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Abstract Growth factor receptors (GFRs) are often aberrantly expressed in tumor cells, and altered GFR expression
and activity contribute to the pathogenesis of many types of cancer. A variety of mechanisms have been identified that
result in enhanced GFR expression and activity in cancer cells. Defects in the pathways responsible for GFR
internalization and intracellular trafficking are likely to be involved in altered GFR expression in a variety of cancers.
The roles of GFR trafficking pathways in the regulation of GFR expression, in the pathogenesis of tumors, and in the
response of tumors to treatment have not been fully delineated, but the likely contributions of GFR signaling to the
development and progression of various malignancies suggest that therapies that modify GFR trafficking may be
effective as anticancer treatments.

The intracellular trafficking of GFRs is regulated by a number of protein complexes and by protein ubiquitination.
Many of the proteins required for this trafficking are products of tumor suppressor genes, and the expression and
function of the protein machinery utilized for intracellular trafficking is frequently altered in tumor cells, consistent
with the likely role of GFR trafficking in tumorigenesis. Many of the proteins involved in GFR trafficking have been
identified as potential targets for anticancer treatment, and novel treatments directed against these targets are currently
in preclinical development and in clinical trials. Ubiquitin ligases are critical for GFR trafficking and represent
potentially important targets for the development of novel therapies.

The genes for the ubiquitin ligases c-Cbl and UBE4B are located in chromosome regions commonly altered in a
variety of tumors and therefore are likely to be important for tumorigenesis. c-Cbl ubiquitinates a number of GFRs and
directs them for degradation. Mutations in c-Cbl have been identified in cases of myeloid leukemia and myelodysplasia,
providing a link between GFR ubiquitination and trafficking and leukemogenesis. We have shown that UBE4B plays a
crucial role in GFR trafficking and degradation in tumor cells, suggesting a previously uncharacterized link between
UBE4B and tumorigenesis. With the critical need for new and effective therapies for pediatric malignancies, the recently
identified roles for the GFR trafficking pathway in the pathogenesis of various forms of cancer confirm the importance
of the further development of novel therapies targeting this pathway in children with cancer.
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Introduction

Multi-modality treatment for pediatric cancer with che-

motherapy, surgery, and radiation therapy has been used for
the past half-century with considerable improvement in
overall survival for many pediatric malignancies. However,
many types of pediatric cancer remain extremely difficult to
cure, even with this aggressive therapy, and these treatments
are associated with significant morbidity. Therapies targeted
against biologically relevant pathways for tumorigenesis or
for treatment resistance provide alternative options for these
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types of pediatric malignancies and will potentially improve
long-term outcomes and reduce long-term treatment-related
sequelae.

Growth factors stimulate a variety of cellular behaviors
via binding to specific growth factor receptors (GFRs) on
the surface of target cells. GFRs are transmembrane proteins
that are activated by ligand binding, leading to downstream
signaling that modifies cellular behavior. Nontransformed
cells require specific growth factors and GFR signaling for
growth and survival, and loss of this requirement is a
feature of malignant transformation.

Receptor tyrosine kinases (RTKs) are a family of cell-
surface GFRs whose signaling induced by ligand binding
regulates a variety of normal and pathologic cellular
processes, including cellular growth, proliferation, migration,
and survival. Ligand binding to their cognate RTKs induces
receptor multimerization, resulting in conformational
changes within the receptor cytoplasmic domains that
allow for kinase activation and transphosphorylation of
specific tyrosine residues. These phosphorylated tyrosines
serve as binding sites for other signaling proteins, including
phospholipase C, phosphatidylinositol-3-kinase (PI3K), and
Src family members, and for other adaptor proteins that
recruit additional signaling proteins to the RTK cytoplasmic
domain. These signaling complexes function to relay and
amplify signals that ultimately lead to changes in gene
transcription as well as altered cell shape, motility, and
adhesion. These signals downstream of receptor activation
need precise coordination and integration to maintain cellular
homeostasis during embryonic development and continuing
throughout childhood and adult life (Pawson, 2007; Abella
and Park, 2009).

