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This thesis investigates the anti-leukemic activity of terpenoids isolated from medicinal
mushrooms and marine sponges, as well as their possible targets and mechanisms of action.
In the first section, we focused on studying the triterpenoidal components of three
triterpenoid-enriched medicinal mushrooms Antrodia cinnamomea, Ganoderma lucidum, and
Poria cocos, which have been used in folk medicine for centuries and also developed into
several contemporary marketed products. We isolated the major and characteristic triterpenoids
from these mushrooms, together with six new lanostanoids (II-1–II-6). The anti-leukemic
activity of the isolates was evaluated in vitro using MTT proliferative assay and seven of them
exhibited potential anti-leukemic effect. The active lead compounds were further subjected
to computational analyses utilizing the ChemGPS-NP tool. We established a database for the
anti-leukemic relevant chemical space of triterpenoids isolated from these three medicinal
mushrooms, which could be used as a reference database for further research on anti-leukemic
triterpenoids. Our results indicated that the anti-leukemic effect of the active lead compounds
was mediated not only through topoisomerases inhibition but also through inhibiting DNA
polymerases.
The second and third sections focused on isolation of anti-leukemic sesterterpenoids from
sponges. The investigation of Carteriospongia sp. led to the isolation of two new scalaranetype sesterterpenoids (III-1 and III-2) and one known tetraprenyltoluquinol-related metabolite
(III-3). All isolates exhibit an apoptotic mechanism of action against Molt 4 cells, found to be
mediated through the disruption of the mitochondrial membrane potential (MMP) and inhibition
of topoisomerase IIα expression. Detailed investigation of the apoptotic mechanism of action
using molecular docking analysis revealed that compound III-1 might target Hsp90 protein.
The apoptotic-inducing effect of III-3 was supported by in vivo experiment by suppressing the
volume of xenograft tumor growth (47.58%) compared with the control.
In the final section of this thesis we studied manoalide and its derivatives, sesterterpenoids
isolated from the sponge Luffariella sp.. Manoalide has been studied as a potential antiinflammatory agent for the last thirty years with more than 200 publications and 40 patents.
However, the configurations at positions 24 and 25 were never revealed. In the current study,
ten manoalide-type sesterterpenoids (IV-1–IV-10) were isolated from Luffariella sp. and their
stereoisomers at positions 24 and 25 were identified and separated for the first time. The
configuration at positions 24 and 25 showed to have a significant effect on the anti-leukemic
activity of manoalide derivatives, with the 24R,25S-isomer exhibiting the most potent antileukemic activity. The apoptotic mechanism of action of compound IV-7 against Molt 4 cells
was investigated, and the compound was found to trigger MMP disruption and intracellular
reactive oxygen species (ROS) generation. Compound IV-7 also inhibited activity against both
human topoisomerases, I and II. The in vivo experiment further supported the anti-leukemic
effect of IV-7 with a 66.11% tumor volume suppression compared to the control.
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1. Introduction

1.1. Medicinal mushrooms in Asia and their potential to
be developed as chemo-preventive agents
Fungi form the second largest group of living organisms after insects and it
is believed that over 1.5 million fungal species exist in nature. Fungi can be
subdivided into two main categories, microfungi and macrofungi or
mushrooms. Mushrooms are not a taxonomic group but do include well over
12,000 species possessing macroscopic fruiting bodies, the mushrooms or
sporocarps, which are visible to the naked eye [1].
Table 1. Triterpenoids isolated from Antrodia cinnamomea, Ganoderma lucidum
and Poria cocos

In Asia, medicinal mushrooms have emerged as integral ingredients of
dietary supplements in the last few decades. Certain types of mushrooms
grown in Asia such as Antrodia cinnamomea, Ganoderma lucidum and
Poria cocos attracted attention due to their nutritional values and potential
therapeutic effect against several debilitating diseases such as cancer [2].
Over the last few years, many dietary supplements based on these medicinal
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mushrooms have been marketed in Asia as health promoting and therapeutic
agents. However, detailed information on the secondary metabolite content
of these dietary supplements is still lacking. Preliminary previous studies
suggested that the cytotoxic and immunomodulatory effect of these
mushrooms may be attributed to their triterpenoids (Table 1) and
polysaccharides content, respectively. Among well-studied examples we
find lanostane-type triterpenoids which have shown potent cytotoxic activity
in several previous reports [2]. Two main types of triterpenoids, lanostanoids
and ergostanoids, were distributed in the intermediate polarity fractions and
easily purified with chromatographic methods. Ergostane-type triterpenoids
differ from the lanostane-type by the loss of one methyl group at position 4
of the A ring [3].
The Taiwanese endemic mushroom A. cinnamomea showed the highest
content of triterpenoids, but was chemically less diverse as compared to the
other two mushrooms.
Triterpenoid content from P. cocos was low (less than 0.5%) but showed
wide diversity of lanostanoids [4]. These lanostanoids could be further
divided into four sub-classes based on 24-methyl substitution (eburicanetype) and the cleavage A ring skeleton (seco-type) [5].
The triterpenoidal content in G. lucidum was lower compared with its
contents of polysaccharides. Similar to P. cocos, only lanostane-type
triterpenoids were isolated from G. lucidum, but these lanostanoids exhibited
higher degree of oxidation and lacked the seco-skeleton [2]. More than 150
lanostanoids were identified from G. lucidum including ganoderic acids,
ganoderenic acids, ganolucidic acids, lucidenic acids, ganoderiols, and
lanosterols.
Further investigation on the cytotoxic effect of triterpenoids from
medicinal mushrooms is crucial to enable the future development of these
compounds as potent anti-tumor agents. Such information will also enlighten
consumers on the potential activity of their daily used dietary supplements
based not only on ancestral experience but also on contemporary scientific
knowledge. Hence, the relationship between these triterpenoids and their
biological activity is undoubtedly worth for further systematic investigation.

1.2. Significance of marine natural products as
promising anti-cancer drug candidates
Oceans cover about 70% of Earth’s surface and provide a diverse living
environment for marine organisms. In the course of evolution, marine
organisms have adapted effectively to marine environments such as the high
salt concentration, low temperature, high pressure and low availability of
nutrients. These extreme environmental conditions require unique adaptation
12

strategies, including the secretion of an arsenal of secondary metabolites as
defense against predators. In general, marine secondary metabolites differ
from their terrestrial counterparts presumably because they evolved in
different environments [6]. Marine natural products chemistry has been
rapidly developing during the past six decades. Up to date, marine natural
products chemists isolated more than 20,000 new compounds from marine
organisms, including bacteria, fungi, microalgae, seaweeds, sponges, soft
corals, mollusks, bryozoans, echinoderms, and ascidians. Many of these
compounds are structurally unique and exhibited significant biological
activities. Several compounds have been developed as marketed products
targeting life threating ailments and many others are expected to be
important future drug leads [7]. Exploring marine organisms will be one of
the main focuses of future research in the field of natural sciences.

Figure 1. Marine natural products or derivatives thereof approved for use by the
FDA or EMEA, their chemical structures and treatment usage [8].

Marine science has evolved to a well-established multidisciplinary subject
covering many topics from marine ecology to marine natural products
chemistry. Marine organisms are rich sources of natural products possessing
unique and often highly complex and sophisticated structures. This structural
complexity represents a major obstacle for the optimal utilization of marine
secondary metabolites potential, due to significant difficulties in structure
elucidation and development of efficient protocols for their synthesis.
Ziconotide (Prialt®; Elan Pharmaceuticals) (Figure 1), an analgetic peptide
originally discovered in a marine tropical snail of the genus Conus, became
in December 2004 the first marine-derived compound to be approved as a
drug in the United States. In 2007, trabectedin (Yondelis®; PharmaMar)
(Figure 1) became the first marine anti-cancer drug to be approved in the
European Union [7]. Thousands of new substances were identified from
marine organisms during the past three decades, demonstrating the potential
of our oceans as a source of novel chemical classes [9]. Nowadays, there are
more than 20 marine-derived anti-cancer candidates in Phase I, II, or III of
drug development and many of these candidates show a high selectivity
index (SI) and lower side-effects (Table 2) than many present drugs.
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Table 2. Marine anti-cancer clinical pipeline (a continuous categorization derived
from the review [8] http://marinepharmacology.midwestern.edu/)
Clinical
Status

FDAApproved

Phase III

Compound
Name
Trabectedin
(ET-743)
Brentuximab
vedotin
(SGN-35)
Eribulin
Mesylate
(E7389)
Cytarabine
(Ara-C)
Plinabulin
(NPI-2358)
Plitidepsin

Phase II

Marine
Organism

Chemical Class

Molecular
Target

B, D

Tunicate

Alkaloid

Adcetris®
(2011)

Mollusk/
cyanobacterium

ADC (MMAE)

CD30 &
microtubules

J, Anaplastic large T-cell
systemic malignant,
Hodgkin's disease

Halaven®
(2010)

Sponge

Macrolide

Microtubules

C

Cytosar-U®
(1969)

Sponge

Nucleoside

DNA polymerase

G

NA

Fungus

Diketopiperazin
e

Microtubules

F, Brain Tumor

Aplidin®

Tunicate

Depsipeptide

Rac1 & JNK
activation

NA

Mollusk/
cyanobacterium

ADC (MMAF)

EGFR &
microtubules

SGN-CD19A

NA

Mollusk/
cyanobacterium

ADC (MMAF)

CD19 &
microtubules

Lurbinectedin
(PM01183)

NA

Tunicate

Alkaloid

Minor groove of
DNA

AGS-16C3F

G, I, J
C, Metastatic melanoma,
Triple negative breast
cancer
L, M, Burkitt Lymphoma,
Diffuse Lymphoma;
Mantle-Cell, Precursor Bcell Lymphoblastic
D, C, G, P, Q
Renal Cell Carcinoma
with Clear Cell
Histology, Renal Cell
Carcinoma with NonClear Cell Histology,
Renal Cell Carcinoma of
Papillary Histology
F, D, R, Epithelial
Tumors, Malignant,
Peritoneal Neoplasms

NA

Mollusk/
cyanobacterium

ADC (MMAF)

ENPP3 &
microtubules

NA

Mollusk/
cyanobacterium

ADC (MMAE)

NaPi2b &
microtubules

NA

Mollusk/
cyanobacterium

ADC (MMAE)

CD22 &
microtubules

G, J, K, L, M

NA

Mollusk/
cyanobacterium

ADC (MMAE)

CD79b &
microtubules

G, J, K, L

ADC (MMAF)

BCMA

I

ADC (MMAE)

