




Let me tell you the secret that has led me to my goal my strength 
lies solely in my tenacity.  

(Louis Pasteur 1822–1895) 

The only good is knowledge and the only evil is ignorance.  
(Socrates 495 BC–399 BC) 

I am among those who think that science has great beauty a scien-
tist in his laboratory is not a technician, he is also a child placed 
before natural phenomena which impress him like a fairy tale.

(Marie Curie 1867–1934) 
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Abbreviations

ALK activin receptor-like kinase 
ATM ataxia-telangiectasia mutated protein 
Bcl-2                          B-cell leukemia/lymphoma 2 
BMP          bone morphogenic protein 
BIM                           Bcl2 interacting mediator of cell death 
CK1                           kinases casein kinase I 
Co-Smad   common-mediator Smad 
ERK          extracellular signal regulated kinase 
FADD                        fas-associated death domain 
FKHR                       forkhead transcripton factor 
GSK                           glycogen synthase kinase 
I-Smad      inhibitory Smad 
LEF/TCF                   lymphoid enhancer factor /T cell factor 
MAPK       mitogen-activated protein kinase 
MEK                          MAP kinase/ERK kinase 
MH1        Mad homology domain 1 
MH2 Mad homology domain 2 
MKK                         mitogen-activated protein kinase kinase 
mTOR                        mammalian target of rapamycin 
NES                          nuclear export signal 
NLS                           nuclear localization signals 
NOS                          nitric oxide synthase 
PET                           positron emission tomography 
PI3K                         phosphatidylinositol 3-kinase 
RTK                           receptor tyrosine kinase 
ROS                           reactive oxygen species 
R-Smad      receptor-activated Smad 
SAPK/JNK      stressactivated protein kinase /c-Jun NH2-terminal kinase 
SBE           smad binding element 
SH2 src homology 2 
SH3 src homology 3 
TAK1                        TGF- -activated kinase1 
TGF-                         transforming growth factor- 
11C-FMAU 1-(2´-deoxy-2´-fluoro-D-arabinofuraosyl) thymine 
18F-FDG 2-deoxy-2-(18F)fluoro-D-glucose 
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Introduction

Cells in the body normally divide only when new cells are needed. However, 
tumor cells are characterized by uncontrolled growth. Tumors can be benign 
(non cancerous) or malignant (cancerous). Benign tumours do not spread to 
other parts of the body, but malignant cells can invade surrounding tissue or 
form metastases in other organs. In the present work, I have explored mo-
lecular mechanisms for induction of programmed cell death of prostate can-
cer cells and investigated the potential usefulness of positron emission to-
mography to monitor effects of treatment of prostate cancer. 

Apoptosis
Apoptosis, also called programmed cell death, is a physiological process 
where caspase activation plays a central role. Apoptotic cells are recognized 
by their morphological changes such as shrinkage of cells, chromatin con-
densation and nuclear fragmentation, (1). Apoptosis is crucial for the normal 
development and function of multicellular organisms.  

Abnormalities in cell death control can contribute to a variety of diseases, 
including cancer, autoimmunity, and degenerative disorders. The apoptotic 
cascade can be divided into three phases: initiation, integration and execu-
tion. In the initiation phase, apoptosis is triggered by stress signals or spe-
cific factors (for example TGF-  or TNF- ) acting through their specific 
receptors. During the integration phase, signals from several signalling 
pathways are balanced, and the decision is made regarding whether the exe-
cution of cell death should be initiated (2). Signals that determine if the cells 
are going to survive or die are described in detail below.  

Cysteine aspartate-specific proteases called caspases are involved in the 
initiation and execution phase. Signalling for apoptosis occurs through mul-
tiple independent pathways that are initiated either from triggering events 
within the cell or from outside the cell, for instance, by ligation of death 
receptors as outlined in figure 1. The intracellular apoptotic pathway is me-
diated by mitochondria (3; 4). In both pathways, caspases are activated and 
they cleave cellular substrates, which leads to the biochemical and morpho-
logical changes that are characteristic of apoptosis. Bcl-2 gene was originally 
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isolated from a B-cell lymphoma and belongs to a growing family of pro-
teins which either promote (Bax, Bad, Bid, Bim etc ) or inhibit (Bcl-2 or 
Bcl-xL) apoptosis (5).

Cleavage of Bid by caspase-8 recruited by FADD (Fas-associated death do-
main protein) activates the mitochondrial pathway after apoptosis induction 
through death receptors, and this cascade promotes the apoptotic signal. 
Death receptor mediated apoptosis can be inhibited at several levels by anti-
apoptotic proteins.  

The mitochondrial pathway involves several kinds of stimuli, such as DNA 
damage or induction of p53 at the transcriptional level. For instance, c-Myc 
is known to activate p53 (6).The p53 protein regulates the expression of 
several Bcl-2, family genes, e g Bax and Bim which are upregulated, and 
Bcl2, which is downregulated (7; 8). Alterations of the p53 pathway also 
influence the sensitivity of tumour cells to apoptosis. Bax and Bim promote 
the release of several pro-apoptotic factors from the mitochondrial inter-
membrane space to the cytosol, such as Cyt c (cytochrome c), AIF (apop-
tosis inducing factors), whereas Bcl-2 inhibits this event. Cyt c released into 
the cytosol binds Apaf-1(apoptotic protease activating factor 1) to form the 
apoptosome.  

The initiator caspase-9 is activated by the apoptosome (9). Another way to 
regulate apoptosis is to counteract the apoptotic cascade. This occurs through 
survival signals, such as growth factors and cytokines, that activate the PI3K 
(phosphatidlinositol 3-kinase) pathway. PI3K activates Akt, which phos-
phorylates and inactivates the pro-apoptotic Bcl-2 family member Bad (10). 
Most tumors are independent of survival signals because they have upregu-
lated the PI3K /AKT pathway.  

Dismantling and removal of doomed cells is accomplished by proteolysis of 
vital cellular constituents, DNA degradation, and phagocytosis by 
neighbouring cells (11). 
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Prostate Cancer 
The prostate is a muscular, walnut-sized gland that is located directly be-
neath the bladder and it surrounds the upper part of the urethra. The prostate 
is part of the male reproductive- system. Its main function is to produce 
seminal fluid, the milky substance that transports sperm. Testosterone stimu-
lates the growth and function of the prostate during puberty, as well as the 
production of prostatic fluid for semen (12).  

Prostate cancer is a malignant tumor that usually begins in the outer part of 
the prostate.

In most men, the cancer grows very slowly. Early prostate cancer is confined 
to the prostate gland itself, and the majority of patients with this type of can-
cer can live for years without any problems. More than 180,000 men in the 
U.S. will be diagnosed with prostate cancer this year, and more than 30,000 
will die of the disease. Eighty percent of men who reach the age of 80 have 
prostate cancer (13). In Sweden approximately 7500 men are diagnosed with 
prostate cancer every year (14). 

Figure  1. Two Major Apoptotic Pathways in Mammalian Cells
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The severity of prostate cancer is measured by both “grade” and “stage”. The 
size and extent of growth of the tumor determines its stage. The early stages 
of prostate cancer, stages T1 and T2, are limited to the prostate gland. Stage 
T3 prostate cancer has advanced to tissue immediately outside the gland. 
Stage T4 prostate cancer has spread to other parts of the body. 

Prostate cancer is the cause of more than 1% of all deaths in men and its 
incidence is increasing by 2-3% per year (15). The general prognosis for 
diagnosed prostate cancer remains poor and advanced prostate cancer is dif-
ficult to treat successfully. Current therapies show many side effects (16). 
Like for many cancers, the cause of prostate cancer is unknown. It is more 
common in African-American men and in men with a family history of the 
disease. The male sex hormone testosterone contributes to its growth (13). 

