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Popular scientific summery

Cancer develops when cells in the body begin to grow uncontrollably. Normal
body cells grow, divide, and die in an orderly fashion. During the early years
of a person’s life, normal cells divide rapidly until the person becomes an
adult. After that, cells in most parts of the body divide only to replace
worn-out or dying cells and to repair injuries. Cancer cells, on the other
hand, continue to grow and divide and instead of dying, they outlive normal
cells and continue to form new abnormal cells. Often, cancer cells travel to
other parts of the body where they begin to grow. This process is called
metastasis. Regardless of where a cancer may spread to, it is always named
after the place it began. For instance, breast cancer that spreads to the liver
is still called breast cancer, not liver cancer. Not all tumors are cancerous.
Benign, non-cancerous tumors do not spread (metastasize) to other parts
of the body, and with very rare exceptions, are not life threatening. There
are many reasons why cancer cells grow faster than normal cells. Usually
the mechanism used by cancer cells for abnormal growth already exists in
normal cells, but they have lost control over them. On the surface of normal
cells there are proteins called receptors. Their job is to communicate with
neighboring cells, and if needed, to send a message (signal) into the cell
telling molecules that are responsible for growth that the cell must grow.
The receptors on cancer cells, on the other hand, send false signals into the
cell, and as a result, the cells grow more than they should and they do not die.
I have worked with one of these receptors, called IGF-1R, and investigated
its relationship with two other proteins, called ubiquitin and SUMO. One of
the many tasks of ubiquitin is to control the receptors, and if necessary, to
destroy them. However, under some conditions not only will ubiquitin stop
destroying the receptors but it will start helping them to send growth signals
into the cell. We know much less about SUMO. We believe it regulates
growth and survival of tumor cells. Better understanding of the mechanisms
behind IGF-1R and its interactions with ubiquitin and SUMO will hopefully
help us find some of the key molecules important for uncontrolled cell growth
and prolonged cell survival of cancer cells.
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Abstract

Tumorigenesis is a multistep process involving genetic and epigenetic alter-
ations that drive the progressive transformation of normal human cells into
highly malignant derivatives. The insulin-like growth factor 1 receptor (IGF-
1R) plays pivotal roles in cancer. Based on the traditional view, IGF-1R
mediates its biological responses primarily through receptor phosphorylation
and signaling. The subsequent termination of signaling occurs via receptor
endocytosis and degradation. Over the last years we have begun to appreci-
ate the biological roles of IGF-1R ubiquitination.

In this thesis we established that IGF-1R ubiquitination is dependent on
receptor phosphorylation and integrity of the C-terminal domain. We identi-
fied β-arrestin as an adapter protein essential for congregating IGF-1R and its
ligase MDM2. The β-arrestin/MDM2-mediated IGF-1R ubiquitination was
crucial for receptor degradation and also for IGF-1-mediated ERK activation
and cell cycle progression. Further, Cbl was recognized as a new ligase for
IGF-1R inducing Lys48 poly-ubiquitination of the receptor, whereas MDM2
modified the receptor with Lys63 ubiquitin chain. Cbl-mediated ubiquitina-
tion caused caveolin lipid-raft internalization of the receptor, while MDM2-
mediated ubiquitination caused clathrin dependent internalization.

Moreover, we identified IGF-1R as a novel target for SUMOylation. Lig-
and dependent SUMO-modification of IGF-1R promoted nuclear transloca-
tion of the receptor. Electrophoretic mobility shift assay and chromatin
immunoprecipitation-based cloning studies demonstrated binding of IGF-1R
to DNA and identified DNA binding regions. By cloning the obtained se-
quences upstream of a luciferase reporter, we found an IGF-1R induced en-
hancement of gene transcription. Altogether, Our data suggests that nuclear
sequestered IGF-1R activates transcription by binding to enhancer regions.

In conclusion, this thesis emphasizes the mechanisms by which ubiquiti-
nation of IGF-1R affects signaling and degradation. Furthermore, this thesis
shows the importance of various ligases, orchestrating trafficking of the re-
ceptor. We also describe the novel involvement of IGF-1R SUMOylation in
promoting the translocation of cell surface IGF-1R to the nucleus. Detailed
understanding of how these processes are controlled under physiological and
pathological conditions may be important for future therapeutic approaches.
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Chapter 1

Cancer

Cancer is a common term referring to a large number of diseases character-
ized by uncontrolled growth that progresses toward limitless expansion with
ability to infiltrate and destroy normal body tissue.

1.1 History of cancer

Cancer has a long history and can be dated back to as long as 150 million
years ago based on the finding of tumor in the fossil record of Jurassic di-
nosaur bone. The first documented human cancer hails from ancient Egypt,
in 1500 BC. The origin of the word cancer, however, is credited to the Greek
physician Hippocrates (460-370 BC) who described cancer in detail and used
the term “carsinos”, meaning crab. Later on Celsus, a roman doctor, trans-
lated the greek word carsinos into the Latin word “cancer”. There are spec-
ulations claiming that the form of the cancerous lesions first observed by
Hippocrates recalled the form of a crab and thereby the name “cancer”.

People have wondered about the cause of cancer for centuries. With
the work of Hooke in the 1600s, and then Virchow in the 1800s, came the
understanding that living tissues are composed of cells, and that all cells
arise as direct descendants of other cells. Yet, this understanding raised
more questions about cancer than it answered. One of the most important
early observations was that the incidence of cancer varies between different
populations. Noting the fact that snuff and cigars users, and pitchblende
miners were more prone to cancer, suggested that the origin or causes of
cancer may lie outside the body. These ideas led to a widespread search for
agents that might cause cancer. This view was strongly supported by the
discovery that exposure to X-ray could cause cancer.

The observation that cancer sometimes ran in families, however, suggested
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that cancer is hereditary. Some key discoveries led to the current knowledge
that cancer is a genetic disease harboring from normal cells. The discovery,
in 1910, showing that a submicroscopic agent isolated from a chicken tumor
could induce new tumors in healthy chickens, evoked the idea that a tumor
could be traced back to a single cause. Today, this agent is known as Rous
sarcoma virus – one of several viruses that can act as causative factors in the
development of cancer. Likewise, the discovery by Herman Muller in 1927,
that X-ray-irradiation of fruit flies often resulted in mutant offspring, raised
one of the key questions: Can the two known effects of X-rays – promotion
of cancer and genetic mutation – be related to one another?

Support for this idea came from the work of Bruce Ames and others who
showed in 1975 that compounds known to be potent carcinogens were gen-
erally also potent mutagens. Further, a genetic model, proposed by Alfred
Knudson in 1971, explaining the differences between sporadic retinoblastoma
and familial retinoblastoma influenced the development of a unified view of
the origin and development of cancer. His model states that children with
sporadic retinoblastoma are genetically normal at the moment of conception.
However, experiencing two somatic mutations will lead to the development
of an eye tumor. Children with familial retinoblastoma, on the other hand,
already carry one mutation. In effect, in familial retinoblastoma, each retinal
cell is already primed for tumor development needing only a second muta-
tional event to trigger the cancerous state. The difference in probabilites
between acquiring one or two mutational events at random explains why
children affected by sporadic retinoblastoma have only one tumor in one eye,
while in familial retinoblastoma the affected children usually have multiple
tumor foci growing in both eyes.

An important piece of the puzzle in identifying the origin of cancer cells
came from transplantation studies. One observed that transplanting tissues
between unrelated or distantly related people was not as successful as trans-
planting tissues between identical twins. This phenomenon was explained by
the ability of the immune system to distinguish between self and foreign cells.
This discovery led to the invension of tissue-typing, which made it possible
to distinguish cells from different individuals. The application of this method
on tumor cells revealed that tumors arise from the patient’s own tissues, and
not from cells introduced into the body for example by infection as previ-
ously believed. The next important clue was the discovery of cancer cells
being monoclonal (derived from a single cell) rather than polyclonal (many
individual cells become cancerous). The support for this view came from
studying the inactivated X-chromosome of human females. X-chromosome
inactivation occurs randomly in all cells during female embryonic develop-
ment. Because the inactivation is random, the female is like a mosaic in
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terms of the X chromosome, with different copies of the X turned on or off in
different cells of the body. Once inactivation occurs in a cell, all generations
of cells coming from that cell have the same chromosome inactivated (either
the maternal or the paternal X). The observation that all the cells within a
given tumor invariably have the same X-chromosome inactivated, suggested
that all cells in the tumor must have descended from a single ancestral cell.

1.2 Mutations in cancer

By the mid-1970s, a unified view started to develop the basis of our modern
molecular understanding of cancer. In particular, findings establishing the
relationship of mutagenesity and cancerogenecity led to a straightforward
model: Carcinogens induce mutations in critical genes, and these mutations
cause an abnormal growth which is discovered years later as a tumor. This
model could even explain how cancer is inherited. The next step was finding
the genes involved.

The main difference between normal and cancerous cells are that cancer
cells have lost the restraints on growth that characterize normal cells. They
are genetically unstable and prone to rearrangements, duplications, and dele-
tions that cause their progeny to display unusual traits.

Two categories of genes play major roles in triggering cancer. One cat-
egory, called proto-oncogenes, encourages cell division. The other category,
called tumor-suppressor genes, inhibits it. Together, proto-oncogenes and
tumor-suppressor genes regulate growth that normally ensures that each tis-
sue and organ in the body maintains a size and structure that meets the
body’s needs.

Mutated proto-oncogenes become oncogenes, i.e., genes that stimulate
excessive division. Mutations in tumor-suppressor genes, on the other hand,
eliminate the critical inhibition of cell division that normally prevents exces-
sive growth. Collectively, mutations in these two categories of genes account
for much of the uncontrolled cell division that occurs in human cancers.

In addition to proliferation control regulated by proto-oncogenes and tu-
mor suppressor genes, cells have at least three other mechanisms which con-
tribute to avoiding uncontrolled cell division. The first of these mechanisms
is the DNA repair system, which detects and corrects errors in DNA. Errors
occur either during DNA replication or DNA damage caused by attack of
carcinogens. In most cases, such errors are rapidly corrected by the cell’s
DNA repair system. Should the system fail, however, the error, now a muta-
tion, becomes a permanent feature in that cell and in all of its descendants.
The high efficiency of the normal DNA repair system makes mutations a rare
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event and an inefficient cancer progression process. Mutations in DNA re-
pair genes themselves, however, remarkably decreases a cell’s ability to repair
errors in its DNA. As a result, mutations appear in the cell much more fre-
quently leading to accumulation of mutation needed for cancer progression.

The second system is the ability of cells to undergo programmed cell
death, apoptosis, which occurs when essential components are damaged or
its control system is deregulated. Acquired ability to resist apoptosis is a
hallmark of many types of cancers. Ability to evade apoptosis not only
contributes to the growth of tumors but also makes cancer cells resistant to
the cell suicide inducing effects of radiation and chemotherapy.

The third backup system, known as the Hayflick limit, is limiting the
number of times a cell can divide, thereby ensuring that cells do not reproduce
endlessly. The cell is then referred to as senescent. Senescent cells deteriorate
and die, which also leads to the aging process. This system is governed by
telomers – DNA segments at the ends of chromosomes – which become shorter
each time a chromosome replicates and eventually can no longer protect the
chromosomes. This leads to DNA damage which inevitably causes cell death.
Cancer cells, on the other hand, are “immortal” due to the activity of an
enzyme called telomerase, which rebuilds the telomers, allowing division to
continue indefinitely.

1.3 Cancer is a multistep process

Taken all the above mentioned discoveries together, one could summarize that
cancer is a disease in which a single normal body cell undergoes a genetic
transformation into a cancer cell. This cell and its descendants divide across
many years, producing the population of cells that we recognize as a tumor.
Tumors produce the symptoms that the patient experiences as cancer.

This picture, although accurate in its essence, dose not represent a com-
plete description of the events involved in tumor formation. Cancer is, in
essence, a genetic disease. However, there are two key differences between
cancer and most other genetic diseases. First, cancer could also occur due
to somatic mutations, whereas all other genetic diseases of mammals (ex-
cluding those involving mitochondrial genes) are caused solely by germ-line
mutations. Second, each individual cancer arises, not from a single mutation,
but from the accumulation of several mutations, each of which are impor-
tant for one of the attributes needed for cancer cells. Cancer cells exhibit a
wide range of important differences from normal cells. As suggested by R.
Wineberg [81] cancer cell formation depends on six essential alterations that
collectively dictate malignant growth:
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1. self-sufficiency in growth signals,

2. insensitivity to growth-inhibitory signals,

3. evasion of apoptosis,

4. limitless replicative potential,

5. sustained angiogenesis, and

6. tissue invasion and metastasis.

Insights into these six hallmarks of cancer has provided a better understand-
ing of the details in cancer cell biology. The main focus of this thesis is
the first mentioned feature – self-sufficiency in growth signals – and will be
discussed in further detail in the coming chapters.
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Chapter 2

Cell signaling

2.1 General principles of cell signaling

Cell signaling is part of a complex system of communication that governs ba-
sic cellular activities and coordinates cell actions. Mechanisms which make
one cell influence the behavior of another cells has existed even in unicellu-
lar organisms. Although these organisms live an independent life, they have
the ability to communicate with each other. For example, when an indi-
vidual of the budding yeast Saccharomyces cerevisiae is ready to mate, it
secretes a peptide (mating factor) into its environment. The mating factor
binds and signals to the cells of opposite mating type to stop proliferating
and start conjugating, which is the first step in the mating process [131].
Further, in the human gastrointestinal tract, bacteria exchange signals with
each other and with human epithelial and immune system cells [30]. How-
ever, the cell signaling in higher animals have become much more complex,
involving hundreds of kinds of signaling molecules including proteins, small
peptides, amino acids, nucleotides, steroids, fatty acid derivates, and even
dissolved gases such as nitric oxide and carbon monoxide. Whereas most of
these signals (ligands) are secreted from the signaling cell, others are release
by diffusion through the plasma membrane (e.g. signaling via gap junctions),
while some remain tightly bound to the cell surface of the signaling cell and
only influence cells that come in direct contact with it (e.g. signaling during
development and immune responses). Regardless of the nature of the ligand,
a complementary set of receptor proteins on the target cell, bind specifically
to the ligand and get activated so as to generate a cascade of intracellular
signals that alter the behavior of the cell.
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2.2 Overview of receptors involved

in signal transduction

Upon activation, cell surface receptors initiate a response referred to as signal
transduction. These receptors are divided into four general classes:

Enzyme-linked receptors, when activated, either function as an enzyme
or are associates with enzymes. The majority of receptors in this class
are receptor tyrosine kinases (RTKs), which are the most clearly un-
derstood form of receptor involved in cancerogenesis and of the main
interest of this thesis. Receptors with intrinsic tyrosine kinase activity
are capable of autophosphorylation as well as phosphorylation of other
substrates. For detailed discussion about RTKs see section 3. Tyrosine
phosphatases (e.g. CD45 (cluster determinant-45) protein of T cells
and macrophages), guanylate cyclases (e.g. natriuretic peptide recep-
tors) and serine/threonine kinases (e.g. activin and TGF-β receptors)
are other members of this receptor category.

