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Cellular levels of products from both oncogenes and tumor
suppressor genes in normal cells need to be critically regulated to
avoid malignant transformation. These products are often controlled
by the ubiquitin proteasome pathway, the specific degradation
mechanism in the cell. E3 ubiquitin ligases polyubiquitylate their
specific substrates by collaborating with E1 and E2, and then the
modified substrates are degraded in the proteasome. Mdm2 targets
p53 and retinoblastoma protein, two major tumor suppressor gene
products, for ubiquitin-dependent degradation. SCF*? targets
other tumor suppressor gene products and CDK inhibitors such as
p130, Tob1, p27%P!, p57%r2, and p21°*'. Therefore, both E3 ligases
act like oncogene products. In contrast, degradation of several
oncogene products, such as Cyclin E, Notch, c-Myc, c-Jun, and c-Myb,
are mediated by SCF™"’. Fow7 is often deleted or mutated in human
cancers and acts like a tumor suppressor. As well as growth factor
receptors and signal transduction regulators, DNA repair-related
proteins are also regulated via the ubiquitin—-proteasome pathway
mediated by their specific E3 ligases. The stabilization of oncogene
products and enhanced degradation of tumor suppressor gene
products or DNA repair proteins might be associated with carcino-
genesis and malignant progression, due to defects or the abnormal
expression of their E3 ligases. (Cancer Sci 2009; 100: 1374-1381)

Ubiquitin-proteasome system in cancer

The ubiquitin—proteasome system controls the abundance
of a number of cellular proteins, particularly short-lived
regulatory proteins such as p53, c-Myc, IkBo, B-catenin,
p27%ir! and cyclins.!’. Polyubiquitin conjugation of lysine
residues in proteins as a result of collaboration with a ubiquitin-
activating enzyme (E1), a ubiquitin-conjugation enzyme (E2),
and a ubiquitin ligase (E3) is required for selective recognition
and degradation by the 26S proteasome.® The specificity of
target protein selection is defined by E3 ubiquitin ligases.®

The involvement of E1 in cancer has not been described, and
only a few reports have linked E2 to cancer development. By
contrast, a large amount of evidence indicates that deregulation
of E3 ligase often results in cancer development. As shown
in Figure 1, the stabilization of oncogene products due to inac-
tivation of their E3 ligases and enhanced degradation of
tumor suppressor gene products due to overexpression of their
responsible E3 ligases seems to play a role in carcinogenesis
or malignant progression. Therefore, E3 ligases that target
oncogene products or tumor suppressor gene products are involved
in the maintenance of a normal level of oncogene products or
tumor supressor gene products, respectively.

E3 ubiquitin ligases associated with cancer. E3 ubiquitin ligases
are classified into several groups. As shown in Figure 2, E3
ligases of the HECT-type, single RING-type, SCF-type,
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ECV-type, and Cul4-base selectively target oncogenic proteins
or tumor suppressive proteins and are involved in carcinogenesis
or tumor development."

The SCF-type E3 ligase controls many cancer-associated
proteins including both tumor suppressor proteins and oncogene
products.® It consists of four components: the invariable
subunits Skpl, Cull, and Rbx1/Rocl and a variable subunit
F-box protein that serves as a receptor for target proteins and
thereby determines target specificity (Fig. 2).“

Generally one substrate is regulated by more than one ligase
and one ligase targets several substrates, whereas the E3 ligase
seems to be substrate selective. Target recognition by the E3
ligase often requires modifications of the substrates such as
phosphorylation. For example, receptor subunits of SCF-type
E3 ligases such as Fbwl (B-TRCP), Fbw7, and Skp2 often
recognize their responsible substrate in a phosphorylation-
dependent manner.®* B-TRCP recognizes the D-pS-G-(X),,,-pS
destruction motif in its target, the serines of which are phospho-
rylated by specific kinases.®® The interaction between Fbw?7
and its substrates is also dependent on phosphorylation of the
substrate within a motif called the Cdc4-phosphodegron (CPD).
The eight WD40 repeats in Fbw7 form a B-propeller structure
creating a phospho-epitope binding pocket that can recognize
phosphorylated CPD. Several reports indicate that the CPD
recognized by Fbw7 contains the motif (L)-X-pT/pS-P-(P)-X-
pS/pT/E/D (where X is any amino acid).®”'?

