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I�B� Inhibitor of �B � 
IGF-1 Insulin-like growth factor 1 
IGF-1R Insulin-like growth factor 1 receptor 
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Introduction 

 
A normal cell abides by strict rules when to proliferate, grow or die and there 
are numerous cellular control systems that are active in this process. Cell to 
cell contacts and cell-extracellular matrix interactions confer survival signals 
as long as the cell resides its normal location. Loss of survival signals pre-
vents the cell from invading the surrounding tissues or disseminating into the 
blood stream. 

Apoptosis is the physiologic way to eliminate old, damaged and potentially 
harmful cells from the body. To prevent tumor development the cell death 
machinery is activated in response to what is perceived at DNA damage. In 
addition to the DNA repair mechanisms apoptosis controls the potentially 
harmful effects of the numerous spontaneous mutations that occur continu-
ously within our cells.  Therefore mutations in the apoptotic signaling path-
ways are important and often early events in tumor progression.  

During the course of transformation, the cell continues to acquire genetic 
mutations that favor survival, proliferation, and independence from its sur-
roundings. This may include elevated levels of surface receptors for survival 
factors, autocrine loops of survival signaling molecules and stimulation of 
surrounding cells to support the needs of the evolving tumor. 

The work of this thesis addresses the questions of how to reinforce the apop-
totic pathways in the plasma cell malignancy multiple myeloma (MM) and 
to explore possible mechanisms underlying induction of apoptosis and sur-
vival in this tumor. 
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Multiple myeloma 

Multiple myeloma (MM) is a plasma blast/plasma cell malignancy that 
originates a post-germinal center B-cell. MM shows a high degree of hetero-
geneity with respect to morphology, genetic alterations and clinical course of 
the disease. At the time of diagnosis, the tumor resides at multiple sites in 
the bone marrow, hence the name multiple myeloma. MM constitutes about 
1% of all malignancies, corresponding to 5-600 cases/ year in Sweden. Most 
patients are over 65 years old and the incidence increases with age.  

In the bone marrow, the MM tumor impedes normal hematopoiesis, and 
symptoms of anemia such as fatigue and infections are common. The hom-
ing mechanism to the bone marrow is a characteristic feature of MM and the 
tumor seldom disseminates to the blood stream until late stages of progres-
sion. Bone marrow stroma cells tightly interact with the tumor, providing a 
rich milieu of growth factors.1-3 A hallmark of MM is also that the balance 
between osteoclast and osteoblast activity is disturbed leading to osteolytic 
lesions of the skeleton and release of excess calcium to the circulation caus-
ing hypercalcemia. As a reminiscence of the antibody secretion of normal 
plasma cells, about 80% of MM tumors produce monoclonal immunoglobu-
lins (Ig), most commonly IgG or IgA. The abnormal production of Ig mole-
cules, and/or � or � light chains (Bence Jones protein) causes proteinuria, 
and the disease is often associated with renal insufficiency.  

Despite the breakthroughs in cancer treatment over the last thirty years, MM 
is still considered an incurable disease. High dose combinatorial treatment 
VAD (vincristine, adriamycin, dexamethasone), and autologous transplanta-
tion of hematologic stem cells have increased the median survival for pa-
tients up to 65-70 of age. In addition, the use of bisphosphonate drugs has 
improved quality of life by the decrease of the severe bone destruction asso-
ciated with MM and by preventing or delaying complications of fractures 
and skeletal pain.1 During recent years, MM patients have further benefited 
from the development of new therapies. Most remarkable was the increase in 
5- and 10-year relative survival in patients under the age of 50, which in-
creased from 44.8% to 56.7% and from 24.5% to 41.3%, respectively, be-
tween 1990-1992 and 2002-2004.4 The survival of patients between 50 and 
69 years of age also increased during this interval, whereas patients older 
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than 69 still have an unfavorable prognosis. New drugs that have established 
their position in MM treatment include the immunomodulatory drugs tha-
lidomide and lenalidomide and the proteasome inhibitors e.g. bortezomib. 
Currently improved combination protocols using these drugs are being opti-
mized based on preclinical studies of synergy.5 Arsenic trioxide, hsp90 in-
hibitors and histone deacetylase (HDAC) inhibitors are additional agents 
promising to improve the treatment of MM. 

Eventually, resistance to conventional MM therapy always emerges. There-
fore strategies to treat patients with relapsed disease are imperative. Future 
strategies in improving MM treatment includes the development of agents 
that bypass disrupted pathways of programmed cell death, apoptosis, or that 
interfere with critical survival pathways and thereby enhance sensitivity to 
conventional therapy. Specific drugs interfering with the survival signaling 
pathways e.g. the activation of the IGF-1R and the regulation of the NF-�B 
transcription factor are under preclinical and early clinical evaluation and 
development. Other drugs are designed to activate and enhance apoptosis by 
mimicking endogenous pro-apoptotic molecules. A pre-requisite for the de-
velopment of such therapeutics is the knowledge of molecular mechanisms 
underlying MM survival strategies.  

Genetic aberrations in MM 
There is no consistent pattern of genetic alterations that recur in all MM 
tumors and it has been difficult to find molecular changes as markers of 
prognosis and progression. The malignant plasma cell is a post germinal 
center B-cell and primary IgH translocations that take place during switch 
recombination in the germinal center are frequent in MM. Five different loci 
are recurring in this early event of MM tumor progression: 11q13 (cyclin 
D1), 6p21 (cyclin D3), 4p16 (fibroblast growth factor 3 (FGFR3), multiple 
myeloma SET domain (MMSET)), 16q23 (c-maf) and 20q11 (mafB).6 Based 
on these findings, Hideshima et al have proposed a division of MM tumors 
into subgroups with differing clinical prognosis based on the presence of 
these five translocations and the expression levels of cyclin D. Additional 
translocations occur late in MM tumor progression and do not seem to be 
associated with Ig switch recombination, e.g. c-myc.3 Genetic aberrations 
that involve deletions and mutations of genes regulating the NF-�B signaling 
pathway have recently been identified. Among these are CYLD, 
BIRC2/BIRC3 and tumor necrosis factor associated factor 3 (TRAF3), 
which is deleted or mutated in 20% of MM samples.7,8 
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Apoptosis 

A hallmark of MM is that the tumor cells are slowly proliferating.1 The pro-
liferative pool comprises only a small proportion of the total number of 
cells.3 It is therefore likely that the expansion of the tumor clone in MM is to 
a large extent due to genetic alterations favoring survival i.e. constant activa-
tion of survival and growth factor receptor pathways such as the Insulin-like 
growth factor I receptor (IGF-1R) or interleukin 6 (IL-6) and elevated ex-
pression of anti-apoptotic genes.  

Apoptosis is the physiological process by which damaged or excessive cells 
are removed and homeostasis is thereby maintained. In response to apoptotic 
stimulus, i.e. DNA damage, drugs, radiation and death receptor activation, 
the cell activates the highly conserved process of programmed cell death. 
The morphological characteristics of an apoptotic cell include membrane 
blebbing, cytoskeletal collapse, nuclear fragmentation and cleavage of DNA. 
Neighboring phagocytic cells rapidly engulf the apoptotic cell in the absence 
of any inflammatory response (reviewed by Igney9). 

Many stimuli may induce apoptosis through different pathways but all share 
a uniform execution: the activation of a family of cysteine proteases, the 
caspases. Caspases are present in the cell as inactive zymogens, pro-
caspases, which gain increased activity when cleaved. The limited enzymatic 
activity of a pro-caspase homodimer may auto-catalytically cleave the cas-
pase in a small and a large subunit, which re-associate as the active caspase. 
Initiator caspases (caspase 2, 8, 9 and 10) predominantly activate other cas-
pases, amplifying the proteolytic cascade, while effector caspases (caspase 3, 
6 and 7) also cleave “death substrates”. Cleavage of nuclear lamins, the 
DNase inhibitor CAD, cytoskeletal proteins, regulators of apoptosis and cell 
cycle are among the multitude of identified substrates that together form the 
classical features of the apoptotic cell (reviewed by Igney9 and Fischer10) 

The death receptor pathway 
Two principally different pathways may activate the apoptotic machinery 
and the caspase cascade of the cell. The extrinsic pathway is triggered via  
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Figure 1. An overview of apoptosis signaling pathways. Fas/CD95 exemplifies the 
death receptor pathway, or extrinsic pathway. Binding of Fas ligand (FasL) activates 
the receptor leading to assembly of the death inducing signaling complex (DISC) 
and subsequent cleavage of caspase 8. The mitochondrial pathway, or intrinsic 
pathway, activated by e.g. growth factor deprivation or DNA damage, induces re-
lease of pro-apoptotic molecules from the intermembranous space of the mitochon-
drion. The assembly of the apoptosome leads to activation of caspase 9. Both path-
ways converge at the level of effector caspase activation. 

 
extracellular death receptors e.g. CD95/Fas, death receptors with affinity for 
Apo2L/TRAIL DR4 and DR5. Adaptor proteins are recruited to the intracel-
lular domain of the receptor forming the death-inducing signaling complex 
(DISC).11 Within the DISC pro-caspase 8 is activated by proteolytic cleav-
age and may in turn activate down-stream executioner caspases (Fig. 1).  

