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  1.1
Introduction 

 Post - translational modifi cations of proteins allow cells to respond dynamically to 
intra -  and extracellular stimuli to control cellular processes  [1] . A modifi cation that 
has been given special attention among all possible modifi cations is protein ubiq-
uitination, due to the frequency of its occurrence and the key role it plays in the 
inducible and reversible control of signaling pathways which regulate cellular 
homeostasis  [2 – 4] . Tagging of proteins with ubiquitin occurs in a three - step 
process through the sequential action of the ubiquitin activating (E1), conjugating 
(E2) and ligase (E3) enzymes  [5, 6] . Ubiquitination is a dynamic and reversible 
modifi cation, and the rapid removal of ubiquitin from substrates and the process-
ing of ubiquitin chains is catalyzed by de - ubiquitinating enzymes (DUBs)  [7] . The 
regulation of DUBs is attracting increasing interest, since they serve to switch off 
the ubiquitin signal or to initiate a shift between different modifi cations of the 
same lysine residue. Moreover, there seems to be an interesting interplay between 
E3 ubiquitin ligases and DUBs. Interactions between E3s and DUBs have been 
shown to regulate the stability of E3s which undergo autoubiquitination. This type 
of interaction also leads the DUB to its substrate and regulates the target stability 
 [7] . 

 Ubiquitin modifi cation can occur in multiple ways, making it a very diverse 
modifi cation with distinct cellular functions (Figure  1.1 ). In its simplest form, a 
single ubiquitin molecule is attached to a single lysine residue in a substrate, which 
is defi ned as monoubiquitination  [8, 9] . Alternatively, several single ubiquitin mol-
ecules can be attached to several different lysines, which is referred to as multiple 
monoubiquitination or multiubiquitination  [10, 11] . Moreover, ubiquitin contains 
seven lysines itself that can be used to form various types of ubiquitin chain in an 
iterative process known as polyubiquitination  [5, 12] . Interestingly, all seven lysines 
(Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63) have the potential to be used in 
chain formation, giving rise to chains with different linkages or branches  [13] .   

 Monoubiquitination is involved in endocytosis of plasma membrane proteins, 
the sorting of proteins into the multivesicular body (MVB), budding of 
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    Fig. 1.1.     Ubiquitin and ubiquitin - like protein 
(Ubl) modifi cations regulate a wide variety 
of cellular processes. Ubiquitin and Ubls 
share the same ubiquitin superfold and are 
collectively referred to as ubiquitons. All 
ubiquitons are attached via their C - terminal 
glycine residue to lysine residues in target 
proteins via a covalent isopeptide bond. 
Monoubiquitination (MonoUb) is essential for 
endocytosis and/or endosomal sorting of a 
variety of receptors, regulation of histones, 
DNA repair, virus budding and nuclear export. 
Tagging of several lysines with single 
ubiquitin molecules (MultiUb), is involved in 
endocytosis of certain RTKs and regulation of 
p53 localization. Polyubiquitination (PolyUb), 
the formation of ubiquitin chains via different 
lysines of ubiquitin, targets proteins for 
degradation in the 26S proteasome when 
linked via lysine 48, and has non - proteolytic 

functions, including control of DNA repair, 
endocytosis and activation of protein kinases 
when linked via lysine 63. Sumolyation 
controls several processes in the cell nucleus, 
including DNA repair, protein localization, 
chromatin remodeling and gene transcription. 
Neddylation regulates the activity of several 
E3 ubiquitin ligases, including Cbl, Mdm2 and 
cullins, and cooperates with ubiquitin to 
target EGFRs for lysosomal degradation  [33, 
34] . ISG15 and FAT10 are dimeric ubiquitons 
implicated in immune response  [33, 34] . Atg8 
and Atg12 play important roles in autophagy, 
the degradation of bulk cytoplasmic 
components, by contributing to the formation 
of autophagosomes during nutrient starvation 
of cells  [33, 34] . Ub, ubiquitin; K, lysine; S, 
SUMO; N, Nedd8; F, FAT10; I, ISG15; A, 
Atg8/12. 
 



retroviruses, DNA repair, histone activity and transcriptional regulation  [8, 9, 14 –
 16] . Multiple monoubiquitination is also involved in endocytosis of receptor 
tyrosine kinases (RTKs) and in nuclear export of p53  [10, 11] . In the case of polyu-
biquitination, the functions of polyubiquitin chains linked via lysines 48 and 63 
have been best characterized. Proteins that are polyubiquitinated with Lys48 -
 linked chains are recognized by ubiquitin - binding subunits of the 26S proteasome 
and are targeted for proteasomal degradation  [5, 17] . Chains linked via Lys63, on 
the other hand, are involved in regulating endocytosis, DNA repair and activation 
of NF -  κ B  [2, 14, 18 – 20] . Thus, whereas Lys48 - linked polybiquitination was the fi rst 
proteolytic signal described, it is becoming clear that monoubiquitination and 
Lys63 - linked polyubiquitination function in several non - proteolytic cellular pro-
cesses to regulate signaling networks. 

  1.1.1
Ubiquitin Signaling Networks 

 Ubiquitination is similar to phosphorylation and functions as a signaling device 
in cellular signaling networks. First, ubiquitination is an inducible event, which 
can be triggered by signals such as extracellular stimuli, phosphorylation and DNA 
damage  [2] . This is associated with the fact that E3 ubiquitin ligases are tightly 
regulated by signal - induced mechanisms, such as post - translational modifi cations, 
compartmentalization, degradation and oligomerization  [21, 22] . A prominent 
example is the ubiquitin ligase Cbl, which is recruited to a particular phosphoty-
rosine residue in the   epidermal growth factor receptor (EGFR) following its ligand -
 induced activation, and subsequently tyrosine phosphorylation of Cbl itself 
promotes its ubiquitin ligase activity and consequently ubiquitination of the EGFR 
 [23 – 25] . 

