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SUMMARY

Objectives—The hepatocyte growth factor receptor (Met) is frequently overexpressed in Head

and Neck Squamous Cell Carcinoma (HNSCC), correlating positively with high-grade tumors and

shortened patient survival. As such, Met may represent an important therapeutic target. The

purpose of this study was to explore the role of Met signaling for HNSCC growth and

locoregional dissemination.

Materials and methods—Using a lentiviral system for RNA interference, we knocked down

Met in established HNSCC cell lines that express high levels of the endogenous receptor. The

effect of Met silencing on in vitro proliferation, cell survival and migration was examined using

western analysis, immunohisto-chemistry and live cell imaging. In vivo tumor growth,

dissemination and mouse survival was assessed using an orthotopic tongue mouse model for

HNSCC.

Results—We show that Met knockdown (1) impaired activation of downstream MAPK

signaling; (2) reduced cell viability and anchorage independent growth; (3) abrogated HGF-
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induced cell motility on laminin; (4) reduced In vivo tumor growth by increased cell apoptosis; (5)

caused reduced incidence of tumor dissemination to regional lymph nodes and (6) increased the

survival of nude mice with orthotopic xenografts.

Conclusion—Met signaling is important for HNSCC growth and locoregional dissemination In

vivo and that targeting Met may be an important strategy for therapy.
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Introduction

Despite current multimodal therapies, the 5-year survival rate for patients with head and

neck cancers remains low making it the 5th leading cause of cancer by incidence and the 6th

leading cause of cancer mortality in the world [1–3]. Over 90% of head and neck

malignancies are squamous cell carcinoma (HNSCC), originating from the epithelial lining

of the oral cavity, oropharynx, hypopharynx and larynx [4]. Although these tumors arise

from different anatomical sites, they appear histologically identical, share some etiological

risk factors and overlapping metastatic sites [4]. HNSCC vary significantly in their human

papillomavirus (HPV) status, in particular the HPV16 genotype [5,6]. Of note HPV16 status

is recognized as a good prognostic factor in HNSCC, as HPV16 positive patients show

significantly higher survival rates to radiotherapy when compared to HPV16 negative

patients [7].

Overexpression of receptor tyrosine kinases is a common feature of several cancers,

particularly HNSCC. Upregulation of the Epidermal Growth Factor Receptor (EGFR) is a

signature event in 90% of HNSCC and functions as a strong indicator for poor patient

survival, radioresistance and locoregional failure [8–11]. When combined with cytotoxic

chemotherapeutics, EGFR-targeted therapeutics have shown promising efficacies for the

treatment of HNSCC [12,13]. Unfortunately, acquired resistance to EGFR therapeutics and

recurrence is a common outcome in clinical trials [14,15]. Thus, there is an urgent need for

an increased understanding of additional signaling pathways important for HNSCC growth

and survival.

Binding of Hepatocyte Growth Factor (HGF) to its target receptor tyrosine kinase Met

promotes cell proliferation, survival and motility cellular responses that could afford

HNSCCs a selective advantage for growth and/or survival [16,17]. Met expression is

increased and functional in 90% of HNSCC cell lines and 84% of patient samples [18,19].

Notably, increased Met levels in HNSCC patients correlate closely with an aggressive

clinical phenotype of these cancers including increased regional dissemination, recurrence

and decreased disease-free survival [20,21]. Recently, the Met receptor was reported to

contribute to erlotinib resistance in HNSCC cells [15]. Moreover, dual blockage of Met and

EGFR abrogated the proliferation and growth of HNSCC cells in vitro and tumor xenografts

In vivo, relative to EGFR inhibition only [15] reinforcing an important role for Met signaling

in HNSCC. However the precise contribution of Met signaling in the growth and
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dissemination of HNSCC, particularly in the microenvironment of the oral cavity remains

unclear.