The mitochondrial pathway 
The mitochondrial pathway, also called the intrinsic pathway, is triggered by 
e.g. growth factor deprivation and intracellular stimuli such as DNA damage.  
In a yet poorly understood manner, the mitochondria release cytocrome c 
(cyt c). Cyt c associates with the apoptotic protease-activating factor 1 
(Apaf-1) and pro-caspase 9 in a protein complex termed the apoptosome 
(reviewed by Ferraro12). Caspase 9 is cleaved and activated and the mito-
chondrial pathway converges with the death receptor pathway at the execu-
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tioner caspase level (Fig. 1). In the extrinsic pathway, mitochondria may also 
be activated as a secondary event, enhancing the apoptotic signaling of death 
receptors  (reviewed by Cory13). 

Since the mitochondrion is a central organelle in apoptosis, anti- and pro-
apoptotic proteins in its membrane and intermembranous space tightly regu-
late its integrity. The anti-apoptotic members of the Bcl-2 family (e.g. Bcl-2, 
Bcl-XL and Mcl-1) reside in the mitochondrial membrane presumably inhib-
iting release of pro-apoptotic factors.13 The anti-apoptotic Bcl-2 family 
members (e.g. Bax, Bad and Bid) are cytosolic but translocate to the mito-
chondrion upon activation. At this site they inhibit the action of Bcl-2 and 
form pores, which contribute to disruption of the mitochondrion membrane 
potential and to the release of cyt c and other proteins with apoptosis activa-
tion potential: apoptosis inducing factor (AIF)14 and the second mitochon-
dria-derived activator of caspase, Smac. Smac and the murine homologue 
DIABLO were identified as mitochondrion-based molecules that enhance 
the apoptotic signal by binding the inhibitors of apoptosis proteins (IAP, as 
described below).15,16 

Inhibitors of apoptosis proteins (IAP) 
Since first discovered in baculovirus,17 the IAP family of anti-apoptotic pro-
teins has grown to 8 human homologues (Fig. 2).18 The common features of 
IAPs are their apoptosis-inhibiting function and that they comprise of one or 
more baculoviral inhibitor of apoptosis repeat (BIR) domains. IAPs inhibit 
apoptosis induced by a wide range of apoptotic triggers including tumor 
necrosis factor � (TNF��, FasL, ionizing radiation, UV radiation, oxidative 
stress, and chemotherapeutic drugs (reviewed by LaCasse19). The broad 
range of the IAP’s anti-apoptotic action is explained by their ability to di-
rectly bind and disarm caspases.20-23 Thereby IAPs intervene in the very last 
step of apoptosis induction. 

In paper II we have focused on the basal and regulated expression of four of 
the IAP family of anti-apoptotic proteins. The IAP survivin is up-regulated 
in many tumors but is, with a few exceptions, not expressed in normal adult 
tissue.24-29 MM tumor cells and cell lines express survivin but the signifi-
cance of survivin expression in primary MM cells has not been excessively 
studied. A recent study described a correlation between survivin protein 
expression and the course of the disease in a limited number of MM patients 
indicating that survivin may be used as a marker for progression.30 However, 
in a recent investigation, we could not detect such a correlation in any of six 
patients by immunohistochemical staining of bone marrow samples taken at 
diagnosis and after relapse (unpublished data and personal communication 
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Prof C Sundström). We could not find an association between CD138+ MM 
cells expressing survivin and the proliferation marker Ki-67 and further-
more, gene expression arrays have not provided support for a general sur-
vivin overexpression in MM.31 The pool of proliferating cells in MM is 
small and taken into account that survivin may be expressed in a cell cycle-
dependent and independent manner,32-34 the lack of simple relations may not 
exclude survivin as a tumor marker in MM. In concordance with the data 
presented in paper II of this thesis, we could conclude that MM cells were 
not the main survivin-expressing cells in bone marrow derived from MM 
patients.  

Previous findings have also supported an association of IAPs to malignancy. 
These studies include Cellular IAP 1 (c-IAP1) overexpression in esophageal 
squamous cell carcinoma35 and dysregulation of c-IAP2 frequently occurring 
in mucosa-associated lymphoid tissue (MALT) lymphoma (reviewed by 
Bertoni36). The link between expression levels of X-chromosome-linked IAP 
(XIAP) and poor prognosis and cytogeneic risk groups in both childhood and 
adult acute myelogenous leukemia (AML) further implies a role for IAPs in 
tumor development.29,37 

IAP structure and function  
The principal conserved region shared by all IAPs, is the baculoviral IAP 
repeat (BIR) domains located at the amino terminal end (Fig. 3). The BIRs 
are the salient domains responsible for the caspase inhibiting function of 
IAPs.21,38 The effector caspases 3 and 7 are inhibited by c-IAP1, c-IAP2, 

RING
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BIR BIR BIR
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CARD

RINGBIR BIR BIR

RINGBIR BIR BIR
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C’  

Figure 2. The IAP family. The main 
function of the BIR domains is to bind 
caspases. The RING, and UCD domains 
harbor E3 ligase activity. The function of 
the CARD domain is yet to be estab-
lished.  
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XIAP and survivin, while caspase 6 and caspase 9 are fettered by c-IAP1, c-
IAP2 and XIAP.19,20,39,40 Different BIRs interfere specifically with different 
caspases. Inhibition of caspase 9 by XIAP is dependent on BIR3,41 which 
interacts with the pro-caspase 9 monomer.42.  XIAP is the most potent cas-
pase inhibitor of the IAPs, and inhibits active forms of caspase 9 in addition 
to the pro-caspase.43 BIR2 and the linker region between BIR2 and BIR1 
harbor the capacity of XIAP inhibiting caspase 3 44 45 and 721,46 Additional 
crucial regions are located outside the conserved domains of XIAP (re-
viewed by Eckelman47). The pro-apoptotic molecule Smac competes with 
caspase 9 for binding of the XIAP BIR3 thereby modulating the anti-
apoptotic effect of XIAP. 48 BIR3 of c-IAP1 also binds Smac and interaction 
with c-IAP1 results in its degradation.49 

The BIR domains alone do not explain the anti-apoptotic activity of IAPs. In 
the carboxyteminal end, c-IAP1, c-IAP2 and XIAP have a C-terminal RING 
(really interesting new gene) (Fig. 2) Zn finger motif that also may enhance 
the apoptosis inhibitory effect of IAP.20 The RING domain has E3 ligase 
activity, which is necessary for the ligation of ubiquitin molecules that target 
proteins for proteasomal degradation and intracellular transport (reviewed by 
Silke50). In addition to directly inhibiting caspases for degradation, caspases 
3 and 7 are substrates for c-IAP2 ubiquitination in vitro.51 Ubiquitination and 
degradation of caspases may therefore be a second strategy for IAPs to con-
trol apoptosis. The RING domain may also negatively regulate the anti-
apoptotic action of the IAPs. IAPs may catalyze their own ubiquitination, 
and thereby tag themselves for proteasome degradation, a property desig-
nated to the E3 ligase activity of the RING domain.50,52 Several findings 
have supported the function of IAPs as E3 ligases. Among the identified 
substrates of IAP E3 ligase activity are two factors involved in the activation 
of the NF-�B signaling pathway, TRAF2 and Bcl-10.53,54 TRAF2 is involved 
in TNF-�-mediated activation of the NF-�B signaling pathway, and by tar-
geting TRAF2 for degradation, c-IAP1 may enhance apoptosis induced by 
TNF-�.53  

A third domain, the caspase-recruiting domain (CARD), is common for c-
IAP1 and 2. This region is related to the death effector domain (DED) and 
death domain (DD) and may be involved in protein-protein interaction with 
other CARD/DED-containing proteins e.g. caspases and adapter molecules 
in death receptor complexes, but little is known about the function of this 
region in IAPs.50 

Survivin differs both structurally and functionally from other human IAPs. It 
contains only one BIR domain and no RING domain. Survivin may protect 
cells in both a cell cycle-dependent and independent manner and in addition 
to inhibiting caspase function, survivin plays an important part in cell cycle 
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progression.32-34,55-57 The expression of survivin is restricted to the G2/M 
phase. During mitosis, survivin binds microtubuli and interacts with the mi-
totic spindle.32 Survivin is phosphorylated on Thr34 by the cyclin-dependent 
kinase p34(cdc2)-cyclin B1. Dephosphorylation results in dissociation of 
survivin from the mitotic apparatus and the induction of caspase 9-dependent 
apoptosis of the dividing cell.33 In paper I and II the role of survivin in Dex-
amethasone- (Dex) and rapamycin-induced apoptosis is evaluated.  

