1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Cancer. Author manuscript; available in PMC 2019 April 15.

-, HHS Public Access
«

Published in final edited form as:
Int J Cancer. 2018 April 15; 142(8): 1652-1663. doi:10.1002/ijc.31196.

Ezrin mediates both HGF/Met autocrine and non-autocrine
signaling-induced metastasis in melanoma

Liping Huang122, Yifei Qinl, Qiang Zuol, Kavita Bhatnagarl, Jingbo Xiong3, Glenn
Merlinol, and Yanlin Yul.2*

1Laboratory of Cancer Biology and Genetics, Center for Cancer Research, National Cancer
Institutes, National Institutes of Health, Bethesda, Maryland 20892-4264, USA

2Department of Obstetrics and Gynecology, Nanfang Hospital, Southern Medical University,
Guangzhou, 510515 People’s Republic of China

3Department of Cell Biology, School of Basic Medical Sciences, Southern Medical University,
Guangzhou, 510515 People’s Republic of China

Abstract

Aberrant HGF/Met signaling promotes tumor migration, invasion, and metastasis through both
autocrine and non-autocrine mechanisms; however, the molecular downstream signaling
mechanisms by which HGF/Met induces metastasis are incompletely understood. We here report
that Ezrin expression is stimulated by HGF and correlates with activated HGF/Met, indicating that
HGF/Met signaling regulates the expression of Ezrin. We show that HGF/Met signaling activates
the transcription factor Sp1 through the MAPK pathway, and activated Sp1 can in turn directly
bind to the promoter of Ezrin gene and regulate its transcription. Notably, knockdown of Ezrin
expression by shRNAs inhibits the metastasis induced by either HGF/Met autocrine or non-
autocrine signaling in syngeneic wildtype and HGF transgenic mouse hosts. We also used small
molecule drugs in preclinical mouse models to confirm that Ezrin is one of the downstream
molecules mediating HGF/Met signaling-induced metastasis in melanoma. We conclude that Ezrin
is a key downstream factor involved in the regulation of HGF/Met signaling-induced metastasis
and demonstrate a link between Ezrin and HGF/Met/MAPK/Sp1 activation in the metastatic
process. Our data indicate that Ezrin represents a promising therapeutic target for patients bearing
tumors with activated HGF/Met signaling.
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Introduction

Met, a cell-surface receptor tyrosine kinase encoded by Met gene, is activated by hepatocyte
growth factor (HGF) produced from the same cell (autocrine loop), neighboring cells
(paracrine loop) or a distant organ (endocrine loop).1~> Through specific binding to its
receptor Met, HGF induces autophosphorylation of tyrosine residues at Tyr 1230/1234/1235
in the catalytic domain of Met, generating phosphotyrosine docking sites able to engage an
array of Src-homology-2 domain (SH2 domain)-containing signal transducers, which in turn
activate appropriate signaling pathways such as Ras/Erk and PI3K/Akt.1~4 HGF/Met
signaling mediates a broad range of cellular physiological activities that are essential for
embryonic development, wound healing and tissue regeneration through autocrine and non-
autocrine (paracrine or endocrine) mechanisms.1:> Aberrant HGF/Met signaling propagates
an intricate system of signaling cascades that result in a comprehensive rewiring of gene
expression patterns and promotes tumor migration, invasion, and metastasis.1~3:>Met is
identified as a proto-oncogene that is often amplified and/or overexpressed in most types of
solid human tumors including melanoma.23 HGF is also found to be upregulated in many
types of human tumors.1=3:56 The formation of an autocrine HGF/Met signaling loop is
thought to play an important role in the genesis and progression of human tumors, including
melanoma, rhabdomyosarcoma, osteosarcoma, breast cancer, liver cancer and glioblastoma.
23,6.7 Notably, experimental activation of autocrine loops through forced co-expression of
HGF and Met in cells can confer a tumorigenic and metastatic phenotype.>8 Constitutive
Met activation can stimulate angiogenesis, extracellular matrix dissolution, invasiveness, and
metastasis.3®> Moreover, overexpression of HGF in the tumor microenvironment has been
reported to be associated with tumor aggressiveness and invasion.%19 Previously, we found
that constitutive HGF/Met signaling promotes melanoma metastasis through a non-autocrine
mechanism in genetically engineered mouse (GEM) models;> however, the molecular
mechanisms downstream of HGF/Met signaling that induces metastasis remain to be
resolved. Recent studies reported that Ezrin, a membrane-cytoskeleton linker, is required for
the motility and morphogenetic response induced by HGF in epithelial cells,11:12 suggesting
that Ezrin may be involved in HGF/Met signaling-mediated tumor metastasis.

