a cell lines in the NCI 60 human cancer cell line screen.
of names including “trompetilla” and “mirto*2° Subsequently a Whl_le detalleql taxonomy cannot be provnded_for reasons sta_lted
number of bouvardin-like antitumor bicyclic hexapeptides have €arlier, these include extracts of plants belonging to the following
been reported frorRubiaspecies, and in a number of cases, they Plant genera (families in parentheseblillettia (FabaceaefQuer-
have been synthesized and also used as scaffolds upon which t¢US(Fagaceaefphenostemoiquifoliaceae), andarinari (Chryso-
build other similar compound&-125 From a mechanistic aspect, balanaceae); F:grtaln extracts of marine origin (Porifera) |IKEWISG
RA-VII (O-desmethyldeoxybouvardin) has been repd#edo showed selectivity for_the leukemia cell lines. In _the NCI experience,
modulate the protein level of cyclin D1, and recently, it was reported the K-562 CML cell line has proved to be particularly resistant to
that this compound alters the conformation of actin, causing G selectlye grovvth |.nh|b!t|on or cell k|||,. and gxtrqqts that c!emon;trate
arrest as a result of inhibition of cytokine$#.Although these Igukemla selectivity with an err_lpha5|s on inhibition of this particular
compounds are very potent, no reference can be found in PubMeglin® may well offer opportunities for the development of novel
to any clinical efficacy in human trials. This is similar to the lack 2@ents for the selective treatment of CML and ALL.
of reported in vivo efficacy for other extremely potent actin
inhibitors such as the jaspamides or cytochalasins, as their
therapeutic indicies are close to unity. Other macrocyclic peptides
have been isolated as in vitro active anti-HIV agents ff@imassalia
parviflora.’?8 Finally, a cytotoxic tetrahydrotubulosine alkaloid was
reported fromPogonopus speciosua Rubiaceae genus not listed  References and Notes
in Table 1 (or its footnotel).12°
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