Cell cycle dependent expression of c-IAP2 has recently been reported. c-
IAP2 was up-regulated in G2/M and the up-regulation was enhanced by, but 
not dependent on, NF-�B. Down-regulation of c-IAP2 resulted in block of 
cell cycle progression during mitosis.58 Recent findings also points to cell 
cycle-dependent regulation of c-IAP1 localization and interaction with sur-
vivin in the midbody during late mitosis.59 Overexpression of c-IAP1 caused 
G2/M accumulation and aberrant mitosis indicating that c-IAP1 modulates 
the cell cycle.59 

Enhancing apoptosis as a strategy for therapy 
Dysregulation of the apoptotic pathways is one of the hallmarks of a cancer 
cell. Molecules involved in apoptosis induction and regulatory proteins are 
often targets for onco-genetic mutations or altered control mechanisms. 
Anti-apoptotic proteins exemplified by Bcl-2, Bcl-XL, Mcl-1, IAPs and 
cFLIP (cellular FLICE inhibitory protein) may be overexpressed and ob-
struct the apoptotic signal transmission. The two isoforms of cFLIP either 
inhibit the formation of a functioning DISC (cFLIPS) or interfere with cas-
pase 8 activation cFLIPL.

60 In MM, several reports show that Bcl-2, Mcl-1 
and Bcl-xL are highly expressed. In contrast to follicular lymphoma, the high 
expression of Bcl-2 does not appear to be due to a common genetic alteration 
in MM.61 Rather, the expression of Mcl-1 and Bcl-xL may be regulated by 
the MM microenvironment, in particular the growth factor IL-6.62-64 Al-
though Bcl-2 overexpression occurs in 80% of MM patients, phase III clini-
cal trials of Bcl-2 anti-sense as a therapeutic agent in MM have not indicated 
any benefit from this treatment.65 

Many conventional anti-cancer drugs exert their effect partly by inducing 
apoptosis. However, mutations in tumor cells often disrupt components of 
the apoptotic machinery rendering apoptosis induction inefficient. In order to 
circumvent dysfunctional apoptosis pathways, selective agents may act to 
restore apoptosis sensitivity or to initiate apoptosis downstream of the de-
regulation point. In recent years, IAPs have emerged as therapeutic targets. 
Inhibitors of survivin and XIAP are under development (reviewed by de 
Graaf 66 and by Fesik 67). Smac mimetics mimic the pro-apoptotic molecule 
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released from mitochondria that enhance apoptosis by binding e.g. XIAP and 
stimulating the release and activation of caspases. A recent study in MM 
cells showed that the XIAP inhibitor LBW242 reduced cell growth in MM 
cells and enhanced the effect of tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) and proteasome inhibitors (bortezomib and NPI-
0052) as well as the conventional anti-MM agent melphalan.68  
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Selected pathways of growth and survival  

Tumor cells acquire features that make them less sensitive to normal homeo-
static signals. MM cells are prone to accumulate genetic aberrations that 
suppress apoptosis but the variation of changes in the affected pathways and 
substrates is large. Bone marrow interaction is an important common feature 
for the maintenance and support of MM cells in vivo. The interaction with 
the stroma cells restricts the tumor to the bone marrow and assures the pro-
duction of some important cytokines and survival factors such as IL-6 and 
IGF-1.69 IL-6 is one of the major cytokines influencing growth and survival 
in MM. IL-6 mediates its signals through activation of the Jak/STAT and PI 
3-K/AKT signaling pathways (reviewed by Gado70 and Lauta71). 

Insulin-like growth factor receptor (IGF-1R) pathway 
The IGF-1R regulates gene transcription and synthesis of proteins and medi-
ates proliferation, inhibition of apoptosis and migration. During embryo-
genesis IGF-1R signaling plays a crucial role for growth and development. 
Through its interaction with the insulin receptor (IR) the IGF-1R is con-
nected to metabolism. The importance of IGF-1R signaling in proliferation 
and evasion from apoptosis in MM and in other tumors is well established.72-

77 In the tumor microenvironment, IGF-1 regulates the processes of homing 
of the MM tumor to the bone marrow,78,79 migration and invasion.80  

The principal ligand of the IGF-1R is IGF-1. In addition IGF-2 and insulin 
may also bind and activate the IGF-1R. IGF binding proteins restrict the 
access of biologically available IGF-1 and IGF-2 in serum. However, the 
expression of IGF-1R on the cell surface of MM is likely to be rate limiting 
for the magnitude of the IGF-1 signal. Growth hormone (GH) endocrine 
signaling from the pituitary gland governs the production of IGFs in the liver 
and in somatic cells. In the bone marrow microenvironment stroma cells also 
produce IGF-1 and the IGF-1R transmits autocrine and paracrine, cell to cell 
signals that stimulate tumor growth. Tumor cells may further enhance the 
production of IGF-1 in the bone marrow. 

The IGF-1R is a tetramer consisting of two ligand binding � subunits and 
two transmembranous � subunits containing the tyrosine kinase (TK) domain 
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(Fig 3). The IGF-1R binds IGF-1, insulin and IGF-2 with different affinity. 
IGF-1 binds IGF-1R at higher affinity than insulin and vice versa. The IGF-
1R is closely related to the IR and they share a high degree of sequence ho-
mology in the TK domain (reviewed by Siddle 81) Functional hybrid recep-
tors of IGF-1R and IR may also be formed and transmit signals from IGF-1, 
IGF-2 and insulin (reviewed by Denley82 and Hartog83). IGF-1R, IR and 
hybrid receptors confer overlapping signals but the importance of IR and 
hybrid receptors in tumor biology needs to be further investigated.  

The IGF-2R/mannose 6 phosphate is structurally different from the IGF-1R 
and the IR. It functions to regulate the degradation of IGF-2 and there is no 
known signal transmitted from its intracellular domain.84 
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Figure 3. Overview of IGF-1R signaling pathways. Ligand binding, induces dimeri-
zation of the IGF-1R and the tyrosine kinase (TK) domains activate the receptor 
through transphosphorylation. When activated, the receptor recruits the adaptor 
proteins IRS and Shc. Downstream of IRS the PI 3-K/AKT pathway is activated. 
The Ras/Raf1/MEK1/2/ERK1/2 pathway is activated downstream of Shc. 
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Downstream of the IGF-1R, at least two signaling pathways are activated: 
the mitogen activated protein kinase (MAPK) pathway and the phospho-
inositide OH3-kinase (PI 3-K) pathway.85-87 Induction of the MAPK cascade 
via Ras induces proliferative and anti-apoptotic signals that are often dys-
regulated in cancer. However, the activation of PI 3-K and AKT, and not 
MAPK, seems to conduct most of the IGF-1R signals in MM.87-90 There is 
also evidence for signaling crosstalk between the PI 3-K/AKT and MAPK 
pathways since specific inhibition of PI 3-K also inhibited activation of 
MEK1/2 in the MAPK pathway. Likewise, MAPK inhibition resulted in 
impaired activation of p70S6K, which is a target downstream of PI 3-
K/AKT/mTOR.87 Several targets downstream of AKT transmit regulatory 
signals of proliferation and survival through the control of gene transcription 
and translation (Fig. 3). In paper I-III of this thesis we approach IGF-1R 
signaling from the viewpoint of the three signaling molecules mTOR, NF-�B 
and GSK3, as discussed below. 