Ezrin, encoded by the vi/2gene, is a member of the ERMs (ezrin, radixin, and moesin)
family13 and is predominantly expressed in epithelial cells.}1 As a key organizer of complex
membrane domains, Ezrin links the plasma membrane and cytoskeleton and coordinates the
interaction of transmembrane proteins, phospholipids, membrane-associated cytoplasmic
proteins, and the cytoskeleton.1415 As such, Ezrin mediates many cellular processes
including cell growth, morphogenesis, adhesion and migration under physiological
conditions, as well as in pathological scenarios involving cancer cell invasion and
metastasis'® through numerous fundamental signal transduction pathways involving protein
kinase A,16 protein kinase C,17 Rho,18:19 PI3K/AKT,20:21 MAPK,22 Src,2% Wnt/B-catenin,2*
CD4425 and RTKs such as EGFR26 and Met.11:12 Overexpression of Ezrin has been
observed in many human cancers including breast,2” lung 28 and prostate cancers,2° oral
squamous cell carcinomas (OSCCs),30 pancreatic carcinomas 31 as well as osteosarcoma 22
and rhabdomyosarcoma,8 compared with normal tissues. An activating Ezrin mutation has
also been associated with cell migration and metastasis.18: 22 In contrast, depletion of Ezrin,
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or overexpression of a dominant-negative (T567A) or non-phosphorylatable (Y353F) mutant
significantly reduces invasion and metastasis.18:20:22.32

We recently identified the cytoskeletal organizer Ezrin as a key metastatic regulator in HGF
transgenic mouse model system,18 implicating Ezrin in HGF/Met signaling-induced
metastasis. We therefore hypothesize and have here demonstrated that Ezrin is a key
downstream gene involved in the regulation of HGF/Met signaling-induced metastasis. We
found that HGF can stimulate the expression of Ezrin through the transcription factor Spl.
Notably, blocking Ezrin can inhibit metastasis induced by both HGF/Met autocrine and non-
autocrine signaling in the syngeneic host and HGF genetically engineered mouse (GEM)
hosts. We here demonstrate a link between Ezrin and HGF/Met/MAPK/Sp1 activation in the
metastatic process and conclude that Ezrin is a key downstream molecule involved in the
regulation of HGF/Met signaling-induced metastasis.

Materials and methods

Plasmids, antibodies, cell lines, and reagents

Plasmids: pcDNA3-HGF, -Met and stably transfected cell lines were described elsewhere.®
Ezrin shRNA-expressing plasmids were purchased from Open Biosystems (GE Dharmacon,
Lafayette, CO) and described as in the previous studies.18:33 Antibodies: anti-phospho-AKT
(Serd73), anti-AKT, anti-phospho-ERK 1/2 (Thr202/Tyr204) and anti-ERK1/2 antibodies
were purchased from Cell Signaling (Danvers, MA, USA); anti-p-actin and Vinculin
antibodies were purchased from Santa Cruz (Dallas, TX); anti-Ezrin antibody was purchased
from Millipore (Billerica, Ma) and Sigma (St. Louis, MO ); anti-phospho-Ezrin T576 and
anti-phospho-Ezrin Y353 were purchased from Sigma (St. Louis, MO ); anti-Sp1 and
phospho-Sp1(T453) antibodies were purchased from Abcam (Cambridge, MA). The B16F1
cell line was obtained from American Type Culture Collection (ATCC, Manassas, VA). 37-7
cell line was derived from a neoplasm arising in HGF/SF transgenic mouse.> Stably
expressing cells were established through transfection using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA) and selected by antibiotics G418 or puromycin (Sigma, St.
Louis, MO). The rHGF was purchased from R &D (Minneapolis, MN). Small molecular
inhibitors: PF02341066 and NSC668394 were purchased from Sigma (St. Louis, MO).