 Second, ubiquitination is a reversible signal that is modulated by the action of 
DUBs, which is critical for the dynamic regulation of ubiquitin networks in the 
cell. The regulation of DUB activity is only beginning to be understood, and struc-
tural data indicate that these enzymes are in an active conformation only when 
bound to ubiquitin. Some DUBs require formation of complexes with other pro-
teins in order to become active, and it has been reported that some are inhibited 
by phosphorylation or degradation  [7] . For example, CYLD, an important DUB in 
the NF -  κ B pathway, undergoes inhibitory phosphorylation after TNF -  α  stimula-
tion, leading to the accumulation of one of its substrates, Lys63 - ubiquitinated 
TRAF2  [26] . 

 Ubiquitin mediates many of its functions by interacting with highly specialized 
ubiquitin - binding domains (UBDs) in downstream effector proteins. More than 
15 UBDs (UBA, UIM, IUIM, UEV, GAT, CUE, PAZ, NZF, GLUE, UBM, UBZ, 
VHS etc.) have been discovered so far  [13, 27 – 31] . The structures of most of these 
domains have been elucidated when they are complexed with ubiquitin and it 
appears that they have many different   tertiary structures and bind ubiquitin with 
relatively low affi nity (50 – 100    μ  M )  [13, 30] . The low affi nity of UBD – ubiquitin 
interactions allows rapid assembly and disassembly of interaction networks, which 
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facilitates dynamic biochemical processes  [9, 13] . Moreover, it is thought that a 
local increase in the concentration of UBD - containing proteins and UBDs, for 
example by the formation of multimeric complexes or the presence of several 
UBDs within the same protein, might increase the   rate at which UBD – ubiquitin 
interactions occur  [9, 13, 30] . Furthermore, some UBDs can bind several ubiquitin 
molecules simultaneously, as has been reported for the UIM of the endocytic 
sorting protein   Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate) 
 [32] . Due to its versatility, the numerous substrates that can be tagged with ubiq-
uitin and the various proteins containing UBDs, ubiquitination is thus involved 
in complex networks of interactions in time and space that regulate key cellular 
functions, such as signaling, endocytosis, cell cycle and DNA repair.  

  1.1.2
Ubiquitin - like Proteins 

 The complexity of cellular signaling networks is further increased by modifi cations 
with ubiquitin - like (Ubl) proteins, including the small ubiquitin - related modifi er 
(SUMO), Neural precursor cell - expressed developmentally downregulated 8 
(Nedd8), interferon - stimulated gene 15 (ISG15), FAT10, Atg8 and Atg12  [33, 34] , 
all of which regulate a variety of physiological processes (Figure  1.1 ). All Ubls share 
a similar three - dimensional structure, the ubiquitin superfold which is a  β  - grasp 
fold.   Despite the varying degrees of sequence similarity, all proteins containing 
this fold are collectively known as ubiquitons  [34] . 

   In a manner similar to that involved in the tagging of proteins with ubiquitin, 
Ubls are covalently attached to their target proteins via a cascade of three enzymes 
(E1, E2, E3) which are partially specifi c for each of the Ubls  [33] . As with ubiquitin, 
Ubls most frequently attach to lysines, although the free N - terminus can be an 
attachment site for both for ubiquitin and Ubls. In contrast to the ubiquitin system, 
Ubls generally form mono - conjugates with the substrates and not polymeric chains 
(Figure  1.1 ). SUMO conjugates have been observed, however, but their function is 
not yet known  [35] . It is very likely that there are specialized interaction domains 
for all the Ubls, although they have only been described for a subset. SUMO - 
interacting motifs (SIMs) have been assigned  [36 – 39] , and some known UBDs 
interact not only with ubiquitin, but also with Nedd8  [40] .   Moreover, it is interesting 
to note that UBDs and SIMs bind at distinct surface locations on ubiquitin and 
SUMO, respectively, resulting in highly specifi c interactions which provide some 
insights into the different cellular functions of these two proteins  [1] . 

 In many cases, there is an active interplay between ubiquitin and Ubls in the 
regulation of individual proteins and/or cellular pathways. For example, the same 
lysine residue can be modifi ed with either ubiquitin or SUMO, leading to the 
activation of completely different downstream pathways. The modifi cation of 
PCNA (proliferating cell nuclear antigen), that forms a clamp that recruits DNA 
polymerases to the replication fork, with either ubiquitin or SUMO induces error -
 prone DNA repair or DNA synthesis, respectively  [14] . Moreover, there is apparent 
cooperation between ubiquitin and Nedd8 during downregulation of the epider-
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mal growth factor receptor (EGFR). EGF stimulation triggers Cbl - mediated ned-
dylation of the EGFR, which in turn promotes the subsequent Cbl - mediated 
  ubiquitination of the receptor and its degradation  [40] . 

 Further complexity in Ubl signaling networks results from the fact that Ubl 
domains can be found within the genetically - encoded sequence of proteins. Many 
proteins containing Ubl domains interact with the proteasome, but there are also 
several examples in which the ubiquitin fold is involved in mediating protein –
 protein interactions in signal transduction cascades, consistent with the important 
role of ubiquitin and Ubls in both degradation and signaling pathways  [34] .   