In the present study we sought to further investigate the contribution of Met signaling for

HNSCC growth and dissemination using an orthotopic mouse model for HNSCC. Here we

show that treatment with the Met inhibitor SU11274 blocked cell motility in response to

HGF. Similarly Met knockdown (MetKD) using short hairpin RNA (shRNA) in HNSCC

cells lines reduced cell motility and anchorage-independent growth in vitro. Moreover, we

report that shRNA-mediated depletion of Met extended the survival of mice, correlating

with reduced tumor burden and dissemination to lymph nodes, decreased cell proliferation

and increased tumor cell apoptosis. Our findings indicate an important role for Met signaling

for HNSCC growth and survival within the oral cavity, loco-regional dissemination and

survival.

Materials and methods

Reagents and antibodies

All general reagents were obtained from Fisher Scientific or Sigma–Aldrich unless indicated

otherwise. SU11274 was purchased from Calbiochem Inc. Antibodies used for

immunoblotting and immunoprecipitation were c-MET C28 (Santa Cruz Biotechnology),

phospho-Met Tyr-1234, Tyr-1235 (UpState Biotechnology), Phospho p42/p44 and p42/p44

MAPK (Cell Signaling Technology), anti-β-actin (Sigma–Aldrich), Transferrin Receptor

(TfR) (Zymed Laboratories), anti-mouse HGF and anti-mouse HGFR antibody (R&D

Systems), goat IgG (Jackson ImmunoResearch Laboratories), peroxidase-conjugated goat

anti-rabbit and goat anti-mouse secondary antibody (Jackson ImmunoResearch

Laboratories). Antibodies for immunohistochemistry were anti-human HGFR (R&D

Systems), anti-mouse HGF (LifeSpan Biosciences), Ki67 (Cell Signaling Technology),

cleaved caspase-3 (Abcam), biotinylated anti-rabbit and anti-goat secondary antibodies

(Vector laboratories). Human and mouse recombinant HGF were purchased from Pepro-

Tech Inc.

Cell lines, RT-PCR analysis, flow cytometry, shRNA and transfection

JHU-SCC-011, JHU-SCC-012 and JHU-SCC-019 cells have been described elsewhere [22–

24]. Cells were maintained in RPMI medium 1640 (Gibco life technologies) with 10% Fetal

Bovine Serum (FBS) and 1x Penicillin/Streptomycin. Genomic DNA isolated from JHU-

SCC-011, JHU-SCC-012 and JHU-SCC-019 cells was HPV genotyped for HPV types 16,

18, 31 and 33 using RT-PCR as previously described [25]. Recombinant lentivirus encoding

the shRNA METKD-2 (5′-

CGGAGACTCATAATCCAACTGTAACTCGAGTTACAGTTGGATTATGAGTCTTTTT

TG-3′),METKD-1 (5′CCGGGCACTAT

TATAGGACTTGTATCTCGAGATACAAGTCTTATAATAGTGCTTTTG-3′) or non-

targeting (NT) control shRNA (5′CTAAGGTTAAGTCGCCC

TCGCTCGAGCGAGGGCGACTTAACCTTAGG-3′) were prepared and used to infect

JHU-SCC-012 and JHU-SCC-019 cells, as previously described [26]. Stable MetKD cells

were selected in the presence of 5 μg/mL puromycin for 7 days and colonies maintained in
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media containing 1 μg/mL puromycin for 2 months and Met surface levels screened using

flow cytometry [22].

HGF ELISA assays were performed as previously described [26,27]. Anchorage independent

growth assays, human HGF ELISA, cell scatter and wound healing assays have been

described elsewhere [22]. Live cell imaging was performed as previously described [22]

with the exception that serum-depleted cells (1% FBS) were plated at a density of 2 × 105

cells on 35 mm glass bottom tissue culture plates pre-coated with 15 μg/mL laminin (Sigma

Aldrich) overnight at 4 °C prior to imaging.

Cell viability

Cell viability assay was performed using 96-well plates and the CellTiter-Blue cell viability

assay kit (Promega). 1500 cells/well of JHU-SCC-012 or 2000 cells/well of JHU-SCC-019

MetKD or NT cells in 100 μL culture medium were plated on 96-well plate and grown for

24 h. Cells were serum starved with 1%FBS in RPMI medium for another 24 h, then treated

with 100 ng/mL HGF. Media supplemented with HGF were changed every day. For each

time point, 20 μL of CellTiter-Blue solution was added to each well, plates were incubated

at 5% CO2, 37 °C for 4 h and fluorescence read 560/590 nm using a spectrofluorometer

(Spectra Max Gemini XS, Molecular Devices, Sunnyvale, CA). The values represent the

means ± SE from three microwells. Experiments were repeated 3 times.