Among the many F-box proteins, Skp2 and Fbw7 have
been well characterized and have been shown to control the
abundance of proteins associated with human cancers.!? As
shown in Figure 2, Skp2 can ubiquitylate various proteins,
including p27%r! (1219 p57Kip2 (15 1130,19 Tob1,"” and c-Myc."®
Skp2 is mainly involved in degradation of tumor suppressor
proteins such as Cdk inhibitors and p130 among others. Over-
expression of Skp2 is observed in various human cancers. It
has been reported that GA-binding protein is involved in
transcriptional upregulation of the Skp2 gene in tumor cells.!®
Moreover, gene amplifications of the Skp2 gene were found
in human gastric cancers.?” Therefore, Skp2 is suggested to be
an oncogene. Fbw7 mainly targets the degradation of oncogenic
proteins such as Cyclin E,” ¢c-Myc,®? c¢-Jun,'? ¢-Myb,?!?2
Notch,®® and mTOR.®» Moreover, deletion and mutation of Fbw7
is found in human cancers.?® Conditional inactivation of Fow7
manifests thymic hyperplasia because of c-Myc accumulation,
resulting in the development of thymic lymphoma.®® Therefore,
Fbw7 is believed to be a tumor suppressor gene that contributes
to the negative regulation of the cellular content of oncogene
products.
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Fig. 1. Accumulation of oncogene products and
enhanced degradation of tumor suppressor gene
products in cancer cells. In normal cells, tumor
suppressor gene products negatively regulate
transformation and cancerous growth and
oncogene products are quickly degraded by their
E3 ligases, which target oncogenes as anti-oncogenic
E3 ligases. Defects in the anti-oncogenic E3 ligase
and overexpression of the oncogenic E3 ligases,
which target tumor suppressor gene products, often
promote carcinogenesis and cancerous growth.

Fig. 2. Tumor-associated E3 ubiquitin ligases
and their substrates. Type variations and their
components of E3 ubiquitin ligases associated
with tumors are indicated on the left side. They
are classified into five types: HECT-type, single
RING-type, SCF-type, ECV-type, and Cul4-base.
Specific E3 ligases and their reported substrates
associated with cancer are also indicated. The
green boxes are substrate recognition modules,
and yellow boxes indicate the RING active domain,
which receives ubiquitin from E2.

Normal status

Oncogenic status

~

Tumor suppressor
gene product

Oncogene
product

Growth signal
transduction

Oncogenic
E3 ligase qﬂ

Tumor suppressor

e gene product

- Anti-oncogenic
E3 ligase

O

&)OO Degradation
\___© J

Oy

Oco

O ~ Degradation

Oncogene
product

Stabilization

N ; Substrate Tumor-associated

ype componen recognition module  substrates
Nedd4-1/2 TBRI Smad2, 4, PTEN
Smurf TBRI Smadt, 2,5,7

HecT (__[nect] ) NP

ARF-BP1 (Huwe1)
E6AP-E6

Mdm2
COP1

Single RING con

BRCA1
Arkadia
TRIM32

Fbw1 (B-TrCP)
Skp2

Fbw7
FBX4-oBcrystallin

VHL

Cdt2/PCNA

p63, TBRI, Smad2, 4
p63, p73, Smad2
p53

p53

p53, RB

p53

p53, p27

EGFR

RPB8, RNAPII, ER
Smad7

Abi2

B-catenin, 1xB, cdc25, Wee1, Period

p27, p57, p130, Tob1, c-Myc

c-Myc, c-Myb, Cyclin E, c-Jun, Notch, mTOR
Cyclin D1

HIF o

Cdt1, p21
RNAPII
Rad23B

Breast cancer susceptibility gene (BRCA) 1, a RING finger
E3 ligase, plays a crucial role in the DNA damage response.®”
The BRCAI1-BRCATl-associated RING domain (BARD) 1
heterodimeric RING finger complex has ubiquitin ligase
activity, whereas individually, BRCA1 and BARDI have very
low ubiquitin ligase activities. It has been reported that RNA
polymerase II (RNAPII) and RPBS8 are polyubiquitylated
by BRCA1-BRCAL1 in response to DNA damage without a
decrease in protein amount.*” Somatic mutation of BRCA1 or
BARDI is often identified in breast cancer and ovarian cancer.
Ubiquitin ligase activity of the complex is important for the
prevention of breast and ovarian cancer development.®®