Northern blot analysis

Total RNAs were isolated from cells using Trizol (Life Technologies) reagent, according to
the manufacturer’s instruction. Northern blot assay was performed as described our previous
study (Yan J et al. Oncogene 2004; 23:1939). Briefly, 30 ug of total RNAs were separated on
a 1.0% formaldehyde/agarose gel by electrophoresis, transferred to Hybond (Amersham)
nylon membrane and hybridized with a-32P-labeled cDNA for Ezrin or B-actin probes using
Prime-a-Gene® Labeling System (Promega, Madison, WI, USA). After washing, the blot
exposed in a sealed envelope (containing the membrane) at —80 °C freezer to X-ray film, and
adjust the exposure time to get a darker or lighter band pattern.
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Western blot analysis

After washing with the cold phosphate-buffered saline (PBS), the cells were lysed in RIPA
buffer [50mM Tris (pH 7.4), 150mM NacCl, 1% Triton X-100, 5mM EDTA, plus protease
inhibitor cocktail (Boehringer Mannheim)] on ice for 30min. The lysates were centrifuged at
10000 r.p.m. for 10min. The 50 pg protein lysates were fractionated by 4-20% Tris-glycine
SDS—polyacrylamide gel electrophoresis and transferred to PVDF membranes. After
blocking with 5% milk TBST buffer (TBS buffer + 0.5% Tween-20) for overnight, the
membrane blot was incubated with various antibodies at optimum dilution (1:1000 dilution
for anit-Ezrin, p-Ezrin, Met, p-Met, Akt, pAkt, Erk1/2, p-Erk1/2, Vinculin; 1:500 dilution
for anti- p-actin, Sp1 and p-Sp1) overnight in cold room. The bands were developed by ECL
(Amersham). Membranes were stripped using Re-Blotting reagent (Chemicon International)
and reprobed as described.520

Motility and invasion assay

Cell motility and invasion were measured using a transwell assay as described previously,®
but modified to measure the ability after incubation of 12 hours.

Cell proliferation

CCKS8 kit (Dojindo Molecular Technologies, Inc. Rockville, MD) was used for the
measurement of cell growth.33

Experimental and spontaneous metastasis assays

Cells were injected via tail vein into 4- to 6-week-old male mouse hosts: c-Brd and c-Brd
HGF transgenic or FVB and FVB HGF transgenic mice. All cell lines were injected at
5x10° into C57/BL6-cBrd or c-Brd HGF transgenic mice. Tumor numbers were obtained by
visual inspection of tissues in mice euthanized between 3 and four weeks post-
transplantation, and micrometastases were counted by a pathologist after dissection of the
lung.18

Immunohistochemistry

Lung tissues were fixed in 10% buffered formalin solution (pH7.2) for overnight, and
serially sectioned to 15 um at 20°C. Immunohistochemistry was performed as described.33
Immunoreactivity scores were analyzed using Image Scope V 10.0 software from Aperio
Technologies (Vista, CA). The size and number of the metastases were also quantified and
counted using Image Scope V 10.0 software (Aperio Technologies, Vista, CA).

Preclinical drug treatments

B16F1 or 37-7 cells stably expressing HGF, Met or Ezrin shRNA were transplanted into
male c-Brd and c-Brd HGF transgenic or FVB and FVVB HGF transgenic mice hosts between
4 and six weeks of age through either intravenously (V) for experimental metastasis assay
or subcutaneously (SQ) for tumor growth. Mice harboring the inoculated tumor cells were
randomly assigned to control (Mock), inhibitor PF02341066 treatment (Inh Met) or inhibitor
NSC668394 treatment (Inh Ez). The mice were treated with 50 mg/kg of the Met inhibitor
PF02341066 (dissolved in 5% DMSO, 30%PEG300 in ddH,0 ) or mock (5% DMSO, 30%
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PEG300 in ddH,0) daily by oral gavage (volume of 100 ul) immediately (experimental
metastasis assay) or 7 days (tumor growth) after transplantation of tumor; and treated with
2.226 mg/kg of Ezrin inhibitor NSC668394 (dissolved 2% DMSO in PBS) (Celik et al. JBC
2016, 29:13257-13270; Pore et al. Leukemia 2015, 29(9): 1857-1867) or mock (2% DMSO
in PBS) five times per week by intraperitoneal injection (IP) (injection volume of 100 pl).
Animals were held for between 3 and four weeks post-injection to obtain accurate metastasis
analyses. All mouse procedures were performed according to NIH guidelines [the animal
proposal LCBG023, approval by NCI-Bethesda Animal Care and Use Committee (ACUC)].