Ly6E

A

ADC (MMAE)

Anti-neoplastic
agent

A

ADC (MMAE)

c-Met

GSK2857916

NA

RG7841

NA

ABBV-085

NA

ABBV-399

NA

Mollusk/
cyanobacterium
Mollusk/
cyanobacterium
Mollusk/
cyanobacterium
Mollusk/
cyanobacterium

ASG-67E

NA

Mollusk/
cyanobacterium

ADC (MMAE)

CD37 &
microtubules

ASG-15ME

NA

Mollusk/
cyanobacterium

ADC (MMAE)

SLITRK6 &
microtubules

Enfortumab
Vedotin
ASG-22ME

NA

Mollusk/
cyanobacterium

ADC (MMAE)

Nectin-4 &
microtubules

Bryostatin

NA

Bryozoan

Macrolide
Iactone

Protein kinase C

Tisotumab
Vedotin

HuMax®-TFADC

Mollusk/
cyanobacterium

ADC (MMAE)

Tissue Factor &
microtubules

Marizomib
(Salinosporamid
e A; NPI-0052)

NA

Bacterium

Beta-lactonegamma lactam

20S proteasome

MLN-0264

NA

Mollusk/
cyanobacterium

ADC (MMAE)

PM060184

NA

Sponge

Polyketide

NA

Mollusk/
cyanobacterium

ADC (MMAE)

SGN-LIV1A

Types of Cancer

Minor groove of
DNA

ABT-414
EGFRvIII MMAF

Lifastuzumab
vedotin
(DNIB0600A)
Pinatuzumab
vedotin
(DCDT-2980S)
Polatuzumab
vedotin
(DCDS-4501A)

Phase I

Trademark
(FDA Approved
Year)
Yondelis®
(2015)

GCC &
microtublues
Minor groove of
DNA
LIV-1 &
microtubules

A
Refractory Lymphoid
Malignancy; Relapsed
Lymphoid Malignancy
Metastatic Urothelial
Cancer
Tumors; Medical
Oncology; Neoplasms;
Metastatic Urothelial
Cancer
E, F, J, N, O, R, Renal
Cell Cancer, Gastric
Cancer, Kidney Cancer
D, F, O, Q, Cervix
Cancer, Bladder Cancer,
Cancer of Head and
Neck, Esophagus Cancer
E, F, G, I, N
H
A
C

ADC: Antibody Drug Conjugate; CD: Cluster of Differentiation; EGFR: Epidermal Growth Factor Receptor; ENPP3: Ectonucleotide
Pyrophosphatase/Phosphodiesterase Family Member 3; FDA: Food and Drug Administration; GCC: Guanylyl Cyclase C; JNK: c-Jun N-terminal protein
kinases; LIV-1: Zinc transporter SLC39A6; MMAE: Monomethylauristatin E; MMAF: Monomethylauristatin F; NA: Not Available; NaPi2b: SodiumDependent Phosphate Transport Protein 2b; RAC1: Ras-related C3 botulinum toxin substrate 1; SLITRK6: SLIT and NTRK-like protein 6. Coding of
cancer types. A: Solid tumours, B: Soft Tissue Sarcoma, C: Breast Cancer, D: Ovarian Cancer, E: Pancreatic cancer, F: Non-Small Cell Lung Cancer,
NSCL, G: Leukemia, H: Advanced Gastrointestinal Malignancies, I: Multiple Myeloma, J: Lymphoma, K: Non-Hodgkin Lymphoma, L: Follicular
Lymphoma M: B-Cell Lymphoma, N: Melanoma, O: Prostate Cancer, P: Lung Cancer, Q: Endometrial Cancer, R: Fallopian Tube Cancer
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1.3. ChemGPS-NP analysis
ChemGPS-NP (chemical global positioning system for natural products) is a
computational tool based on the principal component analysis (PCA) of
physical-chemical properties. It has eight principal components (PCs) based
on 35 carefully selected chemical descriptors (Table 3) describing physicalchemical properties such as size, shape, polarizability, lipophilicity, polarity,
flexibility, rigidity, and hydrogen bond capacity [10].
Table 3. ChemGPS-NP descriptors, adapted from Larsson et al. [10]
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Abbreviation
MW
Sv
Se
Sp
Mv
Me
nAT
nSK
nBT
nBO
nBM
ARR
nCIC
RBN
RBF
nDB
nAB
nC
nN
nO
nX
nBnz
nCar
n_amid
nROH
nArOH
nHDon
nHAcc
Ui
Hy
AMR
TPSA(NO)
TPSA(Tot)
ALOGP
LAI

Description
Molecular weight
Sum of atomic Van der Waals volumes (scaled on C atom)
Sum of atomic Sanderson electro-negativities (scaled on C atom)
Sum of atomic polarizabilities (scaled on C atom)
Mean atomic Van der Waals volume (scaled on C atom)
Mean atomic Sanderson electro-negativity (scaled on C atom)
Number of atoms
Number of non-hydrogen atoms
Number of bonds
Number of non-hydrogen bonds
Number of multiple bonds
Aromatic ratio
Number of rings
Number of rotatable bonds
Rotatable bond fraction
Number of double bonds
Number of aromatic bonds
Number of carbon atoms
Number of nitrogen atoms
Number of oxygen atoms
Number of halogens
Number of benzene-like rings
Number of aromatic carbon atoms (sp2)
Number of amides
Number of aliphatic hydroxy groups
Number of aromatic hydroxy groups
Number of donor atoms for hydrogen bonds (N and O)
Number of acceptor atoms for hydrogen bonds (N, O, and F)
Unsaturation index
Hydrophilic factor
Ghose-Crippen molar refractivity
Topological polar surface area using N and O
Topological polar surface area using N, O, S, and P
Ghose-Crippen octanol-water partition coefficient
Lipinski alert index (drug-like index)

The ChemGPS-NP applied analysis (Figure 2) can be operated from
simplified molecular input line entry specification (SMILES) structure data,
and by performing score prediction in this model, this system provides a
chemo-informatic tool for charting and navigating the biologically relevant
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chemical space [11]. A public web-interface, ChemGPS-NPweb, is provided
at the site: http://chemgps.bmc.uu.se to facilitate application of the tool

Figure 2. ChemGPS-NPweb online operating process [11]

Previous applications of ChemGPS-NP mainly focused on investigating the
trend and predict the possible bioactivities or targets for specific groups of
compounds [10-12]. In this study, we tried to examine the differences
between our analysis targets, series of compounds such as lanostane-type
triterpenoids from P. cocos or sesterterpenoids from Luffariella sp. Even if
the chemical structures of the evaluated terpenoids are similar, any slight
difference in the substitution pattern will affect their position in the virtual
space and can be correlated to their activity.
Certain factors should be taken in consideration upon the application of
ChemGPS-NP system, including its characteristics, advantages,
disadvantages and limitations.
¨

Among all PCs, the first are the most significant, hence PC1PC4
explain 77% of the variance: PC1 represents size, shape, and
polarizability; PC2 corresponds to aromatic- and conjugation-related
properties; PC3 describes lipophilicity, polarity, and H-bond capacity;
and PC4 expresses flexibility and rigidity. Since the limitation of
graphics describing our three-dimensional (3D) physical reality, the
first three (PC1PC3) PCs are usually the priority selections, which are
still responsible for the 71% of variance.

¨

Structural configuration is not considered in ChemGPS-NP system,
since many natural products absolute and relative configuration have
not been determined. Moreover, previous studies demonstrated that the
analyses employing 3D molecular descriptors generally do not perform
any better than those using 2D descriptors [13-15]. This limitation of
ChemGPS-NP can be fetched up by the molecular modeling techniques.
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1.4. Leukemia and anti-leukemic drugs
Leukemia is a general name for cancers of blood and bone marrow (the soft
material in the center of most bones in the human body). Huge numbers of
immature or non-completely developed white blood cells, also known as
leukemia cells or and leukemic blast cells, are usually found in the blood of
leukemia patients [16]. These leukemia cells divide to produce copies of
themselves, and do not die when becoming old or damaged. The
proliferation of leukemia cells lead to the crowding-out of erythrocytes,
normal red blood cells, and subsequently the low level of normal blood cells
will make uptake of oxygen in the tissues, bleeding control, or prevention of
infections, less efficient [16].
Based on clinical and pathological diagnosis, leukemia is subdivided into
a variety of groups. The first division is between its acute and chronic forms
and the additional division is according to which kind of blood cell is
affected, lymphoblastic or lymphocytic leukemia and myeloid or
myelogenous leukemia. This give four major kinds of leukemia: acute
myeloid leukemia (AML), acute lymphoblastic leukemia (ALL), chronic
myeloid leukemia (CML) and chronic lymphocytic leukemia (CLL) [17].
The treatment options for leukemia may include expectative treatment,
chemotherapy, targeted therapy, radiation therapy, and stem cell transplant
[16]. Chemotherapy is the initial treatment in particular for the acute
leukemia. Based on the “2014 Review of Cancer Medicines on the WHO
List of Essential Medicines” from WHO (World Health Organization), the
standard regimens and suggested agents for different types of leukemia are
listed below.
¨

Acute myeloid leukemia (AML): The ATRA (All-trans retinoic acid),
daunorubicin, and cytarabine are given in the induction therapy. As a
following consolidation therapy, it may be suggested to combine this
with arsenic trioxide. In maintenance therapy status, ATRA, 6mercaptopurine, and methotrexate are served.

¨

Acute lymphoblastic leukemia (ALL): There is no standard treatment
option for ALL reported in this review. In general chemotherapeutic
agents
such
as
vincristine,
asparaginase,
daunorubicin,
cyclophosphamide, cytarabine, etoposide, methotrexate, and cytarabine
are combined for the treatment [18].

¨

Chronic myeloid leukemia (CML): The standard regimen is to treat
with imatinib, while nilotinib and dasatinib are used for treating patient
who are intolerant to imatinib.
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¨

Chronic lymphocytic leukemia (CLL): There are several medications
combined with different strategies for the treatment. Intravenous
regimens include fludarabine, cyclophosphamide, rituximab,
bendamustine, and vincristine. Oral regimens include also, in addition
to fludarabine and cyclophosphamide, the compound prednisone.

Even though there are plenty of agents approved for treatment of antileukemic, as well as several common drugs combination treatments for
leukemia, the side effects manifested by damaging healthy cells are serious
drawbacks of chemotherapy. The uniform treatment of ALL with
conventional chemotherapy, also bring about the requirement for more ALL
specific agents [19, 20]. Therefore, finding novel anti-leukemic agents with
higher selectivity indexes (SI) is of great importance to reduce disease
recurrence rate and side effects. One key to achieve this goal may lie in
natural products.

