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Development of natural anti-tumor drugs by microorganisms
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Discoveries of tumor-resistant pharmacological drugs have mainly resulted from screening of natural products and their
analogs. Some are also discovered incidentally when studying organisms. The great biodiversity of microorganisms raises the
possibility of producing secondary metabolites (e.g., mevastatin, lovastatin, epothilone, salinosporamide A) to cope with
adverse environments. Recently, natural plant pigments with anti-tumor activities such as β-carotene, lycopene, curcumin
and anthocyanins have been proposed. However, many plants have a long life cycle. Therefore, pigments from
microorganisms represent another option for the development of novel anti-tumor drugs. Prodigiosin (PG) is a natural red
pigment produced by microorganisms, i.e., Serratia marcescens and other gram-negative bacteria. The anti-tumor potential of
PG has been widely demonstrated. The families of PG (PGs), which share a common pyrrolylpyrromethene (PPM) skeleton, are
produced by various bacteria. PGs are bioactive pigments and are known to exert immunosuppressive properties, in vitro
apoptotic effects, and in vivo anti-tumor activities. Currently the most common strain used for producing PGs is S. marcescens.
However, few reports have discussed PGs production. This review therefore describes the development of an anti-tumor drug,
PG, that can be naturally produced by microorganisms, and evaluates the microbial production system, fermentation
strategies, purification and identification processes. The application potential of PGs is also discussed.

© 2011, The Society for Biotechnology, Japan. All rights reserved.
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Cancer is now a major cause of death in Taiwan. Cancer is
characterized by unlimited growth, invasion, and metastasis of cells
whereas benign tumors are self-limiting, non-invasive, and non-
metastasizing (1,2). Most clinical symptoms are accompanied by
weight loss, poor appetite, fatigue, unusual lumps, bleeding, pain,
enlarged lymph nodes, and neurological symptoms (3,4). Common
environmental causes of cancer include chemicals (e.g., tobacco),
ionizing radiation (e.g., ultraviolet radiation), infection (e.g., human
papillomavirus), heredity, lack of physical activity, and environmental
pollutants. The unique properties of cancer cells include dysregulated
proliferation, immortalitization, metastasis and angiogenesis. Tumor
angiogenesis is the proliferation of blood vessels that supply nutrients
and oxygen and that remove metabolic waste from tumors. Tumor
angiogenesis involves the interaction of tumor cells, endothelial cells,
phagocytes and their secreted factors which may promote or inhibit
angiogenesis. Therefore, inhibiting tumor angiogenesis is a major goal
of cancer treatment.
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Clinical treatments for cancer therapy include chemotherapy,
radiation therapy, surgery, immunotherapy, and other methods. In
recent years, anti-tumor drugs have frequently been used for chemo-
cancer therapy (5). The many commercially available anti-tumor
drugs can be classified by origin as either chemical synthetic drugs
(e.g., alkylating agents and antimetabolites) or natural drugs derived
from organisms (e.g., Taxol, Camptothecin and Trabectedin) (5,6).
Synthetic drugs are often the only option for cancer chemotherapy
(5–7). However, most synthetic drugs kill not only tumor cells, but
also normal cells, and most have severe side effects (8). Natural anti-
tumor drugs derived from organisms have also proven effective and
less toxic for cancer therapy (5,8,9). Promising natural products
should bemore than synthetic drugs by the huge distribution of earth.
Large-scale screenings of microorganisms, plants, animals and marine
organisms for anti-tumor drugs have been performed in recent
decades (8).

Since the 1940s, more than 100,000 natural anti-tumor drugs have
been identified. In recent decades, many natural anti-tumor drugs
from animal, plant, microorganism and marine organisms have been
identified and approved by Food and Drug Administration (FDA)
(Table 1A) (8–19). However, most of the natural drugs listed in
Table 1 have not been approved by the FDA. Some drugs such as
mevastatin are produced frommicroorganisms and are believed to be
potent inhibitors of tumor angiogenesis, (Table 1B) (8–19). However,
these drugs are still not approved by the FDA. Even drugs without FDA
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TABLE 1. Anti-tumor drugs approved by FDA (A) and anti-tumor drugs from
microorganisms without FDA approval (B).