Regulation of the cell surface expression of GFRs is critical
for their normal function. Aberrant growth factor receptor
expression and activity has been shown to be important in the
pathogenesis of a variety of malignancies, and a variety of
growth factors and GFRs are aberrantly expressed in pediatric
cancer cells and tumors (Goumnerova 1996; Abella and Park
2009), including the neurotrophin receptors TrkA, TrkB, and
TrkC (Thiele et al., 2009); fibroblast growth factor receptors
(Janet et al., 1995; Duplan et al., 2002; Goldstein et al., 2007),
platelet-derived growth factor receptors (PDGFR) (Matsui et
al., 1993; Östman and Heldin, 2007; Thorarinsdottir et al.,
2008; Shimada et al., 2008), vascular endothelial growth
factor receptors(VEGFR) (Meister et al., 1999; Langer et al.,
2000, Fakhari et al., 2002; Nowicki et al., 2007; Slongo et al.,
2007), c-kit (Shimada et al., 2008; Blom et al., 2010; Puputti
et al., 2010), RET (Hishiki et al., 1998), c-Met (Hecht et al.,
2004; Li et al., 2005; Diomedi-Camassei et al., 2008), and the
ErbB receptor family (EGFR, her-2, her-3, her-4) (Bredel
et al., 1999; Bodey et al., 2005; Vasei et al., 2009; Patereli
et al., 2010; Izycka-Swieszewska et al., 2011). However, the
mechanisms responsible for the regulation of GFR expression
in pediatric cancer cells are not well understood. Moreover,
the role of GFR trafficking in the regulation of GFR

expression in pediatric cancer cells and the mechanisms by
which altered GFR trafficking affects tumorigenesis in
children and responses of pediatric tumors to treatment
have not been delineated. GFR trafficking pathways therefore
represent a novel target for the development of innovative,
biologically-directed anticancer therapies.

In this review, we will focus on our current understanding
of the mechanisms of GFR trafficking and its potential roles
in the tumorigenesis of pediatric cancers. We will summarize
the roles of ubiquitination and ubiquitin ligases in GFR
trafficking in pediatric cancer cells and present data
identifying the GFR trafficking pathway as a novel
therapeutic target.

Growth factor receptor trafficking
pathways and regulation

After ligand binding, GFRs are internalized and directed
through various morphologically defined intracellular com-
partments in a complex series of events, leading to GFR
degradation or recycling back to the plasma membrane for
repeated ligand binding and signaling (Fig. 1). Ligand-
induced GFR activation initiates downstream signal transduc-
tion cascades as well as mechanisms that modulate receptor
signaling and downregulate plasma membrane GFR expres-
sion levels. These mechanisms include receptor depho-
sphorylation by specific phosphatases as well as
internalization and intracellular sorting for subsequent
lysosomal GFR degradation (Östman and Böhmer, 2001;
Wiley and Burke, 2001). GFR internalization and intracel-
lular trafficking have been identified as pathways responsible
for downregulation of the cell surface expression and
subsequent signaling of a variety of growth factor receptors,
such as the epidermal growth factor receptor (EGFR) (Wells
et al., 1990; Wiley et al., 1991; Futter et al., 1996; Carter and
Sorkin, 1998), c-Met (Abella et al., 2010), PDGFR (Mori
et al., 1993), c-kit (Masson et al., 2006), VEGFR2 (Ewan et
al., 2006), and the nerve growth factor receptors TrkA and
TrkB (Geetha et al., 2005; Huang et al., 2009). Regulation of
the sorting and trafficking of GFRs can modulate the
amplitude and kinetics of signaling of GFR, and down-
regulation of GFR expression through lysosomal degradation
serves to inhibit the unrestrained signaling that is character-
istic of transformed cells (Waterman et al., 1999; Schles-
singer, 2000; Burke et al., 2001; Ciardiello et al., 2004; El-
Rayes and LoRusso, 2004; Marmor and Yarden, 2004).

Following internalization, GFRs are localized in early
endosomes. After the transition from early to late endosomes,
GFRs destined for lysosomal degradation are internalized into
the lumen of the late endosome via a process of membrane
invagination and vesicle fission (Futter et al., 1996; Lemmon
and Traub, 2000; Gruenberg 2001). This fission reaction
results in the formation of an organelle with a limiting
membrane and intralumenal vesicles, called a multivesicular
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body (MVB) (Fig. 1) (Futter et al., 1996; Lemmon and Traub,
2000; Gruenberg, 2001). The manner in which proteins are
sorted on the limiting membrane of the MVB and marked for
internalization into lumenal vesicles involves the attachment
of ubiquitin sorting signals (see below and Fig. 1). MVB
sorting and the subsequent lysosomal degradation of
activated cell surface receptors is a critical mechanism for
regulating agonist-induced signaling (Schlessinger, 2000;
Marmor and Yarden, 2004).

