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ARTICLE INFO ABSTRACT

Keywords: Since the late 1990s and the rapid expansion of monoclonal antibodies and synthetic protein
kinase inhibitors in oncology, anticancer natural products fell out of fashion with the

pharmaceutical industry. But in 2007 with the approval of three new drugs derived from

Cancer
Natural products
Targets natural products, the emergence of promising antitumor compounds from microorganisms
(e.g. alvespimycin, salinosporamide) and the growing importance of new formulations of
known natural product-derived drugs (nanoparticle formulations, oral forms), we are
witnessing a new wave for natural products in oncology. The recent approval of the
microtubule-targeted epothilone derivative ixabepilone (Ixempra®), the DNA-alkylating
marine alkaloid trabectedin (Yondelis™) and the inhibitor of mTOR protein kinase temsir-
olimus (Torisel™) is emblematic of the evolution of the field which combines the long
established finding of conventional cytotoxic agents and the emergence of molecularly
targeted therapeutics. These three examples also illustrate the increasing importance of
microbial sources for the discovery of medically useful natural products. The contribution of
innovative biological targets is also highlighted here, with references to proteasome inhi-
bitors and novel approaches such as manipulation of mRNA splicing. Altogether, these
observations plead for the return of natural products in oncology.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction among which a significant number of molecules from plants

and microorganisms still used today for the treatment of

The space race and the war on cancer both begun in the 1950s.
When Yuri Gagarin first went into orbit around the earth in
1961, key antitumor antibiotics like doxorubicin and mitomy-
cin were discovered. When Neil Amstrong put his foot on the
moon on 20 July 1969, some novel antitumor agents such as
bleomycin and vincristine were just launched. Over the past 50
years, natural products (NP, here the term is restricted to small
molecules) have been the cornerstone of anticancer pharma-
cology. The discovery of these antitumor NP opened the route
to the “forty glory cytotoxic”, four decades of cytotoxic agents,
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cancer (Fig. 1). Many of these old drugs remain largely
prescribed and have saved or prolonged the life of millions
of patients with cancer. But at the end of the 1990s, a novel
onco-pharmacological universe was discovered, with the use
of targeted therapeutics made of receptor-specific small
(imatinib) or large (rituximab) molecules. Immediately, the
antitumor pharmacology community embraced the new
concept and this vision of molecular target-based drug
discovery (or reverse pharmacology) became a standard. At
this stage, the search for natural products in oncology declined
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and there was hope to envisage rapidly a personalised
treatment of cancer with rationally designed magic bullets,
silico- or omico-controlled. The objective remains today but the
route is long and progresses are slow. There is no doubt that the
treatment of cancers has profoundly changed, with the
advances of targeted therapies. But major differences remain
between the different types of tumors. Patients suffering from
chronic myeloid leukaemia have a good probability of long-term
survival, thanks to the discovery of specific tyrosine kinase
inhibitors like imatinib (Gleevec®), dasatinib (Sprycel®) or
nilotinib (Tasigna®). In sharp contrast, the therapeutic options
for patients with advanced melanoma remain quite limited and
the survival prognostic is still extremely low. The activity of
dacarbazine (DTIC) against metastatic melanoma was first
noticed in the early 1970s [1] and 36 years later, this product
remains a standard: where is the progress? For the majority of
solid tumors, in particular for advanced and metastatic grades,
treatment modalities remain often palliative and very insuffi-
cient, despite the development of newer drugs supposed to
provide novel therapeutic options. These drugs are effective,
otherwise they would not be on the market, but in many cases,
they only prolong the life of patients for several weeks or a few
months, rarely for years. There is a strong need for novel
anticancer drugs effective against solid tumors, especially at
advanced stages of the disease. The need is large and urgent for
nearly all solid tumors. Just one example: every 3.5 min,
someone is diagnosed with colorectal cancer (CRC); every
9 min, someone dies from CRC; and every 5s, someone who
should be screened for CRC is not [2]. We definitely need new
drugs, as well as new combinations, new strategies to select
patients and to evaluate treatment responses. As regards drugs,
I believe that NP should continue to be considered as one of the
most important sources of innovative products. Astronauts
apparently plan to go back to the moon in the near future,
possibly 2011, to learn new things, develop innovative research
programs and demonstrate that they can essentially “live off
theland”. By analogy, a new vision for NP space exploration can
be envisioned to drive drug discovery and spur new medical
advancements, especially in the field of cancer through the

— CONVENTIONAL CHEMOTHERAPY

exploration of novel biodiversity sources and emerging targets.
In this commentary, I tried to analyze the current situation with
the place and role of NP in modern oncology, discuss about
recent evolutions and some perspectives. This is not an
exhaustive survey of NP in cancer, there are excellent recent
reviews for that [3,4] but essentially a personal vision of the field
at the interface between chemistry and biology.