A

Kingdom Name FDA approved

Animal Alemtuzumab Yes
Animal Bevacizumab (avastain) Yes
Animal Cetuximab Yes
Animal Panitumumab Yes
Animal Tositumomab Yes
Plant Palictaxel nanoparticles Yes
Plant Vinorelbine (semi) Yes
Microorganism Lovastatin Yes
Microorganism Simvastatin (semi) Yes

B

Strains Anti-tumor drugs Refs

Yeast Beta-glucan 10
Lechevalieria aerocolonigenus Becatecarin 11
Micromonospora sp. Eco-4601 12
Salinispora tropica NPI-0052 13
Chromobacterium violaceum Romidepsin 14
Taxus cuspidata Taxol 15
Streptomyces alanosinicus Spicamycine 16
Streptomyces peucitius Amrubicin hydrochloride 17
Streptomyces sp. MDG-04-17-069 Tartrolon D 18
Streptomyces chartreusis Elsamirucini 19
Serratia marcescens Prodigiosin 8,9
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approval, microorganisms are still the most promising sources of
natural anti-tumor drugs. Among all organisms on earth, microorgan-
isms have the greatest biodiversity. Some microorganisms that can
survive in abdominal environments can secrete metabolites to protect
themselves. Some of these metabolites have potential medical
FIG. 1. Chemical struct
applications. Secondary metabolites from microorganisms with
potential anti-tumor activities have been discovered in recent years.
Five microorganism systems (cyanophytes, marine microbes, extre-
mophiles, microbial symbionts and plant endophytes) are now known
to produce secondary metabolites against abdominal environments
and for self-protection (20–25). Examples include taxol, curcumins,
actinorhodin, roseophilins (26–28), and marineosins (29).

Some natural plant pigments such as β-carotene, lycopene,
curcumin and anthocyanins are also believed to have anti-tumor
properties. However, many plants have a long life cycle. Therefore,
pigments from microorganisms are another option. Prodigiosins
(PGs) with red pigment are the secondary metabolite produced
from Serratia sp. and other unrelated microbial strains such as Vibrio
psychroerythrus, Streptomyces griseoviridis, and Hahella chejuensis
(26,27,30). The PG was first found in the broth of S. marcescens in
1902. A characterization of the chemical structure of PG in Reapoport
and Holden (31) revealed a molecular weight of 320.4 amu (31). The
PGs have a common pyrrolyldipyrrolylmethene (PPM) skeletal core
with different alkyl substituents such as a linear carbon chain and
cyclic derivatives that form PG derivatives, i.e., a family of naturally
secreting pyrrole red pigments that are secondary metabolites from
microorganisms (Fig. 1) (32). The PGs include the linear tripyrrole
undecylprodiginine and cyclic derivatives (including butylmetacyclo-
heptylprodigiosin, butylcycloheptylprodiginine metacyclononylpro-
digiosine and nonylprodigiosin). In recent years, PGs have been
characterized to be antimicrobial, antimalarial, immunosuppressive
and cytotoxic (33). The advantages of PGs in anti-tumor drug
development include only a shorter preparation time and a different
pathway for anti-tumor treatment than other natural drugs, but also
the potent immunosuppressive, antifungal, antiproliferative, and
proapoptotic properties of PGs (33). In contrast, caveats exist such
as the high production costs and the complicated purification and
ures of PGs (32).
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isolation processes from the fermentation broth of different micro-
organisms. In this review, we will aim at exploring PG as an anti-
tumor drug that is naturally produced by microorganisms, and also
evaluate the microbial production system, fermentation strategies,
purification and identification processes, and finally the application
potential of PGs.

MICROBIAL PRODUCTION SYSTEMS OF PRODIGIOSINS

Natural compounds in PGs are known to have a broad range of toxic
cellular activity (32). Extensive studies of PG synthesis in Serratia sp.
were proposed. S. marcescens is the major bacterium in PG production,
although other gram-negative bacteria that produce PGs have also been
reported, including Streptomyces coelicolor A3 (34), Streptomyces
lividans (35), Hahella chejuensiKCTC2396 (30), Pseudovibrio denitriccans
(36) and Pseudoalteromonas rubra (37) (Table 2;8,9,26,27,38–50). The
S. marcescens is a gram-negative bacterium belonging to Enterobacter-
iaceae. The S. marcescens can grow in many environments, including
water, soil, plant surfaces, and insect and vertebrate digestive tracts
(28). Optimal conditions for cultivating Serratia sp., which has a short
rod-like shape, are temperature of 10°C to 40°C, pH of 5 to 9, and NaCl
concentration 0% to 7% (w/v). Clinical studies indicate that approxi-
mately 20% of S. marcescens and 61% of S. rubidaea produce red
pigments. Electron microscope studies indicate that some Serratia sp.
migrate by peritrichous flagella. Some Serratia sp. without flagella can
migrate on algamedia, which enables nutritional uptake by serrawettin
secretion (29).

For PG quantification, the supernatant of a culture broth (0.5 ml)
was mixed with an equal volume of 2% (w/v) alum placed in a vial.
Fourmilliliters of methanol was added to the vial and themixture was
vigorously shaken. The solution was then centrifuged at 1200×g for
10 min. The supernatant was filtrated through a 0.45-μm filter to
analyze PG production. 20 ml of the sample was then analyzed with
HPLC on a RP-18 column. Next, chromatography was performed
isocratically at a flow rate of 1 mL/min with methanol/10 mM
triethylamine [19/1, v/v] (pH=6.0) as the mobile phase. The PG
was monitored at 533 nm by UV/VIS detector.

