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Introduction

The Epidermal Growth Factor Receptor (EGFR), or ErbBl, is a
member of the ErbB family of tyrosine kinase receptors. It isa 170 kDa
transmembrane glycoprotein that can bind a variety of ligands on its
extracellular domain, most notably Epidermal Growth Factor (EGF).
Binding of ligand induces homo- or heterodimerization with a second
EGFR molecule or another member of the ErbB family, respectively.
Once dimerized, the molecule undergoes auto-phosphorylation on
intracellular tyrosine residues. Phosphorylation of these tyrosine
residues allows for recruitment of ATP to the catalytic kinase domain
of EGFR, which allows for phosphorylation of effector molecules.
Thus, a phosphorylation cascade is set off, leading to activation of
various intracellular signaling pathways that have been implicated
in tumorigenesis and cancer progression, including the RAS/MAPK
(mitogen-activated protein kinase), PI3K (phosphoinositide 3-kinase)/
AKT, and STATS3 (signal transducer and activator of transcription 3)
pathways [1,2].

Activated EGFR directly interacts with the SH2 (src homology
2) domain-containing molecule Grb2 (growth factor receptor-bound
protein 2), whichleads to downstream activation of RAS. This is followed
by subsequent phosphorylation of members of the MAPK/ERK Pathway
(Raf, MEK, and ERK). ERK (extracellular signal-regulated kinase) then
translocates into the nucleus and activates transcription factors such
as fos and jun that promote proliferation, cell cycle progression, and
an invasive phenotype. Concurrent activation of the MAPK signaling
pathway also occurs by EGFR-dependent activation of phospholipase
C (PLC). PLC hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP,)
to generate inositol 1,4,5 trisphosphate (IP,) and diacylglycerol (DAG).
DAG activates protein kinase C (PKC) which in turn activates Raf-1, an
important intermediate in the MAPK pathway [3]. In a parallel signaling
pathway, EGFR activates phosphotidylinositol 3-kinase (PI3K). PI3K
phosphorylates phosphatidylinositol-2-phosphate (PIP2) to form
PIP3. PIP3 activates the protein kinase Akt, which phosphorylates
the mammalian target of rapamycin (mTOR). Signaling through
mTOR induces cell proliferation and inhibits apoptosis. There are also
interactions between EGFR and the Jak (Janus kinase)/Stat pathway,
which have also been implicated in tumorigenesis. It has been shown
that Jak2, which is activated by cytokine signaling, can phosphorylate
EGFR, thus promoting signaling via the MAPK pathway [4]. In
addition, Stat3, which is a transcription factor promoting cell growth,
can be activated by ErbB2. While the above discussion has highlighted
some of the key EGFR-mediated pathways, it must be kept in mind
that there is cross-talk between these pathways, which exist as part of
a complex network. As each homo- or heterodimer of ErbB proteins
preferentially activates a different set of pathways, the complexity of
this network is compounded further. In addition, there exists cross-talk
between the ErbB-activated pathways and pathways activated by non-
ErbB signaling such as cytokine and growth factor receptors [2]. One
such example is the Jak/EGFR interaction described above.

Derangements of EGFR have been described in cancer in vitro
and in vivo and are believed to be a driving force for many cancers.
These alterations include gene amplification (leading to cell surface

overexpression), mutation of the intracellular kinase domain (leading
to constitutive EGFR expression), and in-frame deletions in the
extracellular domain [5]. It seems to be the case that different cancers
will predominantly demonstrate one of these alterations, but not the
others. EGFR overexpression was originally detected in a subset of
breast cancers, and has since been shown in a number of other cancers
including ovarian, gastric, and salivary, as well as in bladder [1].

Activating mutations of the intracellular kinase domain that cause
constitutive receptor activation most notably occur in non-small cell
lung cancer (NSCLC). The presence of these mutations, which occur
in 10% of patients with NSCLC, are predictive of response to targeted
therapy with gefitinib [6]. Other cancers in which mutations of the
kinase domain have been reported include colorectal [7] and head and
neck [8]. To date, these mutations have not been detected in bladder
cancer. Truncating mutations of the extracellular domain occur in 40%
of glioblastomas [9]. The protein product expressed in these tumors is
called EGFR variant III (EGFRVIII). This variant has also been found
expressed in other cancers, including breast, ovarian, and lung but
absent in healthy tissues [10]. The expression of EGFRVIII has been
associated with resistance to gefitinib in lung cancer [11,12].

In bladder carcinoma, EGFR overexpression is an independent
predictor of poor survival and stage progression. It was found to be 80%
sensitive in predicting stage progression in non-muscle invasive high
grade tumors (T1, grade 3) [13]. Moreover, while in 95% of healthy
urothelium EGFR expression is limited to the basal cell layer, EGFR is
expressed in both deep and superficial cell layers in 92.3% of low grade
UC specimens and 100% of high-grade UC specimens [14]. However,
in a study of 75 specimens from patients with UC and a panel of 12
bladder cancer cell lines, there was a failure to detect either activating
mutations of the kinase domain or truncating mutations of the
extracellular domain (EGFRVIII). However, 31-48% of these bladder
tumors overexpressed EGFR [11]. A recent case-control study did
identify single nucleotide polymorphisms (SNPs) that are associated
with an increased risk of bladder cancer as well as survival [15].

There will have been an estimated 72,570 (54,610 in men and
17,960 in women) new cases of bladder cancer and 15,210 bladder
cancer-related deaths in the United States in 2013 [16]. The majority
of these tumors are Urothelial Carcinomas (UC). While radical
cystectomy is the treatment of choice for muscle-invasive bladder
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cancer, 50% of patients will develop recurrent disease following
surgery [17]. Moreover, 10-30% of patients presenting with non-
muscle invasive disease will progress to muscle-invasive disease
[18]. While neoadjuvant combination chemotherapy has shown a
survival benefit in patients with muscle-invasive disease [19], bladder
cancer remains a highly aggressive entity and new treatments that
slow down progression or prevent recurrence are highly desirable.
The standard of care perioperative chemotherapy regimens used are
GC (gemcitabine and cisplatin), MVAC (methotrexate, vinblastine,
doxorubicin, and cisplatin), dose dense MVAC, or CMV (cisplatin,
methotrexate, and vinblastine). In the setting of surgical management,
either adjuvant or neoadjuvant chemotherapy may be given. A meta-
analysis demonstrated that the improvement in overall survival with
neoadjuvant platinum-based chemotherapy is approximately 5% [20].
Clearly, there is a need for better therapeutic agents that can improve
upon the outcomes of patients with muscle-invasive disease.

Because derangements in EGFR are so ubiquitous in cancer, EGFR
has emerged as an attractive therapeutic target. Targeted therapy in
bladder cancer has been the topic of a number of reviews [21,22]. Two
major drug classes have been developed targeting EGFR. The first are
the monoclonal antibodies (moAb) that target the EGFR extracellular
domain. Antibody binding to EGFR induces endocytosis followed by
lysosomal degradation of the receptor [23]. The Fc domain of bound
antibody also induces antibody-dependent cell-mediated cytotoxicity
(ADCC), enhancing the antitumoral response of the immune system
[24]. The second class of biologic agents targeting EGFR is the tyrosine
kinase inhibitors (TKIs). These are small peptide molecules that bind
to the catalytic site on the receptor’s intracellular domain, preventing
binding of ATP and subsequent phosphorylation of the receptor’s
target proteins. Gefitinib (Iressa) and erlotinib (Tarceva) are the
two molecules in this class which are specific for EGFR. A number
of multikinase inhibitors are being studied, which target multiple
receptors including EGFR.