1.5. Topoisomerase II as an anti-cancer target
Topoisomerases (topo), has attracted attention due to their crucial role in cell
survival and replication [21]. Topoisomerases are classified into two main
classes: topoisomerase I and topoisomerase II, with each class performing
similar but different functions in the cell. Topoisomerase II is composed of
two isoforms, α and β, which share highly similar amino acid sequence (up
to 70%) [22]. Topo IIα is essential for the survival of proliferating cells and
can distinguish the handedness of DNA supercoils during relaxation
reactions; however, topo IIβ is dispensable at the cellular level [23, 24].
Compared to topo I, human topo II is an important molecular target for
designing anti-cancer agents since it can cleave both strands of one DNA
duplex (G-segment) to make the other DNA duplex (T-segment) pass
through transient break of G-segment. This simultaneous cleavage function
of topo II on DNA double strand endues topo II to play an essential role for
DNA chromosome condensation and segregation in mitosis [25]. Inhibition
of topo II activity is one of the current therapeutic protocols targeting several
cancers including lung, breast, lymphomas, testicular and sarcomas [26].
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Figure 3. The balance between topoisomerase II-mediated DNA cleavage and
ligation, and the mechanisms of topo II poisons and catalytic inhibitors [22].

The inhibition of topo II activity is achieved either with poisons, which
interfere with the topoisomerase-DNA complex or inhibitors, which
suppress the catalytic turnover (Figure 3). Topo II poisons are divided into
two distinct classes, interfacial poisons and covalent poisons based on their
mechanism of action [23, 27]. Anti-cancer drugs such as etoposide,
doxorubicin, mitoxantrone and bioflavonoid analogs are considered
interfacial poisons that bind non-covalently to the cleavage complex at the
protein-DNA interface [23, 25]. On the other hand, epigallocatechin gallate
(EGCG) and curcumin are covalent poisons which act on distal part of the
active site of topo II and increase the level of enzyme-mediated DNA
cleavage by altering conformation of topo II N-terminal protein gate [28-30].
Despite the effectiveness of topo II poisons as anti-cancer drugs, they can
trigger chromosomal breaks leading to secondary leukemogenesis [22, 31,
32]. One solution of this side effect was the development of catalytic topo II
inhibitors such as bisdioxopiperazinesl, which eliminate the essential
enzymatic activity of topo IIα [25]. These compounds showed modest anticancer activity but did not induce secondary malignancies. Further
developments of catalytic topo II inhibitors can introduce new classes of
highly effective and relatively safe anti-cancer agents.
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1.6. Heat shock protein 90, Hsp90, as an anti-cancer target
Heat shock proteins (Hsp) comprise a certain group of highly conserved
stress proteins that has attracted attention due their overexpression in cancer
tissues [33, 34]. Overexpression of these proteins is related to metastatic
potential, resistance to chemotherapy and poor prognosis [35]. They are
named depending on their molecular weight (Hsp60, Hsp70 and Hsp90) and
the most studied form is Hsp90. This protein is the most prominent member
of the highly abundant chaperone proteins and it is essential for folding
nascent polypeptides to control the activity, stability and protein sorting
[36]. Hsp90 has been identified as a promising drug target for cancer
treatment, because it can stabilize and activate a variety of survival proteins
to maintain cancer phenotype and help cancer cells to overcome multiple
environmental stresses [37]. There is considerable interest in developing
potential Hsp90 inhibitors, with a much simpler rationale, through the
depletion of oncogenic Hsp90 clients [38]. The structure of this protein is
composed of three major regions: an amino (N)-terminal domain with an
adenosine triphosphate (ATP)-binding and hydrolyzing pocket (with
ATPase activity), a middle domain involved in client protein
recognition/binding, and a carboxy (C)-terminal domain [39].
Tanespimycin (17-allylamine-17-demethoxygeldanamycin, 17-AAG), the
first Hsp90 inhibitor, was found to bind to the N-terminal regulatory pocket
of Hsp90 and thus inhibiting its function. In phase I clinical trials, it showed
promising anti-cancer activity against multiple myeloma in combination
with bortezomib [40, 41]. However, further clinical development of 17-AAG
was halted in 2010 because of poor solubility, limited bioavailability, unaccepted hepatotoxicity and - as the most important factor - the expiration of
the patent in 2014 [36, 42, 43]. To date, several Hsp90 inhibitors have
entered clinical trials, but none of them has been approved as an anti-cancer
agent [44].
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2. Aims

This thesis focuses on the investigation of novel anti-leukemic agents from
traditionally used medicinal mushrooms in Asia as well as Taiwanese wild
marine sponges. The most potent compounds were selected for further indepth studies of their anti-leukemic mechanism of action and their molecular
targets. Based on the ChemGPS-NP chemical property space, the structure
activity relationship (SAR) was discussed and a strategy for searching active
compounds was developed. The specific aims are:
¨

To extract, isolate, and elucidate novel compounds showing potential
anti-leukemic activity (Papers I, II, III, and IV).

¨

To develop a strategy to find and predict active compounds by
ChemGPS-NP chemical property space (Papers I and II).

¨

To study the possible anti-leukemic mechanisms and targets of the
isolates by combining the results of ChemGPS-NP database and the
experimental work (Papers III and IV)

¨

To confirm the anti-leukemic effects in vivo xenograft animal model
(Papers III and IV).

The overall aim of this thesis is to search for anti-leukemic drug leads and to
accumulate experimental results making it possible to further these leads
into clinical trials.
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3. Materials and methods

This section summarizes materials and experimental methods used in this
thesis. Refer to Papers I–IV for further details.

3.1. General experimental procedures
In the phytochemical work of Papers IIV, the applied general experiments
were summarized as the following. Optical rotations spectra were recorded
on a JASCO P-2000 polarimeter (JASCO, Japan). UV spectra were
measured using JASCO UV-530 ultraviolet spectrophotometers. IR spectra
were obtained on a JASCO FT/IR-4600 spectrometer. NMR spectra were
obtained on a Mercury Plus 400 MHz FT-NMR (Varian Inc., USA) and
JEOL ECS 400 MHz FT-NMR (JEOL, Japan). ESIMS data were collected
on a VG Biotech Quattro 5022 mass spectrometer. HRESIMS data were
obtained on a Bruker APEX II spectrometer (FT-ICR/MS, FTMS) (Bruker
Inc., USA) and JEOL JMS-700 MStation mass spectrometer (HREIMS)
(JEOL, Japan). TLC was performed on Kieselgel 60 F254 (0.25 mm, Merck,
Germany) and/or RP-18 F254S (0.25 mm, Merck, Germany) coated plates and
then visualized by spraying with 50% H2SO4 and heating on a hot plate.
Silica gel 60 (Merck, 4063 µm and 63200 µm, Germany) was used for
column chromatography. A Shimadzu LC-20AT pump and a Shimadzu
SPD-10A DAD detector (Shimadzu Inc., Japan) along with a COSMOSIL
5C18-MS-II Waters (20 × 250 mm, C18) (COSMOSIL Inc., Japan) column
were used for HPLC. All methods were carried out in accordance with the
relevant guidelines and regulations.

3.2. Materials and extraction of compounds
In Papers I and II, the dried fungal materials were collected and extracted
following an optimized method developed 'in house' and described in
previous reports [45, 46].
¨
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The fruiting bodies of A. cinnamomea were extracted by reflux using
95% ethanol. The dried ethanolic extract was partitioned with the
following solvents n-hexane, EtOAc, and EtOH, to yield n-hexane,

EtOAc and EtOH layers. The EtOAc layer was subjected to normalphase column chromatography on silica gel using gradient elution of
CH2Cl2:MeOH. The eluted subfractions were further purified on
reversed phase HPLC with MeOH:H2O and ACN:H2O as the eluting
solvents.
¨

The dried sclerotia of P. cocos were extracted by reflux with 95%
ethanol. The dried ethanolic extract was partitioned between EtOAc
and H2O (1:1, v/v) yielding the EtOAc and H2O soluble fractions. The
EtOAc soluble fraction was subjected to normal-phase column
chromatography on silica gel using gradient elution of CHCl3:MeOH.
Subfractions were further separated with MeOH:H2O solvent system
using reversed-phase HPLC.

¨

In order to only extract the low polarity triterpenoids without
polysaccharide, the fruiting bodies of G. lucidum were extracted with
CH2Cl2 (v/v = 1:10) using an ultrasonic device. The dried CH2Cl2
extract was partitioned with CH2Cl2 and H2O to yield the CH2Cl2 and
H2O soluble fractions. The CH2Cl2-soluble fraction was subjected to
normal-phase column chromatography on silica gel using gradient
elution of CH2Cl2:MeOH. The obtained sub-fractions were further
purified on reversed phase chromatography using HPLC with
MeOH:H2O as the eluting solvent.

In Papers III and IV, the dried fungal materials were collected, freezedried, and extracted according to the procedures optimized in our previous
reports [47].
¨

The freeze-dried Carteriospongia sp. was extracted exhaustively with
EtOAc. The EtOAc extract was subjected to column chromatography
on silica gel, using n-hexane:EtOAc mixture of increasing polarity.
The subfractions were further separated by normal-phase HPLC with
gradient elution of n-hexane:EtOAc.

¨

The freeze-dried Luffariella sp. was minced and extracted exhaustively
with EtOAc. The EtOAc extract was subjected to column
chromatography on silica gel, using n-hexane:EtOAc solvent system
with increasing polarity. The subfractions were further subjected to
reversed-phase HPLC with MeOH:H2O as the eluting solvent.

3.3. Preparation of (R)- and (S)-MTPA esters
In Papers II and III, the modified methods by Mosher were applied [48]. A
specified quantity of the test compound was separated, stored in two NMR
tubes and dried under vacuum. Deuterated pyridine and (R)-, (S)-MTPA-Cl
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were added to the NMR tubes. The reaction NMR tubes were permitted to
stand at room temperature and monitored by NMR every hour. The 1H NMR
data was obtained in C5D5N after the reaction was completed.

3.4. ChemGPS-NP analysis
The ChemGPS-NP prediction scores were calculated for all compounds
isolated from P. cocos using the online tool ChemGPS-NPWeb [11]
(http://chemgps.bmc.uu.se) on the basis of their structural information as
simplified molecular input line entry specification (SMILES) derived via
ChemBioDraw version 13.0. All compounds were then mapped into
ChemGPS-NP chemical property space using the software Grapher 2.0 (Mac
OS) together with the previously studied topoisomerase I and II inhibitors
from our ChemGPS-NP database.