Four Endosomal Sorting Complexes Required for Trans-
port (ESCRT 0, I, II, and III) have been proposed to be
necessary for endosomal sorting (Katzmann et al., 2001). The
ESCRT-0 complex contains two peripheral membrane
proteins, Hrs (Hepatocyte growth factor-regulated tyrosine

kinase substrate) and STAM (Signal-Transducing Adaptor
Molecule), that are thought to function in the initial
recruitment of proteins to be internalized into lumenal
MVB vesicles. Hrs binds to and recruits a variety of proteins
to the endosome membrane that are required for the sorting of
ubiquitinated cargo (Katzmann et al., 2001; Bilodeau et al.,
2002; Bache et al., 2003), endosome fusion (Sun et al., 2003),
and endosome motility (Yan et al., 2005). Hrs physically
interacts with a number of membrane trafficking proteins,
including eps15 (Bean et al., 2000), SNX-1 (Chin et al.,
2001), TSG101/Vps23 (Pornillos et al., 2003) and SNAP-25
(Bean et al., 1997), and appears to be a key regulator of
endosomal trafficking. Hrs recruits the ESCRT I complex to
endosomes through binding with TSG101, a member of

Figure 1 Trafficking Pathways for Sorting, Recycling, and Degradation of Growth Factor Receptors (GFRs). Following internalization,
GFR-containing vesicles fuse with the early endosome (A). From the early endosome, GFRs can be recycled back to the cell surface via
recycling endosomes (B) and/or remain in the endosome as it matures into a multi-vesicular body (MVB) (C). GFRs may also be recycled
back to the plasma membrane from the MVB (not shown). Remaining GFRs are then sorted into internal vesicles of the MVB in an
ESCRT-mediated, ubiquitin-dependent pathway. MVB fusion with lysosomes results in the degradation of MVB vesicles and their
contents (D).

Protein Ubiquitination Pathway. The E1 activating enzyme activates ubiquitin using one molecule of ATP (1). Activated ubiquitin is
then transferred to the E2 ubiquitin conjugating enzyme (2). E3 ubiquitin protein ligases transfer the ubiquitin molecules from the E2
enzyme to substrates at the early endosome for lysosomal targeting or in the cytosol for proteasomal degradation, after additional
polyubiquitination by E4 ligases (3). Deubiquitination of endosomal substrates occurs after ESCRT-mediated sorting but before MVB
lumenal vesicle formation, while deubiquitination of cytosolic substrates occurs during proteasomal degradation (4), allowing for the
maintenance of a constant pool of cytoplasmic ubiquitin.
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ESCRT I (Babst et al., 2000; Katzmann et al., 2001).
TSG101, like Hrs and a number of proteins in the ESCRT
complexes, contains a low affinity ubiquitin binding site and
may aid Hrs in binding ubiquitinated proteins (Hierro et al.,
2004; Sundquist et al., 2004; Slagsvold et al., 2005).
Following ESCRT I binding to endosomes, ESCRT II and
III bind (Katzmann et al., 2001; Babst et al., 2002a; Babst
et al., 2002b). Although the function of ESCRT II is not clear,
the ESCRT III complex is thought to perform the fission
reaction, allowing the liberation of protein-laden vesicles
from the limiting MVB membrane into the MVB lumen.
Once protein cargo has been sorted into vesicles, the ESCRT
complexes are dissociated by the action of Vps4, an AAA
ATPase (Babst et al., 1998), a process that allows for their
repeated use in sorting.

Ubiquitin-mediated growth factor receptor
degradation

The protein machinery required for MVB sorting, including
the ESCRT complexes delineated above, is responsible for
recognizing and sorting transmembrane proteins into lumenal
MVB vesicles. The sorting process of membrane proteins is
regulated through the tagging of proteins with ubiquitin, a
ubiquitously expressed 76 amino acid cytoplasmic polypep-
tide (Fig. 1). Ubiquitin tagging provides a generalized signal
that is used for intracellular protein targeting (Thrower et al.,
2000; Passmore and Barford, 2004). Ubiquitin tagging of
membrane proteins allows for timed internalization from the
cell surface and provides sorting labels to enable transport to
different intracellular locations. Proteins are internalized from
membranes or directed to the 26S proteasome for their
destruction by virtue of the covalent addition of one or more
ubiquitin moieties. Ubiquitin-mediated proteolysis can pro-
vide a mechanism to regulate protein quality and cellular
processes, such as cell cycle progression, that require rapid
alterations in protein levels and that are essential for cell
survival (Ciechanover et al., 2000; Thrower et al., 2000;
Passmore and Barford, 2004). While differences have been
noted between proteasomal and lysosomal ubiquitin targeting
(e.g. poly- vs. monoubiquitination, respectively; Fig. 1)
(Thrower et al., 2000; Haglund et al., 2003; Hicke and Dunn
2003; Mosesson et al., 2003), the precise role of ubiquitin and
the molecular mechanisms that regulate the tagging of
membrane proteins for internalization and sorting at the
MVB are unclear.