2. An excellent track record for natural
products in oncology

Old good drugs from plants and microbes remain essential.
Since the 1950s, a large number of novel antitumor drugs have
been identified and validated clinically (Fig. 1). However, the
proportion of NP is certainly decreasing, mainly due to the
advance of small synthetic molecules (in particular kinase
inhibitors) and the fast growing development of monoclonal
antibodies. Nevertheless, NP remain essential and novel
molecules of marine or terrestrial origins are regularly approved
for the treatment of cancers. Examples of recently launched NP
and derivatives will be discussed below. Known molecules too
continue to contribute considerably to cancer chemotherapy.
The anthracyclines such as doxorubicin, epirubicin and
daunorubicin cannot be ignored. This is especially the case
for doxorubicin (Adriamycin®) extensively used for the treat-
ment of breast cancer, despite the risk of cardiotoxicity
particularly in patients with underlying cardiac issues or the
elderly. This drugis also frequently associated with monoclonal
antibodies, with trastuzumab for breast cancers, with ritux-
imab for lymphoma, for examples. There are numerous
chemotherapy regimens associating doxorubicin with chemo-
and bio-therapeutics. In the early seventies there was initial
clinical reports on the use of doxorubicin in the treatment of
Hodgkin disease, leukaemia, breast, lung and cervical cancers.
In one way, it is regrettable to admit that a quarter of century
later, this bacterial product qualified in 1974 as a new drug with
significant clinical activity [5], remains one of the most
important molecule of the anticancer armamentarium. The
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Fig. 1 - Four categories of drugs used for the treatment of cancers during the past 50 years. Cytotoxic natural products played
a major role in conventional chemotherapy until the late 1990s with the advent of molecular targeted therapies using

monoclonal antibodies and small molecule kinase inhibitors.
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situation is comparable with mitomycin C, discovered in the
mid-1950s [6], used clinically in the early 1960s and still
prescribed nowadays for lung, gastric colorectal and pancreatic
cancers for examples. This antibiotic, originally isolated from
Streptomyces caespitosus, is a bioreductive drug that requires
metabolic activation by cellular reductases, such as NAD(P)H:-
Quinone oxidoreductase-1 (NQO1), for activity. It is widely used
systemically for the treatment of malignancies, and has gained
popularity as topical adjunctive therapy in ocular and adnexal
surgery over the past two decades. In the same vein, one can
refer to bleomycin and actinomycin, two other old antitumor
antibiotics still on the shelves of clinical oncologists. A parallel
situation can be established with drugs derived from plants.
Vinorelbine (Navelbine®), arguably the major semi-synthetic
tubulin-binding vinca alkaloid, first approved in Europe in 1989
and in the USA in 1994 for the treatment of non-small cell lung
cancer (NSCLC) then of advanced breast cancer, remains today
extensively used worldwide. Similarly, paclitaxel (Taxol™) and
its rival docetaxel (Taxotere®) continue to dominate the
cytotoxic market.

3. New formulations of known natural
products

New forms of known natural products are being continuously
developed to facilitate the handling of the drugs (for example
for poorly soluble compounds) or limit their side toxicities.
This is typically the case for the two taxanes paclitaxel and
docetaxel, both effective but which often encounter undesir-
able side effects as well as drug resistance. Second generation
taxanes are being developed such as ortataxel or more
recently TPI 287 (Tapestry Pharmaceuticals) engineered to
overcome multi-drug resistance and to bind to mutant
tubulin. Taxane-containing polymers are also investigated
such as paclitaxel poliglumex (Opaxio® formerly known as
Xotax"™) or Taxoprexin® made by linking paclitaxel to the
natural fatty acid DHA (docosahexaenoic acid). The leading
compound has been ABI-007 (Abraxane®™ from Abraxis
Bioscience), approved by the U.S. Food & Drug Administration
(FDA) in January 2007 for the treatment of metastatic breast
cancer and which is an albumin-stabilized, nanoparticle
formulation of paclitaxel for injectable suspension. This form
was found to have significantly less toxicity than Cremophor-
containing paclitaxel in mice [7,8]. Solvent-based formulations
of taxanes are commonly associated with hypersensitivity
reactions, neutropenia, and neuropathy. Patients with meta-
static breast cancer treated with this nanoparticle formulation
(mean particle size of about 130 nm) achieved a significantly
higher objective response rate and time to progression than
those treated with Cremophor-containing paclitaxel. This
nab-paclitaxel form may therefore enable clinicians to
administer paclitaxel at higher doses with less toxicity than
is seen with Cremophor-containing paclitaxel [9]. Similar
albumin-based drug development are ongoing with other
water-insoluble anticancer agents such as docetaxel and
rapamycin [10,11]. A similar trend can be evoked with the
camptothecin-derived topoisomerase I inhibitor topotecan
(Hycamtin®™) initially approved in 1996 for the treatment of
small cell lung cancer (SCLC) after failure of first-line

chemotherapy and metastatic ovarian carcinoma after failure
of initial or subsequent chemotherapy. Since the approval of
injectable topotecan for the second-line treatment of SCLC,
new formulations have been developed. In October 2007, more
than 10 years later, a new oral formulation of the drug as
capsules for the treatment of patients with relapsed small cell
lung cancer was proposed [12]. Oral topotecan will represent a
good candidate for combination therapy with other i.v. or oral
chemotherapy agents, monoclonal antibodies, and small
molecule tyrosine kinase inhibitors. In the same vein, oral
availability and administration of some of the newer CPT
analogues, including diflomotecan (BN80915) and gimatecan
(ST1481), have also shown promising results.