As shown in Figure 2, HECT-type E3 ligases control the
TGFB-Smad pathway,®? whereas some HECT-type E3 ligases
target degradation of the p53 family of proteins. Because these
HECT-type E3 ligases are often overexpressed in human
cancers, they may be associated with carcinogenesis or tumor
cell growth. E3 ligases with an intrinsic single RING-finger
domain such as Mdm2, Pirh2 and COP1 also target p53 (Fig. 2).6"

Kitagawa et al.

These single RING-type E3 ligases are often overexpressed in
human cancers and thereby carcinogenesis or tumor cell growth
should be promoted. In the next portion of this review, we focus
on the degradation mechanism of tumor suppressive proteins
and oncogenic proteins.

Degradation of tumor suppressive proteins

p53 and retinoblastoma family proteins. The tumor suppressor
gene product p53 plays an important role in apoptosis, DNA
repair, and the cell cycle. Its cellular expression level is dif-
ferentially regulated by transcriptional control and the ubiquitin—
proteasome system.®" In the presence of human papilloma
virus E6 protein, a cellular HECT domain-containing protein,
E6AP, ubiquitylates p53 in collaboration with E6 protein.®?
Human papilloma virus promotes the degradation of p53 so
that it can promote its own amplification in the host cell. On
the other hand, the HECT-type E3 ligase ARF-BP1 (Huwel) is
also involved in the ubiquitin-dependent degradation of p53
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ubiquitin ligases, ubiquitylate p53 without accompanied virus
infection.®43% Following DNA damage, ATM/ATR Kinase is
activated and phosphorylates p53, Mdm?2, and COP1. In addition
to the phosphorylation of p53, phosphorylation of Mdm2 and
COP1 reduces their interaction with p53. p53 autonomously
stimulates transcription of its E3 ligase genes, Mdm2, Pirh2,
and COPI, for feedback attenuation. Overexpression of Pirh2 in
human lung cancer has been reported and thus is thought to
contribute to the downregulation of p53, which promotes
carcinogenesis.®” This evidence is contradictory because Pirh2
can promote degradation of not only wild-type p53 but also
mutant p53, which functions as an oncoprotein in a dominant-
negative manner against wild-type p53, and enhancement of the
degradation of mutant p53 may contribute to tumor suppression.
Thus, further study is required to clarify the involvement of
Pirh2 in human cancers.

Mdm?2 also binds to p73, which is a p53 family protein, but
does not promote its degradation. p73 and p63 but not p53
are regulated by Itch, a Hect-type E3 ligase.®** p73 is induced
to accumulate in response to DNA damage, which in turn
downregulates Itch expression, whereas accumulated p73
promotes G,/S cell cycle arrest and/or apoptosis. p63 is not
mutated during cancer development and is often amplified in
cancer. Using alternative promoters, the p63 gene expresses two
proteins, dNp63 and TAp63. TAp63 induces cell apoptosis,
whereas ONp63 has the opposite function. Both the p63 gene
products are also targets of WWPI1, which is expressed under
DNA damage conditions in a p53-dependent manner. WWP1
may govern cell survival by targeting different p63 proteins.“”