Covalent attachment of ubiquitin to protein substrates
occurs through the sequential action of multiple enzymes
resulting in isopeptide bond formation between ubiquitin and
a residue in the target protein (Aravind and Koonin, 2000;
Thrower et al., 2000; Guardavaccaro and Pagano, 2004;
Passmore and Barford, 2004) (Fig. 1). An activating enzyme
(E1) performs the initial ATP-dependent activation of
ubiquitin, forming a high-energy thiol-ester bond between

the C terminus of ubiquitin and a cysteine in the E1 enzyme.
Subsequently, activated ubiquitin is transferred to a cysteine
residue of a ubiquitin-conjugating enzyme (E2). Transfer of
ubiquitin to substrate proteins generally requires a third class
of enzymes, ubiquitin protein ligases (E3), which enable
substrate recognition and the formation of stable isopeptide
linkages (Aravind and Koonin, 2000; Thrower et al., 2000;
Guardavaccaro and Pagano, 2004; Passmore and Barford
2004). E3 ligases bind directly to their target proteins and
provide substrate specificity; they are generally classified into
three families based on structural composition and mechan-
ism of action: the HECT (Homologous to the E6-AP
Carboxyl Terminus) family, the RING (Really Interesting
New Gene) finger family, and the U-box family (Thrower et
al., 2000; Guardavaccaro and Pagano, 2004; Passmore and
Barford 2004). An additional class of ubiquitin-modifying
enzymes, termed E4 ligases, drives multiubiquitin chain
assembly, yielding long ubiquitin chains on substrate
proteins. E4 ligases were initially shown to be necessary for
degradation of some proteins via the ubiquitin fusion
degradation pathway in yeast (Koegl et al., 1999).

The ubiquitin protein contains seven lysine residues that
can serve as sites for linkage to target proteins, leading to
ubiquitin chains of different configurations and lengths (Ikeda
and Dikic, 2008). After a single ubiquitin moeity is
conjugated to a protein substrate (monoubiquitination),
further ubiquitin molecules can be added to the first to yield
a polyubiquitin chain (polyubiquitination) or additional
ubiquitin molecules can be added to alternate substrate
residues (multimonoubiquitination). Chains conjugated to the
lysine residue at position 48 of ubiquitin generally lead to
proteasomal degradation, while conjugation to lysine residue
63 is often associated with intracellular trafficking (Bennett
and Harper, 2008). Furthermore, whereas polyubiquitination
of target proteins with ubiquitin chains is often a signal for
proteasomal degradation, mono- or multi-monoubiquitination
of proteins serves as a signal for a variety of intracellular
protein sorting events, including sorting for lysosomal
degradation (Miranda and Sorkin, 2007).

Many proteins and complexes implicated in MVB sorting
contain domains that recognize and bind to ubiquitin
(Katzmann et al., 2001). Ubiquitin conjugation allows for
reversible binding to proteins that contain ubiquitin binding
domains such as ubiquitin-interaction motifs (UIMs), ubiqui-
tin-associated domains (UBAs), and ubiquitin-conjugating-
like domains (UBC-like) (Peschard and Park, 2003; Woelk
et al., 2007). UIM-containing proteins in the ESCRT
complexes are thought to transiently interact with cargo
proteins (e.g. GFRs) for recruitment to the sorting machinery
(Williams and Urbé, 2007), and these interactions with the
ESCRT complexes determine whether the cargo is inter-
nalized into the MVB lumen. Ubiquitination of a normally
non-ubiquitinated protein results in redirection of that protein
into MVB vesicles, providing evidence that ubiquitin tagging
is sufficient for MVB sorting (Katzmann et al., 2001).
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Deubiquitination of a cargo protein occurs just prior to its
inclusion in lumenal vesicles of the MVB and after the
ESCRT complexes have performed their sorting functions
(Fig. 1). Since free ubiquitin molecules are essential for
protein sorting, deubiquitination at the MVB is a mechanism
that allows for the maintenance of a constant pool of
cytoplasmic ubiquitin (Luhtala and Odorizzi, 2004). Disrup-
tion of GFR ubiquitination or of ESCRT-mediated sorting has
the potential to alter GFR trafficking and to increase cell
surface receptor expression, leading to protracted GFR
signaling and cellular transformation.

Growth factor receptor trafficking defects
in cancer

Pediatric tumor cells exhibit a series of characteristics
considered to be hallmarks of cancer, including cellular
proliferation independent of growth factor signals, evasion of
apoptosis, enhanced angiogenesis, resistance to inhibitory
signals, cellular immortality, and enhanced capability for
tissue invasion (Hanahan and Weinberg, 2011). These
features are primarily driven by cellular adaptations of GFR
signaling pathways, including constitutive, ligand-indepen-
dent activation of oncogenic signaling pathways and inhibi-
tion of tumor suppressors whose signals normally serve to
limit cellular growth and spread.