Immunoprecipitation and western blot analysis

For western blot, cell lysates were prepared in TGH buffer (50 mM Hepes, pH 7.4, 150 mM

NaCl, 1.5 mM MgCl2, 1 mM ethylene glycol tetraacetic acid (EGTA), pH 8.0, 1% Triton

X100, 10% glycerol, 1 μg/mL BSA), containing protease inhibitors (2 μg/mL aprotinin, 2

μg/mL leupeptin, 2 μg/mL pepstatin A, Phenylmethanesulfonyl fluoride, phosphatase

inhibitors (10 mM NaF, 2 mM Na3VO4). Western analysis performed using ChemiGlow

substrate (Proteinsimple). For immunoprecipitations, mouse tongues were homogenized in

radioimmune precipitation assay buffer (150 mM NaCl, 50 mM Tris pH 7.4, 0.1% SDS, 1%

Nonidet P-40, 0.5% sodium deoxycholate), containing protease inhibitors, centrifuged at

15,000g for 5 min and the supernatants were collected. 1000 μg of each supernatant was

incubated with 1 μg of HGFR antibody (R&D Systems) overnight at 4 °C. Antibody-protein

complexes were precipitated using 50 μL of protein A/G-agarose solution (Pierce) by

rotation at 4 °C for 4 h. The protein-beads complex were collected by centrifugation at

1000g for 5 min, washed with lysis buffer 3 times, resuspended in SDS loading buffer and

fractionated by SDS/PAGE.

Orthotopic tumor studies

Four week-old athymic nude mice (Charles River Laboratories) were housed in specific

pathogen free conditions. JHU-SCC-012, JHU-SCC-019, immortalized oral keratinocytes

(OKF-TERT1) (1 × 106 cells in 50 lL sterile PBS) or PBS as a negative control, were each

injected into the mobile lateral tongues of nude mice (n = 5 per sample). Mice were

euthanized once they exhibited 20% weight loss or at the 6 months post-injection time point.

To study the effect of MetKD In vivo, stable MetKD or NT control cells (1 × 105 suspended

in 50 μL of sterile PBS) were orthotopically injected into the mobile lateral tongue (n = 5 per
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sample), and mice were sacrificed at 30 days post injection. Tongues were fixed in 4%

paraformaldehyde in PBS at 4 °C. Five-micrometer-thick sections were prepared. Animal

care was in strict compliance with the institutional guidelines established at the University of

Texas Medical Branch.

Haematoxylin eosin (H&E) and immunohistochemistry staining

Slides were deparaffinized with xylene prior to rehydration with ethanol. All slides were

counterstained with hematoxylin then blinded so that two individuals performed scoring in

an unbiased manner. Tumor area was measured in um2 on H&E stained sections using Zeiss

AxioScope A1 (Oberkochen, Germany) and analyzed using AxioVision software (Zeiss).

Immunohistochemistry was performed using adjacent sections as described elsewhere [22].

The number of positive (CP) and negative (CN) cells were counted and the% positive

staining (%P) was determined using the equation: %P = (CP/(CP + CN)) 100 and are

reported as the mean ± S.E.

Statistical analysis

All statistical analyses were performed using GraphPad Prism software (v4), using a One or

Two-way analysis of variance (ANOVA) with a Bonferroni post hoc analysis to determine

statistical significance between groups.

