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Abstract
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Cancer incidence is increasing and novel anticancer drugs with new mechanisms of action are
essential for future chemotherapeutic treatment. Natural products have historically played an
important role in the development of anti-cancer drugs and have potential to do so also in
the future. In this thesis two classes of natural products are identified as possible drug lead
candidates, and the mechanisms of their action are elucidated.

Initially, in a screening of a compound library for cytotoxic effects in colon cancer cells,
natural products with potent activity were identified. Based on their potency, and on previously
reported activities in cancer cells, two main groups of compounds, cardiac glycosides (CGs)
and gambogic acid (GA) analogues, were selected for further in-depth studies.

The concentration-dependent cytotoxicity was confirmed in cell lines of different origin.
Cardiac glycosides were mainly evaluated for their activity in colon cancer cells and in leukemic
cells, whereas the GA analogues were studied using a resistance-based panel of ten human
cancer cell lines. Using activity profiles and the ChemGPS-NP model, the compounds were
compared, structurally and mechanistically, to standard chemotherapeutic drugs. The results
from these analyses suggested that the CGs and the GA analogues act by mechanisms different
from those of antimetabolites, alkylating agents, topoisomerase I and II inhibitors, or tubulin-
active agents. By analysis of drug-induced gene expression, one GA analogue, dihydro GA,
was identified as a possible inhibitor of the ubiquitin-proteasome system (UPS), and the CGs
showed similarities to protein synthesis inhibitors.

Starting from these hypotheses, we further investigated the mechanisms of actions on a
molecular level. The results showed that GA and dihydro GA act as inhibitors of the 20S
proteasome chymotrypsin activity, leading to accumulation of ubiquitinated proteins. The CGs
were confirmed to inhibit protein synthesis in colon cancer cell lines. However, interestingly, in
leukemia cell lines, it seemed that the CGs act through a different, yet unexplored, mechanism
of action. The leukemic cells (pre-B and T-ALL) were particularly susceptible to the cytotoxic
effects of CGs, including at concentrations that may be achievable in the clinic.
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Sometimes, the more you think,
the more there is no real answer.

Winnie the Pooh
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Abbreviations

ALL Acute lymphoblastic leukemia

AML Acute myeloid leukemia

ChemGPS-NP Chemical global positioning system including natural
products

CG Cardiac glycoside

CI Combination index

CLL Chronic lymphocytic leukemia

cmap Connectivity Map

DLCs Digitalis-like compounds

DMSO Dimethyl sulphoxide

DNA Deoxyribonucleic acid

FDA Fluorescein diacetate

FMCA Fluorometric microculture cytotoxicity assay

GA Gambogic acid

HTS High-throughput screening

ICsg Inhibitory concentration 50% (50% survival)

Na'/K'-ATPase  Sodium-potassium-activated ATPase

NF-xB Nuclear factor kappa B

PBMC Peripheral blood mononuclear cell

PBS Phosphate-buffered saline

RNA Ribonucleic acid

SI Survival index

TNF-a Tumor necrosis factor alpha

Ub Ubiquitin

UPS Ubiquitin-proteasome system

YFP Yellow fluorescent protein



Introduction

Originally, Nature was the source of all medicinal drugs. According to folk-
lore and empirical observations, traditional healers used crude extracts, tinc-
tures, or powders to treat diseases. In the beginning of the 19th century the
first pharmacologically active compounds were isolated.

In modern drug development such pure compounds are preferred as
pharmaceutical agents, enabling precise treatment dosage and monitoring of
drug distribution in the human body. However, whole plants or plant parts
are also used as herbal remedies, which provides potential for naturally oc-
curring compounds to act synergistically. In many parts of the world medici-
nal treatment based on crude herbal remedies still prevails.

Thanks to the development of new techniques, many compounds can today
be produced by synthesis or biotechnological methods. Yet, Nature is still an
important source of new drug leads." The great biological diversity of terres-
trial and marine organisms is outstanding and provides chemically diverse
molecules with biological activities. Plants, animals, and microbes produce
various compounds that can be utilized in drug discovery for finding mo-
lecular structures with useful pharmacological effects.”*

Pharmacognosy is a multidisciplinary subject integrating pharmacology,
chemistry, biology and toxicology. Bohlin and Samuelsson established a
definition of the subject in their textbook of pharmacognosy:4

The subject of pharmacognosy deals with natural products used as drugs or for the production
and discovery of drugs.

The word pharmacognosy is derived from the Greek words pharmakon
(drug) and gnosis (knowledge). Thus, the term is defined as the knowledge
of drugs.’

Several strategies have been used in pharmacognosy research, including
screening of compound libraries, ethnopharmacological research, and com-
putational approaches.” In recent years, research at the Division of Pharma-
cognosy at Uppsala University has been focused on the discovery of new
drug leads from natural sources by optimization of selection methods, in-
depth s6tudies of biological activities, and identification of new molecular
targets.
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This thesis focuses on cytotoxic natural compounds, and was performed in
collaboration with the Division of Clinical Pharmacology at Uppsala Univer-
sity Hospital. The work started out as a screening of a compound library,
followed by in-depth studies of cytotoxic activities of gambogic acid (GA)
analogues and cardiac glycosides (CGs) in cancer cells, including mechanis-
tic studies on a molecular level.

Cancer

According to the World Health Organization, cancer is a leading cause of
death worldwide, and the number of deaths is projected to continuously rise
in the coming years.” Cancer is a group of diseases with a total of 44 672
new cases in Sweden in 2009,® and an estimated 12.7 million new cases
worldwide in 2008.° In Sweden, the most common types are breast cancer in
women and prostate cancer in men, followed by skin cancer and colon can-
cer for both genders.® Worldwide, the most commonly diagnosed tumor
types are lung, breast, and colorectal cancer.’

A tumor consists of cells that have lost their normal regulation of growth or
cell death. This loss can be due to genetic changes caused by chemical,
physical, or biological damage of the normal regulatory genes. In a normal
cell, intracellular signals regulate the cell cycle and control cell division, cell
growth, and cell death. The process of carcinogenesis is a series of events
that results in excessive cell division and tumor formation. The growing
malignant tumor affects the surrounding tissues and may also spread to other
parts of the body through lymph nodes and blood vessels.

Chemotherapy

In cancer treatment it is common to use multiple therapies, usually a combi-
nation of chemotherapy, surgery, and/or radiotherapy. Cancer chemotherapy
implicates the use of anticancer drugs to treat malignant disease.

The first chemotherapeutic drugs were discovered in the 1940s, starting with
experiments on the cytotoxic effects of nitrogen mustards.'’ These com-
pounds were shown to induce tumor regression and became the starting point
for research on chemotherapeutic drugs.

Today, several cytotoxic compounds are available and from experience it
is known which drugs are most suitable for a specific cancer type. However,
most anticancer drugs lack tumor specificity and cause damage to normal
tissues, leading to side effects. Chemotherapeutic drugs are usually used in
combination to give a more effective result.'” Cytotoxic agents with different
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mechanisms of action can together contribute to effective tumor killing with
fewer side effects, because lower doses of each drug can be used.

If possible, solid tumors are often removed by surgery or irradiation and
chemotherapeutic drugs can then be used as adjuvants. For hematological
cancer types such as leukemia, chemotherapy with combinations of cyto-
toxic drugs is used as first-line treatment.'’ Chemotherapy is usually given in
repeated cycles of treatment.

Classical Anticancer Agents and their Mechanisms of Action

The classical anticancer agents are the alkylating agents (including the plati-
num compounds), antimetabolites, topoisomerase inhibitors, and tubulin-
acting agents. The alkylating agents act by generating reactive molecules
that form covalent bonds with deoxyribonucleic acid (DNA) bases, resulting
in DNA cross-linking and strand breaks. Melphalan, cyclophosphamide, and
the platinum-based alkylating agents cisplatin, carboplatin, and oxaliplatin
are examples of drugs that act by causing such DNA damage. Methotrexate
and 5-fluorouracil are examples of commonly used antimetabolites, and
these compounds act by blocking normal nucleic acid synthesis. Also, the
topoisomerase inhibitors act on DNA level, by interfering with DNA replica-
tion, and can be exemplified by the anticancer drugs doxorubicin and iri-
notecan. Tubulin-acting agents interfere with the dynamics of the mitotic
spindle resulting in inhibition of mitosis. The Vinca alkaloids (including
vincristine, vinblastine, and the derivative vinorelbine), and the taxanes (pa-
clitaxel and docetaxel) are two groups of compounds that act on tubulin.

These anticancer drugs are cell-cycle dependent and act on proliferating
cells. Consequently, all cells that are rapidly dividing will be affected, caus-
ing side effects, and hence, limitations of drug dosage.

The classic chemotherapeutic agents are effective in many cases, but in view
of the fact that many tumors develop resistance to the drugs, there is a need
for novel, effective anticancer drugs with new mechanisms of action. More
targeted treatment options are also highly warranted to enable specific eradi-
cation of tumor cells without affecting normal tissues, thus reducing the side
effects.

