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Abstract

Epidermal growth factor receptor (EGFR), a member of the ErbB family of receptor tyrosine kinases
(RTKSs), is highly expressed in head and neck squamous cell carcinoma (HNSCC) where increased
EGFR expression levels in tumors are associated with decreased survival. HNSCC patient responses
to EGFR-targeted monotherapies in clinical trials, though significant, have been limited. Tumor
signaling pathway components that work in cooperation with EGFR or provide compensation for
the loss of EGFR-initiated signaling will be ideal targets for therapies to be used in combination with
EGFR-targeted agents. Based upon current understanding of molecular signaling pathways and
available agents, ErbB family-targeted and Src family-targeted agents represent strategies for further
exploration. Here, we discuss agents targeting ErbB and Src family kinases in clinical development,
provide an overview of completed and ongoing clinical trials, and outline a molecular rationale for
combining ErbB- and Src-targeted therapeutics.

Introduction

The epidermal growth factor receptor (EGFR), a member of the ErbB family of receptor
tyrosine kinases (RTKSs), has been identified as a therapeutic target for head and neck squamous
cell carcinoma (HNSCC), and several EGFR-targeted agents have been developed and tested
in HNSCC clinical trials. Clinical response to EGFR-targeted therapeutics in phase Il and 111
clinical studies though modest have been significant, and the anti-EGFR antibody cetuximab
(Erbitux, C225; Imclone Systems, Branchburg, New Jersey), was FDA-approved for treatment
of HNSCC in 2006. Efforts to increase clinical responses have resulted in the development and
testing of dual specificity and pan-ErbB inhibitors as well as combinations of targeted
therapeutics.

There are many potential combinatorial approaches and selection of the most likely
combinations to test empirically will require an increased understanding of complex molecular
pathways and functional consequences of individual targeted agents. The majority of head and
neck cancers express EGFR and EGFR-targeted therapies have demonstrated clinical
effectiveness. For these reasons, it is logical to consider targeted therapeutics to be used in
combination with an EGFR-targeted agent. Based upon current understanding of molecular
signaling pathways and available agents, ErbB family-targeted and Src family-targeted agents
represent strategies for further exploration. ErbB family members can homodimerize and
heterodimerize to form signaling complexes. EGFR molecules are inactivated and
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downregulated following EGFR inhibition, suggesting that signaling by other ErbB receptors
may be critical to tumor survival and growth. Src family kinases can mediate EGFR-initiated
signals, EGFR-independent pathways, and even serve as upstream activators of EGFR. Below,
we summarize clinical and preclinical findings for EGFR- and Src-targeted therapeutics in
HNSCC and provide a molecular signaling context and rationale for pursuing EGFR dual
specificity inhibitors as well as EGFR and Src combined therapies for the treatment of HNSCC.

ErbB family of receptors and head and neck cancers

ErbB family of type | receptor tyrosine kinases are expressed in many tissues of epithelial,
mesenchymal and neuronal origin and are important for development, growth and
differentiation. The ErbB family members, EGFR, ErbB2/HER2/Neu, HER3, and HER4, form
ligand-dependent homo- and hetero-dimers resulting in tyrosine phosphorylation of receptor
cytoplasmic residues and activation of multiple signal transduction pathways involved in
proliferation, survival, motility and angiogenesis.