3.5. MTT cell proliferative assay
In Papers I–IV, an in vitro cell proliferative assay on several cancer cell
lines were applied. Molt 4, CCRF-CEM, HL-60, K562, U937, Sup-T1, Ca922, LNCap, DLD-1, and T-47D cells were obtained from the American Type
Culture Collection (ATCC, USA). Cells were maintained in RPMI-1640
medium supplemented with 10% FCS, 2 mM glutamine, and anti-biotics at
37 °C in a humidified atmosphere of 5% CO2. Cells were seeded at 4 × 104
per well in 96-wells culture plates before treating them with different
concentrations of the test compounds. The compounds were dissolved in
DMSO (less than 0.02%) and diluted immediately to 1.25, 2.5, 5, 10 and 20
µg/mL prior to the experiments. After treatment for 72 h, the cytotoxicity of
the tested compounds was determined using MTT cell proliferation assay
[49]. The MTT is reduced by the mitochondrial dehydrogenases of the
viable cells to a purple formazan product. The MTT-formazan product was
dissolved in DMSO. Light absorbance values (OD = OD570  OD620) were
recorded at wavelengths of 570 and 620 nm using an ELISA reader (Anthos
Labtec Instrument, Salzburg, Austria) to calculate the concentration that
caused 50% inhibition (IC50). These results were expressed as a percentage
of the control ± SD established from n = 4 wells per one experiment from
four separate experiments.
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3.6. Annexin V/PI apoptosis assay
In Papers III and IV, the annexin/PI double staining assay was applied to
examine the level of cell apoptosis. The externalization of
phosphatidylserine (PS), and membrane integrity, were quantified using an
annexin V-FITC staining kit [49]. In brief, 106 cells were grown in 35 mm
diameter plates and labeled with annexin V-FITC (10 µg/mL) and PI (20
µg/mL) prior to harvesting. After labeling, all plates were washed with a
binding buffer and harvested. Cells were re-suspended in the binding buffer
at a concentration of 2 × 105 cells/mL before analysis by flow cytometer
FACS-Calibur (Becton-Dickinson, USA) and CellQuest software.
Approximately 10,000 cells were counted for each determination.

3.7. Determination of ROS generation, calcium
accumulation, and MMP disruption
The MMP disruptions were detected with JC-1 cationic dye (Paper III) and
rhodamine 123 (Paper IV). In Papers III and IV, the ROS generation and
intracellular Ca2+ release were detected with the carboxylic derivative of
fluorescein (carboxy-H2DCFDA) and the fluorescent calcium indicator,
respectively. In brief, treated cells were labeled with a specific fluorescent
dye for 30 min. After labeling, cells were washed with PBS and resuspended in PBS at a concentration of 1 × 106 cells/mL before analysis by
flow cytometry.

3.8. Assay of topoisomerase II catalytic inhibitors and
poisons
In Papers III and IV, the topoisomerase II cell free standard relaxation
reaction mixtures containing Tris–HCl, MgCl2, potassium glutamate,
dithiothreitol, bovine serum albumin, ATP, pHOT1 plasmid DNA, human
topoisomerase II (Topogen, USA) and the indicated concentrations of
etoposide and the evaluated compounds were incubated at 37 °C. Reactions
were terminated by adding SDS to facilitate trapping the enzyme in a
cleavage complex, followed by the addition of proteinase K to digest the
bounded protein and finally by adding the sample loading dye. The DNA
products were analyzed by electrophoresis. Gels were stained with ethidium
bromide and photographed using an Eagle Eye II system (Stratagene, USA).
The gels were directly scanned with image analyzer, and the area
representing supercoiled DNA calculated to evaluate the concentration at
which compounds resulted in 50% inhibition (IC50) of topo II activity.
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3.9. Neutral comet assay for detection of DNA doublestrand breaks
In Papers III and IV, this assay was carried out using a CometAssayTM Kit
(Trevigen, USA) following the manufacturer’s protocol for the neutral
comet assay. Briefly, cancer cells were treated with the test compounds at
the indicated time intervals. Cells were combined with low melting point
agarose and pipetted onto CometSlideTM and allowed to set at 4 °C in the
dark. The slides were immersed in ice-cold lysis solution (Trevigen) and
placed in a horizontal electrophoresis apparatus. The samples were then
fixed in 70% ethanol and dried before stained with SYBR Green I
(Trevigen) to visualize cellular DNA. The fluorescence images were
analyzed using the TriTek Comet Image program to circumscribe the “head”
and the “tail” regions of each comet and the integrated fluorescence values
of each defined area were recorded.

3.10. Western blotting analysis
In Papers III and IV, cell lysates were prepared by treating the cells in
RIPA lysis buffer, Nonidet P-40, sodium deoxycholate, sodium dodecyl
sulphate (SDS), sodium orthovanadate, phenylmethylsulfonyl fluoride and
aprotinin (all chemicals from Sigma, USA). The lysates were centrifuged
and protein concentration in the supernatant determined using a BCA protein
assay kit (Pierce, USA). Equal amounts of proteins were separated by 7.5%,
10% or 12%, respectively, SDS-polyacrylamide gel electrophoresis and then
were electrotransferred to a PVDF membrane. The membrane was blocked
with a solution containing non-fat dry milk TBST buffer (Tris-HCl, NaCl
and Tween 20) and washed with TBST buffer. Protein expressions were
monitored by immunoblotting using specific antibodies, and subsequently
detected by an enhanced chemo-luminescence kit (Pierce).

3.11. Human leukemia molt 4 cells xenograft animal
model
The in vivo xenograft assay was performed as described previously with
minor modifications [50]. These studies were approved by the Animal Care
and Treatment Committee of Kaohsiung Medical University (IACUC Permit
Number of Paper III: 101136; Paper IV: 100002). All experiments were
conducted in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health,
and all efforts were made to minimize animal stress/distress.
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¨

In Paper III, six-week-old male immuno-deficient athymic mice were
purchased from the National Laboratory Animal and Research Center
(Taipei, Taiwan). All animals were maintained under standard
laboratory conditions and fed with laboratory diet and water. Molt 4
cells were re-suspended in PBS and injected subcutaneously into the
right flank of each mouse, after which tumor growth was monitored
every day. Fourteen days after tumor cell injection, mice with
confirmed tumor growth were randomly divided into two groups.
Compound III-3 (1.14 µg/g) was intra-peritoneally administered to the
treatment group, and the control group received solvent only.
Compound III-3 was administrated three times per week for 33 days.
Animals were sacrificed by carbon dioxide. Tumor size was measured
three times a week using calipers and tumor volumes were calculated
according to the standard formula: width2 × length/2.

¨

In Paper IV, compound IV-7 (1 µg/g) was intra-peritoneally
administered to the treatment group, and the control group received
solvent only. Compound IV-7 was administrated three times per week
for 34 days. Animals were sacrificed by carbon dioxide. Tumor size
was measured three times a week using calipers and tumor volumes
were calculated according to the standard formula: width2 × length/2.

3.12. Molecular modeling assay
In Paper III, the molecular docking was performed by Autodock 4.2 with
Lamarckian Genetic Algorithm [51]. The target macromolecule, Hsp90
protein
was
obtained
from
the
Protein
data
bank
(http://www.rcsb.org/pdb/home/home.do) [52].
The co-crystalized protein substrates, including ligands, water, and small
molecules were removed, and the polar hydrogens and Kallman united atom
charges were added to the protein for docking calculation by AutoDock Tool
1.5.4 interfaces (ADT) [53]. The ligands were optimized with MMFF94
force field by ChemBio3D software (version 11.0; Cambridge Soft Corp.).
Polar hydrogens and Gasteiger charges were also added to the ligand for
docking study by ADT. The Grid box calculated by AutoGrid program was
centered at the activity site of Hsp90 with dimensions 56 × 56 × 56 Å grid
points at spacing of 0.375 Å and its size was big enough to allow the ligand
move freely in the search space. All docking parameters were set to default
except for the maximum number of energy evaluation which was increase to
25,000,000 per run. The docking results were analyzed by ADT and shown
by Accelrys Discovery Studio v3.5 client software (Accelrys Inc, USA).
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3.13. Statistics
In Papers IIV, the results were expressed as mean ± standard deviation
(SD). Comparison in each experiment was performed using an unpaired
Student’s t-test and a p value of less than 0.05 was considered to be
statistically significant.
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4. ChemGPS-NP study on anti-leukemic
triterpenoids from the traditionally used
medicinal mushrooms in Asia

In Papers I and II, we examined the chemistry and anti-leukemic effects of
triterpenoids component from three traditionally and widely used Asian
medicinal mushrooms, Antrodia cinnamomea, Ganoderma lucidum and
Poria cocos. The ChemGPS-NP system was utilized to study the structureactivity relationship (SAR) and to investigate possible pharmacological
targets.