New Targets for Chemotherapy

In recent years, the understanding of intracellular pathways in cancer cells
has increased rapidly, contributing to the development of drugs with more
specific targets, such as growth factors, signaling molecules, cell-cycle pro-
teins, modulators of apoptosis, and molecules that promote angiogenesis.'*'?
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The antibody bevacizumab (Avastin®™), prevents angiogenesis through in-
hibition of the vascular endothelial growth factor receptor (VEGFR), and is
used to treat metastatic cancers.”’ Other drugs are more specifically directed
towards particular cancer types, such as the monoclonal antibody rituximab
(Mabthera®), targeting CD 20 in lymphoma cells."* The tyrosine kinase in-
hibitors imatinib (Gleevec®) and gefitinib (IRESSA®), acting on Bcr/Abl and
epithelial growth factor receptor (EGFR) respectively, and the proteasome
inhibitor bortezomib (Velcade™) are other examples of recently approved
anticancer drugs.

Cellular regulation is a complex network and comprises several intercon-
nected signaling molecules. A few intracellular pathways of special interest
for this thesis are described below, including the ubiquitin-proteasome sys-
tem (UPS), calcium signaling, and the NF-xB pathway.

The Ubiquitin-Proteasome System

The proteasome is the major proteolytic complex in mammalian cells, re-
sponsible for degradation of many cellular proteins. The UPS has an essen-
tial role in several important cellular events, including signal transduction
and cell death."” Prior to protein degradation, ubiquitin (Ub) molecules are
attached to the target protein forming ubiquitin-protein complexes that later
can be recognized by the 26S proteasome.'®

The 26S proteasome itself is a complex of about 2.5 megadaltons, which
is present in the cytoplasm and in the nucleus.' It consists of two subcom-
plexes, the 20S core particle, containing proteolytic active sites, and the 19S
regulatory particle.'’ The 19S subunits are located at both ends, acting as two
“cap” regions where ubiquitinated proteins are bound, de-ubiquitinated, and
then introduced into the centrally located 20S cylindrical complex, in which
they are processed by proteolytic degradation into oligopeptides or single
amino acid residues (Figure 1)."*'7 The 20S subunit is the catalytic core
characterized by three proteolytic actions; chymotryptic-like, tryptic-like and
caspase-like enzymatic activities.'

In tumor cells, the level of the 26S proteasome is upregulated,18 and it has
been shown that cancer cells are more susceptible to proteasome inhibition
than normal cells.'® Inhibition of proteasomal activity is a new, important
mechanism of action for anticancer drugs and the enzymatic functions of the
UPS have emerged as novel therapeutic targets."
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Figure 1. A schematic view shows how poly-ubiquitinated proteins are degraded by
the proteasome.

Intracellular Calcium Signaling

Calcium is an ubiquitous second messenger and is involved in several cellu-
lar functions." Hundreds of cellular proteins bind Ca®’, and in some in-
stances, this binding triggers cellular processes that are important for the
survival of the cell."” Intracellular calcium oscillations influence the activa-
tion of transcription factors, such as NF-KB,20 and calcium-mediated signal-
ing pathways is of importance for carcinogenesis.”’ Also, many anticancer
drugs elicit strong and sustained increases in cytosolic Ca*" concentration,
causing activation of complex signaling events. Thus, calcium plays a key
role in induction of apoptosis in cancer cells.”” The membrane-bound so-
dium-potassium—activated ATPase (Na'/K'-ATPase) is one of the cellular
ion transporters that regulate intracellular calcium levels. However, several
Ca’" channels and pumps are involved in generation of intracellular calcium
oscillations.”' In cancer cells the expression of such channels and pumps is
altered, causing changes in Ca>” wave characteristics, and it has been sug-
gested that these pumps could be potential therapeutic targets for new anti-
cancer drugs.”!

The NF-kB Pathway

Nuclear factor kappa B (NF-kB) is a transcription factor that is normally
located in the cytoplasm of the cell, bound to inhibitor of kB (IxB). Phos-
phorylation and subsequent ubiquitination of the IxB protein, followed by
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proteasome degradation, liberates NF-«xB from its inhibitor.”> Free NF-«xB
translocate to the nucleus of the cell where transcription is initiated, resulting
in the activation of multiple genes involved in inflammatory responses and
cell proliferation. Aberrant regulation of the NF-xB pathway has been shown
to be of importance for the development of inflammatory diseases and can-
cer.”” Thus, inhibition of NF-kB activation has emerged as a potential cancer
drug target, and interestingly, this signaling system is also closely related to
the UPS.

Cancer Drug Discovery and Development

Cancer drug discovery is focused on finding better strategies for cancer
treatment, with fewer side effects and without impairment by drug resis-
tance. As described above, identification of new targets is of huge interest.
Much research is also focused on finding novel drug leads, and different
methods can be employed for this purpose.

During the past decade high-throughput screening (HTS) has been a
common method of identifying drug leads with anticancer activity. The
process is highly automatized, and thousands of compounds can be tested
against a certain target or cell type in a short period of time. To facilitate the
screening process, compound libraries are commercially available, which
can be screened in vitro against selected drug targets. In cancer drug discov-
ery compound libraries are commonly screened for cytotoxic or antiprolif-
erative activity, but it is also possible to screen against more specific
targets.” > Drug leads that are identified by HTS are further investigated by
elucidation of concentration-effect relationships and mechanisms of action.

Another modern approach is to use in silico (i.e., computerized) methods for
the identification of new drug leads. Chemical global positioning system
including natural products (ChemGPS-NP) is an example of a multivariate
tool that can be used for selection of high-probability hits.® The model is
also useful for prediction of molecular properties and activities, including
prediction of mechanisms of action for anticancer drugs.”’

In recent years the development of microarray technologies have provided
very useful methods for studying drug actions on a genetic level. The Con-
nectivity Map (cmap) is a database containing genome-wide transcriptional
expression data from cultured human cells treated with bioactive molecules.
By comparing gene-expression signatures this tool can be used to find con-
nections among small molecules acting on the same intracellular targets. The
connectivity map has previously been used to explore the mechanisms of
action of cytotoxic compounds.”>°
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Cancer cell lines have an important role in cancer drug discovery, providing
the opportunity for repeatable experiments, which is usually not possible
when using primary cells from cancer patients. Cell line panels with a range
of different tumor types are commonly employed for studies of cytotoxic
activity, as well as for investigations of the molecular mechanisms of ac-
tion.”'*’ However, the use of established cell lines has a few important
drawbacks, such as the fact that they have been cultured in vitro for years,
and hence, they do not always give a representative response, as compared to
patient tumor samples.

Preclinical research in vitro always needs to be followed up by in vivo ex-
periments, toxicological experiments, and clinical trials, and the total devel-
opment process of a new anticancer drug can take a very long time, usually
around 10-15 years.

Natural Products as Anticancer Agents

Natural products have an important role as anticancer agents, and many of
the cytotoxic drugs used clinically today are derived from plants.” The Vinca
alkaloids, isolated from the plant Vinca rosea, and the taxanes, from the bark
of the Western yew Taxus brevifolia are examples of cytotoxic compounds
that are commonly used in cancer treatment.”” In other cases Nature has
provided molecular structures that are used as precursors for semisynthesis.
One example is the topoisomerase inhibitor irinotecan (Campto®), which is a
derivative of the quinoline alkaloid camptothecin, from the tree Camptoteca
acuminata.*”

Hence, exploiting Nature for cancer drug development is a proven con-
cept. The molecular and mechanistic diversity of natural products makes
them very useful in cancer drug discovery.? Natural products, produced for
defense, communication, or predation, are commonly pleiotropic (i.e., they
act on more than one target), a property that potentially could be used for the
development of new anticancer drugs.***’

In 1989 the United States National Cancer Institute (NCI) developed an anti-
cancer drug screen for evaluation of cytotoxic activities of both natural
products and synthetic compounds in a panel of 60 human tumor cell lines.*
Over the years thousands of plant extracts have been screened for anticancer
activities, and several active compounds have been isolated.”® Such bioas-
say-guided isolation is an important way of finding novel anticancer com-
pounds, but it is also a time-consuming process.

Advances in molecular biology and newly developed techniques have in-
creased the possibilities for evaluating mechanisms of action. Already iso-
lated natural compounds can be collected in libraries and screened for anti-
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cancer activities, followed by in-depth mechanistic studies of compounds
identified as hits. Thus, active compounds can be identified in a short time,
and more time can be spent on further investigations on the mechanisms of
action. It has been shown that natural products occupy a larger part of the
chemical space than synthetic compounds, and that screening procedures
including a diverse set of compounds of natural origin are therefore more
likely to be successful.”*

In this thesis, gambogic acid analogues and cardiac glycosides were iden-
tified as hits in a screening for cytotoxic activity against colon cancer cells
and attracted our interest for further studies on their mechanisms of action.

Gambogic Acid Analogues

Gambogic acid (Figure 2) is a naturally occurring compound derived from
gamboge, a brownish resin of the tree Garcinia hanburyi in Southeast Asia.
This plant product has been used in Chinese traditional medicine for centu-
ries.””*® GA has been shown to be a potent anticancer candidate with docu-
mented cytotoxic activity in several types of cancer cells.”**' There are also
reports indicating a possible selectivity of GA towards malignant cells, as
compared to normal cells,””* and the o,B-unsaturated ketone has been
shown to be essential for growth inhibition and apoptosis induction in cancer
cell lines.*®*" In recent years, the Chinese Food and Drug Administration has
approved a phase I clinical trial of GA as an antitumor candidate.***’

OH O

Figure 2. Chemical structure of gambogic acid.