EGFR is overexpressed in many cancers including HNSCC. EGFR activating mutations have
been reported in lung cancers (1) where these mutations correlate with response to EGFR
tyrosine kinase inhibitors (TKI) (2). However, activating mutations of the EGFR kinase are
rare in head and neck cancers (3,4). Overexpression of EGFR in HNSCC is an important
mechanism for enhanced EGFR signaling, as EGFR mRNA is overexpressed in up to 90% of
HNSCC (5). Several studies evaluating the association between EGFR overexpression and
survival have reported that increased tumor EGFR protein expression as assessed by
immunohistochemistry (IHC) is associated with reduced HNSCC survival (6-8) and poorer
response to radiotherapy (9). Studies evaluating HNSCC EGFR levels by radioligand binding
assays also reported significant reduction in survival with increased EGFR tumor expression
(10-12). More recently, EGFR gene amplification and altered copy number have been
associated with reduced HNSCC survival in two independent studies (13) (14). Notably, EGFR
gene amplification was found to not relate to EGFR mRNA levels or EGFR protein levels in
one report (13). EGFR has seven known ligands including TGF-a, amphiregulin, and epidermal
growth factor (EGF) (15). TGF-a mRNA has been reported to be overexpressed in 87% of
HNSCC (5). Thus, the majority of HNSCC exhibit autocrine/paracrine EGFR stimulation.

HER2 is overexpressed in a variety of tumors including breast, colon, ovarian and non-small
cell lung carcinoma (NSCLC) and is an important therapeutic target for the treatment of breast
cancer (16). HER2 protein has been reported by several groups to be present in 17% to 53%
of HNSCC as assessed by IHC (17-19). A subset of these studies found HER2 tumor expression
to be associated with reduced survival (19) (17). Though no ligand for HER2 has been
identified, HER2 is able to form heterodimers with EGFR, HER3 and HER4. HER2 protein
levels in HNSCC have been reported to be correlated with EGFR levels in oral squamous cell
carcinoma (20). These studies suggest a role for HER2 in HNSCC, especially as a signaling
partner of EGFR. The importance of HER3 and HER4 is head and neck cancer is less clear.
HER3 was reported to be present in 35% of 111 oral squamous cell carcinomas with HER3
tumor protein levels significantly correlated with EGFR protein (20); however, an independent
study found that HER3 and HER4 expression levels in oral squamous cell carcinoma were not
distinct from levels in normal epithelium (21).

Targeting EGFR for treatment of HNSCC

The rationale for the development of EGFR-targeted therapies for treatment of HNSCC
includes the following: 1) EGFR is highly expressed in many head and neck cancers, 2) EGFR
overexpression in HNSCC is associated with reduced survival in several independent studies,
and 3) EGFR-targeting in HNSCC preclinical models demonstrated anti-tumor efficacy (22—
24). Several classes of EGFR-targeted therapies are currently in clinical use and/or are
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undergoing active investigation for the treatment of HNSCC. Anti-EGFR antibodies recognize
the ligand-binding domain of EGFR and interfere with receptor activation while EGFR TKIs
bind to the cytoplasmic region of EGFR and interfere with ligand-binding induced signaling
events. Two recently published reviews describe EGFR-targeted therapeutic clinical studies
in head and neck cancers (25,26). An overview of published and ongoing EGFR-targeted
studies in HNSCC is provided below.

Anti-EGFR antibody therapies

Cetuximab (Erbitux, C225; Imclone Systems), a humanized mouse anti-EGFR 1gG1
monoclonal antibody, was approved by the Federal Drug Administration (FDA) in March of
2006 for the treatment of unresectable HNSCC in combination with radiation therapy following
a phase 111 HNSCC clinical trial with 424 subjects that demonstrated a significant survival
benefit for HNSCC patients receiving cetuximab plus radiation therapy (RT) compared to
HNSCC patients receiving RT alone (27,28). Median overall survivals for the two arms were
49.0 months and 29.3 months, respectively (28). A separate phase 111 clinical trial for HNSCC
demonstrated a significant improvement in objective response rates, defined as complete
response and partial response rates, for subjects treated with cetuximab in combination with
chemotherapy (CT) versus placebo plus CT. Objective response rates for the two arms were
26% and 10%, respectively, but no significant difference in survival was observed (29). A
randomized phase 111 study involving 442 subjects with recurrent and/or metastatic HNSCC
reported a survival benefit for patients treated with cetuximab in addition to platinum-based
chemotherapy, cisplatin or carboplatin with 5-fluorouracil, compared to subjects treated with
platinum-based chemotherapy alone (30). Median survival time, which differed significantly
between the two study arms, was 10.1 months for the cetuximab plus platinum-based CT study
arm versus 7.4 months for the study arm with platinum-based CT alone (30). In general,
objective response rates to combined cetuximab plus platinum-based therapies in subjects with
recurrent or metastatic cancers have been between 6% and 26% (29,31,32). A recent open-
label, multicenter phase Il clinical trial evaluating cetuximab as a single agent for treatment of
patients with recurrent and/or metastatic HNSCC who failed CT (n=103) reported an objective
response rate of 13% (33).