  1.2
Ubiquitin in Cancer Pathogenesis 

   The development of cancer is a multi - step process which results from mutations 
in the cellular pathways that control signaling, endocytosis, cell - cycle and cell -
 death and interactions between the tumor and its surrounding tissue  [41] . Deregu-
lation of components of the ubiquitination machinery appears to be a common 
theme in the development of cancers  [4, 42 – 44] . Mutations or overexpression of 
numerous E3 ubiquitin ligases can convert them to potent oncogenes and some 
E3s and DUBs act as tumor suppressors (Table  1.1 ).   Several substrates that are 
affected by alterations in E3 and DUB activity play key roles in the cell cycle, DNA 
repair, NF -  κ B signaling, RTK signaling and angiogenesis and their levels or activ-
ity are precisely regulated by ubiquitination (Table  1.1 ; Figure  1.2 ). In the following 
sections we will highlight the nature of role that the ubiquitin system plays in 
maintaining the homeostatic balance of these processes and why its deregulation 
promotes the development of different types of tumors.     

  1.2.1
Ubiquitin in Cell Cycle Control 

 Deregulation of cell - cycle control is a fundamental characteristic of cancer. Uncon-
trolled proliferation of cancer cells occurs because the precise regulation of the 
cell cycle has been disrupted  [41] . Progression through the cell cycle is mediated 
by cyclin - dependent kinases (CDKs) whose activity is regulated by cyclins and 
CDK inhibitors (CDKIs)  [43] . These undergo ubiquitin - mediated proteolysis 
which results in their periodic expression, ensuring that the cell cycle proceeds 
at normal speed. Cyclins act as accelerators of the cell cycle, whereas CDKIs 
function as brakes. Therefore, cyclins (D1 and E) are frequently overexpressed 
in human cancers and the CDKI p27 is a prominent tumor suppressor  [43, 45, 
46] . 

 Three structurally - related cullin - dependent E3 ubiquitin ligases, SKP1 - CUL1 - F -
 box - protein (SCF)/Skp2, SCF/Fbw1 and anaphase - promoting complex/cyclosome 
(APC/C), are involved in regulating the levels of cyclins and CDK inhibitors 
by promoting their polyubiquitination and degradation in the proteasome  [43] . 



 6  1 Ubiquitin Signaling and Cancer Pathogenesis
 Ta

bl
e 

1.
1.

     S
um

m
ar

y 
of

 p
at

hw
ay

s 
an

d 
pr

ot
ei

ns
 r

eg
ul

at
ed

 b
y 

ub
iq

ui
tin

at
io

n 
an

d 
w

ho
se

 d
er

eg
ul

at
io

n 
le

ad
s 

to
 t

he
 d

ev
el

op
m

en
t 

of
 c

an
ce

r.
 

 Pa
th

w
ay

 
 D

er
eg

ul
at

ed
 

pr
ot

ei
n 

 Fu
nc

tio
n 

 Ty
pe

 o
f 

de
re

gu
la

tio
n 

 Su
bs

tr
at

e 
 U

bi
qu

iti
n 

m
od

ifi 
ca

tio
n 

 C
an

ce
r 

ty
pe

 
 R

ef
er

en
ce

s 

 C
el

l 
cy

cl
e 

 SC
F

/S
kp

2 
 E

3 
u

bi
qu

it
in

 l
ig

as
e 

su
bu

n
it

, o
n

co
ge

n
e 

 O
ve

re
xp

re
ss

io
n

 
 p2

7,
 c

yc
lin

 E
 

 Ly
s4

8 -
 lin

ke
d 

po
ly

u
bi

qu
it

in
at

io
n

 
 Lu

n
g 

ca
n

ce
r,

 m
al

ig
n

an
t 

m
el

an
om

a,
 l

ym
ph

om
a 

  43
  

 SC
F

/F
bw

7 
 E

3 
u

bi
qu

it
in

 l
ig

as
e 

su
bu

n
it

, t
u

m
or

 
su

pp
re

ss
or

 

 M
u

ta
ti

on
 

 C
yc

lin
 E

 
 Ly

s4
8 -

 lin
ke

d 
po

ly
u

bi
qu

it
in

at
io

n
 

 O
va

ri
an

 c
an

ce
r,

 b
re

as
t 

ca
n

ce
r,

 e
n

do
m

et
ri

al
 

ca
n

ce
r 

  43
  

 A
P

C
/C

 
 E

3 
u

bi
qu

it
in

 l
ig

as
e,

 
tu

m
or

 s
u

pp
re

ss
or

 
 M

u
ta

ti
on

 
 C

yc
lin

 B
, 

se
cu

ri
n

 
 Ly

s4
8 -

 lin
ke

d 
po

ly
u

bi
qu

it
in

at
io

n
 

 C
ol

or
ec

ta
l 

ca
n

ce
r 

  46
  

 D
N

A
 r

ep
ai

r 
 M

dm
2 

 E
3 

u
bi

qu
it

in
 l

ig
as

e,
 

on
co

ge
n

e 
 O

ve
re

xp
re

ss
io

n
 

 p5
3 

 Ly
s4

8 -
 lin

ke
d 

po
ly

u
bi

qu
it

in
at

io
n

 
 N

on
 - s

m
al

l 
ce

ll 
lu

n
g 

ca
n

ce
r,

 s
of

t -
 ti

ss
u

e 
ca

rc
in

om
a,

 c
ol

or
ec

ta
l 

ca
n

ce
r 

  59
  

 H
A

U
SP

 
 D

U
B

, t
u

m
or

 
su

pp
re

ss
or

 
 M

u
ta

ti
on

 
 p5

3,
 M

dm
2 

 D
eu

bi
qu

it
in

at
io

n
 

 N
on

 - s
m

al
l - c

el
l 

lu
n

g 
ca

n
ce

r 
  67

  