One of the most typical example of reformulation is that of
pegylated liposomal doxorubicin (Doxil® from Tibotec Ther-
apeutics; Caelyx®™ from Schering-Plough) which has demon-
strated efficacy in the treatment of recurrent ovarian cancer.
The liposome-encapsulated form improves doxorubicin pene-
tration into tumors and decreases drug clearance, thereby
increasing the duration of the therapeutic effect. Pharmaco-
kinetic studies have indeed revealed that the liposomal form
results in a longer half-life with less free drug available for
tissue distribution than conventional doxorubicin. This
liposomal formulation of doxorubicin reduces toxicity, speci-
fically the cardiac effects commonly seen with anthracycline
antitumor drugs but tolerability is often non-uniform among
patients. Very recently, a liposome-encapsulated cytarabine/
daunorubicin combinations with a molar ratio of 5:1,
designated CPX-351 (from Celator Pharmaceuticals), has been
granted orphan drug designation by the FDA for the treatment
of acute myeloid leukemia. Liposomal formulations of
platinum drugs are also studied.

Another practical approach to improve the efficacy or
facilitate the handling and tolerability (and patients’ prefer-
ences) of a natural product consists to develop an oral
regimen. Most cytotoxics are administrated intravenously,
but some are also available in an oral formulation. This is the
case for oral vinorelbine formulated in a soft gelatin capsule,
with a predictable bioavailability of about 40% [13] and
comparable efficacy to the i.v. form with respect to response
rate, progression-free survival and overall survival [14]. This
orally active vinca alkaloid (Fig. 2) offers novel opportunities
for cancer treatment, both in NSCLC and in metastatic breast
cancer. Oral formulations can reduce the incidence of side
effects associated with an i.v. line (extravasation, pain, local
infection, thrombosis), contribute to resource sparing for the
health care system and for the patient [15] and to alleviating
the burden on his/her relatives. Even when combined to
intravenous treatments, the oral formulation of vinorelbine is
preferred to its intravenous counterpart by 74% of patients
[16]. By reducing constraints related to treatment administra-
tion, oral agents improve the global efficiency of cancer
treatment. Their use is increasing in oncology [17].

4. Novel approved NP drugs and promising
clinical candidates

As far as I know, no novel category of NP was approved by the
FDA for the treatment of cancer during years 1997-2006 (Fig. 3).
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Fig. 2 - The semi-synthetic vinca alkaloid vinorelbine, synthesized from the leaves of Catharanthus roseus, was first
approved in 1989 in Europe for the i.v. treatment of non-small cell lung cancer. In 2001, the drug was approved as soft

gelatin capsules for oral treatments of NSCLC.

In the same time, resources attributed to NP research in
oncology by most major pharmaceutical companies were
reduced. During that period, efforts were essentially focused
on biotherapies and targeted synthetic small molecules.
However, the field of NP remained active with the clinical
development of a few innovative molecules, among which
three key products, ixabepilone, temsirolimus and trabectedin
now registered in the USA and/or in the EU. They are briefly
mentioned here:
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Fig. 3 - After a decade in the wilderness, in 2007 natural products make a comeback in oncology. Drugs recently approved for
the treatment of cancers (year of first FDA approval) by category of origin. Note that, for the sake of clarity, all small
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discovery of the macrolide antibiotics epothilones, produced
by the myxobacterium Sorangium cellulosum, as a novel class
of microtubule-stabilizing agents discovered in 1995 [18].
Epothilones A-B exhibit potent in vitro anticancer activity,
against taxane-resistant cell lines, but their in vivo activity is
modest, owing to a poor metabolic stability and unfavorable
pharmacokinetics. The synthesis and testing of more than
300 semi-synthetic epothilone analogues led to the rational
design of ixabepilone, which displays reduced susceptibility
to a range of common tumor resistance mechanisms. This
novel antimicrotubule agent acts in a similar manner to
taxanes, stabilizing microtubules and resulting in arrested
tumor cell division and apoptosis. But, in contrast to
taxanes, ixabepilone has reduced susceptibility to resis-
tance due to P-gp overexpression, tubulin mutations, and
alterations in B-tubulin isotype expression. It demonstrated
in vivo antitumor activity in a range of human tumor
models, including tumors resistant to anthracyclines and
taxanes [19-21]. In October 2007, ixabepilone administered
by intravenous infusion, received FDA approval for the
treatment of metastatic or locally advanced breast cancer.
That is 12 years from the discovery of epothilone B to the
launch of ixabepilone for the treatment of cancer. Other
epothilone derivatives, such as sagopilone (ZK-EPO) and
patupilone (epothilone B) are being developed [22].
Trabectedin (Ecteinascidin-743, Yondelis® developed by
PharmaMar in partnership with Johnson & Johnson). ET-
743 is a tetrahydroisoquinoline alkaloid derived from the
Caribbean marine tunicate Ecteinascidia turbinata (sea-squirt)
but now produced semi-synthetically starting from cyano-
safracin B extracted after fermentation of the marine
bacterium Pseudomonas fluorescens. It functions as a DNA
minor groove alkylating agent specific of guanine residues at
the N2 position, producing specific adducts that represent a
unique challenge to the DNA repair machinery [23].
Alkylation results in DNA bending which affects various
transcription factors involved in cell proliferation, particu-
larly via the transcription-coupled nucleotide excision
repair system. Trabectedin has been recently approved in
the EU as a second-line treatment for advanced soft tissue
sarcoma in patients who have failed on anthracyclines and
ifosfamide, or who are unsuited to receive these agents. It
also has orphan drug status in soft tissue sarcoma in the US
and in ovarian cancer in the US and EU, and is under
investigation as combination therapy in patients with
recurrent ovarian cancer [24]. Hopefully, trabectedin has
opened up the way to the successful development of other
marine NP. There are several marine drug candidates
(derived from dolastatin 10, bryostatin 1, didemnin B,
kahalalide F, halichondrin B, etc.) currently in clinical trials
[25,26]. The development of marine toxins remains a
difficult challenge but hopefully the next decade will offer
a prominent place to sea products [27].