Cetuximab-related toxicities are generally confined to skin rash, and one study reported
improved survival for patients who develop skin rash in response to cetuximab (34). Of note,
therapeutic response to cetuximab has not been found to be positively correlated with the EGFR
tumor protein levels in HNSCC. Though few HNSCC clinical studies for cetuximab have
reported EGFR tumor protein level molecular correlates (28,34), the lack of association
between elevated EGFR tumor levels and clinical response to cetuximab are similar to those
reported for colorectal cancer (35,36).

Other more extensively humanized or fully humanized anti-EGFR antibodies have been and/
or are currently being evaluated in phase 11/111 clinical trials for HNSCC including
panitumumab (ABX-EGF, Amgen, Thousand Oaks, California), which was FDA-approved
for the EGFR-expressing metastatic colorectal cancer with disease progression following CT
treatment (37), zalutumumab (Hu-Max-EGFr, ZF8; Genmab, Copenhagen K, Denmark), and
nimotuzumab (h-R3; YM Biosciences, Inc., Mississauga, Ontario, Canada) (Table 1).
Panitumumab, which blocks ligand binding and causes receptor internalization, is undergoing
a HNSCC two-arm, multicenter phase 1 trial evaluating docetaxol and cisplatin combination
CT with and without panitumumab as a first-line treatment for patients with metastatic or
recurrent HNSCC (1.D. NCT00454779, ClinicalTrials.gov) and a randomized phase 111 trial of
CT with or without panitumumab in patients with metastatic and/or recurrent HNSCC (I.D.
NCT00460265, ClinicalTrials.gov). Zalutumumab, which blocks EGF and TGF-a binding to
EGFR and induces antibody-dependent cell mediated cytotoxicity in vitro (38), is currently
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being evaluated in a randomized phase Il clinical trial with best supportive care for HNSCC
patients with non-curable HNSCC who have failed standard platinum-based CT (I.D.
NCT00382031, ClinicalTrials.gov). Zalutumumab is also undergoing a phase I/11 clinical trial
as a first line therapy in combination with chemoradiotherapy (CRT) for patients with HNSCC
(1.D. NCT00401401, ClinicalTrials.gov). A dose response to nimotuzumab was reported in
HNSCC patients in a phase /11 study with no associated skin toxicities (39).