PRODIGIOSIN FERMENTATION IN MICROORGANISMS

Most of the literature on PGs focuses on medical applications, i.e.,
anti-tumor potential (4,32). To elucidate how PGs produce micro-
TABLE 2. Microbial production systems of PGs and corresponding PGs types.

PG types Strains Refs

Prodigiosin Serratia marcescens 8,9
Serratia plymuthica 38
Hahella chejuensis 30
Pseudomonas magnesiorubra 39
Vibrio psychroerythreus 26
Streptomyces griseoviridis 27
Vibrio gazogenes 40

Undecylprodigiosin Serratia marcescens SS-1 41
Serratia marcescens SMΔR 42
Streptomyces coelicolor A3(2) 34
Streptomyces lividans. 35
Saccharopolyspora sp. nov. 43
Streptomyces werraensis 1365T 44

Cycloprodigiosin Pseudoalteromonas denitrificans 36
Nonylprodigiosin Actinomadura pelletieri 45

Actinomadura madurae 46
Butyl-meta-cycloheptylprodiginine Saccharopolyspora sp. nov. 43

Streptomyces coelicolor A3(2) 47
Butyl-cycloheptylprodiginine Actinomycetes 48
Metacycloprodigiosin Streptomyces spectabilis BCC 4785 49

Streptomyces longisporus ruber 50
organisms, this section discusses several aspects of PGs production,
including cultivation conditions, medium compositions and fermen-
tation strategies.

Cultivation conditions for PGs production Currently, the
major bacteria used for PG production is S. marcescens. Production
of PGs is inhibited at temperatures higher than 37°C and lowers than
20°C (Table 3A) (51–53). Cacace and Mazza further indicated that
temperatures higher than 50°C can degrade production (54).

Studies indicate that dissolved oxygen is an essential factor in PG
production in S. marcescens (55). The PG production in S. marcescens
reportedly varies according to agitation speed (Table 3A). Wei and
Chen indicated that PG production in S. marcescenswasmaximal at an
agitation rate of 200 rpm (42). However, at higher agitation rates, PG
production in S. marcescens was inhibited.

The pH status is also an important factor in PG production in
S. marcescens. Therefore, maintaining a stable pH is essential for PG
production in S.marcescens (Table 3A) (56,57). Another report indicated
that S. marcescens produces PGs when the pH of the culture media is 3
to 7; otherwise, PGs cannot be synthesized by S. marcescens (58).

The PGs are also photosensitive pigments. Production of PGs
reportedly varies according to the light intensity used to cultivate
S. marcescens (59). For example, PG production is optimal when
S. marcescens is cultured in darkness (Table 3A) (60).

Media formulations for PGs production When producing
biosurfactants (e.g., serrawettin) or immunosuppressive pigments,
complex media (e.g., LB broth, nutrient broth and glycerol/peptone
medium) are recommended to optimize the growth and metabolic
activity of S. marcescens species (e.g., PGs) (Table 3B) (32,42,52).
Yeast extract apparently contributes to PG production in S. marces-
cens. Moreover, carbon/nitrogen ratio affects PGs production (42).
Wei and Chen attempted to adjust the carbon/nitrogen ratio of yeast
extract and trypton in LB broth to improve PG production. A modified
LB broth reportedly improves PGs production in S. marcescens (41,42).

High NaCl concentrations in culture media reportedly inhibit PGs
production in S. marcescens due to osmosis (Table 3B) (42,52,61). Salt
stress is also known to affect PGs production in NaCl concentrations
exceeding 1.2 M (61). At high (2.5%) salt concentrations, however,
Streptomyces coelicolor A3(2) activates PGs production (62).

Trace elements are particularly helpful to PGs biosynthesis in
S. marcescens, e.g., thiamine (63) and ferric acid (64), whereas light,
inorganic phosphate, and ribose reportedly inhibit PGs biosynthesis
(65). The inorganic phosphate (Pi) was found to reduce the PGs
production by non-proliferation cells of S. marcescens (65). The
inhibition mechanism of inorganic phosphate (Pi) was to diminish
alkaline phosphatase activity, and demonstrated not to involve in the
accumulation of trace elements such as iron and zinc. The adenosine
triphosphate (ATP) is also a strong inhibitor of PGs biosynthesis
(64,65). However, the inhibiting effects of ATP are still controversial in
Streptomyces coelicolor A3(2). The authors propose that extracellular
ATP is an effecter of S. coelicolor A3(2) physiology and that
extracellular ATP enables high-yield antibiotics production by S.
coelicolor A3(2) (66).

Giri et al. tested a series ofmedia, including peanut seed broth, copra
seed broth, and coconut oil broth. The authors discovered that peanut
seed broth profoundly enhances PGs production (52). Vegetable oils are
also promising carbon sources. Wei and Chen found that vegetable oils
used as a carbon sources enhance PGs production and serrawettin
secretion (Table 3B) (42).