GA affects several important cell-signaling pathways, such as the NF-xB
signaling pathway,” and mitochondrial-dependent apoptosis pathways
through suppression of anti-apoptotic Bcl-2 family proteins.*’ It has been
reported that GA reduced the expression of c-MYC, accompanied by down-
regulation of hTERT transcription and a subsequent reduction in telomerase
activity.*® Tubulin,’” topoisomerase II,* and heat shock protein 90 (Hsp90)*
have also been suggested as targets for the cytotoxic activity of GA. How-
ever, the mechanism for the observed anticancer activities is not yet fully
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understood. Several naturally occurring GA analogues have been identified,
and synthetic derivatives have also been produced.***’

Cardiac Glycosides

Cardiac glycosides, also called cardenolides or cardiotonic steroids, are a
group of compounds occurring in plants such as Digitalis lanata, Digitalis
purpurea (Figure 3), Convallaria majalis,' and Nerium oleander.”* Similar
compounds, known as bufadienolides, have been identified in plants as well
as in toads, snakes and fireflies.”> Furthermore, endogenous digoxin-like
immunoreactive factors, also termed digitalis-like compounds (DLCs) have
been identified in human tissues.”

Figure 3. Digitalis purpurea, purple foxglove.
Photographed by Sara Laitinen (Eksjo, June 2010).

CGs are characterized by their ability to inhibit membrane-bound sodium-
potassium—activated ATPase, causing a rise in intracellular calcium. The
most well-known CGs are digoxin and digitoxin (Figure 4), which have
clinical use in cardiology to treat congestive heart failure and atrial arrhyth-
mias. The force of contraction of the myocardium is increased in response to
elevated levels of intracellular calcium. High doses of CGs are toxic and
may cause severe effects on the heart, such as bradycardia and atrioventricu-
lar block.™

The DLCs are believed to be synthesized in the adrenal gland, and to af-
fect ion transport via Na'/K'-ATPase, thereby influencing intracellular
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transduction pathways,” and it has been suggested that the DLCs may play a
role in the development of malignancies.>

Figure 4. Chemical structures of the clinically used cardiac glycosides digitoxin (A)
and digoxin (B), dx = digitoxose.

CGs have in recent years received attention as potential drugs in the treat-
ment of various malignant diseases. Epidemiological observations have sug-
gested that patients on digitalis medication diagnosed with breast cancer in
general present with lower-proliferating tumors of smaller size, and subse-
quently, better prognoses than control groups. ***° The cardenolide deriva-
tive UNBS1450 and an aqueous extract from Nerium oleander (Anvirzel™)
have entered clinical trials,”"*" and studies of the addition of digoxin to com-
bination chemotherapy and immunotherapy in patients with advanced ma-
lignant melanoma have also been initiated.®'

In vitro studies have shown that CGs can induce cell death in several ma-
lignant cell lines of different origin,”>* and it has been suggested that ma-
lignant cells are more susceptible to the effects of CGs than normal cells.®

The mechanism of the cytotoxic activity of CGs on tumor cells has been
subjected to many studies, and many different pathways have been suggested
as being responsible for mediating the cytotoxic effects. Activation of
caspases,’® generation of reactive oxygen species (ROS),”” and topoi-
somerase inhibition,” as well as inhibition of hypoxia-inducible factor 1
alpha (HIF-10)® and p53 synthesis’® have all been associated with cardiac
glycosides.

Effects related to the inhibition of Na'/K'-ATPase have also been dis-
cussed, in view of the fact that binding to this ion pump can activate several
intracellular signal transduction pathways. It has been suggested that CGs
interfere with NF-kB activation through CG-induced calcium oscillations,”
and recently, that general inhibition of protein synthesis, directly related to
effects on the Na'/K'-ATPase pump, is the main mechanism of the anti-
cancerous effects of CGs.”” Interestingly, alterations in the expression of the
a-isoforms of the catalytic subunit of Na'/K'-ATPase have been observed in
tumor cells, and could potentially be a target for new anticancer drugs.”””
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Aims of the Thesis

Nature is an important source of new drug leads, and has played an impor-
tant role in the development of novel anticancer agents.” Much natural
product research has been focused on finding new bioactive molecules. In-
depth studies of the pharmacological activities of these compounds are im-
portant for the understanding of their mechanisms of action. In recent years
advances in molecular biology and analytical techniques have facilitated the
development of new in vitro methods to investigate of effects on intracellular
pathways. In this work we did not put any effort into isolating new com-
pounds, instead, the main focus was to identify compounds of natural origin
with potent cytotoxic activity, also in relatively resistant tumor cells, and to
investigate them further. Hence, the overall aim of this study was to identify
and evaluate cytotoxic compounds of natural origin, with focus on concen-
tration-effect relationships, and mechanisms of action at a molecular level.

The specific aims were

* To identify compounds of natural origin with cytotoxic ac-
tivity in human cancer cells, including in relatively more re-
sistant tumor types, such as colon cancer cells.

* To elucidate the concentration-dependent cytotoxic effects of
selected compounds, and to determine their mechanisms of
action on a molecular level.

* To investigate the potential synergistic effects by combina-

tion of selected compounds and clinically used standard
chemotherapeutic drugs.
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Experimental Methods

This section is a summary of the experimental methods used in this thesis.
For further details see the respective Papers I-1V.

Compounds

The Spectrum Collection™ (MicroSource Discovery Systems Inc., Gaylord-
sville, CT, USA) compound library was screened for cytotoxic activity in
three human colon cancer cell lines (HT29, HCT116, and CC20) and two
patient colorectal adenocarcinoma samples (Paper I). The library contains
2000 compounds, with 624 being natural products, and all compounds were
supplied as 10 mM solutions in dimethyl sulphoxide (DMSO). For cytotox-
icity assay the test compounds were further diluted with phosphate-buffered
saline (PBS) and transferred to 384-well microplates (NUNC Brand Prod-
ucts, Roskilde, Denmark), using a Biomek 2000 pipetting station (Beckman
Coulter Inc., Fullerton, CA, USA). All compounds were screened at a final
concentration of 10 pM.

For further evaluations (Papers II-1V), convallatoxin, digitonin, digi-
toxin, digoxin, gambogic acid, ouabain, and proscillaridin A, were obtained
from Sigma-Aldrich (St. Louis, MO, USA), and dihydrogambogic acid and
oleandrin were from MicroSource Discovery Systems. The compounds were
dissolved in DMSO and further diluted with PBS. For comparison and for
combination studies, the clinically used drugs cisplatin, doxorubicin, 5-
fluorouracil, irinotecan, oxaliplatin, and vinorelbine (Apoteket AB, Uppsala,
Sweden) were used. The proteasome inhibitor bortezomib (LC Laboratories,
Woburn, MA, USA) was used as a positive control in the UPS inhibition
assays. DMSO concentration was below 0.5% (v/v) in all experiments, and
solvent control was always used to exclude solvent effects.

Human Tumor Cell Lines

The colorectal adenocarcinoma cell line, HT29, was obtained from the Ger-
man Collection of Microorganisms and Cell Cultures (DSMZ,
Braunschweig, Germany), the HCT116 cell line was kindly provided by S.
Linder, Karolinska Institute, Solna, Sweden, and the CC20 cell line was a

21



gift from C. Sundberg (Department of Medical Biochemistry and Microbiol-
ogy, Uppsala University, Uppsala, Sweden). HT29 and CC20 cells were
cultured in monolayer in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma-Aldrich, St. Louis, MO, USA) and HCT116 was cultured in mono-
layer in McCoy’s 5A medium (Sigma-Aldrich).

The resistance-based cell line panel’' consists of the myeloma cell lines
RPMI 8226, 8226/Dox40 (selected for doxorubicin resistance)’® and
8226/LR-5 (selected for melphalan resistance);”’ the leukemia cell lines
CCRF-CEM and CEM/VM-1 (selected for teniposide resistance);”® the lym-
phoma cell lines U-937 and U-937-ver (selected for vincristine resistance);””
the small cell lung carcinoma cell lines NCI-H69 and H69AR (selected for
doxorubicin resistance)® and the primary multidrug-resistant renal adeno-
carcinoma ACHN.

RPMI 8226, NCI-H69, H69AR and ACHN were from American Type
Culture Collection (ATCC; Manassas, VA, USA) and the other cell lines in
the panel were kind gifts from W.S. Dalton, Department of Medicine, Ari-
zona Cancer Center, University of Arizona, Tucson, AZ, USA (8226/Dox40
and 8226/LR-5); K. Nilsson, Department of Pathology, Uppsala University,
Sweden (U-937 and U-937-vcr); and W.T. Beck, Department of Pharmacol-
ogy, College of Medicine, University of Tennessee, Memphis, TN, USA
(CCRF-CEM and CEM/VM-1). The cells in the panel were grown in RPMI
1640.

The breast cancer cell line, MCF-7, and the cervical adenocarcinoma cell
line, HeLa (ATCC), were grown in minimum essential medium Eagle
(MEME; Sigma-Aldrich), extra supplemented with 1 mM sodium pyruvate.