Luciferase reporter assays

Luciferase assays were performed as described.20

Chromatin immunoprecipitation (ChlIP)

Statistics

Results

ChIP assays were performed as described.2%-33 Immunoprecipitated DNA was analyzed by
PCR using the following primers for Ezrin promoter: -954 to -764,
CCGATCCCAGTTTGTGAAGA and TCCGCAGTCCCGAGTATAAG; -230to — 21,
AATCAACCCTTCCAGTGCAG and CGCGGAATAGTCCAATGTTT.

Statistical analyses were performed unpaired t-test (two-tailed) for all column data sets using
GraphPad Prism 6 software. The p values of less than 0.05 were considered statistically
significant.

HGF stimulates expression of the pro-metastatic gene Ezrin

We recently identified the cytoskeletal organizer Ezrin as a critical metastatic regulator using
an HGF GEM model.18 To study whether Ezrin is regulated by the HGF/Met signaling
pathway, we examined Ezrin expression in B16F1 and 37-7 melanoma cells treated with
HGF. When melanoma cells were treated with HGF, Ezrin expression was overtly increased
by as early as 12 hours at both RNA (Figure 1a) and protein levels (Figure 1b, S1a).
Moreover, under conditions of constitutive intracellular HGF/Met signaling, in previously-
established B16F1 and 37-7 cells stably expressing either HGF (HGF) or both HGF and Met
(HGF/Met),> Ezrin expression was greatly enhanced (Figure 1c, S1b). Forced expression of
either HGF alone or HGF/Met also promoted experimental pulmonary metastasis (Figure
1d, S1b), raising the possibility that Ezrin helps mediate HGF/Met signaling-associated
metastasis. To further confirm the notion that HGF/Met signaling promoted Ezrin
expression, we treated B16F1-HGF/Met cells with a Met inhibitor. Figure 1e shows that
Ezrin protein levels were decreased by treatment with the Met inhibitor PF02341066 in
B16F1-HGF/Met cells in a dose-dependent manner. Moreover, the Met inhibitor
significantly inhibited cell growth in vitro (Figure 1f), tumor growth in vivo (Figure 1g, 1h)
as well as metastasis (Figure 1i). Our data indicate that HGF/Met signaling regulates Ezrin
expression, suggesting that Ezrin is involved in HGF/Met signaling-mediated metastasis.
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Ezrin mediates the regulation of autocrine HGF/Met signaling-induced metastasis

Our data showed that the forced expression of HGF alone or HGF/Met could stimulate Ezrin
expression. We and others have reported previously that HGF/Met autocrine signaling
promotes melanoma metastasis.> To determine to what extent HGF/Met signaling-mediated
metastasis was dependent on Ezrin, two Ezrin sShRNA expression vectors were introduced
into stably expressing HGF alone or HGF/Met B16F1 and 37-7 cells, whose metastatic
ability had already been enhanced through ectopic HGF or HGF and Met expression (Figure
1d, S1b; our previous study).> Knockdown of Ezrin in stably expressing HGF cells
downregulated the phosphorylation of Akt and Erk (Figure 2a) and inhibited cell
proliferation (Figure 2b), motility (Figure 2c) and invasiveness (Figure 2d) in vitro, and
significantly blocked HGF-induced metastasis in vivo (Figure 2e, S1c). Similar results also
were found when Ezrin was knocked down in stably expressing HGF/Met cells (Figure 2f,
S1d), resulting in inhibition of cell proliferation (Figure 2g), motility (Figure 2h) and
invasiveness (Figure 2i), and a significant reduction in HGF/Met-promoted macro- and
micro-metastasis in vivo (Figure 2j, 2k, 2| and S1d). These results demonstrate that Ezrin
can mediate metastasis through autocrine HGF/Met signaling.