Carbohydrates are apparently poor nutrient sources. Glucose
apparently represses PGs production in S. marcescens via the cyclic 3′
5′-adenosinemonophosphate (cAMP) inhibitor theophylline (67). A pig
gene study by Kalivoda et al. further indicated that cAMP is a negative
regulator of PGs production in S. marcescens (68). Other authors have
also proposed that glucose used as a carbon source for S. marcescens
affects PG production by accelerating extracellular acidification (54,55).



TABLE 3. Fermentation conditions for PGs production by microorganisms, including cultivation conditions (A), cultivation media (B) and fermentation strategies (C).

A

Strains Culture conditions PG production (mg/L) Refs

Temperature (°C)

Serratia marcescens NIMA 25 159 51
Serratia marcescens 28 39 52
Serratia marcescens SS-1 30 30 41
Serratia marcescens 37 or N37 0 51

Agitation speed (rpm)
Serratia marcescens SS-1 b200 23 41
Serratia marcescens SS-1 200 30 41
Serratia marcescens SS-1 N200 17 41
Serratia marcescens 375a 240 55

pH value
Serratia marcescens N3 0 58
Serratia marcescens SS-1 7 30 41
Serratia marcescens 8.0 or 8.5 –a 57

Light intensity
Serratia marcescens b2000 lux –a 60

B

Strains Media types PG production (mg/L) Refs

Serratia marcescens Nutrient broth 0.52 52
Serratia marcescens Peptone glycerol broth 0.30 52
Serratia marcescens Sesame seed broth 16.68 52
Serratia marcescens Nutrient broth with 0.5% maltose 1.84 52
Serratia marcescens Nutrient broth with 0.5% glucose 1.69 52
Serratia marcescens Sesame seed broth with 0.5% maltose 9.43 52
Serratia marcescens Sesame seed broth with 0.5% glucose 1.47 52
Serratia marcescens Peanut seed broth 38.75 52
Serratia marcescens Copra seed broth 1.94 52
Serratia marcescens Peanut oil broth 2.89 52
Serratia marcescens Coconut oil broth 1.42 52
Serratia marcescens Sesame oil broth 1.01 52
Serratia marcescens SMΔR Modified LB broth with 6% soybean oil 198.00 42
Serratia marcescens SMΔR Modified LB broth with 6% sunflower oil 790.00 42
Serratia marcescens SMΔR Modified LB broth with 6% olive oil 453.00 42
Serratia marcescens SS-1 Modified LB broth with 10 g/L Pro 2500.00 41
Serratia marcescens SS-1 Modified LB broth with 5 g/L His 1400.00 41
Serratia marcescens SS-1 Modified LB broth with 2.5 g/L Asp 1500.00 41

C

Strains Fermentation strategies PG production (mg/L) Refs

Serratia marcescens SMΔR Batch culture by C/N ratio 152.00 42
Serratia marcescens SS-1 Batch culture by C/N ratio 1500.00 41
Serratia marcescens SMΔR Batch culture by vegetable oils 790.00 42
Serratia marcescens Batch culture by vegetable oils 1.01 41
Serratia marcescens Nima Batch culture by precursors 22.10 42
Serratia marcescens SS-1 Batch culture by precursors 2500.00 41
Serratia marcescens Batch culture by seed broth 3900.00 52
Serratia marcescens UCP1459 Batch culture by renewable-resources 49500.00 68
Serratia marcescens spp. Batch culture with immobilization 0.93a 77
Serratia marcescens NIMA Batch culture with immobilization 1000.00 87
Streptomyces coelicolor A3(2) Continuous culture 0.81 88
Serratia sp. KH-95 Bioreactor with in situ separation 42000.00 84
Serratia sp. KH-95 Bioreactor with in situ separation 13100.00 85
Serratia sp. KH-95 Bioreactor with in situ separation 69200.00 83
Hahella chejuensis KCTC 2396 Statistical optimization 1198.00 78
Hahella chejuensis M3349 Genetic engineering and statistical optimization 2600.00 79
Serratia marcescens O8 PG recovery by SDS 7.00a 89

a The unit of PGs production not used in mg/L.
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However, PGs production in a nutrition broth can be enhanced
significantly by adding 0.5% glucose or 0.5% maltose (Table 3B) (52).