The human melanoma cell line MelJuSo Ub“"®V-YFP was a kind gift from
N. Dantuma, Karolinska Institute, Solna, and was grown in DMEM. Mel-
JuSo Ub“*V-YFP is a cell line expressing Ub coupled to yellow fluorescent
protein (YFP)*' and was used for the UPS experiments (Paper II).

The B-precursor Philadelphia-positive cell line SUP-B15, used in Paper
IV, was obtained from DSMZ, and was grown in McCoy's 5A medium
(Sigma-Aldrich).

All media used were supplemented with 10% heat-inactivated fetal bo-
vine serum, 2 mM L-glutamine, 100 pg/mL streptomycin, and 100 U/ml
penicillin (all from Sigma-Aldrich). The cell lines were cultured at 37°C in a
humidified atmosphere containing 5% CO..

Patient Tumor Samples

Tumor samples from patients diagnosed with colorectal adenocarcinoma
(Papers I and III), and cryopreserved tumor cells from patients with B-
precursor or T-acute lymphoblastic leukemia (ALL), acute myeloid leukemia
(AML), and chronic lymphocytic leukemia (CLL) (Paper IV) were used.
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Peripheral blood mononuclear cells (PBMCs) from healthy donors were used
as controls. Sampling for drug sensitivity testing was approved by the local
Ethics Committee in Uppsala (Regionala etikprovningsndmnden i Uppsala,
Sweden, approval number Dnr 21/93).

Measurement of Cytotoxic Activity

Cytotoxic activity was measured by using a fluorometric microculture cyto-
toxicity assay (FMCA) as previously described.**® The method is based on
measurement of the fluorescence derived by hydrolysis of fluorescein di-
acetate (FDA) to fluorescein by cells with intact plasma membranes (i.e.,
viable cells).

Cell suspensions were seeded into drug-prepared 96-well or 384-well
microplates. Wells with medium served as blanks. The plates were incubated
at 37°C for 72 hours, and then medium and drugs were aspirated. The plates
were washed with PBS, FDA was added, and after 50 min of incubation,
fluorescence was measured using a FLUOstar Optima microplate reader
(BMG Technologies, Offenburg, Germany). The 384-well plates were ana-
lyzed using an automated HTS system controlled by an Optimized Robot for
Chemical Analysis (ORCA; Beckman Coulter), programmed through SAMI
software (Beckman Coulter Inc., Fullerton, CA, USA).

The fluorescence measured is proportional to the number of living cells in
each well, and cell survival is presented as the survival index (SI), defined as
the fluorescence value in the wells analyzed as percentage of the value in the
control wells, with blank values subtracted. Quality criteria for each analysis
included a signal/blank ratio of >10 and a coefficient of variation in controls
and blanks of <30%. The experiments (with duplicates) were performed
three times for cell lines and once for patient samples.

The cytotoxic ICso values (inhibitory concentration 50%) for the drugs
were determined from log concentration-effect curves in GraphPad Prism
(GraphPad Software Inc., La Jolla, CA, USA), using nonlinear regression
analysis. Data are presented as the means + standard error of the mean.

Mean Graph Activity Profiles

Based on the results from FMCA analysis using the cell line panel, mean
graph activity profiles for the GA analogues were constructed (Paper I). The
mean loglCs, for each compound and cell line was determined and mean
graphs were created by subtracting the mean loglCs, from each logICs. Cell
lines that are more resistant than the average proceed to the right (positive
values) and the cell lines that are more sensitive than the average proceed to
the left (negative values).

23



ChemGPS-NP

The principal component analysis—based model ChemGPS-NP
(http://chemgps.bmc.uu.se) is a tool for navigation in biologically relevant
chemical space.”® The model and the prediction methods are previously de-
scribed in detail.**** Based on their molecular properties, compounds can be
compared by observation of their appearance in the chemical space. In Pa-
pers I and III ChemGPS-NP was used to compare CGs or GA analogues
with anticancer agents with known mechanisms of action: alkylating agents,
antimetabolites, proteasome inhibitors, topoisomerase I inhibitors, topoi-
somerase II inhibitors, tubulin-active agents, and tyrosin kinase inhibitors.

The model has also been demonstrated to be suitable for differentiation of
biological activities, that is, anticancer drugs cluster in accordance with their
mechanism of action.”’” Using activity profile data, based on cytotoxicity in
the resistance-based cell line panel, the GA analogues were analyzed and
compared to common anticancer agents.

Gene Expression Analysis

The drug-induced gene expression changes of dihydro GA (Paper II) and
digoxin and digitoxin (not published) were studied using the Connectivity
Map (cmap) build 02 (www.broad.mit.edu/cmap), which contains genome-
wide expression data for 1309 compounds. The original protocol, as de-
scribed by Lamb et al.,85 was used. Breast cancer MCF-7 cells were plated
and treated with 10 uM of the respective compound or vehicle control
(DMSO) for 6 h. The experimental methods for cell treatment, ribonucleic
acid (RNA) preparation, and gene expression analysis were recently de-
scribed in more detail by Fayad et al® A gene signature consisting of the 50
(for dihydro GA) or 100 (for digoxin and digitoxin) most up and down regu-
lated genes was used to query the cmap database to retrieve a ranked list of
compounds.

Live-cell Imaging

For the live-cell imaging experiments (Paper II) MelluSo Ub%*Y-YFP
cells®" were plated in black optically clear bottom ViewPlates (PerkinElmer,
Waltham, MA, USA) overnight and then treated with compounds in concen-
trations ranging from 0.08 puM to 10 uM. Bortezomib at 10 uM and 0.1 uM
was used as positive control. Treatment with UPS-inhibiting compounds
leads to accumulation of YFP in the cells and the generated fluorescence
from the Ub construct was continuously detected and studied in an IncuCyte
FLR (Essen BioScience Inc., Ann Arbor, MI, USA).
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Analysis of Cellular Content of Ubiquitinated Proteins

As described in detail in Paper II, the cellular content of ubiquitinated pro-
teins was studied by Western blotting. Ub®®V-YFP constructs and ubiquitin-
conjugated proteins were detected using anti-GFP (B-2; Santa Cruz Biotech-
nology, Heidelberg, Germany) and Anti-UbK48 (Apu2; Millipore, Teme-
cula, CA, USA) antibodies respectively.

20S Proteasome Activity Assay

In Paper 11, the enzymatic activity of chymotrypsin was examined using the
20S Proteasome Assay Kit (Boston Biochem Inc., Cambridge, MA, USA)
according to instructions from the manufacturer. Chymotrypsin activity was
measured by adding compounds to SDS-activated 20S enzyme in an assay
buffer of 25 mM HEPES and 0.5 mM EDTA. After a 15 min incubation to
allow enzyme and compound interaction, the fluorogenic peptidyl protea-
some substrate Suc-LLVY-AMC was added. The increase in fluorescence
was measured every third minute for 1 h at 37°C in the FLUOstar Optima
using excitation and emission wavelengths of 355 nm and 460 nm. Monitor-
ing the increase in fluorescence over time allowed quantification of the en-
zymatic activity. Bortezomib at 10 uM was used as positive control.

Ca*" Oscillation Measurement

To investigate whether the cytotoxic activity of CGs could be associated
with effects on intracellular calcium levels, Ca*" oscillation in malignant
cells was measured by a digital imaging fluorometry method.*® Glass cover
slips, were prepared by coating with 0.01% poly L-lysine (PLL; Sigma-
Aldrich, St. Louis, MO, USA). Cell suspension (colon cancer HT29 cells,
CCRF-CEM leukemia cells, or RPMI 8226 myeloma cells) was added, and
the cells were incubated overnight to attach. The following day, cells were
loaded for 45—-60 minutes with 1.8 pM fura-2-acetoxymethyl ester (fura-
2AM) in a glucose buffer (pH 7.4). Fura-2AM is a nonpolar compound that
easily crosses the membrane of the cells. Inside the cell, esterases hydrolyze
the compound to the negatively charged fura-2, which is calcium-ion sensi-
tive and used for detection of intracellular Ca®" oscillation.

The cover slips were placed at the bottom of an open chamber (Figure
5B) and positioned on the stage of an inverted Nikon Diaphot microscope
equipped with an epifluorescence illuminator and a x40 oil immersion fluo-
rescence objective (Nikon, Kanagawa, Japan) (Figure SA). The chamber
holder and the objective were maintained at 37°C. A 150-W xenon arc lamp
and an Optoscan monochromator (Cairn Research, Faversham, UK) pro-
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vided excitation light at 340 nm and 380 nm and emission was measured at
>515 nm by an intensified CCD camera (Extended ISIS-M; Photonic Sci-
ence, Robertsbridge, UK) or a back-illuminated EMCCD camera (DU-887,
Andor Technology, Belfast, Northern Ireland). The Metafluor software (Mo-
lecular Devices Corporation, Downingtown, PA, USA) controlled the mono-
chromator, acquiring fluorescence images of 10 accumulated frames at 340
and 380 nm every 2 seconds. Ca’" images were calculated from 340:380 nm
ratio images.***” Glucose buffer was superfused over the cells at a rate of 0.6
to 0.9 ml/min. CCRF-CEM, RPMI 8226 or HT29 cells (Figure 5C) were
treated with 10 uM of digitoxin or digoxin in separate experiments. Car-
bachol was used as a positive control for Ca®" oscillation.