G-protein coupled receptors (GPCRs) are receptors that are associ-
ated intracellularly to GTP-binding and hydrolyzing proteins (termed
G-proteins). GPCRs all have a structure that is characterized by 7
transmembrane-spanning domains and are therefore termed serpentine
or 7TM receptors. Examples of this class are the adrenergic recep-
tors, odorant receptors, and certain hormone receptors (e.g. glucagon,
angiotensin, vasopressin and bradykinin).

Intracellular hormone receptors are found intracellularly, which upon
ligand binding migrate to the nucleus where the ligand-receptor com-
plex directly affects gene transcription.

Integrins are a specialized class of cell surface receptors whose extracellu-
lar domains bind to components of the extracellular matrix (ECM) and
the intracellular domains bind to components of the cytoskeleton. They
are a large family of α and β heterodimeric transmembrane cell surface
receptors. In mamals, 19 α and 8 β subunit genes encode polypeptides
that combine to form 25 different receptors with specificity for differ-
ent ECM components. In addition to performing a structural role,
integrins are also important sites of signal initiation and modulation
and play a signaling role during tumor angiogenesis. Integrins and
RTKs form a cooperative signaling network to regulate various biolog-
ical processes [100, 152, 153]. For instance, integrin adhesion promotes
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activation of several RTKs, including the epidermal growth factor re-
ceptor (EGFR). Conversely, RTKs affect cell adhesion, spreading, and
migration by regulating integrin localization and activation. Evidence
provided by Wang et al., 1998 [222] shows that in a human tumorigenic
mammary epithelial cell line that expresses high levels of EGFR and
β1 integrin, downregulation of either β1 integrin or EGFR results in
downregulation of both. This downregulation leads to a reversion of
the transformed phenotype, suggesting that the integrin-RTK interac-
tion is required for maintaining a transformed state and that integrins
may function to amplify oncogenic signaling from RTKs. Further, the
work of Giancotti and Tarone suggests that integrin-specific signals im-
part a stringent control to the action of RTKs, determining whether
cells proliferate or undergo growth arrest, migrate or remain station-
ary, live or undergo apoptosis when adhering to a specific matrix [66].
In accordance with this hypothesis, studies on signaling molecules that
function downstream of integrins and RTKs, such as focal adhesion
kinase (FAK), Src, Shc, and ILK, have documented a general role for
joint integrin-RTK signaling [117, 210, 98].

2.3 Receptor-mediated endocytosis

Receptor-mediated endocytosis is the most understood form of endocytosis.
It selectively internalizes specific ligands together with their receptors. It in-
volves constitutive formation of small vesicles, which is usually preceded by
the formation of clathrin-coated vesicles (CCVs). In addition, there exists an-
other type of internalization which is clathrin independent, raft-dependent
endocytosis [173]. After internalization, the receptors are either detached
from their ligand and recycled back to the cell surface or are transferred
to their destruction and degradation. While some receptors (e.g. Transfer-
rin) are constitutively internalized, others (e.g. RTKs and GPCRs) undergo
ligand-dependent internalization.

2.3.1 Clathrin-dependent receptor endocytosis

Once ligands bind to their receptors, the receptors move within the plasma
membrane and become concentrated in small depressions called clathrin-
coated pits. Clathrin-coated pits are formed when many clathrin protein
molecules interact with each other to form a convex, basket like structure
(the so called polyhedral lattice) on the inside of the plasma membrane
that molds the membrane into a pit. The coated pits then progressively
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invaginate, or form inward, to form clathrin-coated vesicles that pinch off
the plasma membrane into the cytoplasm after which the clathrin coat is
removed. The uncoated vesicle, still carrying receptor proteins and their
bound cargo molecules, fuses with another membranous organelle called en-
dosome. Endosomes function as sorting stations. Although it remains dis-
puted whether trafficking from the early endosome to the next compartment
in the endocytic pathway involves vesicular transport or maturation, the
cargo proteins proceed into a compartment referred to as either the late en-
dosome or the multi-vesicular body (MVB). This compartment is character-
ized by different protein composition, low luminal pH, and multiple internal
vesicles. Receptors brought into the cell by receptor-mediated endocytosis
have one of two fates after unloading their cargo and leaving the endosome:
(1) The ligand is disassociated from the receptor due to low pH environment
of MVB and the receptor is recycled back to the plasma membrane; or (2)
they can be transported to the lysosome where they are degraded (Figure
2.1A).

2.3.2 Raft-dependent endocytosis

A less defined endocytic pathway is raft dependent endocytosis. Lipid rafts
are low-density, detergent-resistant microdomains of plasma membrane that
are enriched in cholesterol and glycosphingolipids. Nearly all molecules that
are known to be internalized independently of clathrin are found in biochem-
ically defined lipid rafts, but archetypical substrates for uptake by clathrin-
coated pits, such as the low-density lipoprotein (LDL) and transferrin re-
ceptors, are not [165]. Caveolae, a subclass of rafts, are characterized by
flask-like invaginations of the plasma membrane that are distinguished from
bulk lipid rafts by the presence of caveolin-1. Rafts-caveolae are known to be
abundant in various signaling molecules, such as cell surface receptors and
intracellular signaling molecules. Further, these microdomains have been in-
volved in many cellular functions, including the regulation of apoptosis and
cell proliferation [62]. RTKs have been shown to interact with rafts/caveolae,
and after the activation of RTKs some intracellular signaling molecules are
redistributed to rafts/caveolae [225, 26]. Moreover, this redistribution plays
an important role in the regulation of receptor-mediated cellular function,
and accordingly, the disruption of rafts/caveolae results in the impairment
of signaling events and receptor function. Therefore, it has been proposed
that rafts/caveolae serve as molecular platforms that spatially organize ap-
propriate molecules for specific signaling pathways [242] (Figure 2.1).
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Figure 2.1: Clathrin- and caveolin/raft-internalization. A. This car-
toon summarizes the process of clathrin- and caveolin/raft-dependent endo-
cytosis. B. During the passage through the endosomal compartments, RTKs
become increasingly concentrated in the internal membranes of MVBs. These
internal structures might represent isolated vesicles or deep invaginations of
the limiting endosomal membrane. Receptors that are incorporated into
vesicles are not accessible for interactions with adapter proteins and cannot
phosphorylate cytoplasmic signaling proteins. So, sequestration of active re-
ceptors inside MVBs might terminate RTK signaling before their degradation
in lysosomes.
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2.3.3 Endocytosis more than signaling
attenuation mechanism

Endocytosis of RTKs has long been recognized as a means to terminate sig-
naling by clearing activated receptors from the plasma membrane and routing
them through the endosomal system and on to lysosomes for degradation.
In this way the cell can safely and quickly abrogate mitogenic signals that
would otherwise prove hyperproliferative and ultimately deleterious. How-
ever, it has become clear that the output of a signaling process depends not
only on activation of a particular set of signaling molecules but also on where
and for how long the signal is emitted. Endosomes appear to be ideally suited
for such regulation. Intriguing studies suggest that receptor trafficking plays
an important role in regulation of receptor signaling, going beyond its con-
ventional role in cargo degradation [9]. The predominant view that signaling
occurs only at the plasma membrane was challenged by Bergeron [8], Posner
[9], and colleagues, who observed that shortly after ligand addition the ma-
jority of activated EGFRs were found not on the plasma membrane but on
early endosomes [46].

In many cell types the rate of the internalization upon ligand stimulation
is significantly higher than the rate of degradation, which results in pro-
longed presence of signaling receptors in early endosomes. Furthermore, it
was found that EGF, the main ligand for EGFR, does not significantly disas-
sociate at endosomal pH [204, 203, 243]. Consequently, a substantial amount
of ligand-bound receptors remain in endosomes. Interestingly, the same re-
ceptor may vary in its ability to release different ligands in endosomes. For
example, binding of transforming growth factor-α (TGF-α) to the EGFR is
more pH sensitive than is EGF. Consequently, TGF-α is disassociated from
the receptor in the endosomes favoring recycling of the internalized recep-
tor [59], while EGF favors receptor sorting to the lysosomes. Finally, the
opportunity for RTKs to signal during endocytosis is also determined by
the rate of their sorting to the internal membrane of multi vesicular bod-
ies (MVBs) (Figure 2.2). Whereas receptors that are associated with the
outer membrane of MVBs are accessible for functional interaction with cy-
toplasmic proteins, sequestration inside MVBs makes receptors inaccessible
to the signal-transduction machinery present in the cytplasm, and therefore
terminates signaling [61, 134] (Figure 2.1B).

One question that arises from these observations is why endosomes should
be involved in the propagation of signal from cell membrane throughout the
cytoplasm. One obvious role for endocytosis in signaling is to control the
magnitude of the response as the duration of signaling is an important pa-
rameter determining the biological outcome. Another reason could be that
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Blume-Jensen and Hunter 2001

Figure 2.2: Human receptor protein-tyrosine kinases. The prototypic
receptor for each family is indicated above the receptor, and the known mem-
bers are listed below. Abbreviations of the prototypic receptors: EGFR,
epidermal growth factor receptor; InsR, insulin receptor; PDGFR, platelet-
derived growth factor receptor; VEGFR; vascular endothelial growth fac-
tor receptor; FGFR, fibroblast growth factor receptor; KLG/CCK, colon
carcinoma kinase; NGFR, nerve growth factor receptor; HGFR, hepatocyte
growth factor receptor, EphR, ephrin receptor; Axl, a Tyro3 PTK; TIE, ty-
rosine kinase receptor in endothelial cells; RYK, receptor related to tyrosine
kinases; DDR, discoidin domain receptor; Ret, rearranged during transfec-
tion; ROS, RPTK expressed in some epithelial cell types; LTK, leukocyte
tyrosine kinase; ROR, receptor orphan; MuSK, muscle-specific kinase; LMR,
Lemur. Other abbreviations: AB, acidic box; CadhD, cadherin-like domain;
CRD, cysteine-rich domain; DiscD, discoidin-like domain; EGFD, epider-
mal growth factor-like domain; FNIII, fibronectin type III-like domain; IgD,
immunoglobulin-like domain; KrinD, kringle-like domain; LRD, leucine-rich
domain. In bold and italic type are receptors implicated in human malig-
nancies. An asterisk indicates that the member is devoid of intrinsic kinase
activity.
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the movement of endosomes can direct activated signaling molecules to their
target site [220]. A third speculation is that given the fact that several cyto-
plasmic signaling molecules are shared between different pathways, unwanted
interactions may be avoided by restricting signaling cascades in space. Be-
sides acting as transport carriers over long distances, endosomes may provide
two additional interconnected levels of control: selective targeting of signal-
ing molecules to specific organelles, and their segregation to sub-domains
within a given organelle.

Clearly, the next steps that need to be taken are to understand the mech-
anistic basis of selective endosomal signaling and its biological consequence.
For example, what is the relative contribution of signal duration and specific
substrate assembly? As previously mentioned, receptors can be internalized
via several routes (e.g. clathrin-dependent and caveolin-dependent), and into
different types of endosomes (e.g. EEA1- or Caveolin-positive ones). As we
show in Paper IV, IGF-1R is internalized through both internalization path-
ways. Could we then have specialized endosomal compartments devoted to
signaling?
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Chapter 3

What’s RTK got to do with it?

Receptor tyrosine kinases (RTKs) transmit signals that regulate cell prolifer-
ation and differentiation, promote cell migration and survival, and modulate
cellular metabolism. They play a critical role in a wide range of biological
processes, including embryonic development, growth of an organism, angio-
genesis, synaptic plasticity, and oncogenesis.

3.1 The role of RTKs in cancer

When the sequence of EGFR, the first RTK to be discovered, was recognized
in 1984, it surprised everyone by being closely related to a potent retroviral-
encoded oncoprotein ErbB which was known for rapidly inducing erythro-
leukimia (leukemia of red blood cells). Insights into EGFR function, and
later on function of other RTKs, provided an explanation of one of the long-
lasting question marks in cancer cell biology.

Normal cells had long been known to require stimulating mitogenic growth
signals for their proliferation. Typically, such signaling begins with the pro-
duction of a growth factor (GF), a protein that ultimately stimulates cell
division, by the signaling cells. GFs can be “local mediators” secreted by
neighboring cells affecting the immediate environment (paracrine signaling)
or secreted into the bloodstream affecting the whole organism (endocrine sig-
naling). The released GFs will attach to specific receptor proteins located on
the surfaces of target cells. As mentioned earlier, the receptor conveys a stim-
ulatory signal to proteins in the cytoplasm which emit stimulatory signals to
other proteins in the cell until the division-promoting message reaches the
cell’s nucleus and activates a set of genes that help move the cell through its
growth cycle. In this manner growth factors make individual cells dependant
of each other as members of a community and through this communication,
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which benefits the entire organism rather than the single cell, the tissue archi-
tecture and the warfare of the organism is maintained. However, this depen-
dency on environment in cancer cells is strongly reduced. The explanation of
how this was possible come from the discovery of the ErbB-EGFR connec-
tion. The ErbB oncoprotein lacks sequences of the N-terminal ectodomain
of EGFR responsible for ligand binding. Consequently, ErbB cannot recog-
nize EGF and sends a constant growth signal into the cell persuading the
cell that EGF is present in the surrounding. This was the first discovery ex-
plaining how cancer cells are self-sufficient. Further discoveries revealed that
many proto-oncogens code for proteins involved in growth-promoting path-
ways. Gain-of-function mutations of these proto-oncogens usually mimic the
normal growth signaling causing the proteins involved to be overactive, and
thus the cell proliferates much faster.

In fact, there are four common molecular strategies by which self-sufficien-
cy is maintained, and all these mechanisms are, directly or indirectly, RTK-
signaling dependent:

Ligand independent signaling: The first pathway by which cells become
self-sufficient, as already mentioned, is expression of mutated form of
the growth factor receptor which can convey ligand independent sig-
naling [45]. Truncated version of EGFR, lacking the ectodomain, are
found in a number of human tumor cell types. Further, truncation of
ectodomains of Met receptor (HFG family) and TrkA receptor (Trk
family) and fusion of the remaining portion of the protein with other
proteins prone to dimerization results in an oncoprotein, constitutively
dimerized, which leads to ligand independent signaling.