Temsirolimus (CCI-779, Torisel® from Wyeth) is the first
inhibitor of the protein kinase mTOR (mammalian target of
rapamycin) approved for the treatment of patients with
advanced renal cell carcinoma [28]. The mTOR signaling
pathway is recognized as an important mediator in cell
proliferation, growth, survival, and angiogenesis. It is the
downstream effector of the oncogenic PI3K/Akt pathway

and is a key regulator of translational initiation, offering
thus a range of possible combinations with other targeted
therapeutics, for the treatment of solid tumors and
lymphoma. More than 100 clinical trials are ongoing to
identify additional malignancies that respond to temsir-
olimus or other mTOR inhibitors [29]. Along with the
approved compound temsirolimus, there are two other
mTOR inhibitors furthest along in development in oncology,
everolimus and deferolimus. This class of rapamycin
analogs has been known for many years. The immunosup-
pressant sirolimus (rapamycin, Rapamune®) is used in
combination with other medications to prevent rejection of
kidney transplants. Another derivative, tacrolimus, gained
FDA approval for use in liver transplantation in 1994 and,
approximately 3 years later, was approved for the preven-
tion of acute rejection in kidney transplantation. Over the
last decade tacrolimus has become the calcineurin inhibitor
of choice for the prevention of rejection in renal transplan-
tation. Everolimus is an antiproliferative agent primarily
directed at cancer cells, but it is useful in other therapeutic
domains as well, in particular for patients with coronary
artery disease. A cobalt-chromium stent eluting everolimus
was found to be more effective than a paclitaxel-eluting
stent, with fewer major adverse cardiac events [30].

From the chemical point of view, these “rolimus” com-
pounds (rapalogs) all derive from rapamycin, the macrolide
antibiotic produced by Streptomyces hygroscopicus, initially
discovered as an antifungal agent [31] and endowed with
anti-inflammatory, anti-tumor and immunosuppressive prop-
erties. This Streptomyces strain originates from a soil sample
collected in Easter island (Rapa Nui). Poorly soluble in water,
sirolimus is given orally whereas temsirolimus is a water-
soluble dihydroxymethyl propionic acid ester prodrug mainly
used as an i.v. formulation. It quickly undergoes hydrolysis to
sirolimus after i.v. administration, so that most of its clinical
effects are likely attributable to the sirolimus metabolite [32].

These three examples illustrate the continued successful
development of NP in oncology, prolonging thus the long
history of NP-based anticancer drug discovery initiated more
than 50 years ago. In each case, NP medicinal chemistry has
been essential in producing desirable pharmacological proper-
ties (such as solubility, distribution or resistance to
metabolism...) and structure-activity relationship (SAR) stu-
dies have been instrumental to guide drug design and to help
comprehend their mechanism of action. In some cases, the
unmodified NP itself can become the final product but even in
this case, a robust chemistry is needed to synthesize the
compound from another precursor (as in the case of
trabectedin and cyanosafracin B) and/or to establish SAR. In
most cases modifications of the original NP are needed,
usually rather simple transformations of the NP to optimize
formulation and ADMET properties [33]. Several other promis-
ing NP drug candidates are in the pipeline of clinical trials.
These include, to cite only three examples: (i) vinflunine
(Javlor®™ from Pierre Fabre), the latest hemi-synthetic vinca
alkaloid in development, prepared via super-acidic chemistry
and targeting microtubules dynamics, which has revealed
promising activity for the treatment of bladder, breast and
non-small cell lung cancers [34,35], (ij)amrubicin (from
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Pharmion), a third-generation synthetic anthracycline target-
ing topoisomerase II, which recently received FDA fast track
designation for the treatment of SCLC after first-line che-
motherapy [36], (iii) alvespimycin (KOS-1022 from Kosan), an
orally active heat shock protein (Hsp) 90 inhibitor derived from
17-allylaminogeldanamycin (17-AAG). The Hsp90 multicha-
perone complex has important roles in the development and
progression of malignant transformation, promoting thus the
development of Hsp90 inhibitors for cancer treatment [37].

In addition to pure compounds, NP extracts should also be
considered. At this level, it is worth to mention the antitumor
activity of Kanglaite injection (KLT, from Zhejiang Klanglaite
Pharmaceutical Co., China), a micro-emulsion prepared from
an extract of the Chinese plant Semen coicis [38]. In 1997, a
phase III clinical study was successfully completed and the
injection product was officially launched in China. KLT was
later approved by the Russian Federation where it is now
marketed. Kanglaite was the first drug derived from a
traditional Chinese herbal remedy to go into clinical trials in
the USA [39].