Treatment of prostate cancer 
Localised tumors are treated with anti-androgens which in different ways 
prevents the action of testosterone, or surgery (17). Advanced prostate can-
cer is often treated with irradiation or cytotoxic drugs but unfortunately these 
therapies are only palliative, as prostate tumors often develop drug resistance 
as many other tumors (16).  

Most of the commonly used cytotoxic drugs inhibit either proliferation of 
tumor cells or induce apoptosis, in tumor cells. Tumor growth to sizes of 
more then 1-2 mm3 is dependent on recruitment and growth of endothelial 
cells, a process called angiogenesis originally described by Judah Folkman 
(18). He also proposed that inhibition of angiogenesis should prevent tumor 
growth. Anti-angiogenetis therapy for prostate cancer is currently under 
clinical trials.

2-Methoxyestradiol

2-Methoxyestradiol (2-ME) is an endogenous metabolite of estradiol-17
that, while devoid of estrogenic effects, has anti-angiogenic, anti-
proliferative and anti-tumor effects (19-21) 2-ME inhibits the proliferation of 
human tumor cells and initiates apoptosis in vitro (22-24). The growth-

CH3O 

HO 

H3C OH 
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Figur 2. Structure of 2-methoxyestradiol (LaVallee, 2000) 
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inhibitory properties of 2-ME have been associated with its effects on tubu-
lin polymerization, causing an increased stability of microtubules, which 
probably results in cell cycle arrest (25; 26). Interestingly, the apoptotic ef-
fect of 2-ME appears to be most effective in rapidly growing cells, while the 
identity of the downstream effectors of apoptotic signalling induced by 2-
ME is not well known. 2-ME treatment leads to an activation of c-Jun N-
terminal kinas (JNK) and phosphorylation of Bcl-2, which preceded the in-
duction of apoptosis (20). Furthermore, 2-ME induced apoptosis in pancre-
atic cancer cells is mitochondria-dependent, due to the release of cytochrome 
c into the cytosol. 2-ME exposed cells exhibit Bid cleavage that is accompa-
nied by the translocation of Bax into the mitochondria. 2-ME is currently 
being evaluated in phase I and II clinical trials for the treatment of multiple 
types of cancer (27).

Positron emission tomography
In order to diagnose cancer patients, and to monitor the efficiency of ther-
apy, various imaging technique are used, including positron emission tomo-
graphy (PET) (28). 

PET is a non-invasive imaging technique by which the distribution of radio-
activity in a living body can be monitored externally. This technique utilises 
compounds labelled with positron-emitting radionuclides deficient of neu-
trons and decay by positron (B+) emission. In a living body, the positron 
travels a few millimetres through the tissue before it collides with an elec-
tron, and the particles are annihilated. The annihilation results in the genera-
tion of two high-energy photons (511 kev) which emit in opposite directions. 
These anti-parallel photons are detected in coincidence by a PET-camera and 
the distribution of radioactivity is measured with high precision and quanti-
fied as a function of time and region. 

PET can be broken down into several steps: 

1) Labelling of a selected compound with a positron-emitting radionuclide.  
2) Administering of this compound to the subject of study. 
3) Imaging of the distribution of the positron activity as a function of time by 
emission tomography.  
4) Elicitation from the information thus acquired an understanding of the 
biological handling of the compound.  
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PET tracers 
A wide range of compounds are used in PET. These positron-emitting ra-
dionuclides have short half-lives and high radiation energies compared with 
radioisotopes generally used in biomedical research (29). The main positron-
emitting radionuclides used in PET include carbon-11, nitrogen-13, oxygen-
15, and fluoride-18, with half-lives of 20 min, 10 min, 2 min, and 110 min, 
respectively. It has become possible to synthesise compounds, containing 
these short-lived radionuclides, which can be used as PET tracers. 

Usefulness of PET 
The usefulness of PET is that, within limits, it has the ability to assess bio-
chemical changes in the body. PET has had a huge impact in clinical investi-
gation of neurological diseases, including cerebrovascular disease, epilepsy, 
and cerebral tumors. PET is also important in drug research and develop-
ment of drugs as PET can be used to study distribution, pharmacokinetics 
and pharmacodynamics of the drug of interest. In addition to cerebral tu-
mors, PET is used to detect and locate lymphogenic metastases as well as 
various other tumors. 

One of the most important functions of PET is its ability to model biological 
and physiological functions in the body by detection and modelling of re-
gional concentrations of radioactivity in a particular organ. It is now possible 
to obtain improved anatomic localization of activity by overlaying or im-
printing the information from PET into more detailed images of magnetic 
resonance imaging (MRI) or computed tomography (CT).  

PET Imaging 
The imaging in PET is all indirect. Like CT and MRI, PET relies on com-
puterized reconstruction procedures to produce tomographic images. It is 
performed by means of detecting positron-emission by use of tomography. 
Two ways in which radionuclides decay that will reduce excess positive 
charge of the nucleus, include the neutralization of a positive charge with the 
negative charge of an electron or the emission of a positron from the nu-
cleus. The positron will then combine with an electron from the surround-
ings and both the positron and the electron are converted to electromagnetic 
radiation. This electromagnetic radiation is in the form of two high-energy 
photons which are emitted 180 degrees away from each other. It is this anni-
hilation radiation that can be detected externally and is used to measure both 
the quantity and the location of the positron emitter.   



15

Simultaneous detection of two of these photons by detectors on opposite 
sides of an object places the site of the annihilation on a line connecting the 
centers of the two detectors. At this point mapping the distribution of annihi-
lations by computer is allowed. If the annihilation originates outside the vol-
ume between the two detectors, only one of the photons can be detected, and  
since the detection of a single photon does not satisfy the coincidence condi-
tion, the event is rejected. Simultaneous detection provides a precise field of 
view with uniform sensitivity.  

This occurs because wherever the disintegration takes place between the two 
detectors, the photons must in sum have travelled the full interdetector dis-
tance in order that the event to be recorded. 

PET in oncology 
In clinical oncology, 18F-fluoro-2-deoxy-D-glucose (18F-FDG) is the most 
widely used tracer. FDG is an analogue of glucose which is labelled with 
fluoride-18, a medium-lived positron emitter (t ½= 109 min). Increased gly-
colysis is one of the most distinctive bio-chemical features of malignant cells 
because of the inefficient metabolism of glucose in malignant tumors. It 
results from the amplification of the glucose transporter proteins at the tu-
mour cell surface, as well as from increased activity of various key enzymes, 
including hexokinase. Like glucose, 18F-FDG is transported into cells by a 
glucose transporter protein and rapidly converted into 18F-FDG-6-phosphate. 
As the latter is not a substrate for glucose-6-phosphate isomerase, it is bio-
chemically trapped in metabolising tissues (30; 31).  

There are several areas where the use of 18F-FDG PET has been promoted in 
diagnosis of tumors, including lung, breast, colon, melanoma, lymphoma, 
esophageal, musculoskeletal, thyroid, ovarian, head and neck. The useful-
ness of FDG is limited in slow growing tumors, such as prostate carcinoma, 
because of the reduced rate of glycolysis. Because of this limitation efforts 
are made to develop new oncological tracers for PET (32). Some of the PET 
tracers that are used in oncology today are 18F-FDG, H2-15O, C-15O, O-15O,
18F-Misonidazole, 11C-acetate, 11C-L-methionine, 11C-tyrosine, 11C-5-
hydroxytryptophane, 11C-deprenyl, 11C-harmine, 11C-L-Dopa, 18F-Dopa, 11C-
metomidate, 11C-metahydroxyephedrine, 11C-thymidine, 76Br-BrdU, 76Br-
BFU, 11C-choline.
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Transforming growth factor-  (TGF- )
TGF- is a member in a family of cytokines were BMP and activin are in-
cluded among others. TGF-  plays an important role for determination of 
cell fate during embryonic development as well as in the adult tissue of the 
worm, fly and mammals (33). TGF-  regulates proliferation, differentiation, 
migration and apoptosis of cells but has also profound effects on extracellu-
lar matrix proteins and inflammatory responses. 