Figure 5. Digital imaging fluorometry equipment for measurement of calcium oscil-
lation (A). Cells were attached to a cover slip and positioned in a chamber (B). Us-
ing the microscope, cells were located and selected for calcium oscillation meas-
urement (C). Photographs by Sara Laitinen, 2009.

NF-«B Translocation Assay

In Paper III, the effects of digitoxin (0.4, 2, 10 uM), digoxin (0.4, 2, 10
uM), and oleandrin (0.2, 1, 5 puM) on NF-kB translocation in HT29, MCF-7,
and HeL a cells were studied using the NF-kB Activation HCS HitKit™ (Cel-
lomics, Pittsburgh, PA, USA). The NF-xB translocation assay was carried
out according to the manufacturer’s instructions.® Quantification of NF-xB
activation was performed by measuring the spatial translocation of NF-xB
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from the cell cytoplasm to the nucleus, using the ArrayScan II HCS reader
(Cellomics), as previously described.®™ Tumor necrosis factor alpha (TNF-o)
and bortezomib were used as controls.

Protein and DNA Synthesis Inhibition Assay

In Paper IV, the DNA and protein synthesis inhibitory activities of digoxin
and digitoxin in cancer cells were analyzed. The experiments were per-
formed in Cytostar-T" plates (Amersham International, Buckinghamshire,
UK) using “C-labelled thymidine and leucine. The Cytostar-T® plates have
scintillants molded into the transparent polystyrene bottom. When labeled
substrate is absorbed into the intracellular compartment of the cells at the
bottom of the wells, the radioisotope is brought into proximity with the scin-
tillant, thereby generating a detectable signal. Free radio-labeled substrate in
the supernatant is unable to stimulate the scintillant.**°

HT29, HCT116, and CC20 colon cancer cells grow in monolayer and for
protein synthesis experiments 10 x 10° cells in 200 pl medium were seeded
in the plate the day before the experiment. At the day of the experiment me-
dium was removed and medium containing '*C-thymidine (111 nCi/ml; for
DNA experiments) or C-leucine (222 nCi/ml; for protein experiments) was
added, yielding a final radioactivity in the wells of 20 and 40 nCi, respec-
tively. Cell suspension (50 x 10° cells in 180 pul) was added to each well;
blank wells had isotope-containing medium only.

The leukemia cells, CCRF-CEM and SUP-B15, were suspended in fresh
medium containing '*C-thymidine (20 nCi per well for DNA experiments) or
"C-leucine (40 nCi per well for protein experiments), and 50 x 10° cells in
180 pl were added to each well.

Drugs (digoxin and digitoxin, at final concentrations of 10 uM to 1 nM)
and PBS in test and control wells were added in duplicate (20 pl per well).
Radioactivity was measured with a computer-controlled Wallac 1450 Mi-
croBeta”™ trilux liquid scintillation counter (Wallac OY, Turku, Finland) at
different time points up to 72 hours. Between measurements, the plates were
stored in an incubator at 37°C. During measurement, the plates were covered
with a plate sealer to avoid microbiological contamination.

Combination Analysis In Vitro

The cytotoxic effects of five glycosides, convallatoxin, digitoxin, digoxin,
oleandrin, and proscillaridin A, and the saponin digitonin were investigated
in combination with four standard chemotherapeutic drugs used in colorectal
cancer (5-fluorouracil, cisplatin, oxaliplatin, and irinotecan) in three cell
lines (HT29, HCT116, and CC20) (Paper III). The studies were designed

27



using a fixed ratio of the drugs across a concentration gradient. Single drug
activity in the cell lines was estimated, and microplates for combination
analysis were prepared by two-fold serial dilutions in nine steps for all test
compounds. Combinations were tested using a fixed concentration ratio. All
compound concentrations and combinations were tested in duplicate and the
experiments were repeated three times.

Data were analyzed using the median-effect method of Chou and Tala-
lay,”" employing the CalcuSyn, Version 2, software (Biosoft, Cambridge,
UK). Each concentration-response curve (individual agents as well as com-
binations) was fitted onto a linear model using the median effect equation,
allowing calculation of a median effect value D (corresponding to the ICso)
and slope. Fit was assessed using the linear correlation coefficient, r, and » >
0.85 was required for a successful analysis. The extent of drug interaction
between the drugs was expressed using the combination index (CI) for mu-
tually exclusive drugs: CI = di/D: + d»/D>where Di and D: represent the con-
centration of drugs 1 and 2 alone, required to produce a certain effect, and d\
and d- are the concentration of drugs 1 and 2 in combination required to pro-
duce the same effect. Different CI values are obtained when solving the
equation for different effect levels, and the 70% effect was chosen for pres-
entation (Paper III). A CI equal to 1.0 indicates additivity; a significantly
lower CI value was defined as synergy, while a significantly higher value
was defined as antagonism. One-sample z-tests were used to determine if Cls
differed from 1.0 (p < 0.05).

In Paper I, a small combination experiment was also performed for the GA
analogues, where 0.032-20 uM of each GA analogue was tested in combina-
tion with 30 uM of oxaliplatin or 55 pM of irinotecan. The cytotoxic activity
in HT?29 cells was measured using FMCA.
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Results and Discussion

From a screening procedure cytotoxic compounds were identified and se-
lected for further investigations of their mechanisms of action. A schematic
representation of the workflow and the methods used is outlined below (Fig-
ure 6).
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Figure 6. Schematic representation of the workflow and the methods used.

Screening Identifies Cytotoxic Natural Compounds

The Spectrum Collection™, containing 624 compounds of natural origin,
was screened for cytotoxic activity in three human colon cancer cell lines
(HT29, HCTI116 and CC20) and two patient colorectal adenocarcinoma
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samples. Natural compounds with an SI-value <25% in at least two of the
three cell lines and in at least one of the two primary samples were selected
as hits from the screen (Paper I).

Two major groups of compounds were identified: cardiac glycosides and
gambogic acid analogues. Other promising compounds, which previously
have been shown to possess anticancer activity in human cancer cell lines,
such as the alkaloid tomatine,” and the triterpenoids pristimerin and celas-
trol,%’94 were also identified as hits in this screen.

While searching the literature it was found that little or nothing had been
published on the cytotoxic effects of CGs against colorectal cancer cells.
Also, despite several studies, the mechanism for their cytotoxic action had
not been clarified and their clinical potential remained unclear. Similar find-
ings for the GA analogues attracted our interest for further studies of these
compounds, with focus on the determination of the main mechanisms of
action.

Cytotoxic Gambogic Acid Analogues

As described in Paper I, the concentration-dependent cytotoxic activity of
the GA analogues was confirmed in the three colon cancer cell lines (CC20,
HCT116, and HT29), as well as in a resistance-based cell line panel consist-
ing of ten cell lines of various origin.’' In these first analyses, dihydro GA
possessed the most potent cytotoxic activity with a mean 1Csy value of 2.1
puM in cells of colorectal origin (1.8 pM in HCT116 cells, 2.5 uM in HT29,
and 2.1 uM in CC20), as well as in other cancer cell lines. However, while
pursuing the studies on the cytotoxic activity and the mechanism of action it
was clear that these results were not completely reliable. In the follow-up
experiments (Paper II) newly obtained compounds were used, and the re-
sults showed GA to be more potent in the MelJuSo Ub“*Y-YFP cell line
(ICs0 0.34 uM, as compared to 2.9 uM for dihydro GA). These results were
also confirmed in the colon carcinoma cell line HCT116: ICsy 0.19 uM (GA)
and 2.0 pM (dihydro GA). It is possible that the compounds used in the ini-
tial experiments (i.e., the Spectrum library with DMSO solutions) may have
been degraded. GA might be considered as a quite reactive and unstable
molecule and for future drug development, more simple and stable analogues
would be preferred. Batova ef al., recently identified the minimum bioactive
motif of the Garcinia xanthones and suggested the analogue cluvenone as a
suitable molecule for further development as a chemotherapeutic agent.*

Gambogic acid has well-documented cytotoxic activity in a variety of ma-
lignant tumor cells,””*' with a potential selectivity towards malignant
cells.*** Tumor-selective compounds are of great interest for the develop-
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ment of new anticancer agents. It is also important to clarify the mechanism
by which the compound exerts its cytotoxic activity. GA has previously been
shown to inhibit the enzyme topoisomerase II,* a well-known anticancer
target. Tubulin has also been suggested as the target for the cytotoxic activity
of GA.*" In a recent paper, GA and its analogue cluvenone were tested on the
NCI60 cell line panel and subsequently mapped to the Q-region, consisting
of bioactive compounds with unknown mechanism of action.** That report is
congruent with the analysis we had performed, using a resistance-based cell
line panel consisting of ten cell lines®' and ChemGPS-NP.?’ Our results indi-
cated that the GA analogues act by a different mechanism than antimetabo-
lites, alkylating agents, topoisomerase I and II inhibitors, or tubulin-active
agents (Paper I). Thus, we set out to identify the main mechanism of action
of GA and its analogue dihydro GA.