Monoclonal Antibodies

Cetuximab (Erbitux) is a chimeric human/mouse IgG1 moAbD that
binds the extracellular domain of EGFR, preventing dimerization.
It has been approved in the treatment of colon and head and neck
cancers. Cetuximab administration in nude mice with UC inhibited
tumor growth, at least partly through an antiangiogenic mechanism
[25]. The combination of cetuximab and paclitaxel slowed tumor
growth in mice implanted with UC more than either drug alone
[26]. The antitumorigenic effect of this combination was thought to
be mediated primarily by inhibiting angiogenesis and promoting
apoptosis. Cetuximab has been successfully combined with the VEGF
antagonist bevacizumab (Avastin) in the treatment of colon and head
and neck cancers [27,28]. This combination has been investigated in
bladder cancer in combination with photodynamic therapy (see “Other
therapies targeting EGFR” section).

A clinical trial evaluated the efficacy of adding cetuximab to
paclitaxel as salvage chemotherapy in metastatic bladder cancer
patients who had failed first-line platinum-based treatment [29]. The
paclitaxel alone arm of the study closed after 9 of 11 patients progressed
after 8 weeks. The cetuximab-paclitaxel combination arm completed
accrual of 28 patients, and 12 of these had progression-free survival
greater than 16 weeks. The authors concluded the cetuximab-paclitaxel
combination merits further study as salvage chemotherapy in UC. A
Phase II clinical trial is looking at the effect of gemcitabine and cisplatin
chemotherapy with and without cetuximab in patients with locally

advanced or metastatic UC (stage>T4b). The results are pending.
(Clinicaltrials.gov, ID: NCT00645593).

Panitumumab (Vectibix) is a fully humanized IgG2 moAb. It is
approved for the treatment of colorectal cancer. Phase III trials with
panitumumab are also underway in NSCLC. A multicenter phase
II study is currently underway in Germany comparing first-line
chemotherapy with GC alone versus GC with panitumumab in patients
with locally advanced or metastatic disease and wild-type HRAS [30].
A phase I trial evaluated the combination of panitumumab with
motesanib (AMG 706), a multikinase inhibitor primarily targeting
VEGFR, alongside gemcitabine and cisplatin, in patients with advanced
solid tumors (Clinical trials.gov, ID: NCT00101907/20040206). Two
patients with bladder cancer were enrolled in this study. However, this
study was terminated due to high toxicity of the combination therapy
[31]. Other moAbs that specifically target EGFR and which have
been tested in other cancers include matuzumab, zalutumumab, and
nimotuzumab, but to our knowledge these have not been evaluated in
bladder cancer.

Tyrosine Kinase Inhibitors

Gefitinib was initially approved by the FDA for treatment of
NSCLC in 2003. It was shown to be especially effective in a subset of
patients (25 among the 275 treated) with metastatic NSCLC harboring
a particular set of mutations in the intracellular kinase domain of
EGFR [6] A Phase 3 trial looked at the molecular predictors of outcome
with gefitinib treatment in 1,692 patients with refractory advanced
NSCLC [32]. The authors found that EGFR copy number and protein
expression level most significantly correlated with outcome. Patients
with mutations in EGFR also had higher response rates. Other studies
have also shown Japanese origin and history of never smoking to be
independent predictors of response to gefitinib in NSCLC [11,33,34].

Gefitinib has shown antitumor activity in preclinical studies in UC
cell lines [35,36]. When gefitinib was evaluated in a Phase II trial as part
of combination treatment with GC in chemotherapy-naive patients
with locally advanced or metastatic cancer, the treatment group
showed an overall response rate of 42.6% with a median survival time
of 15.1 months and median time to progression of 7.4 months [37].
This study did not find any improved efficacy over standard treatment
with GC alone. A Phase II trial evaluated gefitinib in patients with
metastatic UC who had failed first-line chemotherapy. The median
progression-free survival was two months. The authors concluded
that gefitinib is ineffective as second-line therapy in patients with UC
[38]. A Phase II trial is underway comparing GC with and without
gefitinib in the treatment of chemotherapy-naive patients with locally
invasive or metastatic disease (Clinicaltrials.gov, ID: NCT00246974).
Gefitinib is also being studied in combination therapy with docetaxel
(Taxotere) as consolidation chemotherapy in a Phase II trial in patients
with locally unresectable or metastatic UC (Clinicaltrials.gov, ID:
NCTO00479089). A trial looking at the efficacy of gefitinib monotherapy
on non-resectable locally invasive or metastatic UC has been completed
(Clinicaltrials.gov, ID: NCT00014144). Finally, a Phase III trial is
underway comparing intravesical BCG therapy alone or combined
with gefitinib in the treatment of high-risk superficial UC (stages Ta,
TIS, T1) (Clinicaltrials.gov, ID: NCT00352079).

Erlotinib is an oral TKI indicated in the treatment of metastatic
colorectal cancer, metastatic NSCLC, and (in combination with
bevacizumab) renal cancer. In a Phase 3 clinical trial comparing
erlotinib to placebo in patients who had failed first or second-line
chemotherapy in NSCLC, erlotinib improved survival by two months
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and decreased symptoms [39]. The authors noted that independent
predictors of survival were Asian origin, history of non-smoking,
and adenocarcinoma histology. Interestingly, in their study, EGFR
mutations were not predictive of survival.

Erlotinib has been shown to inhibit cell proliferation, angiogenesis,
and invasion in a number of preclinical trials. A phase II study
evaluated the clinicopathologic efficacy of erlotinib in patients with
stage T2 disease [40]. In this study 20 patients received neoadjuvant
erlotinib. Complete pathological response (stage pT0) was seen in
25% of patients while 35% of patients were downstaged (stage </=
pT1). Fifty percent of patients remained alive and with no evidence of
disease at 24.8 months. It should be kept in mind that among patients
undergoing cystectomy for T2 disease with negative lymph nodes,
the rate of disease-free survival at 5 years is 78% [17,32]. Erlotinib is
currently being evaluated in a Phase II trial as neo-adjuvant therapy in
patients requiring cystectomy (Clinicaltrials.gov, ID: NCT00749892).
Another Phase II study is looking at the role of erlotinib when given
both as neoadjuvant treatment and as maintenance therapy in patients
with muscle-invasive disease (stage T2) (Clinicaltrials.gov, ID:
NCT00380029). A phase II trial is also underway comparing the effect
of erlotinib and the green tea extract Polyphenon E on recurrence in
former smokers who have undergone cystectomy for the treatment of
bladder cancer (Clinicaltrials.gov, ID: NCT00088946). The results of
these trials have not yet been reported.

Two agents which belong to the class of multikinase inhibitors are
lapatinib (Tycerb), which acts on EGFR as well as Her2 and vandetanib
(Caprelsa), which acts on VEGFR-2, VEGFR-3, EGFR, and RET.
Lapatinib has been approved in combination with capecitabine for
the treatment of metastatic breast cancer that has progressed despite
standard therapy. In bladder, in vitro studies in bladder cancer cells
showed that the addition of lapatinib to GCT (gemcitabine, paclitaxel,
cisplatin)-treated cells enhanced cell killing as measured by flow
cytometry [41]. Lapatinib has not yet been evaluated in clinical trials
in the setting of bladder cancer. Vandetanib was recently approved
for the treatment of progressive medullary thyroid cancer. It is under
investigation in the treatment of refractory advanced lung cancer [42] .
To our knowledge it has not been studied in bladder cancer.