Another tumor suppressor gene product, retinoblastoma
protein (pRB), plays critical roles in the regulation of the G,
phase of the cell cycle and tumor suppression.“? During late G,
phase, Cyclin D-Cdk4/6 kinases phosphorylate and inactivate
pRB, which plays a crucial role in the pRB pathway (Fig. 3).“4!4?
Then target transcription factors such as E2F are released and
activate the transcription of growth-promoting genes such as
Cyclin E and DHFR, thus promoting cell cycle progression from
G, to S phase. Mdm?2 regulates the function of not only p53
but also pRB via the ubiquitin-dependent degradation of pRB
(Fig. 3).“¥ pRB (but not other RB family proteins such as p107
and p130) was efficiently ubiquitylated by Mdm2 and thereby
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Fig. 3. E3 ubiquitin ligases in the regulation of the
p53 and retinoblastoma protein (pRB) pathway.
The tumor suppressor gene product p53 is an
unstable protein that is degraded by several E3
ligases such as Mdm2, COP1, Pirh2, and ARF-BP1
in the normal cell cycle. After DNA damage, p53
is stabilized by phosphorylation via the ATM/ATR
pathway. In addition, ARF, one of the alternative
products of the INK4/ARF locus, binds to Mdm2
and thereby prevents it from antagonizing p53.
Mdm2 promotes ubiquitylation and degradation
of not only p53 but also pRB. At late G, phase,
the CDK inhibitor p27%*' is degraded and Cyclin
D-Cdk4/6 kinases are activated to phosphorylate
and inactivate pRB. Then the target transcription
factors are released from pRB and activate the
transcription of growth-promoting genes such as
Cyclin E, thus promoting cell cycle progression
from G, to S phase. SCF**? KPC complex and Pirh2
target p27 for ubiquitin-dependent degradation.
SCF™48 crystallin promotes cyclin D1 degradation
in S phase. SCF™" targets cyclin E for degradation.
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degraded via the proteasome.“® p130 is targeted by SCF%2 E3
ligase,"® whereas the E3 ligase for p107 is still unknown.

The Mdm?2 gene is an oncogene that is amplified in 30-40%
of human sarcomas without mutations in the p53 gene.“?
Downregulation of pRB expression has been shown to be
inversely correlated with the expression level of Mdm?2 in
human lung cancer.“**> Because the binding region for p53 in
Mdm?2 is different from that for pRB, pRB may bind to Mdm2
without competition by p53. Therefore, it is expected that
degradation of both p53 and pRB are accelerated by overexpression
of Mdm?2 in the tumor. In addition, ARF, one of the alternative
products of the INK4/ARF locus, binds to Mdm2 and prevents
its E3 activity (Fig. 3).“**4? In many human cancers, mutation
or deletion frequently occurs in the INK4/ARF gene.“® Altogether,
accelerated degradation of both p53 and pRB via these mecha-
nisms may efficiently promote carcinogenesis.

MdmX, a structural homolog of Mdm?2, is known to nega-
tively regulate p53 function by enhancing the Mdm?2-mediated
ubiquitylation and degradation of p53.“” In contrast, MdmX
inhibited the Mdm2-mediated ubiquitylation and destabilization
of pRB.®” Therefore, MdmX may have different roles in the
regulation of Mdm?2 activity for ubiquitylation of pRB and p53.