Autocrine signaling: The second explanation for self-sufficiency came once
again from the connection between a member of the RTK system,
namely PDGF, and an oncoprotein, the PDGF-like sis-encoded onco-
protein. Sis-protein is a product of sis-oncogen synthetized by Simian
sarcoma virus. Infected cells produce sis-protein in large quantities and
they mimic the PDGF by binding and activating PDGFR in the same
cells and thereby provide cells with a constant flux of growth stimu-
latory signals. Here the signaling and targeting cell is the same. The
ability of cancer cells to produce GFs to which they are responsive is
referred to as autocrine signaling and contributes to increased auton-
omy of cancer cells, thus the uncontrolled growth. A variety of human
cancers are known to overexpress growth factors and/or their receptors.
As examples gliobalstomas producing PDGF (platelet-derived growth
factor) and sarcomas producing TGFα (tumor growth factor α) could
be mentioned [2]. Some human cancers, such as certain lung cancers,
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produce as many as three different growth factors – TGFα, stem cell
factor (SCF), and insulin like growth factor (IGF) – and at the same
time expresse the receptors of these ligands establishing three different
autocrine signaling loops.

Mutation of signaling molecule RAS: A third mechanism by which self-
sufficiency is maintained is altering downstream elements in the sig-
naling pathway. The discovery of ErbB and sis-oncoproteins, their
involvement in the RTK signaling and their role in cancerogenecity,
increased the interest in the other oncogens involved in the signaling
machinery, particularly the RAS oncogen. Wt RAS binds to GDP in its
inactive form. RTKs upon activation transduce a guanine nucleotide
exchanger factor (GEF) which helps RAS to shed its GDP and bind
to GTP and thereby become active. RAS has a GTPase activity by
which it hydrolysis GTP to GDP. This controlled on-off system is lost
in oncoprotein-RAS resulting in signal transmission for a long, possibly
indefinite period of time. An example is activation of oncogene-RAS
in bladder carcinoma [65, 4].

Alteration in integrin heterodimers: As mentioned earlier, different in-
tegrin heterodimers affect signaling either positively or negatively. Can-
cer cells can alter integrin heterodimer expression in a way to promote
the ones that favors growth signals [65] and thereby contribute to the
self-sufficiency of cancer cells.

3.2 So similar yet so different

The amino acid sequences of RTKs are highly conserved. The proteins encod-
ing RTKs contain four major domains: extracellular ligand binding domain,
transmembrane domain, intracellular tyrosine kinase domain, and intracel-
lular regulatory domain. RTK proteins are classified into families based on
structural features in their extracellular portions which include the cysteine
rich domains, immunoglobulin-like domains, leucine-rich domains, Kringle
domains, cadherin domains, fibronectin type III repeats, discoidin I-like do-
mains, acidic domains, and EGF-like domains. Based upon the presence of
these various extracellular domains, the RTKs have been sub-divided into
at least 20 different families (Figure 2.2). In spite of the great similarity
between family members, there is tissue and ligand specificity (see Table 3.1
and Figure 2.2 for details).

Signaling through RTKs is mainly accomplished via mitogenic signaling
pathways. In order to convey their message, RTKs cause tyrosine phospho-
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rylation, whereas other signaling processes involved in the cell are almost
exclusively serine and threonine phosphorylation. Most RTKs consist of sin-
gle polypeptides, and they dimerize in response to ligand binding. The two
exceptions are the insulin receptor (IR) and insulin-like growth factor 1 recep-
tor (IGF-1R) that exist as a tetramer in the absence of its ligand. After the
ligand has bound to and activated its receptor, the tyrosine kinase activity
of the cystolic domain of the RTKs are activated. Each kinase phospho-
rylates specific tyrosine residues in the cytosolic domain of its dimer part-
ner, a process termed trans-autophosphorylation. The receptor kinase then
phosphorylates other tyrosine residues outside the catalytic domain, creating
phosphotyrosine residues that serve as docking ports for additional proteins
that transmit intracellular signals downstream of the activated receptors. Es-
sential for most RTK-mediated signaling is the engagement and activation
of MAPK- (mitogen-activated protein kinase) , PI3K- (Phosphatidylinositol-
3’-kinase), JNK- (Jun N-terminal Kinase), PLC-γ- (phospholipase C-γ), and
JAK/STAT- (Janus kinase/signal transducers and activators of transcrip-
tion) pathways in a phosphotyrosine-dependent manner. Together, these
factors contribute to the diversity of biological responses generated by RTK
signaling. Different RTKs stimulate similar collections of intracellular signal-
ing pathways. Given this similarity of structure and response, an important
question about the role of RTKs is why, upon activation of a particular RTK,
a particular fate is chosen [211]. The two proposed models are described be-
low.

1. The first model suggests that RTKs generally send signals in the same
way, but cells interpret these signals differently. For example, different
cell types could exhibit distinct responses to RTK activation because
they contain different sets of transcription factors waiting to interpret
the RTK signal. Support for this model comes from studies show-
ing that the expression of a constitutively activated RAS protein can
compensate for the absence of RTK function in many developmental
settings [211]. In addition, other studies have shown that misexpression
of Homeobox-containing transcription factors can alter the outcome of
RTK signals [111, 14, 139]. Together these studies suggest that a major
role for RTKs during cell fate decisions is to provide a go-signal that
stimulates the receiving cells to execute the next stage of their devel-
opment. However, this model does not easily explain how multipotent
stem cells differentially respond to different RTK-binding growth fac-
tors, a common theme in mammalian systems.

2. The second model postulates that there are intrinsic differences in the
intracellular signaling pathways activated by various RTKs. These dif-
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ferences could either be quantitative (strength or duration of the signal)
or qualitative (a different combination of intracellular pathways being
activated). Several studies have supported the idea that either quanti-
tative or qualitative differences between RTK signaling pathways can
specify the nature of the cellular response to RTK activation. For ex-
ample, studies of PC12 cells have shown that NGF, which generates
a long-lasting activation of MAPK, induces neuronal differentiation in
these cells, while EGF, which induces a much shorter MAPK activa-
tion, induces proliferation [140]. Consistent with this idea, experimen-
tal manipulations that lengthen the response to EGF can cause EGF
signaling to induce neuronal differentiation [140].

The reminder of this thesis will be concerned with the receptor tyrosine
kinase IGF-1R and will focus on ubiquitin modification of the receptor and
it’s role in signaling, degradation, and internalization of the receptor. In
addition, evidence for SUMOylation of IGF-1R will be provided.
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Chapter 4

The IGF family

The molecular era of the IGF system started in the 1970s with the purification
and amino acid sequencing of the two ligands IGF-1 and IGF-2. During the
past 30 years, the number of members of the IGF system has increased.
The IGF system consists of three ligands which includes the polypeptide
ligands insulin, IGF-1, and IGF-2, three types of cell membrane receptors
IGF-1R, IGF-2R, and insulin receptor, and six binding proteins, IGFBP-1-6.
In addition, a large group of IGFBP proteases may also be regarded as part
of the IGF family. They hydrolyze IGFBPs resulting in the release of bound
IGFs which then resume their ability to interact with IGF-1R.

Insulin is generally regarded as being mainly involved in metabolic home-
ostasis, whereas the IGFs are regulators of cellular proliferation. Therefore,
I will focus on IGFs rather than insulin. Nevertheless, one should mention
that the involvement of insulin and insulin receptor in cancer is an area of
extensive research.

4.1 Insulin like Growth Factors

IGFs are potent mitogens for many different cell types and play a central role
in growth and development. In addition to their function in general growth,
locally produced IGFs have important roles in tissue regulation and wound
healing. All these processes involve mitogenic stimulation and cell division
and need to be controlled accurately. The elevated concentration of IGFs is
correlated with cancer.
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4.1.1 IGF-1 peptide

IGF-1 is both a systematic growth factor, produced primarily by liver, and a
local growth factor. The mature IGF-1 protein has 70 amino acids, its gene
spans 9 kb and contains two promoters and six exons [236]. Although IGF-
1 transcripts are not exclusively tissue-restricted, those initiated at Exon 2
(class 2) are predominate in the liver, and are highly growth hormone respon-
sive and as such are major endocrine effectors of growth hormone (GH) [234].
By contrast, transcripts initiating at Exon 1 (class 1) are widely expressed
in all tissues, and are less affected by circulating growth hormone levels, pre-
sumably performing autocrine or paracrine functions. The significance of the
proteins encoded by these different transcripts is widely debated, and until
recently, little attention has been paid to their potential functional diversity.

The IGF-1 mRNA level increases in embryos between the eight-cells and
blactocyte stages and decreases during the later stages of embryogenesis.
During this time the IGF-1 transcription is occurring in many different cell
types and tissues, liver not being the main producer, and the mode of action
of IGF-1 is regarded as autocrine/paracrine. However, hepatocytic IGF-1
mRNA levels increases markedly during birth and the liver becomes the main
producer of endocrine IGF-1. At the peak of postnatal growth the levels of
circulating IGF-1 reaches its maximum, and declines with age. In humans, a
second peak is observed at the so called growth spurt during puberty. Serum
levels of IGF-1 in humans are relatively low in the fetal stage, ranging from
20ng/mL in week 30 to over 100ng/mL at full term pregnancy. In adults,
concentration of IGF-1 in serum ranges between 100 and 200 ng/mL.

Functionally, IGF-1 not only stimulates cell proliferation but also inhibits
apoptosis. It has now been recognized that the combination of these mito-
genic and antiapoptotic effects has a profound impact on tumor growth [35].
High serum concentrations of IGF-1 are associated with an increased risk of
many cancers such as breast [178], prostate [83], colorectal [137], and lung
cancer [240].

IGF-1 exerts its mitogenic action by increasing DNA synthesis and by
stimulating the expression of cyclin D1, which accelerates progression of the
cell cycle from G1 to S phase [60, 50]. Further, IGF-1 inhibits apoptosis
by stimulating the expression of Bcl proteins, suppressing the expression of
Bax, which results in an increase of the relative amount of the Bcl/Bax
heterodimer, thereby blocking initiation of the apoptotic pathway [151, 172,
245].
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4.1.2 IGF-2 peptide

IGF-2 is a small single-chain peptide, 67 amino acids in length, and has four
promoter sites, P1-P4, of which promoters P2-P4 are genomically imprinted.
Disruption of imprinting and the resulting increase of gene dosage have been
shown to be implicated in tumor progression in a variety of human tumors.
IGF-2 transcription is initiated from the P1 promoter in adult tissue, whereas
transcription of promoters P3 and P4 is often seen in fetal tissues [245].
Further, increased transcription from P2-P4 promoter sites has been observed
in certain cancers [245, 184, 214, 69, 150, 56, 116].

The concentration of serum IGF-2 is around 100ng/mL at week 30 to
almost 300ng/mL at term. After birth, the level of IGF-2 rises to 700ng/mL.
In adults IGF-2 levels vary between 400 and 600 ng/mL which is higher
than IGF-1 levels (100- to 200 ng/mL). Moreover, IGF-2 levels in serum are
relatively stable after puberty and GH has no or little effect on that. Despite
its presence at higher concentration than IGF-1, IGF-2 is believed to play a
less important role in postnatal growth than does IGF-1. This conclusion is
based on (1) the impact of these IGFs on body growth, (2) their regulation
by GH, and (3) their relative binding affinities to IGF-1R and IGFBPs. The
combination of higher affinity of the IGF-1 to the receptor and lower affinity
to the binding proteins, results in more IGF-1 than IGF-2 interacting with
IGF-1R. Like IGF-1, IGF-2 has mitogenic and antiapoptotic actions and
regulates cell proliferation and differentiation.

4.2 Insulin like Growth Factor binding

proteins (IGFBPs) and IGFBP proteases

The major part of circulating IGFs (∼98%) is bound to one of the six
IGF Binding Proteins (IGFBPs 1-6). Approximately 80% of IGFs binds
to IGFBP-3, which makes this protein the major carrier of IGFs in plasma.
IGFBPs have multiple and complex functions. They are able to inhibit or
to enhance the action of IGFs, resulting in either suppression or stimulation
of cell proliferation [108, 32]. They do so by binding to IGFs with higher
affinity than IGF-1R does; and by doing so block the interaction between
IGFs and IGF-1R causing suppression of IGF action [108, 32]. However,
binding of IGFBPs to IGFs also protects IGFs from degradation, and that
protection can enhance the action of IGFs by increasing their bioavailability
in local tissues [108, 32]. One can say that IGFBPs, by binding to IGFs,
play three major roles:

1. transporting IGFs from circulation to peripheral tissues (e.g. IGFBP-1,
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2, and 4),

2. protecting IGFs from degradation (IGFBP-3), and

3. regulating the interaction between IGFs and IGF-1R (IGFBP-1-6).

Since the actions of IGFs can be either suppressed or enhanced by IGF-
BPs, proteolysis of IGFBPs by IGFBP proteases is an important factor in
determining the regulatory impact of IGFBPs on IGF action. Regulation of
IGFBP proteolysis is complex and remains poorly understood.

4.3 Insulin like Growth Factor Receptors

The biological action of IGFs are mediated by binding to cell surface recep-
tor IGF-1R. As mentioned there are three receptors in IGF system: insulin
receptor, IGF-1R, and IGF-2R. Although there is a certain degree of cross-
interaction between the various ligands and their receptor, most of the effects
of both IGF-1 and IGF-2 on growth and differentiation are elicited by the
ligand-dependent activation of IGF-1R. Both IGF-1R and IGF-2R are glyco-
proteins and are located on the cell membrane. The two receptors, however,
differ completely in structure and function [127, 208].

4.3.1 IGF-2R

IGF-2R is monomeric [208, 167] and does not belong to the tyrosine kinase
family. The IGF-2R is a bifunctional binding protein that beside IGF-2,
binds to proteins containing mannose-6-phosphate (M6P) and therefore is
also called the IGF-2/M6P receptor. The IGF-2 receptor has no signaling
capacity and is believed to play essential roles in (1) the intracellular traf-
ficking of lysosomal enzymes by binding M6P containing ligands in the Golgi
network and delivering them to the prelysosomal compartment [87], (2) acti-
vation of TGFβ [28], and (3) reducing IGF-2’s biological activity by binding,
internalizing, and degrading the ligand [126].

4.3.2 IGF-1R

As mentioned earlier, IGF-1R is a member of the RTK family, and being the
main protein of interest in this thesis, will be discussed in detail in the next
chapter.
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Chapter 5

IGF-1R

5.1 Structure

Abbott et al. [1] determined that the human IGF-1R is a product of a
single gene that spans about 100 kilobases (kb) and contains 21 exons at
the distal end of chromosome 15 (bands q15-26). The 5’ untranslated region
(UTR), the signal peptide, and the N-terminal non-cystine rich domain of
the α-subunit are encoded by exon 1-3. Exons 4-10 encode the rest of the
α-subunit. Exon 11 contains the proteolytic cleavage site (Arg-Lys-Arg-Arg)
that generate mature α- and β-subunit. The β-subunit is encoded by exons
12-21, with exon 14 encoding the transmembrane domain and exons 16-20
encoding the tyrosine kinase (TK) domain [215]. Cooke et al. [33] analyzed
the promoter region and found that the 5’UTR is GC-rich and contains
numerous potential SP1 and AP2 binding sites as well as a thyroid response
element, but no TATA or CCAAT elements.