Williams et al. indicated uptake of five-carbon amino acids such as
aspartate, proline, glutamate and ornithine by S. marcescens promotes
PGs production. However, although alanine is conducive to PG
biosynthesis, whether it affects PGs biosynthesis is unknown. Reports
also indicate that methionine and methionine analogues do not affect
PG biosynthesis (69). William further indicated that proline uptake
does not occur in S. marcescens, whereas S. marcescens directly
incorporate proline into the 4-methoxy-2,2′-bipyrrole-5-carbalde-
hyde (MBC) structure of the PPM skeleton to increase PGs production
(47,70,71). The mechanism of proline incorporation in PGs synthesis
was recently elucidated (Table 3C) (41,71). Monopyrrole is the cause
of differences in biosynthesis between PG and its analogues. Various
monopyrrole types condense to PGs structures in S. marcescens (32).

Some wastes such as industrial wastewater and food waste can be
used as nutrients for production of bio-products by microorganisms.
De Araújo et al. added 6% cassava wastewater into medium. Their
results showed that adding 6% cassava wastewater enhanced PGs
production and reduced production costs (72).
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Fermentation strategies for PGs production The various
fermentation strategies used for bio-product production by micro-
organisms include genetic engineering, batch culture, continuous
culture, bioreactor culture, and immobilization culture. Bio-product
production can also be enhanced by applying statistical methods such
as response surface methodology. Most fermentation strategies for
PGs production apply batch culture. Therefore, this section describes
the above fermentation strategies but not batch culture strategies,
which are discussed in the section on culture conditions and medium
formulations.

Gene expressions of microorganisms vary rapidly with environ-
mental hints such as cell proliferation, cultivation temperature and
cultivation medium. The gene expression of PG is a quorum sensing
mechanism. Quorum sensing system is a cell to cell interaction system
that either increases or decreases PG production by high or low cell
density (42). The PGs are peptide-antibiotics synthesized by non-
ribosomal peptide synthases (NRPSs). The mechanism of NRPS
synthesis is the intermediate covalent compound of phosphopan-
tetheine, which synthesizes peptide chains from peptide synthesis
enzymes (73). The pig gene cluster that controls PGs biosynthesis has
been identified in S.marcescensATCC 274 and in Serratia sp. ATCC 39006
(Fig. 2) (73–75). Fourteen open reading frames in pig gene cluster in S.
marcescens ATCC 274, i.e., pig A to pig N, can be translated into a single
polycistronic mRNA. Pig C is responsible for synthesizing condensed
enzymes. Pig B, D and E regulate monopyrrole (2-methyl-3-n-amyl-
pyrrole,MAP) synthesis. Pig F toN participates inMBC synthesis directly
and indirectly, respectively (73,76). Therefore, the tripyrrole pigment
FIG. 2. Biosynthetic pat
compounds, PGs, are synthesized by condensing enzyme when the
pigment precursors (i.e., MAP and MBC) appear (Fig. 3) (73).

Dauenhauer et al. indicated that cloning the Sau 3A DNA fragment
of S. marcescens Nima to E. coli K-12 by the cosmid vector pHC79
promotes secretion of PGs by E. Coli K-12 (76). Moreover, the mutant
resulting from transposon mutation of S. marcescens ATCC 274
profoundly enhances PGs production (77). Kim et al. performed a
statistical method of optimizing PGs production (2.6 g/L) in an a
mutant strain, i.e., Hahella chejuensis M3349 (78). The related genes-
pswP and hexS reportedly exhibit parallel production of serrawettin
and PGs (79,80). Recently, Borodina et al. found that phosphofructo-
kinase deletion in Streptomyces coelicolor A3(2) can increase PGs
production (81).

Continuous cultivation is rarely performed in the laboratory. Crucial
advantages such as shortening the fermentation period, improving the
consistency of bio-products, reducing losses of bio-products and
protecting the environment become obvious when continuous cultiva-
tion is performed. The continuous culture technique is generally limited
to the exponential phase of batch culture of a microorganism to provide
an environment withminimal variation in nutrients and biomass. Kang
et al. evaluated the effects of growth rate and nutrient feed rate on PGs
production in Streptomyces coelicolor A3(2) by continuous culture (82)
(Table 3C). Their experimental results indicated that PG production in
the relA mutant was lower than that of the parental strain under
conditions of glucose and ammonium limitation. The specific rate of PGs
production was enhanced by adding glucose but suppressed by adding
phosphate (82).
hway of PGs (75).

image of Fig.�2


FIG. 3. Processing schemes for isolating and purifying PGs.
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The PGs production is limited in batch cultivation due to product
feedback inhibition (83–86). This phenomenon also occurs in the
culture of other secondary metabolites. Kim et al. developed an in situ
bioreactor with an external extraction column for recovering PGs. The
PG product could be removed after performing membrane filtration,
extraction, evaporation, and adsorption processes to prevent end-
product inhibition. Their experimental results showed that the increase
in PG production was 1.31-fold higher than that in the simple batch
culture (84,85). To improve the recovery yield of PG, Bae et al. further
fabricated an internal extraction column for recovering PGs. The PG
production was 1.8-fold higher than that obtained in an external
extraction column (Table 3C) (86).