Predictors of Response to Treatment in Bladder Cancer

While preclinical studies have demonstrated response of bladder
tumors to gefitinib, the mechanism of this response remains unclear.
For example, while activating mutations in the kinase domain have
been found to correlate with clinical response to gefitinib in NSCLC
patients, mutations in the exons 18-21, containing the kinase domain,
were not found in any bladder cancer cell lines or patient samples . In
the same study, EGFRVIII was not detected in any of the cell lines or
patient samples by PCR. This indicates that patient response to gefitinib
cannot be predicted by the same set of mutations as those present in
NSCLC responders to treatment.

A number of studies looked at predictors of response to gefitinib in
multiple bladder cancer cell lines. In one study, activation of glycogen
synthase kinase-3p (GSK-3B) predicted sensitivity to gefitinib [43].
Gefitinib-resistant cell lines, on the other hand, could be made sensitive
to gefitinib by inhibition of platelet-derived growth factor receptor 8
(PDGFR{). This study showed that the mechanism of resistance to
gefitinib in a subset of bladder tumors is activation of PDGFRp, which
inactivates GSK-3p, thereby bypassing EGFR signaling. Another study
showed that growth inhibition with gefitinib positively correlated
with p27 protein expression and decreased cyclin-dependent kinase 2

(cdk2) activity [44]. The results also suggested that resistant cell lines
expressed higher levels of vimentin and lower levels of E-cadherin,
suggesting greater epithelial to mesenchymal transition, though this
correlation did not hold for all of the cell lines studied.

It has also been noted that different bladder cancer cell lines differ
with respect to their sensitivities to cetuximab. While this difference
cannot be explained by mutations in EGFR, it is hypothesized that it
may be due to differential expression of molecules that closely associate
with EGFR and modulate its activity. In particular, cell lines that do not
express E-cadherin have been shown to be resistant to cetuximab, while
those that express E-cadherin are cetuximab-sensitive [45]. Moreover,
knocking out E-cadherin in two of the sensitive cell lines rendered these
lines resistant to cetuximab. Validating E-cadherin or other molecules
as biomarkers of cetuximab sensitivity could enable physicians to pick
out a subset of patients who are most likely to be responsive to therapy
with cetuximab.

HER?2 Overexpression and Therapy in Bladder Cancer

HER?2 is another member of the EGFR/ErbB family. Amplification
or over-expression of this gene has been shown to play an important
role in the pathogenesis of many solid tumors. The HER2 protein is a
prognostic factor and a therapeutic target when overexpressed in other
solid tumor such as breast cancer. Studies in UC have found mixed
results regarding the prognostic value of HER2 overexpression. Some
studied suggest HER2 to be a poor prognostic factor in UC, while
others do not. Published data report a large range of expression rates
of HER2 by Immunohistochemistry (IHC) and Fluorescence In Situ
Hybridisation (FISH) at different stages of UC.

A study examining the Her2/neu status in non-muscle invasive
bladder cancer (NMIBC) using FISH found gene amplification in 9%
(16/178) of high grade UC and none (0/193) in low malignant potential
and low grade UC [46]. The incidences of recurrence and progression in
HER2-amplified high grade UC were significantly higher than in those
without amplification. Immunohistochemistry and FISH results were
in closest agreement when overexpression was defined as 50% of tumor
cells showing immunoreactivity. In another study of NMIBC, HER2
protein was overexpressed in 68.2% (30/44) of pT1GIII specimens and
also predicted recurrence [47].

In muscle invasive bladder cancer a study evaluating 80 cystectomy
and lymph node dissection specimens found 28% (22/80) of cystectomy
cases were HER2 positive by THC and 53% (17/32)were positive in
the lymph nodes.) [48]. In this study HER2 overexpression was not
predictive of survival. In a large retrospective study of 1005 muscle-
invasive tumors 9.2% of specimens were either 2+ or 3+ HER?2 positive
by IHC. All 3+ protein overexpression tumors also contained gene
amplification by FISH but none of the samples with 2+ overexpression
were FISH positive [49]. In a study of archival tumor tissues from
patients with advanced urothelial carcinoma enrolled on two clinical
chemotherapy trials the HER2 expression was analyzed by IHC and
correlated with clinical outcomes. All 39 tumors were high grade.
Strong HER2 expression (2+/3+) was seen in 28 patients (71%).
Univariate analysis showed that increased HER2 expression predicted
an improvement in progression free and overall survival. When HER2
status was used as a dichotomous variable, tumors with positive
HER?2 expression did not have any association with response or with
progression free survival; however, positive HER2 status was associated
significantly with a decreased risk of death [50].

In UC patients the majority of HER2 overexpression of the
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urothelium seems to occur without underlying genetic amplification,
in contrast to other tumors such as breast cancer [51]. HER2 targeting
agents include the monoclonal antibody trastuzumab and the tyrosine
kinase inhibitor lapatinib. A phase II trial in advanced urothelial
cancer tested trastuzumab in combination with carboplatin, paclitaxel,
and gemcitabine. Eligible patients were required to demonstrate
overexpression of HER2 by IHC, FISH, or serum HER2 extracellular
domain testing. Of the patients screened 52% had HER2 overexpression
predominantly by IHC (> 90%), 25% of patients tested positive by FISH
or serum testing. The median survival was 14.1 months. Response rates
were higher in patients with high levels of IHC expression and in those
with FISH-positive versus FISH-negative HER2 overexpression. A
second-line phase II study of patients with advanced UC studied the
efficacy of single agent lapatinib in 59 patients. An objective response
rate was observed in 1 patient with 18 patients achieving stable disease.
The median time to disease progression and overall survival were 8.6
weeks and 17.9 weeks, respectively. Clinical benefit was found to be
correlated with EGFR overexpression, and HER-2 overexpression. The
median OS was significantly prolonged in patients with tumors that
overexpressed EGFR and/or HER-2 [52]. These data suggest that HER2
either alone or in combination with EGFR may be a viable target in UC.

Other Therapies Targeting EGFR

A new EGFR-linked target for cancer therapy is the recently-
characterized leucine-rich repeats and immunoglobulin domains 1
(LRIG1) protein [53]. LRIGI is a natural ligand to ErbB receptor family
members, and has been shown to interact with EGFR and target it for
ubiquitylation and degradation [54]. This molecule was shown to act in
vitro as a tumor suppressor in a superficial bladder cancer cell line [55].
Increased expression of LRIG1 correlated with decreased expression of
EGFR, decreased cell proliferation, and decreased invasive capability.
Experiments were carried out in which LRIG1 ¢cDNA was delivered
intratumorally via an adenoviral vector into nude mice bearing bladder
tumor xenografts [56]. In these experiments, expression of LRIGI led
to decreased expression of EGFR, decreased proliferation, slower rate
of tumor growth, and decreased microvessel density.

Photodynamic therapy (PDT) is another targeted therapeutic
approach. PDT was first used in 1975 to diagnose and treat bladder
cancer patients [57]. In PDT, a photosensitizer, often ahematoporphyrin
derivative, induces tumor cell death when it is activated by a specific
wavelength oflight. It is thought that upon stimulation by light at specific
wavelengths, energy is transferred from the photoexcited sensitizer to
oxygen and reactive oxygen species are formed that cause cell damage.
The precise location of cell damage varies according to photosensitizer
localization. For example, damage can occur to the mitochondria, to
the plasma membrane, or to lysosomes. The mechanism of cell death
elicited may be either necrosis or apoptosis, and this may be explained
by the subcellular compartment where initial damage occurs [58].

PDT with cetuximab was investigated in mice bearing bladder
tumor xenografts. The combination of PDT with cetuximab strongly
inhibited tumor growth, compared with PDT or cetuximab by itself
[59]. Tumor inhibition was associated with increased apoptosis in the
combination treatment group. The combination of PDT, cetuximab, and
bevacizumab was also studied [60]. In in vivo studies, the combination
therapy resulted in a more rapid tumor response than the dual therapy
of PDT with either cetuximab or bevacizumab. The improved efficacy
of the combination may come from combined effects of the two drugs
on the angiogenic pathways in the tumor.