EGFR-targeted TKls

Two reversible competitive EGFR-selective TKIs, Gefinitib (Iressa, ZD1839; AstraZeneca
Pharmaceuticals, Wilmington, Deleware) and Erlotinib (Tarceva, OSI_774; Genetech, South
San Francisco, California) (Table 2), have been evaluated as monotherapies for patients with
recurrent and/or metastatic HNSCC with therapeutic response rates of 4-10% (40-42).
Erlotinib, which has been approved for treatment of patients with locally advanced non-small
cell lung cancer following failure of at least one prior CT treatment and for treatment of
advanced pancreatic cancer in combination with gemcitabine (Gemzar, Eli Lilly and Company,
Indianapolis, Indiana) (43), has been and is currently being evaluated in clinical trials
combining platinum-based CT and/or RT for HNSCC. A phase I/1l trial combining erlotinib
and cisplatin for treatment of patients with recurrent or metastatic HNSCC reported an
intention-to-treat response rate of 21% (10-30%, 95% C.1.) (44), suggesting that elotinib may
be more effective when combined with CRT or RT for metastatic or recurrent HNSCC. Phase
I11trials will be required to determine whether erlotinib or gefitinib improve survival compared
to standard of care. Currently ongoing isa phase I11 trial to evaluate the effectiveness of erlotinib
in combination with CRT or RT for patients with resected HNSCC (1.D. NCT00412217,
ClinicalTrials.gov) and a phase II/111 trial evaluating erlotinib in combination with standard
platinum-based CT for advanced HNSCC (I.D. NCT00448240, ClinicalTrials.gov). Gefitinib,
which was approved for new labeling by the FDA in June 2005 to limit indicated use following
the failure of two clinical trials to show survival benefit (45), is currently being evaluated in a
phase 1 trial for locally advanced HNSCC in combination with CRT followed by gefitinib
adjuvant therapy (46). In this study, 91% of evaluable subjects were reported to have acomplete
response, and 77% of subjects were alive without progressive disease at two years (46). A
phase 11 study involving 486 patients with recurrent HNSCC reported no improvement in
overall survival and no improvement in objective response rates with the addition of gefitinib
at either 250 mg/day or 500 mg/day to methotrexate treatment compared to methotrexate
treatment alone (47). A phase 111 study evaluating docetaxel with or without gefitinib for the
treatment of metastatic or locally advanced recurrent HNSCC is currently ongoing (1.D.
NCT00088907, ClinicalTrials.gov).

EGFR-targeted antisense

There have been several reports of EGFR-targeted nucleotide-based therapeutic efficacy in
preclinical in vivo HNSCC models as a monotherapy (23) and in combination with cytotoxic
agents (48,49). There are as yet no published reports from HNSCC clinical trials implementing
EGFR-targeted nucleotide-based therapies. However, our group recently conducted an EGFR
antisense (AS) phase | clinical trial and enrolled seventeen patients with recurrent HNSCC
refractory to standard therapy (I.D. NCT00009841, ClinicalTrials.gov). Five subjects,
including 2 complete responders and 3 partial responders, achieved a clinical response (29%;
10 -56%, 95% C.1.) (unpublished observations). Though the study population size was small,
we did observe a higher response rate than has been reported in other EGFR targeted therapies
used as monotherapies in similar patient populations. In addition, no grade 3/4 or dose-limiting
toxicities were observed (unpublished data). Molecular correlate biomarker characterization
for this trial is currently underway.
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Dual specificity ErbB TKls

HER2 has been found to be elevated in a portion of HNSCC where HER2 tumor protein levels
have been correlated with EGFR expression levels (20). Furthermore, EGFR and HER2
heterodimerize to form functional signaling complexes suggesting that combined targeting of
HER2 and EGFR may result in enhanced clinical responses compared to EGFR-targeted
therapies alone. Lapatinib (GW 572016; GlaxoSmithKline, Research Triangle Park, North
Carolina), which was FDA-approved March 13, 2007 for use in combination with capecitabine
(Xeloda; Roche, Basel, Switzerland) for the treatment of advanced or metastatic breast cancers
overexpressing HER?2 (50), is a dual specificity, reversible tyrosine kinase inhibitor of EGFR
and HER?2 (Table 2). In cell-free systems, lapatinib 1C50 values for EGFR and HER2 were
10.8 and 9.3 nM, respectively (51). Unlike erlotinib and gefinitib, which bind the active
conformation of EGFR, lapatinib binds EGFR in its inactive state (52).