Gene Expression Analysis of GA Analogues

To generate hypotheses on the probable mechanism of action, a gene-
expression microarray analysis was performed, where MCF-7 breast cancer
cells were treated with dihydro GA at 10 uM for 6 h and compared to vehi-
cle-treated MCF-7-cells. The gene signature obtained was then compared
with the 1309 compounds in the Connectivity Map database. The gene-
profile generated by dihydro GA treatment turned out to be similar to several
compounds previously shown to inhibit the ubiquitin-proteasome system
(UPS), such as celastrol,” withaferin A,” and 15-delta prostaglandin J2,”® as
well as the experimentally used proteasome inhibitors MG-132 and MG-262
(Paper II). Dihydro GA exposure resulted in induction of a number of genes
that previously have been induced by proteasome inhibitors (i.e., lactacystin
and bortezomib. This finding supported our results that the GA compounds
act as inhibitors of proteasomal function.

GA has previously been shown to affect important cellular events, such as
reduction of the expression of c-MYC, accompanied by downregulation of
hTERT transcription and reduction in telomerase activity,48 and suppression
of anti-apoptotic Bcl-2 family proteins.*” Studies have shown that GA inhib-
its the NF-xB signaling pathway and potentiates apoptosis by interaction
with the transferrin receptor.*® Since proteasome inhibitors are known to
inhibit NF-KB,W’Q8 and modulation of hTERT, ¢c-MYC, and Bcl-2 is regu-
lated by NF-kB activation,” these results correspond well to GA being an
inhibitor of the UPS.

GA Analogues Inhibit the Ubiquitin-Proteasome System

To confirm the findings from the gene expression analysis, UPS inhibition
and cytotoxic activity of GA and dihydro GA were verified in several assays
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using the melanoma cell line MelJuSo Ub“*V-YFP (Paper II). By live-cell
imaging it was observed that treatment with GA or dihydro GA resulted in
an accumulation of ubiquitin conjugates in the cells, reflecting a decrease in
the intracellular proteasome activity. GA was the most active compound,
starting to inhibit the UPS immediately, and after 2 h at 10 uM the cells rap-
idly died. At lower doses, starting from 2 uM, the cells started accumulating
UbY*V-YFP with peak intensity at 8—12 h. After 10 h, the cells displayed
signs of apoptosis, such as blebbing of the cell membrane and formation of
apoptotic bodies (Paper II). Dihydro GA was less potent, but showed accu-
mulation of YFP, accompanied by signs of cell death after 4 h, at 10 pM.

Results from Western blot analysis pointed out stabilization of the
UbY*Y-YFP fusion protein in the presence of GA, as well as a dose-
dependent effect of dihydro GA, as shown in Paper II. The activity of GA
was most pronounced at concentrations ranging from 1 to 2 pM and higher
doses were toxic to the cells, causing membrane disruption and leaking of
proteins. Dihydro GA was less potent, with peak activity at 10 uM, yielding
an accumulation of ubiquitinated proteins in the cells. These results corre-
spond well to the accumulation of ubiquitin shown in the fluorescence im-
ages.

Accumulation of ubiquitin is non-specific and would be the result of most
UPS inhibitors. As described in Paper II, we continued to examine the ef-
fect of the GA analogues on the enzymatic core of the proteasome. Both
analogues inhibited the proteasome 20S chymotrypsin activity in a dose-
dependent manner, again with GA as the more active compound.

The proteasome is a promising target for anticancer drugs, and, to date,
bortezomib (Velcade®) is the only clinically approved 20S inhibitor. Hence,
the development of new drugs acting on the UPS is of great interest. The
finding that the GA analogues act on this target will add to the knowledge
regarding the intracellular effects of these compounds and may have impli-
cations for future chemotherapeutic treatment.

Cytotoxic Activity of Cardiac Glycosides

In Paper III the cytotoxic activities of convallatoxin, digitoxin, digoxin,
oleandrin, proscillaridin A, and digitonin were studied in the three colon
cancer cell lines, HT29, HCT116, and CC20. The HT29 cell line was more
resistant than the CC20 and HCT116 cell lines to cardiac glycosides, as well
as to standard chemotherapeutic drugs. Convallatoxin, oleandrin and proscil-
laridin A were identified as the most potent test compounds, with ICsy values
up to 0.55 uM. Digitoxin and digoxin, were less potent, although still active
(ICs0 0.24-4.1 uM; Table 1).
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Table 1. ICs, values (uM) for digitoxin and digoxin in the colon cancer cell lines
CC20, HCT116, and HT29, and the leukemia cell lines CCRF-CEM and SUP-B15.

ICsp (uM)
CC20 HCT116 HT29 CCRF-CEM SUP-B15
Digitoxin  0.41 0.74 4.1 0.12 0.002
Digoxin 0.24 0.27 1.4 0.22 0.03

Results from studies in cell lines are not always representative for tumor
treatment in the clinic. Therefore, to improve the relevance of the experi-
ments, it can be valuable to include primary cells from tumor patients as a
complement.'” Such additional experiments were performed in this study,
and digitoxin and digoxin were found to inhibit the survival of primary cul-
tures of tumor cells from surgical specimens obtained from patients diag-
nosed with colon cancer, with ICs, values in the range of 0.1-1.9 uM. The
ICsg values for digitoxin are shown in Figure 7.
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Figure 7. Cytotoxic ICsq values (uM) for digitoxin in primary cultures of leukemia
cells (T-ALL, B-precursor ALL, AML, and CLL) and colon cancer cells (Colon),
compared to PBMCs.

The 1Csy values in vitro were higher than achievable plasma concentrations
in vivo, that is, the plasma concentrations in the treatment of cardiac disease
are about 1-2 nM for digoxin and 20-40 nM for digitoxin,101 which suggests
their limited therapeutic potential as anticancer agents. However, direct
comparison with concentrations in plasma may be misleading, as the volume
of distribution for cardiac glycosides generally is high, being up to 780 L for
digoxin,lo2 and furthermore, the distribution in different organs varies con-
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siderably.'” Certainly, following oral intake, high local concentrations in the
intestine and portal circulation may be achieved, which may be sufficient for
effects in the intestine or on early metastases in the liver. Digitoxin and its
metabolites are known to be eliminated very slowly from the human body,
due to biliary excretion and enterohepatic circulation, suggesting relatively
high concentrations in this compartment, while digoxin is more rapidly
eliminated through glomerular filtration.'"’

Studies including more sensitive cancer types, such as leukemias, have
shown more promising results and may consequently be more relevant for
clinical use. In Paper IV primary B-precursor and T-ALL cells were identi-
fied as being particularly susceptible to the cytotoxic effects of CGs. Digi-
toxin appeared most potent, and I1Csy values for several patient samples were
at concentrations that may be achieved in the clinic (Figure 7). The primary
B-precursor and T-ALL cells were significantly more sensitive to digitoxin
than CLL cells and PBMCs. For ouabain, the ICsy value was significantly
lower for the T-ALL cells than for CLL cells but otherwise no significant
differences were observed in the different leukemic cells or the PBMCs.
With extended exposure (6 days) both T- and B-precursor ALL cells ap-
peared sensitive at clinically achievable concentrations (Paper IV).

The cell line SUP-B15 was extremely sensitive to all tested CGs, and the
T-lymphoblast-like cell line CCRF-CEM showed effects similar to those in
the primary ALL cells. In both cell lines there was a tendency towards a
lower sensitivity to digoxin than to digitoxin (Table 1) or ouabain.

Mechanistic Studies of CGs

ChemGPS-NP analysis (Paper III) indicated that the mode of action for CG
cytotoxicity is mediated through another pathway than those of some other
anticancer drugs. It has been suggested that the cytotoxic action is a secon-
dary effect caused by the inhibition of the Na'/K'-ATPase and it was previ-
ously reported that CGs may act through induction of intracellular calcium
oscillations, and by activation of NF-kB.”' In an attempt to clarify whether
these mechanisms are important for cytotoxicity in cancer cells studies on
the effects on NF-«xB translocation were performed (Paper III). Addition-
ally, effects on the intracellular Ca*" oscillation were studied (unpublished
data).

Ca’" Oscillation Measurement

The potential effects of CGs on calcium levels in cancer cells were studied
using a digital imaging fluorometry method.® 10 uM of digitoxin and di-
goxin, respectively, was superfused over the cells (HT29 or RPMI 8226),
and Ca®" oscillation was measured. In these experiments no changes in Ca*"
oscillation were observed in colon cancer HT29 cells or in RPMI 8226 mye-
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loma cells, after exposure to digitoxin (Figure 8) or digoxin (not shown).
The leukemia CCRF-CEM cells did not attach properly to the cover slip
surface, and could therefore not be analyzed.

From our results it seems that digitoxin and digoxin, at cytotoxic concen-
trations, do not induce any changes in calcium oscillation in the studied can-
cer cell lines. However, it was recently reported that CGs (i.e., digoxin and
ouabain) caused a steady increase of calcium levels in HT29 cells over time
(up to 24h), an event that was dependent on calcium influx via the Na'/Ca®*
exchanger.'**

(arbitrary units)

Digitoxin 10 pM

Relative calcium concentration

Carbachol 100 pM

0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

Figure 8. Relative calcium concentration in HT29 cells over time. Digitoxin (10
uM) was added after 773 seconds, and no Ca>" oscillation was detected. Carbachol
(100 uM) was used as positive control. Similar results were obtained for the mye-
loma RPMI 8226 cell line.