Oncogenic activation of intracellular signaling and inhibi-
tion of tumor suppressor signaling can occur through a variety
of mechanisms. For example, chromosomal translocations or
gene mutations can result in modification of GFR expression
and kinase activation (Lamorte and Park, 2001). In fact,
mutations that increase RTK activity and/or expression levels
have been identified in a variety of pediatric cancers, such as
rhabdomyosarcoma (Taylor et al., 2009), acute lymphoid and
myeloid leukemias (Braoudaki et al., 2009; Meshinchi et al.,
2001), osteosarcoma and other sarcomas (Entz-Werlé et al.,
2005; Tsuda et al., 2007), and thyroid cancer (Takahashi,
1995). Defects in the GFR trafficking pathway resulting in
inhibition of receptor degradation can also result in increased
levels of cell-surface GFRs, leading to constitutive kinase
activation and malignant progression (Abella and Park,
2009).

There is growing evidence to support an important role
for aberrant intracellular trafficking in the process of
malignant transformation. Disruption, mutation, or loss of
any of the components of the trafficking pathway could
effectively delay the internalization, sorting, and degradation
of GFRs, leading to the continued recycling of activated
GFRs back to the cell surface for unregulated signaling
(Levkowitz et al., 1998; Waterman et al., 1999; Yokouchi
et al., 1999). The recent identification of novel mutations in
the genes coding for proteins involved in the internalization
and intracellular sorting of membrane proteins, resulting in
delayed GFR degradation and enhanced GFR-mediated

oncogenic signaling, underscores the importance of this
mechanism of GFR regulation in the process of oncogenesis
(Abella and Park, 2009; Mosesson et al., 2003; Peschard and
Park 2003).

Recent studies have demonstrated that overexpression of
the endocytic adaptor Huntington interacting protein 1 (HIP1)
in vitro is associated with increased cell surface RTK levels.
HIP1 has been shown to be overexpressed in many cancer
types, including breast, prostate, and colon cancers, and
overexpression is associated with poor clinical outcome (Rao
et al., 2002; Rao et al., 2003; Hyun et al., 2004), providing an
example of the association of a mutation affecting the GFR
trafficking pathway with oncogenesis. Expression of another
endocytic adaptor protein, Numb, results in inhibition of
EGFR endocytosis (Salcini et al., 1997; Santolini et al.,
2000), and Numb expression is significantly reduced in
approximately half of human breast cancers (Pece et al.,
2004), suggesting a linkage between Numb expression,
EGFR trafficking, and the pathogenesis of breast cancer.

Several studies in Drosophila have suggested tumor
suppressor roles for components of the ESCRT machinery.
Mutations in TSG101 (ESCRT I), vsp25 (ESCRT II) or
dVps4 (ESCRT III) result in increased levels of actively
signaling ubiquitinated GFRs on endosomes (Thompson
et al., 2005; Vaccari and Bilder 2005; Rodahl et al., 2009).
Aberrant receptor signaling leads to ectopic secretion of
cytokine-like molecules that induce proliferation of surround-
ing wild-type cells. When additional mutations disrupt the
ability of these mutant cells to undergo apoptosis, over-
proliferation ensues, analogous to the multiple sequential
mutations that occur during carcinogenesis in humans
(Thompson et al., 2005; Vaccari and Bilder 2005; Rodahl
et al., 2009).

E3 ubiquitin ligases have also been linked to the process
of tumorigenesis, due to their role in the proteasomal
targeting of oncogenes and/or tumor suppressors for
degradation (Hoeller et al., 2006; Nakayama and Nakayama,
2006; Bernassola et al., 2008). Depending upon their
substrates, E3 ligases can induce or suppress cell transforma-
tion, and may function as tumor suppressors in some cancers
while acting as tumor promoters in others. Mdm2 (Mouse
double minute 2) is a RING-type E3 ligase that promotes
ubiquitin-mediated degradation of p53, a known tumor
suppressor inactivated in over 50% of human cancers (Haupt
et al., 1997; Bond et al., 2005; Vousden and Prives, 2005).
The E3 ligase E6-AP interacts with the human papilloma-
virus protein E6, and the subsequent dimer binds to p53 and
also targets it for destruction, leading to tumor development.
Another E3 ligase, Nedd4-1, targets the tumor suppressor
PTEN for degradation and is overexpressed in bladder and
prostate cancers (Wang et al., 2007). Many of the other
members of the Nedd4-like family of E3 ligases have been
shown to regulate the endocytosis and degradation of GFRs
and have been implicated in tumorigenesis (Chen and
Matesic, 2007).
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Growth factor receptor trafficking as a
target for cancer treatment

The role of intracellular GFR trafficking in the regulation of
GFR expression and activity and in the pathogenesis of many
cancers has led to efforts to develop new therapies targeting
the GFR trafficking pathway. Some currently available drugs
target components of the GFR trafficking and degradation
pathways. For example, bortezomib (Velcade, Millennium
Pharmaceuticals) is a selective inhibitor of proteasomal
chymotrypsin-like activity and has been shown to be effective
against a wide range of malignancies (Voorhees and Orlowski
2006). Additionally, nutlins are a class of small molecule
inhibitors blocking the interaction between the E3 ligase
Mdm2 and the p53 tumor suppressor, leading to stabilized
p53 and induced cancer cell senescence. However, despite the
early successes of these and other agents targeting GFR
trafficking and degradation, many membrane proteins and
viruses are also sorted through these pathways, suggesting
that nonspecific alteration of GFR trafficking pathways may
result in undesirable side effects. Thus, potential targets
involved in GFR sorting that offer substrate specificity, such
as ubiquitin ligases, might be more appropriate for develop-
ment of novel therapies. However, the development of small
molecule ubiquitin ligase inhibitors has proven difficult.