Ezrin is required for non-autocrine HGF/Met signaling-induced metastasis

We previously reported that non-autocrine HGF/Met signaling also plays an essential role in
promoting melanoma metastasis in GEM models.> 8 To determine whether Ezrin is
necessary for non-autocrine HGF/Met signaling-induced cell metastasis, we introduced three
Ezrin sShRNA constructs into stably expressing Met B16F1 cells (B16F1-Met).5Figure 3a
shows that all three Ezrin shRNAs successfully downregulated endogenous Ezrin. Unlike in
stably expressing HGF or HGF/Met cells, knockdown of Ezrin in stably expressing Met
cells did not significantly inhibit cell proliferation (Figure 3b) or motility (Figure 3c) as well
as cell invasiveness (Figure 3d). As expected, treatment of B16F1-Met cells with HGF
increased cell motility (Figure 3e, 3f). However, knockdown of Ezrin by sShRNAs abrogated
this HGF-mediated increase in motility (Figure 3e). An Ezrin inhibitor also blocked the
HGF-induced increase in motility (Figure 3f). When B16F1-Met cells carrying a ShRNA
vector control were injected into the tail vein of syngeneic wildtype or HGF transgenic mice,
they exhibited a significantly higher number of pulmonary metastases in HGF transgenic
mouse hosts compared with wildtype hosts through non-autocrine HGF/Met signaling, as we
reported previously.? However, the metastatic potential of the B16F1-Met cells bearing an
Ezrin shRNA vector was low and not significantly different from wildtype host mice (Figure
39). Interestingly, the B16F1-Met cells carrying sShRNA Ezrin exhibited significantly fewer
metastases compared with Met-expressing cells with empty control vector in HGF
transgenic host mice (Figure 3g). Similar results also were found when Ezrin was knocked
down in stably expressing Met 37-7 (37-7 Met) cells, resulting in a significant reduction of
metastasis in FVB HGF transgenic mouse hosts (Figure S1e), suggesting that blocking Ezrin
could abrogate the ability of non-autocrine-associated HGF/Met signaling-induced
metastasis. These results indicate that Ezrin is also required for non-autocrine HGF/MET
signaling-induced cell metastasis.
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A small molecule inhibitor of Ezrin blocks HGF/Met-induced tumor growth and metastasis

Our data show that Ezrin is required for both autocrine and non-autocrine HGF/Met
signaling-induced melanoma metastases. To further confirm the importance of Ezrin in
HGF/Met signaling-associated metastasis and examine its potential as a therapeutic target,
we tested the efficacy of a small molecular inhibitor of Ezrin34 both in vitro and in vivo.
Figure 4a shows that phosphorylated Ezrin T576 and Y353 in HGF/Met-expressing B16F1
(B16F1-HGF/Met) cells were decreased following treatment with the Ezrin inhibitor. The
Ezrin inhibitor also blocked the growth of B16F1-HGF/Met cells (Figure 4b). To further
examine the consequences of Ezrin inhibition in a more relevant preclinical mouse model in
vivo, we designed and performed animal studies in xenograft and experimental metastasis
models. Seven days after transplantation of B16F1-HGF/Met cells by subcutaneous injection
into syngeneic mice, Ezrin inhibitor was administered to mice five times per week over two
weeks by intraperitoneal injection. The tumors in the mice treated with Ezrin inhibitor grew
significantly more slowly and weighed less than those in mice treated with vehicle control
(Figure 4c, d). In the experimental metastasis model, immediately following transplantation
of B16F1-HGF/Met cells into C57/BL6-c-Brd mice, the Ezrin inhibitor was administered to
mice five times per week over three weeks by intraperitoneal injection. The mice treated
with Ezrin inhibitor bore a significantly lower number of pulmonary macro and micro-
metastases (Figure 4e, 4f and 4g). Moreover, the Ezrin inhibitor could also reduce the
metastatic potential of B16F1 Met cells growing in HGF transgenic mouse hosts (Figure 3g).
These data demonstrate that an Ezrin inhibitor can block Ezrin activation to reduce
melanoma cell growth effectively and metastasis in cells stimulated by either autocrine or
non-autocrine HGF/Met signaling. Our results further suggest that disturbing Ezrin inhibits
the metastasis of melanoma with activation of HGF/Met signaling.