Unlike many other family members that are activated by dimerization
upon ligand binding, IGF-1R is a heterotetrameric plasma membrane con-
sisting of two identical α-subunits and two identical β-subunits, held together
by disulfide bonds. The α-chains contribute to the formation of the cystine
rich region comprising the ligand binding domain, while the β-chains have
a transmembrane domain, an intracellular tyrosine kinase domain, and C-
terminal domain [215].
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5.2 IGF-1R activation

and signal transduction

Ligand binding to the α-subunit of the receptor triggers autophosphoryla-
tion of the three tyrosine residues, Tyr1131, Tyr1135, Tyr1136 in the activa-
tion loop (a-loop) within the kinase domain of the β-subunit of the receptor
[107, 160]. Tyr1135 is the first tyrosine to be phosphorylated followed by
Tyr1131 and Tyr1136. These three tyrosines are transphosphorylated by
the dimeric subunit partner, causing a major conformational change in the
a-loop resulting in unrestricted access of ATP and substrate to the kinase
active site [54]. Phosphorylation of these three tyrosines increases the intrin-
sic tyrosine kinase activity, which allows phosphorylation of other residues
in the β-subunit and creates high affinity binding sites for signaling proteins.
Other known residues important for the function of IGF-1R are:

1. Tyr950 at the proximal juxtamembrane domain which is the main bind-
ing site of signaling molecules IRS-1-4 (insulin receptor substrate 1-4),
and Shc (Src homology and collagen).

2. Lys1003 which is the ATP binding site. Mutation of the ATP binding
site or the IRS/Sch binding site abolish both proliferation and trans-
formation capacities of IGF-1R [74, 34, 129, 44].

3. Tyr1250, Tyr1251, His1293, and Lys1294 in the C-terminal, although
not essential for signaling and mitogenic responses of IGF-1R, are im-
portant for antiapoptotic functions of IGF-1R [168].

4. Ser1280 and 1283 which are the binding site of 14-3-3 proteins and
important for IGF-1R-mediated anti-apoptotic activity [176]. Figure
5.1 shows a schematic picture of IGF-1R.

In the prelapsarian days of signal transduction, pathways were linear and
simple. However, the more we learn about these pathways the more complex
they get. Their paths cross at multiple levels, each enhancing activation of
the other. Here, by simplifying, I try to reduce the complexity to a man-
ageable size, but it is important to keep in mind that there is extensive
interaction between discussed pathways. The interaction points are critical
nodes, important for IGF-1R function.

5.2.1 PI3K pathway

One such node is IRS proteins (IRS-1-4) which are recruited to the phos-
phorylated Tyr950 of the IGF-1R in a matter of minutes. IRSs have the
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capacity to bind many adapter proteins such as Grb2, Nck, the p85 regula-
tory subunit of PI3 kinase, the tyrosine phosphates SH-PTP2, the Src-like
kinase Fyn, and Ca2+-ATPase SERCA1-2 (for review see [23]). The PI3 ki-
nase, the p85/p110 heterodimer, is activated by tyrosine phosphorylation on
the p85 regulatory subunit. The binding of p85 to IGF-1R, either directly
or indirectly through IRS, links the IGF-1R to PI3 kinase pathway, which
leads to cellular processes such as mitosis, differentiation, and antiapopto-
sis. Activated PI3 kinase induces production of second messengers, PIP2
and PIP3 (phosphatidylinositol 3,4,5-trisphosphate 1 and 2), that activates
kinases PDK1 and 2 (3-phosphoinositide-dependent protein kinase-1 and 2),
which in turn activates Akt by phosphorylating it at Thr308 and Ser473. Akt
is the second important node in this pathway, also known as PKB (protein
kinase B) or RAC-PK (A and C protein kinases). Akt is a serine/threonine
kinase which in turn phosphorylates and inhibits several proapoptotic pro-
teins such as the proapoptotic member of Bcl-2 family BAD, caspace 9,
survival transcription factor CREB (Cyclic AMP Response Element Binding
Factor), proapoptotic protein GSK-3β (glycogen synthase kinas-2), as well as
members of the FKHR (Forkhead-related transcription factor) family [218].

Bcl-2 family proteins may be either pro-apoptotic (e.g. BAD) or anti-
apoptotic (e.g. Bcl-X). BAD is known to be a heterodimeric partner for
both Bcl-X and Bcl-2, neutralizing their protective effect and promoting cell
death. By phosphorylating BAD on Ser136, Akt makes it dissociate from
the Bcl-2/Bcl-X complex, after which BAD is sequestered into the cytosol,
is bound to 14-3-3, and loses the pro-apoptotic function (see Figure 5.2).

Phosphorylation of FKHR1 by Akt leads to binding of 14-3-3 which re-
stricts nuclear localization of FKHR1. [161, 21]. This impedes transcrip-
tional activation of specific Forkhead target genes, such as Fas ligand (FasL),
an inducer of apoptosis [22], p27KIP, an inhibitor of cell cycle progression
[31], and insulin-like growth factor binding protein-1 (IGFBP-1), a presumed
inhibitor of IGF-1 [115, 75].

Akt could also activate NF-κB via regulating IκB kinase (IκK), thus
result in transcription of pro-survival genes.

Akt can also stimulate mTOR, a serine/threonine protein kinase, to phos-
phorylate kinase p70S6K which in turn can stimulate the initiation of protein
synthesis through activation of S6 Ribosomal protein and other components
of the translational machinery [177]. Another substrate for mTOR is 4E-BP1
(binding protein 1). Non-phosphorylated 4E-BP1 binds tightly to the trans-
lation initiation factor eIF4E (eukaryotic initiation factor 4E), preventing
it from binding to 5’-capped mRNAs and recruiting them to the ribosomal
initiation complex [174]. Upon phosphorylation by mTOR, 4E-BP1 releases
eIF4E allowing it to perform its function, which is increasing translation of,
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amongst others, Cyclin D1 [18].

Another target of Akt is MDM2 which gets phosphorylated at Ser166 and
Ser186, leading to the translocation of MDM2 from the cytoplasm to the cell
nucleus where MDM2 decreases p53 levels [246, 143]. Schematic cascade is
shown in Figure 5.2.

5.2.2 MAPK pathway

Following stimulation with IGFs, Shc is recruited to phosphorylated ty-
rosine residue Tyr950, and transduces differentiation signals through the
Grb2/RAS/ RAF/MAPK pathway. Since IRS-1 binds to the same phos-
phorylated residue and leads to proliferative phenotype, it is possible that
commitment to proliferation or differentiation depends on competition be-
tween these two adapter proteins for access to this binding site on the IGF-
1R. Another interaction between these two major signaling pathways is Grb2
which, as mentioned above, can also directly bind to IRS-1.

Grb2 has one SH2 (Src homology 2) domain and two SH3 domains. The
two SH3 domains bind to the proline-rich regions of the guanine nucleotide
releasing factor SOS (son of sevenless) protein. The Grb2-SOS complex pre-
exists in the cytoplasm of resting cells. Recruitment of Grb2 from the cytosol,
where it is already bound to SOS, brings SOS in close proximity to RAS at
the plasma membrane. RAS, a small GTPase in the GDP-bound inactive
state in quiescent cells, then undergoes nucleotide exchange of GDP for GTP,
which facilitates binding of the serine/threonine protein kinase Raf-1 (also
known as c-Raf) and its subsequent activation. This initiates a cascade of ki-
nase activation: activated Raf-1 phosphorylates and activates MEK1/MEK2,
which in turn phosphorylate and stimulate the MAP kinases ERK1/ERK2.
Activated ERKs translocate to the nucleus and phosphorylate transcription
factors such as Elk-1, STAT1, STAT3, and Myc, activating gene expression
(Figure 5.3).

By modifying the expression of its target genes, Myc activation results in
numerous biological effects. The first to be discovered was its capability to
drive cell proliferation (upregulates cyclins, downregulates p21), but it also
plays a very important role in regulating cell growth (upregulates ribosomal
RNA and proteins), apoptosis (upregulates Bcl-2), differentiation, and stem
cell self-renewal. Myc is a very strong proto-oncogene and it is very often
found to be upregulated in many types of cancers.
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5.2.3 14-3-3 pathway

14-3-3 proteins are a family of conserved regulatory molecules expressed in
all eukaryotic cells. 14-3-3 have the ability to bind a multitude of functionally
diverse signaling proteins, including kinases, phosphatases, and transmem-
brane receptors. More than 100 signaling proteins have been reported as
14-3-3 ligands.

The name 14-3-3 refers to the characteristic migration pattern of these
proteins on electrophoretic gels. In the IGF-1R context beside the two major
signaling pathways, PI3K/Akt and the MAPK/ERK signaling pathways, a
third one that results in the mitochondrial translocation of Raf-1 upon IGFs
stimulation is referred to as the 14-3-3 pathway. 14-3-3 can either be activated
directly through binding to IGF-1R and depends on the integrity of a Ser1272
and Ser1283 in the C terminus of the receptor [36], or indirectly through IRS-
1 [49]. Upon activation, 14-3-3 associates and inhibits proapoptotic proteins
such as BAD and ASK1 (signal regulating kinase-1) prohibiting apoptosis.

Notably, all these three pathways result in BAD phosphorylation. The
presence of multiple antiapoptotic pathways may explain the remarkable ef-
ficacy of the IGF-1R in protecting cells from apoptosis.

5.2.4 JNK pathway

JNKs (N-terminal kinases) belong to a family of stress-activated protein ki-
nases (SAPKs). The role of the SAPKs, in particular JNK, in IGF-1R sig-
naling and also in tumorigenesis has been controversial. JNK is activated
in response to different stress stimuli, and signaling effects of JNK seems
to depend on whether it is transiently or persistently activated [186]. The
transient activation, prevents apoptosis whereas the persistant activation is
pro-apoptotic in a caspase-dependent manner [186]. JNK is transiently acti-
vated by IGF-1 in tumor cell lines [155], and inhibition of JNK activity can
suppress IGF-1-mediated antiapoptotic activity.

5.2.5 Other interesting molecules in IGF-1R signaling

Grb10 binds to IGF-1R and many other RTKs (e.g. IR, c-Kit, VEGF).
Whereas this interaction is a positive mediator of IR, VEGF, and c-Kit sig-
naling through the PI3K pathway, Grb10 interaction acts as a negative mod-
ulator of IGF-1R mitogenic function (will be discussed in further detail).

RACK1 is a scaffolding protein that plays an important role in the regu-
lation of IGF-1R and other tyrosine kinase signaling in tumor cells. RACK1
has been found to be upregulated in angiogenesis and several human carci-
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nomas [141]. RACK1 can interact with many proteins that regulate IGF-1R
signaling such as PKCs (protein kinase C), Src, p85, and PTP (protein ty-
rosine phosphatases). Further, RACK1 directly binds to IGF-1R and to
integrin β, and modulates IGF-1R and integrin signaling [144].

One should not forget the involvement of protein tyrosine phosphatases
(PTPs) in IGF-1R signal transduction pathways. The serine/threonine phos-
phatases such as PP2A (Protein phosphates 2A), and the inositol phos-
phatases, in particular PTEN (Phosphates and Tensin homologue deleted
on chromosome 10), have also been shown to have essential functions in the
attenuation of IGF-1R signaling.

5.3 The Role of IGF-1R in Cancer

The importance of IGF-1R in normal mammalian development is clear from
studies in mice lacking functional receptors. IGF-1R null mice are 45% of
the size of wild-type (wt) littermates at birth, and die shortly due to se-
vere organ hypoplasia [133]. Mouse embryonic fibroblasts cultured from
IGF-1R null mice (R- cells) grow more slowly than wild-type fibroblasts,
and are unable to proliferate under anchorage-independent conditions [193].
Anchorage-independence in vitro is indicative of transformation potential
and tumorigenicity in vivo. Further, it has been known for some time that
R- cells are refractory to transformation by many oncogenes, including SV40
large T and activated RAS [194, 193, 13]. There is abundant data showing
that IGF-1R regulates cancer cell proliferation, survival, and metastasis in
the transformed cell. Recent studies indicate that the requirement of the
IGF-1R for transformation is related to its ability to tyrosine phosphorylate
IRS-1 [41].

IGF-1R has been implicated in the initiation and development of many
different human cancers [148]. For example ovarian carcinoma [185], rhab-
domyosarcoma [195], glial tumors [63, 145], adenocarcinoma of the colon [58],
pancreatic cancer [149], and progression of colorectal adenoma to carcinoma
[79] are associated with increased expression of IGF-1R. There are indica-
tions pointing to IGF-1R as a promising drug target because many tumor
cells undergo apoptosis when the IGF-1R is downregulated [12]. Use of a
dominant negative mutant receptor in tumors, to inhibit IGF-1R signaling,
has been shown to cause massive apoptosis [39]. Further, there are studies
showing inhibition of IGF-1 by blocking the action of the ligand by using
antibodies against IGF-1R will inhibit cell growth of breast cancer cell lines
and Wilms’ tumor cells [7, 64]. Furthermore, reduction in IGF-1R levels us-
ing antisense technologies inhibit tumor growth [196, 162]. All these findings
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suggest the importance of IGF-1R in tumor formation and progression.
Although a large body of information has been obtained over the past

decade, the mechanism by which IGF-1R mediates tumor formation and
growth remains uncertain. Two of the most important aspects of IGF-1R
involvement in cancer are, firstly, its overexpression, and secondly, how the
receptor regulates its downstream signaling. One common example is loss of
function of the tumor-suppresser gene PTEN which encodes a phosphatase
that normally attenuates IGF-1R signals (see Figure 5.2).

Phosphorylation is considered to be the primary mechanism in the regu-
lation of IGF-1R signaling. However, we and others have shown involvement
of another post-translational modification, namely ubiquitination, of IGF-
1R. The mechanisms by which ubiquitination affects the function of IGF-1R
are still poorly understood. The involvement of oncoproteins such as MDM2,
Nedd4, and c-Cbl in the ubiquitination of IGF-1R suggests the importance
of IGF-1R ubiquitination for understanding the role of the receptor in cancer
development.
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Chapter 6

Ubiquitin system,
general introduction

Cells must be able to respond to rapid changes in both their internal and ex-
ternal environments. A particularly sensitive, rapid, and reversible response
is the post-translational modification of specific proteins. Small-molecule
modifications, such as phosphorylation, methylation, and acetylation are
well-characterized examples of post-translational events that modulate pro-
tein function, but there is also a class of larger modifications where the mod-
ifier itself is a small polypeptide [93]. The best-known example of this type
of modification is ubiquitination. Ubiquitination was first discovered in 1987
and has since been extensively studied [20, 89]. Even though ubiquitination
was discovered as a degradation tool which increases protein turn over in a
controlled, ATP-dependent manner, we know today that ubiquitin modifi-
cations has many other functions such as cell cycle regulation, endocytosis,
viral budding, transcriptional regulation, DNA repair, and the list is growing
[88, 92].