CDK inhibitors. p27%#’ a Cip/Kip type CDK inhibitor that
inhibits both cyclin D-CDK4/6 and cyclin E/A-CDK2, is a
critical negative regulator of G,/S phase progression.CV
Degradation of p27%?' promotes activation of these cyclin-CDK
complexes and thereby the cell cycle progresses from the G, to
S phase. KPC has been reported as a ubiquitin ligase that targets
cytoplasmic p27%7!, which is exported from the nucleus in G,
and G, phases.®? Pirh2, a RING-type ubiquitin ligase, was also
identified as a p27%"!-interacting protein, promoting the
ubiquitylation and destabilization of p27%7!.®3 Pirh2 expression
is increased from late G, to S phase, and its distribution is in
both the nucleus and cytoplasm. SCF%? was the first-identified
E3 ligase for p27%7!.12 It localizes to the nucleus and mediates
p27%¥! degradation from early S phase. Therefore, from G, to G,
phase, the degradation of p27%"! is sequentially regulated by three
systems that are coupled with cellular location and cell phase
(Fig. 4). Reduction in Pirh2 results in an impairment of p27%¥!
degradation and inhibition of cell cycle progression at the G,/S
transition in a p53-independent manner.®® Skp2 recognizes
Thr187-phosphorylated p27%*! in collaboration with cdc kinase
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Fig. 4. E3 ligases involved in p27¢P'" degradation.
The CDK inhibitor p27¢7" is degraded in late G,
phase by the ubiquitin-proteasome pathway,
allowing cells to enter into S phase. The RING-
type E3 KPC complex targets cytoplasmic p27¢e’
exported from the nucleus by the nuclear
exporter, CRM1 in Gy/G, transition phases. Pirh2
promotes degradation of p27%¢’ during G,/S
transition. SCF*2 js mainly implicated in
degradation of p27 during the S and G, phases in
the nucleus. Ub, Ubiquitin.
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subunit 1 (Cksl) to promote polyubiquitylation of p27%! (4
p27%¥" has been found to accumulate in Skp2-knockout mouse
tissues and embryonic fibroblast cells."® Many studies have
shown that a low expression level of p27%#/ is associated with
poor prognosis in a variety of human cancers, such as colon,
breast, lung, stomach, head, and neck cancer.®» Some studies
have shown high expression levels of Skp2 and Cksl
proteins in some human cancers such as non-small cell
lung carcinomas.®*>> Therefore, Skp2 and Cksl1 are thought
to be involved in the degradation of p27%%’ in human cancers.
Overexpression of Pirh2 is also frequently observed and
inversely correlated with p27%7! levels in human head and neck
cancers; moreover, high expression levels of Pirh2 have been
significantly associated with the poor prognosis of these
patients.®® Pirh2 may be involved in the enhanced degradation
of p27%*! in malignant cancers. The correlation of KPC with
human cancers has not yet been reported.

Another Cip/Kip CDK inhibitor, p57%#2, is targeted for
ubiquitin-dependent degradation by SCF215 Tt is reported
that p217' is targeted by not only SCF**? but also adenoma
polyposis coli (APC)/C** and the CUL4 CRL ubiquitin ligase
(CRL4) complex containing Cdt2 in cooperation with PCNA.®"-
The INK4 family CDK inhibitors pl6INK4a and pl19INK4d
were thought to be relatively stable proteins because they have
no lysine residues. However, it has been reported that the
N-terminal amino residues of not only pl6™** and p19™** but
also p19ARF are ubiquitylated, and thereby degraded by the
proteasome.® Further elucidation and identification of their E3
ligases is required.

Other tumor suppressor proteins. The tumor suppressor phos-
phatase and tensin homolog (PTEN), a critical regulator for
multiple cellular processes and an antagonist of phosphatidy-
linositol 3-kinase, is frequently mutated or deleted in various
human cancers. The PTEN level is regulated by the HECT-type
E3 ligase NEDD4-1 via ubiquitin-mediated proteasomal
degradation.®” Elimination of NEDD4-1 expression inhibited
the growth of a xenotransplanted tumor in a PTEN-dependent
manner.

Tobl, a member of the Tob/BTG family, is involved in the
control of G,/S progression by suppressing cyclin DI expression
and acts as a tumor suppressor gene. SCF%2 E3 ligase is
involved in the ubiquitin-dependent degradation of Tobl

Kitagawa et al.
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(Fig. 3).17 Tobl is stabilized and cyclin D1 expression is
suppressed in the Skp2-depleted cells. Overexpression of Skp2
should destroy Tobl and induce hyperexpression of cyclin DI,
which may be involved in carcinogenesis or tumor cell growth.

The TGFB-Smad pathway plays a crucial role in tumor
progression and metastasis as well as normal development. The
TGFp family binds to heteromeric serine/threonine kinase
receptors (TPRI/IT) and transduces the signals to intracellular
Smad proteins. TBRI and Smad proteins are regulated by the
ubiquitin—proteasome pathway. Various E3 ligases including
Smurf, WWP1, Itch, Nedd4, and Arkadia are involved in their
regulation.®?