NF-xB Translocation

The transcription factor NF-kB has been shown to be involved in processes
important for carcinogenesis and has previously been suggested as a poten-
tial target for cardiac glycosides.'” However, in our experiments tumor ne-
crosis factor alpha (TNF-o)-stimulated NF-kB translocation was unaffected
by treatment with digitoxin, digoxin, or oleandrin in HT29 colon cancer
cells, as well as in breast (MCF-7) and cervical (HeLa) cancer cells (data not
shown), thus not confirming actions via this pathway.

Gene Expression Analysis of Cardiac Glycosides

To generate new hypotheses about the mechanism of action for the CG com-
pounds, we performed a gene expression analysis of digitoxin and digoxin.
The results for digoxin (10 pM, 24 h) on MCF-7 cells were uploaded in
cmap, and a ranked list of compounds was obtained, displaying similarities
in gene expression profiles with other cardiac glycosides and also with a few
protein synthesis inhibitors (Table 2). Thus, our results indicated that cancer
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cells treated with CGs (i.e., digoxin) upregulate and downregulate the same
set of genes as they do if they are treated with protein synthesis inhibitors
such as cycloheximide, anisomycin, or lycorine. While we were performing
further studies to explore this possible mechanism, another group published
results strongly pointing in the same direction, also concluding that CGs act
as inhibitors of protein synthesis.””

Table 2. Connectivity Map (cmap) results after treatment of MCF-7 cells with
digoxin (10 uM). The results for digitoxin were similar.

enrichment
0.996

rank cmap name mean

n
1 helveticoside 0.910 6
proscillaridin 0.907 3 0.996
digitoxigenin 0.853 4 0.995
digoxin 0.878 4 0.995

5

6

4

4

digoxigenin 0.868 0.995
lanatoside C 0.900 0.995
ouabain 0.876 0.995
anisomycin 0.616 0.988

0NN N bW

Protein Synthesis Inhibition

Our findings from the cmap analysis led us to further investigate the protein
synthesis inhibition effects of CGs in sensitive leukemia cells, as well as in
more resistant cell lines of colorectal origin. Both digoxin and digitoxin in-
hibited DNA, as well as protein synthesis, in leukemia CCRF-CEM and
SUP-B15 cells. The effects were, however, only observed at relatively high
concentrations, and at 100 nM, surprisingly, no significant effects were de-
tected during the 24-hour observation period. At the highest concentration
tested (1 uM), well exceeding the ICsy value for cytotoxicity, the effects on
DNA and protein synthesis were similar in time and magnitude, indicating
that the macromolecule synthesis was stopped as a consequence of toxic
effects, possibly related to severe ionic imbalance (Paper IV).

However, in contrast to the results in the leukemia cell lines, protein syn-
thesis in the more resistant colon cancer HCT116 cells was decreased more
efficiently (i.e., at concentrations corresponding to cytotoxic activity) and at
an earlier time point than DNA synthesis. As the HCT116 cell line is more
tolerant to the cytotoxic effects of glycosides, slightly higher CG concentra-
tions were used. With 1 uM digitoxin, protein synthesis in HCT116 cells
was effectively inhibited at early time points (significant from 6 h), while
DNA synthesis did not appear to slow down until 24 h. This concentration is
comparable to the cytotoxic ICsy value for HCT116 cells measured in the
FMCA (0.74 uM). The effects in two other colorectal adenocarcinoma cell
lines (HT29 and CC20) were similar. The leukemic SUP-B15 cell line was
approximately 500 times more sensitive to the cytotoxic effects of digitoxin,
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with an ICs, value of 1.5 nM. Despite this, exposure of SUP-B15 cells to 10
nM digitoxin had no effect on protein synthesis up to 24 h, but it effectively
reduced viability at 72 h. Results in the leukemic CCRF-CEM cell line were
similar (Paper IV).

The recent report by Perne et al., proposed that the main mechanism of
action of CGs is to inhibit general protein synthesis, mediated through ef-
fects on the Na'/K'-ATPase pump.72 Our results support this finding, but
only for the more resistant colon cancer cells. Protein synthesis is effectively
inhibited at early time points, leading to decreased cell numbers at 72 h,
indicating that the cells die due to their inability to synthesize vital proteins.
However, this is not the case for the leukemia cell lines, where protein syn-
thesis levels are unaffected at time points up to 24 h, including at concentra-
tions that are indeed cytotoxic to these cells (measured at 72 h). Thus, for the
leukemia cell lines it seems that the cells stop synthesizing proteins because
they are dying, and the mechanism for the initiating mechanism for cytotox-
icity is most probably mediated through a pathway other than protein synthe-
sis inhibition.

Combination with Standard Chemotherapeutic Drugs

Interactions with other cancer drugs are important to investigate, and syner-
gistic activities may be used in the clinic to reduce toxicity and to enhance
the anticancer activity of drug treatment. In Paper 111, the effects of cardiac
glycosides were evaluated in combination with the clinically used colon
cancer drugs cisplatin, 5-fluorouracil, irinotecan, and oxaliplatin. Using the
median effect method of Chou and Talalay,” with a fixed ratio design (i.e.,
varying the concentration of both drugs), all compounds tested showed addi-
tive activity in combination with 5-fluorouracil, while they were synergistic
(digoxin; digitonin; convallatoxin, in HT29 cells) or additive (digitoxin;
convallatoxin, in HCT116) in combination with oxaliplatin. Interestingly, the
combination of the clinically used digoxin with oxaliplatin retained synergis-
tic cytoxicity also for the otherwise highly drug-resistant HT29 cell line. In
the case of irinotecan, commonly used as a second-line therapy for patients
with advanced colon cancer, opposing effects were found when combined
with cardiac glycosides, depending on the cell line. Concurrent exposure of
colon cancer cell lines to irinotecan and CGs demonstrated cell-specific ac-
tivities ranging from synergistic cytotoxicity in HCT116 cells, to antagonism
in HT29 cells. The cellular events underlying this intriguing observation are
unknown, but may be associated with multifactorial mechanisms contribut-
ing to multidrug resistance in the HT29 cell line. Interestingly, an interaction
between topoisomerase II inhibition and cardiac glycosides has been previ-
ously noted, where digitoxin significantly reduced the etoposide- and idaru-
bicin-induced topoisomerase II cleavable complexes in K562 leukemia
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cells.'” Also, blockade of the Na'/K'-ATPase pump by ouabain caused
doxorubicin resistance and decreased topoisomerase II-mediated DNA
strand breakage in a hamster cell line,'"’ as well as in three human tumor cell
lines, including HT29 colon carcinoma cells.'®

Additional experiments with fixed concentrations of convallatoxin, digi-
toxin, and digoxin were also performed. At clinically achievable (plasma)
concentrations the effects of the interaction were marginal (Paper I1I - Sup-
porting Information).

The preliminary combination experiment (mentioned in Paper I) including
the GA analogues (dihydro GA, GA, GA amide, tetrahydro GA), in combi-
nation with oxaliplatin or irinotecan did not indicate any synergistic activity.
However, investigations including other chemotherapeutic agents, at differ-
ent concentrations and involving other tumor types, could be of interest for
future studies and for the evaluation of GA as an anticancer agent.
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Conclusions and Future Perspectives

Natural products are important in the development of anticancer drugs.
Using modern HTS techniques, compounds collected in libraries can be
screened for new biological activities. In this thesis, GA analogues and CGs
were identified as hits in a screening for cytotoxic activity in colon cancer
cells, and were selected for further investigation. Even though many com-
pounds of commercially available libraries have already been previously
studied, in-depth studies of the molecular mechanisms of action can add to
the knowledge about important drug targets. When using compound librar-
ies, caution about the compounds is recommended and verification or
counter screens should be performed, as compounds potentially can be de-
graded.

Studies of drug-induced gene expression changes by cmap analysis proved
to be a very useful method for generating hypotheses of possible mecha-
nisms of action. Using other methods, we confirmed both the protein synthe-
sis—inhibiting activity of CGs, and the proteasome-inhibitory properties of
GA. However, it is important to keep in mind that different tumor types can
react differently to the drugs tested. The results of the gene expression analy-
sis may depend on the selected cell line, as well as on the selected drug con-
centration.

Gambogic acid is a naturally occurring compound with interesting biological
activities and with potential to be used as a lead structure for development of
novel anticancer agents. The cytotoxic effects of GA have been previously
acknowledged, but the mechanism of action has not yet been clarified.

In the current work GA and closely related analogues showed cytotoxic
activity in cancer cells of various origins. From analyses using the resis-
tance-based cell line panel and the ChemGPS-NP model, we concluded, in
line with a previous report,*” that GA acts through a different mechanism
than the classic anticancer agents. Connectivity map analysis indicated a
similar gene profile, as compared to other compounds acting on the ubig-
uitin-proteasome system, and our studies showed that GA and dihydro GA
caused accumulation of ubiquitin in MelJuSo Ub%"®V-YFP cells. Further
investigations led us to the conclusion that the GA analogues act as inhibi-
tors of the ubiquitin-proteasome system through inhibition of 20S chymo-
trypsin activity.
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The proteasome inhibitor bortezomib has shown promising activity as an
anticancer drug, and the UPS is indeed an important drug target for future
cancer treatment. The potential of GA as an anticancer agent needs further
investigation. The outcome of ongoing clinical trials will be crucial, and the
UPS-inhibiting activity of GA should be clarified to deduce whether toler-
able concentrations are effective in clinical use of GA as a proteasome in-
hibitor. It would also be valuable to perform more extensive studies on po-
tential synergistic interactions with other chemotherapeutic agents that act
through different mechanisms of action.