Over the past 20 years, modification by multiple polypeptides distinct
from, but related to, ubiquitin (Ub) has been discovered. This group of
proteins are collectively called ubiquitin-like modifiers (Ubls). Among Ubls
SUMO (small ubiquitin modifier) is the most well characterized. However,
unlike ubiquitin which targets proteins for degradation the known func-
tions of SUMO-modification are nuclear transport, transcriptional regulation,
apoptosis, and protein stability.
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6.1 Ubiquitin and SUMO

Ubiquitin is a highly conserved, 76 amino acids long protein, and is present
universally in eukaryotic cells. It is found throughout the cell, thus, giving
rise to its name. Ub is transcribed as a precursor protein which is later cleaved
by ubiquitin C-terminal hydrolyzes (UCHs) into single Ub moieties. There
are several Ub genes available, which together with the recycling mechanism
of conjugated Ubs, ensure high levels of ubiquitin that are required for the
ubiquitination system function. Ub is a remarkably stable protein due to
its compact structure and abundant hydrogen bonds, and is resistant to
extremes of pH and temperature. The majority of ubiquitin is present in
conjugated form while only a small fraction is free. However, these pools (free
and conjugated Ub) are not static and ubiquitin cycles dynamically between
these pools mediated by ubiquitination and deubiquitination enzymes [78,
84]. The conjugated Ub pool is not homogenous and includes mono-, multi-
and several poly-ubiquitination forms.

Ubiquitin-like modifiers (Ubls) are proteins that, despite low sequence
similarity with Ub, have almost identical tertiary structure: 5 β-strands
wrapped around an α-helix [191] (Figure 6.1). To date, there are about 15
known Ubls that have been shown to couple to other target protein molecules
[192]. Ubl conjugation resembles Ub conjugation and each Ubl modification
has distinct cellular functions. Among the most frequent and best studied
Ubls is SUMO that is a family of small proteins which are around 100 amino
acids in length and 12 kDa in mass.

There are at least four SUMO isoforms in mammalian cells, namely
SUMO-1, 2, 3, and the most recently identified SUMO-4 [19, 42]. SUMO-
1 shows 47% similarity at the protein level with SUMO-2 and 3, whereas
SUMO-2 and 3 are 95% identical [15]. SUMO-4 shows 87% similarity with
SUMO-2 and 3, and there are indications that it is involved in diabetes type
1 and 2. Within a few months different groups independently identified the
first three members of the SUMO family. Consequently, SUMO-1 is known
under many names, for example PIC1, Ubl1, sentrin, GMP1, Smt3c, and
hSmt3, whereas its relatives SUMO-2 and SUMO-3 are also referred to as
sentrin2 and sentrin3, or Smt3a and Smt3b. SUMO-1 exists mainly in con-
jugated form, whereas the SUMO-2 and SUMO-3 isoforms are primarily free
proteins that are subject to rapid conjugation after cellular stress. This in-
dicates that the different SUMO isoforms might perform distinct functions.
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Garce Gill. Genes and Dev. 2004

SUMO-1 Ubiquitin

Figure 6.1: tertiary structure of SUMO and ubiquitin. Ribbon dia-
grams showing the similarity of the three-dimensional structures of SUMO-1
and ubiquitin. Secondary structure elements are indicated: β-sheets are
green and α-helices are red [67].

6.2 Ubiquitination and SUMOylation,

as easy as 1, 2, 3

6.2.1 Ubiquitination

The covalent linkage of Ub to target proteins requires the action of three
groups of enzymes, called E1 (Ub-activating enzymes), E2 (Ub-conjugating
enzymes), and E3 (Ub ligases), which work sequentially in a cascade. The
poly-ubiquitination occurs through sequential E1-E2 and E2-E3 interactions.
Because the El- and E3-binding sites on E2 overlap, E2 cannot be reactivated
by an E1 while it is bound to E3, and therefore poly-ubiquitination requires
multiple E2-E3 binding events [51].

E1

The initial step in the Ub cascade is the activation of Ub by the ubiquitin-
activating enzymes (E1). E1 hydrolyzes ATP to AMP and pyrophosphate to
generate a thioester bond between the active site Cysteine of the E1 and the
C-terminal Glycine of the Ub.
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E2

The activated Ub is then transferred to one of several different ubiquitin-
conjugating enzymes (E2) in an ATP-independent manner. The E2 enzymes
are catalytically similar to E1 in that a thioester bond is formed with Ub.
The different E2 enzymes are able to interact with overlapping sets of E3
ligases. All the known E2 enzymes have the same conserved globular domain
with the active Cys positioned at the highly conserved sequence. E2 enzymes
share striking similarity with another enzyme important for some Ub modifi-
cations, the so called UEVs (ubiquitin conjugating enzyme variants). UEVs
are similar to E2 enzymes in structure and sequence but lack an active Cys
site [217, 156]. In many cases, for the synthesis of Lys63-linked polyubiquitin
chains, UEV forms a heterodimer with the E2, Ubc13, and acts as a cofactor
to form an active complex. [209, 96].

E3

The ubiquitin-conjugated E2 functions in combination with an E3 ligase
to transfer Ub to the target protein. The final Ub transfer results in an
isopeptide bond between the C-terminal Gly of Ub and the ε-amino group of
a Lys residue on the target protein. The E3s represent the largest and most
diverse group of enzymes in the ubiquitination process. The E3 ligases can
be divided into two major families: the HECT (homology to E6 associated
protein C-terminus) domain E3 enzymes and the RING (really interesting
new gene) domain E3 enzymes (Figure 6.2A).

HECT domain E3s are the first characterized ligases and they directly
conjugate ubiquitin, forming an E3-Ub thioester, and then transfer it to the
target substrate. RING E3s, on the other hand, facilitate ubiquitination
not by directly conjugating ubiquitin, but by acting as an adapter protein,
bringing together the E2 and the substrate which allows the transfer of the
Ub from the E2-Ub thioester to the target protein. RING E3s are defined by
containing an octet of cysteine and histidine residues, Cys1-X2-Cys2-X(9-39)-
Cys3-X(1-3)-His-X(2-3)-Cys4-X2-Cys5-X(4-48)-Cys6-X2-Cys7, where X can
be any amino acid. It is characterized by a highly conserved spacing that
binds two zinc ions in a cross-brace structure for conformational stability.
The RING finger family has two subclasses: RING-HC and RING-H2 (where
His replaces Cys4). These two RING domain types were found to be essential
for catalyzing E3 ligase activity of RING-containing proteins [136]. Further,
RING finger E3s can auto-ubiquitinate themselves in order to regulate their
activity or stability. In some cases of Ub chain elongation, another enzyme,
namely E4, is required [113]. The enzymes in the E4 family share a conserved
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domain designated the ’U-box’ [86]. The U-box is a modified version of the
RING-finger domain that lacks the hallmark metal-chelating residues of the
latter [57, 189] and can mediate ubiquitin-conjugation either independent
from a classical E3 [86], or in some cases together with an E3 [113].

Ubiquitin ligation without a ligase

Exciting new data published by Hoeller et al. [95] demonstrate that E2
enzymes can interact with and ubiquitinate some substrates without the
participation of E3 ligases, both in vitro and in intact cells. Common for
all these substrates are that they contain various types of UBDs (ubiquitin-
binding domains). UBDs are a collection of modular protein domains that
non-covalently bind to ubiquitin, a process termed ”coupled monoubiquiti-
nation” [233]. Hoeller et al. [95] Showed that chimeric proteins containing a
UBD fused to an unrelated polypeptide, such as glutathione S-transferase
(GST), can also be monoubiquitinated in an E3-independent reaction in
vitro. Whereas these data indicate a low specificity of the E3-independent
ubiquitination, there was certain selectivity in the potency among various E2
enzymes to catalyze ubiquitination of UBD-containing proteins. Ubiquitin-
UBD interaction was necessary for the coupled ubiquitination. Mutation in
the UBD that disrupted its binding to ubiquitin, as well as the mutation of
ubiquitin Ile44 disrupting its binding to a UBD, prevented E3-independent
ubiquitination. The authors hypothesize that the UBD proteins themselves
do not function as ordinary E3 ligases. They promote their own ubiquitina-
tion but they do not appear able to promote transfer of ubiquitin to another
protein (Figure 6.3).

6.2.2 SUMOylation

Similar to ubiquitination, covalent attachment of SUMO to its target proteins
requires three or four enzymes, namely (1) SUMO proteases, (2) the SUMO
E1 SAE1/SAE2 heterodimer, (3) the SUMO E2 Ubc9, and in some cases (4)
the SUMO E3s PIAS, RanBP2, and CtBP2.

SUMO proteases

At least seven genes in mammalian genomes encode proteins with the Ulp
(ubiquitin-like protease) domain which constitute the so-called Sentrin-spe-
cific protease (SENP) family [239]. They all possess specific subcellular lo-
calization properties that restricts substrate availability and could be an
explanation for distinct functions described for different SUMO proteases.
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The SUMO pre-protein is not active until the last four amino acids of the
C-terminus have been cleaved off to make the C-terminal glycine 97 residue
accessible, the so called SUMO maturation. SUMO proteases, such as SENP-
1 and 2, possess two enzymatic activities and can function both as carboxy
terminal hydrolyzes providing mature SUMO, or as isopeptidases removing
SUMO from SUMO-conjugated substrates.

SUMO E1

SUMO E1 activating enzyme is a heterodimer (SAE1/SAE2 also known as
Aos1/Uba2) with two separate enzymatic activities: while the SAE1 (or
Aos1) is responsible for adenylation, the SAE2 (or Uba2) makes the thioester
bond. First SAE1 utilizes ATP to adenylate the C-terminal glycine of SUMO-
1. Formation of a thioester bond between the C-terminal glycine of SUMO-1
and a cysteine residue in SAE2 is accompanied by the release of AMP.

SUMO E2

This activation step is followed by conjugation of the activated SUMO to
E2-conjugating enzyme Ubc9 at cysteine residue 93 through the formation
of yet another thioester bond (transesterification).

SUMO E3

Earlier in vitro studies showed that SUMO E1 and E2 were biochemically
sufficient for transfer of SUMO to specific target proteins [147]. For SUMO
modification, consensus motif ΨKXE (where Ψ represents a large hydropho-
bic amino acid, and X represents any amino acid) is preferred. Many known
SUMO conjugation sites occur within this motif, but SUMOylation also
occurs on lysine residues located within non-consensus regions. Primarily,
SUMO-1 conjugation have been found outside the consensus region. Ubc9
has the ability to indirectly bind to the ΨKXE motif in vitro and in vivo
and SUMOylate the substrate. These facts led to the suspicion that the
SUMOylation might not require E3s. But this suspicion was erased by the
discovery of E3 ligases. Based on current understanding there are three types
of SUMO E3s – PIAS proteins, RanBP2, and Pc2 – with important function
in specifying the SUMO substrate. In the last step, an isopeptide bond is
formed between SUMO proteins and substrates through the mutual action
of Ubc9 and SUMO E3 ligases. (Fig 6.2B)
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6.3 Ubiquitin/SUMO modification

and function

As already mentioned, there are different types of Ub modification which can
consist of covalent attachment of a single ubiquitin (mono-ubiquitination),
several ubiquitin monomers (multiple-mono-ubiquitination), or a polymeric
chain of ubiquitin composed of ubiquitin monomers joined by covalent bonds
between the C-terminus of one ubiquitin and one of the seven lysine side
chains on the next ubiquitin (poly-ubiquitination). Different types of ubiq-
uitination lead to different cellular outcomes.

6.3.1 Mono-ubiquitination

Modification with only one ubiquitin molecule, where the Gly at the C-
terminus of Ub binds to the internal Lys of the target protein, regulates
several process such as Histone regulation, endocytosis, and virus budding
[92]. The mono-Ub modification mediate its function due to the fact that the
mono-ubiquitinated proteins can be recognized by a multitude of ubiquitin-
binding proteins that enable the modified proteins to interact and form com-
plexes with other proteins, change the subcellular localization, and alter cer-
tain structural and targeting properties (Figure 6.4A).

6.3.2 Multiple-mono-ubiquitination

Multiple-mono-ubiquitination, where mono-Ub is bound at multiple Lys resi-
dues of the target protein, has recently been discovered. Multiple-mono-
ubiquitination of RTKs, EGFR, and PDGFR is important for internalization,
signaling, and lysosomal degradation of the receptors (Fig 6.4A).

6.3.3 Poly-ubiquitination

Poly ubiquitination occurs due to the fact that ubiquitin contains seven
lysines (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63) that can act
as sites of self-conjugation. It has been shown that Ub is modified at all the
seven lysine residues in vitro, providing a grand diversity in polyubiquitin
chains [175].

Early on, attention focused on poly-Ub modification Lys48 linked chains
that primarily target proteins for proteasomal degradation. Lys48 ubiqui-
tination has also been reported to have other functions such as enhancing
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endosomal trafficking and proteasomal independent degradation of Met re-
ceptors [27]. Four ubiquitins connected together through Lys48 (Ub4-Lys48),
is a minimum signal for proteasomal recognition [213].

Poly-ubiquitination through Lys63 depends on the engagement of an E2
different from those used for Lys48 polyubiquitin chains: a dimeric enzyme
composed of Mms2(Uev1A)/Ubc13 [96, 97]. The overall topology of Lys63
polyubiquitin chains differ from that of chains formed at Lys48 in that Lys63
chains are more elongated and extended, whereas Lys48 chains are more
compact and globular [212]. This difference in topology may explain why
Lys63 ubiquitination does not target its substrate for degradation and instead
plays a role in cellular signaling [118], DNA repair [205, 94], and protein
localization [94].

Lys29 polyubiqutination, though rare, has been detected in vivo. The
known substrates are non cleavable UFD (Ub fusion degradation) substrates
[104]. Lidsten et al. identified UBB+1 (also a UFD substrate) as a substrate
for Lys29 ubiquitination. Interestingly, in order for UBB+1 to be directed to
proteasomal degradation it must be modified by both Lys48 and Lys29.

Lys6-modified ubiquitin is a potent and specific inhibitor of ubiquitin-
mediated protein degradation [37]. The tumor suppresser important for ovar-
ian and breast cancer, BRCA1, when heterodimerized with BARD1 is able
to catalyze the production of lys6-linked ubiquitin polymers, and it has been
hypothesized that lys6 ubiquitination play a role in DNA repair [166].

Lys11 polyubiquitination has been shown, in vitro, to target proteins for
proteasomal degradation although their biological function is still unknown
(Figure 6.4A).

6.3.4 N-terminal ubiquitination

While the majority of polyubiquitinations take place at the ε-NH2 group of an
internal lysine residue, in some cases the first ubiquitin moiety is conjugated
to a free α-NH2 group of the N-terminal residue refereed to as the N-terminal
ubiquitination leading to proteasomal-mediated degradation. Thirteen pro-
teins have been identified to undergo N-terminal ubiquitination.