TGF-  evokes the cellular responses upon binding to its constitutively active 
type II receptor serine/threonine kinase on the cell surface, which will re-
cruit, phosphorylate and activate the type I receptor. The activated receptor 
complex will then transduce the signal through phosphorylation and activa-
tion of the Smad proteins which will regulate gene transcription (33-35). 
TGF-  can act either as a tumor suppressor or tumor promoter due to its 
potent physiological effects on cells. In normal cells or early in tumorigene-
sis, TGF-  can induce growth arrest or apoptosis, through its stimulatory 
effects on proapoptotic signalling cascades, such as activation of p38 
MAPK, JNK, via the  TGF-  associated kinase 1 (TAK1) or the proapop-
totic adaptor protein Daxx (36-38). TGF-  results in oxidative stress re-
sponses, activation of caspases and regulation of  the expression of Bcl-2 
family members, Bcl-2, Bax and Bim, which will ultimately lead to apop-
tosis (2). 

During tumor progression, the tumor cells escape the pro-apoptotic effects of 
TGF- , probably due to perturbations of components in the signal transduc-
tion pathway. At this stage, TGF-  instead promotes tumorigenesis, due to 
its stimulatory effects on transdifferentiation, migration, invasion and metas-
tasis of tumor cells. TGF-  supports also angiogenesis and immuno-
surveillance creating a growth advantage for the tumor (39). 

In cells receiving signals from different growth factors, an intracellular cas-
cade will result in activation of the Ras-MEK-ERK pathway that regulates 
proliferation and survival (40). There exists a cross-talk between growth 
factor and TGF-  induced signals, as an active ERK prevents the R-Smads to 
enter the nucleus (figure 3). 
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Figure 3. Cross-talk between signal transduction pathways evoked by growth factors and 
TGF-  determine if the cell will survive or die. 

The Smad family of proteins 
Smad proteins act as transducers of the active TGF-  signal, from the mem-
brane bound receptors to the nucleus, where they participitate in regulation 
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for and discover the orthologs in worms and vertebrates (33; 41). They were 
given the name Smad (Sma; for Small phenotype in C. Elegans and MAD; 
for Mothers against Decapentaplegic in D. Melanogaster) (41; 42). 
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The R-Smad and Co-mediator Smad (Co-Smad) proteins consist of two con-
served structural domains, the N-terminal MH1 domain and the C-terminal 
MH2 domain.  

The Co-Smad, Smad4, lack the characteristic SXS motif in its C-terminal 
part.

The Inhibitory-Smad (I-Smad) is divergent in its N-terminal domain as there 
is only a weak sequence homology to the MH1 domain of R-Smads. Nota-
bly, the MH2 domain is highly conserved among all Smads. The MH2 do-
main confers the interaction with the receptor, complex formation of Smad 
proteins and shuttling into or out of the nucleus, due to a direct interaction 
with the nuclear pore complex proteins. 

The MH1 domain in all R-Smads, except Smad2, and Co-Smad2 contains 
DNA-binding sequences, allowing them to bind DNA and thereby acting as 
transcriptional regulators for a large number of genes. The activated R-Smad 
and Co-Smad complex binds to the promoter of Smad7, which contain two 
specific Smad binding elements (SBE), figure 3.  

Smad7 
TGF-  and BMP positively regulate the expression of I-Smads (Smad6 and 
Smad7). Both Smad6 and Smad7 act in a negative feedback loop as they 
compete with R-Smads for interaction with the activated TGF-  receptor 
complex, thereby reducing the possibility for R-Smads to be phosphorylated 
and activated (43). 

The expression of Smad7 is also regulated by epidermal growth factor and 
other cytokines such as interferon-  and tumor necrosis factor (44). Stress 
responses induced by UV-light enhance the stability of the Smad7 protein 
(45; 46). The identification of AP1 binding sites in the Smad7 promoter 
makes it likely that Smad7 expression is regulated in cells exposed to stress 
(47).

Smad7 shuttles between the nucleus and cytoplasm. In resting cells, Smad7 
is predominantly localized to the nucleus. Upon TGF-  treatment of cells, 
Smad7 is rapidly exported to the cytoplasm (36; 48). Recently, Smad7 has 
been found to interact with the transcriptional co-regulator p300 (49), as well 
as with -catenin, TCF-4 and LEF1 (50) , implicated in determination of cell 
fate responses evoked by secreted signalling molecules such as Wnt (51). As 
Smad7 maybe a nuclear protein, which under certain conditions interacts 
with transcriptional regulators, it is likely that Smad7 can participate directly 
or indirectly, in regulation of gene transcription.  
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Smad7 has been implicated in regulation of apoptosis in cells exposed to 
BMP, activin TGF-  and 2-ME. In B-cells, ectopic expression of Smad7 
protects cells from TGF-  induced apoptosis (52). In contrast, in epithelial 
cells, both ectopic expression of Smad7 or the use of siRNA to knock down 
the expression of Smad7, shows that Smad7 can lead to activation of JNK 
and p38 MAPK, resulting in subsequent apoptosis in a TGF-  dependent 
manner (36; 53; 54).  

In human prostate cancer cells, Smad7 plays a role for facilitating the TGF-
induced activation of p38, as Smad7 acts as an adaptor protein bringing the 
kinases in the p38 MAPK pathway together (36). Moreover, Smad7 interacts 
with signalling molecules such as -catenin, which in adherent epithelial 
cells are important for a proper regulation of adhesion of cells or when acti-
vated by Wnt, for induction of genes such as c-myc and cyclin D1, which in 
turn control cell proliferation or apoptosis (50; 51). Interestingly, Smad7 has 
recently also been demonstrated to be required for 2-ME induced activation 
of p38 leading to apoptosis (55). In contrast, ectopic expression of Smad7 in 
keratinocytes in a transgenic mouse model of skin tumors, negatively af-
fected TGF-  induced growth arrest (56).  

This report suggests that Smad7, at least when present in high levels, can 
behave as an oncogene. The question remains whether Smad7 might con-
tribute to the tumor suppressor effects of TGF-  or if Smad7 actually fa-
vours tumor progression. Future investigations are needed to elucidate the 
biological functions of endogenous Smad7 in cell and tumor biology, by 
studies of animal models where the expression of the Smad7 has been 
knocked out.
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Figure 4. TGF-  family members, transmits their signals via specific Smad proteins. 
Mad-homology domains (MH1 and MH2) in Smad proteins are conserved with the ex-
ception for the lack of MH1 domain in the inhibitory Smads (I-Smads).

Shb signaling in apoptosis 
Shb was originally identified as an SH2 domain adapter protein by G1/G0 
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response to activation through the assembly of signaling components via 
binding of these to the different domains of Shb (58; 61). The human Shb 
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The expression of the Shb gene is controlled by protein phosphorylation 
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served tyrosine phosphorylation sites. As of yet, the mechanisms by which 
Shb regulates cell apoptosis remain unresolved. However, a clue as to how 
Shb exerts this function may come from the observation that the Shb homo-
logue, Shd, binds c-Abl (65). 