Antibodies to EGFR have been used to target toxins to tumor cells.

Yang et al. constructed a fusion protein, DAB389EGF, that contains
the catalytic and translocation domains of Diphtheria toxin fused to
human EGF. As EGFR is overexpressed on the luminal surface of non-
invasive bladder tumors but not on normal tumor epithelium, it was
thought that intravesical delivery of such a construct would specifically
target tumor cells and lead to their death, while the effect on healthy
tissues would be minimized. In vitro, DAB389EGF inhibited tumor
cell growth and suppressed clonogenicity in multiple cell lines. These
effects positively correlated with the level of EGFR expression in a
given cell line. Intravesical administration of DAB389EGF into nude
mice bearing xenograft tumors inhibited tumor growth as measured
by bioluminescence [61]. Moreover, intravesical infusion was less toxic
to the mice than systemic treatment with DAB389EGF. The antitumor
efficacy of DAB389EGF has also been demonstrated in in vitro breast
[62] and pancreatic [63] cancer models, and in in vivo models of
glioblastoma multiforme [64].

Finally, the therapeutic potential of microRNAs (miRNAs) has
been explored with respect to EGFR. MiRNAs are 18-25 nucleotide-
long RNA molecules which negatively regulate mRNA expression.
They may do so either by promoting mRNA degradation or
inhibiting translation of mRNA. It is estimated that in this way they
regulate the expression of approximately 30% of the human genome
[65]. Deregulation of miRNA activity is being studied for its role in
tumorigenesis and cancer progession. Thus, miRNAs that regulate the
expression of tumor suppressors or proto-oncogenes may themselves
act as proto-oncogenes or tumor suppressors, respectively. It has
been shown that expression of miRNA-133a (miR-133a) and miR-
133b, two closely related molecules, is reduced in bladder cancer
cells [66,67]. Transfection of cancer cells with mature miR-133a
significantly inhibited cell proliferation, migration, and invasion
[66]. This demonstrated that miR-133a does indeed act as a tumor
suppressor. Expression profiling of patient tumor specimens revealed
that low expression of miR-133b strongly correlated with progression
in non-muscle invasive tumors [67]. Further investigation revealed
that transfection of tumor cells with miR-133a or miR-133b led to
decreased expression of EGFR and its downstream effector molecules
including p-Erk and p-Akt. Bioinformatics studies identified EGFR as
a direct target of miR-133, and two binding sites for miR-133a/b were
subsequently identified on the 3’ UTR of the EGFR transcript. While in
vivo studies have yet to be conducted to evaluate the therapeutic value
of mi-R133 in inhibiting tumor growth, these findings open up a novel
avenue for targeting EGFR and its downstream signaling pathways.

Conclusion

The ErbB family of tyrosine kinase receptors is an important class
of proteins involved in transducing extracellular signals that direct cells
to divide and grow. EGFR, a member of this class, has been evaluated
extensively as a target of antitumor medications because of its
overexpression or mutation in a variety of tumor types and its central
role in modulating carcinogenic properties of tumor cells. Monoclonal
antibodies and tyrosine kinase inhibitors target different domains of
the EGFR receptor and both have been investigated in the treatment of
bladder cancer, either as monotherapy, in combination with standard
chemotherapy, or in combination with other biologic agents. HER2
may also be a potential target. However, significant clinical efficacy has
thus far been elusive with these agents. A number of next-generation
TKIs and moAbs are being used in the laboratory and in clinical trials
for a variety of cancers (Table 1), but their potential role in bladder
cancer has not yet been explored.
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Compound Structure Mechanism of Action
Cetuximab (C225/Erbitux) | uman/mouse inhibits erbB1
chimeric moAb
Panitumumab (ABX-EGF/ 1y, an moAb inhibits erbB1
Vectibix)
Nimotuzumab (Theracim) 'Humanized moAb inhibits erbB1
Matuzumab (EMD 7200) Humanized moAb inhibits erbB1
Zalutumumab Human moAb inhibits erbB1
Gefitinib (Iressa) TKI inhibits erbB1
Erlotinib (Tarceva) TKI inhibits erbB1
Lapatinib (Tykerb) MTKI inhibits erbB1, erbB2
. inhibits erbB1, VEGFR-2, VEGFR-3,
Vandetanib (Caprelsa) MTKI and RET
AEE788 MTKI inhibits erbB1, erbB2, VEGFR-2
AC 480 (BMS-599626) MTKI inhibits erbB1, erbB2
AZD 8931 MTKI inhibits erbB1, erbB2, erbB3
Lo . conjugated toxin protein targeting
DAB389EGF chimeric protein
erbB1
o . promotes EGFR mRNA degradation/
miR-133 microRNA blocks EGFR translation
LRIG1 cDNA cDNA protein product inhibits erbB1
Acronyms

Stage of Development

Currently FDA approved indications in bladder cancer

H &N, mCRC Phase Il
mCRC Preclinical
(being evaluated in various cancers including none
esophageal cancer, NSCLC, pancreatic cancer)

(being evaluated in NSCLC, EGC, ovarian cancer) | none
(being evaluated in H & N, CRC, NSCLC) none

NSCLC Phase Il, Phase llI
NSCLC Phase Il
BRC Preclinical
MTC none
(being evaluated in GBM) none
(being evaluated in BRC, GBM) none
(being evaluated in BRC, gastric cancer, other solid none
malignancies)

none Preclinical
none Preclinical
none Preclinical

TKI: tyrosine kinase inhibitor; MTKI: multitargeted kinase inhibitor; moAb: monoclonal antibody; H & N: head and neck cancer; CRC: colorectal cancer; mCRC: metastatic
colorectal cancer; NSCLC: non-small cell lung cancer; BRC: breast cancer; MTC: medullary thyroid cancer

Table 1: EGFR-targeted therapies in bladder cancer.

A number of other innovative treatment modalities are in
development to target EGFR, but these treatment modalities are in
experimental stages and it remains to be seen if they will make it to
the clinical testing stage. It may turn out to be the case that the most
effective treatment of bladder cancers will involve using a combination
of treatment modalities against multiple targets. This could have
the advantage of shutting off multiple parallel (and interacting)
signaling pathways. At the same time, if a tumor develops resistance
to therapy with a single agent by developing a mutation in the target
protein or a downstream effector molecule, the addition of a second
or third agent could overcome this resistance. Moreover, patients
with different genetic disease signatures may benefit from different
treatment combinations. To this end researchers are trying to establish
biomarkers that would be of prognostic value. While many promising
approaches are in development, it remains to be seen which therapies
or combinations of therapies will show benefit in the treatment of
patients.

Acknowledgements

This research was supported by the Intramural Research Program of the NIH,
National Cancer Institute, Center for Cancer Research.

References

1. Hynes NE, Lane HA (2005) ERBB receptors and cancer: the complexity of
targeted inhibitors. Nat Rev Cancer 5: 341-354.

2. Yarden Y, Sliwkowski MX (2001) Untangling the ErbB signalling network. Nat
Rev Mol Cell Biol 2: 127-137.

3. Johnson M, Toms S (2005) Mitogenic signal transduction pathways in
meningiomas: novel targets for meningioma chemotherapy? J Neuropathol
Exp Neurol 64: 1029-1036.

4. Yamauchi T, Ueki K, Tobe K, Tamemoto H, Sekine N, et al. (1997) Tyrosine
phosphorylation of the EGF receptor by the kinase Jak2 is induced by growth
hormone. Nature 390: 91-96.