The different functions of various Ub-chains could be due to the fact
that combinations of different topologies in different ratios, each assembles
different structures, and thus might serve as a potential docking site for
a distinct protein interaction and therefore distinct functions [180] (Figure
6.4B).
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6.3.5 Mono- and poly-SUMOylation

Initially, it was doubtful if SUMO could form polymerization in the same way
as Ub, as the lysines 29, 48, and 63 of Ub are absent in SUMO. However, it
was shown that SUMO-2 and SUMO-3 can form poly-SUMO chains by lys11
conjugation, which is a perfect ΨKXE consensus motif. More recently it was
shown that SUMO-1 can perform poly-SUMOylation in vitro predominantly
via Lys7, Lys16, and Lys17. SUMO-1 is able to SUMOylate lysine residues
outside the consensus motif even though it is rare.

The function of SUMO chains has not yet been fully elucidated, but
SUMO modification has been implicated in nuclear transport, chromosome
segregation, transcriptional regulation, apoptosis, and protein stability.

There are many questions that needs to be answered in this rapidly ex-
panding field of research. For example, how is the selectivity between the
SUMO isoforms achieved? Do some proteins have preferable affinity for a
particular SUMO isoform, and if so, what are the structural determinants
for this selectivity? Does SUMO function as a mere tag that recruits some
interaction partners that the unSUMOylated target protein couldn’t recruit,
or does SUMO mediate its function by preventing access to some part of
the target protein’s surface? Moreover, we need to identify other proteins
that are involved in the SUMOylation process and work out how mono- or
poly-SUMOylation affect the function and location.

6.4 Deubiquitination and deSUMOylation

Protein ubiquitination and SUMOylation are dynamic processes involving
conjugation enzymes as described above and also deconjugating enzymes
known as deubiquitination enzymes (DUBs) and deSUMOylation enzymes

6.4.1 Deubiquitination

The human genome project has led to identification of nearly 100 poten-
tial DUBs [29, 230]. DUBs are a large group of proteases that could be
divided into four classes based on their similarity and mechanism of action:
UBP (ubiquitin-specific processing protease) family, UCH (Ub C-terminal
hydrolase) family, OTU (Ovarian tumor related protease) family, and JAMM
(Jab1/Pad1/MPN-domain metallo-enzyme) family. UBP and UCH are the
largest families.

Deubiquitinating enzymes act at multiple points in the ubiquitin Path-
way:
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1. These enzymes are responsible for the processing of linear polyubiquitin
chains to generate free ubiquitin from precursor fusion proteins [231].

2. these enzymes impact on free ubiquitin pools by recycling ubiquitin
from branched-chain polyubiquitin [55, 229].

3. Deubiquitinating enzymes also remove ubiquitin from Ub-conjugated
target proteins, thereby regulating the localization or the activity of
the targets.

4. Another biochemical role of deubiquitinating enzymes is to remove
ubiquitin from a ubiquitinated target protein and to rescue the pro-
tein from degradation by the 26S proteasome. This could occur either
before or after the ubiquitinated substrate interacts with the protea-
some [120, 119].

5. Finally, deubiquitinating enzymes play an important role in clearing
the proteasome of peptide remnants conjugated to ubiquitin chains.
Removal of ubiquitin from these protein remnants may “unclog” the
barrel-shaped proteasome and thereby maintain or increase proteaso-
mal activity (for review see [110]).

6.4.2 DeSUMOylation

SUMO-specific proteases participate in both processing of immature SUMO
and removal of SUMO conjugates from substrates. There are at least seven
deSUMOylases known as SENPs (SUMO/sentrin-specific proteases) encoded
by six genes in mammalian cells. Although both the known SUMO-specific
proteases and the ubiquitin-specific proteases are cysteine proteases, these en-
zymes share no sequence similarity. The mammalian SUMO proteases have
been found to have distinct subcellular localization. SENP1 is a nuclear pro-
tease that deconjugates a large number of SUMOylated proteins [70]. SENP2
is a nuclear envelope-associated protease that, when overexpressed, appears
to have an activity similar to that of SENP1 [70, 82, 244, 101]. SENP5 con-
stitute a family of nucleolar SENPs with preference for SUMO-2/3 [71]. The
third SENP family consists of nuclear proteases SENP6 and SENP7 with
unknown function. Although the ability of SENPs to reverse SUMOylation
is well established, the specificity of each SENP and the overall biologic rel-
evance of the SENP family remains undefined. Undoubtedly, future studies
will reveal more about the functional specificity of the different SUMO pro-
teases.
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6.5 Ubiquitin dependent degradation

Proteins in cells are in a dynamic state, being continuously synthesized and
degraded. For a long time, lysosomes were known as the only place were
proteins could be degraded in the cell where most of protein degradation
occurred after pinocytosis. Brial Poole in 1978 [182] could demonstrate in-
volvement of another degradation pathway for endogenous proteins which
he summarized: “The exogenous proteins will be broken down in the lyso-
somes, while the endogenous proteins will be broken down wherever it is that
endogenous proteins are broken down”, explicitly predicting existence of a
non-lysosomal proteolytic system [182, 16].

For a long time the fact that this non-lysosomal proteolytic system re-
quired ATP energy in order to degrade energy-rich proteins puzzled many
until the discovery of the ubiquitin-proteasome system resolved the enigma.
Hough et al. discovered the 26S proteasome by its ability to degrade Ub-
lysozyme conjugates [99]. Based on current understanding, the 26S protea-
some has several functions dependent on its ability to degrade lys48 ubiq-
uitinated substrates: (1) eliminate misfolded or aberrant proteins [3, 5], (2)
maintain a free amino acid pool [77, 216], and (3) regulate the half-time of
proteins whose concentrations must vary over time in the cell [90].

The 26S proteasome is a large multisubunit complex composed of a core
proteinase (CP), known as the 20S proteasome, and a pair of symmetri-
cally disposed 19S regulatory particles (RP). The 20S CP is a barrel-shaped
structure composed of four stacked rings, two identical outer α-rings and
two identical inner β-rings. The eukaryotic α and β-rings are composed each
of a set of seven distinct subunits, giving the 20S complex a pseudo-seven
fold symmetry and a general structure of α1-7β1-7β1-7α1-7 [72, 73]. The
catalytic sites are localized to some of the β-subunits. Each extremity of
the 20S barrel can be capped by a 19S RP which has many functions in
regulating proteasomal activity. It activates the 20S proteasome, serves as
a docking site for poly-ubiquitinated proteins, and unfolds and translocates
polypeptides into the 20S catalytic core because a folded protein would not
be able to fit through the narrow proteasomal channel. The 19S RP contains
six different ATPase subunits. After degradation of the substrate, short pep-
tides derived from the substrate, as well as reusable ubiquitin, are released
(Figure 6.5).
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6.6 IGF-1R ubiquitination

Two distinct E3 ubiquitin ligases, MDM2 and Nedd4, have been shown to
be involved in the ubiquitination of IGF-1R. MDM2 is a member of the
RING finger domain E3 class while Nedd4 is a member of HECT domain E3
ubiquitin ligases. In MDM2-mediated ubiquitination, β-arrestin functions as
a molecular scaffold in bridging the ligase to the receptor (Paper I). Similarly,
Nedd4-mediated IGF-1R ubiquitination requires Grb10 as an adapter protein
[219].

6.6.1 MDM2

The oncoprotein RING finger domain E3 MDM2 (Murine double minute 2)
is a highly regulated protein, primarily known as a p53-specific E3 ubiquitin
ligase, and acts as a suppressor of p53 activity. The p53 protein, which in-
hibits cellular proliferation and induces cell death, lies at the heart of stress
response pathways that prevent growth and survival of potentially malig-
nant cells. In unstressed cells, MDM2 constantly monoubiquitinates p53
leading to export from the nucleus, which is the critical step in mediating its
degradation by proteasomes. Because MDM2 is also a transcriptional target
of p53, an autoregulatory feedback loop exists in which increased activity
of p53 leads to increased expression of its own negative regulator. Loss of
MDM2 function (such as by mutations or knockout) results in p53-driven
apoptosis early in embryogenesis [40], whereas overexpression leads to p53
loss and tumor development. With stress or DNA damage, p53 and MDM2
are phosphorylated and acetylated, and they dissociate [146]. Subsequently,
p53 forms a tetramer that acts as transcriptional activator leading either
to cell cycle arrest through the increased expression of the tumor suppres-
sor protein ARF [226], or apoptosis through the increased expression of the
proapoptotic Bcl-2 family member Bax [154] (Figure 2.1). Furthermore, as
mentioned earlier, after growth factor stimulation, MDM2 is phosphorylated
by Akt and enters the nucleus. This leads to reduction of both p53 levels
and transactivation activity [143].

Previous work in our group identified MDM2 as an E3 ligase for IGF-1R.
While the major amount of MDM2 is nuclear, there is a pool of cytoplas-
mic MDM2 as well. The relationship between MDM2 in the nucleus and
MDM2 in the cytosol remains unclear. Undoubtedly, the major role of nu-
clear MDM2 is to regulate p53 function by protein-protein interaction, de-
pending on MDM2 concentration. The concentration of MDM2 in the cytosol
depends on its interaction with p53 in the nucleus, the activity of the PI3K-
Akt pathway, and its degradation rate. The balance among these processes
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determines how much MDM2 is cytosolic and available for ubiquitination
of IGF-1R. Intriguingly, another connection between the IGF-1R pathway
and the MDM2-p53 pathway is that overexpression of p53 represses IGF-1R
transcription [68]. Based on current knowledge, cytoplasmic MDM2 induces
ubiquitination and internalization of IGF-1R. An interesting and unanswered
question is whether MDM2 is degraded together with IGF-1R. This would
affect the duration of the change in p53 activity. A massive p53 expression
would deplete the cytoplasmic MDM2 pool, and as a consequence of this
increase, the expression of IGF-1R would be enhanced, and simultaneously,
the receptor degradation would decrease, favoring survival.

Another intriguing discovery by our group was identifying β-arrestin as
an adapter protein which brings MDM2 to the IGF-1R and make MDM2-
mediated ubiquitination possible (Paper I).

6.6.2 β-arrestin

There are four known mammalian arrestins. Visual and cone arrestins are
expressed in photoreceptors, regulating rhodopsin and cone opsins, respec-
tively, whereas ubiquitously expressed β-arrestins 1 and 2 regulate many
GPCRs. The amino acid sequences of β-arrestin 1 and 2 isoforms are 78%
identical with most of the coding differences appearing in the C-terminal.
Knockout studies show that mice lacking either β-arrestin 1 or 2 are viable,
whereas the double-knockout phenotype is embryonic lethal [43], implying
that each β-arrestin functionally substitutes for the other isoform to some
degree. They were first characterized as blocking signal transduction by pre-
venting interaction between receptor cytoplasmic domains and heterotrimeric
G proteins. Arrestins are now known to participate in endocytosis and sig-
naling of GPCRs. By acting as an adapter they bring activated receptors to
clathrin-coated pits for endocytosis, a process critical for receptor recycling
and degradation. β-arrestins also bind to various other proteins implicated in
receptor internalization [199, 124]. Importantly, both ubiquitination and de-
phosphorylation of β-arrestins appear essential to agonist-dependent receptor
endocytosis [130, 200]. Mammalian arrestins exist in a constitutively phos-
phorylated state in the cytosol and are dephosphorylated upon binding to
activated GPCRs at the plasma membrane. Dephosphorylation of β-arrestins
at the plasma membrane is necessary for engaging endocytic partners, such
as clathrin, but does not seem to affect receptor binding or desensitization
[130]. Furthermore, β-arrestin ubiquitination, which is mediated by MDM2,
is required for rapid receptor internalization [200]. In addition to their clas-
sic roles in desensitization and internalization, β-arrestins can also act as
signaling scaffolds for many pathways, in particular those of the MAPKs
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(see [43] for review). Despite these suggested roles, β-arrestins and primarily
β-arrestin 1 act as an adapter protein important for MDM2-mediated ubiq-
uitination of IGF-1R and this discovery will be discussed in detail in the
results section (paper I and II).

6.6.3 Nedd4

Since the original discovery of Nedd4 (neural precursor cells-expressed devel-
opmentally down-regulated 4) gene, nine related proteins (Nedd4, Nedd4-
2/Nedd4L, WWP1/Tiul1, WWP2, AIP4/Itch, Smurf1, Smurf2, HecW1/
NEDL1, and HecW2/NEDL2) have been identified.

The assertion that Nedd4-like E3s play a role in cancer is supported by
the overexpression of Smurf2 in esophageal squamous cell carcinoma, WWP1
in prostate and breast cancer, Nedd4 in prostate and bladder cancer, and
Smurf1 in pancreatic cancer. Several Nedd4-like E3s directly regulate vari-
ous cancer related transcription factors from the Smad, p53, KLF, RUNX,
and Jun families. Additionally, Nedd4-like E3s regulate ubiquitin-mediated
trafficking, lysosomal or proteasomal degradation, and nuclear translocation
of multiple membrane receptors, e.g. TGFβ receptor, Notch receptor, EGFR,
VEGFR2, Chemokine (C-X-C motif) receptor 4, and IGF-1R. Further, they
modulate important signaling pathways involved in tumorigenesis like TGF-
β, EGF, IGF, VEGF, SDF-1, and TNFα.

Vecchione and colleagues found that Nedd4 forms a complex with Grb10
and IGF-1R in mouse embryo fibroblasts (MEF). This interaction is mediated
by the SH2 domain of Grb10 and the C2 domain of Nedd4 [158]. Interestingly,
IGF-1R, but not Grb10, was shown to be ubiquitinated, suggesting that
Grb10 serves as an adapter to mediate the interaction between Nedd4 and
IGF-1R. In support of this notion, overexpression of a catalytically inactive
form of Nedd4 decreased IGF-1R ubiquitination and degradation upon IGF-1
stimulation [219].

6.6.4 Grb10

Grb10 is a member of the Grb proteins (growth factor receptor-bound pro-
teins) which includes at least seven isoforms of structurally related mul-
tidomain adapters with diverse cellular functions, e.g. Grb7 appears pre-
dominantly to be involved in focal adhesion kinase-mediated cell migration,
whereas Grb10 and Grb14, in particular, have been implicated in the regula-
tion of IGF-1R and IR signaling. Grb10 was originally identified as a binding
partner of tyrosine-phosphorylated EGFR [170]. Grb10 contain a conserved
SH2 (Src homology 2) domain which occurs in the C-terminal, a pleckstrin
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homology (PH) domain in the central region, and a less conserved N-terminus
containing proline-rich sequences which may provide binding sites for SH3
domain-containing proteins, as well as a BPS domain (between the PH and
SH2 domains), which mediates binding to activated IGF-1R [157].

6.7 IGF-1R SUMOylation and

nuclear translocation

We discovered that IGF-1R can also be SUMOylated (Paper V) and trans-
ported to the nucleus. Being at the early stage of this discovery the function
of this modification still remains to be elucidated. Intriguingly, SUMOylated
IGF-1R was exclusively found in the nucleus and when SUMOylation was
blocked upon SENP-2 overexpression the nuclear IGF-1R could no longer
be detected. These two observations suggest a role for SUMOylation of the
receptor in its nuclear import. Further, the nuclear transport of IGF-1R was
ligand dependent (For more detail see under Results and Discussion, Paper
V).