Abl-interactor (Abi) 2, a tumor suppressor and a cell migration
inhibitor, specifically binds to Abl, which has been shown to be
a non-receptor tyrosine kinase involved in the regulation of
intercellular signals. Kano et al. reported that Abi2 is targeted
for ubiquitin-dependent degradation by tripartite motif
(TRIM) 32, which is a TRIM protein containing a RING
finger.®® TRIM32 is highly expressed in human head and neck
squamous cell carcinomas and may be a novel oncogene that
promotes tumor growth, metastasis, and resistance to anticancer
drugs.

Degradation of oncogenic proteins

Cyclins. Cyclins are often overexpressed in cancer cells, and
thereby accelerate cancer cell growth. They are typically
unstable, and their cellular amounts are controlled by both
transcriptional induction and ubiquitin—proteasomal degradation.
In G, phase, the cyclin D-CDK4/6 complex is activated
resulting in the phosphorylation of pRB, thereby promoting the
transition from the G, to S phase of the cell cycle.“!*» During S
phase, cyclin D1 is phosphorylated by glycogen synthase kinase
(GSK) 3P, which promotes nuclear export and ubiquitylation
of cyclin D1 by the SCFFBX4-0Berystalline complex, leading to
proteasome-dependent degradation of cyclin D1 (Fig. 3). Cyclin
E, which is involved in G,/S progression, is periodically
induced in the late G, portion of the cell cycle and degraded
in mid-S phase by SCF™ (Fig. 3).7 Cyclins A and B act as the
mitotic cyclins. Both are ubiquitylated by the APC/C complex,
which targets many M/G,-regulating factors, and are degraded
in the proteasome to complete mitosis."
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Myc and Myb. c-Myc is controlled by two SCF-type E3
ligases, SCF*? and SCF™". Skp2 interacts with c-Myc and
promotes its ubiquitylation and degradation. The interaction
between Skp2 and c-Myc occurs during the G, to S phase
transition of the cell cycle in normal lymphocytes.'® Skp2
mediates c-Myc ubiquitylation by binding to the Myc box 2
domain. On the other hand, Fbw7 interacts with and thereby
destabilizes c-Myc in a manner dependent on phosphorylation
of Thr-58 and Ser-62 in Myc box 1.®) Phosphorylation of c-Myc
on Thr-58, the most frequent site of c-myc mutations in
lymphoma cells, is mediated by GSK3.® Fbw7 and Skp2
differentially regulate c-Myc stability by targeting Myc box 1
and Myc box 2 respectively. Recently it has been reported that
c-Myc is directly bound to Skp2, which recruits Elongin C,
Elongin B, and Cullin 2, thereby forming a novel ubiquitin E3
ligase.®® In addition, a novel c-Myc-binding protein, MM-1,
bound directly to Rpt3, a subunit of the 26S proteasome.®?
MM-1 may connect c-Myc to the ubiquitin E3 ligase and the
proteasome.

c-Myb is a protooncogene product that is involved in the
regulation of proliferation, differentiation, and survival of
various hematopoietic lineages and also acts as an inhibitor of
terminal differentiation of both erythroblastic and myeloblastic
leukemia cell lines. It is extensively phosphorylated and then
degraded by the ubiquitin—proteasome pathway. Recently, it was
reported that Fbw7 targets c-Myb for degradation in a Wnt-1-
and NLK-dependent manner, or GSK-dependent manner.?"??
There have been reports that mutation and deletion of Fhw7 in
T-cell acute lymphoblastic leukemia might increase the stability
and level of c-Myb, thereby affecting transformation and cell
growth.®

B-Catenin. The cellular amount of PB-catenin is critically
regulated. In the absence of Wnt signal stimulation, GSK3f
phosphorylates B-catenin in collaboration with APC and Axin,
and then B-catenin is degraded by SCFFTCP™v!1 B3 Jigase.© The
stimulation of Wnt signal induces the inhibition of GSK3p via
Frizzled. Deletion or mutation of the APC or Axin gene has been
found in familial adenoma in colon and gastric cancers, and
B-catenin mutation in the phosphorylation sites has also been
reported.®% In these cells, the GSK3B-mediated phosphorylation
of B-catenin is decreased and thereby degradation of B-catenin
inhibits the enhanced transcription of Cyclin D1 and c-Myc,
which promotes cell growth from adenomas. SCFF-TCPPw1 3]0
ubiquitylates IkB, Cdc25, and Weel in a phosphorylation-
dependent manner (Fig. 2).®