 B
R

C
A

1 
 E

3 
u

bi
qu

it
in

 l
ig

as
e,

 
tu

m
or

 s
u

pp
re

ss
or

 
 G

er
m

lin
e 

m
u

ta
ti

on
 

  γ  -
 tu

bu
lin

 
 P

ol
yu

bi
qu

it
in

at
io

n
 

 B
re

as
t 

ca
n

ce
r,

 o
va

ri
an

 
ca

n
ce

r 
  68

, 6
9  

 F
A

N
C

L 
 E

3 
u

bi
qu

it
in

 l
ig

as
e,

 
tu

m
or

 s
u

pp
re

ss
or

 
 M

u
ta

ti
on

 
 F

A
N

C
D

2 
 M

on
ou

bi
qu

it
in

at
io

n
 

 F
an

co
n

i 
an

em
ia

 - r
el

at
ed

 
ca

n
ce

rs
 

  68
, 7

4  

 N
F

 -  κ
 B

 s
ig

n
al

in
g 

 C
Y

LD
 

 D
U

B
, t

u
m

or
 

su
pp

re
ss

or
 

 M
u

ta
ti

on
 

 N
E

M
O

, 
T

R
A

F
2,

 
T

R
A

F
6,

 
B

cl
 - 3

 

 D
eu

bi
qu

it
in

at
io

n
 

of
 L

ys
63

 - li
n

ke
d 

u
bi

qu
it

in
 c

h
ai

n
s 

 C
yl

in
dr

om
at

os
is

 
  53

  

 R
T

K
 s

ig
n

al
in

g 
 C

bl
 

 E
3 

u
bi

qu
it

in
 l

ig
as

e,
 

pr
ot

o -
 on

co
ge

n
e 

 M
u

ta
ti

on
 

 R
T

K
s 

 M
u

lt
ip

le
 

m
on

ou
bi

qu
it

in
at

io
n

 
 B

re
as

t 
ca

n
ce

r,
 

gl
io

bl
as

to
m

a,
 h

ea
d 

an
d 

n
ec

k 
ca

n
ce

r,
 l

ym
ph

om
a 

  81
 – 8

4,
 8

6,
 

87
  

 A
n

gi
og

en
es

is
 

 SC
F

/V
H

L 
 E

3 
u

bi
qu

it
in

 l
ig

as
e 

su
bu

n
it

, t
u

m
or

 
su

pp
re

ss
or

 

 M
u

ta
ti

on
 

 H
IF

1 α
  

 Ly
s4

8 -
 lin

ke
d 

po
ly

u
bi

qu
it

in
at

io
n

 
 K

id
n

ey
 c

an
ce

r,
 b

lo
od

 
ve

ss
el

 t
u

m
or

s 
in

 t
h

e 
C

N
S 

  78
  



 1.2 Ubiquitin in Cancer Pathogenesis  7

    Fig. 1.2.     Overview of cancer - relevant 
ubiquitin - dependent pathways. SCF/Skp2, 
Mdm2, Rad18, Cbl, SCF/VHL and TRAF6 all 
are E3 ubiquitin ligases (yellow) that mediate 
specifi c types of ubiquitination of their 
respective substrates which are indicated in 
the fi gure (p27, p53, PCNA, RTKs, HIF1 α  and 
NEMO) (green). The proteasome, which has 
UBD - containing subunits, and UBD -
 containing proteins (Pol η , TSG101, TAB2/3) 
are shown in blue. (A, B, E) Lys48 - linked 
polyubiquitination of p27, p53 and HIF1 α  
leads to their proteasomal degradation, 
promoting cell cycle progression (p27, p53) or 
block of production of pro - angiogenic factors 
(HIF1 α ). SCF/Skp2 and Mdm2 act as 
oncogenes, because their overexpression 
leads to increased proliferation and the 
development of cancer. SCF/VHL, on the 
other hand, acts as a tumor suppressor, since 
its mutation leads to the accumulation of 
HIF1 α , aberrant angiogenesis and 
tumorigenesis. (C) Rad18 mediates 
monoubiquitination of PCNA, a modifi cation 
responsible for recruiting ubiquitin binding 

domain (UBD) - containing TLS polymerases to 
the site of DNA damage. Mutation of TLS 
polymerase Pol η  leads to a variant of a skin 
tumor syndrome called Xeroderma 
pigmentosum. (D) Cbl mediates multiple 
monoubiquitination of RTKs, which is 
recognized by ubiquitin - binding domains in 
proteins of the endocytic sorting machinery, 
including TSG101. Mutation of the Cbl 
binding site in RTKs, mutations of Cbl that 
abolish its ubiquitin ligase activity, or 
mutation in TSG101 all lead to defective 
receptor sorting and degradation, causing 
constitutive signaling and tumorigenesis. 
(F) TRAF6 mediates Lys63 - linked 
polyubiquitination of NEMO, which recruits 
the UBD - containing proteins TAB2/3, leading 
to activation of the protein kinase TAK1 that 
is required for NF -  κ B activation. CYLD, the 
DUB that removes Lys63 - linked chains from 
NEMO, is mutated in a cancer syndrome 
called cylindromatosis. Tumor suppressors 
are indicated in turquoise and oncogenes or 
proto - oncogenes in pink.  
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SCF/Skp2 targets among others p27 and cyclin E, and SCF/Fbw1 targets cyclin E 
for polyubiquitination and proteasomal degradation, events that regulate the G1 – S 
transition (Figure  1.2 )  [47] . APC/C, on the other hand, promotes polyubiquitina-
tion and degradation of mitotic cyclins and securin,   which are required for termi-
nation of the mitotic cycle and separation of the sister chromatids, respectively 
 [46] . In this way APC/C maintains the normal chromosome number, alterations 
of which are a prevalent form of genetic instability in human cancers. These E3 
ubiquitin ligases thus act at different time points during the cell cycle and impor-
tantly they appear to interplay in a regulatory loop  [43] . 