5. Hynes NE, MacDonald G (2009) ErbB receptors and signaling pathways in
cancer. Curr Opin Cell Biol 21: 177-184.

6.

Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, et al.
(2004) Activating mutations in the epidermal growth factor receptor underlying
responsiveness of non-small-cell lung cancer to gefitinib. N Engl J Med 350:
2129-2139.

Nagahara H, Mimori K, Ohta M, Utsunomiya T, Inoue H, et al. (2005) Somatic
mutations of epidermal growth factor receptor in colorectal carcinoma. Clin
Cancer Res 11: 1368-1371.

Lee JW, Soung YH, Kim SY, Nam HK, Park WS, et al. (2005) Somatic mutations
of EGFR gene in squamous cell carcinoma of the head and neck. Clin Cancer
Res 11: 2879-2882.

Bigner SH, Humphrey PA, Wong AJ, Vogelstein B, Mark J, et al. (1990)
Characterization of the epidermal growth factor receptor in human glioma cell
lines and xenografts. Cancer Res 50: 8017-8022.

. Moscatello DK, Holgado-Madruga M, Godwin AK, Ramirez G, Gunn G, et al.

(1995) Frequent expression of a mutant epidermal growth factor receptor in
multiple human tumors. Cancer Res 55: 5536-5539.

. Blehm KN, Spiess PE, Bondaruk JE, Dujka ME, Villares GJ, et al. (2006)

Mutations within the kinase domain and truncations of the epidermal growth
factor receptor are rare events in bladder cancer: implications for therapy. Clin
Cancer Res 12: 4671-4677.

.JiH, Zhao X, Yuza Y, Shimamura T, Li D, et al. (2006) Epidermal growth factor
receptor variant lll mutations in lung tumorigenesis and sensitivity to tyrosine
kinase inhibitors. Proc Natl Acad Sci U S A 103: 7817-7822.

. Mellon K, Wright C, Kelly P, Horne CH, Neal DE (1995) Long-term outcome
related to epidermal growth factor receptor status in bladder cancer. J Urol
153: 919-925.

. Messing EM (1990) Clinical implications of the expression of epidermal growth
factor receptors in human transitional cell carcinoma. Cancer Res 50: 2530-
2537.

. Mason RA, Morlock EV, Karagas MR, Kelsey KT, Marsit CJ, et al. (2009) EGFR
pathway polymorphisms and bladder cancer susceptibility and prognosis.
Carcinogenesis 30: 1155-1160.

.American Cancer Society. Cancer facts and figures 2013 (2014) Available
online www.cancer.org.

. Stein JP, Lieskovsky G, Cote R, Groshen S, Feng AC, et al. (2001) Radical

J Carcinogene Mutagene
ISSN:2157-2518 JCM, an open access journal

Volue 4 + Issue 2 + 1000143


http://www.ncbi.nlm.nih.gov/pubmed/15864276
http://www.ncbi.nlm.nih.gov/pubmed/15864276
http://www.ncbi.nlm.nih.gov/pubmed/11252954
http://www.ncbi.nlm.nih.gov/pubmed/11252954
http://www.ncbi.nlm.nih.gov/pubmed/16319713
http://www.ncbi.nlm.nih.gov/pubmed/16319713
http://www.ncbi.nlm.nih.gov/pubmed/16319713
http://www.ncbi.nlm.nih.gov/pubmed/9363897
http://www.ncbi.nlm.nih.gov/pubmed/9363897
http://www.ncbi.nlm.nih.gov/pubmed/9363897
http://www.ncbi.nlm.nih.gov/pubmed/19208461
http://www.ncbi.nlm.nih.gov/pubmed/19208461
http://www.ncbi.nlm.nih.gov/pubmed/15118073
http://www.ncbi.nlm.nih.gov/pubmed/15118073
http://www.ncbi.nlm.nih.gov/pubmed/15118073
http://www.ncbi.nlm.nih.gov/pubmed/15118073
http://www.ncbi.nlm.nih.gov/pubmed/15746034
http://www.ncbi.nlm.nih.gov/pubmed/15746034
http://www.ncbi.nlm.nih.gov/pubmed/15746034
http://www.ncbi.nlm.nih.gov/pubmed/15837736
http://www.ncbi.nlm.nih.gov/pubmed/15837736
http://www.ncbi.nlm.nih.gov/pubmed/15837736
http://www.ncbi.nlm.nih.gov/pubmed/2253244
http://www.ncbi.nlm.nih.gov/pubmed/2253244
http://www.ncbi.nlm.nih.gov/pubmed/2253244
http://www.ncbi.nlm.nih.gov/pubmed/7585629
http://www.ncbi.nlm.nih.gov/pubmed/7585629
http://www.ncbi.nlm.nih.gov/pubmed/7585629
http://www.ncbi.nlm.nih.gov/pubmed/16899617
http://www.ncbi.nlm.nih.gov/pubmed/16899617
http://www.ncbi.nlm.nih.gov/pubmed/16899617
http://www.ncbi.nlm.nih.gov/pubmed/16899617
http://www.ncbi.nlm.nih.gov/pubmed/16672372
http://www.ncbi.nlm.nih.gov/pubmed/16672372
http://www.ncbi.nlm.nih.gov/pubmed/16672372
http://www.ncbi.nlm.nih.gov/pubmed/7853575
http://www.ncbi.nlm.nih.gov/pubmed/7853575
http://www.ncbi.nlm.nih.gov/pubmed/7853575
http://www.ncbi.nlm.nih.gov/pubmed/1690599
http://www.ncbi.nlm.nih.gov/pubmed/1690599
http://www.ncbi.nlm.nih.gov/pubmed/1690599
http://www.ncbi.nlm.nih.gov/pubmed/19372140
http://www.ncbi.nlm.nih.gov/pubmed/19372140
http://www.ncbi.nlm.nih.gov/pubmed/19372140
http://www.ncbi.nlm.nih.gov/pubmed/11157016

Citation: Weintraub MD, Vourganti S, Li Q, Apolo AB, Metwalli AR, et al. (2013) Targeting the Epidermal Growth Factor Receptor in Bladder Cancer.

J Carcinogene Mutagene 4: 143. doi:10.4172/2157-2518.1000143

Page 6 of 7

20.

2

=

22.

23.

24.

2

[}

26.

27

28.

29.

3

o

3

=

32.

33.

34.

35.

36.

3

J

cystectomy in the treatment of invasive bladder cancer: long-term results in
1,054 patients. J Clin Oncol 19: 666-675.

.Heney NM, Ahmed S, Flanagan MJ, Frable W, Corder MP, et al. (1983)

Superficial bladder cancer: progression and recurrence. J Urol 130: 1083-1086.

. Grossman HB, Natale RB, Tangen CM, Speights VO, Vogelzang NJ, et al.

(2003) Neoadjuvant chemotherapy plus cystectomy compared with cystectomy
alone for locally advanced bladder cancer. N Engl J Med 349: 859-866.

Advanced Bladder Cancer (ABC) Meta-analysis Collaboration (2005)
Neoadjuvant chemotherapy in invasive bladder cancer: update of a systematic
review and meta-analysis of individual patient data advanced bladder cancer
(ABC) meta-analysis collaboration. Eur Urol 48: 202-205.

. Agarwal PK, Black PC, McConkey DJ, Dinney CP (2007) Emerging drugs for

targeted therapy of bladder cancer. Expert Opin Emerg Drugs 12: 435-448.

Black PC, Agarwal PK, Dinney CP (2007) Targeted therapies in bladder
cancer--an update. Urol Oncol 25: 433-438.