6.7.1 Nuclear RTKs

Several other RTKs, including EGFR, mouse ErbB1, HER-2, rat p185neu,
HER-3, truncated C-terminal HER-4, FGFR, TrkA/B, FGFR, and VEGFR-
2, undergo nuclear transport [183, 138, 197, 179, 142, 237, 132, 164, 169, 190,
223], but the functional importance of this process remains unclear.

Nuclear import of cell-surface receptors occurs in both ligand-dependent
and ligand-independent manner. Cell surface receptors which are translo-
cated to the nucleus in a ligand-dependent manner include EGFR, FGFR,
IFN-γR, IL-1R, type I TGF-β receptor, and IL-5R [38, 102, 121, 247, 132].
In the case of HER-2 which lacks the ligand-binding domain, its kinase ac-
tivity is required for nuclear entry [223]. Nuclear import of EGFR and type
I TGF-β receptor can also occur in a ligand-independent manner [247, 48].

In the light of the observation that many cell-surface receptors appear to
exist as non-membrane-bound receptors in the nucleus, it is thus speculated
that cells may utilize a general mechanism for passage through the nuclear
pore complex (NPC). However, such mechanism has not yet been identified.
It remains to be answered if SUMOylation could be a general mechanism by
which nuclear import of cell surface receptors occur.

The affect of RTKs on gene transcription, mediated through their canon-
ical signaling as discussed earlier, is a confirmed mechanism. Beyond this
well-established function of RTK signaling, direct communication between
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the RTK and transcription has also been reported. Transcriptional targets
of nuclear EGFR and HER-2, those identified so far, are closely involved in
tumorigenesis and tumor proliferation and progression [132, 223, 80, 135].
The traditional and nuclear-signaling of EGFR is summarized in Figure
6.6. Both cyclin D1 and B-Myb are positive regulators of G1/S progres-
sion [132, 103]. COX-2 and iNOS are enzymes that produce prostaglandins
and nitric oxide, respectively, and emerge as major targets for chemopreven-
tion and chemotherapy [76, 238]. Consistently, a positive correlation between
nuclear EGFR and cyclin D1/iNOS in a cohort of breast carcinomas has been
found [135]. Further, a correlation of nuclear accumulation of EGFR/mouse
ErbB1 and their ligands, EGF/TGF-β, with cell proliferation/DNA synthe-
sis has been reported by several studies [142, 190]. In agreement with its
role in proliferation/DNA synthesis, EGFR undergoes nuclear translocaliza-
tion in regenerating livers [142], pregnant uterus, and proliferative basal cells
within normal mouth mucosa [132]. A potential role of nuclear EGFR in
DNA damage/repair in response to irradiation/oxidative stress has also been
suggested [48].

Given the notion that the EGFR receptor family lacks a putative DNA-
binding domain, it is suspected that these receptors first associate with
DNA-binding transcription factors and then enhance target gene transcrip-
tion via their intrinsic transactivational activity. In this regard, nuclear
EGFR interacts with STAT3 and co-regulates iNOS expression [135]. Nu-
clear EGFR/E2F1 complex activates expression of B-Myb, a positive regula-
tor of G1/S cell cycle progression [80]. Nuclear HER-4 forms a complex with
STAT5a and co-activates β-casein gene promoter [232]. However, it is sug-
gested that HER-4 may have a weak transactivational activity and requires
interaction with a strong transcription co-activator YAP for its gene regula-
tory function [114]. In line with this observation, nuclear FGFR associates
with and activates transcription co-activator CBP to upregulated gene pro-
moters [52]. Known targets of nuclear FGFR include FGF-2, neurofilament-
L, and tyrosine hydroxylase [159, 207]. In support of this notion, EGF,
EGFR, and TrkA and its ligand NGF have been shown to bind to chromatin
[183, 105] and Schwannoma-derived growth factor, a ligand for EGFR, bound
to AT-rich DNA sequences [112]. Together, these data suggest an emerging
role that nuclear receptors play in transcriptional regulation.

Using chromatin immunoprecipitation (ChIP) based cloning strategy, we
identified DNA sequences to which IGF-1R binds. The characteristics of
these sequences resembled those of transcriptional regulatory elements, distal
enhancers, rather than promoter regions.
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major modes of actions: (A) cytopslamic/traditional and (B) nuclear modes.
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6.8 Enhancers

Eukaryotic genomes contain both protein coding and non-coding DNA. Non-
coding DNA harbors a variety of regulatory elements called transcription
regulatory regions (TRR), also referred to as transcription factor binding
sites (TFBSs), promoter modules, or cis-regulatory modules (CRMs). Other
terms used for TRRs include booster, activator, locus control region, up-
stream activating sequence, and upstream repressing sequence, which are
often collectively called enhancers in the literature [171].

Eukaryotic genomes contain both protein coding and non-coding DNA.
Non-coding DNA harbors a variety of regulatory elements called transcrip-
tion regulatory regions (TRR), transcription factor binding sites (TFBSs),
promoter modules, or cis-regulatory modules (CRMs). The term enhancer
was originally defined as a regulatory element that elevates transcription in
a position- and orientation-independent manner. The term has since been
used in a broader sense to refer to any region of DNA that produces a spe-
cific aspect of a transcription profile, sometimes even referring to regions that
suppress transcription [235].

In DNA sequences, the base where transcription starts is called the tran-
scription the transcription start site (TSS). The TSS of a transcription unit
is conventionally numbered +1. Bases extending in the direction of tran-
scription (downstream) are assigned positive numbers and those extending
in the opposite direction (upstream) are assigned negative numbers. A DNA
sequence region upstream of the TSS are usually called the promoter. A core
(or basal) promoter is located approximately between -40 and +35 relative
to the TSS of the genes [202].

Although necessary for transcription, the core promoter is not a common
point of gene regulation. It cannot by itself generate functionally significant
levels of mRNA. Most proteins that bind to the core promoter are ubiqui-
tously expressed and provide little regulatory specificity. The production of
functionally significant levels of mRNA is controlled through sequence spe-
cific binding of transcription factors (TFs) to DNA sequences outside of the
core promoter [235, 25], the so called enhancers.

An examination of well-characterized eukaryotic promoters suggests that
it is not unusual to have 10-50 enhancers affecting a single promoter [235, 6].

The positions of enhancers relative to TSSs differ enormously among
genes. Often, they are located within a few kilo-bases upstream of the TSS
[235], but they can be found at >30 kb upstream or downstream of the TSS
[201, 106, 47]. One extreme example is an enhancer of the Shh locus in both
humans and mice that lies ∼800 kb from the TSS [128]. Further, they can be
located within the 5’ UTR [24], within introns [241, 11], and in rare instances,
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even in coding exons [163, 188]. Some enhancers lie on the far side of an ad-
jacent locus [235]. The diversity of enhancer positions is possible because of
the ability of DNA to loop and bend, allowing interaction between proteins
binding on DNA at distant sites with regard to the primary structure [235].
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Part II

Results and Discussion
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Chapter 7

Results and Discussion

7.1 Paper I

β-Arrestin Is Crucial for Ubiquitination and Down-regulation of
the Insulin-like Growth Factor-1 Receptor by Acting as Adapter
for the MDM2 E3 Ligase

By the time I joined the group, MDM2 had recently been identified as
an E3 ligase for IGF-1R. Unexpected new data by Lin et al. introduced β-
arrestins (β-arresin 1 and 2) as IGF-1R binding proteins with the capacity to
enhance the receptor internalization. Additionally, previous work by Shenoy
et al. had demonstrated β-arrestins functioning as adapter proteins regulat-
ing the ubiquitination of β-adrenergic receptors. Considering these findings,
it was tempting to hypothesize that β-arrestins could bind to IGF-1R as an
adapter protein and utilize receptor ubiquitination.

With the hypothesis in mind we investigated whether mutated MDM2
with deletion at the β-arrestin binding site (MDM21−400) could bind and
ubiquitinate IGF-1R. Wt MDM2 (MDM21−491), and mutated MDM2 with
deletion of the both ligase domain and β-arrestin binding sites (MDM21−161)
were used as positive and negative control, respectively. As expected, Wt
MDM2 associated and increased ubiquitination and degradation of IGF-1R,
while mutated MDM21−161 (with double deletion of ligase- and β-arrestin
binding domains) did not affect the ubiquitination or degradation of the re-
ceptor. However, MDM21−400 (lacking the β -arrestin binding domain) inhib-
ited the ubiquitination of the receptor. Performing co-immunoprecipitation,
we could observe that β-arrestin 1 and 2 (β1 and β2), MDM2, and IGF-1R
are associated in one big complex. Using in vitro (cell free) ubiquitination
assay it was demonstrated that β-arrestins are essential for MDM2-mediated
ubiquitination of IGF-1R. Further, the role of β1 and β2 in inducing ubiquiti-
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nation and degradation of IGF-1R was studied in cell system by both overex-
pression and downregulation of these two genes. Consistent with in vitro re-
sults, over expression of β1 and β2 increased ubiquitination and degradation
of the receptor while downregulation had the opposite affect. Furthermore,
β1 was more potent than β2 in mediating ubiquitination and increasing the
turn over of the IGF-1R. Altogether, in this paper we identified β-arrestins
as adapter proteins which brings MDM2 and IGF-1R together, accentuating
ubiquitination and degradation of the receptor. In contrast to GPCRs, in
which β2 is more important for ubiquitination and degradation of the recep-
tor, β1 is the primarily adapter protein involved in MDM2-mediated IGF-1R
ubiquitination. Further studies was needed in order to elucidate the role of
β-arrestin/MDM2-mediated regulation of IGF-1R.

7.2 Paper II

β-arrestin and MDM2 Mediated IGF-1R Stimulated ERK Activa-
tion and Cell Cycle Progression

Having establish the role of β-arrestins in internalization and degradation
of IGF-1R our attention was drawn towards their role in IGF-1R signaling.
β-arrestins have a dual role in GPCR signaling. The classical role where β-
arrestins function as negative regulators occurs due to the fact that binding
of β-arrestin to activated GPCR uncouples the receptor from cognate G-
proteins leading to internalization and signal attenuation [123]. However,
β-arrestins also function as a positive signaling regulator, acting as scaffold
proteins that interact with several cytoplasmic proteins and link GPCRs to
intracellular signaling pathways such as MAPK cascades [125, 124].

First, we investigated the requirement of β1, being the most potent of
the two arrestins in IGF-1R binding, in ERK phosphorylation as a measure-
ment for MAPK activation. By comparing ERK activation of β1 knock out
(KO) mouse fibroblasts (MEFs) with MEFs having endogenous wt β1 and
β1-KO-MEF with β1 reintroduced, we could conclude that β1 is not only im-
portant for the onset of ERK activation upon IGF-1 stimulation but also for
its duration. Consistent with this data, when β1 was down regulated (using
siRNA against β1) in human melanoma BE cells, the ERK phosphorylation
was significantly reduced compared with mock transfected BE suggesting the
importance of β1 for IGF-1R ERK signaling. However, as a consequence of
β2 downregulation, ERK phosphorylation was sustained. Intriguingly, IGF-1
stimulation addressed β-arrestins into endocytic vesicles. Further, upon β2
knock down using siRNA, β1 was constitutively localized in endocytic vesi-
cles even in unstimulated cells. Recently, it was shown that one important
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consequence of β-arrestin dependent MAPK activation is the compartmen-
talization of the signals [198]. The endosomal MAPK activity is a probable
explanation for sustained ERK signaling when endocytosis is enhanced upon
β2 downregulation.

As evidenced by above mentioned studies, upon IGF-1 stimulation β-
arrestin functions as both an endocytic and a signaling adapter for IGF-
1R and bears a functional analogy to adapter proteins such as Eps15 and
TRAF6. Mono-ubiquitination of Eps15 and poly-ubiquitination of TRAF6
have great impact on EGFR internalization and NFκB signaling, respectively
[181, 221]. Further, β2-Ub chimera was shown to enhance β2-adrenergic
receptor internalization. Could β1 ubiquitination play a role in increased
internalization and signaling of IGF-1R? First we showed that β1 was ubiq-
uitinated upon IGF-1 stimulation. Then, by comparing β1 ubiquitination in
MEF cells and MDM2-KO-MEFs, we could show that MDM2, the E3 ligase
for IGF-1R, is also a ligase for β1. Further, MDM2 overexpression in BE
cells revealed that MDM2 increases the endocytosis of β-arrestin as well as
ERK activation giving a greater understanding in the integration role of β1
ubiquitination in trafficking and signaling.

Using wt and various IGF-1R mutants (C-terminal truncated IGF-1R
denoted 56; mutated IGF-1R at the Shc and IRS binding site denoted 46;
double mutate IGF-1R lacking both C-terminal and Shc/IRS binding site
denoted 96) we could show that the C-terminal domain of IGF-1R is impor-
tant for β1 recruitment, ubiquitination, and endocytosis, and additionally,
determined that the C-terminal is crucial for ERK activation upon IGF-1
stimulation.

MAPK/ERK is the major signaling pathway that is required for G1-phase
cell cycle progression after mitogenic stimulation. While the transient early
ERK onset triggers immediate early response, the sustained ERK signal plays
a pivotal role in enabling cells to re-enter the cell cycle and progress into S
phase mainly by cyclin D1 expression [122, 227]. Based on the findings that
β1 plays an important role in both transient and sustained ERK activation,
we sough to examine the consequences of MDM2/β-arrestin-mediated ERK
signaling in cell cycle progression. Upon transaction of wt MDM2 and domi-
nant negative (DN) MDM2 in human melanoma cell line BE and R+ (MEFs
stably overexpressing IGF-1R), the DNA content were analyzed using FACS
after propidium iodide staining. These data demonstrated that MDM2 is
important for G1/S phase progression upon IGF-1 stimulation. DN MDM2
caused G1 accumulation similar to MEK1 inhibitor PD98059. Using IGF-
1R negative mouse cell line (R-) we could demonstrate that the effect was
through IGF-1R.

By summarizing paper I and II I now explain the scenario as we know it
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today. Upon IGF-1 stimulation,β1 is recruited and binds to the C-terminal
domain of the receptor working as an adapter protein making it possible
for MDM2 to bind and ubiquitinate both IGF-1R and β1. In which order
this happens is still an open question. Further, the ubiquitination of β1
regulates the endosomal trafficking and ERK activation which is important
for cell cycle progression upon IGF-1 stimulation. We still don’t know if
β-arrestin serves as a locus of control deciding MAPK/ERK activation and
duration, and consequently deciding how cells should proliferate, or wheter
β-arrestin is just a “glue” that makes communication between regulating
proteins possible.