5. Microorganisms: the main supplier of
anticancer structurally novel NP?

For the past 40 years, plants have been a great source of
secondary metabolites with extreme chemical diversity. A
number of plant-derived anticancer drugs belonging to
camptothecins, taxanes, vinca alkaloids and the epipodo-
phyllotoxins families, remain extensively prescribed. But
beside these well-known families, the number of plant-
derived drug candidates that have reached clinical develop-
ment in oncology has been reduced since 2000 (Fig. 3).
Different pharmaceutical companies carry on with the
development of plant NP, for examples Unibioscreen with
the 2”-oxovoruscharin derivative UNBS1450 hemisynthesised
from a cardenolide extracted from Calotropis procera [40], Pierre
Fabre with a hemisynthetic triptolide derivative from the
Chinese medicinal plant Tripterygium wilfordii or Oxigene with
the microtubule-depolymerizing vascular disrupting agent
combretastatin-A4 phosphate (Zybrestat®, [41]). But overall
plants now receive less attention from pharmaceutical com-
panies, perhaps because of a (real or perceived) reduced chemo-
diversity. But it is estimated that less than 15% of higher plants
have been systematically investigated for the presence of
bioactive compounds [42]. Therefore, there is certainly room to
explore further the plant kingdom, more deeply and perhaps
differently compared to what has been done so far, using novel
targets and novel methodological approaches. Despite these
difficulties, several authors maintain the idea that plant NP can
return to the forefront of anticancer pharmacology [43]. In the
past, traditional screening approaches have allowed a rich
harvest of “low hanging fruits”. Additional efforts should be
devoted now to reach for the high-hanging fruits, with the help
of new techniques and innovative targets.

Marine macroorganisms, another great source of second-
ary metabolites, have also lost some popularity in the
pharmaceutical industry in recent years, mainly due to the
difficulty of large-scale supply. Certain companies remain very
active in this domain, such as PharmaMar (Madrid, Spain) with

an impressive pipeline of marine anticancer agents in
development (aplidin, kahalalide F, Zalypsis,...), but the
current tendency is clearly toward the exploitation of
microbial sources of NP. Marine macroorganisms are difficult
to collect in large scale. Moreover, it is frequent that the
compound of interest initially found in the macroorganism
derives in fact from a symbiotic microorganism. A typical
example is that of the dolastatins first isolated from the
mollusc Dolabella auricularia and later found to be produced by
cyanobacteria [44]. This is also the case for ecteinascidin as
stated above, and most likely for discodermolide, halichondrin
B and bryostatin 1. A significant portion of the bioactive
metabolites thought originally to be products of the source
animal are often synthesized by their symbiotic microbiota
[45]. Microorganisms are the most attractive source for the
production of medically useful secondary metabolites. Many
microorganisms can be grown to large scales in culture media,
facilitating an unlimited and uninterrupted supply of the raw
material needed for drug development. Actinomycetes have
been one of the most investigated group of bacteria during the
past 50 years. Filamentous fungi have been largely studied too.
But even if these two groups have already received a major
attention, there is still room for the discovery of highly potent
anticancer NP in these families. It is estimated that the
number of antibiotics characterized to date represents less
than 5% of the total. In other words, the chemical universe
produced by actinomycetes remains largely underexploited
[26]. In the next 10 years, this percentage should be increased
significantly with the improvement of cultivation methods of
prokaryote organisms and potentially the growing exploita-
tion of metagenomic approaches for uncultivable microorgan-
isms. New compounds belonging to novel structural classes
and possessing unprecedented biological properties can be
discovered from microorganisms, whereas this is perhaps less
probable with plants. In addition, the improvement of
cultivation techniques together with the refinement of highly
sensitive analytical methods should help the rapid dereplica-
tion of compounds [46,47]. In the near future, it is likely that
the exploration of ecological niches and habitats, in particular
marine environments with a large biodiversity, will furnish
structurally novel NP of prime pharmacological interest.
Personally, I share the view that a renaissance of drug
discovery inspired by natural products can be anticipated
for the next decade [48]. NP may not totally recapture the
leading position they once held as a foundation for anticancer
drug discovery and development but they will continue to play
a major role in antitumor pharmacology and drug discovery.
We already see the premises of the renaissance of NP with the
approval of the aforementioned anticancer drugs ixabepilone,
trabectedin and temsirolimus, and with other bacterial
products such as the histone deacetylase inhibitor depsipep-
tide Romidepsin (FK228) which has received a fast-track status
by the FDA in October 2004 as monotherapy for the treatment
of patients with refractory cutaneous T-cell lymphoma, i.e.
only 10 years after its first isolation from Chromobacterium
violaceum No0.968 [49]. Even if the discovery of tumor-active NP
remains a critical challenge and a risky option in the
pharmaceutical industry, this strategy does not necessarily
take longer time than chemistry-based small chemical
molecules drug discovery.
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6. Natural product-biological target: a pas de
deux in drug discovery