Involvement of MAPK in various cellular responses 
Cellular behaviour such as cell growth, differentiation and apoptosis in re-
sponse to extracellular stimuli is mediated through intracellular signalling 
pathways such as the mitogen activated protein (MAP) kinase pathways 
(66). MAPKs, which integrate and process various extracellular signals, are 
primary components of this intracellular signalling circuitry. A series of 
three protein kinases-a MAPK and two upstream components, MAPK kinase 
(MAPKK or MKK) and MAPK kinase (MAPKKK) constitutes the MAPK 
cascade (figure 5). Multicellular organisms have four distinct MAPK path-
ways. (1) extracellular signal regulated Kinases (ERKs), (2) c-jun N-terminal 
or stress activated protein kinases (JNK/SAPK), (3) ERK/big MAP kinase 1 
(BMK1), and (4) p38  MAPK. These kinases are proximally 60-70% identi-
cal to each other and differ in the sequence and size of their activation loop, 
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and they respond differently to different stimuli. Each MAPK subfamily 
consists of several isoforms and members, which often have distinct func-
tions (67). 
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Figure 5. Generic MAP kinase pathways (Kumar, 2003). MAPKs, which integrate 
and process various extracellular signals. The MAPK cascade consists of a series of 
three protein kinases a MAPK and two upstream components, MAPKK and 
MAPKKK.  
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ERK 
ERK (extracellular-signal-regulated protein kinase) is a MAPK that mediates 
intracellular signal transduction in response to a variety of stimuli. ERK is 
involved in cell proliferation and differentiation and cell survival and in neu-
ronal plasticity, such as long-term potentiation, learning, and memory (68; 
69).

The classic MAPK cascade begins with activation and autophosphorylation 
of receptor tyrosine kinases (RTKs) on the cell surface that creates phospho-
tyrosyl binding sites for SH2-domain containing signaling proteins, includ-
ing adaptor proteins such as Grb2 and Shc, which in turn can recruit other 
proteins such as SOS, a partner of Grb2 that is an exchange factor for Ras 
GTPase. Activation of Ras at the membrane by SOS leads to the recruitment 
of Raf-1 to the membrane and its subsequent activation. Raf-1 is the first 
kinase in the intracytoplasmic signaling pathway leading to ERK activation. 
Raf-1 subsequently phosphorylates and activates MEK1 (MAP kinase/Erk 
kinase) and MEK2, which can then phosphorylate ERK1 and ERK2 on criti-
cal TEY motifs, leading to the activation of ERKs. Activated ERK is re-
leased from MEK and migrates to the nucleus, where it can phosphorylate its 
targets, particularly members of the ETS (E twenty-six) family of transcrip-
tional factors. Activation of key transcriptional targets then drives the cell 
into the cell cycle, leading eventually to cell replication.  

p38 MAPK 
p38 mitogen-activated protein kinases (MAPKs)  belong to a family of ser-
ine/ threonine protein kinases that play important roles in cellular responses 
to external stress signals, and with structural and functional characteristics 
that distinguish them from JNK and ERK MAPKs. p38 activity is upregu-
lated when cells are exposed to a variety of stimuli including bacterial 
pathogens, pro-inflammatory cytokines, certain growth factors, hormones, 
ligands for G protein-coupled receptors and other forms of environmental 
stresses, such as osmotic shock and heat shock. The p38 kinases were first 
defined in a screen for drugs inhibiting tumor necrosis factor -mediated 
inflammatory responses (70). An important role for p38 MAPKs has been 
shown in various vertebrate cell differentiation processes (figure 6). By regu-
lating downstream substrates that include protein kinases and transcription 
factors, p38 participates in transmission, amplification, and diversification of 
extracellular signals, initiating several different cellular responses. Studies 
have revealed that activation of the p38 pathway is related to many patho-
logical changes that occur in the course of inflammatory/immunologic and 
cardiovascular diseases (71). 
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There are four isoforms of p38 kinases, , ,  and , which are all phos-
phorylated and activated by the MAPK kinase MKK6 (mitogen-activated 
protein kinase kinase 6). Other MKKs show more restricted specificity, for 
example, MKK3 activates p38 , p38  and p38 , whereas MKK4 can only 
activate p38 . The p38  enzyme is the most well characterized and is ex-
pressed in most cell types, and activated by the protein TAB1 (72). TAB1 is 
not an enzyme, rather, it is an adaptor or scaffolding protein, and examplifies 
that p38 can be regulated also by other mechanism in addition to the 
MKKK-MKK-MAPK regulatory module.  

Interestingly, Smad7 seems to act as a scaffolding protein and facilitates 
TAK1 and MKK3 mediated activation of p38 and apoptosis (36). 
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JNK signal transduction pathway  
The C-Jun NH2 -terminal kinase (JNK) is a member of an evolutionarily 
conserved sub-family of mitogen-activated protein (MAP) kinases. It is now 
known that JNK is required for embryonic morphogenesis and that this sig-
nalling pathway contributes to the regulation of cell proliferation, apoptosis 
and to the function of some differentiated cells. Thus, the JNK signal trans-
duction pathway is implicated in multiple physiological processes. The JNK 
protein kinases are activated by phosphorylation on and Thr- X -Tyr motif 
by MKK4 (also known as SEK1) and MKK7. These protein kinases are ex-
pressed as a group of alternatively spliced isoforms (73). In several cell lines 
derived from prostate, breast, liver and colorectal carcinomas, 2-ME treat-
ment leads to an activation of JNK and phosphorylation of Bcl-2, which 
precedes the induction of apoptosis (20). 

Akt and cell survival 
The intracellular kinase Akt (also known as PKB) affects multiple cellular 
functions initiated either by growth factor receptors or integrins that activate 
phosphatidylinositol 3-kinase (PI3K). For example, Akt is involved in glu-
cose metabolism, cell survival and protein translation. Once activated, Akt is 
able to phosphorylate, and thus inhibit, a number of cellular proteins. These 
proteins include caspase-9, BAD, c-Raf, GSK-3  and the forkhead transcrip-
tion factor, such as FKHR. Akt has also been reported to phosphorylate 
IKK  and endothelial nitric oxide synthase (eNOS), leading to the upregula-
tion of NF- B and NO levels, respectively. Furthermore, Akt plays a role in 
protein translation through the direct phosphorylation of mammalian target 
of rapamycin (mTOR). The kinase mTOR then phosphorylates 4E binding 
protein (4E-BP-1) which results in the release of the eukaryotic initiation 
factor 4E (eIF-4E). Akt is inhibited by the proteins SHIP, PTEN, PP2a 
and Lyn. 

Akt, a downstream effector of PI3K, has often been implicated in prostate 
cancer. Studies in prostate tumor cell lines revealed that Akt activation is 
probably important for the progression of prostate cancer to an androgen-
independent state (74). 

Recent research has examined Akt-related serine-threonine kinase in sig-
naling cascades that regulate cell survival and are important in the patho-
genesis of degenerative diseases and in cancer (75; 76). Akt suppresses 
cell death by stimulating the translocation of hexokinase to the mito-
chondrion. Hexokinase, in turn, antagonizes the release of mitochondrial 
cytochrom C (77). 
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Death regulating proteins 
c-Abl
The c-Abl (cellular Abelson tyrosine kinase) proto-oncoprotein is a 140 kDa 
non-receptor tyrosine kinase (78). In mammalian cells, c-Abl is ubiquitously 
expressed but with different sub-cellular localization depending on the cell 
type. c-Abl can be  localized in the nucleus, cytoplasm, mitochondria, endo-
plasmic reticulum and at the cell cortex, where c-Abl interacts with a large 
variety of cellular proteins, including signaling adaptors, kinases, phosphata-
ses, cell cycle regulators, transcription factors and cytoskeletal proteins (79; 
80). Nuclear c-Abl is activated by diverse genotoxic agents and induces 
apoptosis (81).  