Results

Paracrine activation of MET signaling functions in HNSCC cells

We first examined Met levels in normal tissue and HNSCCs derived from human tongue. As

expected, immunohistochemistry confirmed high Met protein levels in all human HNSCC

tumors, consistent with a previous report [20]. High Met expression was also detected in the

epithelial layer of adjacent normal mucosa in all cases, consistent with the highly

proliferative capacity of this tissue (Fig. 1a). We next examined Met expression in the

HNSCC cell lines JHU-SCC-012 and JHU-SCC-019 cells. RT-PCR analysis showed that

both cell lines are negative for the HPV genotypes 16, 18, 31 and 33 (data not shown). JHU-

SCC-012 tested wild type for the tumor suppressor p53 whereas JHUSCC-019 cells are

mutant for p53 [28], a key mutation in 65% of HNSCC that is associated with poor overall

patient survival [29]. Western analysis confirmed Met expression in the HNSCC lines JHU-

SCC-012 and JHU-SCC-019 cells. Phosphorylation of Met (on two key tyrosine residues,

Y1234/Y1235) as well as the downstream target ERK was detected only in response to HGF

(Fig. 1b). Sequence analysis confirmed that endogenous Met in these cell lines is wild type

and does not harbor oncogenic mutations implicated in other cancer types (data not shown).

Comparable results were detected using the HNSCC line JHU-SCC-011 (data not shown), a

cell line that expresses mutant p53 [28] and is HPV negative (data not shown). ELISA

detected no HGF in conditioned media collected from these cells (Fig. 1c), confirming a

paracrine mechanism for Met activation in these lines. U87 glioblastoma cells served as a

positive control for HGF secretion under these conditions [27].

The tumor microenvironment is critical for the survival and proliferation of HNSCCs at

primary and metastatic sites [30–32]. Therefore, we examined whether mouse tongue and
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cervical lymph nodes would provide a source of HGF for Met-mediated cell growth.

Immunoprecipitation and western analysis confirmed the expression of Met and HGF in

mouse tongue (Fig. 2a). Immunohistochemistry confirmed HGF staining in mouse tongue

and cervical lymph nodes (Supplemental Fig. 1). Cross species differences in the interaction

of murine HGF (mHGF) with human Met has been reported [26,33,34]. Using conditions

that result in maximal Met phosphorylation by human HGF, western analysis confirmed that

human Met was phosphorylated on residues Y1234/Y1235 by mHGF using site specific

phospho-tyrosine antibodies (Fig. 2b). As expected, treatment with mHGF resulted in the

phosphorylation of downstream ERK under these conditions. Given these findings, we

orthotopically injected JHU-SCC-012 and JHU-SCC-019 cells into the mobile lateral

tongues of nude mice. Nude mice injected with saline or immortalized oral keratinocytes

(OKF-TERT1) served as controls. Mice injected with saline or OKF-TERT1 cells failed to

form tumors as assessed by necropsy 6 months post-injection. This is in contrast to mice

injected with JHU-SCC-012 or JHU-SCC-019 cells which formed tumors quickly and

succumbed at 11.3 ± 1.1, 14.4 ± 3.3 (mean ± SEM) days post injection respectively (Fig.

2c). H&E staining of fixed tissues revealed that JHU-SCC-012 and JHUSCC-019 cells

readily formed tumors in tongues at the site of injection. Histologic characterization of the

established tumors revealed an invasive phenotype for the primary tumors (Supplemental

Fig. 2). Moreover metastatic tumors in cervical lymph nodes were readily detected in

animals injected with JHU-SCC-012 or JHU-SCC-019 cells (Fig. 2d). Evaluation of the

lymph node specimens revealed a highly invasive phenotype that was disruptive of lymph

node architecture (Supplemental Fig. 2). No tumor was identified in examined lung tissue

(not shown).

Pharmacological inhibition of Met reduces HNSCC cell motility in vitro

Met signaling has been shown to promote cell motility in many different cell types. Given

the invasive phenotype of the orthotopic tumors derived from JHU-SCC-012 and JHU-

SCC-019 cells, we examined the importance of Met for cell motility using cell scatter and

wound healing assays. As shown, treatment with HGF induced scattering of JHU-SCC-012

(Fig. 3a) and JHU-SCC-019 (Fig. 3b), a phenotype that was abrogated by pre-incubation of

the cells with 2.5 uM of SU11274 for 30 min, a tyrosine kinase inhibitor for Met. Consistent

with this data, wound healing as-says revealed that pre-treatment of cells with SU11274

reversed the stimulatory effect of HGF on JHU-SCC-012 and JHU-SCC-019 cells motility

in (Fig. 3c and d respectively). Western analysis confirmed inhibition of Met

phosphorylation by SU11274 under these conditions (Supplemental Fig. 3).