In a pas de deux, the French for “step of two” in a ballet, the
man plays a pivotal role by stabilizing, lifting, and turning the
lady to take positions she would never be able to do on her
own. A close complicity between the two partners is essential.
A parallel situation occurs in drug discovery strategies where
biological targets and NP-based libraries must be adapted to
maximize their exploitation. NP drug discovery is guided at
every turn by biological assays. Chances of discovering
products of pharmacological interest depend on the quality
of the NP source with a large biodiversity, adapted cultivation
processes, resources of chemistry, etc. but it depends also on
the quality of the targets or biological procedures set up to
detect the compounds of interest. Not all molecular targets are
well adapted to the identification of pharmacologically active
NP. For example, the screening of natural extracts against
purified protein kinases is generally difficult, with a higher
percentage of false positives compared to synthetic chemical
libraries. Enzyme-linked immunosorbent assays and cell-
based assays are certainly better adapted to the screening of
NP extracts. The design of highly robust and sensitive high
throughput screening (HTS) assays is a key element. For
example, the specific design of a HTS procedure for the
discovery of naturally occurring proteasome inhibitors [50]
allowed us to identify original molecules from a plants
collection, such as physalin A from the tropical herb Physalis
angulata [51].

The most popular approach to identify novel NP in
oncology refers to cell cytotoxicity measurements. Cell-based
assays are routinely used to evaluate the cytotoxicity of
standardised extracts (or pure natural products) against
murine or human cancer cells cultivated in vitro. Extract A
tested against cell type B leads to the isolation of a novel
cytotoxic agent C is a typical published story. The cell type can
be varied almost indefinitely to include cancer cells of
different tissue origin (breast, lung, prostate, bladder...), cell
lines sensitive or resistant to a given anticancer drug or even
multi-resistant, cells deficient for a specific enzyme (e.g.
topoisomerase-mutated cells) or an altered pathway (e.g. cell
with deficient DNA-repair), the use of non-tumoral (but often
immortalised) ‘“normal” cells, etc. These models are useful,
robust and easy to set up but often too permissive. These
monolayer culture models are routinely employed to identify
conventional cytotoxic agents which then have to be tested in
animal models, requiring long and expensive procedures.
Whenever possible, this classical approach should be replaced
with more sophisticated alternative screening procedures.
The use of sophisticated models, more stringent and of a
higher predictive value for the clinical efficacy should be
favored. An interesting approach consists to use multicellular
tumor spheroid models which are of intermediate complexity
between in vivo tumors and in vitro monolayer cultures.
Multicellular spheroids can be generated in 96-well plates
format for HTS, from a variety of tumor cell lineages [52,53].
Similar approaches can be established to study heterologous
cell interactions in solid tumors and the cellular tumor
environment [54]. Such 3D culture models hold great promise
toinvestigate the role of certain tumor initiating cells and their

growth inhibition by specific natural products. Itis time now to
incorporate these 3D test systems into drug development
operations.Beside cytotoxicity measurements, screening pro-
cedure for the discovery of novel NP frequently relies on the
use of specific cell lines adapted or engineered to detect drug-
induced apoptosis [55], cell cycle perturbations or alteration of
specific molecular pathways. A typical example is that of the
proteasome, a key component for limiting tumor cell
proliferation and a target particularly well suited to the
identification of NP. Proteasome inhibitors induce pro-
grammed cell death preferentially in transformed cells [56].
The drug bortezomib (Velcade®™ from Millenium) has been
approved initially for the treatment of relapsed/refractory
multiple myeloma and more recently for the treatment of
mantle cell lymphoma, for which this agent has become a
standard of care. This boronic acid dipeptide is an effective
reversible inhibitor of the chymotryptic protease in the 26S
proteasome, which blocks activation of nuclear factor «B,
resulting in increased apoptosis, decreased angiogenic cyto-
kine production, and inhibition of tumor cell adhesion to
stroma [57]. The development of a new generation of
proteasome inhibitors that hold the promise of efficacy in
bortezomib-resistant tumors is an active pharmacological
field. Arguably the most promising drug in this category is the
chlorinated natural product salinosporamide (Nereus Phar-
maceuticals) from the marine actinomycete Salinispora tropica.
Unlike bortezomib, which is a reversible inhibitor, salinospor-
amide covalently binds to the proteasome, resulting in the
irreversible inhibition of 20S proteasome activity. Salinospor-
amide was shown to act synergistically with bortezomib to
trigger apoptosis in multiple myeloma cells in vitro and in vivo
in a human plasmacytoma xenograft mouse model [58,59].
This natural product is active orally and has shown efficacy in
arange of animal models for both hematological malignancies
and solid tumors. It is currently undergoing phase I clinical
trials. Salinosporamide, and the structurally related y-lactams
omuralide and lactacystin, also illustrate the interest of
exploiting microbial natural products in the search for novel
anticancer agents.Another novel promising irreversible inhi-
bitor of the proteasome is carfilzomib (PR-171, Proteolix Inc.),
derived from the actinomycete metabolite epoxomicin, which
inhibits proliferation and activates apoptosis in patient-
derived multiple myeloma cells. This epoxy-ketone peptidyl
inhibitor shows increased efficacy compared with bortezomib
and is active against cell samples from patients with clinical
bortezomib resistance [60]. Carfilzomib is currently in Phase 2
clinical trials in patients with relapsed or refractory multiple
myeloma and in Phase 1 in lymphoma. Other microbial
products targeting the proteasome have been identified, such
as the cinnabaramides isolated from a terrestrial streptomy-
cete, belactosines A and C from Streptomyces sp., the cyclic
peptide TMC-95 from the fungus Apiospora montagnei, Fell-
utamide B from Penicillium fellutanum, and syringolin A
secreted in plants by a strain of Pseudomonas syringae [61].
Syringolin A is a pseudo-peptide virulence factor that
irreversibly inhibits all three catalytic activities of eukaryotic
proteasomes, via a novel mechanism of covalent binding to
the catalytic subunits [62]. The «,8-unsaturated carbonyl of
syringolin A reacts with a threonine residue of the proteasome
to form a covalent bond and this cross-linking is considered at
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the origin of the antiproliferative and pro-apoptotic effects
observed in ovarian and neuroblastoma cancer cells [63].
Proteasome inhibitors have also been identified from plant
extracts. This is the case for celastrol from the Chinese
medicinal plant Tripterygium wilfordii, withaferin A from the
medicinal plant “Indian Winter Cherry”, pristimerin from
plants of the Celastraceae and Hippocrateaceae families, and
physalin A from the plant Physalis angulata, as mentioned
above. But of course, this field is not restricted to natural
products and promising synthetic molecules have been
reported as well, such as the phenylpyridine-containing
boronic acid derivative CEP-18770 which is a novel orally
active inhibitor of the chymotrypsin-like activity [64,65]. These
proteasome inhibitors are primarily designed as anticancer
agents but they can be of interest for other pathologies
characterized by alterations in the proteasome proteolytic
pathway including autoimmune and inflammatory diseases,
myocardial infarction, and ischemic brain injury [66]. The use
of proteasome inhibitors has been suggested for the treatment
of rheumatoid arthritis. In this case, the rational is to limit the
growth of fibroblast-like synoviocytes that mediate joint
destruction [67].