The mechanisms that are responsible for nuclear targeting of c-Abl remain 
unclear, but cytoplasmic c-Abl is targeted to the nucleus in the DNA damage 
response (81). c-Abl shuttles between the cytoplasm and nucleus by classical 
mechanisms that involves three nuclear localization signals (NLS) and one 
nuclear export signal (NES) (80). The transforming Abl variants are mainly 
cytoplasmic. The human c-Abl gene encodes two isoforms, 1a and 1b, with 
different amino-acid sequences, as a result of alternative splicing. While the 
1a isoform is mostly cytoplasmic, the 1b isoform is myristoylated at the N-
terminus and localizes predominantly in the nucleus (82; 83). This pattern of 
cellular distribution hints at the possibility that c-Abl is a shuttle kinase that 
transmits signals between cellular compartments. 

The c-Abl protein contains various defined domains. At the N-terminus, c-
Abl has a Src homology 2 (SH2) domain that has high affinity for phos-
phorylated tyrosine residues and a Src homology 3 (SH3) domain that pref-
erentially binds to proline–rich domains containing a PxxP motif. Phos-
phorylation at Tyr 245 in the SH2 kinase linker region, or Tyr 412 at the 
active site, can activate the Abl kinase. Search for c-Abl SH3 binding pro-
teins proved fruitful with regard to defining its immediate downstream tar-
gets. c-Abl is also characterized by its long C-terminal tail containing NLS 
and NES signals controlling c-Abl sub cellular localization. Also, the tail 
contains a putative DNA-binding domain and F-and G-actin binding do-
mains. With all of theses structural domains, c-Abl is likely to simultane-
ously participate in many processes by protein-protein interactions. Nuclear 
c-Abl is a latent tyrosine kinase that becomes activated in response to nu-
merous extracellular signals (growth factors, cell adhesion and cytokines) 
and internal signals (DNA damage, oxidative stress) through which it regu-
lates F-actin, cellular differentiation and apoptosis (84; 85). c-Abl is under 
strict autoregulatory control. The SH2 domain and N-terminal cap both fold 
up over the kinase domain, allowing the SH3 domain to interact with the 
SH2 domain – kinase linker. This conformation is autoinhibited (86; 87). 



27

There are two well characterized oncogenic forms of c-Abl that have es-
caped the auto-inhibition, v-Abl and BCR-Abl. Both forms are located to the 
cytoplasm. v-Abl stems from the insertion of the retrovirus Moloney murine 
leukemia virus into the second exon of the c-Abl gene and consequently 
lacks the N-terminal cap and SH3 domain (88), which are necessary for 
auto-inhibition. They are replaced with the viral Gag peptide, whose func-
tion is to link v-Abl to the cell membrane via myristoylation (89), which is 
essential for transformation. v-Abl causes hyperactivation of  the Ras, JAK/ 
STAT, JNK, ERK and PI3K signaling pathways (90). 

BCR-Abl is the result of a fusion of the breakpoint cluster region (BCR) and 
c-Abl (Philadelphia chromosome). Dysregulation of BCR-Abl is due to a 
coiled-coil domain in BCR that leads to oligomerization of BCR-Abl and 
subsequent autophosphorylation by Abl kinase that disrupts the auto-
inhibited conformation (91). BCR-Abl seems to be constrained by the same 
set of autoinhibitory functions as the normal c-Abl kinase, but it functions at 
a higher level of activity (86). 

c-Abl has been shown to regulate the cell cycle and to induce under certain 
conditions, cell growth arrest and apoptosis. c-Abl is involved in activation 
of  JNK and p38 (81; 92) and these stress-activated kinases have been impli-
cated in apoptosis (93). 

STI-571 (imatinib or gleevec) is a known inhibitor of c-Abl, Arg, c-Kit and 
PDGF receptor tyrosine kinases as it binds to the nucleotide binding pocket 
of the kinase domain, thus causing specific inhibition of the activity of the 
kinase (94). This compound is used for treatment of malignancies such as 
chronic myeloid leukemia (CML) and gastrointestinal stromal tumor (GIST). 
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STI-571 has an anti-proliferative effect in cancer treatment but can also in-
hibit cellular death and protect cells from genotoxic agents, death receptor 
activation and oxidative stress (95-97). 

c-Myc
c-Myc is a protooncogene product implicated in regulation of cell cycle and 
apoptosis. c-Myc can contribute to apoptosis in cells exposed to stress sig-
nals, genotoxic damage or depletion of survival factors (6; 98). TGF-  has 
previously been shown to correlate with c-Myc expression in several differ-
ent cell lines. The loss of TGF- -induced suppression of c-Myc has been 
shown to correlate with resistance of TGF- -dependent growth inhibition in 
different cancers. c-Myc can interact with the Smad proteins, Smad2 and 
Smad3, which could implicate a role for c-Myc in TGF-  signalling (99). 

However, lately TGF-  has been shown to increase the expression of c-Myc 
in a osteosarcoma cells line as well as in human prostate cancer cells (50; 
100).

BIM
BIM (Bcl-2 interacting mediator of cell death) is a member of the BH3-only 
group of the pro-apoptotic Bcl-2 family. Recently, BIM  protein has been 
showed to be involved in TGF-  induced apoptosis in hematopoietic cells 
(101). Notably, Smad3 was found to play a role in mediating BIM expres-
sion levels and apoptosis. 

BIM and other BH3-only molecules like Puma and Noxa, cause apoptosis 
due to their effects at the mitochondrial level. The expression of BIM has 
been shown to be regulated by JNK in neuronal cells undergoing apoptosis 
(102).

Proteins involved in Wnt-signalling 
Wnts are secreted lipid-modified signaling proteins (103), that influence 
multiple processes in animal development. There are nineteen Wnt genes in 
the mammalian genomes with different functions, and mutations can lead to 
abnormalities ranging from stem cell loss to kidney and reproductive tract 
defects (104). The Wnt-signalling pathway is complex, following several 
possible transduction pathways Wnt ligand binding to two receptor mole-
cules, Frizzled proteins and lipoprotein receptor-related proteins 5 and 6 
(LRP-5/6) initiates further signaling (105). Members of the lymphoid enhan-
cer factor /T cell factor (LEF/TCF) family of transcription factors have to-
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gether with ß-catenin been shown to be nuclear effectors in the Wnt-
signalling pathway (104).   

Interestingly, signaling molecules downstream of TGF-  and Wnt receptors 
regulate both cell fate and proliferation during development and tissue ho-
meostasis (33; 106), so it is likely that there exists at several levels a high 
degree of co-ordination between the pathways.  

ß-catenin
ß-catenin is a key regulatory protein involved in cell adhesion and signal 
transduction through the Wnt pathway, and thus plays an important role in 
development, cellular proliferation, differentiation, determination and migra-
tion (107). ß-catenin is phosphorylated at four serine and threonine residues 
at the N-terminus (108). Ser45 is phosphorylated by serine/threonine kinases 
casein kinase I (CK1) and is thought to be a priming site for the subsequent 
phosphorylation by glycogen synthase kinase-3 (GSK-3) of the remaining 
three residues, Thr41, Ser37, and Ser33 (108). Wnt signaling antagonizes the 
action of GSK-3, which in subsequent phosphorylation steps, leads to its 
ubiquitin-dependent degradation (109). The deregulation or constitutive ac-
tivation of the Wnt/ß-catenin pathway may lead to cancer formation (110). 
For instance disruption of GSK-3  dependent phosphorylation of -catenin
causes accumulation of -catenin. A high level of -catenin in the cytoplasm 
leads to its nuclear accumulation and thereby altered transcription of -
catenin-responsive genes such as c-Myc and cyclin D1 (51). 