Sunada H, Magun BE, Mendelsohn J, MacLeod CL (1986) Monoclonal antibody
against epidermal growth factor receptor is internalized without stimulating
receptor phosphorylation. Proc Natl Acad Sci U S A 83: 3825-3829.

Clynes RA, Towers TL, Presta LG, Ravetch JV (2000) Inhibitory Fc receptors
modulate in vivo cytotoxicity against tumor targets. Nat Med 6: 443-446.

. Perrotte P, Matsumoto T, Inoue K, Kuniyasu H, Eve BY, et al. (1999) Anti-

epidermal growth factor receptor antibody C225 inhibits angiogenesis in human
transitional cell carcinoma growing orthotopically in nude mice. Clin Cancer
Res 5: 257-265.

Inoue K, Slaton JW, Perrotte P, Davis DW, Bruns CJ, et al. (2000) Paclitaxel
enhances the effects of the anti-epidermal growth factor receptor monoclonal
antibody ImClone C225 in mice with metastatic human bladder transitional cell
carcinoma. Clin Cancer Res 6: 4874-4884.

. Lee JJ, Chu E (2007) An update on treatment advances for the first-line therapy

of metastatic colorectal cancer. Cancer J 13: 276-281.

Seiwert TY, Cohen EE (2008) Targeting angiogenesis in head and neck cancer.
Semin Oncol 35: 274-285.

Wong YN, Litwin S, Vaughn D, Cohen S, Plimack ER, et al. (2012) Phase Il trial
of cetuximab with or without paclitaxel in patients with advanced urothelial tract
carcinoma. J Clin Oncol 30: 3545-3551.

. Rexer H (2011) AUO-study AB34/09: an open-label, randomised, multicentre,

phase Il study to evaluate the efficacy of chemotherapy with gemcitabine
and cisplatin in combination with the EGF receptor antibody panitumumab
(GemCisP) versus GemCis in the first-line therapy of locally advanced/
metastatic urothelial carcinoma in patients with wild-type H. Urologe A 5: 230-
232.

. Burris H, Stephenson J, Otterson GA, Stein M, McGreivy J, et al. (2011) Safety

and pharmacokinetics of motesanib in combination with panitumumab and
gemcitabine-Cisplatin in patients with advanced cancer. J Oncol 2011: 853931.

Pennell NA, Sequist LV (2007) Assessing the roles of EGFR gene copy
number, protein expression and mutation in predicting outcomes in non-small-
cell lung cancer after treatment with EGFR inhibitors. Biomark Med 1: 203-207.

Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, et al. (2004) EGFR mutations
in lung cancer: correlation with clinical response to gefitinib therapy. Science
304: 1497-1500.

Pao W, Miller V, Zakowski M, Doherty J, Politi K, et al. (2004) EGF receptor
gene mutations are common in lung cancers from “never smokers” and are
associated with sensitivity of tumors to gefitinib and erlotinib. Proc Natl Acad
Sci U S A 101: 13306-13311.

Dominguez-Escrig JL, Kelly JD, Neal DE, King SM, Davies BR (2004)
Evaluation of the therapeutic potential of the epidermal growth factor receptor
tyrosine kinase inhibitor gefitinib in preclinical models of bladder cancer. Clin
Cancer Res 10: 4874-4884.

Nutt JE, Lazarowicz HP, Mellon JK, Lunec J (2004) Gefitinib (‘Iressa’, ZD1839)
inhibits the growth response of bladder tumour cell lines to epidermal growth
factor and induces TIMP2. Br J Cancer 90: 1679-1685.

. Philips GK, Halabi S, Sanford BL, Bajorin D, Small EJ; Cancer and Leukemia

Group B (2009) A phase |l trial of cisplatin (C), gemcitabine (G) and gefitinib for
advanced urothelial tract carcinoma: results of Cancer and Leukemia Group B
(CALGB) 90102. Ann Oncol 20: 1074-1079.

38.

3

©

40.

4

-

42.

43.

44,

45.

46.

47.

48.

49.

50.

5

o

52.

5

w

54.

55.

56.

57.

58.

Petrylak DP, Tangen CM, Van Veldhuizen PJ Jr, Goodwin JW, Twardowski
PW, et al. (2010) Results of the Southwest Oncology Group phase Il evaluation
(study S0031) of ZD1839 for advanced transitional cell carcinoma of the
urothelium. BJU Int 105: 317-321.

. Shepherd FA, Rodrigues Pereira J, Ciuleanu T, Tan EH, Hirsh V, et al. (2005)

Erlotinib in previously treated non-small-cell lung cancer. N Engl J Med 353:
123-132.

Pruthi RS, Nielsen M, Heathcote S, Wallen EM, Rathmell WK, et al. (2010) A
phase Il trial of neoadjuvant erlotinib in patients with muscle-invasive bladder
cancer undergoing radical cystectomy: clinical and pathological results. BJU
Int 106: 349-354.

. McHugh LA, Sayan AE, Mejlvang J, Griffiths TR, Sun Y, et al. (2009) Lapatinib,

a dual inhibitor of ErbB-1/-2 receptors, enhances effects of combination
chemotherapy in bladder cancer cells. Int J Oncol 34: 1155-1163.

Guo L, Tang J, Meng Q, Zhu Y, Xu L, et al. (2012) [Vandetanib treatment in
refractory advanced lung adenocarcinoma patients: five cases and review of
literature]. Zhongguo Fei Ai Za Zhi 15: 122-126.

Kassouf W, Dinney CP, Brown G, McConkey DJ, Diehl AJ, et al. (2005)
Uncoupling between epidermal growth factor receptor and downstream signals
defines resistance to the antiproliferative effect of Gefitinib in bladder cancer
cells. Cancer Res 65: 10524-10535.

Shrader M, Pino MS, Brown G, Black P, Adam L, et al. (2007) Molecular
correlates of gefitinib responsiveness in human bladder cancer cells. Mol
Cancer Ther 6: 277-285.

Black PC, Brown GA, Inamoto T, Shrader M, Arora A, et al. (2008) Sensitivity
to epidermal growth factor receptor inhibitor requires E-cadherin expression in
urothelial carcinoma cells. Clin Cancer Res 14: 1478-1486.

Chen PC, Yu HJ, Chang YH, Pan CC (2013) Her2 amplification distinguishes a
subset of non-muscle-invasive bladder cancers with a high risk of progression.
J Clin Pathol 66: 113-119.

Janane A, Hajji F, Ismail TO, Elondo JC, Ghadouane M, et al. (2011) [Evaluation
of HER2 protein overexpression in non-muscle-invasive bladder cancer with
emphasis on tumour grade and recurrence]. Actas Urol Esp 35: 189-194.

Jimenez RE, Hussain M, Bianco FJ Jr, Vaishampayan U, Tabazcka P, et al.
(2001) Her-2/neu overexpression in muscle-invasive urothelial carcinoma of
the bladder: prognostic significance and comparative analysis in primary and
metastatic tumors. Clin Cancer Res 7: 2440-2447.

Laé M, Couturier J, Oudard S, Radvanyi F, Beuzeboc P, et al. (2010) Assessing
HER?2 gene amplification as a potential target for therapy in invasive urothelial
bladder cancer with a standardized methodology: results in 1005 patients. Ann
Oncol 21: 815-819.

Gandour-Edwards R, Lara PN Jr, Folkins AK, LaSalle JM, Beckett L, et al.
(2002) Does HER2/neu expression provide prognostic information in patients
with advanced urothelial carcinoma? Cancer 95: 1009-1015.

.Caner V, Turk NS, Duzcan F, Tufan NL, Kelten EC, et al. (2008) No strong

association between HER-2/neu protein overexpression and gene amplification
in high-grade invasive urothelial carcinomas. Pathol Oncol Res 14: 261-266.