Many new targets have been discovered and biological/
biochemical tools such as sh/siRNA or engineered cellular and
animal models are useful to validate these targets. But in
parallel, the full potential of old targets should be exploited
further. Just to cite one example, topoisomerase I is a well-
known target in oncology but thus far there is only one
chemical series of inhibitors on the market: the camptothe-
cins (Fig. 4). Topotecan, irinotecan, and newer compounds in
clinical trials such as gimatecan and diflomotecan all exploit
the same property of the enzyme, DNA cleavage which they
promote through stabilization of the DNA-topoisomerase I
covalent complex which is normally transient. There is room
for more potent, better tolerated and orally active inhibitors
acting at this level, such as the indolocarbazole edotecarin, the
indenoisoquinoline derivative NSC 724998 and the dibenzo-
naphthyridinone ARC-111 for examples [68]. But there are also
opportunities to target other activities of this key enzyme for
tumor cell proliferation. Topoisomerase I interacts with a large
number of specific proteins important for the control of
transcription and DNA repair, such as the coactivator of p53
topors, nucleolin, the tumor suppressor proteins prostate
apoptosis response-4 (Par-4) and NKX3.1, SV40 large T antigen
and certain helicases (Fig. 4). These protein interfaces may be
targeted, if suitable assays can be developed. Topoisomerase I
also carries a kinase activity important for the regulation of
RNA splicing [69]. Although the link between the topol kinase
activity and cancer is still poorly understood, it is nevertheless
clear that this is a potential new area for pharmacological
intervention. In addition to its well-known DNA relaxation
activity, human topoisomerase I is responsible for the
phosphorylation of Ser/Arg-rich (SR) splicing proteins, in
particular the splicing factor 2/alternative splicing factor.
SF2/ASF and topoisomerase I regulate their activity via an
interaction between two closely spaced RNA recognition
motifs of the splicing factor and the N-terminal cap region
of topoisomerase I which is essential for the kinase reaction
[70]. This mechanism can be modulated with NP and
derivatives such the glycosylated indolocarbazole derivative
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Fig. 4 - The multifunctionality of topoisomerase I and its
pharmacological control. Topoisomerase I carries three
major biochemical functions: (i) control of DNA topology,
via DNA cleavage and religation, an essential mechanism
which can be altered by suppressors and poisons such as
the clinically used camptothecins, (ii) interaction with
protein partners, including pro-apoptotic factors and (iii)
regulation of RNA splicing via a kinase activity. The NP-
derived antitumor drug NB-506 acts as a potent inhibitor
of both kinase and relaxing activities of topoisomerase I,
and modulates pre-mRNA splicing through inhibition of
phosphorylation of the splicing factor SF2/ASF which is
up-regulated in various human tumors. See text for more
details.