4.1. Isolation and purification of major triterpenoids
from three medicinal mushrooms
The triterpenoidal compounds were isolated from A. cinnamomea (I-1–I-12)
(Chart 1), P. cocos (I-17–I-32 and II-1–II-6) (Chart 2) (Figure 4), and G.
lucidum (I-33–I-37) (Chart 3). Among the isolates, compounds II-1–II-6
were isolated and identified for the first time and all triterpenoids were
elucidated based on the extensive spectroscopic analyses.
Chart 1. Triterpenoids from A. cinnamomea
HOOC

COOH

R4
R5

O

R1
R1

I-1:
I-2:
I-3:
I-4:
I-5:
I-6:
I-7:
I-8:

R2

R3

HO

I-9: R1 = OH
I-11: R1 = H

R1 = α-OH, β-H, R2 = OH, R3 = α-H, β-OH, R4 = H, R5 = β-CH3
R1 = α-OH, β-H, R2 = OH, R3 = α-H, β-OH, R4 = H, R5 = α-CH3
R1 = α-OH, β-H, R2 = H, R3 = O, R4 = OH, R5 = α-CH3
R1 = α-OH, β-H, R2 = H, R3 = O, R4 = OH, R5 = β-CH3
R1 = O, R2 = H, R3 = α-H, β-OH, R4 = H, R5 = β-CH3
R1 = O, R2 = H, R3 = α-H, β-OH, R4 = H, R5 = α-CH3
R1 = O, R2 = H, R3 = O, R4 = H, R5 = β-CH3
R1 = O, R2 = H, R3 = O, R4 = H, R5 = α-CH3

HOOC

R1
HO

I-10: R1 = OH
I-12: R1 = H
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Chart 2. Triterpenoids from P. cocos
31

HOOC
18

R5
HOOC

24

20

R4

OH

11

16

19
1
3

7
6

29

R3

30

5

O

R1
R2

II-1

28

OH
HOOC
OH

AcO

II-4

II-2: R1 = α-H, β-OH, R2 = OH, R3 = H, R4 = α-OH, β-H, R5 = CH2
II-3: R1 = α-H, β-OH, R2 = H, R3 = OH, R4 = α-OH, β-H, R5 = CH2
I-18: R1 = O, R2 = R3 = H, R4 = α-OH, β-H, R5 = CH2
I-19: R1 = α-H, β-OAc, R2 = R3 = H, R4 = α-OH, β-H, R5 = CH2
I-20: R1 = α-H, β-OH, R2 = R3 = H, R4 = α-OH, β-H, R5 = CH2
I-21: R1 = α-OH, β-H, R2 = R3 = H, R4 = α-OH, β-H, R5 = CH2
I-22: R1 = α-H, β-OH, R2 = R3 = H, R4 = H2, R5 = CH2
I-26: R1 = α-H, β-OH, R2 = R3 = H, R4 = α-OH, β-H, R5 = O
I-27: R1 = α-OH, β-H, R2 = R3 = H, R4 = α-OH, β-H, R5 = O

R3
HOOC

HOOC
OH

OH

R2

R1

O

R1
O

II-5: R1 = α-H, β-OH, R2 = O, R3 = CH2
II-6: R1 = α-OH, β-H, R2 = O, R3 = CH2
I-24: R1 = α-H, β-OAc, R2 = H2, R3 = CH2
I-25: R1 = α-H, β-OH, R2 = H2, R3 = CH2
I-28: R1 = α-H, β-OH, R2 = H2, R3 = O

I-17: R1 = α-H, β-OCOCH2OH
I-23: R1 = α-H, β-OH

HOOC
OH

HOOC
R1

HO
I-31

HO
HOOC
I-29: R1 = α-OH, β-H
I-30: R1 = H2

OH
HOOC
I-32

Chart 3. Triterpenoids from G. lucidum
R2
O

O

COOH

R3
HO

I-33:
I-34:
I-35:
I-36:
I-37:

30

R1

R1 = O, R2 = OAc, R3 = O
R1 = α-H, β-OH, R2 = OH, R3 = O
R1 = α-H, β-OH, R2 = H, R3 = O
R1 = α-H, β-OH, R2 = H, R3 = α-OH, β-H
R1 = α-H, β-OH, R2 = H, R3 = α-OH, β-H

Figure 4. The process of isolating triterpenoids from P. cocos.

4.2. The revised work on structure elucidation of II-2
In Paper II, compound II-2 was identified as 3β,16α,29-trihydroxy-24methyllanosta-7,9(11),24(31)-trien-21-oic acid. The same structure has been
previously described as 29-hydroxydehydrotumulosic acid by Cai group in
2011 [54]. However, differences in NMR assignments between II-2 and
what would have been expected for 29-hydroxydehydrotumulosic acid were
observed, in particular at positions 3, 4, 5, 15 and 28 [II-2 (C5D5N, 400
MHz): δH 4.24 (H-3)/δC 73.0 (C-3), δC 43.1 (C-4), δH 1.99 (H-5)/δC 42.6 (C5), δH 1.90, 2.46 (H2-15), δC 13.3 (C-28); 29-hydroxydehydrotumulosic acid
[54] (C5D5N, 500 MHz): δH 3.52 (H-3)/δC 78.3, δC 34.7 (C-4), δH 1.60 (H5)/δC 51.4 (C-5), δH 4.59 (H2-15), δC 27.2 (C-28)].

73.0

γ

HO67.3
HO α

43.1

β

42.6

γ

γ 13.3

II-2

78.0

HO
16.6

39.3

49.8
28.8

I-20

78.3

γ

HO67.0
HO α

34.7

β

γ

51.4

γ 27.2

Cai, 2011

Red label: shifted down-field compared with I-20;
Blue label: shifted up-field compared with I-20.

Figure 5. Inspections for α-, β- and γ-effects with an additional 29-hydroxy
substitution.
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In order to explain the differences in chemical shifts, the α-, β- and γ-effect
was considered. NMR data of II-2 and 29-hydroxydehydrotumulosic acid
were compared to those of compound I-20 [I-20 (C5D5N, 400 MHz): δH 3.44
(H-3)/δC 78.0 (C-3), δC 39.3 (C-4), δH 1.34 (H-5)/δC 49.8 (C-5), δH 1.93, 2.42
(H2-15), δC 28.8 (C-28)]. An electronegative substituent (-OH) can cause αand β-effect [55] leading to a downfield-shift of C-29 and C-4 as well as γeffect [55] resulting in an upfield-shift of C-3, C-5 and C-28. Detailed
analysis of II-2, I-20 and 29-hydroxydehydrotumulosic acid NMR data
focusing at these positions (Figure 5) revealed the consistency of the
corresponding signals in II-2 with the rule-based prediction of which
showed the down-fielded α- and β-effects at C-29 (ΔδC = +50.7) and C-4
(ΔδC = +3.8), and γ-effect resulting in up-field shift at C-3 (ΔδC = -5.0), C-5
(ΔδC = -7.2) and C-28 (ΔδC = -15.5). In contrast, 29hydroxydehydrotumulosic acid violated the rule at C-4 (ΔδC = -4.6), C-3
(ΔδC = +0.3) and C-5 (ΔδC = +1.6).
Accordingly, the proposed assignment of compound II-2 was in line with
the accepted rules of assignments for this class of compounds and with the
previously reported data for similar structures.

4.3. Analysis of triterpenoids from three medicinal
mushrooms utilizing the ChemGPS-NP tool
In order to establish a ChemGPS-NP database for the anti-leukemic relevant
chemical space of triterpenoids from the three medicinal mushrooms, all
isolates were evaluated for their anti-leukemic activity against Molt 4,
CCRF-CEM, and HL 60 leukemic cell lines (Table 4). Compounds I-8, I-18,
I-19, I-22, I-24, I-25 and I-30 showed potent anti-proliferative effects
against these leukemia cells with IC50 values ranging from 2.7 to 35.1 µM
[4]. Previous studies revealed that the anti-proliferative effects of these
triterpenoids were mediated through the inhibition of DNA topo, especially
topo II [56].
Table 4. Anti-proliferative activities (IC50, µM)a
Compound
Molt 4
CCRF-CEM
I-8
35.1 ± 8.1
NAb
I-18
27.6 ± 0.5
25.5 ± 2.3
I-19
13.8 ± 2.1
2.7 ± 2.1
I-22
14.3 ± 2.9
6.3 ± 2.1
I-24
8.6 ± 4.3
4.9 ± 1.2
I-25
30.1 ± 9.8
32.2 ± 4.4
I-30
16.2 ± 3.0
13.1 ± 2.7
Doxorubicinc
0.01 ± 0.001
0.01 ± 0.001
a
Other tested compounds were inactive with IC50 > 40 µM.
b
NA (Not Active) = IC50 > 40 µM. cPositive control.
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HL 60
NAb
31.8 ± 5.2
7.3 ± 2.5
6.0 ± 1.6
15.4 ± 8.1
20.0 ± 2.5
20.0 ± 1.3
0.01 ± 0.001

Figure 6. ChemGPS-NP analysis of triterpenoids isolated from three medicinal
mushrooms. Score plot of the three dimensions consisting of PC1, PC2 and PC3.
Triterpenoids from A. cinnamomea (red: compounds I-1–I-12), P. cocos (dark blue:
compounds I-13–I-32), G. lucidum (green: compounds I-33–I-37), and antileukemic (transparent yellow: compounds I-8, I-18, I-19, I-22, I-24, I-25, and I-30)
in ChemGPS-NP chemical property space as described by Rosén et al. in 2009,
together with the previously studied topo I interfacial inhibitors (light blue), topo II
(light green) poisons, and the specific topo II catalytic inhibitors (purple) from our
ChemGPS-NP database.

As stated in Paper I, none of our experimentally determined active
lanostanoids located in the cluster of previous reported topo I, topo II
poison, and topo II catalytic inhibitor groups. This unexpected result
suggested that further ChemGPS-NP target based investigation should be
performed to verify other possible mechanisms of action.

4.4. ChemGPS-NP based targets prediction for the
triterpenoids from three medicinal mushrooms
In order to investigate other possible targets of the anti-leukemic
triterpenoids, ChemGPS-NP natural products database was employed. We
took the most active three triterpenoids as lead compounds (compounds I19, I-22, and I-24), along with 237 compounds closet to the three lead
compounds in the ChemGPS-NP chemical space were selected and sorted
out from our ChemGPS-NP natural products database (Figure 7). SciFinderbased literature search on the pharmacological activities of the selected 237
compounds were performed.
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To summarize the results of literature search, compounds I-18, I-19, I-22, I24, and I-25 showed topo II catalytic inhibitory activity [56, 57], and two of
the selected compounds (abiesolidoic acid and 2-formyl-3-oxolanosta1,9(11)-dien-24S,25-diol) from the ChemGPS-NP natural products database
also demonstrated similar inhibitory effect.
Based on these results we would suggest that a new ChemGPS-NP
bioactivity relevant pattern of topoisomerase II catalytic inhibitors was
revealed as though the active triterpenoids found in this study did not locate
in the cluster of previous studied topoisomerase II either poisons or catalytic
inhibitors group. The DNA polymerase inhibitory activity of the lead
compound I-22 was revealed in a previous report [58]. In our study, the
chromosomal DNA double strand breakage was observed with the treatment
of I-22, suggesting that the inhibitory effect targeting both DNA
polymerases and topoisomerases may contribute to the anti-leukemic
activity of this lead compound.

I-24

I-22
I-22

I-19
I-24
I-19

Figure 7. The distribution in ChemGPS-NP property space of the 237 closest
neighbours surrounding the lead compounds. Score plot of the three dimensions
consisting of PC1, PC2 and PC3 and the closest 237 compounds around the lead
compounds (grey) from the database in the ChemGPS-NP model described by
Rosén et al.
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5. Anti-leukemic terpenoids from
Carteriospongia (Phyllospongia) sp., induce
apoptosis via dual inhibitory effects on
topoisomerase II and Hsp90

The chemistry and pharmacological investigations on the marine sponge
Carteriospongia (Phyllospongia) sp. were summarized in paper III. The
mechanism of the anti-leukemic effect was elucidated utilizing molecular
modeling assay.