Overexpression of IGF-1 and the IGF-1R is a recurring feature in 
MM.31,73,91,92 Amplifications of the IGF-1R are, however, rare and activating 
mutations of the receptor have not been described so far. Although the IGF-
1R is ubiquitously expressed in normal tissue, IGF-1R signaling does not 
seem indispensable in the adult, and currently several drugs targeting the 
IGF-1R are being evaluated in preclinical and early clinical trials. The close 
relationship to the IR is still a concern when targeting IGF-1 therapeutically. 
Cross activation of the two signaling pathways could imply the risk of diabe-
togenic effects when interfering with the IGF-1R. IR signaling in tumor bi-
ology has not been well studied and there is a possibility that IGF signaling 
through the IR and/or hybrid receptors may attenuate the effect of IGF-1R 
inhibition. Recently, inhibitors of the IGF-1R that discriminate in vitro and 
in vivo between the IGF-1R and the IR has been described.77,93 Using one of 
these, the picropodophyllin (PPP) in in vitro and in vivo studies we provide 
proof-of-principle that targeting the IGF-1R in MM is indeed an attractive 
treatment strategy.94-96 Using the PPP in a model of established tumor in an 
immunocompetent mouse model, the 5T2MM, tumor burden was reduced 
and the overall survival increased substantially. Importantly, a non-toxic 
nature of PPP in vivo could be established.94 In addition, positive effects of 
PPP on the MM-associated bone disease were described, including a reduc-
tion in microvessel density and number of skeletal lesions.94,96 PPP-sensitive 
cancer cell lines97 and MM cell lines (Jernberg Wiklund, unpublished data) 
exposed to long-term treatment with PPP obtained no, or only a low rate of 
resistance, which is promising in terms of future therapeutic applications of 
this drug.  
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The nuclear factor �B (NF-�B) transcription factor 
The transcription factor NF-�B conducts several events downstream of the 
IGF-1R.  Constitutive activation of NF-�B has been described in MM pri-
mary cells and cell lines, suggesting a role for NF-�B in survival of the ma-
lignant plasma cell.98,99 Numerous anti-apoptotic genes are under the tran-
scriptional control of this pathway, including the Bcl-2 family members Bcl-
2 and Bcl-xL, c-IAP1, c-IAP2, XIAP, survivin and the inhibitor of caspase 8, 
cFLIP.100-102 The IAP members c-IAP1, c-IAP2 and XIAP may in turn acti-
vate NF-�B, possibly creating a positive feedback loop.103,104 Also factors 
provided by the microenvironmental tumor stroma cells may contribute to 
MM growth by increased NF-�B signaling. In these cells, NF-�B signaling 
induces production of IL-6, BAFF (B-cell-activating factor) and April (a 
proliferation-inducing ligand).105-107 

Regulation of NF-�� 
In the absence of mitogenic or survival activating signals, the NF-�B het-
erodimers are sequestered in the cytoplasm. Phosphorylation via surface 
receptors activates the inhibitor of �B kinase complex (IKK), which is criti-
cal in the control of NF-�B. IKK induces the release of NF-�B, which trans-
locates to the nucleus and initiates transcription.  

Activation of NF-�B may be conducted through at least two principle path-
ways: the classical and the alternative pathway. In the classical NF-�B path-
way, phosphorylation by AKT activates the IKK� complex. As a result of 
IKK�� phosphorylation, the inhibitory subunits I�B�, I�B� and I�B� are de-
graded in the proteasome, leading to the release of p50/p65 and c-rel/p65 
NF-�B heterodimers. 

In the alternative pathway, the regulatory C-terminal end of p100 is phos-
phorylated by the IKK� homodimer, resulting in its removal and subsequent 
degradation in the proteasome. The remaining p52/Rel B complex is released 
and accumulates in the nucleus. NIK activates IKK� in the alternative path-
way and is also required for activation of NF-�B through the TNFR family, 
e.g. CD40 ligand. 

Genetic alterations of the NF-�B pathway 
The activation of NF-�� in MM has previously been mainly attributed to 
increased stimulation of growth and survival factors. Recently, several ge-
netic alterations that may account for in this pathway have been elucidated.7,8 
TRAF3 is a tumor suppressor, associated with the inhibition of the NF-�B 
activating kinase NIK. TRAF3 deletion or mutation was detected in 20% of 
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MM samples, making TRAF3 the most frequently affected tumor suppressor 
gene in MM.8 TRAF3 deletion or mutation lead primarily to activation of the 
alternative NF-�B pathway where NIK is a crucial kinase cleaving the p100 
precursor to p52.8 NIK overexpression was also confirmed in MM cell lines 
carrying diverse mutations in the NIK gene. The enhanced NIK expression 
was correlated to an amplification of NIK, a NIK- IgL translocation and a 
NIK-FTUD2 fusion protein of a yet undetermined function.7 Adopting an 
outlier expression approach to find genetic aberrations in MM samples with 
a high expression of NF-�B-regulated genes, Annuziata et al also identified 
biallelic loss of CYLD and deletion of BIRC2/BIRC3 genes coding for c-
IAP1 and c-IAP2, respectively.7 CYLD is a negative regulator of NF-�B 
signaling that interferes with the IKK complex, which in turn activates the 
classical NF-�B pathway. In contradicting reports, c-IAP1 and 2 have been 
suggested to negatively regulate NF-�B activity through TRAF2 ubiquitina-
tion and degradation49,108 and to suppress TNF-�-induced apoptosis through 
activation of NF-�B.109 Noteworthy, c-IAP1 and 2 are not expressed in the 
Karpas 707 MM cell line as described in the studies of paper II of this thesis. 
The biologic effects of reconstituting c-IAP2 expression in these cells are 
currently being evaluated. The results so far indicate that in the LP-1 MM 
cell line, c-IAP2 overexpression confers increased resistance to Dex and/or 
the receptor tyrosine kinase (RTK) inhibitor PPP, which would be supportive 
of the role of IAPs as preservers of survival in MM. (Hammarberg et al. 
unpublished data)  

Mammalian target of rapamycin (mTOR) 
The mammalian target of rapamycin (mTOR) facilitates translation by re-
leasing the translation factor eukaryotic initiation factor 4 E (eIF4E) and by 
activating the 40S ribosomal protein S6. mTOR phosphorylates and inhibits 
the translational repressor eIF4E binding protein 1 (4EBP1) leading to the 
release of eIF4E, a component of a translation initiation complex. Another 
target of phosphorylation is p70S6K, which in turn phosphorylates the 40S 
ribosomal protein S6. In this way mTOR initiates mRNA translation (re-
viewed by Proud110 and Harris111).  

mTOR as a drug target  
Rapamycin is an immunosuppressive drug that also has been shown to ex-
hibit anti-tumor properties.112 The intracellular receptor of rapamycin is 
FKBP12 (FK 506 binding protein 12) (Fig. 4). This complex binds and in-
hibits the function of mTOR. 113 Rapamycin-induced cell cycle arrest has 
been attributed to down-regulation of cyclin D1.114 A high level of AKT 
activity may enhance the cell cycle arrest and cyclin D1 down-regulation as 
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well as decrease the level of c-myc expression.115 CCI-779, a water-soluble 
homologue of rapamycin for intravenous use,112 reduced subcutaneous 
growth of MM cell lines in a xenograft mouse model. 116 In line with these 
results, cell lines transfected with constitutively active AKT displayed in-
creased sensitivity to inhibition of proliferation, angiogenesis and apoptosis 
induced by CCI-779 treatment. 