GSK-3
Glycogen synthase kinase 3 (GSK-3) is a serine/threonine protein kinase 
and is one of several protein kinases that phosphorylate glycogen synthase 
(111; 112). It is also called Factor A (FA) for its ability to activate the Mg 
ATP-dependent form of the phosphatase PP-1 called FC (113). The two iso-
forms of GSK-3,  and , show a high degree of amino acid similarity (114). 
GSK-3  is involved in energy metabolism, neuronal cell development, and 
body pattern formation (115). GSK-3 is a constitutively active kinase that 
negatively regulates its substrate, one of which is -catenin, a downstream 
effector of the Wnt signaling pathway that is required for dorsal-ventral axis 
specification in the Xenopus embryo. Axin, GSK-3, and -catenin form a 
complex that promotes the GSK-3-mediated phosphorylation and subsequent 
degradation of  -catenin (116). GSK-3  activity is regulated by phosphory-
lation on Ser9 by Wnt, receptor tyrosine kinases and G-protein coupled re-
ceptors. Inactivation of GSK-3  results in an accumulation of -catenin 
which moves to the nucleus and in a complex with LEF/TCF will cause tran-
scription of a subset of specific genes (117).
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AIMS of this study 

1) To investigate the potential use of PET in vivo, to record cytotoxic effects 
of 2-ME, an endogenous metabolite of estradiol-17 . The anti-proliferative 
and pro-apoptotic effects of 2-ME on human prostate cancer cell (PC3) ag-
gregates in vitro, were correlated with the uptake of 2-fluoro-2-deoxy-D-
glucose, FMAU and choline labelled with 18F, 11C or 3H, respectively. 

2) To understand the mechanism whereby 2-ME induces apoptosis in pros-
tate cancer cells (PC3). 

3) To explore whether Smad7 is important for 2-ME induced apoptosis. 

4) To elucidate the role of the Shb adapter protein in 2-ME-induced PC3 cell 
apoptosis.



31

Present investigation 

Paper I
Effects of 2-ME on proliferation, apoptosis and PET-tracer uptake in human 
prostate cancer cell aggregates. Davoodpour P, Bergstrom M and Landstrom 
M, Nucl Med Biol. 2004, 7: 867-7 

2-ME has previously been demonstrated to inhibit proliferation of cells 
grown as monolayers in vitro (19; 20; 26) In this study I have investigated 
whether 2-ME could inhibit growth of prostate cancer cell aggregates as 
well. Cell aggregates treated with 3 M, 5 M 10 M and 20 M 2-ME sig-
nificantly reduced their growth, while the growth pattern of aggregates 
treated with 1 M resembled that of untreated aggregates. The treatment 
period lasted for 12 days and the observed growth inhibition exerted by 2-
ME was dose-dependent and clearly visible from day 3 and on. The size of 
untreated cell aggregates increased markedly over time; after 12 days their 
volumes were 10-fold larger than aggregates treated with the highest doses 
of 2-ME. From these results we conclude that 2-ME has potent growth in-
hibitory effects on prostate cancer cell aggregates.  

In order to evaluate if the observed growth inhibitory effects of 2-ME on 
PC3 cell aggregates could be explained by apoptosis of the tumor cells, the 
percentage of apoptotic nuclei were investigated by DAPI and TUNEL stain-
ing of cell aggregates. The cell aggregates were untreated or treated for 24 h 
with increasing amounts of 2-ME and the number of apoptotic nuclei was 
counted in an immunofluorescence microscope. The highest number of 
apoptotic nuclei were observed in the aggregates treated with 10 and 20 µM 
2-ME, approximately 30-35 % of the nuclei was fragmented and pyknotic. 
Treatment with the lower concentrations of 2-ME, 3 and 5 µM 2-ME also 
resulted in a significant increase of apoptosis of 20-30 %. Treatment with 
1µM 2-ME caused a less dramatic increase of the number of apoptotic nu-
clei, with approximately 10 % of the nuclei apoptotic. The control cells 
showed less than 5 % apoptotic nuclei. 

The number of apoptotic nuclei in PC3 cell aggregates untreated or treated 
with increasing amounts (1-20 µM) of 2-ME for 24 h was also evaluated by 
TUNEL stainings in order to confirm the apoptotic response as observed by 
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DAPI stainings. Also by TUNEL stainings the number of apoptotic nuclei 
clearly increased in a dose-dependent manner. The number of TUNEL posi-
tive apoptotic nuclei were clearly increased in the groups treated with 10 – 
20 µM 2-ME; approximately 10 % of the cells in these groups were stained 
with TUNEL. The number of apoptotic cells identified by DAPI stainings 
were higher than the number of apoptotic cells identified by TUNEL stain-
ings, which probably is explained by the fact that TUNEL stainings visualize 
apoptotic cells at later stages than DAPI stainings, where early signs of 
apoptosis like chromatin condensation and margination of chromatin are 
used as positive criteria for evaluation of apoptosis. From these results we 
conclude that 2-ME induces apoptosis of PC3 cell aggregates in a dose de-
pendent manner.  

In order to evaluate if the observed growth inhibitory effects of 2-ME used at 
different concentrations, also involved inhibition of proliferation, the uptake 
of 11C- FMAU was investigated. When aggregates were untreated or treated 
with 1 µM and 20 µM 2-ME for 24 hours and the relative uptake of 11C-
FMAU was measured, no significant differences were observed. Treatment 
of cells with hydroxyurea (HU) which served as a positive control, showed a 
tendency for a diminished uptake of 11C- FMAU, but the decrease in uptake 
was not significantly different from that of the control cell aggregate. These 
results suggest that 2-ME treatment did not cause any clear inhibition of 
proliferation of PC3 cells grown as aggregates in this study, or alternatively 
that 11C- FMAU is not a valid proliferation marker for this type of cells or 
this type of treatment. 

In order to examine the possible effects of 2-ME treatment on the metabo-
lism of PC3 cell aggregates, the uptake of 18F-FDG was measured 24 hours 
after treatment. When the different treatment groups were evaluated we ob-
served a significant decrease of uptake of 18F-FDG in aggregates treated with 
10 µM 2-ME, as well as 10 mM glucose which was used as a positive cont-
rol for the experiment. However, there were no significant differences ob-
served between the control cell aggregates and cell aggregates treated with 5 
or 20 µM 2-ME. The lack of a significant decrease of 18F-FDG  (in a dose-
dependent manner) therefore suggests that there might be no major effects of 
2-ME treatment on the aspects of metabolism of PC3 aggregates as measu-
red with 18F-FDG. 

In order to further evaluate the effects of 2-ME treatment on PC3 aggregates 
the uptake of 3H- choline was studied. There was a significant difference 
between uptake in control cell aggregates and in aggregates incubated with 5 
mM hemicholinium-3 (HC-3) which served as a positive control for the ex-
periment. PC3 cell aggregates treated with 3 µM 2-ME showed a significant 
increase of uptake of 3H- choline, while aggregates treated with higher doses 
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of 2-ME (10 and 20 µM) failed to show any change. We therefore conclude 
that  there seems to be no significant effects of 2-ME on the physiology of 
PC3 cell aggregates as measured by uptake of 3H- choline.

Previous investigations on the effects of 2-ME on proliferation of cells 
grown in vitro, have demonstrated that 2-ME induces cell cycle arrest (26; 
118; 119). Therefore, we can not exclude that 2-ME could have an inhibitory 
effect on growth of PC3 cell aggregates although treatment with 10 or 20 
µM 2-ME for 24 hours  failed to show a significant decrease of 3H- choline 
uptake compared to control aggregates. 

The observations were as follows:  

2-ME reduced in vitro growth of PC3 cell aggregates and induced 
apoptosis in a dose-dependent manner.  

The uptake of the putative proliferation markers 11C-FMAU or 3H-
choline failed to record the growth inhibitory effects of 2-ME on 
PC3 cell aggregates. 

The use of these PET-tracers is therefore not recommended in order 
to evaluate the in vivo cytotoxic effects of 2-ME on human prostate 
cancer cells. 