Hypoxia-inducible factor. Accumulation of hypoxia-inducible
factor (HIF)-1 is observed in most types of solid tumor and
is frequently associated with poor prognosis and cancer
progression, in particular via angiogenesis through VEGF in
cancer.®” The protein stability of the catalytic subunit HIFo
is regulated by the von Hippel-Lindau (VHL) E3 ligase for
oxygen-dependent ubiquitin-mediated destruction (Fig. 2).®
VHL, a tumor suppressor E3 ligase, is a component of ECV,
consisting of elongin B, elongin C, Rbx1/ROCI1, and Cullin 2
(Fig. 2). Structurally and functionally, ECV is analogous to
the SCF complex. Tumor hypoxia or an inactivating mutation
in VHL results in the stabilization of HIFo and in the
consequential activation of HIF, triggering expression of its
various targets, such as glucose uptake and metabolism,
angiogenesis, extracellular matrix formation and turnover,
chemotaxis, and cell proliferation- or survival-regulating factors.©”

Other oncogenic proteins. It has been reported that the stability
of c¢-Jun is regulated by SCF™"’, which ubiquitylates
phosphorylated c-Jun and facilitates c-Jun degradation."” Fbw7
depletion resulted in accumulation of phosphorylated c-Jun
by JNK, stimulation of AP1 activity, and apoptosis induction.
Another AP1 component, c-Fos, is ubiquitylated by the E3
ligase UBR1 in the cytoplasm during interleukin-6 and its

1378

receptor subunit, gp130 stimulation under MEK inhibition.®”
UBRI contains RING-type and UBR-type zinc fingers, and it
binds to substrates bearing specific amino-terminal residues
that are destabilizing according to the N-end rule, leading to
their ubiquitylation and subsequent degradation. Phosphoryla-
tion of Thr232 in c-Fos by ERKS inhibits the nuclear export of
c-Fos and disrupts the interaction of c-Fos with UBR1.©®”

EGFR and other protein tyrosine kinases are also involved
in carcinogenesis and tumor cell growth. c-Cbl, a RING finger
type E3 ubiquitin ligase, promotes downregulation of EGFR and
some protein tyrosine kinases (Fig. 2).7%

Ubiquitin system in DNA repair

DNA repair is an important process aimed at the correction
of DNA damage before it is fixed as a mutation, which would
lead to tumorigenesis or cell death. Recent studies have shown
that the DNA repair process is regulated by various ubiquitin
ligases, such as BRCA1 and CUL4-DDBI1.7'7» BRCAl
interacts predominantly with hyperphosphorylated RNAPII in
undamaged cells, then it dissociates from RNAPII and localizes
to sites of DNA damage. CUL4-DDB1 complexes have been
well-characterized in terms of the regulation of nucleotide
excision repair (NER), in which damaged DNA bases are
removed and subsequently DNA polymerase and ligase
activities fill in the gaps. There are two distinct pathways of
NER: transcription-coupled repair (TCR), which removes
damage from the actively transcribed strand of DNA, and global
genomic repair (GGR), which repairs non-transcribed DNA
(Fig. 5). CUL4-DDBI1 complexes carry out their respective
functions via both TCR and GGR by interacting with different
substrate-specific receptors, which are called DDBI1-binding
WD40 (DWD) proteins (also called DCAF, for Ddbl- and
CUl4-associated factors, or CDW, for CUL4- and DDBI1-
associated WD40 repeat proteins).7>’® At the initiation of TCR,
Cockayne Syndrome B (CSB) is recruited to the lesion-stalled
RNAPII. Cockayne Syndrome A (CSA), a DWD protein,
assembles with CUL4-DDB1 to RNAPII stalled at sites of DNA
damage as part of the TCR process.”” Interaction of COP9
signalosome (CSN) with CUL4-DDB1-CSA negates their
ubiquitylation ability. CSB subsequently recruits NER proteins,
histone acetyltransferase p300, and CSN-bound CUL4-DDBI1-
CSA to RNAPII. After the DNA repair, CSN dissociates from
CUL4-DDB1-CSA, leading to the activation of ligase and
polyubiquitylation of CSB. The ubiquitylated CSB is degraded
in a proteasome-dependent manner, which is crucial for
recovery of the post-TCR process.