Knockdown of Met in HNSCCs

Since SU11274 is not amenable to use In vivo, we employed an RNA interference strategy

using two different Met specific shRNA sequences (MetKD1 and MetKD2) to knockdown

Met (MetKD) expression in JHU-SCC-019 and JHU-SCC-012 cells. We were unable to

generate a stable population of JHU-SCC-012 MetKD cells using shRNA 1 but obtained

transient knockdown with shRNA 2, suggesting that Met may be a critical regulator of cell

survival or proliferation in this line. Conversely, JHU-SCC-019 MetKD cells were viable.

Western analysis confirmed stable knockdown of total and phosphorylated Met following

HGF treatment in JHU-SCC-019 and JHU-SCC-012 MetKD cells relative to control cells
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expressing a non-targeting (NT) shRNA (Fig. 4a and b). As expected, lower levels of HGF-

stimulated pERK were detected in MetKD cells when compared to NT expressing cells.

Flow cytometry analysis confirmed reduced expression of cell surface Met in JHU-SCC-012

and JHUSCC-019 MetKD cells compared to control NT cells (Fig. 4c and d).

To assess the effect of Met signaling on the tumorigenic potential of JHU-SCC-012 and

JHU-SCC-019 cells, we performed anchorage independent growth assays in soft agar. NT

and MetKD cells were seeded into 0.4% agarose in the presence or absence of HGF and the

number of resulting colonies (defined as a cluster of three or more cells) was scored. In NT

cell lines, HGF treatment resulted in a significant increase in the number of colonies present

in soft agar consistent with a role for Met signaling in anchorage independent cell growth.

Conversely, HGF-treated MetKD cells showed reduced capacity for anchorage independent

growth (Fig. 5a and b). Consistent with a role for Met signaling in cell survival, MetKD

cells showed a significant reduction in cell viability when compared to NT control (Fig. 5c

and d).

We next examined the effect of MET knockdown on HNSCC cell motility. As shown in Fig.

6a and b, JHU-SCC-012 and JHU-SCC-019 MetKD cells showed reduced HGF-induced

motility compared to NT cells using wound healing assays (Supplemental Fig. 4), consistent

with our earlier studies using treatment with SU11274 to block Met signaling. We

previously reported the JHU-SCC-019 cells show a strong preference for binding to laminin

[22], one of several extracellular matrix components identified in lymph nodes. As a result,

we performed live cell imaging studies to measure differences in HGF-induced migration of

JHU-SCC-019 NT and MetKD cell lines seeded on laminin. Cells were allowed to adhere

for 1 h on laminin prior to treatment with HGF, after which live cell migration was

examined by measuring the total path length of migrating cells over a 2 h period. In the

absence of HGF, comparable migratory path lengths and velocities were detected for

JHUSCC-019 MetKD and NT cells (NT, 191.0 μm ± 25.6 and MetKD, 189.7 μm ± 20.7;

NT, 1.59 μm/min ± 0.21 and MetKD, 1.58 μm/min ± 0.17) (Fig. 6c). Treatment with HGF

increased the path length of NT cells (297.0 μm ± 16.2), correlating closely with increased

cell velocity (2.84 μm/min ± 0.14) (Fig. 6c and d). Conversely, no increase in MetKD cell

path length or velocity was observed following HGF treatment (157.6 μm ± 21.8 and 1.31

μm/min ± 0.18 respectively) (Supplemental Fig. 5). The differences in cell migration are

unlikely the result of differences in cell-laminin interactions as NT and MetKD express

comparable levels of cell surface Integrin β1 (Supplemental Fig. 5C).

Knockdown of Met signaling suppresses tumor growth, cell proliferation and increases
cell apoptosis In vivo

The effect of Met knockdown on JHU-SCC-012 and JHU-SCC-019 cell viability, motility

and anchorage independent growth were directly comparable. Since JHU-SCC-012 cells

were not amenable to stable MetKD, we used the JHU-SCC-019 MetKD cell lines in our

orthotopic tongue model to examine the role of Met signaling for primary HNSCC growth

and regional dissemination. We first examined the survival of nude mice following

orthotopic injection with equal numbers of MetKD versus NT control cells. Survival rate

was examined every day for up to 75 days. As shown in Fig. 7a, the survival rate was
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significantly higher in mice injected with MetKD cells compared to control mice at 50 days.