Paper II
Smad7 enhances 2-methoxyestradiol-induced apoptosis of prostate cancer 
cells. Davoodpour P. Landstrom M. J Biol Chem. 2005, 280:14773-9 

In this study I investigated the possible role of Smad7 in 2-ME-induced 
apoptosis of prostate cancer cells by the use of an antisense approach. PC-3U 
cells and PC-3U/AS-S7 cells, stably transfected with an antisense Smad7 
construct, were treated with 10 M 2-ME for 12 h in the presence or absence 
of the p38 inhibitor SB203580 or L-JNK1. The inhibitors were added 1 h 
before the treatment was initiated. The cells were fixed in ice-cold methanol 
and thereafter permeabilized and stained with M30 antibodies. The nuclei 
were stained with DAPI. Apoptotic cells were identified by morphological 
criteria such as nuclear fragmentation or pyknosis. To validate the pro-
apoptotic effect of 2-ME identified by DAPI staining, the number of cells 
stained with M30, which specifically recognizes caspase-cleaved cytokeratin 
18 in cells, was counted, as previously described  (36; 120). 2-ME potently 
induced apoptosis in PC-3U cells, but not in PC-3U/AS-S7 cells which had a 
reduced level of Smad7 (36; 53). Treatment with 1 M staurosporine for 8 h 
served as a control. 2-ME-induced apoptosis was partly prevented when cells 
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were treated simultaneously with either SB203580 or L-JNK1. To verify the 
specificity of the inhibitors used, L-JNK1 and SB203580, cell lysates from 
PC-3U cells treated or not either with 2-ME alone, or with each inhibitor 
alone or in combination with 2-ME, were investigated with immunoblotting 
for phosphorylated ATF-2. We observed a robust phosphorylation of ATF-2 
after 1 h of treatment with 2-ME, which was repressed by simultaneous 
treatment with SB203580 or L-JNK1, demonstrating that in the presence of 
the inhibitors, p38 and JNK could not phosphorylate their substrate ATF-2 
(data not shown).

Next we investigated by Western blot the effects of 2-ME treatment on acti-
vation of JNK and p38 MAPK in PC-3U and PC-3U/AS-S7 cells different 
time periods after 2-ME treatment. JNK phosphorylation was difficult to 
detect in PC-3U cells, although p38 MAPK was activated after 60 min. In 
contrast, treatment of PC-3U/AS-S7 cells with 2-ME did not cause activation 
of either JNK or p38, while osmotic shock caused a robust activation of both 
kinases to the same extent in both cell lines. The expression of Smad7 was 
investigated on the same filter as was used in the experiment. 2-ME treat-
ment caused an increase of the Smad7 protein at 60 min and 120 min. Its 
expression was significantly lower in the PC-3U/AS-S7 cells. Lysates from 
cells stably transfected with pMEP4/Flag-Smad7 (Clone I cells) were used 
as a positive control for the Smad7 antibody. From these results we conclude 
that the expression of Smad7 is required for 2-ME-induced activation of p38 
MAPK.

We subsequently investigated whether Smad7 expression and 2-ME affected 
-catenin and c-Myc proteins, as they have previously been implicated in the 

regulation of apoptosis (6; 50; 98; 121). Treatment with 2-ME caused in-
creased stability of -catenin, an effect that was more pronounced in PC-3U 
cells than in PC-3U/AS-S7 cells. The same filters were stripped, blocked and 
reprobed with an anti-actin antibody, which served as an internal control for 
loading of equal amounts of protein in each lane. 

c-Myc is a proto-oncogene product implicated in apoptosis, in particular 
when cells lack survival signals (6; 98). It should be observed that c-myc is 
transcriptionally regulated by -catenin in the Wnt signaling pathway (122). 
It is therefore of potential general interest to note that 2-ME treatment causes 
a slightly increased level of expression of c-Myc in PC-3U cells, but not in 
PC-3U/AS-S7 cells. 

Bim is a pro-apoptotic BH3 molecule belonging to the Bcl-2 family. The 
expression of Bim is regulated at the transcriptional level by c-Myc, JNK 
and p53 (102; 123; 124). Interestingly, Smad3 has recently been shown to 
regulate the expression of Bim in a hematopoietic cell line (101). We there-
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fore wanted to investigate the possibility of 2-ME treatment and Smad7 ex-
pression regulating the expression of Bim. It should be noted that the basal 
level of Bim was significantly reduced in PC-3U/AS-S7 cells, compared 
with PC-3U cells. Moreover, 2-ME treatment caused an increase in the ex-
pression of Bim only in PC-3U cells, and not in PC-3U/AS-S7 cells. Our 
results thus demonstrate that Smad7 is an important regulator of Bim expres-
sion in prostate cancer cells. Smad7 appears to regulate expression of Bim 
together with p38 MAPK, leading to subsequent apoptosis induced by 2-ME 
treatment.  

In order to further validate the significance of our previous data, which had 
shown that the expression of Smad7 was required for 2-ME-induced apop-
tosis and regulation of p38 MAPK, -catenin and Bim, we next used siRNA 
for Smad7 to suppress endogenous levels of the protein in PC-3U cells. PC-
3U cells transiently transfected with either control or specific siRNA for 
Smad7 were treated or not with 2-ME for 12 hours, after which cells were 
fixed in 4% paraformaldehyde and DAPI stainings were performed. The 
number of apoptotic cells present in the control group was higher than in 
cells transiently transfected with specific siRNA for Smad7. Lysates from 
cells transfected with control or specific siRNA for Smad7, treated or not 
with 2-ME for the time points indicated, were used for immunoblotting to 
analyze the levels of Smad7 and phosphorylated p38 (p-p38). The same lys-
ates were used to investigate the effects of Smad7 expression on the amounts 
of -catenin, c-Myc and Bim.  

We observed that in PC-3U cells where endogenous levels of Smad7 were 
repressed by specific siRNA for Smad7, the 2-ME-induced apoptotic re-
sponse was reduced, as were the increases in p-p38, -catenin, c-Myc and 
Bim, indicating that Smad7 is required for the proper regulation of these 
proteins and for subsequent apoptosis. 

My findings were as follows: 

2-ME induces apoptosis in PC-3U cells in a Smad7-dependent man-
ner.

p38, as well as SAPK/JNK, is important for 2-ME induced apoptosis 
of PC-3U cells. 

Smad7 is required for 2-ME-induced activation of the p38 pathway. 

Smad7 regulates the expression of -catenin, c-Myc and the pro-
apoptotic Bcl-2 family membrane BIM. 
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In summary, the results suggest that Smad7 plays an important role in regu-
lating 2-ME-induced apoptosis in human prostate cancer cells and that this 
involves the p38 MAPK and -catenin pathways. 

Paper III
Increased apoptosis and c-Abl activity in PC3 prostate cancer cells overex-
pressing the Shb adapter protein. Davoodpour P, Landström M and Welsh 
M. Manuscript

In this study based on aim IV, I have contributed to understanding the role of 
Shb in prostate cancer cell apoptosis, since previous studies have implicated 
Shb in the regulation of apoptosis in other cell types (60). For this purpose, 
PC3 prostate cancer cells were transfected with the Shb cDNA and subjected 
to clonal selection. 

Next, the basal growth characteristics of the Shb cells were tested. Although 
equal numbers of cells were plated on day 0, the two Shb clones displayed 
fewer cells on day 1 than the control clones. However, all clones, both con-
trol and Shb-overexpressing, showed a similar increase in their cell numbers 
between day one and three. Thus, Shb overexpression does not affect the 
ability of PC3 cells to proliferate, although it causes these cells to become 
sensitized to trypsinization.