 Due to their central function in cell cycle progression, aberrant expression or 
mutations of SCF/Skp2, Fbw1 or APC/C have been found in several human 
cancers (Table 1)  [43, 45, 46] . Skp2 has oncogenic properties in transgenic mouse 
models, is frequently overexpressed in lung cancers and its overexpression is cor-
related with poor prognosis in a wide range of cancer types  [43] . Fbw1, on the 
other hand, acts as a tumor suppressor. Mutations in the  FBW1  gene have been 
reported in ovarian, breast and endometrial cancer, often correlated with increased 
cyclin E levels  [43] . APC/C also functions as a tumor suppressor and is mutated 
in more than 70% of colorectal carcinomas  [46] . Thus, cumulative evidence indi-
cates that deregulation of the ubiquitin system in cell - cycle control is closely linked 
to the development of cancer.  

  1.2.2
Ubiquitin in the NF -  k B Pathway 

 The NF -  κ B family of transcription factors triggers the expression of genes that are 
central mediators of cell survival, proliferation, and innate and adaptive immune 
responses. The role of NF -  κ B in cancer is connected to its constitutive activation 
of anti - apoptotic signals in both pre - neoplastic and malignant cells, and its emerg-
ing role in regulating tumor angiogenesis and invasion  [48] . NF -  κ B activation is 
controlled by ubiquitination of several of the components of the NF -  κ B pathway 
 [2, 18, 49] . A key step in the activation of NF -  κ B is its release from the inhibitor 
I κ B and its subsequent translocation from the cytoplasm to the nucleus where it 
triggers the expression of its target genes. A central regulator of this process is the 
I κ B kinase (IKK) complex, which consists of two catalytic subunits (IKK α  and 
IKK β ) and a regulatory subunit (IKK γ /NEMO). IKK promotes I κ B phosphorylation 
which recruits the E3 ubiquitin ligase SCF -  β TRCP to I κ B which in turn promotes 
Lys48 - linked ubiquitination and proteasomal degradation, thereby releasing NF -
  κ B  [18, 49] . 

 Another type of ubiquitin modifi cation is exemplifi ed by Lys63 - linked polyubiq-
uitination which also plays a central role in NF -  κ B activation by activating protein 
kinases. Both IKK and the kinase that activates IKK, TGF β  - activated kinase (TAK1), 
require Lys63 - linked chains synthesized by the E3 ubiquitin ligase TNF receptor 
associated factor 6 (TRAF6) for their activation  [18] . IKK activation requires the 
modifi cation of the regulatory subunit NEMO with Lys63 - linked chains  [50] . TAK1 
activation depends on the interaction between the UBDs of the TAK1 - binding 
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proteins TAB1, 2 and 3 with substrates modifi ed with Lys63-linked polyubiquitin 
chains, and ubiquitinated NEMO is a likely interaction partner (Figure  1.2 )  [51] . 

 Since ubiquitination plays a central role in NF -  κ B activation, its removal by 
DUBs is critical to the downregulation of the NF -  κ B signal. To date, two DUBs 
have been identifi ed to have important roles in regulating the NF -  κ B pathway, A20 
and cylindromatosis (CYLD). A20 has a dual role in downregulating NF -  κ B signal-
ing. First, A20 specifi cally removes Lys63 - linked ubiquitin chains from the receptor - 
interacting protein (RIP), an essential mediator of TNF receptor 1 (TNFR1) 
signaling, and subsequently it attaches Lys48 - linked ubiquitin chains to promote 
its proteasomal degradation  [52] . Whether there is a genetic link between A20 and 
the risk of cancer still needs to be established  [4] . 

  CYLD  was originally identifi ed as a tumor suppressor gene that is mutated in 
familial cylindromatosis, an autosomal dominant disease characterized by multi-
ple tumors of the skin appendages  [53] . CYLD contains a ubiquitin C - terminal 
hydrolase (UCH) domain and acts as a DUB that removes Lys63 - linked chains 
from several NF -  κ B pathway members, including the ubiquitin ligases TRAF2 and 
TRAF6, the IKK subunit NEMO and the transcriptional co - activator Bcl - 3 (Figure 
 1.2 )  [54 – 58] . In this way CYLD regulates the duration of NF -  κ B activation and its 
loss thus correlates with tumorigenesis. 

 These examples illustrate that modifi cation of pathway components containing 
Lys63 - linked ubiquitin chains (NEMO, TRAFs, RIP, Bcl - 3) triggers the activation 
of NF -  κ B, whereas ubiquitin removal is a common theme in its inactivation, 
thereby preventing excessive cell proliferation and tumor development.  

  1.2.3
Ubiquitin as a Signal in DNA Repair 

 The maintenance of DNA integrity is pivotal to the prevention of cancer - promoting 
mutations in the genome. Cells have therefore developed elaborate DNA repair 
systems to respond to DNA damage. Emerging data show that ubiquitin modifi ca-
tion plays a major role in DNA repair response both by regulating cell cycle arrest 
(p53, Mdm2, HAUSP, BRCA1 and FANCD2) and by controlling trans - lesion DNA 
synthesis (PCNA and TLS polymerases). 

  1.2.3.1   p53 Pathway 
 The  p53  gene is mutated in more than 50% of human cancers. p53 is a transcrip-
tion factor with an essential role in promoting cell - cycle arrest, apoptosis and DNA 
repair when cells encounter DNA damage. In this way, p53 hinders proliferation 
of damaged cells and acts as a tumor suppressor  [59, 60] . In order to maintain 
cellular homeostasis, the levels of p53 are highly regulated in cells. In unstressed 
cells, the levels of p53 are kept low and this is mediated by ubiquitin - dependent 
proteasomal degradation. Mdm2 is a RING - type E3 ubiquitin ligase responsible 
for promoting both monoubiquitination and Lys48 - linked polyubiquitination of 
p53 in a dose - dependent manner (Figure  1.2 )  [11] . Monoubiquitination of p53 
promotes its nuclear export and polyubiquitination, its degradation by nuclear 
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proteasomes. Normally, the interaction between Mdm2 and p53 is disrupted when 
cells encounter DNA damage or other stresses, promoting an accumulation of p53 
in the nucleus, cell - cycle arrest and DNA repair  [61] . Overexpression of Mdm2, on 
the other hand, leads to aberrant deactivation of p53, which is observed in many 
types of tumors (Table  1.1 )  [59, 62, 63] . 