Given these findings, we examined the effect of MetKD on tumor growth and regional

dissemination 30 days post-injection. Tongues and cervical lymph nodes from orthotopically

injected mice were removed and processed for histologic and immunohistochemical

analysis. Regional dissemination to the cervical lymph nodes was not detected in mice

injected with MetKD cells compared to mice injected with NT cells (Fig. 7b). Morphometric

analysis of H&E stained tongue sections show a significant reduction in the size of primary

tumors derived from MetKD cells compared to mice injected with NT cells (Fig. 7c).

Immunohistochemistry confirmed strong Met staining in the primary tumors derived from

NT cells and not JHU-SCC-019 MetKD tumors (Fig. 7d). Notably, tumors derived from

MetKD cells show decreased cell proliferation as indicated by reduced Ki67 staining (Fig.

7e) with elevated cell apoptosis as indicated by increased cleaved caspase 3 (CCP3) staining

(Fig. 7f). These results indicate an important role for Met signaling in HNSCC growth

and/or survival In vivo.

Discussion

Despite considerable advances in surgical techniques and adjuvant therapeutics for treating

HNSCC, the high rate of recurrence coupled with the tendency for acquired resistance to

EGFR-targeted therapies underscores the importance of identifying additional pathways

important for HNSCC survival and dissemination [4]. Thus the need for an increased

understanding of additional molecular mechanisms as points of clinical intervention remains

urgent. Here we report that knockdown of the Met receptor tyro-sine kinase using shRNA is

associated with decreased cell proliferation, viability and migration on laminin in vitro. In

vivo, Met knockdown resulted in decreased tumor burden and dissemination to cervical

lymph nodes using an orthotopic tongue model, correlating with reduced cell proliferation

and an increased apoptotic index. Notably, Met knockdown significantly increased the

survival of nude mice with orthotopic xenografts. Thus our data support a role for Met as a

valid therapeutic target for HNSCC intervention.

Our findings using RNA interference are consistent with previous pharmacological studies,

suggesting that Met may be a suitable clinical target for the treatment of HNSCC. Met

antagonism using the pharmacological inhibitor PF2341066 caused a significant decrease in

primary tumor burden in a subcutaneous xenograft mouse model using UM-22B cells,

correlating with decreased cell proliferation and increased apoptosis [20]. Interestingly, a

parallel study using 686LN cells reported negligible differences in tumor volume following

treatment with the Met inhibitor PF04217903 relative to the control group [15]. Met

signaling has also been implicated in acquired resistance of HNSCC to EGFR-targeted

therapies. For example dual blockage with the EGFR and Met inhibitors gefitinib and

PF2341066 respectively, reduced the volume of tumor xenografts significantly suggesting

cross-talk between these signaling pathways [35]. Consistent with this, a novel mechanism

of erlotinib resistance in a HNSCC line that over expressed the non receptor tyrosine kinase

c-Src, involved Met signaling [15]. Interestingly, these cells were not resistant to the EGFR

inhibitor cetuximab. Although the reasons for these discrepancies remain unclear, it may

reflect differences in the oncogenic dependency of HNSCC cells for Met signaling. Several

molecules that target the Met receptor pathway in solid tumors notably NSCLC are in phase
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I and II clinical trials and show promising results. A phase II clinical study (NCT00725764)

using the inhibitor GSK1363089 (formerly XL880) in adults with HNSCC has been

completed, although the results are not yet available.