5.1. Chemical identification of marine terpenoids from
Carteriospongia (Phyllospongia) sp.
Two new compounds were isolated from the EtOAc extract of a freeze-dried
sponge of the genus Carteriospongia (Phyllospongia), elucidated to be 12β(3'β-hydroxybutanoyloxy)-20,24-dimethyl-24-oxo-scalara-16-en-25-al (III1) and 12β-(3'β-hydroxy-pentanoyloxy)-20,24-dimethyl-24-oxo-scalara-16en-25-al (III-2), based on extensive spectroscopic analyses. The 3'Rconfiguration in III-1 and III-2 was determined using modified Mosher’s
methods. The known compound was identified as 2-tetraprenil-1,4benzochinone (III-3) [59].

Figure 8. The marine sponge Carteriospongia (Phyllospongia) sp. (left: close range
above surface; right: aquatic ecology).
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Chart 4. Sesterterpenoids and a meroterpenoid from Carteriospongia
(Phyllospongia) sp.
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5.2. Apoptotic induction by the marine terpenoids from
Carteriospongia (Phyllospongia) sp. is mediated via
DNA damage
The anti-proliferative effect of the two new scalarane sesterterpenoids and
the known tetraprenyltoluquinol-related metabolite was evaluated using
MTT assay. Table 5 summarize cytotoxicity data of the isolated marine
terpenoids against several cancer cell lines.
Table 5. Cytotoxic effect of III-1–III-3 against cancer cell lines after incubation
under 72 h (IC50, µg/mL)

a

NA (non-active) = IC50 > 20 µg/mL for 72 h. bPositive control

In our previous report, 10-acetylirciformonin B, a marine sesterterpenoid
analog, significantly inhibited topo IIα activity [60]. Such findings
encouraged us to evaluate the effect of the isolates on topo II activity. A cellfree DNA cleavage assay using an enzyme-mediated negatively supercoiled
pHOT1 plasmid DNA was used to evaluate the activity of the isolates on
topo II, and III-1–III-3 showed the inhibitory effect on topo II with IC50 of
1.98, 0.37 and 0.43 µg/mL (Figure 9). These results suggested that the
isolates could act as potent catalytic inhibitors of topo II.
36

Figure 9. Effect of marine terpenoids on topo II ! activity. Effect of compounds III1–III-3 on topo II activity. Lanes 1-5: III-3 (0.08, 0.3125, 1.25, 5, and 20 µg/mL);
Lanes 6-10: III-1 (0.08, 0.3125, 1.25, 5, and 20 µg/mL); Lanes 11-15: III-2 (0.08,
0.3125, 1.25, 5, and 20 µg/mL); Lane 16: positive control, etoposide (500 µM), as
topo II poison (induction of linear DNA); Lane 17: plasmid DNA + topo II + solvent
control (induction of DNA relaxation); Lane 18: Linear DNA; Lane 19: negative
control plasmid DNA (supercoiled DNA)

III-3

III-3

III-2
III-1

III-2
III-1

Figure 10. ChemGPS-NP analysis of the terpenoids. Score plot of the three
dimensions consisting of PC1, PC2 and PC3. Terpenoids from Carteriospongia
(Phyllospongia) sp. (white: compounds III-1–III-3) and the cluster of topo II
catalytic inhibitors from the topic I (brown), together with the previously studied
topo I interfacial inhibitors (light blue), topo II (light green) poisons, and the
specific topo II catalytic inhibitors (purple) from our ChemGPS-NP database.

Further ChemGPS-NP examination was performed on the isolated
terpenoids (compounds III-1–III-3) and their potential effect as topo II
catalytic inhibitors. Compounds III-1 and III-2 appeared in the cluster of
topo II catalytic inhibitors constructed in the first topic (Figure 10).
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These results agreed with the activity relevant pattern of topo II catalytic
inhibitors which was revealed in our first topic and supported the finding
that different compounds located in similar location in ChemGPS-NP
chemical space may aim to similar molecular target.

5.3. 12β-(3'β-Hydroxybutanoyloxy)-20,24-dimethyl-24oxo-scalara-16-en-25-al (III-1) as a potent inhibitor of
Hsp90
Compounds III-2 and III-3 exhibited inhibitory effects on topo II with IC50
value 0.37 and 0.43 µg/mL, respectively. Compound III-1 showed the most
potent anti-proliferative activities (IC50: 0.01–13.87 µg/mL) but displayed
the weakest topo II inhibitory effect (1.98 µg/mL). This result suggested
other targets than topo II may be involved in the anti-proliferative effect.
The time-dependent stimulation of Hsp70 expression (Figure 1B), an
establish marker for heat shock response (HSR) after Hsp90 inhibition,
encouraged us to perform molecular modeling assay for docking Hsp90
(Figure 1A). The docking results revealed that III-1 could be docked to the
N-terminal domain of Hsp90 and exhibited an inhibition constant of 9.67
nM (> 1430 folds) which was more potent than 17-AAG (a standard Hsp90
inhibitor) (10.83 µM). The Hsp90 inhibitory effect was further confirmed by
observing the suppression of Hsp90 client proteins, including p70S6k, NFκB,
Raf-1, p-GSK3β, MEK 1 and XIAP (pro-apoptotic protein), MDM 2 and
Rb2 (oncoprotein), and CDK4 (cell cycle regulatory protein), HIF 1 and
HSF1 (transcription factor) (Figure 11B).

Figure 11. Compound III-1 as a potent inhibitor of Hsp90. (A) Molecular modeling
of Hsp90 protein with compound III-1 as assessed by Autodock 4.2 software with
Lamarckian Genetic Algorithm (17-AAG: labeled with yellow; Compound III-1:
labeled with purple); (B) Effect of compound III-1 on the expression of Hsp90
client proteins.
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6. Separation and identification on
stereoisomers of manoalide derivatives and
their configuration-depending anti-leukemic
effects in vitro and in vivo

In Paper IV, the stereoisomers of manoalide were separated for the first
time and the ambiguous issue of configurations at positions 24 and 25
prevailing over the past 36 years was eventually completely clarified. The
configuration-depending activity of manoalides was demonstrated in our
study and their apoptotic mechanism of action was further revealed in vitro
and in vivo.

6.1. Chemical identification of manoalide derivatives
A series of manoalide-like sesterterpenoids (IV-1–IV-10) (Chart 5) were
isolated from a freeze-dried sponge of the genus Luffariella. The planar
structures of the previously reported compounds were elucidated based on
the EIMS and HRESIMS data and the characteristic signals of 1H NMR
spectra were compared with previous studies (Table 6) [61-64]. The
configurations at C-24 and C-25 were elucidated referring to the 1H NMR
chemical shifts of the previously synthetized stereoselective analogs [62] as
well as the NOESY data.

www.flmnh.ufl.edu

Figure 12. The micrographs of a marine sponge of the genus Luffariella.
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Chart 5. Sesterterpenoids from Luffariella sp.
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Table 6. Determination of IV-3–IV-5 configuration by comparing 1H NMR spectra
(400 MHz, CDCl3)
Partial 1H NMR spectra (ppm)
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6.2. Configuration-dependent anti-leukemic effect of
isolated manoalide stereoisomers
Manoalide-like stereoisomers with different configurations at C-24 and C-25
were separated for the first time since 1980. Plenty of studies and patents
were published on the chemistry and biological activity of these secondary
metabolites. However, the correct configurations at C-24 and C-25 and their
effect on biological activity were never revealed. The identification of all
atoms configurations in a biologically active compound is a crucial step for
its development as a therapeutic agent.
Table 7 summarizes IC50 values of manoalide stereoisomers against
several leukemia cell lines. The 24R,25S-derivatives (compound IV-2, IV-4,
IV-7 and IV-9) exhibited the most potent cytotoxic activity with IC50 < 1
µg/mL against most of the leukemia and lymphoma cell lines.
Table 7. Anti-proliferative activity (IC50, µg/mL)a
Compound
IV-1 (24R,25R-Luffariellin A)
IV-2 (24R,25S-Luffariellin A)
IV-3 (24R-O-Methyl-25R-luffariellin A)
IV-4 (24R-O-Methyl-25S-luffariellin A)
IV-5 (24S-O-Methyl-25S-luffariellin A)
IV-6 (24R,25R-Manoalide)
IV-7 (24R,25S-Manoalide)
IV-8 (24R-O-Methyl-25R-Manoalide)
IV-9 (24R-O-Methyl-25S-Manoalide)
IV-10 (24R,25S-Thorectolide)
Doxorubicin b

Molt 4
0.91
0.41
0.97
0.22
2.85
0.72
0.34
1.92
0.29
10.53
0.01

K562
12.81
1.80
12.78
1.92
13.86
10.80
3.19
NA
3.22
NA
0.15

Sup-T1
5.23
1.55
5.16
0.50
7.03
3.20
0.56
9.53
1.48
NA
0.02

U937
10.00
0.21
13.92
2.50
12.23
5.39
0.65
14.38
0.52
NA
0.23

a

NA (Not Active) = IC50 > 20 µg/mL for 72 h. bPositive control.

6.3. Apoptotic induction of 24R,25S-manoalide (IV-7)
is mediated via DNA damage
As previously reported, sesterterpene derivatives such as manoalide 25acetals exhibited cytotoxic activity, inhibited the DNA-relaxing activity of
mouse topo I and the DNA-unknotting activity of the calf thymus topo II
[65]. Such findings encouraged us to evaluate the effect of 24R,25Smanoalide (IV-7) with respect to topo II activity. A cell-free DNA cleavage
assay using an enzyme-mediated negatively supercoiled pHOT1 plasmid
DNA was applied and IV-7 inhibited topo II potent inhibitory activity with
IC50 of 0.49 µg/mL (Figure 13). This result suggested that IV-7 could act as
a potent catalytic inhibitor of topo II.
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The ChemGPS-NP analysis of IV-7 and all the other stereoisomers also
suggested a potential topo II inhibitory effect from this type of compounds
(Figure 14).