Immobilization culture in biotechnology applications is performed
to immobilize the bacteria in a special carrier in order to enhance
bacterial proliferation and bio-product production. Two studies have
applied this concept to enhance PGs production. Yamashita et al.
added a silica gel carrier to the cultivationmedium. They reported that
red bacteria observed on silica particles significantly enhanced
production of biomass, PGs and serrawettin (77). Syzdek et al. also
used aerosols to immobilize bacteria in bubbles. Their experimental
results showed increased biomass and PGs (87).

The common experimental procedure is to optimize a single factor
and to maintain the remaining factors. Variation in other factors
should not be considered in the same run. Therefore, the experimental
results in this study do not depict the combined effects of all the
factors involved. The optimal values from these experiments are
difficult to determine due to the large number of experiments. All the
factors can be optimized by a statistical experimental design such as
response surface methodology (RSM). Kim et al. was the first research
group to enhance PGs production in S. marcescens KCTC 2396 by using
statistical methods to optimize the medium composition. They
reported higher PGs production in the experimental group than in
the control group (Table 3C) (78,79).

PURIFICATION AND ISOLATION OF PRODIGIOSINS

PGs purification and characterization Crude PGs traditionally
extracted from S. marcescens or Streptomyces spp. by various solvents
such asmethanol, acetone, and chloroform (26,41,42,51). The PGs have
four to six fractions in the crude product obtained by solvent extraction
(88). Conventional methods of separating various fractions of PGs use
column chromatography such as silica gel (26). Fractions of varying
color, such as orange-red fraction, pink fraction and purple fraction, can
be eluted out by passing the silica gel (26,41,42,88). The orange-red
fraction is collected and dried in a vacuum oven. Finally, a viscoid red
powderwithhighpurity is harvested (Fig. 3). However, conventional PG
purification methods use too many organic solvents, possibly resulting
in the cytotoxicity of PGs.

Themolecularweight and chemical structure of the purified product
was characterized bymass spectrometry andNMR. The purified product
was dissolved in D-chloroform (CDCl3) and the solution then was
analyzed by NMR to identify the structure of the purified product. The
purified product dissolved inmethanol was injected into the FAB-MS to
determine the molecular weight of red pigment.

Surfactant for enhanced PGs recovery The literature shows
that adding sodium dodecyl sulfate into medium enhances PGs
production due to an increase in negative binding sites by sodium
dodecyl sulfate with cell envelope components (Table 3C) (89). Mallick
further indicated that S. marcescenswith high cell surface hydrophilicity
produce PGs (90). Therefore, we hypothesize that serrawettin produc-
tion by S. marcescens affects the release of PG from S. marcescens.
Yamashita et al. noted that the metabolic control system involved in
serrawettin production resembles that in PG production (77). Further-
more, the pswP gene reportedly affects the parallel production of PGs
and serrawettin W1 in S. marcescens (80). Wei and Chen proposed that
PGs production correlates with extracellular surface emulsification
activity, i.e., PG production is linked to serrawettin (42).

Direct extraction after bioreactor fermentation Several lit-
eratures showed bacteria cultivated by in situ bioreactor with
extraction absorbent column to recover PGs in order to prevent
end-product inhabitation and to increase PGs production (83,84). Kim
et al. first reported the development of a bioreactor with external
column separation (84). Three adsorbents, HP-20, SP-850, and XAD-
16, were evaluated in terms of capacity to bind pigment efficiently.
Resin SP-850 had a higher capacity compared to HP-20 and XAD-16
(84). Bae et al. further developed a bioreactor with internal absorbent.
Efficiency of PGs recovery and production was highest in the
bioreactor with external absorbent (86). Wang et al. (14) improved
PGs release from the cell envelope by adding Tween 80 and used an
adsorbent (X-5 resin) for direct recovery of PGs from culture broth by

image of Fig.�3
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static adsorption or in situ separation. The recovery yield (83%) in that
study was much higher than that obtained by conventional method
(50%) (88).

ANTICANCER ACTIVITY OF PGS

PGs, including PG, undecylprodigiosin and cycloprodigiosin, are
cytotoxic against a wide range of human cancer cell lines while sparing
nonmalignant cells (33,91). Because of this selective cytotoxicity, PGs
are promising anticancer agents. The in vivo anticancer activity of PGs
was first demonstrated by the inhibitory effect of cycloprodigiosin on
xenografted Huh-7 hepatocarcinoma cells (92). A mouse melanoma
model also showed that prodigiosin elicits an anti-metastatic effect by
reducing lung metastasis (93), which suggests that PGs stall cancer
progression through multiple mechanisms.

Apoptosis The cytotoxicity of PGs is mainly attributable to their
proapoptotic effect against malignant cells, which is independent of
p53 and drug resistance (94–96). Accumulating evidence has started
to unravel the multiple pathways whereby PGs induce apoptosis
(Fig. 4). The modes of action and molecular targets responsible for the
proapoptotic effect of PGs are discussed below.