In paper I we investigate the role of rapamycin in sensitizing MM cells to 
Dex-induced apoptosis.117 Underlining the importance of mTOR signaling in 
MM biology, a recent study confirmed our findings that rapamycin may 
enhance the effect of anti-apoptotic drugs, showing that rapamycin enhanced 
the effect of heat shock protein inhibitor (HSP) 17-AAG in MM cells. 118 
Rapamycin and 17-AAG resulted in a synergistic decrease in proliferation 
and, corroborating our findings using rapamycin and Dex, IL-6 and IGF-1 
could not reinduce proliferation.118 The benefit of combination treatment in 
MM cells using rapamycin and the thalidomide analogue CC-5030 (Rev-
limid) has also been outlined.  Similar to what was shown in combinatorial 
strategies with Dex and 17-AAG, apoptosis induced by rapamycin in combi-
nation with CC-5030 could not be overcome by IGF-1, IL-6 or co-culture 
with bone marrow stroma cells.119 Taken together, these results are encour-
aging as they indicate that rapamycin could reverse resistance to several 
therapy regimens. 
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Figure 4. Regulation of mTOR. The PI 3-K/AKT signaling pathway activates 
mTOR. mTOR phosphorylation of downstream substrates p70S6K and 4EBP1 in-
duces translation. Rapamycin in complex with its intracellular receptor FKBP12 
directly binds and inhibits mTOR signaling. 
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Glycogen synthase kinase (GSK) 3 
Glycogen synthase kinase 3 (GSK3) is a multifunctional kinase that has 
emerged as a pro-apoptotic molecule. In resting cells, GSK3 is active and 
inhibits the transmission of signals of survival and proliferation. When first 
discovered, GSK3 was established as a kinase critical in glycogen metabo-
lism and later as an important suppressor in the Wnt-signaling pathway. The 
Wnt signaling pathway controls vital cellular functions as gene expression, 
adhesion and polarity during embryogenesis. The Wnt signal may also play a 
role in tumorigenesis and is reported over-activated in MM.120 By inhibiting 
GSK3, Wnt signaling abrogates the phosphorylation and the degradation of 
the �-catenin transcription factor, thereby activating the expression of genes 
involved in proliferation and survival. Wnt signaling may also influence MM 
migration and invasion independently of �-catenin activation.121 Apart from 
Wnt, IL-6 and IGF-1 inactivate GSK3 bringing GSK3 under the control of 
three MM survival pathways.122-124 

GSK3 is an important kinase in several signaling pathways and has a large 
number of substrates. Its activity is therefore strictly regulated at multiple 
levels and by several mechanisms. GSK3 exists in two isoforms, GSK3� 
and GSK3�, which only partly have overlapping function. In resting cells, 
GSK3 is active, and the activity is often further enhanced by tyrosine phos-
phorylation (Tyr 279 in GSK3� and Tyr 216 in GSK3��. In contrast, AKT 
and other kinases inhibit GSK3 by phosphorylating the regulatory residues 
Ser21 (� isoform) or Ser9 (� isoform).125 A third mode of regulation of 
GSK3 is the frequent requirement for a priming phosphorylation of the sub-
strate by other kinases. The priming phosphorylation causes a conforma-
tional change that enhances GSK3 affinity for the substrate (reviewed by 
Doble126). In addition, binding proteins, subcellular localization and access 
to different substrates regulate GSK3 activity (reviewed by and Woodgett127 
Jope128). 

The substrates controlled by GSK3 include signaling proteins and transcrip-
tion factors involved in growth and survival e.g. cyclin D1, cyclin E, eIF2B, 
�-catenin, APC, c-Myc, p-53 and nuclear factor �B (NF-�B).128,129 Many of 
the substrates are targeted for degradation by multi-site phosphorylation by 
GSK3, e.g. �-catenin. However, the actions of the tumor suppressor gene 
p53 is promoted by GSK3�.130 In conflicting reports, GSK3 is implicated in 
negative131 and positive132,133  regulation of NF-�B, an important executioner 
of the IGF-1/PI 3-K/AKT pathway. The target molecule has not been identi-
fied but GSK3 has the capacity to phosphorylate the NF-�B p65 subunit in 
vitro.133 The I�B-analog Bcl-3 is a target of GSK3-mediated phosphorylation 
and degradation.134 Translocations of Bcl-3 to the IgH locus is a recurring 
event in CLL and other B-cell malignancies and recently Bcl-3 has been 
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reported to be a substrate downstream of the survival and growth promoting 
cytokine IL-6 in MM.135,136 

In paper III, the role of GSK3 in the regulation of apoptosis is further exam-
ined by the use of selective kinase inhibitors. The simple cation lithium (ad-
ministered as LiCl) has been of great use in the study of GSK3. Lithium 
inhibits GSK3 by two mechanisms. It directly binds to the enzyme in a re-
versible way137 at the same time inhibiting the binding of magnesium 
(Mg2+).138 In another mode of action lithium increases the inhibitory phos-
phorylation of Ser9 and Ser21, although the mechanism behind this is not 
clear.139,140 GSK3 is efficiently blocked by lithium but this is not the only 
kinase affected. There are a number of reported targets for lithium including 
casein kinase 2 (CK2). Since the priming phosphorylation of several GSK3 
substrates requires CK2, this inhibition may also contribute to the effects of 
lithium on downstream targets of GSK3.141 Because of this and other possi-
ble unspecific effects of lithium, it is preferable to interfere with GSK3 using 
additional chemically unrelated GSK3 inhibitors. CT99021 and CT98014 are 
novel aminopurimidine derivates that potently and specifically inhibit GSK3, 
exhibiting a 500 to 10,000-fold selectivity for GSK3 as compared to 20 other 
protein kinases tested.142 By acting as ATP-competitive inhibitors CT99021 
and CT98014 also differ from lithium in their mechanism to interfere with 
GSK3. 



 27

The present investigation 

Aims 
Our general aim was to investigate the downstream molecules the IGF-1R 
pathway targeted in MM during sensitization to Dex-induced apoptosis. 
Specifically, our aims were to 

 
� investigate the role of mTOR inhibition in sensitizing MM cells to 

apoptosis induced by Dex. 
� study the expression of IAP in MM cells and their regulation fol-

lowing Dex-treatment and abrogation of IGF-1R signaling. 
� explore GSK3 as a possible pro-apoptotic molecule and its role in 

regulating sensitization to apoptosis in MM.  

Results and discussion 

Paper I. Rapamycin sensitizes multiple myeloma cells to 
apoptosis induced by dexamethasone 
The IGF-1R transmits mitogenic signals via PI 3-K/AKT that result in acti-
vation of the mTOR substrate p70S6K.89 Via p70S6K, mTOR activates 
translation through phosphorylation and activation of the 40S ribosomal 
protein S6. Translation is also initiated by the phosphorylation of 4EBP1. 
Multi-site phosphorylation of 4EBP1 leads to the release of eIF4E, which 
then forms a translational initiation complex controlling translation of pro-
teins involved in G1 to S phase transition. The macrolide rapamycin inhibits 
mTOR113 and has been shown to induce apoptosis in lymphomas of B-cell 
origin.143,144 

The glucocorticoid Dex is frequently used in MM treatment and although the 
mode of action is still unclear it has been reported that p70S6K is down-
regulated in response to Dex in MM cells.145 Since rapamycin and Dex then 
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seemed to strike at a common target, we focused on evaluating the effect of 
these compounds in MM cells. 

We began by studying cell growth and apoptosis in response to rapamycin 
and Dex. Out of six MM cell lines, five responded to rapamycin with 50% 
growth inhibition. Rapamycin also sensitized cells to Dex-induced growth 
inhibition and/or apoptosis in primary MM cells and cell lines. Rapamycin 
strongly sensitized Karpas 707 and U-1958 cells to Dex-induced growth 
inhibition, whereas the sensitization was milder in LP-1 and RPMI8226. In 
U-266 and EJM no enhancement of Dex-induced growth inhibition by rapa-
mycin was detected. The sensitization was confirmed in eight primary MM 
samples, suggesting that the combination may have effect also in vivo. The 
use of rapamycin to synergistically enhance apoptosis in MM has later been 
confirmed by others using mTOR inhibitors in combination with 17-
AAG/geldanamycin, a selective Hsp90 inhibitor.118  

The inhibitory actions of rapamycin in several tumor models have previously 
been attributed mainly to cytostatic effects.110 Therefore it was an exciting 
finding that our studies revealed that primary MM cells responded to rapa-
mycin with apoptosis. This indicates that rapamycin might be of clinical 
benefit in MM. The combined treatment with Dex resulted in additive effects 
on growth inhibition and enhanced apoptosis. 

Propidium iodide (PI) staining of cell nuclei showed that rapamycin alone, 
or in combination with Dex, induced cell cycle arrest in G0/G1 in Karpas 707 
and U-1958 cells. In a previous report, rapamycin-induced cell cycle arrest 
has been attributed to the down-regulation of cyclin D1.114 However, analy-
sis of mRNA levels of cyclin D1, 2 and 3 revealed a low basal expression of 
cyclin D1 in five cell lines including Karpas 707 and U-1958 cells. Only U-
266-1970 cells expressed a high level of cyclin D1 due to the 11q13 translo-
cation in this cell line.146 The cell cycle arrest induced by rapamycin and Dex 
was instead associated with down-regulation of cyclin D2 and D3, accompa-
nied by up-regulation of the CDK (cyclin dependent kinase) inhibitor p27 

kip1, that may inhibit the cyclin D/CDK complex and halt S phase entry. 
Taken together, the altered levels of cyclin D2, D3 and p27 kip1 may account 
for the G0/G1 arrest induced by rapamycin. 