  Herpes simplex  - associated ubiquitin - specifi c protease (HAUSP) is involved in p53 
deubiquitination and stabilization  [64, 65] . Importantly, its overexpression is suf-
fi cient to promote cell - cycle arrest and apoptosis, suggesting that it could act as a 
tumor suppressor  [65] . On the other hand, disruption of the  HAUSP  gene in 
human cancer cell lines by targeted homologous recombination, also leads to p53 
stabilization and activation  [66] . These contradictory results could be explained by 
the presence of other targets of HAUSP, such as Mdm2, which determine p53 
levels  [64] . Nevertheless, mutations of the  HAUSP  gene are associated with an 
increased risk for non - small - cell lung cancer  [67] .  

  1.2.3.2   BRCA1 and FANCD2 
 The breast cancer susceptibility genes  BRCA1  and  BRCA2  and products of the 
Fanconi anemia (FA) gene act as tumor suppressors. They function in a network 
of interconnected biological processes and have important roles in cell - cycle check -
 point control and DNA repair of double strand breaks by mediating homologous 
recombination  [60] . Germline mutations in one allele of either  BRCA1  or  BRCA2  
cause hereditary breast and ovarian cancer syndrome and mutations in FA genes 
( FANCA, FANCB, FANCC, FANCD1, FANCD2  etc.) can cause FA, a genetic dis-
order associated with increased susceptibility to cancer  [68] . 

 BRCA1 acts as a RING - type E3 ubiquitin ligase and its activity is increased when 
it is complexed with the structurally and functionally related BRCA1 - associated 
RING domain 1 (BARD1) ubiquitin ligase  [69] . Specifi c mutations in the RING 
domain of BRCA1 abolish its ubiquitin ligase activity and tumor suppression 
capabilities. Interestingly, BRCA1 and BARD1 preferentially promote formation 
of Lys6 - linked chains, a chain type that seems to be primarily involved in substrate 
stabilization  [69] . 

  BRCA1  -  and  BARD1  - defi cient mice show centrosome amplifi cation, defective 
G2 – M checkpoint control and genetic instability  [69] . Among the ubiquitinated 
targets of BRCA1/BARD1 is the centrosome component  γ  - tubulin  [70] . Following 
their duplication during cell division, centrosomes help to form the spindle appa-
ratus that segregates the duplicated chromosomes into daughter cells. Mutation 
of the ubiquitination site in  γ  - tubulin leads to amplifi cation of centrosome numbers, 
a defect associated with chromosome missegregation and the development of 
cancer  [70] . 

 When DNA is damaged, BRCA1 binds to FANCD2 in nuclear foci that are 
required for cell - cycle checkpoint control and DNA repair  [71] . The localization 
of FANCD2 to these foci is promoted by its monoubiquitination, suggesting 
that monoubiquitin - binding proteins might be involved in its recruitment  [72] . 
FANCD2 undergoes monoubiquitination in BRCA1 – / –  cells, indicating that 
another E3 ubiquitin ligase promotes this modifi cation  [73] . Indeed, a component 
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of the nuclear FA – protein complex, FANCL, possesses E3 ubiquitin ligase activity 
against FANCD2 via its RING - fi nger - like plant domain (PHD)  [74] . Deubiquitina-
tion of FANCD2 by ubiquitin - specifi c protease 1 (USP1), on the other hand, may 
play an important role when cells restart the cell cycle after DNA damage  [75] .  

  1.2.3.3   PCNA and TLS Polymerases 
 DNA damage blocks the progression of the replication fork and in order to avoid 
stalling the replication process and circumventing the damaged sites, cells replace 
the high - fi delity replicative polymerase Pol δ  with one of the fi ve specialized low 
stringency DNA polymerases which are able to perform trans - lesion DNA synthe-
sis (TLS) across different types of damage  [76] . That TLS is crucial for cells is 
emphasized by the fact that defects in TLS polymerases can cause disease. Muta-
tions in TLS polymerase Pol η  are found in patients suffering from a variant of 
Xeroderma pigmentosum, a UV - induced skin tumor syndrome  [77] . 

 Proliferating cell nuclear antigen (PCNA) functions to recruit different polymer-
ases to the site of DNA replication or repair, and its ubiquitination and deubiqui-
tination plays a major role in the polymerase switch. Non - ubiquitinated PCNA 
recruits the replicative polymerase Pol δ  during DNA replication. Certain types of 
DNA damage, on the other hand, induce Rad18 - mediated monoubiquitination of 
PCNA. This modifi cation triggers the recruitment of TLS polymerases, all of which 
contain UBDs, the so - called ubiquitin - binding motif (UBM) or ubiquitin - binding 
zinc fi nger (UBZ) (Figure  1.2 )  [14, 27] . After trans - lesion synthesis has taken place, 
the low fi delity TLS polymerases are exchanged for Pol δ  to ensure accurate con-
tinued replication. Therefore, the DUB USP1   removes ubiquitin from PCNA 
during normal replication to allow recruitment of Pol δ  and is degraded once the 
DNA becomes damaged, again allowing monoubiquitination of PCNA and recruit-
ment of the TLS polymerases  [20] .   