In a phase Il multi-institution study of lapatinib in patients with recurrent/metastatic HNSCC,
no objective responses were observed among the 42 subjects treated with lapatinib at 1500 mg
oral dose (53). However, several lapatinib phase Il trials are ongoing in HNSCC (I.D.
NCT00371566, I.D. NCT00114283, and I.D. NCT00114283, ClinicalTrials.gov). One phase
I11 double-blind placebo-controlled multicenter trial is ongoing to evaluate lapatinib versus
placebo in the adjuvant setting. Labatinib or placebo will be administered post-operatively in
combination with CRT followed by lapatinib or placebo adjuvant treatment for one year (1.D.
NCT00424255, ClinicalTrials.gov). Additional agents targeting EGFR and HER2 are currently
being tested in clinical trials for cancers other than HNSCC. Two irreversible EGFR-HER2
dual inhibitors, HKI-272 (Wyeth; Madison, New Jersey) and BIBW-2992 (Boehringer-
Ingelhelm; Germany), are undergoing phase Il testing for breast and non-small cell lung cancer,
and prostate cancer, respectively (54). In addition to the predicted enhanced antitumor activity
of irreversible TKIs, irreversible TKIs also have the theoretical advantage that the effective
dosing scheme would likely require less prolonged exposure than the reversible TKI (55).

HNSCC patient responses to EGFR-targeted monotherapies in clinical trials, though
significant, have been limited. This is likely due to the presence or activation of compensatory
tumor-survival cell signaling pathways. Tumor signaling pathway components that work in
cooperation with EGFR or provide compensation for the loss of EGFR-initiated signaling will
be ideal targets for therapies to be used in combination with cetuximab or other EGFR-targeted
therapies for HNSCC treatment. The selection of appropriate combinations of therapies
requires an understanding of the direct and indirect effects of the therapy as well as tumor
compensatory changes, and these effects are not expected to be uniform across HNSCC patients
or tumors. A detailed molecular characterization of signaling pathway components in HNSCC
tumors prior to therapy and alterations resulting from targeted therapies combined with patient
clinical response data is expected to have the following impacts on HNSCC treatment: (1)
define subpopulations of responsive patients, (2) improve combination therapy selection, and
(3) identify novel therapeutic targets. Therefore, clinical trials with correlative molecular
studies will be critical for the identification of optimal combination therapies.

EGFR and c-Src signaling in HNSSC

Four primary signaling pathways have been implicated in mediating EGFR signaling. These
pathways have been previously described to include the following: (1) Ras—mitogen-activated
protein kinase (MAPK), (2) phosphotidylinositol-3-kinase (PI3K)—ALkt, (3) phospholipase-C
gamma (PLC-y)—protein kinase C, and (4) signal transducers and activators of transcription
(STAT) pathways (56). The integration of these activated pathways results in cell proliferation,
survival, angiogenesis, migration and adhesion. Importantly, Src kinases, which have been
reported to be activated in many cancers with high EGFR levels, have been shown to potentiate
EGFR signaling (57,58). c-Src potentiation of EGFR growth has been demonstrated to be
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associated with c-Src-dependent phosphorylation of the EGFR receptor and complex formation
between c-Src and EGFR (57,58). In addition to focal adhesion kinase (FAK), which is
involved in the regulation of adhesion and migration, PI3K and STAT3 are also substrates for
c-Src (59).

In addition to EGFR, c-Src is activated in response to stimulation of many other receptor
tyrosine kinases (RTKSs) platelet-derived growth factor receptor (PDGFR), insulin-like growth
factor- (IGF-) 1 receptor (IGF-1R), and others, as well as G-protein-coupled receptors
(GPCRs), cytokines, integrins, cell adhesion complexes, and others (60). Because c-Src is
activated following stimulation of several other receptor tyrosine kinases and steroid receptors
in addition to EGFR, PI3K—Akt and STAT pathways may be activated in a Src-dependent
manner following EGFR inhibition (Figure 1).

The PI3K pathway is involved in cell proliferation, growth, survival, invasion and migration,
and aberrant PI3K—AKt pathway activation has been described for many cancers (61). PI3K
phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) at the inositol ring 3’ position,
converting PIP2 to PIP3; PIP3 recruits Akt to the plasma membrane where Akt is activated by
phosphorylation (61,62). Activated Akt suppresses apoptosis by phosphorylating pro-apoptotic
transcription factors of the FOXO family of forkhead transcription factors, resulting in their
retention in the cytoplasm (61). In addition, Akt promotes cell cycle progression through the
phosphorylation and inactivation of glycogen synthase kinase 3 (GSK3). Inactivation of GSK3
leads to the stablization of cyclin D1 and myc, promoting cell cycle progression (63,64). In
addition to GSK3 and forkhead transcription factors, Akt phosphorylates many other factors
including I- B kinase that lead to promotion of cell survival, cell cycle progression and growth
(61).