Notably, we present the first evidence that stable knockdown of Met in orthotopic head and

neck tumors decreased dissemination to cervical nodes and increased the survival of mice

relative to the control group. Our preclinical findings are significant in that lymph node

dissemination is a key clinical feature of HNSCC that is most predictive of mortality

[36,37]. Evidence of neck lymphatic spread is an accepted prognostic factor for HNSCC,

characterizing the primary tumor as clinically aggressive, often less responsive to therapy

correlating with poor patient survival. Given the well-documented role of Met signaling for

promoting the growth, survival and invasiveness of malignant cells, how could Met

signaling contribute to nodal dissemination in our orthotopic model? We cannot rule out the

possibility that reduced lymph node dissemination may reflect the smaller size of the

primary tumors routinely produced by MetKD cells. We recently reported that JHU-

SCC-019 cells bind laminin, a key extracellular matrix component within the lymph node

parenchyma component, under low fluid shear conditions [22]. Our data indicating that

MetKD does not alter cell-laminin adhesion, but does reduce HGF-induced cell motility on

this substrate may suggest that the process of HNSCC lodgment within lymph nodes is not

dependent on Met signaling. Rather, Met signaling may confer an advantage for HNSCC

survival in this unique microenvironment. Consistent with this hypothesis, we show that

cervical lymph nodes in mice serve as a rich source of HGF. Additionally, HGF has been

shown to protect HNSCC cell lines from cellular apoptosis following loss of contact with

the extracellular matrix (anoikis) [38]. In a highly invasive HNSCC line, Met signaling

enhanced the activity of matrix metalloproteinase-9 and urokinase-type plasminogen

activator, enzymes that degrade the extracellular matrix and facilitate cell migration and

invasion [39]. Although Met overexpression is evident at all tumor stages, increased Met

staining is significantly increased in HNSCC patients associated with enlarged or multiple

(N2-N3) lymph node metastasis [40,41] and locoregional recurrence [42]. Additionally,

increased levels of HGF have been reported in HNSCC patients when compared to healthy

individuals [43]. Thus Met signaling may enhance HNSCC spread to cervical lymph node

through multiple mechanisms including increased cell growth and/or survival.

Conventional HNSCC can be categorized into two prognostic and therapeutic groups –

HPV-negative tumors that are associated with an aggressive phenotype and HPV-positive

HNSCC, which are highly predictive for lymph node metastasis [44–46]. The prevalence of

HPV among all HNSCCs varies between 21.95% and 40.3% depending on the anatomical

site of the primary tumors and patient etiologies [46]. Our finding that MET knockdown in

the HPV-negative JHU-SCC-019 cell line reduced cervical lymph node spread and increased

survival of mice in an orthotopic animal model is novel and significant. Future studies

focused on understanding the role of Met signaling in HPV-positive HNSCCs seems likely

to provide additional new insights into the therapeutic value of targeting Met in the

treatment of different HNSCC subtypes.
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Figure 1.
Met signaling in human oral cancer. (A) H&E staining and Met immunohistochemistry

revealed that human oral tumor cells express higher levels of Met compared to adjacent

normal mucosa (n = 5). (B) Lysates from JHU-SCC-012 or JHU-SCC-019 cells treated

without (−) or with (+) 100 ng/mL HGF for 5 min were examined by western analysis for

Met, ERK and phosphorylation of Met (pMet, Y1234/1235) and ERK (pERK).

Representative results from triplicate experiments are shown. The relative density of

pMet/Met and pERK/ERK is indicated beneath the respective blots. (C) HGF-ELISA

detected no HGF in conditioned media from JHU-SCC-012 and JHU-SCC-019 cells

whereas U87 cells were positive for HGF secretion. Values are expressed as the average

mode ± SEM (*** p < 0.001; ANOVA) from triplicate experiments.
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Figure 2.
Human HNSCCs form orthotopic tumors in mice. (A) Western analysis of

immunoprecipitations from mouse tongue lysates using antibodies for mouse HGF (mHGF),

mouse Met (mMet) or goat IgG detected mHGF (top panel) and mMet (lower panel) is this

tissue. Recombinant mouse HGF (r-mHGF) was used as positive control. Representative

results from triplicate experiments are shown. (B) Sera starved JHU-SCC-012 and JHU-

SCC-019 cells were treated without (−) or with 10 ng/mL or 100 ng/mL HGF and examined

by western analysis for pMet, Met pERK, ERK and β-actin. Representative results from

triplicate experiments are shown. The relative density of pMet/Met of pERK/ERK compared

to β-actin is shown beneath the respective blots. (C) Mean survival of mice (n = 5) injected

orthotopically into the lateral tongue with saline, immortalized oral keratinocytes (OKF-

TERT1), JHU-SCC-012 or JHU-SCC-019 cells (1 × 106). Values are expressed as the

average mode ± SEM (*** p < 0.001; ANOVA) of triplicate experiments. The graph

represents days to sacrifice at the end of protocol (6 months) or following 20% weight loss.