The possible regulation of the anti-apoptotic proteins survivin and Bcl-XL by 
rapamycin and Dex was analyzed. Co-treatment with rapamycin and Dex 
reduced the levels of and survivin but not Bcl-XL. Survivin is frequently 
overexpressed in tumors and is rarely expressed in differentiated adult 
cells.24,56 The two roles of survivin, as a regulator of cell cycle expressed in 
G2/M phase, and a protector from apoptosis, are difficult to discriminate.56 
We reason that the decrease in survivin levels in response to rapamycin 
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treatment correlates to apoptosis induction rather than to cell cycle arrest, 
since rapamycin did not induce apoptosis in Karpas 707 at 48 h, but induced 
cell cycle arrest in G0/G1 with subsequent drop in G2/M at this time point. 
Furthermore, apoptosis analysis indicated that U-1958 was sensitive to ra-
pamycin alone, which corresponded to the decreased level of survivin. Pro-
longed treatment of Karpas 707 cells with rapamycin induced apoptosis that 
also coincided with survivin down-regulation. In addition, rapamycin-
induced G0/G1 arrest was less pronounced in U-1958 cells as compared to 
Karpas 707 cells, and yet the survivin level was decreased by rapamycin 
alone in these cells. These findings indicate that apoptosis induced by rapa-
mycin and Dex may be partly attributed to the down-regulation of survivin. 
Later, others have reported decreased expressions of XIAP and c-IAP1 in 
response to combined treatment with Dex and rapamycin in MM, which may 
play a role in apoptosis.147 

In the bone marrow microenvironment, stroma cells provide the MM tumor 
with growth and survival factors.3 From a clinical point of view, a combina-
torial treatment efficient also in the presence of bone marrow microenviron-
ment would be preferable. We therefore examined the effect on cell growth 
of the MM survival factors IGF-1 and IL-6 on MM cell lines and primary 
MM cells treated with rapamycin and/or Dex. As in the preferred scenario, 
neither IGF-1 nor IL-6 could completely reverse the growth inhibition 
caused by the combination of rapamycin and Dex.  A treatment regiment 
would be efficient if the combined drugs used inhibit activating pathways 
that converge on the same target. Both Dex and rapamycin decreased basal 
Thr389 and Thr421/Ser424 phosphorylation of p70S6K in Karpas 707 cells, 
confirming the data obtained by others.99,148-150 The presence of MM growth 
and survival factors IL-6 and IGF-1 could not restore the phosphorylation of 
p70S6K on Thr389 in cells treated with rapamycin alone or in combination 
with Dex. In rapamycin-treated cells, IL-6 and IGF-1R phosphorylation of 
p70S6K on Thr421/Ser424 was restituted. However, rephosphorylation was 
impeded in the combinatorial treatment of Dex and rapamycin proving the 
rational in combining these drugs. 

In summary, we demonstrate that rapamycin alone induces apoptosis in pri-
mary MM cells. In addition, rapamycin sensitized both primary cells and 
MM cell lines to apoptosis induced by Dex. The G0/G1 cell cycle arrest in-
duced by rapamycin alone or in combination with Dex correlated to the de-
creased levels of cyclin D2 and D3 and the up-regulation of the CDK-
inhibitor p27kip1. Apoptosis induced by rapamycin in combination with Dex 
was associated with down-regulation of the anti-apoptotic protein survivin, 
further discussed in paper II. The growth inhibitory effect of this combina-
tion of drugs could not be overcome by stimulation with high levels of IL-6 
or IGF-1.  
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Paper II. Sensitization to dexamethasone-induced apoptosis by 
abrogation of insulin-like growth factor (IGF)-1 receptor 
signaling is associated with regulation of inhibitors of apoptosis 
proteins (IAP) in multiple myeloma cells 
In the second paper, we focused on the expression of inhibitors of apoptosis 
proteins (IAP) in MM. We studied basal IAP expression and IAP regulation 
in relation to apoptosis and cell cycle arrest induced by Dex and abrogation 
of IGF-1R signaling. 

Inhibitors of apoptosis proteins (IAP) are characterized by their ability to 
protect cells from apoptosis by direct binding of caspases. Their ability to 
interfere with apoptotic signals at the level where most, if not all, pathways 
converge, gives IAPs the capacity to inhibit apoptosis induced by a vast 
number of agents.  Illegitimate expression and activation of the transcription 
factor NF-�� may contribute to the enhanced survival of MM cells. The MM 
survival factor IGF-1 may induce NF-�B activity,101 thereby initiating tran-
scription of a number of genes involved in the regulation of cell survival and 
proliferation. The IAP family members survivin, c-IAP1, c-IAP2 and XIAP 
are reported to be among these.101,109 The glucocorticoid Dex is commonly 
used in MM treatment and has been reported to down-regulate NF-�B in 
MM.105,151,152 Considering the implicated relation between IGF-1, NF-�B, 
IAPs and Dex, we set out to investigate the regulation of IAPs when cell 
cycle arrest and apoptosis was induced by Dex and by simultaneous abroga-
tion of IGF-1R signaling. 

For this purpose, we started out by assessing the basal expression of sur-
vivin, c-IAP1, c-IAP2 and XIAP mRNA in MM primary cells, cell lines, and 
a panel of B-cell lines. Using RPA and RT-PCR, we found that survivin, c-
IAP1, c-IAP2 and XIAP mRNA was ubiquitously expressed in cell lines and 
in primary cells. The exception was the Karpas 707 MM cell line that lacked 
expression of c-IAP1 and c-IAP2. In primary MM cells from three MM pa-
tients, survivin could not be detected by RPA analysis. However, survivin 
was detected in three additional patients using the more sensitive method of 
RT-PCR. The low survivin expression in primary MM cells contrasted to the 
distinct expression in MM cell lines and B-cell lines. c-IAP1, c-IAP2 and 
XIAP mRNA levels varied considerably between cell lines and this variation 
was reflected in the three MM patient samples.   

Two cell lines, Karpas 707 and LP-1, were selected based on their differen-
tial expression of IAPs and based on that they represent different responses 
to Dex. In Karpas 707 cells, Dex induced apoptosis whereas in LP-1 cells, 
Dex in addition to apoptosis induced a prominent cell cycle arrest.  Since 
IGF-1 has the capacity to reduce Dex-induced apoptosis, we aimed at study-
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ing sensitization to Dex-induced apoptosis when abrogating IGF-1R signal-
ing. For this purpose, we treated cells with the antagonistic antibody to the 
IGF-1R, �IR3, or with PPP. PPP has been shown to selectively inhibit the 
receptor tyrosine kinase (RTK) of IGF-1R over structurally related receptors, 
i.e. the insulin receptor and the epidermal growth factor (EGF) receptor.93  

Both �	R3 and PPP increased the amount of apoptosis induced by Dex. The 
sensitization was more pronounced in the Karpas 707 cells than in LP-1 
cells. Although increasing the caspase 3 activity in Karpas 707 cells, the pro-
apoptotic effect of �IR3 alone was small. PPP, on the other hand, effectively 
induced apoptosis in both cell lines. This discrepancy in potency may be 
explained by an incomplete inhibition of the IGF-1R signaling by �IR3. In 
addition, the mechanisms of PPP have not been fully elucidated and we can-
not exclude additional targets of action to this compound. This may also 
explain the different impact on cell cycle distribution by these two IGF-1R 
inhibitors; �IR3 induced a modest accumulation in G0/G1 Karpas 707 cells 
whereas PPP is a strong inducer of G2/M accumulation.95 

The IAP survivin was down-regulated in response to Dex in LP-1 cells, at 
mRNA and protein levels. The down-regulation coincided with the pro-
nounced G0/G1 cell cycle arrest induced by Dex in this cell line. In Karpas 
707 cells, survivin expression was not affected by Dex, and Dex did not 
affect cell cycle distribution. PPP, which accumulates cells in the G2/M 
phase of the cell cycle, caused a marked up-regulation of survivin in both 
cell lines. Survivin plays a dual role in apoptosis and cell cycle regulation, 
protecting cells from apoptosis during cell division and is in several cell 
systems primarily expressed in G2/M phase of the cell cycle.32,33 Others re-
port a cell cycle-independent expression of survivin, implying an anti-
apoptotic role separate from cell cycle regulation.34,57 Interestingly, we found 
that primary MM cells, despite being arrested in the G0/G1, expressed sur-
vivin. This indicates a possible cell cycle-independent expression of survivin 
in MM.  

c-IAP2 (6 h, 24 h) was transiently up-regulated by Dex in LP-1 cells. The 
up-regulation of c-IAP2 corresponded to the late onset and lower magnitude 
of apoptosis induced by Dex in LP-1 cells, as compared to Karpas 707 cells 
that lack c-IAP2 expression. Supposedly, c-IAP2 up-regulation could consti-
tute a resistance mechanism to Dex-induced apoptosis and we further inves-
tigated the transcriptional activation of the c-IAP2 promoter, using a 
luciferase reporter gene assay. The c-IAP2 promoter construct containing 
two functional NF-�B binding sites and one glucocorticoid responsive ele-
ment (GRE) was activated in response to IGF-1, but not in response to Dex. 
Using a 3�-luc reporter construct comprising three NF-�B consensus sites, 
the NF-�B dependent activation induced by IGF-1 was confirmed. Our data 
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implies that the up-regulation of c-IAP2 mRNA by Dex is independent of 
NF-�B, but rather takes place at a posttranscriptional level. 