Figure 13. Effect of IV-7 on topo II activity. The effect of IV-7 on topo II!
mediated supercoiled pHOT1 plasmid DNA relaxation with cell-free system. Lanes
1-5: IV-7 (0.078, 0.15625, 0.3125, 0.625, and 1.25 µg); Lane 6: positive control,
etoposide (500 µM) as topo II poison (induction of linear DNA); Lane 7: Linear
DNA; Lane 8: negative control plasmid DNA (supercoiled DNA); Lane 9: plasmid
DNA + topo II! (induction of DNA relaxation)

Figure 14. ChemGPS-NP analysis of the manoalide-like sesterterpenoids. Score
plot of the three dimensions consisting of PC1, PC2 and PC3. Manoalide-like
sesterterpenoids (black: compounds IV-1–IV-10), terpenoids from Carteriospongia
(Phyllospongia) sp. (grayish white: compounds III-1–III-3) and the cluster of topo
II catalytic inhibitors from the paper I (brown), together with the previously studied
topo I interfacial inhibitors (light blue), topo II (light green) poisons, and the
specific topo II catalytic inhibitors (purple) from our ChemGPS-NP database.
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6.4. 24R,25S-Manoalide (IV-7) inhibited tumor growth
in vivo in a human molt 4 cells xenograft animal model
The anti-tumor activity of IV-7 was studied in vivo by evaluating its effect
on tumor growth of human leukemia Molt 4 xenograft animal model. After
34 days of treatment, the tumor growth of Molt 4 cells was significantly
suppressed under the influence of IV-7 (1 µg/g) intraperitoneal injection
(Figure 15). The tumor size was significantly lower with 66.11% in the IV7-treated group as compared with the control group with no significant
difference in the mice body weights. These results suggested that IV-7
exhibited anti-tumor effect in vivo xenograft model.

***

Figure 15. Effect from IV-7 on tumor growth in vivo animal model. In vivo
inhibition of tumor growth with human leukemia Molt 4 xenograft by IV-7. Female
nude mice bearing leukemia Molt 4 tumors were treated with the solvent (negative
control, n = 10) or IV-7 (1 µg/g, n = 10) for 34 days. Tumor volumes were measured
every other day, and the results are expressed as mean ± SD. *Significantly different
from control groups at p < 0.001.
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7. Concluding remarks and future prospects

7.1. Concluding remarks
The current study identified several potential anti-leukemic agents from both
fungi and marine sponges. Trough-out the thesis the ChemGPS-NP tool was
applied for SAR discussion and also further utilized to establish a bioactivity
relevant chemical pattern, which could be used as a database for searching
active compounds. The significant outcomes of this thesis are summarized
below.
In the first section (Papers I and II), a computational strategy was
developed to investigate potential anti-leukemic agents using ChemGPS-NP
chemical property space. We focused on the triterpenoidal components from
three triterpenoid-enriched medicinal mushrooms Antrodia cinnamomea,
Ganoderma lucidum, and Poria cocos, which are used as a traditional
medicine and also have been developed into several marketed products.
Major and characteristic triterpenoids from these mushrooms were retrieved,
together with six new lanostanoids (II-1–II-6). The anti-leukemic activity of
the isolates was evaluated in vitro using MTT assay and seven of theses
exhibited potential anti-leukemic effect. The active lead compounds were
further subjected to a computational analysis utilizing the ChemGPS-NP
tool. Based on these results, we established a database for anti-leukemic
relevant chemical space of triterpenoids from the three medicinal
mushrooms, which could be used as a reference database for further research
on anti-leukemic triterpenoids. Detailed ChemGPS-NP analysis on the
active lead compounds suggested that the anti-leukemic effect might be
mediated not only through the inhibition of topoisomerases but also
involving DNA polymerases.
The second and the third sections referred to isolation and identification
of anti-leukemic sesterterpenoids from sponges (Papers III and IV). The
marine sponge Carteriospongia sp. was reported as a rich source of
bioactive scalarane-type sesterterpenoids. In the studies of this sponge, two
new scalarane-type sesterterpenoids, 12β-(3'β-hydroxybutanoyloxy)-20,24dimethyl-24-oxo-scalara-16-en-25-al
(III-1)
and
12β-(3'βhydroxypentanoyloxy)-20,24-dimethyl-24-oxo-scalara-16-en-25-al (III-2),
along with one known tetraprenyltoluquinol-related metabolite (III-3), were
isolated. In a bioassay with leukemia Molt 4 cells, compound III-1 at 0.0625
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µg/mL (125 nM) triggered mitochondrial membrane potential (MMP)
disruption and apoptosis. Compound III-1 apoptotic mechanism of action in
Molt 4 cells was further elucidated through inducing ROS generation,
calcium release and ER stress. Using the molecular docking analysis, III-1
exhibited a higher binding affinity to the N-terminal ATP-binding pocket of
Hsp90 protein than 17-AAG, which is commonly used as a standard Hsp90
inhibitor. The expression of Hsp90 client proteins, Akt, p70S6k, NFκB, Raf1, p-GSK3β, and XIAP, MDM 2 and Rb2, and CDK4 and Cyclin D3, HIF 1
and HSF1 were suppressed by the use of III-1. However, the expression of
Hsp70, acetylated tubulin, and caspase 3 were induced after III-1 treatment.
Our results suggested that the pro-apoptotic effect of the isolates is mediated
through the inhibition of Hsp90 and topo activities. Compound III-1 thus
showing a more potent effect than III-2 and III-3. These isolates were also
demonstrated to inhibited topo IIα expression. The apoptotic-inducing effect
of III-3 was supported by in vivo experiments through suppressing the
volume of xenograft tumor growth (47.58%) compared with the control.
In Paper IV, a marine sponge of the genus Luffariella, a rich source of
novel cytotoxic and anti-inflammatory sesterterpenoids, was subjected to an
in depth chemical study. The most well-known compound from this sponge,
manoalide, has been studied as a potential anti-inflammatory agent for the
last thirty years, resulting in more than 200 publications and 40 patents.
However, it turned out that the configurations at positions 24 and 25 of this
molecule were never completely clarified. In our work, ten manoalide-type
sesterterpenoids, viz. 24R,25R-luffariellin A (IV-1), 24R,25S-luffariellin A
(IV-2), 24R-O-methyl-25R-luffariellin A (IV-3), 24R-O-methyl-25Sluffariellin A (IV-4), 24S-O-methyl-25S-luffariellin A (IV-5), 24R,25Rmanoalide (IV-6), 24R,25S-manoalide (IV-7), 24R-O-methyl-25Rmanoalide (IV-8), 24R-O-methyl-25R-manoalide (IV-9) and 24R,25Sthorectolide (IV-10), were isolated from Luffariella sp.
These stereoisomers were identified and separated for the first time and
their absolute configurations at positions 24 and 25 were determined by
detailed comparison of their NMR spectra. The configurations at these
positions were shown to significantly affect the anti-proliferative activity of
the isolated isomers against four leukemic cell lines (Molt 4, K562, Sup-T1
and U937). The 24R,25S-isomer exhibited the most potent anti-proliferative
activity (IC50: 0.29-3.22 µg/mL). The apoptotic mechanism of action by
24R,25S-manoalide (IV-7) against Molt 4 cells was found to be mediated
through the disruption of the mitochondrial membrane potential (MMP) and
generation of intracellular reactive oxygen species (ROS), which could be
recovered by N-acetyl-L-cysteine (NAC) pretreatment. Compound IV-7 also
inhibited both activities of human topo I, and II. The cytotoxic effect of IV-7
was further supported by the in vivo experiment through suppressing the
volume of xenograft tumor growth (66.11%) compared with the control.
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Evaluated together, these results suggested that the cytotoxic effect of
24R,25S-manoalide (IV-7) is mediate through ROS generation resulting in
cellular DNA damage and apoptosis. Manoalide has now reached phase II
clinical trial for the treatment of psoriasis and demonstrated high degree of
safety. The preliminary anti-leukemic activity demonstrated in this thesis,
along with the promising safety record, suggest a potential development of
this secondary metabolite into a lead anticancer compound in our continuous
war against cancer.

7.2. Patentability
Patent protection of drugs and medicines plays an important role in
pharmaceutical industry. Our work focuses on the identification of potential
biological active secondary metabolites from natural sources. One of the
pillars of success in this type of work is not only the development of elegant
isolation methods and identification of novel compounds, but also on the
application of market strategies to financially support and expand current
scientific and future projects. One of the important market strategies is to
preserve intellectual properties through patentability of the work. Based on
this concept, several elements of our work offer an excellent opportunity to
be patented, which are summarized below:
¨

Novelty: Lanostanoids in Paper II, and sesterterpenoids in Papers III
and IV, were found to exhibit novel structures, and the in vitro and in
vivo pharmacological results of these lead compounds were also
reported for the first time. Compound III-1 is also the first
sesterterpenoid component that has been demonstrated to target Hsp90.

¨

Uniqueness: In Papers I–IV, the anti-leukemic compounds exhibited
topo II catalytic inhibitory effect, which could trigger apoptosis
without side effects such as secondary leukemogenesis.

¨

Usefulness: The unique anti-leukemic activity of isolates targeting
specific molecular targets which are uncommon to other anticancer
drugs possess a interesting opportunity for the future development of
these compounds as drug leads. Cultivation protocols, which were
developed for both medicinal mushrooms and marine organisms by our
group, could be applied to produce active compounds in enough
quantities for clinical trials and drug production process.
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7.3. Future prospects
Papers I and II reported a series of lanostanoids that exhibited potent antiproliferative effect against leukemia. Since the sources of these compounds
are medicinal mushrooms which are commonly used in Asian folk- and
traditional medicine and their chemical manufacture and control (CMC) are
also well established, the future work will focus on synthesizing lanostanoid
derivatives with an even higher pharmacological effect and selectivity. In
this work, the results from the ChemGPS-NP analyses might provide
valuable insights.
¨

It was demonstrated that the methyl ester substitution of ergostane-type
triterpenoids from Antrodia cinnamomea enhanced their antiproliferative effect (Figure 16) [66-68]. This concept can be
implemented in the esterification of the 21-carboxylic group of the
active lanostanoids reported in our work.