7.3 Paper III

Role of Ubiquitination in IGF-1 Receptor Signaling and Degrada-
tion

IGF-1R is undergoing several types of post-translational modifications,
including phosphorylation and ubiquitination. These modifications usually
function as molecular switches that control the activity and function of pro-
teins. The aim of this paper was to investigate the relationship between
phosphorylation and ubiquitination and their effects on biological role of
IGF-1R. Using cells expressing IGF-1R with targeted mutations, we could
demonstrate that IGF-1R ubiquitination is dependent on the status of IGF-
1R phosphorylation and that tyrosine kinase activity is prerequisite for the
ubiquitination to happen.

Further, we could show that the C-terminal tail of the receptor is critical
for IGF-1R ubiquitination. There are 29 lysine residues in the β subunit of
IGF-1R of which only 3 exist in the C-terminal domain. The depletion of
IGF-1R ubiquitination in C-terminal truncated mutant could either be due
to that these 3 lysine residues are the main ubiquitination sites or that C-
terminal is an important binding site of other regulating proteins involved in
this process. As shown in paper II, C-terminal truncation inhibits β-arrestin
binding to the receptor. The reason why the C-terminal of the receptor is
crucial for so many functions still remains unclear.

Signaling through IGF-1R is an area of intense investigation. Although
there is a huge body of literature focusing on tyrosine kinase activity of the
receptor and its role in cell signaling, there is only a limited understanding of
how the ligand dependent ubiquitination is regulated and how this postmod-
ification affects the cell signaling through IGF-1R. In order to investigate
this, we studied ERK and Akt activation in cells expressing wt and various
mutant IGF-1R with different phosphorylation and ubiquitination patterns.
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We could conclude that in order to activate both ERK and Akt pathways,
the receptor must be phosphorylated and ubiquitinated. Further, while ERK
activation seemed to be ubiquitin dependent, the Akt activation required a
complete IGF-1R kinase activity. This is based on the fact that two mutants
(point mutated IGF-1R at Tyr 1136 denoted Tyr1136F and mutated IGF-
1R at the Tyr 950 denoted Tyr950F) impaired in phosphorylation could not
activate Akt.

As an ubiquitinated protein, IGF-1R could be a potential target for pro-
teasomal degradation. On the other hand, EGFR ubiquitination results in
endocytosis and mainly, if not entirely, undergoes lysosomal degradation. In
order to determine if degradation of IGF-1R occurs in proteasomes and/or
lysosomes, specific proteasome- and lysosome-inhibitors (PI and LyI) were
used. Wt IGF-1R was mainly degraded by lysosomes, but nevertheless, the
proteasome inhibitor epoxomicin inhibited the degradation suggesting the
involvement of proteasome in IGF-1R degradation. It could be argued that
the non-physiological conditions caused by PI, leading to elimination of the
free pool of Ub, could alter ubiquitination and lysosomal degradation of the
receptor. Taking advantage of C-terminal truncated IGF-1R, unable to be
ubiquitinated, we could show that this receptor was entirely degraded in lyso-
somes with no effect after PI treatment. Unexpectedly, two of the mutants
with impaired phosphorylation capacities and unable to activate Akt, were
mainly degraded through proteasomes. The reason for this phenomenon is
still unclear. There are other studies showing that activated Akt inhibits
protein degradation [53]. Further, activated Akt leads to phosphorylation
and translocation of MDM-2 into the nucleus [85]. By inhibiting MDM2
phosphorylation, one might increase the cytoplasmic pool of MDM2 empha-
sizing its role in ubiquitination and proteasomal degradation of IGF-1R. This
explanation is merely speculative and further investigations are needed.

In summery, our results demonstrate a dual function for IGF-1R ubiqui-
tination: receptor degradation and ERK signaling activation.

7.4 Paper IV

Identification of c-Cbl as a New Ligase for IGF-1R with Distinct
Roles to MDM2 in Receptor Ubiquitination and Endocytosis

This paper started with us being curious about details in MDM2-mediated
IGF-1R ubiquitination. Studies by Haglund et al. demonstrating involve-
ment of multi-ubiquitination of EGFR using Ub-specific antibodies, and
Huang et al. showing poly-ubiquitination of EGFR using mass spectrom-
etry caught out attention. The type of Ub modification, mono-, multi-, and
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the different lysine residue poly-ubiquitination, influences the fate and the
function of the ubiquitinated protein [228], and is therefore of great inter-
est. In order to investigate the type of IGF-1R Ub modification mediated by
MDM2, we used two human osteosarcoma cell lines, U2OS and SAOS2, cho-
sen due to the difference in their MDM2 expression. While U2OS expresses
high levels of MDM2, SAOS-2 is p53 negative and therefore exhibits very low
MDM2 expression.

The first interesting observation was that while Ub-IGF-1R was seen at
low doses (5-50ng/mL) in U2OS it was seen at high doses (50-100ng/mL)
in SAOS2 cells. The fact that the MDM2 negative cell line SAOS2 also
mediated IGF-1R ubiquitination, suggested involvement of another ligase.

Surprisingly, using specific poly-Ub antibody (FK1) we could detect poly-
ubiquitination of IGF-1R in both cell lines. Knowing that the other estab-
lished ligase for IGF-1R Nedd4 preferably multi-ubiquitinates the receptor,
we assumed a third ligase must be involved. We started our search in the
jungle of E3 ligases with the most probable one. c-Cbl being a knownligase
for many RTKs was the best candidate. We detected IGF-1R/c-Cbl complex
in HEK293 cells under basal (DMEM+10% serum) conditions. Moreover,
MDM2 associated with IGF-1R when cells were stimulated with low dose
IGF-1 (5ng/mL) while IGF-1R/c-Cbl complex were seen mainly after high
dose IGF-1 (100ng/mL). By overexpressing MDM2 and c-Cbl in HEK293
cells, we could demonstrate that MDM2-mediated IGF-1R ubiquitination
occurs after low dose stimulation, whereas c-Cbl-mediated ubiquitination
happen after high dose stimulation.

With the knowledge that both ligases are capable of poly-ubiquitinating
IGF-1R, the next interesting question was if there was a preference for MDM2
and c-Cbl-mediated poly-ubiquitination when it came to the choice of the
Lysine residue used to form the ubiquitin chain. Using various mutated Ub
in an in vitro ubiquitination assay, we demonstrated that MDM2 modifies
IGF-1R with Lys-63 chain, whereas c-Cbl causes lys-48 ubiquitination of the
receptor.

Moreover, MDM2-mediated IGF-1R ubiquitination addressed the recep-
tor to endosomes, whereas IGF-1R ubiquitinated by c-Cbl was internalized
via caveolin/lipid raft route. With this new insight, it is interesting to study
how these different Ub modifications would affect signaling and degradation
of the receptor.
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7.5 Paper V

SUMOylation, Nuclear Translocation, and Transcriptional Activity
of IGF-1 Receptor

The idea for this paper started with the two SUMOylation site predic-
tion tools, SUMOplot and SUMOsp, indicating 11 high-probability sites for
SUMO modification in the IGF-1R, three of which were overlapping between
predictions. Using different cell lines we could demonstrate that IGF-1R was
indeed SUMOylated, and that the SUMO-IGF-1R bands intensified after
Ubc9 overexpression. The observation that three distinct bands appeared
suggested that IGF-1R is SUMO-1-conjugated at three different sites. The
kinetic of SUMOylation after IGF-1 stimulation was relatively long (6-8h)
compared to ubiquitination which is a much more rapid modification starting
after 1 min stimulation and declining after 20 min.

Because SUMOylation is primarily regarded as a nuclear or perinuclear
phenomenon, we got interested in the localization of the SUMOylated IGF-
1R. Using subcellular fractionalization we could demonstrate that, under
basal conditions, a fraction of IGF-1R was nuclear and we could conclude
that the SUMO-conjugated IGF-1R is exclusively in the nucleus. Consistant
with the SUMOylation kinetics, we could see that IGF-1R was imported into
the nucleus after 6-8h IGF-1 stimulation.

The next question was what would a ∼200kDa membrane bound protein
do in the nucleus? Does IGF-1R have any DNA binding capabilities? After
synthesizing random, double-stranded, 40bp long DNA sequences, we per-
formed EMSA (electrophoretic mobility shift assay) and could observe that
IGF-1R could bind to 4 out of the 17 probes tested indicating specificity
in its binding. Further, using chromatin immunoprecipitation (ChIP) based
cloning strategy we could identify some of the genomic DNA sequences to
which IGF-1R binds. The obtained sequences were analyzed using the BLAT
tool of the UCSC genome browser [109]. They were located in different chro-
mosomes, 4 of which were intronic. The distances to closest genes were rather
large (18-475 kb). These features suggest that the sequences represent en-
hancers [187, 206].

To investigate if these sequences would affect transcription, they were
cloned into a luciferase vector with a weak promoter. If our sequences were
enhancers, we should see an increase in the transcription of the luciferase
gene. After transfecting HEK293 cells and HEK293 cells overexpressing
IGF-1R with our reporters, we could show that five of the seven sequences
increased the transcriptional activity between 200%-1500%.

Furthermore, the fact that IGF-1R overexpression markedly enhanced
this activity, suggests a role of the IGF-1R in transcription activation by
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binding to enhancer regions.
Enhancers usually exhibit specific binding motifs to which transcription

factors or activating proteins bind [17]. It is a challenging task to find these
binding motifs. We used several motif finding programs, such as MEME [10]
and CONSENSUS [91], in order to find a motif in the random sequences
and the ChIP sequences for which the luciferase experiment yielded positive
results. IGF-1R binds to 4 of the 17 randomly generated DNA sequences.
Since the sum of the lengths of the sequences is 17 · 40 = 680 base-pairs, we
estimate that, on average, IGF-1R binds to at least one position every 170
base-pairs. More accurately, assume that l is the length of the DNA sequence
motif to which IGF-1R binds. Let p be the probability of IGF-1R binding
to a random DNA sequence of length l. The probability that IGF-1R binds
to a random DNA sequence of length 40 is then approximately

1− (1− p)40−l+1

Our best estimate of this probability from data is 4
17

. Equating these two
expressions and rearranging, we get

p = 1−
(

13

17

) 1
1−40+1

.

For l between 4 and 15, the expected number of base-pairs between hits varies
between 138 and 97. We can contrast this with, for example, data from [224]
where the estimated frequency of potential binding sites for known transcrip-
tion factors varies between 190 and 7100 base-pairs between hits. Also note
that the binding specificity depends on the actual experiment and might not
reflect the specificity within the environment of the cell. The consensus se-
quence of the best motif found was GTCCTGCCT. However, the expected
frequency computed for the motif was 2.25 which is not statistically signifi-
cant (values below 1 are desired). Expected frequency of a motif is defined as
the number of motifs, with the same or better statistical properties (p-value
and length), that we would expect to find by chance [91]. Simulations with
random sequences showed that 35 to more than 100 sequences of length 190
bp are needed to have a 50significant motif for a transcription factor with
the same binding specificity as that of IGF-1R.

The indirect role of IGF-1R in gene transcription through receptor sig-
naling is well established. Based on our findings, we believe that IGF-1R
might have a more direct role in gene transcription by binding to enhancer
regions. In order to get any further in identifying gene(s) directly affected
by nuclear IGF-1R, there are several pieces of the puzzle that must be put in
place. Finding the SUMO-modification sites of IGF-1R and mutating them

74



will give us a tool by which we can more closely study the affect of nuclear
IGF-1R. Further, by analyzing all the sequences from the ChIP cloning we
should have enough material to find a putative consensus region to which
IGF-1R binds. Having a consensus region would be a valuable tool in iden-
tification of genes affected by nuclear IGF-1R.
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Chapter 8

Concluding remarks

IGF-1R is required for establishment of the transformed state, tumor cell
invasion, and metastasis. Epidemiological evidence links elevated expression
levels of IGFs or IGF-1R with the pathogenesis of several cancers, e.g. breast,
prostate, and colon cancer, with resistance to radiotherapy. Dramatic anti-
tumor responses have been observed in a variety of experimental systems
when the function of the IGF-1R has been impaired. There is a major need
for highly specific, less toxic anti-cancer therapies, and IGF-1R is a well
validated target. A better understanding of the IGF-1R mechanism would
provide us with the tools needed for targeting key molecules essential for
IGF-1R function.

The work presented in this thesis has been an attempt at understanding
the mechanisms by which IGF-1R is regulated upon the posttranslational
modifications ubiquitination and SUMOylation. I would like to summarize
this thesis in five concluding remarks:

First, β-arrestins are adapter proteins essential for MDM2/IGF-1R bind-
ing which makes the MDM2-mediated ubiquitination of IGF-1R possible.
Further, β1 binds to IGF-1R with a higher affinity than β2. β1/MDM2-
mediated IGF-1R ubiquitination has a dual role: on the one hand it enhances
ERK activation and cell cycle progression upon IGF-1 stimulation, and on
the other hand it increases degradation of the receptor.

Second, the C-terminal domain of IGF-1R has a functional role being
important for β-arrestin binding and the overall ubiquitination and ERK
activation of the receptor.

Third, IGF-1R is degraded mainly by the lysosomal pathway, but nev-
ertheless, the proteasomal pathway is also important for degradation of Ub-
modified IGF-1R.

Fourth, the E3 ligase c-Cbl lys48 ubiquitinates the receptor, while the E3
ligase MDM2 lys63 ubiquitinates IGF-1R. Further, c-Cbl ubiquitinates IGF-
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1R in the presence of high dose IGF-1 causing caveolin/raft internalization,
while MDM2 ubiquitinates IGF-1R at low dose IGF-1 stimulation resulting
in clathrin-dependent internalization.

And fifth, IGF-1R is SUMOylated, translocated to the nucleus, and by
binding to enhancer regions might affect the gene transcription.

In summary, ubiquitination of IGF-1R is much more involved in the re-
ceptor function than we believed when I started. I have mentioned the dual
role of ubiquitination in IGF-1R function several times. The interesting
question is, if not ubiquitination itself, what is the “switch” deciding when
the receptor should increase signaling and cell cycle progression, and when
it should be degraded leading to signal attenuation? Could the E3-specific
receptor ubiquitination be part of the answer? Could the two degradation
pathways involved in IGF-1R degradation solve the mystery? Could the
adapter protein be the regulator? Could a variety of adapter proteins me-
diate ubiquitination through one and the same ligase and somehow cause
different functional outcomes? Another interesting discovery in this thesis
was involvement of SUMO-modification. How does SUMOylation affect the
nuclear translocation? By inhibiting overall SUMOylation we could detect
that nuclear IGF-1R is eliminated. Is SUMOylation of the receptor directly
involved in the the nuclear import or is another protein responsible? Which
genes are directly affected by nuclear pool of IGF-1R? Are there any nuclear
proteins phosphorylated by nuclear IGF-1R and what would the outcome
be? As usually is the case in research, as soon as you answer one question
you create many more. I hope this work has contributed to an increased un-
derstanding of the complex function of IGF-1R, as well as creating questions
interesting enough to be answered.
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