Cardiac glycosides have previously shown promising anticancer activities in
several tumor types. The results presented in this thesis show that CGs are
also cytotoxic in generally resistant human colon cancer cells, but at concen-
trations not achievable in human plasma. A few CGs also displayed syner-
gistic activity when combined with standard chemotherapeutic agents, where
the combination of digoxin and oxaliplatin was more effective than either of
the drugs alone.

The mechanism of action of CGs has not been fully elucidated, although
many different molecular effects have been described. Our analyses could
not confirm any NF-kB—inhibiting activity, or any effect on intracellular
Ca®" oscillations. From cmap analysis and in vitro experiments it was shown
that CGs are inhibitors of protein synthesis in colon cancer cell lines, but not
in the more sensitive leukemia cell lines. The effects observed in cells of
colorectal origin are supported by results recently published by another
group,” in which they conclude that the potential of CGs as anticancer drugs
is limited, due to inhibition of general protein synthesis. However, the results
included in this thesis also demonstrate that CGs may have clinical potential
in leukemic cells, since the cytotoxic activity appears to be mediated through
another, yet unknown, mechanism of action, and at considerably lower con-
centrations. Thus, it seems likely that CGs affect the cells differently, de-
pending on the tumor type.

It is suggested that future research should be directed to further investiga-
tions of the activities of CGs in hematological cancers, and to the interac-
tions with other chemotherapeutic drugs used in these diagnoses. Previous
epidemiological observations have shown potential chemopreventive activi-
ties of digitalis in breast cancer, and such studies might be of interest also for
other malignancies.

In conclusion, by combining several methods and modern techniques new
mechanisms of action are demonstrated for two supposedly well-
characterized families of natural products. Hence, new targets can be re-
vealed for already known compounds. This approach has potential to be very
useful for expanding the knowledge about intracellular mechanisms that are
of importance for future chemotherapeutic treatment.
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Popularvetenskaplig Sammanfattning

Cancer dr en term som anvéands for en grupp sjukdomar som alla har gemen-
samt att de beror pd onormal celltillvaxt i ett eller flera organ i kroppen. I
normala celler regleras tillvéxt och spridning genom cellens normala signale-
ringsvégar, men i en cancercell har ndgot gatt fel och viktiga signaler f6r hur
cellen skall styras kan vara felaktiga eller utebli helt. Ddarmed kan cellen
ohdmmat véxa och dela sig sé att en grupp cancerceller bildas. Detta kallas
for en tumér. De vanligaste cancerformerna &r prostatacancer hos min och
brdstcancer hos kvinnor, tétt foljda av lungcancer och koloncancer (tarmcan-
cer). Tumorsjukdomar drabbar ménga ménniskor och behandlingen behdver
effektiviseras.

Naturen har alltid varit en viktig killa for att bota, lindra och forebygga
sjukdom. Ett flertal av de ldkemedel som idag anvénds har ett naturligt ur-
sprung. Ménga likemedel mot cancer dr framstillda utifrdn molekyler som
forskare har funnit i véxter. Till exempel finns ett vanligt lakemedel mot
brdstcancer dir den aktiva substansen paklitaxel ursprungligen renframstall-
des ur bark fran idegranar.

Vixter och djur tillverkar olika d@mnen for att forsvara sig mot fiender.
Dessa dmnen &r avsedda att avskricka eller doda angripare och kan ha flera
biologiska effekter Amnenas biologiska aktiviteter kan utnyttjas farmakolo-
giskt for att paverka sjukdomsprocesser i manniskokroppen. Det giller dock
att hitta en lagom dos och att underséka molekylens effekter noggrant for att
undvika biverkningar och odnskade sidoeffekter.

Den framgéngsrika utvecklingen inom molekyldrbiologi och kemi har lett till
stora framsteg inom farmakologi och ldkemedelsframstillning. Molekyler
kan samlas in till stora substansbibliotek och utnyttjas sedan i likemedels-
forskning. Amnenas biologiska effekter kan studeras pd molekylnivd med
hjalp av olika instrument och analysmetoder.

I den hér avhandlingen beskrivs ett forskningsprojekt dir vi har identifierat
molekyler frdn naturen som kan ddda cancerceller. I vér studie anvindes ett
stort substansbibliotek med 2000 olika &mnen, varav ungefar 600 ar moleky-
ler med naturligt ursprung. De 6vriga &mnena &r syntetiskt framstéllda. Can-
cerceller behandlades med smad méingder av varje &mne och vi undersokte
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sedan hur ménga procent av cellerna som kunde dddas med respektive sub-
stans.

Utifran denna analys kunde vi hitta molekyler som effektivt dodade cancer-
cellerna. Vi valde ut tvd olika grupper av molekyler som inbordes liknar
varandra, om man ser till molekylernas struktur. Den ena gruppen kallas for
hjartglykosider och innefattar molekyler sdsom digitoxin och digoxin, som
lange har anvidnts i behandling av hjértsjukdom. Ursprungligen kommer
dessa substanser frn fingerborgsblomman, Digitalis purpurea. Den andra
gruppen bestod av gambogiasyra (eng. gambogic acid) och mycket snarlika
molekyler (analoger).

Gambogiasyra ar en substans som ursprungligen kommer frdn ett trid
som véxer 1 Asien. Garcinia hanburyi dr det latinska namnet for detta trad
och frukten mangostan hor till samma slakt som den hér arten.

Den cancercell-dodande effekten av hjdrtglykosider och gambogiasyra
utvirderades mera noggrant for att se vilka doser som var effektiva. Dessut-
om var vi intresserade av att undersdka vilka bakomliggande mekanismer i
cellen som péverkades, d.v.s. pa vilket sétt de hdr &mnena kunde doda can-
cercellerna.

Nér en cell utsdtts for ett biologiskt aktivt &mne leder det ofta till att olika
signaler sitts igdng i cellen. Genom att behandla en tumér med ett lakemedel
far cancercellerna pé ndgot vis en signal om att do. Att ta reda p&d mekanis-
men for hur denna signalering gér till inne i cellen &r komplicerat och kréaver
studier i flera steg. Vi borjade darfor med att undersdka hur cellen reagerar
pa gen-nivd vid behandling med hjértglykosider respektive gambogiasyra.
Forandringar i uttrycket av olika gener leder till fordndringar i cellens pro-
duktion av specifika, viktiga proteiner. Resultaten frdn gen-analysen jamfor-
des med analyser frn vilkénda likemedel och andra molekyler som &r vél
studerade sedan tidigare.

Jamforelsen visade att nér cellerna utsattes for hjartglykosider paverkades
cellens generella proteinsyntes och vi undersdkte senare om s kunde vara
fallet. Det verkade stimma att proteinsyntesen paverkades i koloncancercel-
ler, men i leukemiceller tycktes inte mekanismen vara densamma. Vér slut-
sats blev dérfor att olika cancerformer péverkas pa olika sétt vid behandling
med hjértglykosider.

Nér celler utsattes for gambogiasyra visade gen-analysen att ménga gener
paverkades och den gemensamma ndmnaren kunde troligtvis vara proteaso-
men. Proteasomen finns inne i cellen och ar uppbyggd av proteiner. Den har
en viktig roll eftersom den bryter ned andra cellulédra proteiner. Forskare har
tidigare visat att man kan anvénda farmakologiska substanser for att paverka
proteasomen sé att dess aktivitet minskar. Cancerceller har ofta en onormalt
hog proteasom-aktivitet och genom att blockera denna aktivitet i tumorcel-
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lerna kan man hdmma cancerns tillvaxt. Det finns t.ex. ett ldkemedel (Velca-
de®) som innehaller zmnet bortezomib som fungerar pé detta sitt.

Aven denna hypotes testades genom olika laborativa forsék med cancer-
celler och resultaten visade att gambogiasyra himmade proteasomens aktivi-
tet.

Sammanfattningsvis kan man séga att denna avhandling beskriver grund-
forskning kring nagra utvalda &mnen med naturligt ursprung och deras can-
cercelldodande effekter. Vaxter och djur framstdller manga d&mnen for att
forsvara sig och de @mnena kan vi utnyttja i lakemedelsutvecklingen. Vid de
laborativa fors6k som har utforts i detta projekt har vi anvént cell-linjer samt
tumorceller fran patienter. Huruvida hjartglykosider eller gambogiasyra kan
anvindas for att behandla tumdrer hos ménniskor &r dnnu oklart och aterstér
att utreda. De studier som beskrivs i den hédr avhandlingen har bidragit till
kunskapen om celluldra effekter av hjértglykosider och gambogiasyra och
kan kanske pa sikt bidra till utvecklingen av nya likemedel.
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