COOH

COOCH3

O

O

O

Antcin A
IC50=132.2 μM
against Huh7 liver cancer cell

O

Methylantcinate A (MAA)
IC50=30.2 μM
against Huh7 liver cancer cell

Figure 16. The antiproliferative effects of antcin A and its methyl ester

¨

Bevirimat, a 3-O-3ʹ ,3ʹ -dimethylsuccinyl derivative of betulinic acid,
was found to inhibit HIV virus with a novel “maturation inhibition”
mechanism, and has reached phase IIb clinical trial [69]. Current
research focuses on synthesizing advanced anti-HIV triterpenoidal
compounds by expanding the substitution pattern of 3-hydroxy and 28carboxylic functional group (Figure 17) [70]. These results showed the
potential application of a triterpenoidal skeleton as a basis for
development of potent anti-HIV derivatives. In our work, we have
isolated triterpenoidal derivatives with unique structures, which could
be used as a starting point to expand the chemical sphere of this highly
active class of secondary metabolites.
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¨

Two types of triterpenoidal saponins from ginseng have been reported
in literature to exert a unique and characteristic biological activity
(Figure 18). Rg1-derivative was found to induce angiogenesis, while
Rb1-type exerted an opposing inhibitory effect [71]. Similarly, the
synergetic or opposing effects should be considered in developing
triterpenoids from A. cinnamomea since there are two types of
triterpenoidal compounds, lanostanoids and ergostanoids.
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Figure 18. The structures of Rb1 (left) and Rg1 (right)

The research in Paper III revealed clear molecular targets of the antileukemic agents. Future work in our group will focus on accumulating
necessary experiments for the "investigational new drug" (IND) Application
for drug development, including aspects such as chemical manufacture and
control (CMC), pharmacokinetics (PK), safety pharmacology, and
toxicology.
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¨

The mass production for this class of compounds will be the biggest
challenge. It can be achieved either by the isolation of active
compounds from cultured-sponge or through chemical synthesis. Since
some of the active compounds are presents in extremely minute
quantities, the chemical synthesis is suggested to be a more realistic
approach. Previous studies reported the development of semisynthetic
protocols of scalarane sesterterpenoids [72] as well as the total
synthesis of a sesterterpenoid (Phorbin A) [73]. These approaches can
be referred as guiding examples for the development of feasible
synthetic protocols.

Future work on the manoalide project of Paper IV will be divided into the
following four stages:
¨

As previous manoalide-related studies have focused on the manoalide
anti-inflammatory effect through inhibiting phospholipase A2 enzyme,
it will be interesting to investigate if this activity is also affected by the
different configurations of the manoalide stereoisomers.

¨

Further detailed cytotoxic mechanism of action for the lead compound,
24R,25S-manoalide (IV-7), will be verified with in vitro cellular model
and in vivo xenograft animal model. The tumor tissue will be analyzed
and compared by immunohistochemistry, Western blot, 2-D
electrophoresis and microarray to determine the differences in gene or
protein expression between the treated and the control group. The
knock-down techniques can be applied to identify the target
mechanism of the active manoalide derivative. By comparing genomic
and proteomic data, we will identify some potential candidate genes as
drug targets. These genes will be knocked down by siRNA, or other
specific inhibitors, to confirm whether they are actually the drug
targets.

¨

Standardizing operating procedures for mass production of the lead
compounds will be necessary and important for any future
development. In the case of manoalide, a research group patented a
series of methods to synthesize manoalide analogs in 1988 [74] but this
is now expired. The production protocols will depend of developing
highlight
efficient
mass-cultured
techniques
or
synthetic
methodologies.

¨

An optimal HPLC protocol must be developed since manoalide
stereoisomers have not previously been separated. The protocol also
plays a critical role during the preclinical stage of drug development.
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8. Popular science summary

Cancer is closely related to our human life. WHO cancer statistics reported
that about 8.8 million people worldwide died from cancer in 2015. That is
nearly 1 in 6 of all global deaths, which implies that there is one member per
two households that may die because of cancer.
The word “cancer” was derived from a Greek medical doctor,
Hippocrates. He firstly described tumor blood vessels using the Greek term
“carcinos”, due to their resemblance to the limbs of crabs or crayfishes. The
astrological sign “cancer” also share the same term because of the same
symbol “crab”. Cancer can lead to death due to abnormal cells growth in one
organ or produce metastases in other places in the body. The most common
cancers are prostate cancer in men and breast cancer in women, closely
followed by lung- and colon cancer. Genetic mutation and age are two
crucial factors in the development of cancer. There are hundreds of cancer
related genes and the probability of cancer will become much higher as
mutations appear in these genes. Moreover, gene mutation usually occurs at
the time of cell division. As the individual age, cells continue to divide, thus
increasing age is closely related to the development of certain types of
cancers. It was reported from the “Chinese Annual Cancer Report 2013” that
the age was the most related element to cancer development and the
incidence of the disease grew exponentially after the age of 40.
There are several ways to treat cancer, such as surgery, chemotherapy,
radiation, and immunotherapy. Most of the patients relied on primarily
surgery and anticancer drugs to reduce symptoms or tumor size. The
effectiveness of chemotherapy is often limited and usually accompanied
with serious side effects. Therefore, to find more other chemotherapeutic
agents with higher selectivity are still of great importance to reduce the
recurrence rate and side effects. The key to achieve this goal may lie in
natural products and their highly diverse chemistry.
There are plenty of clinical chemotherapeutic agents derived from natural
sources. For instance, podophyllotoxin, as the precursor of etoposide and
teniposide, was isolated from Podophyllum peltatum (Berberidaceae) and
Juniperus virginana (Cupressaceae); taxol from Taxus brevifolia
(Taxaceae); and vinblastine from Cataranthus roseus. All these compounds
were initially identified from natural products through bioassay-guided
isolation and further synthetic work revealed the structure-activity
50

relationships resulting in the synthesis of more potent derivatives. The
following pharmacological and toxicological investigations pushed the most
potential candidate into the clinical trials and several candidates proved
highly effective in targeting some of the most aggressive cancers.
Nowadays, developing a new drug is not only a big business but also a
big financial risk. It is statistically evaluated from Tufts CCSD (Tufts Center
for the Study of Drug Development, USA) that each approved drug costs
about $2.558 billion (estimated average out-of-pocket costs of $1.395 billion
and time costs of $1.163 billion). However, the average annual revenue of
each new drug is declining, from $816 million in 2010 to $466 million in
2013, and the internal rate of return from 10.5% down to 4.8% in 2013.
Therefore, more efficient techniques to increase the success rate of new
drugs became much more important.
In the current study, we revealed several potential anti-leukemic agents
from medicinal mushrooms and marine sponges. Moreover, a computational
analysis method, ChemGPS-NP, was applied to predict the pharmacological
activity of the isolates. These approaches provided a practical model to
utilize an efficient in silico method to assist the laboratorial experiments.
The research work of this thesis also disclosed few potential lead
compounds that exhibited antitumor effect through unique molecular targets.
The future perspective of these projects will concentrate on developing our
protocols to fit preclinical tests including chemical manufacture and control
(CMC), pharmacokinetics (PK), safety pharmacology, and toxicology, with
the ultimate aim of introducing a new anti-leukemic drug.

51

9. 中文科普總結

癌症與我們⼈類的⽣活息息相關，世界衛⽣組織的癌症統計報告指出
：「在 2015 年，全世界約有 880 萬⼈死於癌症，約佔全球死亡⼈數的
六分之⼀。」，意味著每兩個家庭中即有⼀⼈因罹患癌症⽽喪失⽣命
。
癌症“cancer”⼀詞的使⽤源⾃⼀位名叫 希波克拉底的希臘醫⽣，他
⾸先以希臘語的螃蟹“carcinos”來描述形似螃蟹腳的腫瘤⾎管。⽽西洋
星座中的巨蟹座“cancer”亦是源於同⼀名詞。癌症致死的案例中，⼀般
可在其某個器官中發現異常細胞增⽣或轉移⾄體內其他地⽅。前列腺
癌與乳癌分別為男性與⼥性最常⾒的癌症，⽽肺癌與⼤腸癌的排名則
緊追在後。導致癌症產⽣的原因有很多，其中以「基因突變」與「年
齡」扮演最關鍵的⾓⾊。⼈體中約有⼀百多個與癌症相關的基因，若
是突變發⽣在這些基因上則會顯著地提⾼罹患癌症的可能，此外，基
因突變通常發⽣在細胞分裂之際，⽽細胞分裂次數則隨著年齡增⾧⽽
累積，故年齡與某些類型癌症的發展密切相關。2013 年中國年度癌症
統計報告也指出：「年齡為癌症發展最相關之因素，且不論男⼥，癌
症發病率在四⼗歲後呈現指數上升。」
⽬前癌症的治療⽅法有⼿術、化學治療、放射治療與免疫治療等。
⼤多數患者主要依賴⼿術與化學治療來減⼩腫瘤體積與緩解症狀，然
⽽化學治療的功效有限且常伴隨著產⽣嚴重的副作⽤，因此，尋找更
多對癌細胞具有⾼度選擇性並能同時降低復發率與副作⽤的化療藥劑
，⽬前仍為癌症研究的⼀⼤重⼼。⽽天然產物⾧久以來⼀直扮演著開
發潛⼒藥物的重要來源。
臨床上有許多癌症化療藥物源⾃天然產物，例如作為 etoposide 和
teniposide 前驅物的⿁⾅毒素是從 Podophyllum peltatum 等⿁⾅屬與
Juniperus virginana (Cupressaceae)等刺柏屬植物中分離⽽得;紫杉醇則發
現⾃ Taxus brevifolia (Taxaceae) 太平洋紅⾖杉;以及來⾃ Cantharanthus
roseus ⾧春花的⾧春花鹼等等。這些化合物最初皆以活性導引⽅法分離
⾃天然產物中，並進⼀步透過化學合成開發出更有效的衍⽣物與釐清
構效關係。後續的藥理學與毒理學等研究再將最具潛⼒的化合物⼀步
步推向臨床試驗以驗證其功效。
現今的新藥開發產業往往需⾯對龐⼤的開發成本與財務⾵險，根據
美國杜夫藥物研發中⼼ 2014 年的統計報告，估計每顆新藥的開發成本
約為 25.58 億美元，其中包含 13.95 億美元的現⾦成本與 11.63 億美元
的時間成本。杜夫中⼼更計算每顆新藥的平均年收⼊從 2010 年的 8.16
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億美元下降到 2013 年的 4.66 億美元，內部收益率從 2013 年的 10.5％
下降到 4.8％。顯然藥廠投注新藥開發已不再是⼀⾨穩賺不賠的⽣意，
因此，發展能有效提⾼成功率的新藥開發技術顯得極為重要。
本論⽂之研究從藥⽤菇菌與海綿等天然產物中找尋具有潛⼒的抗⾎
癌成分，並進⼀步以天然物化學導航系統（ChemGPS-NP）預測其藥理
機轉。除了成功地應⽤電腦與資料庫模擬來輔助實驗，也發現數個有
別於現今臨床化療藥物作⽤機制的潛⼒先導化合物。未來的研究將進
⼀步致⼒於發展這些先導化合物的臨床前試驗，以期能開發出新⼀代
的抗⾎癌藥物。
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