Wiilfing C, Machiels JP, Richel DJ, Grimm MO, Treiber U, et al. (2009) A
single-arm, multicenter, open-label phase 2 study of lapatinib as the second-
line treatment of patients with locally advanced or metastatic transitional cell
carcinoma. Cancer 115: 2881-2890.

. Nilsson J, Vallbo C, Guo D, Golovleva I, Hallberg B, et al. (2001) Cloning,

characterization, and expression of human LIG1. Biochem Biophys Res
Commun 284: 1155-1161.

Gur G, Rubin C, Katz M, Amit I, Citri A, et al. (2004) LRIG1 restricts growth
factor signaling by enhancing receptor ubiquitylation and degradation. EMBO
J 23: 3270-3281.

Yang WM, Yan ZJ, Ye ZQ, Guo DS (2006) LRIG1, a candidate tumour-
suppressor gene in human bladder cancer cell line BIU87. BJU Int 98: 898-902.

Li F, Ye ZQ, Guo DS, Yang WM (2011) Suppression of bladder cancer cell
tumorigenicity in an athymic mouse model by adenoviral vector-mediated
transfer of LRIG1. Oncol Rep 26: 439-446.

Kelly JF, Snell ME (1976) Hematoporphyrin derivative: a possible aid in the
diagnosis and therapy of carcinoma of the bladder. J Urol 115: 150-151.

Dougherty TJ, Gomer CJ, Henderson BW, Jori G, Kessel D, et al. (1998)
Photodynamic therapy. J Natl Cancer Inst 90: 889-905.

J Carcinogene Mutagene
ISSN:2157-2518 JCM, an open access journal

Volue 4 + Issue 2 + 1000143


http://www.ncbi.nlm.nih.gov/pubmed/11157016
http://www.ncbi.nlm.nih.gov/pubmed/11157016
http://www.ncbi.nlm.nih.gov/pubmed/6644886
http://www.ncbi.nlm.nih.gov/pubmed/6644886
http://www.ncbi.nlm.nih.gov/pubmed/12944571
http://www.ncbi.nlm.nih.gov/pubmed/12944571
http://www.ncbi.nlm.nih.gov/pubmed/12944571
http://www.ncbi.nlm.nih.gov/pubmed/15939524
http://www.ncbi.nlm.nih.gov/pubmed/15939524
http://www.ncbi.nlm.nih.gov/pubmed/15939524
http://www.ncbi.nlm.nih.gov/pubmed/15939524
http://www.ncbi.nlm.nih.gov/pubmed/17874971
http://www.ncbi.nlm.nih.gov/pubmed/17874971
http://www.ncbi.nlm.nih.gov/pubmed/17826665
http://www.ncbi.nlm.nih.gov/pubmed/17826665
http://www.ncbi.nlm.nih.gov/pubmed/2424012
http://www.ncbi.nlm.nih.gov/pubmed/2424012
http://www.ncbi.nlm.nih.gov/pubmed/2424012
http://www.ncbi.nlm.nih.gov/pubmed/10742152
http://www.ncbi.nlm.nih.gov/pubmed/10742152
http://www.ncbi.nlm.nih.gov/pubmed/10037173
http://www.ncbi.nlm.nih.gov/pubmed/10037173
http://www.ncbi.nlm.nih.gov/pubmed/10037173
http://www.ncbi.nlm.nih.gov/pubmed/10037173
http://www.ncbi.nlm.nih.gov/pubmed/11156247
http://www.ncbi.nlm.nih.gov/pubmed/11156247
http://www.ncbi.nlm.nih.gov/pubmed/11156247
http://www.ncbi.nlm.nih.gov/pubmed/11156247
http://www.ncbi.nlm.nih.gov/pubmed/17921724
http://www.ncbi.nlm.nih.gov/pubmed/17921724
http://www.ncbi.nlm.nih.gov/pubmed/18544442
http://www.ncbi.nlm.nih.gov/pubmed/18544442
http://www.ncbi.nlm.nih.gov/pubmed/22927525
http://www.ncbi.nlm.nih.gov/pubmed/22927525
http://www.ncbi.nlm.nih.gov/pubmed/22927525
http://www.ncbi.nlm.nih.gov/pubmed/21559248
http://www.ncbi.nlm.nih.gov/pubmed/21559248
http://www.ncbi.nlm.nih.gov/pubmed/21559248
http://www.ncbi.nlm.nih.gov/pubmed/20477469
http://www.ncbi.nlm.nih.gov/pubmed/20477469
http://www.ncbi.nlm.nih.gov/pubmed/20477469
http://www.ncbi.nlm.nih.gov/pubmed/15118125
http://www.ncbi.nlm.nih.gov/pubmed/15118125
http://www.ncbi.nlm.nih.gov/pubmed/15118125
http://www.ncbi.nlm.nih.gov/pubmed/15329413
http://www.ncbi.nlm.nih.gov/pubmed/15329413
http://www.ncbi.nlm.nih.gov/pubmed/15329413
http://www.ncbi.nlm.nih.gov/pubmed/15329413
http://www.ncbi.nlm.nih.gov/pubmed/15269164
http://www.ncbi.nlm.nih.gov/pubmed/15269164
http://www.ncbi.nlm.nih.gov/pubmed/15269164
http://www.ncbi.nlm.nih.gov/pubmed/15269164
http://www.ncbi.nlm.nih.gov/pubmed/15083203
http://www.ncbi.nlm.nih.gov/pubmed/15083203
http://www.ncbi.nlm.nih.gov/pubmed/15083203
http://www.ncbi.nlm.nih.gov/pubmed/19168670
http://www.ncbi.nlm.nih.gov/pubmed/19168670
http://www.ncbi.nlm.nih.gov/pubmed/19168670
http://www.ncbi.nlm.nih.gov/pubmed/19168670
http://www.ncbi.nlm.nih.gov/pubmed/19888985
http://www.ncbi.nlm.nih.gov/pubmed/19888985
http://www.ncbi.nlm.nih.gov/pubmed/19888985
http://www.ncbi.nlm.nih.gov/pubmed/19888985
http://www.ncbi.nlm.nih.gov/pubmed/16014882
http://www.ncbi.nlm.nih.gov/pubmed/16014882
http://www.ncbi.nlm.nih.gov/pubmed/16014882
http://www.ncbi.nlm.nih.gov/pubmed/20089114
http://www.ncbi.nlm.nih.gov/pubmed/20089114
http://www.ncbi.nlm.nih.gov/pubmed/20089114
http://www.ncbi.nlm.nih.gov/pubmed/20089114
http://www.ncbi.nlm.nih.gov/pubmed/19287975
http://www.ncbi.nlm.nih.gov/pubmed/19287975
http://www.ncbi.nlm.nih.gov/pubmed/19287975
http://www.ncbi.nlm.nih.gov/pubmed/22336242
http://www.ncbi.nlm.nih.gov/pubmed/22336242
http://www.ncbi.nlm.nih.gov/pubmed/22336242
http://www.ncbi.nlm.nih.gov/pubmed/16288045
http://www.ncbi.nlm.nih.gov/pubmed/16288045
http://www.ncbi.nlm.nih.gov/pubmed/16288045
http://www.ncbi.nlm.nih.gov/pubmed/16288045
http://www.ncbi.nlm.nih.gov/pubmed/17237287
http://www.ncbi.nlm.nih.gov/pubmed/17237287
http://www.ncbi.nlm.nih.gov/pubmed/17237287
http://www.ncbi.nlm.nih.gov/pubmed/18316572
http://www.ncbi.nlm.nih.gov/pubmed/18316572
http://www.ncbi.nlm.nih.gov/pubmed/18316572
http://www.ncbi.nlm.nih.gov/pubmed/23087329
http://www.ncbi.nlm.nih.gov/pubmed/23087329
http://www.ncbi.nlm.nih.gov/pubmed/23087329
http://www.ncbi.nlm.nih.gov/pubmed/21419519
http://www.ncbi.nlm.nih.gov/pubmed/21419519
http://www.ncbi.nlm.nih.gov/pubmed/21419519
http://www.ncbi.nlm.nih.gov/pubmed/11489824
http://www.ncbi.nlm.nih.gov/pubmed/11489824
http://www.ncbi.nlm.nih.gov/pubmed/11489824
http://www.ncbi.nlm.nih.gov/pubmed/11489824
http://www.ncbi.nlm.nih.gov/pubmed/19889613
http://www.ncbi.nlm.nih.gov/pubmed/19889613
http://www.ncbi.nlm.nih.gov/pubmed/19889613
http://www.ncbi.nlm.nih.gov/pubmed/19889613
http://www.ncbi.nlm.nih.gov/pubmed/12209684
http://www.ncbi.nlm.nih.gov/pubmed/12209684
http://www.ncbi.nlm.nih.gov/pubmed/12209684
http://www.ncbi.nlm.nih.gov/pubmed/18415713
http://www.ncbi.nlm.nih.gov/pubmed/18415713
http://www.ncbi.nlm.nih.gov/pubmed/18415713
http://www.ncbi.nlm.nih.gov/pubmed/19399906
http://www.ncbi.nlm.nih.gov/pubmed/19399906
http://www.ncbi.nlm.nih.gov/pubmed/19399906
http://www.ncbi.nlm.nih.gov/pubmed/19399906
http://www.ncbi.nlm.nih.gov/pubmed/11414704
http://www.ncbi.nlm.nih.gov/pubmed/11414704
http://www.ncbi.nlm.nih.gov/pubmed/11414704
http://www.ncbi.nlm.nih.gov/pubmed/15282549
http://www.ncbi.nlm.nih.gov/pubmed/15282549
http://www.ncbi.nlm.nih.gov/pubmed/15282549
http://www.ncbi.nlm.nih.gov/pubmed/16978290
http://www.ncbi.nlm.nih.gov/pubmed/16978290
http://www.ncbi.nlm.nih.gov/pubmed/21567105
http://www.ncbi.nlm.nih.gov/pubmed/21567105
http://www.ncbi.nlm.nih.gov/pubmed/21567105
http://www.ncbi.nlm.nih.gov/pubmed/1249866
http://www.ncbi.nlm.nih.gov/pubmed/1249866
http://www.ncbi.nlm.nih.gov/pubmed/9637138
http://www.ncbi.nlm.nih.gov/pubmed/9637138