Many human cancers and cell lines, including head and neck cancers, have been found to have
constitutively activated STAT proteins, which reside in the cytoplasm until activated by
cytokine, growth factor, or hormone signaling events. Of the seven identified STAT proteins,
STATL, STAT3 and STATS are activated in many different tissues, play roles in
embryogenesis, are important regulators of cell cycle progression and apoptosis, and contribute
to oncogenesis. STAT proteins are activated by specific phosphorylation events following
EGFR stimulation to form homo- and hetero-dimers, translocate to the nucleus, and activate
transcription of genes involved in differentiation, proliferation, cell survival, apoptosis, and
angiogenesis. STAT3 has been found to be a Src-dependent mediator of EGFR-stimulated
growth of HNSCC in vitro and decreased apoptosis and increased tumor growth in vivo (65,
66) (67).

Studies indicate that in addition to mediating signals from RTKs, Src kinases play roles in the
activation of RTKSs through the release of RTK ligands following GPCR stimulation, resulting
in the autocrine or paracrine HNSCC stimulation (68,69). Src kinases can also modulate RTK
activity by directing the formation of active multi-protein signaling complexes. A recent study
using breast cancer cell lines reported that c-Src directed the heterodimerization of HER2 with
HER3, resulting in the formation of a Src kinase-dependent active signaling complex (70).
Because Src kinases play critical functions in many tumorigenic and tumor progression
processes and have been shown to potentiate EGFR signaling as well as mediate critical
tumorigenic pathways independently of EGFR, Src may be a candidate for HNSCC targeted
therapeutics.

Src kinases in head and neck cancer

Eight Src family nonreceptor protein tyrosine kinase (PTK) members, c-Src, c-Yes, Fyn, BIk,
Fgr, Hck, Lck, and Lyn, are expressed in mammals. ¢-Src, c-Yes and Fyn are broadly expressed,
while BIk, Fgr, Hck, Lck and Lyn are primarily expressed in cells of hematopoietic lineage
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(71). Of the Src family kinases, c-Src is most often implicated in cancer. Though Src is rarely
mutated in cancer (72-74), Src kinases, especially c-Src, are frequently overexpressed and/or
aberrantly activated in epithelial and non-epithelial cancers (75). Activated c-Src is commonly
found in colorectal and breast cancers, and elevated c-Src protein and/or c-Src kinase activity
have also been reported in many human cancers including lung, colon, breast, ovarian,
endometrial, pancreatic and head and neck (75,76).

Src kinases have been implicated in many normal cellular functions, including cell adhesion,
migration, proliferation, survival, angiogenesis, differentiation, that when inappropriately
regulated contribute to tumorigenesis, tumor progression, and/or metastases (71,76). In
HNSCC, Src kinases are activated following EGFR stimulation (77), associate with EGFR
(77), and exhibit reduced activity following treatment with EGFR inhibitors in vitro (78). No
Src inhibitor has been FDA approved for the treatment of solid tumors including HNSCC.
However, several Src inhibitors have been evaluated using preclinical models, including
dasatinib (Sprycel; Bristol-Myers Squibb, New York, New York), which is a small molecule,
ATP-competitive inhibitor of Src family kinases, BCR-Abl, c-Kit, and PDGFR (79). Dasatinib
has been FDA approved for chronic myeloid leukemia (80) and is currently being tested in
HNSCC clinical trials (Table 2). Dasatinib has been reported to reduce HNSCC migration and
invasion in vitro concomitant with the inhibition of Src and downstream mediators of cell
adhesion including focal adhesion kinase (FAK) (81).