Acidification of intracellular pH (pHi) is apparently a key trigger of
apoptosis (97). In this regard, prodiginines lower pHi by facilitating
H+/Cl symport across vesicular membranes to the cytosol (98).
Intracellular acidification is essential for cycloprodigiosin to provoke
apoptosis in HL-60 cells (99) but is dispensable in PG-induced colon
cancer cell apoptosis (101). These findings suggest that the role of
FIG. 4. Anti-tumor mechanisms of PGs. PGs exert their anti-tumor effect by inducing apopto
family proteins, IAP proteins (survivin and XIAP), and death ligand/receptors to engage bot
and down-regulation of RhoA and MMP-2 account for the cell cycle arrest and anti-metastati
AKT/GSK-3β are all involved in PGs-induced apoptosis. See text for details.
intracellular acidification in PGs-induced apoptosis is in PGs- or cell
type-dependent manners.

Members of the BCL-2 family are pivotal to the initiation of
mitochondrial apoptotic pathway by regulating the permeability of
the outer mitochondrial membrane (OMM). Increase in OMM
permeability leads to the cytosolic release of cytochrome c for the
activation of caspase 9-initiated caspase cascade to induce apoptosis.
The balance between antiapoptotic and proapoptotic BCL-2 proteins
therefore acts as a life-or-death switch (102). Prodigiosin is known to
up-regulate the proapoptotic BCL-2 protein BAX in MCF-7 cells (95).
Similarly, we demonstrated earlier that undecylprodigiosin reduces
antiapoptotic BCL-XL but elevates proapoptotic BIK, BIM, MCL-1S and
NOXA (96). Altogether, modulating the BCL-2-based life-or-death
switch is fundamental for PGs to induce apoptosis.

Survivin and XIAP are endogenous inhibitors of caspases. Over-
expression of survivin or XIAP, which confers drug resistance, is common
in cancer cells (103,104). An earlier study by the authors found that both
survivin and XIAP are reduced by undecylprodigiosin inMCF-7 cells (96).
We further revealed that PG transcriptionally down-regulate survivin to
achieve synergistic toxicity with paclitaxel, a common chemotherapeutic
known to up-regulate survivin (105). Intriguingly, down-regulation of
survivin and XIAPmay partly explain the selective toxicity of PGs against
cancer cells, as cancer cells are highly dependent on survivin and/or XIAP
to withstand the high basal levels of apoptotic stress (106,107).

The tumor suppressor protein p53 is a master trigger of apoptosis.
Most cancer cells carry functionally defective p53and are thereforemore
resistant to chemotherapy-induced apoptosis (108).Notably, PGs trigger
sis, cell cycle arrest, or inhibition of metastasis. PGs modulate the expression of BCL-2
h mitochondrial and death-receptor apoptotic pathways. Suppression of CDK activities
c effects of PGs, respectively. Signaling pathways mediated by JNK, p38-MAPK and PI3K/
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apoptosis in cell lines irrespective of p53 status (94–96). Thedispensable
role of p53 inPGs-induced apoptosiswas further validatedbyour finding
that both MCF-7 cells and their p53-knockdown counterparts showed
comparable sensitivity to undecylprodigiosin (96). Induction of p53-
independent apoptosis is actually an advantage of PGs over other
chemotherapeutics whose proapoptotic effects require functional p53.

Cells manage DNA lesions by inducing cell cycle arrest for DNA
repair or apoptosis if DNA is severely damaged. PG facilitates double-
stranded DNA (dsDNA) cleavage in the presence of copper, and this
copper-mediated nuclease activity is essential for PG-induced
apoptosis (109). Additionally, PG perturbs DNA structure by direct
DNA intercalation and also by inhibiting the activity of both
topoisomerase I and II to cause dsDNA breaks (110).

Signaling cascades mediated by the family of mitogen-activated
protein kinases (MAPKs), including ERK, JNK and p38-MAPK, contribute
to PGs-induced apoptosis. In HL-60 cells, cycloprodigiosin induced JNK
activation, leading to c-Jun phosphorylation and FasL up-regulation
(99). In contrast, PG induced the phosphorylation of p38-MAPK instead
of JNK in Jurkat cells (100), and this apoptosis was suppressed by the
protein kinase C (PKC)-MEK-ERK pathway activated by phorbolmyr-
istate acetate (PMA), even though PG did not induce ERK phosphory-
lation (111). Recently, we unraveled that undecylprodigiosin induces
phosphorylation/activation of both JNK and p38-MAPK in T-47D cells,
but it is the JNK-mediated signaling that predominantly mediates
undecylprodigiosin-induced apoptosis (manuscript in preparation).