  1.2.4
Ubiquitin Networks in Angiogenesis 

 Rapidly growing tumors require effi cient blood and nutrient supply and therefore 
secrete growth factors, such as vascular endothelial growth factor (VEGF) and 
platelet derived growth factor (PDGF), to promote angiogenesis, the formation of 
new capillaries. Therefore, it is not surprising that an anti - angiogenic protein, such 
as VHL (von Hippel - Lindau), would be a tumor suppressor  [78] . The  VHL  gene 
encodes a component of an   SCF - like ubiquitin ligase and is mutated in patients 
suffering from the familial cancer susceptibility, von Hippel - Lindau syndrome, 
that is associated with cancer of the kidney and tumors in the blood vessels of the 
central nervous system  [78, 79] . Under normoxic conditions, VHL binds to the 
hydroxylated  α  - subunits of the hypoxia - inducible factor (HIF) heterodimeric tran-
scription factors and targets them for polyubiquitination and proteasomal degrada-
tion (Figure  1.2 )  [80] . During hypoxic conditions, HIF1 α  is not hydroxylated and 
can thus not be bound by VHL, leading to its stabilization. HIF1 α  then triggers 
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the transcription of several genes encoding pro - angiogenic growth factors, includ-
ing VEGF, PDGF β  and transforming growth factor  α  (TGF α )  [78] . Mutation of 
VHL is thought to lead to constantly increased levels of HIF1 α  and its target 
growth factors even under normoxic conditions  [78] , thus stimulating the forma-
tion of new blood vessels and tumors.  

  1.2.5
Ubiquitin Networks in Receptor Endocytosis 

 Constitutive receptor tyrosine kinase (RTK) signaling, resulting from receptor 
overexpression, autocrine growth factor loops and activating mutations, can cause 
cell transformation and cancer  [81] . Moreover, loss of negative regulation of RTKs 
is an important factor contributing to enhanced receptor signaling  [82 – 84] . RTKs 
are downregulated by endocytosis and lysosomal degradation, which requires 
ligand - induced Cbl - mediated receptor multiple monoubiquitination, Lys63 - linked 
polyubiquitination and neddylation (Figure  1.2 )  [9, 10, 40, 85] . Ubiquitin attached 
to RTKs serves as a sorting tag that is recognized by UBD - containing endocytic 
proteins along the endocytic pathway, ensuring that they targeted into the inner 
vesicles of the multivesicular body (MVB), which destines them for lysosomal 
degradation  [9, 15, 16] . Therefore, RTK mutations that lead to the loss of the 
binding site for the ubiquitin ligase Cbl in addition to Cbl mutants lacking ubiq-
uitin ligase activity, cause defective downregulation of the receptor  [83, 84] . Promi-
nent examples of RTKs that have been found mutated in tumors and have escaped 
Cbl - mediated ubiquitination and degradation include EGFR (EGFRvV, v - erbB and 
EGFRvIII), MET (TRP - MET) and c - Kit (v - Kit)  [83, 86, 87] . Oncogenic forms of Cbl 
(v - Cbl, Cbl - 70Z,  Δ Y368 - Cbl,  Δ Y371 - Cbl) all lack ubiquitin ligase activity and are 
thought to act as dominant negative proteins and to compete with endogenous 
Cbl for binding to activated RTKs  [24, 25] . Deletions of the extracellular area of 
the EGFR (EGFRvIII) are found in approximately 40% of glioblastomas and the 
EGFR family member ErbB2 is frequently overexpressed in breast cancer  [87] . 
Overexpression of ErbB2 favors the formation of EGFR/ErbB2 heterodimers 
which recruit Cbl less effi ciently, and are thus not degraded, but rather recycled 
back to the cell surface  [88 – 90] . 

 Interestingly, components of the endosomal sorting complex required for trans-
port (ESCRT) machinery that sorts ubiquitinated cargo into the MVB  [15, 91] , are 
also linked to the development of tumors. Mutations in the components of the 
ESCRT - I tumor susceptibility gene 101 (TSG101) and hepatocellular carcinoma -
 related protein 1 (HCRP1) have been implicated in tumor development  [84, 92, 
93] . TSG101 contains a ubiquitin - binding UEV domain that binds to ubiquitinated 
cargo and is required for effective receptor sorting into the MVB (Figure  1.2 )  [15] . 
Moreover, mutations of  erupted  (TSG101) and  Vps25  (an ESCRT - II component) 
have been shown to cause neoplastic tumor growth in the fruit fl y  [94 – 98] . Thus, 
proper ubiquitin - dependent lysosomal degradation of activated RTKs prevents 
constitutive receptor signaling and carcinogenesis.   



  1.3
Targeting Ubiquitin Networks in Cancers 

 Due to its common deregulation in the development of cancers, targeting the 
ubiquitin system in cancer therapeutics emerges as a promising approach. The 
major challenge is to develop drugs that specifi cally act on the desired ubiquitin 
system component or substrate without affecting other pathways. Possible strate-
gies involve inhibiting ubiquitin activation or conjugation, ubiquitin ligase activity 
of oncogenic E3s, by blocking either E2 or substrate binding, or inhibiting the 
degradation of cancer - preventing tumor suppressors  [99] . Since the ubiquitin 
activation and proteasomal degradation steps involve ATP - dependent and proteo-
lytic enzymes, respectively, which are classical drug targets, they represent thera-
peutically attractive points of intervention  [99] . The major concern with these 
strategies, however, is their wide action on numerous substrates and pathways 
within the cell which may produce severe side effects. Intervening in the E3 – sub-
strate interaction therefore represents a more selective approach which could lead 
to more effective treatment and fewer nonspecifi c effects (Figure  1.3 ).   