DDB2, the other DWD protein, binds and recruits CUL4—
DDBI to UV-damaged DNA as part of the GGR process.”*
Once bound to chromatin, DDB2 also recruits the repair
complex composed of the Xeroderma pigmentosum group C
protein (XPC) and HR23B to the site of DNA damage. CSN
subsequently dissociates from CUL4-DDB1-DDB2, leading to
the activation of ligase and polyubiquitylation of the substrates
XPC and DDB2. The ubiquitylated DDB2 is degraded in a
proteasome-dependent manner, whereas the ubiquitylated XPC
enhances its affinity for DNA, resulting in XPC displacing
DDB?2 at sites of DNA damage. After the completion of DNA
repair, CSN reassociates with CUL4-DDB1 and inactivates the
ligase. XPC is de-ubiquitylated and subsequently released from
the DNA.

In addition to the role of CUL4-DDB1-DDB?2 in recruiting
XPC to damaged DNA, it has been shown that CUL4-DDB1-
DDB2 mono-ubiquitylates histone H2A,%” H3, and H4®D in
response to DNA damage. Its modulation as well as methylation
and acetylation of the histone may contribute to the ‘histone
code’ for the regulation of gene expression through DNA repair.
Recently, CUL4-DDB1 has been shown to interact with the

doi: 10.1111/j.1349-7006.2009.01196.x
© 2009 Japanese Cancer Association



uv

@’%@—

Transcription-coupled repair Global genomic repair
(TCR) (GGR)

Fig. 5. The regulation of nucleotide excision repair
(NER) by the CUL4-DDB1 complex. Cockayne
Syndrome B (CSB) and CUL4-DDB1-Cockayne
Syndrome A (CSA) are recruited to the lesion-
stalled RNA polymerase Il (RNAPII) as part of
the transcription-coupled repair (TCR) process.
After DNA repair, COP9 signalosome (CSN)
dissociates from CUL4-DDB1-CSA, leading to the
degradation of CSB in a proteasome-dependent
manner. CUL4-DDB1-DDB2 and the repair complex,
Xeroderma pigmentosum group C protein (XPC)
and HR23B, recognize and bind to the site of DNA
damage as part of the global genomic repair
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methyltransferase MLL1 and it is also involved in p/6 induction
by oncogenic signaling via enhancement of H3K4 methylation
on the pI6 locus.®?

Conclusion and perspectives

Tumor suppressor gene products suppress transformation and
cancerous growth in normal cells. Moreover, oncogene products
are quickly degraded by their responsible E3 ligases, which
target oncogenes as antioncogenic E3 ligases. In cancer cells,
defects of the antioncogenic E3 ligases or overexpression of the
oncogenic E3 ligases, which target tumor suppressor gene
products, are often observed, and thereby carcinogenesis and
cancerous growth are likely promoted. Inhibitors which target
oncogenic E3 ligases to prevent degradation of tumor suppressor
gene products may be useful for cancer therapy. Although it
is reported that Bortezomib exibits anticancer effect via
inhibition of nuclear factor kB function, it should inhibits
26S proteasome and thereby many other proteins should be
accumulated in normal cells. It is desirable to find more specific
molecular targets for the evasion of toxicity. In addition to the
identification of a novel substrate to the known E3 ligase, recently,
the novel E3 complex has also gradually been found. Moreover,
ubiquitin modification plays a diverse role, not only in the
quantitative regulation of target proteins. Therefore, further
clinicopathological study of E3 ligases is important for the
development of prognostic strategies and cancer therapy.
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