As opposed to the transient up-regulation, prolonged Dex treatment reduced 
c-IAP2 protein expression in LP-1 cells. In addition, Dex treatment down-
regulated XIAP in Karpas 707 cells but in LP-1 cells, XIAP down-regulation 
was not consistently seen. Down-regulation of c-IAP2 and XIAP was associ-
ated with apoptosis induced by Dex. Protein levels of c-IAP2 and XIAP 
were further decreased when enhancing Dex-induced apoptosis by abroga-
tion of the IGF-1R signaling pathway using �IR3 and PPP. This would point 
to a role for IAPs as mediators of IGF-1-induced survival and apoptosis re-
sistance. Further supporting the cyto-protective role of c-IAP2, MM cell line 
clones ectopically expressing c-IAP2 show increased resistance to Dex and 
PPP (Hammarberg et al, unpublished data).  The down-regulation of XIAP 
protein in response to Dex was confirmed in 2/4 primary MM samples. In 
addition, XIAP and c-IAP2 was down-regulated by PPP or the combined 
treatment of PPP and Dex in two additional patients. XIAP expression was 
exceedingly higher in MM tumor cells than in non-tumor bone marrow cells 
from the same patient. In contrast, survivin expression was remarkably lower 
in MM tumor cells than in non-tumor bone marrow cells. Dex or PPP down-
regulated survivin expression in 1/5 patient samples each. In conclusion, our 
data suggest that down-regulation of c-IAP2 and XAIP may be one mecha-
nism for inhibitors of IGF-1R signaling to sensitize MM cells to Dex.  

Paper III. Selective inhibition of glycogen synthase kinase 
(GSK) 3 by facilitators of insulin response promotes 
proliferation and survival in multiple myeloma cells 
Glycogen synthase kinase (GSK) 3 is a target of the IGF-1/PI 3-K/AKT sur-
vival pathway.153,154 In the absence of inhibitory phosphorylation, GSK3 may 
phosphorylate and inhibit numerous targets including signaling molecules 
for growth and survival. The aim of the studies in paper III was to evaluate 
the role of GSK3 in sensitization to Dex-induced apoptosis in MM.  

GSK3 is an important regulator of insulin signaling that phosphorylates, and 
thereby inhibits, glycogen synthase. For the purpose of pharmacologically 
enhancing insulin signaling, new, specific inhibitors of GSK3 are under de-
velopment. GSK3 is also a target of several survival pathways that are active 
in MM, but only few have addressed its role in this tumor.124,155 Phosphory-
lation of regulatory serine residues, Ser21 (GSK3�) and Ser9 (GSK3�), by 
effectors downstream of e.g. IGF-1, IL-6 and Wnt restrains GSK3 activ-
ity.125,156  
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In the MM cell line Karpas 707, IGF-1 activated AKT and induced phos-
phorylation of GSK3� and � at the inhibitory Ser21 and Ser9 residues. Inhi-
bition of the IGF-1R signaling with the antagonistic antibody �IR3 reduced 
the basal level of GSK3 phosphorylation. PI 3-K is an upstream activator of 
AKT in the IGF-1R signaling pathway, and inhibition of PI 3-K using 
LY294002 reduced GSK3 phosphorylation alone and in combination with 
the pro-apoptotic drug Dex. Dex alone did not affect GSK3 phosphorylation 
or basal expression level. These data confirm that IGF-1 may regulate GSK3 
activity in this system. The GSK3 inhibitor LiCl induced phosphorylation of 
GSK3 in an AKT-independent way and counteracted dephosphorylation 
induced by LY294002. LiCl and IGF-1 also enhanced phosphorylation of 
GSK3� in primary MM in the absence or presence of Dex. 

Since PI 3-K inhibition decreased the inhibitory phosphorylation of GSK3, 
we next assessed the impact of PI 3-K inhibitors LY204004 and wortmannin 
on cell growth and apoptosis. LY294002 and wortmannin both potently sen-
sitized Karpas 707 cells to Dex. Similarly, inhibition of PI 3-K reduced cell 
growth in primary MM cells, and the combination with Dex was more effec-
tive than single agent treatment.  

Inhibition of GSK3 using LiCl counteracted apoptosis induced by Dex alone 
and when simultaneously inhibiting PI 3-K or IGF-1R signaling. This find-
ing rendered us to extend our panel of GSK3 inhibitors and investigate their 
effect on proliferation. Thymidine incorporation showed that the effect of the 
inhibitors was strongly dose-dependent. At low concentrations growth stimu-
latory effects of GSK3 inhibitors AR-A014418,157 CT98014 and CT99021142 
were comparable to that of IGF-1 Karpas 707 cells. However, at high con-
centrations these compounds showed strong growth inhibitory effects. 

We further investigated the biological effects of GSK3 inhibition under 
stressed cell conditions. GSK3 inhibition potently counteracted the growth 
inhibitory effects of Dex alone or in combination with LY294002, �IR3, the 
mTOR inhibitor rapamycin and the MEK inhibitor PD98059. CT99021 was 
the compound selected for further studies based on its selectivity for 
GSK3142,158,159 (Prof Cohen, personal communication) and its growth stimu-
latory effects. Apoptosis induced by LY294002 or rapamycin in combination 
with Dex was strongly reduced by CT99021. In addition, CT99021 attenu-
ated apoptosis induced by serum deprivation or by Dex in combination with 
�IR3, an antagonistic IGF-1R antibody. Turning to primary MM cells, 
CT99021 counteracted or fully abolished cell death induced by Dex in five 
out of six patient samples. In addition, CT99021 alone promoted primary 
MM cell survival, underling the anti-apoptotic actions of GSK3 inhibition 
and opening for an adverse effect on tumor development also in vivo.  
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Rapamycin, LY99021 and �IR3 induce cell cycle arrest in G0/G1 in Karpas 
s707 cells. In the absence or presence of Dex, CT99021 clearly reversed cell 
cycle arrest induced by rapamycin and counteracted the effect of LY294002 
and �IR3 in this respect. Serum starvation-induced G0/G1 accumulation was 
also reduced by CT99021 treatment and IGF-1. GSK3 inhibition by also 
decreased the number of cells in G0/G1 and doubled the amount of cells in S 
phase in cells cell cycle arrested, serum-starved cells.  

CT99021 is an ATP-competitive compound and does not induce phosphory-
lation of GSK3. 142 Instead the stabilization of the down-stream target of 
GSK3, the transcription factor �-catenin, was used to determining the activ-
ity of this inhibitor.120 �-catenin was stabilized in a dose-dependent manner 
by CT99021. IGF-1 could not increase �-catenin above the basal level in 
untreated cells, presumably because signaling through the IGF-1R is acti-
vated in serum and already accounts for the basic activation of �-catenin. 
Consistent with PI 3-K/AKT phosphorylating and inactivating GSK3, the 
level of �-catenin decreased in response to LY294002. Both CT99021 and 
LiCl restored �-catenin levels after treatment with LY294002 alone and in 
combination with Dex. The NF-�B-associated protein Bcl-3 is a target of 
GSK3-mediated degradation. 134 Unlike its analogue I�B�, Bcl-3 facilitates 
translocation of NF-�B p50 to the nucleus.160 CT99021 increased the expres-
sion of Bcl-3 in LY294002- and/or Dex-treated cells. The CDK inhibitor and 
anti-apoptotic protein p21cip1/WAF1 is a target of GSK3 and was accordingly 
down-regulated by LY294002 and up-regulated by CT99021.161-163 Consis-
tent with the cell cycle arrest induced by LY294002, the CDK inhibitor 
p27kip1 increased but again, CT99021 restituted the protein expression. 
LY294002 in the absence or presence of Dex also down-regulated expres-
sion of cyclin B1, D2 and E, an effect that was partially prevented by co-
treatment with CT99021. 