  1.3.1
Targeting Interactions between E3s and their Substrates 

 This strategy has been successfully applied when targeting the interaction between 
the oncogenic E3 ubiquitin ligase Mdm2 and the tumor suppressor p53 with two 

    Fig. 1.3.     Different approaches for targeting 
the ubiquitin system in cancer therapy. 
(A) Interference with the interaction between 
the E3 ubiquitin ligase and the substrate. 
Examples: Nutlin and RITA. (B) Inhibition 
of the catalytic activity of the proteasome. 
Example: Bortezomib. (C) Interference 
with the interaction between Lys48 -
 polyubiquitinated substrates and the 

proteasome. Example: Ubistatins. 
(D) Interference with the interaction 
between ubiquitinated substrates and the 
corresponding ubiquitin - binding domain 
(UBD) - containing proteins. The main diffi culty 
with all these strategies is in achieving 
optimum specifi city and selectivity. See the 
main text for more details.  
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types of small molecule inhibitors that were identifi ed in anti - cancer drug 
screens, Nutlins (cis - imidazole derivatives) and RITA (2,5 - bis(5 - hydroxymethyl - 2 -
 thienyl)furan). Nutlins occupy the p53 binding pocket of Mdm2 and RITA binds 
p53 and in this way they both prevent the p53 – Mdm2 interaction  [99] . Conse-
quently, both compounds stabilize p53, leading to p53 - dependent cell - cycle arrest 
in cancer cell lines and the inhibition of tumor growth in nude mice  [99] . Although 
the initial studies on these inhibitors seem promising, their bioavailability and 
usefulness in the treatment of human cancer need to be thoroughly studied. 
Despite higher specifi city, major concerns still remain: do these interventions yield 
unwanted effects such as affecting other substrates of Mdm2, other interaction 
partners of p53 or p53 - related proteins such as p63 and p73? These basic concerns 
apply in each of the cases where the interaction surface between the E3 ubiquitin 
ligase and the substrate is targeted.  

  1.3.2
Targeting the Proteasome 

 Surprisingly, the biggest success so far in targeting the ubiquitin system in cancer 
therapy has been the development of Bortezomib, a small molecule proteasome 
inhibitor that binds reversibly to the active site of the 20S proteasome subunit 
 [100] . Despite concerns regarding the lack of specifi city due to the inhibition of the 
entire proteasomal protein degradation system, this inhibitor is being successfully 
used clinically in the treatment of relapsed, refractory multiple myeloma, and is 
being studied in a variety of hematological cancers and solid tumors, including 
non - Hodgkin ’ s lymphoma, prostate, breast and non - small - cell lung cancers. Bort-
ezomib is thought to inhibit cell proliferation by blocking the degradation of pro-
teins involved in cell - cycle control and apoptosis (including p53, cyclins and I κ B) 
 [101] . Interestingly, Bortezomib shows selective cytotoxicity against cancer cells 
compared to normal cells both  in vitro  and  in vivo   [99] . Therefore, development of 
strategies involving proteasome inhibitors may be useful in the therapy of certain 
types of tumors (Figure  1.3 ).  

  1.3.3
Other Approaches 

 Apart from targeting the ubiquitin system itself, some clinically - effective mono-
clonal antibodies and small molecule inhibitors have been shown to promote 
ubiquitin - dependent degradation of oncogenic proteins. Such an example is 
Herceptin, a monoclonal antibody used for the treatment of breast cancer tumors 
overexpressing ErbB2 which increases Cbl - mediated ErbB2 ubiquitination and 
degradation  [102] . 

 Another promising and challenging approach to targeting the ubiquitin system 
in cancer therapy is to alter the ubiquitin - induced protein – protein interactions 
in cells  [4] . Although this approach offers more specifi city than any of the 
above - mentioned strategies due to the fact that there are more ubiquitin - induced 
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interactions than existing enzymes, there are still many diffi culties related to this 
strategy. The main obstacles include targeting the   fl at and hydrophobic interaction 
surface between ubiquitin and UBDs and dealing with the low affi nities of such 
interactions. Modulators of polyubiquitin chain recognition, the ubistatins, have 
been shown to bind specifi cally to the interfaces between Lys48 - linked ubiquitin 
molecules, and to inhibit ubiquitin - dependent proteasomal degradation of certain 
substrates (Figure  1.3 )  [103] . The ubistatins are however not cell - permeable,   but it 
may be possible to use them to target interaction surfaces between ubiquitin and 
UBDs after further developing them and increasing their bioavailability. Other 
types of inhibitor of ubiquitin – UBD interactions could target either the hydropho-
bic surface of ubiquitin containing Ile44, with which most UBDs interact, or spe-
cifi c UBDs (Figure  1.3 ). However, these approaches are also associated with issues 
of specifi city, since ubiquitin and ubiquitin chains are attached to numerous pro-
teins and UBDs are found in a vast variety of proteins. Despite these drawbacks, 
the increasing interest and knowledge gained in this fi eld will ensure that several 
novel strategies for targeting the ubiquitin system with higher specifi city will be 
developed in the near future.   

  1.4
Conclusions and Future Perspectives 

 In conclusion, we note that there is a strong link between alterations in ubiquitin 
signaling networks and the hallmarks of cancer, including uncontrolled prolifera-
tion and cell cycle divisions (SCF ligases, NF -  κ B), increased cellular signaling 
(RTKs, NF -  κ B), defective endocytosis (Cbl, RTKs, TSG101), increased cell survival 
(NF -  κ B), defective DNA repair (p53, BRCA1, TLS polymerases) and increased 
angiogenesis (VHL). A complete understanding of the interplay between ubiqui-
tination and other post - translational modifi cations such as phosphorylation 
and acetylation, between ubiquitin ligases and DUBs, as well as ubiquitin and 
Ubls in cellular networks will have a great impact on our insight into cancer - 
promoting mechanisms and our ability to design smart drugs for the treatment 
of cancer.  
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