Src kinases in other solid tumor malignancies

Further insights into Src function in HNSCC can be gleaned from studies in other solid tumor
types where Src has been more extensively studied and Src activation or overexpression has
been found to contribute to angiogenesis, proliferation and growth as well as motility and
invasion (76). Several studies using various solid tumor models have reported the reduced
expression of the angiogenic factor, vascular endothelial growth factor (VEGF), upon c-Src
inhibition or down-regulation of c-Src expression (82—84). These studies also reported reduced
in vivo angiogenesis following treatment to inhibit Src activity, and therefore indicate an
important role for c-Src in this process.

Mechanisms of Src regulation

Src activity is regulated by intra- and intermolecular interactions and phosphorylation events.
Src kinases contain the following domains: 1) Src homology (SH) 4 domain, 15 amino acids
containing signals directing lipid modification that facilitate membrane association (85), 2)
unique region, 3) SH3 domain, a 50 amino acid domain involved in intra- and inter-protein
interactions that recognizes a core consensus amino acid sequence of P-X-X-P, 4) SH2 domain,
a modular domain recognizing predominantly phosphotyrosine containing peptides, 5) SH1,
the catalytic domain and region containing the autophosphorylation site, and 6) a carboxyl-
terminal negative regulatory tail (71). Src family kinases share extensive sequence homology
except within the unique region. The autophosphorylation site within the SH1 domain is needed
for full kinase activity. The negative regulatory tail, SH2 and SH3 domains are involved in
modulating Src kinase activity. Phosphorylation of the regulatory tyrosine within the regulatory
tail results in a closed conformational state with intramolecular interactions between the
phosphorylated regulatory tyrosine and the SH2 domain and between the SH3 domain and a
peptide sequence within the SH2-catalytic domain linker that contains the SH3 binding
consensus sequence P-X-X-P (86,87). This closed conformation contributes to the
inaccessibility of substrates to the kinase domain. In addition to phosphorylation events,
interactions with proteins such as focal adhesion kinases (FAKS) and platelet-derived growth
factor receptor (PDGF) also disrupt these Src intramolecular interactions leading to Src
activation (88,89).
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C-terminal Src kinase (CSK), which has been shown to be vital to development and
maintenance of squamous epithelia in mice (90), and its homolog CHK are known to negatively
regulate Src kinases through the phosphorylation of the Src negative regulatory tyrosine (91,
92). Overexpression of exogenous CSK in highly metastatic rodent cell lines was reported to
down-regulate Src kinase activity and reduce metastases in vivo compared to the parental cell
line in two independent studies (93,94). Colon cancer and hepatocellular carcinoma correlative
studies indicated that downregulation of CSK may be a mechanism by which Src activity is
enhanced in cancer cells (95,96). Removal of the phosphate from the Src regulatory tyrosine
is performed in breast cancer cells by protein tyrosine phosphatase-1B (PTP1B) in vitro and
in vivo (97). Other protein tyrosine phosphastases (PTPs) are likely also involved in the
activation of Src kinases (92). To date, a role for CSK or Src-regulating phosphatases in
HNSCC has not been established.

Targeting Src for treatment of HNSCC

Src-targeted compounds have been evaluated in preclinical models and are currently in clinical
development for solid tumors including HNSCC, including dasatinib and AZD-0530
(AstraZeneca, Wilmington, Delaware). Both dasatinib and AZD-0530 are dual Src/Abl
inhibitors. However, unlike dasatinib, which inhibits a spectrum of kinases (79), AZD-0530
is more selective for c-Src and Abl (Table 2) (98).