The phosphatidylinositol 3-kinase (PI3K)-AKT-glycogen synthase
kinase-3β (GSK-3β) pathway is also central to the proapoptotic activity
of PG. Specifically, PG-inducedAKTdephosphorylation activatesGSK-3β
which up-regulates death receptors 4 and 5 aswell as nonsteroidal anti-
inflammatory drug-activated gene 1 (NAG-1), a proapoptotic protein
(112). Importantly, GSK-3β is required for PG-induced apoptosis,whose
level is suppressed by inhibition of GSK-3β activity.

Cell cycle arrest Aside from inducing apoptosis of cancer cells,
PGs also halt cancer growth by provoking cell cycle arrest at non-
cytotoxic concentrations. To this end, undecylprodigiosin reduces T
lymphocyte proliferation by inhibiting CDK4 and CDK2 (113).
Similarly, PG induces growth arrest of Jurkat cells at the G1-S phase
transition by reducing Rb phosphorylation through the inhibition of
the kinase activity of cyclin E-CDK2 and cyclin A-CDK2, as well as by
up-regulating p21CIP1/WAF1 and p27KIP1 (114).

A recent study by Soto-Cerrato et al. (115) provided a mechanistic
insight into how PG up-regulates p21CIP1/WAF1. In MCF-7 cells, non-
cytotoxic doses of PG transcriptionally up-regulate p21CIP1/WAF1, but
the up-regulation is independent of p53. Instead, PG engages the TGF-
β signaling pathway to promote p21CIP1/WAF1 expression, as blockade
of TGF-β receptor abolishes p21CIP1/WAF1 induction by PG (115).

Anti-invasion and anti-metastasis Distant metastases are a
leading cause of cancermortality, and contribute to thedemand for anti-
metastasis drugs. The therapeutic benefits of PG have been demon-
strated in a mouse melanoma model by reduced lung metastasis and a
corresponding increase in survival (93). Mechanistically, this anti-
metastatic activity of PG is likely attributable to its inhibiting effect on
cell migration and cell invasion, possibly through down-regulation of
RhoA and matrix metalloproteinase-2 (MMP-2) (93).

The potent anticancer activities of some PG family members are now
evident. The selective cytotoxicity against cancer cells, p53-independent
proapoptotic effect, and anti-metastatic activity of PGs indicate the great
potential of these bacterial metabolites as anticancer agents. Recent
multiple phase I and II oncology trials of GX15-070 (obatoclax), a
synthetic analogue of PG developed by Gemin X Pharmaceuticals, further
substantiates the use of PGs as lead compounds to develop novel cancer
therapeutics (33,91). Further studies are needed to determine how PGs
induce apoptosis, cell cycle arrest, and anti-metastasis, as improved
understanding of the activities of these drugs can enable the development
of novel and effective cancer therapeutics.
FUTURE PROSPECTS

Most of the commercially available anti-tumor drugs are chemi-
cally synthesized and have substantial side effects. Therefore,
pharmaceutical factories and researchers focus on naturally occurring
anti-tumor drugs to replace chemical synthetic drugs. One of the
naturally occurring anti-tumor drugs is pigments extracted from
vegetables and fruits, such as β-carotene, lycopene, curcumin and
anthocyanins. Although these pigments have potent anti-tumor and
anti-oxidant properties with minimal side effects, extraction costs of
these pigments are very high. Alternatively, another naturally
occurring anti-tumor drug is red pigments extracted from various
microorganisms, e.g., PG. The merits of PGs in anti-tumor drug
development include only a shorter preparation time and a different
pathway for anti-tumor treatment than other natural drugs, but also
the immunosuppressive, antifungal, antiproliferative, and proapopto-
tic properties of PGs. Conversely, facts including high production costs
and the complex purification and isolation processes from the
fermentation broth of various microorganisms limit the development
of PGs as anti-tumor drugs. Hence, several issuesmust be addressed to
improve PGs production in the future. First, PGs production should be
further explored on other potential stains in addition to S. marcescens.
Second, the defined medium must be developed for industrial
applications. Third, a feasible fermentation strategy, e.g., two-stage
fermentation and fed-batch fermentation, is essential for application
to PG production. Fourth, the bioreactor plus recovery system should
be further developed in terms of feedback inhibition of PGs. Finally,
purification of PGs was also further improved with the HPLC
separation system to reduce the solvent used and to reduce the
cytotoxicity by purification.

Researchers are now recognizing the potent anticancer activity of
some PGs family members. The combination of selective cytotoxicity
against cancer cells, p53-independent proapoptotic effect, and anti-
metastatic activity of PGs endows these bacterial metabolites with
great potential as anticancer agents. Future studies should explore the
mechanisms whereby PGs induce cell cycle arrest, apoptosis and anti-
metastasis, as detailed understanding of the activities of these drugs
hold great promise for rational design of novel and effective cancer
therapeutics. According to the reasons mentioned above, to develop
fermentation process of PGs production by microorganisms is
necessary.
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