Citation: Weintraub MD, Vourganti S, Li Q, Apolo AB, Metwalli AR, et al. (2013) Targeting the Epidermal Growth Factor Receptor in Bladder Cancer.

J Carcinogene Mutagene 4: 143. doi:10.4172/2157-2518.1000143

Page 7 of 7

59. Bhuvaneswari R, Gan YY, Soo KC, Olivo M (2009) Targeting EGFR with
photodynamic therapy in combination with Erbitux enhances in vivo bladder

tumor response. Mol Cancer 8: 94.

60. Bhuvaneswari R, Yuen GY, Chee SK, Olivo M (2011) Antiangiogenesis agents
avastin and erbitux enhance the efficacy of photodynamic therapy in a murine

bladder tumor model. Lasers Surg Med 43: 651-662.

61.Yang X, Kessler E, Su LJ, Thorburn A, Frankel AE, et al. (2013) Diphtheria
toxin-epidermal growth factor fusion protein DAB389EGF for the treatment of
bladder cancer. Clin Cancer Res 19: 148-157.

62. Osborne CK, Coronado-Heinsohn E (1996) Targeting the epidermal growth
factor receptor in breast cancer cell lines with a recombinant ligand fusion toxin

(DAB389EGF). Cancer J Sci Am 2: 175-180.
63. Mishra G, Liu TF, Frankel AE (2003) Recombinant toxin DAB389EGF is

64.

6

6

6

5.

6.

J

cytotoxic to human pancreatic cancer cells. Expert Opin Biol Ther 3: 1173-
1180.

Liu TF, Hall PD, Cohen KA, Wilingham MC, Cai J, et al. (2005) Interstitial
diphtheria toxin-epidermal growth factor fusion protein therapy produces
regressions of subcutaneous human glioblastoma multiforme tumors in athymic
nude mice. Clin Cancer Res 11: 329-334.

Ruan K, Fang X, Ouyang G (2009) MicroRNAs: novel regulators in the
hallmarks of human cancer. Cancer Lett 285: 116-126.

Yamasaki T, Yoshino H, Enokida H, Hidaka H, Chiyomaru T, et al. (2012) Novel
molecular targets regulated by tumor suppressors microRNA-1 and microRNA-
133a in bladder cancer. Int J Oncol 40: 1821-1830.

. Dyrskjot L, Ostenfeld MS, Bramsen JB, Silahtaroglu AN, Lamy P, et al. (2009)

Genomic profiling of microRNAs in bladder cancer: miR-129 is associated with
poor outcome and promotes cell death in vitro. Cancer Res 69: 4851-4860.

J Carcinogene Mutagene
ISSN:2157-2518 JCM, an open access journal

Volue 4 « Issue 2 + 1000143


http://www.ncbi.nlm.nih.gov/pubmed/19878607
http://www.ncbi.nlm.nih.gov/pubmed/19878607
http://www.ncbi.nlm.nih.gov/pubmed/19878607
http://www.ncbi.nlm.nih.gov/pubmed/22057493
http://www.ncbi.nlm.nih.gov/pubmed/22057493
http://www.ncbi.nlm.nih.gov/pubmed/22057493
http://www.ncbi.nlm.nih.gov/pubmed/23172881
http://www.ncbi.nlm.nih.gov/pubmed/23172881
http://www.ncbi.nlm.nih.gov/pubmed/23172881
http://www.ncbi.nlm.nih.gov/pubmed/9166518
http://www.ncbi.nlm.nih.gov/pubmed/9166518
http://www.ncbi.nlm.nih.gov/pubmed/9166518
http://www.ncbi.nlm.nih.gov/pubmed/14519080
http://www.ncbi.nlm.nih.gov/pubmed/14519080
http://www.ncbi.nlm.nih.gov/pubmed/14519080
http://www.ncbi.nlm.nih.gov/pubmed/15671563
http://www.ncbi.nlm.nih.gov/pubmed/15671563
http://www.ncbi.nlm.nih.gov/pubmed/15671563
http://www.ncbi.nlm.nih.gov/pubmed/15671563
http://www.ncbi.nlm.nih.gov/pubmed/19464788
http://www.ncbi.nlm.nih.gov/pubmed/19464788
http://www.ncbi.nlm.nih.gov/pubmed/22378464
http://www.ncbi.nlm.nih.gov/pubmed/22378464
http://www.ncbi.nlm.nih.gov/pubmed/22378464
http://www.ncbi.nlm.nih.gov/pubmed/19487295
http://www.ncbi.nlm.nih.gov/pubmed/19487295
http://www.ncbi.nlm.nih.gov/pubmed/19487295

	Title
	Corresponding author
	Introduction 
	Monoclonal Antibodies 
	Tyrosine Kinase Inhibitors 
	Predictors of Response to Treatment in Bladder Cancer 
	HER2 Overexpression and Therapy in Bladder Cancer 
	Other Therapies Targeting EGFR 
	Conclusion 
	Acknowledgements 
	Table 1
	References