NB-506, derived from the streptomycete metabolite BE-13793C
and from rebeccamycin produced by the actinomycete
Saccharothrix aerocolonigenes. NB-506 acts as a potent inhibitor
of both kinase and relaxing activities of topoisomerase I
(Fig. 4), and modulates pre-mRNA splicing through inhibition
of SF2/ASF phosphorylation [71]. SF2/ASF is as a splicing factor
and also mediates postsplicing activities such as mRNA export
and translation initiation of bound mRNAs, through interac-
tions between SF2/ASF with both the mTOR kinase and the
phosphatase PP2A. SF2/ASF functions as an adaptor protein to
recruit signaling molecules responsible for regulation of
translation of specific mRNAs [72]. The phosphorylation state
of the SR domain influences the role of SF2/ASF in cytoplasmic
RNA processing. A model has been proposed whereby
reversible protein phosphorylation differentially regulates
the subcellular localization and activity of shuttling SR
proteins [73]. Moreover, recent studies have revealed that
SF2/ASF is up-regulated in various human tumors and can act
as an oncoprotein [74]. Therefore it might be valuable to try to
manipulate SF2/ASF-mediated splicing via an interference
with the kinase activity of topoisomerase I. The same
approach can be envisaged with other kinases involved in
the regulation of SF2/ASF-dependent splicing such as Cdc2-
like kinase-1 (Clk-1) [75]. There are multiple pharmacological
options to modulate the activity of SR splicing factors and to
try to control splicing [76]. There is an estimated 100,000 splice
variants of messenger RNA transcripts from the approxi-
mately 25,000 genes estimated in humans. This area of
pharmacology is practically a desert.
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Novel targets including isolated molecular receptors and
more complex phenotypic signals, and old targets revisited
offer multiple perspectives to exploit differently NP and bio-
extracts. In oncology, the knowledge of disease-specific
molecular alterations is essential. The therapeutic value of
a given target is proportional to the quantification of the role
of this target in well-defined tumor types, when the
druggability of a given target has been properly assessed
and when its full clinical potential has been defined in terms
of safety and efficacy. An original NP with a novel mechanism
of action has de facto more chances to be pushed into
development than a NP directed at a conventional target.
In the current era of targeted therapy, it is a challenge to
develop an anticancer drug, even a structurally new NP,
whose mechanism of action resembles that of classical
molecules, in particular DNA-interacting drugs, topoisome-
rase inhibitors or tubulin/microtubule-interacting agents.
But a brand new NP “‘in advance of its time”, i.e. with a target
unknown or poorly characterized at the pharmacological
level, can be difficult to manipulate as well. A well defined
molecular target is not always absolutely mandatory, butitis
highly preferable [33].

7. Conclusion

The impact of NP on anticancer drug discovery has been very
high in the past century, it was certainly more limited for the
past 8 years but will remain considerable for many more years,
not only for cancer but also for diseases such as microbial and
parasitic infections [4]. The approval of the aforementioned
drugs ixabepilone, trabectedin and temsirolimus is emble-
matic of the evolution of the field of NP in oncology. The
following points are important:

e The field is alive and well in academia but needs more
supports in pharmaceutical companies and new NP-derived
molecules in clinical trials.

e Conventional cytotoxic agents remain present and expected
from clinicians, but with a preference for NP targeting
pathways other than the tubulin/microtubule network or
the DNA replication machinery, considered old-fashioned.
There is an unquestionable demand for novel cytotoxic
agents bringing not only gains in efficacy but decreasing the
frequency of adverse events and offering a better conve-
nience in administration [77]. In this sense, ixabepilone
pursues the long established tradition of cytotoxic NP
directed at microtubules. The fact that this compound
originates from a microorganism, and not a plant as for the
taxanes or vinca alkaloids, illustrates the increasing
importance of microbial sources for the discovery of
medically useful NP. Plants remains a sure value but
cultivated microorganisms will certainly play a dominant
role in the future.

e The development of marine NP is progressing actively. A
marine microorganism has provided a new tumor-active
drug (Trabectedin) now hemi-synthesized from a natural
precursor (cyanosafracin B) extracted from a microorgan-
ism. The shift from macro to micro-organismsillustrates the
evolution of the field.

e The detailed understanding of the mechanism of action of a
NP is essential. Trabectedin is more than a classical DNA-
alkylating agent; the downstream implication of the DNA
repair machinery is critical for the drug action and possibly
for patients selection.

e We have entered the era of targeted therapy with NP. This
is probably the most salient feature of the field and a
decisive step toward the demonstration that NP can
continue to play a key role in modern antitumor
pharmacology. The approval of temsirolimus, likely
followed by one or two structurally related mTOR
inhibitors in the near future, marks the transition between
conventional chemotherapy with highly cytotoxic NP and
more selective microbial products targeting a specific
molecular pathway essential for the proliferation of cancer
cells. Certainly in this particular case the chemotype is not
new (everolimus has been known for years) but the first
hurdle has been crossed to show that it makes sense to
consider NP as a valuable source for innovative targeted
therapeutic agents. During years 2000-2006, NP have been
somewhat neglected and arguably underestimated by
most pharmaceutical companies, to favor biologics and
synthetic small molecules targeting a narrow ATP-pocket
of protein kinases in particular. Nevertheless, during the
same period the US approval success rate has remained
low, around 8% for oncology [78] and the medical need is
always high among cancer patients and their clinicians.
The approval of the three new NP-derived drugs in 2007
hopefully announces a new departure for NP-based drug
discovery in oncology. We are ready for this long awaited
comeback.
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