It was thus of interest to study PC3 cell apoptosis upon 2-ME treatment in 
the Shb-overexpressing cells. Two separate assays were used for the deter-
mination of apoptosis: nuclear condensation and pyknosis as determined by 
DAPI staining, and M30 staining for caspase dependent cytokeratin 18 
cleavage (36; 120). All clones (both control and Shb-overexpressing) re-
sponded to 2-ME with increased rates of apoptosis. In addition, Shb-
overexpression caused increased basal and 2-ME-induced apoptosis com-
pared with the three control clones. 

To assess whether Shb-dependent apoptosis promotes p38 activation/phos-
phorylation, control and Shb PC3 cells were exposed to 2-ME for various 
time periods, after which the phosphorylation of p38 was analysed by West-
ern blotting. Increased p38 phosphorylation was noted at 30 min after which 
it gradually increased further, to peak at 2 h. No difference between the con-
trol or Shb cells was detected in this assay, suggesting that Shb overexpres-
sion does not augment apoptosis by p38 MAPK activation.  

Smad7 was previously noted to increase upon 2-ME incubation and this 
increase was found to be necessary for 2-ME-induced apoptosis. However, 
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the Shb cells did not respond to 2-ME with altered Smad7 contents, also 
excluding Smad7 as a mediator of the Shb response. 

The PC3 cells with reduced Smad7 also expressed less -catenin (50; 55). 
GSK-3  activity, assessed as its phosphorylation on Ser9, was not influ-
enced by Shb-overexpression, thus suggesting that this pathway is not re-
sponsible for the Shb apoptotic response. 

The effects of Shb on other signaling pathways were investigated. ERK acti-
vation is commonly associated with increased cell proliferation and survival 
(125). ERK-activity was gradually increased by 2-ME in the control cells. 
This could represent an attempt of the cells to compensate for death signals 
by inducing survival responses. The Shb cells displayed increased basal 
ERK activity, but these cells failed to respond to 2-ME by increasing their 
ERK activity. Thus, Shb may promote 2-ME induced apoptosis by suppress-
ing a compensatory ERK survival response. 

Akt also promotes survival by phosphorylation of BAD (126). The control 
cells responded to 2-ME with increased Akt activity, again activation of a 
compensatory survival response. The Shb cells exhibited increased basal Akt 
activity, but failed to respond to 2-ME with activation, thus generating insuf-
ficient survival signals to minimize the toxic effects of 2-ME. 

c-Abl is a tyrosine kinase responsible for various apoptotic responses (81; 
127). A Shb homologue, Shd (65), was found to interact with c-Abl. Thus, it 
is conceivable that Shb and c-Abl interact as well. The pro-apoptotic nature 
of c-Abl raises the possibility that this kinase is involved in the Shb-effect. 
My results show increased c-Abl activation/phosphorylation in the Shb over-
expression PC3 cells. These cells responded with a slight increase of c-Abl 
activation in response to 2-ME. Thus, the augmented apoptotic response to 
Shb-overexpression could involve c-Abl activation. 

To assess the contribution of c-Abl activation in Shb-dependent apoptosis in 
response to 2-ME, control and Shb-overexpressing PC3 cells were pre-
treated with the c-Abl inhibitor STI-571 (Gleevec) prior to 2-ME exposure. 
2-ME-induced apoptosis was completely suppressed in both the control and 
Shb cells. The involvement of p38 MAPK was also examined by pre-
treatment with the p38 inhibitor SB203580. Again, 2-ME-induced apoptosis 
was completely suppressed in the control and Shb cells.  

In summary my findings were as follows: 

Shb has no effect on prostate cancer PC3 cell proliferation.  
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Shb-overexpression does not affect the activation of p38 MAPK, 
Smad7 and GSK-3

Shb-overexpression increases ERK, Akt and c-Abl activity. 

p38 inhibitor and c-Abl inhibitor suppressed Shb-dependent apop-
tosis and the data suggest activation of both the p38 and c-Abl path-
ways as necessary for 2-ME-induced PC3 cell apoptosis. Shb par-
ticipates in this by its activation of c-Abl.  
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Conclusions and future perspectives 

My research has focused on the apoptotic effects of 2-ME on PC3 prostate 
cancer cells, since this drug is under consideration for treatment of prostate 
cancer and currently being tested in clinical trials. Since the mechanism of 
action of 2-ME causing prostate cancer cell apoptosis is unknown, I found it 
relevant to further explore this. In addition, I assessed the usefullness of the 
PET technology for in vivo assessment of tumor regression in response to 
this drug. Concerning the latter, the findings do not support a use of PET 
technology in this context. Labeling PC3 cells with 11C-FMAU and 18F-
FDG did not result in altered PET imagining of PC3 cells grown in aggre-
gates when these were treated with 2-ME, despite noticeable apoptosis under 
these conditions. This finding does not exclude that other tracer compounds 
may serve a useful purpose in imaging the in vivo effect of 2-ME on prostate 
cancer responsiveness. 

In relation to the signaling events responsible for 2-ME induced PC3 cell 
apoptosis, I have made several novel findings. I show that elevated Smad7 is 
required for 2-ME induced apoptosis, and that this effect is caused by multi-
ple effects on signaling pathways. 2-ME induced activation of the p38 
MAPK pro-apoptotic (in this context) stress pathway and this requires 
Smad7, and so does 2-ME stimulation of -catenin and BIM. A complex set 
of signaling events take place, as Smad7 appears to play a central role as a 
master-switch regulating downstream pathways, such as p38 MAPK and -
catenin, which eventually will cause activation of the apoptotic machinery. 
However, the precise molecular mechanism for how Smad7 activates p38 in 
2-ME treated prostate cancer cells remains to be further elucidated. 

In addition, I have also investigated the Shb adapter protein in this context. 
Shb is an SH2 domain protein that in several systems has been shown to 
regulate apoptosis. In particular, the sensitivity to stress appears augmented 
when Shb is overexpressed, and this propensity could serve a purpose when 
cancer cells (or the concomitant angiogenesis) are being exposed to an in-
sult. PC3 cells were hypersensitive to 2-ME when Shb was overexpressed in 
these cells. This was not due to increased Smad7 or p38 MAPK signaling, 
but rather the consequence of multiple other signaling pathways. Shb caused 
activation of the pro-apoptotic kinase c-Abl. A separate study has revealed 
that Shb and c-Abl interact (Hägerkvist, personal communication), and that 
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this interaction results in c-Abl activation. Thus, under conditions of stress or 
toxicity caused by 2-ME exposure, the elevated Shb/c-Abl interaction will 
result in augmented activation of pro-apoptotic signals and cell death. This 
effect could entirely be prevented by the c-Abl inhibitor STI-571. 

Besides Shb causing elevated pro-apoptotic signaling, the results also dem-
onstrate that PC3 cells exhibit a defence response against 2-ME toxicity by 
activating the ERK and Akt survival pathways. Such responses could play a 
significant role in the well known development of tumor resistance that oc-
curs during drug treatment, and suppression of these survival pathways could 
enhance the success of drug treatment. One way to do this would be through 
Shb. Apparently, Shb overexpression prevents this compensatory response 
and therefore this is a component of augmented Shb-induced apoptosis. 

For improved efficacy of drug treatment of prostate cancer one or several of 
the following strategies may be adopted: drugs or treatments that elevate 
Smad7 expression are likely to promote the responsiveness of 2-ME. Like-
wise, enhancement of Shb/c-Abl signaling could exert a similar effect. Fi-
nally, prevention of the survival responses, especially at later stages of drug 
treatment would reduce the risk of tumor resistance. Common for all these 
suggestions is that they will operate indiscriminantly, and may cause severe 
toxicity and side effects. The true challenge will be to adopt measures that 
contain these regimens of treatment to the tissue of interest, ie the prostate 
cancer itself, in order to ensure full effectiveness with minimal side effects. 
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