In the present study we show that inhibition of glycogen synthase kinase 
counteracts growth inhibition induced by Dex alone and in combinatorial 
treatments with inhibitors against PI 3-K, MEK, mTOR and the IGF-1R 
respectively. Importantly, the selective GSK3 inhibitor CT99021 sustained 
viability in untreated and in Dex-treated primary MM cells. In addition, 
CT99021 partially rescued the cells from Dex-induced apoptosis and com-
pletely abolished the sensitization to Dex-induced apoptosis caused by PI 3-
K inhibitor LY294002 and mTOR inhibitor rapamycin. Treatment with 
CT99021 also attenuated cell cycle arrest induced LY294002, rapamycin 
and �IR3 alone or in combination with Dex. Downstream targets of GSK3 
influencing apoptosis and cell cycle i.e. Bcl-3, p21cip1/WAF1, p27kip1, cyclin 
B1, D2, and E were regulated by LY294002 and/or Dex, but levels were 
efficiently restituted by CT99021. 
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Conclusions  

Resistance to apoptosis is a hallmark in tumorigenesis and a contributing 
factor to the emergence of drug-resistant tumor clones. In the work of this 
thesis, we have addressed the question of how to sensitize MM cells to apop-
tosis induced by Dex and how the regulation of down-stream signaling tar-
gets may influence apoptosis and survival. 

In paper I we show that rapamycin sensitizes MM cells to Dex. Apoptosis 
induced by rapamycin and Dex was associated to the down-regulation of 
survivin and loss of phosphorylation of p70S6K. Treatment with IGF-1 or 
IL-6 could not reverse the effect of the combinatorial treatment, which im-
plicates that the combination may have effect also in vivo. 

In paper II we study the regulation of IAP proteins when sensitizing MM 
cells to Dex by abrogation of IGF-1R signaling. Down-regulation of c-IAP2 
and XIAP was associated with induction of apoptosis induced by Dex and 
was further enhanced by PPP and �IR3 indicating that these IAPs are in-
volved in the regulation of apoptosis.  

In paper III we show that inhibition of GSK3 by CT99021 counteracts Dex-
induced apoptosis and completely abolishes the sensitization to Dex-induced 
apoptosis caused by PI 3-K inhibitor LY294002 and mTOR inhibitor Rapa-
mycin. Importantly, CT99021 also sustained viability in untreated and in 
Dex-treated primary MM cells in. 
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Populärvetenskaplig sammanfattning 

Multipelt myelom (MM) är en tumör som växer i benmärgen, framför allt i 
ryggkotorna, bäckenet och de långa rörbenen. När sjukdomen börjar ge 
symptom finns redan flera härdar spridda i skelettet, därav namnet multipelt 
myelom. Den tumörförändrade cellen är ett slags vit blodkropp, en s.k. 
plasmacell, som är en del av kroppens immunförsvar. I normala fall produce-
rar plasmaceller antikroppar mot bakterier och virus som angriper kroppen. 
Även tumörcellerna producerar ofta antikroppar och dessa proteiner produ-
ceras i så stor mängd att njurarna skadas och protein läcker ut i urinen. När 
tumören växer till i benmärgen tränger den undan den normala blodbildning-
en med blodbrist, anemi, som följd. Detta yttrar sig som trötthet och känslig-
het för infektioner. Ett stort problem hos MM-patienter är att tumören stimu-
lerar celler som bryter ned skelettet vilket kan leda till benbrott, kollaps av 
ryggkotor och svår smärta.  

Även om de flesta patienter till en början svarar på konventionell behandling 
utvecklas alltid resistens mot läkemedlen som står till buds idag och sjukdo-
men betraktas därför som obotlig. MM drabbar framför allt den äldre be-
folkningen med en medelålder vid diagnos på 65 år. Yngre patienter har 
generellt sett ett långsammare sjukdomsförlopp men MM är en heterogen 
sjukdom och förloppet kan variera. 

Tumörcellerna i MM delar sig långsamt och den främsta orsaken till att tu-
mören tillväxer är att cellerna har ökad förmåga att överleva. Balans mellan 
celldelning och celldöd är av central betydelse. Inne i varje cell finns pro-
gram som styr hur cellen svarar på överlevnadssignaler och dödssignaler 
från omgivningen och från cellen själv. Programmerad celldöd eller apoptos 
aktiveras när cellen har åldrats, blivit skadad eller har vandrat iväg från sin 
givna plats i kroppen. Vid tumörutveckling har apoptosen satts ur spel och 
cellen kan överleva trots allvarliga genetiska förändringar eller trots att anta-
let celler blivit för stort. Vår forskning syftar till att kunna förstå de moleky-
lära förändringarna som leder till att MM-cellerna blir resistenta mot apop-
tossignaler. Med kunskap om mekanismerna bakom olika överlevnadsstrate-
gier kan man hitta nya sätt att gripa in i cellernas signalsystem så att deras 
känslighet för olika läkemedel ökar.  
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Det immunsuppressiva läkemedlet rapamycin används kliniskt för att för-
hindra avstötning av organ vid transplantation men har även visat sig ha 
effekt mot ett flertal tumörsjukdomar. I arbete I undersöker vi effekten av 
rapamycin i kombination med dexametason i MM-celler. Dexametason är ett 
steroidläkemedel som används i behandling av MM. Det visade sig att rapa-
mycin ökade MM-cellernas känslighet för apoptos när de behandlades med 
dexametason och samtidigt minskade celldelningen. Vi drar därför slutsatsen 
att kombinationsbehandling med rapamycin och dexametason kan vara ett 
sätt att öka apoptoskänligheten och minska tillväxten i MM-tumörer. 

Tumörceller kan undvika apoptos genom att öka mängden antiapoptotiska 
proteiner inne i cellen. I arbete II kartlägger vi förekomsten av en familj av 
antiapoptotiska proteiner, IAP:ar, i MM-celler, samt studerar närmre hur 
nivåerna ändras när cellerna behandlas med dexametason och två olika 
hämmare av IGF-1-receptorn. Vi fann att IAP:ar var rikligt förekommande 
både i renade tumörceller från patienter och i myelomcellinjer. En IAP, sur-
vivin, visade sig vara lågt uttryckt i primära tumörceller från patienter jäm-
fört med uttrycket i cellinjer och även jämfört med icke-tumörceller tagna 
från samma benmärgsprov som tumörcellerna. Detta var anmärkningsvärt 
eftersom man i många andra tumörer har kunnat koppla samman survivin 
med ökad malignitet och dålig prognos. Dessutom upptäckte vi att dexame-
tason ökade förekomsten av en annan IAP, c-IAP2. Att uppreglera c-IAP2 
skulle kunna vara ett sätt för MM-cellen att utveckla resistens mot detta lä-
kemedel. En längre behandling med dexametason ledde dock till minskning 
av c-IAP2 samt ytterligare en medlem i IAP-familjen, XIAP. Nedregleringen 
sammanföll med att cellerna gick i apoptos och den förstärktes om man sam-
tidigt hämmade den viktiga överlevnadssignalen via IGF-1-receptorn.  

Ett sätt för cancercellen att undvika apoptos är att aktivera de egna överlev-
nadsvägarna. MM-celler stimulerar t ex de omgivande cellerna i benmärgen 
så att de producerar överlevnadsfaktorer. De ökar också förekomsten av 
mottagarmolekyler, receptorer, på cellytan för att effektivare förmedla över-
levnadssignalen in i cellen. Signalmolekylen IGF-1 kan både stimulera MM-
celler att dela sig och skydda dem från apoptos. I arbete III visar vi att en del 
av denna skyddande effekt härrör från hämning av enzymet glykogensynta-
skinas3, GSK3. GSK3:s uppgift är att hämma flera signalmolekyler som är 
viktiga för tillväxt och överlevnad men genom att blockera GSK3 kan IGF-1 
släppa fram dessa signaler och på så sätt motverka apoptos och stimulera 
tillväxt. Genom att hämma centrala komponenter för överlevnad ökade vi 
känsligheten för dexametason i cellerna. Då vi samtidigt hämmade GSK3 
blev cellerna återigen mindre känsliga för behandling. Av detta drar vi slut-
satsen att GSK3 kan ha en viktig funktion i att reglera överlevnadssignaler i 
MM.  
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