(D) Histological analysis of tumor bearing mice by H&E staining of the tongue and lymph

node. Asterisks denotes tumor in lymph node.
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Figure 3.
Pharmacological inhibition of Met reduces cell motility. Cell scatter responses of JHU-

SCC-012 (A) or JHU-SCC-019 (B) cells treated with (+) or without (−) HGF and/or

SU11274 as indicated. Representative images from triplicate experiments are shown.

Wound healing assays were performed using JHU-SCC-012 (C) or JHU-SCC-019 (D) cells

as indicated and are reported as the area remaining at each time point (18 or 25 h) following

HGF treatment (0 h) (Anova, ** p < 0.01) of triplicate experiments.
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Figure 4.
Met knockdown in JHU-SCC-012 and JHU-SCC-019 cells. JHU-SCC-012 (A) or JHU-

SCC-019 (B) cells infected with recombinant lentivirus expressing Met knockdown shRNA

(1 or 2) or a non-targeting (NT) shRNA were treated without (−) or with (+) HGF and

examined by Western analysis for pMet (Y1234/1235), Met, pERK, ERK, β-actin or

Transferrin Receptor (TfR) levels. Representative results from triplicate experiments are

shown. The relative density of pMet/Met of pERK/ERK compared to β-actin or TfR is

shown beneath the respective blots. Flow cytometry detected reduced cell surface Met levels

in JHU-SCC-012 (C) and JHU-SCC-019 MetKD (D) cell lines. Values are expressed as the

average mode ± SEM (*** p < 0.001; ANOVA) of three independent experiments.
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Figure 5.
Decreased cell motility, viability and anchorage-independent growth in response to MetKD.

Reduced anchorage-independent growth of JHU-SCC-012 (A) and JHUSCC-019 (B)

MetKD cells in soft agar (* p < 0.05, *** p < 0.001, ANOVA) in triplicate experiments.

MetKD reduced the growth of JHU-SCC-012 (C) and JHU-SCC-019 (D) cells relative to

NT controls (*** p < 0.001, * p < 0.05, ANOVA, n = 3) of three independent experiments.
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Figure 6.
MetKD reduced cell motility of JHU-SCC-012 and JHU-SCC-019 cells. HGF induced

wound closure is decreased in JHU-SCC-012 (A) and JHU-SCC-019 MetKD (B) cells

relative to NT cells (** p < 0.01, *** p < 0.001, ANOVA, n = 3). Live cell imaging of JUH-

SCC-019 MetKD cells plated on laminin-coated glass bottom cell culture dishes show

decreased cell velocity (C) and path length (D) in response to 100 ng/mL HGF. Images were

collected every 2 min for a total of 120 min and the data is expressed as the mean path

length ± SEM per condition (*** p < 0.001; ANOVA, n > 30 cells) of duplicate

experiments. Representative images are shown.
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Figure 7.
Reduced tumor burden In vivo following MetKD. Mice were injected orthotopically into the

lateral tongue with JHU-SCC-019 MetKD (n = 5) or control (NT) cells (n = 5). Survival

rates were examined every day for up to 75 days and are plotted as a Kaplan Meier curve

(A). 30 days post injection, serial sections of paraffin-embedded tongues and cervical lymph

nodes were H&E stained and analyzed for tumor dissemination (B) and size (C). Adjacent

slides were processed for Met (D), Ki67 (E) and cleaved caspase 3 (CCP3) (F) staining.

Morphometric analysis indicated a significant decrease in tumor size and Ki67 staining with

increased CCP3 per high powered field in MetKD-derived versus NT-derived tumors (* p <

0.05, ** p < 0.01, *** p < 0.001; ANOVA, n = 5). Representative images are shown.
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