Ubiquitin ligases as targets of pediatric anticancer
therapy

c-Cbl
The c-Cbl protein was initially identified as the full-length
clone of the oncogene v-Cbl, isolated from an oncogenic
retrovirus that causes myeloid leukemia and lymphomas in
mice, and was subsequently shown to function as a RING
family E3 ubiquitin ligase. c-Cbl is a member of the CBL
family of proteins, all of which contain a conserved N-
terminal tyrosine kinase binding (TKB) domain and RING
finger domains. c-Cbl is a ubiquitously expressed cytoplasmic
protein in mammalian cells, with the highest levels of
expression in lymphocytes and in the testis. Results of
experiments from mice with absent c-Cbl expression suggest
that it plays a key role in lymphocyte development and
function (Kales et al., 2010).

c-Cbl serves as a ubiquitin ligase for a variety of GFRs,
including EGFR, PDGFR, CSF-1R, and c-Met (Thien and
Langdon, 2001; Ogawa et al., 2010; Peschard and Park,
2003), and has been hypothesized to be required for the
internalization of ligand-bound GFRs from the cell surface for
lysosomal degradation. c-Cbl can also act as an adaptor
protein, linking GFRs to a variety of other intracellular
signaling proteins. The c-Cbl TKB domain contains a series
of subdomains, including a 4-helix bundle, an EF-hand, and a
variant Src-homology 2 (SH2) domain, that serve to bind
RTK cytoplasmic domains. c-Cbl can also be phosphorylated

on tyrosine residues and has several proline-rich segments
that provide docking sites for SH2 and SH3 domain-
containing proteins, respectively. c-Cbl therefore negatively
regulates tyrosine kinase signaling and appears to have tumor
suppressor functions, the loss of which promotes tumorigen-
esis.

As c-Cbl was initially identified through isolation of the
oncogenic v-Cbl gene, many studies have also attempted to
identify the mechanisms responsible for c-Cbl oncogenic
activity. The v-Cbl protein consists only of the TKB domain,
and other deletion studies have demonstrated that the
oncogenic forms of c-Cbl act in a dominant negative fashion
to block endogenous, wild-type c-Cbl interaction with
tyrosine kinases, leading to enhanced GFR signaling. c-Cbl
can also contribute to activated oncogenic signaling through
its binding to signaling molecules such as PI3K and MAPK
family kinases (Thien and Langdon, 2001). These dual
functions of c-Cbl confirm its role as a regulator of GFR
trafficking and as an important potential contributor to tumor
development.

c-Cbl in pediatric cancer
Recent publications have identified mutations in c-Cbl in a
variety of pediatric myeloid neoplasms, including acute
myeloid leukemia (Caligiuri et al., 2007), chronic myelogen-
ous leukemia (Grand et al., 2009), and juvenile myelomono-
cytic leukemia (Loh et al., 2009). Interestingly, these
leukemogenic mutations are often homozygous, with uni-
parental disomy as a result of duplication of the mutant copy
of the c-Cbl gene on chromosome 11q23 (Ogawa et al.,
2010). Mutations in c-Cbl predominantly affect the ubiquitin
ligase activity, with reduced or absent ligase activity leading
to deregulated GFR trafficking, enhanced GFR signaling, and
induction of myeloid leukemogenesis. Interestingly, the c-Cbl
gene is located within the 11q23.3 region commonly deleted
in neuroblastoma (Ando et al., 2008), a solid tumor of
childhood, and this deletion is associated with a poor
prognosis, suggesting that c-Cbl may also have a tumor
suppressor function in these tumors.

c-Cbl as a therapeutic target in pediatric cancer
These well-described functions of c-Cbl also provide insight
into potential therapeutic approaches to myeloid disorders
harboring Cbl mutations. Therapies targeting mutant Cbl
proteins or of downstream signaling pathways could have a
role in treatment of myeloid neoplasms with Cbl mutations.
The broad spectrum of c-Cbl regulated tyrosine kinases may
preclude the efficacy of RTK inhibitors for therapy of c-Cbl
mutant malignancies, and suggests that agents acting directly
on c-Cbl may be more effective. Piceatannol, a phenol
stilbenenoid, is a naturally occurring oilseed product that
targets c-Cbl and induces the downregulation of a variety of
GFRs (Ogawa et al., 2010), suggesting that the development
of c-Cbl targeted agents for anticancer therapy is feasible.