Dasatinib has been evaluated in NSCLC and HNSCC preclinical models and was found to
inhibit migration and induce apoptosis (81). In lung cancer cell lines, dasatinib treatment was
found to induce apoptosis only in cell lines expressing gefitinib-sensitive mutant EGFR (99).
AZD0530 preclinical studies in HNSCC models have not been reported. However, our group
found reduced activated Src levels and decreased cell proliferation and invasion in HNSCC
cell lines treated with AZD0530 compared with vehicle control (unpublished observations).
AZD0530 has been evaluated in breast cancer preclinical models where it inhibited cell
migration and invasion phenotypes (100,101) and abrogated anchorage-independent growth
of breast cancer-derived cell lines in vitro (102). In in vitro studies employing cell lines derived
from lung cancers, basal Src phosphorylation was detected in 4 of 5 cell lines evaluated, and
in three lines with basal Src phosphorylation, AZD0530 treatment was found to arrest cell
growth (103).

Phase I clinical studies have been completed and/or are ongoing for both Src inhibitors. In a
phase I clinical study in healthy male subjects, AZD0530 was tolerated in single doses up to
500 mg and in multiple, once-daily 20 mg doses (104). In a separate study, AZD0530 was
found to reduce phosphorylation of the Src substrate FAK in tumors in a phase | study of with
81 evaluable patients (105). Two AZD0530 phase I clinical studies are currently ongoing to
evaluate: 1) AZD0530 in combination with gemcitabine for patients with locally advanced or
metastatic pancreatic cancer that is not surgically respectable (1.D. NCT00265876,
ClinicalTrials.gov) and 2) AZD0530 in combination with AZD2171 (Recentin, AstraZeneca),
an inhibitor of vascular endothelial growth factor (VEGF) receptor, in patients with advanced
solid tumors (I.D. NCT00475956, ClinicalTrials.gov).

Dasatinib is currently being evaluated in phase I clinical trials for solid tumors. In a phase |
dose escalation study of 26 patients, where toxicity was generally low and no maximum
tolerated dose was found, no objective responses were observed; however 6 subjects
experienced stable disease for 2 to 10 months (106). Several phase | clinical trials are ongoing
including two in the U.S. that are evaluating dasatinib in patients with advanced solid tumors.
One combines dasatinib with gemcitabine (1.D. NCT0049234, ClinicalTrials.gov), and the
second is a University of Pittsburgh study evaluating dasatinib in combination with cetuximab
(1.D. NCT00388427).
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Combining targeted therapeutics for treatment of HNSCC

Results from studies combining EGFR- and Src-targeted therapeutics for HNSCC have yet to
be reported. However, combining the Src inhibitor, AZD0530, with gefitinib was found have
additive inhibitory effects on cell growth, migration, and invasion compared to either agent
alone in tamoxifen-resistant MCF7 breast cancer cells (107). In addition, dasatinib combined
with cetuximab was reported to have synergistic growth inhibitory effects on a colon cancer
cell line resistant to dasatinib (108). The rationale for combining EGFR- and Src-targeted
therapeutics for treatment of HNSCC is based upon general understanding of signal
transduction pathways elucidated in HNSCC and other cancer preclinical models as previously
discussed. Ideally, selections of combinations of therapeutics would be based upon molecular
characteristics of individual tumor molecular profiles. The concerted efforts of clinical trial
correlative studies to collect and molecularly analyze tumor specimens and assess correlations
with clinical response to targeted therapeutics are ongoing. We anticipate that our general
knowledge of EGFR and Src signaling pathways in HNSCC will be expanded through these
correlative studies. In this way, our general understanding of the consequences of inhibition
of EGFR and Src signaling will provide a framework for our molecular analysis of clinical
specimens and specifications for selections of individualized targeted therapies.
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Figure 1. EGFR-dependent and —independent activation of Src-mediated pathways

Receptor tyrosine kinases (RTKSs), G-protein-coupled receptors (GPCRs), and integrins can
activate Src kinases independent of EGFR activation. Primary pathways mediated by Src
kinases include the signal transducers and activators of transcription (STAT) pathway and PI-3
kinase (P13K)—Akt axis in addition to the activation of focal adhesion kinase (FAK). Primary
pathway components, relevant inhibitors, and cellular consequences of activation are
presented. Arrows indicate activation either direct or indirect
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