6 Receptor trafficking in pediatric cancer



Other novel agents targeted against c-Cbl are currently being
developed and may provide more effective therapies for a
variety of pediatric malignancies.

UBE4B
UFD2 is a U-box ubiquitin ligase involved in the ubiquitin
fusion degradation (UFD) pathway (Johnson et al., 1995).
UFD2 was the first E4 ubiquitination factor identified, and the
enzymatic activity of UFD2 is required for ubiquitin chain
assembly and for ubiquitin-fusion protein degradation
(Johnson et al., 1995; Koegl et al., 1999; Hatakeyama et al.,
2004). UFD2 associates with cdc48 and has been implicated
in cell survival (Koegl et al., 1999).

The mammalian homolog of UFD2, UBE4B, likely
functions as both an E3 and an E4 ligase (Hatakeyama
et al., 2001). UBE4B is expressed in a variety of tissue types,
but is most abundantly expressed in neural tissues (Hata-
keyama et al., 2001; Kaneko et al., 2003) and in neural
tumors, including astrocytoma, medulloblastoma, and epen-
dymoma (Wu et al., 2011). UBE4B is a cytoplasmic protein in
neurons, cortical pyramidal cells, and Purkinje cells in the
cerebellum (Kaneko et al., 2003), and the UBE4B protein is
also found in skeletal muscle and to a lesser extent in the
heart, lung, liver, pancreas, spleen, ovary, and testis (Kaneko
et al., 2003).

While the enzymatic activity of UBE4B is well described,
its cellular function is not. Deletion of UBE4B in a mouse
knockout model results in early embryonic lethality (Kaneko-
Oshikawa et al., 2005), although the mechanism for this lethal
effect remains unknown. Hemizygous UBE4B deletion in
mice results in neurodegenerative disorders with axonal
dystrophy and Purkinje cell degeneration (Kaneko-Oshikawa
et al., 2005). UBE4B interacts with a limited number of
proteins, including the AAA+ ATPase valosin-containing
protein (VCP), Hsp90 (Hatakeyama et al., 2004; Wang et al.,
2004) and FEZ1, a protein implicated in neurite extension
(Okumura et al., 2004). UBE4B serves as a ubiquitin ligase
for ataxin-3 (Matsumoto et al., 2004), FEZ1 (Okumura et al.,
2004), and p73 (Hosoda et al., 2005), although its ligase
activity does not necessarily result in degradation of the
substrate proteins. UBE4B has also been shown to induce
degradation of p53 in medulloblastoma tumor cells through
direct interaction with Hdm2 and p53 polyubiquitination (Wu
et al., 2011).

UBE4B in growth factor receptor trafficking
We have identified a direct interaction between UBE4B and
the ESCRT protein Hrs (Sirisaengtaksin et al., submitted).
Characterization of the UBE4B-Hrs interaction revealed that
recruitment of UBE4B to endosomal membranes is depen-
dent upon binding with Hrs and that this interaction is
important for GFR sorting and degradation. Furthermore
depletion of UBE4B in tumor cells decreases GFR degrada-
tion rates (Fig. 2; Sirisaengtaksin et al., submitted). These

data suggest that the Hrs-UBE4B interaction is required for
sorting of growth factor receptors into MVB vesicles that
ultimately will result in their lysosomal degradation. These
data also suggest that the interaction between UBE4B and Hrs
plays a positive role in GFR degradation, implying that
inhibition or reduced expression of UBE4B would decrease

Figure 2 UBE4B mediates EGFR degradation. (A) HeLa and
SKNAS neuroblastoma cells were starved, then stimulated with
EGF for 0, 30, or 60 minutes. Cell lysates were then examined by
immunoblotting for EGFR content. SKNAS cells (red bars) have
greater amounts of remaining EGFR, suggesting slower degrada-
tion rates, than HeLa cells (blue bars). (B) Cell lysates of
untransfected HeLa cells or HeLa cells transfected with shRNA
(RNAI) to UBE4B were probed with antibodies to EGFR to show
decreased rates of EGFR degradation with UBE4B depletion.
Control HeLa cells were transfected with empty vector or with a
scrambled shRNA sequence. The results are presented as the
amount of remaining EGFR at 45 minutes vs. the amount of EGFR
present at 0 minutes (*denotes p< 0.05).
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GFR degradation and stimulate tumorigenesis.
In preliminary studies exploring the linkage of UBE4B

with EGFR trafficking in pediatric preclinical cancer models,
we observed a correlation between low UBE4B protein levels
and reduced EGFR degradation rates (Fig. 2 and data not
shown). In neuroblastoma patient tumor samples, UBE4B
protein expression levels were found to be inversely
correlated with EGFR levels (data not shown). These data
further suggest a correlation between UBE4B levels and GFR
trafficking in pediatric tumors and tumor cells.

UBE4B in pediatric cancer
Alterations of the chromosome 1p36 region are found in a
wide range of pediatric neural tumors, including neuroblas-
toma, gliomas, and Ewing's sarcoma, and are often associated
with poor outcomes. Deletion of the chromosome 1p36
region is found in approximately one-third of neuroblastoma
tumors and is associated with high-risk tumor features and a
poor prognosis (Caron et al., 1996; Maris et al., 2001; Attiyeh
et al., 2005). The UBE4B gene is located in this consensus
deleted 1p36 region (Carén et al., 2006). Previously published
studies have identified a mutation in the UBE4B gene in the
tumor DNA of a patient with high-risk neuroblastoma (Krona
et al., 2003) and have shown that UBE4B expression is
reduced in a cohort of high-stage/poor-outcome neuroblas-
toma tumors compared to a group of low-stage/favorable-
outcome tumors (Ohira et al., 2000; Krona et al., 2003;
Carén et al., 2005). Analysis of publicly available neuro-
blastoma tumor gene expression databases revealed a
significant association between low UBE4B gene expression
and poor patient outcomes (Fig. 3), suggesting that UBE4B
may function as a tumor suppressor in neuroblastoma tumors.

Conversely, UBE4B expression is elevated in some
pediatric neural tumor cell lines and primary tumor samples,
and this overexpression is associated with UBE4B gene

amplification (Wu et al., 2011). In medulloblastoma model
systems, UBE4B expression levels are inversely correlated
with p53 levels, presumably due to UBE4B-mediated p53
ubiquitination and degradation. Furthermore, UBE4B coop-
erates with activated Hras to transform primary fibroblasts,
and expression of UBE4B results in increased tumorigenesis
of NIH3T3 cells in vivo (Wu et al., 2011). These results
further emphasize the importance of cellular context in
studies of the roles of UBE4B and the GFR trafficking
pathway in oncogenesis.

The potential role of UBE4B in resistance to treatment
Previous studies have demonstrated that EGFR expression is
associated with chemotherapy resistance in neuroblastoma
tumor cells and that chemotherapy is synergistic with EGFR
inhibitors (Meyers et al., 1988; Michaelis et al., 2008). The
etiology of this EGFR-associated chemotherapy resistance in
neuroblastoma tumor cells and the mechanisms responsible
for this association of EGFR with resistance to chemotherapy
are unknown. Additional studies have identified EGFR
ubiquitination and degradation as a mechanism for colon
cancer cell resistance to cetuximab, an FDA-approved
monoclonal EGFR-blocking antibody (Lu et al., 2007). The
observed roles of UBE4B in GFR trafficking above
implicates UBE4B and the GFR trafficking pathway in the
sensitivity of neuroblastoma tumor cells to treatment and
suggests that UBE4B-mediated GFR trafficking, through
regulation of EGFR expression, may be responsible for the
association of EGFR expression and resistance to chemother-
apy. However, the mechanisms by which UBE4B and GFR
trafficking might affect neuroblastoma tumor cell responses to
therapy are unknown, and increased understanding of these
mechanisms will likely lead to improved efficacy of current
therapy and allow for identification of patient populations that
might be more or less sensitive to GFR inhibitor treatment.

Conclusions and perspectives

GFRs are often aberrantly expressed in tumor cells, and
altered GFR expression and activity contribute to the
pathogenesis of many types of cancer. Dysregulation of
GFR trafficking is clearly emerging as an important
mechanism for oncogenesis in a variety of human cancers.
A large and growing body of evidence clearly demonstrates
that disruption of the GFR trafficking pathways can alter cell
expression and activity of GFRs, leading to the development
and progression of cancer. The roles of GFR trafficking in
various malignancies suggest that therapies that modify GFR
trafficking may be effective as anticancer treatments. The
ubiquitin ligases c-Cbl and UBE4B have been recently shown
to play roles in the pathogenesis of pediatric cancers and
provide potential targets for novel treatment strategies.
Therefore, developing a better understanding of the GFR
trafficking pathway is critical in the understanding of the

Figure 3 Outcomes of neuroblastoma patients based on UBE4B
expression. The NCI Oncogenomics databases were evaluated for
outcomes of neuroblastoma patients (http://pob.abcc.ncifcrf.gov/
cgi-bin/JK). The resulting Kaplan-Meier curve shows overall
survival of patients with low (blue) and high (red) UBE4B gene
expression (p< 0.001).
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process of tumorigenesis and in the development and use of
novel therapies.
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