HGF stimulates Ezrin expression by upregulating the expression of the transcription factor

Spl

Our data now show that HGF/Met signaling stimulates Ezrin expression and Ezrin functions
as a downstream effector in HGF/Met signaling-mediated melanoma metastasis. To
understand the mechanism by which HGF/Met signaling regulates Ezrin expression, we
analyzed the potential transcription factor binding sites within the mouse Ezrin gene (Vil2)
promoter region (www.gene-regulation.com/pup/programs/alibaba2). Sp1 was previously
reported to regulate the expression of the human Ezrin gene (Vil2),3° and several Sp1
binding sites were identified in the mouse vil2 promoter region (Figure S2). We
hypothesized that HGF/Met signaling elevates the expression of Ezrin by regulating the Spl
transcription factor. To test this, we first treated the melanoma B16F1-Met cells with HGF to
determine whether HGF could stimulate Sp1 expression and whether there is a relationship
between HGF/Met signaling, Spl and Ezrin. Results from a Western blot showed that
treatment of B16F1-Met cells with HGF increased the expression of Sp1, as well as Ezrin
(Figure 5a). Notably, a small interfering RNA of Sp1 could abrogate HGF-simulated Ezrin
expression (Figure 5b). These results indicate that HGF can stimulate Sp1 expression,
thereby upregulating Ezrin expression, and suggest that Sp1 is required for HGF/Met
signaling-mediated expression of Ezrin. To confirm that Sp1 directly binds to the mouse
Ezrin gene promoter, we performed a ChlP assay. Figure 5¢ shows that Sp1 can bind to the
Ezrin gene promoter between —954 and —764, a region containing several Sp1 binding
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sequences (Figure S2), but not to an irrelevant site between —230 and -21. We next
determined the effect of Sp1 on the luciferase activity using an Ezrin gene promoter-driven
luciferase reporter construct (ref 20, Figure 5d). Figure 5e and 5f show that Sp1 can
stimulate luciferase activity in B16F1 cells harboring an Ezrin gene promoter-luciferase
expression vector in a dose-dependent fashion, an effect that can be reversed with a Spl
SiRNA (Figure 5f). To further confirm the role of Sp1 as a link between HGF and Ezrin, we
treated the B16F1-Met cells harboring an Ezrin gene promoter-driven luciferase expression
vector with HGF and found that luciferase activities were increased following increasing
doses of HGF (Figure 5g). Notably, consistent with the result from Figure 5b, the siRNA for
Sp1 blocked the HGF-stimulated Ezrin gene promoter-driven luciferases activity (Figure
5h). Together, the results show that Sp1, which is stimulated by HGF, directly binds to Ezrin
gene promoter and transcriptionally regulates Ezrin expression. Our data demonstrate that
Splis a functional link between HGF and Ezrin, indicating that HGF-induced Ezrin
expression acts through regulation of the transcription factor Sp1.

HGF binds to its receptor Met and induces autophosphorylation of Met, activating MAPK
and PIBK/AKT and thereby many other signaling downstream pathways. To determine
which downstream signaling pathway is involved in upregulating Sp1 and thus enhancing
Ezrin expression, we treated the B16F1-Met cells with HGF, and with or without an
inhibitor of MAPK or PI3K. Figure 6a shows that the MAPK inhibitor PD98059 blocked the
HGF-induced Sp1 activity in early, but the PI3K (LY294002) and AKT (MK2206) inhibitors
did not, indicating that activation of Sp1 requires Erk1/2 MAPK signaling but not
PI3K/AKT signaling. To further confirm this finding, we treated the B16F1-Met cells with
HGF and with/without the MAPK inhibitor PD98059 or the PI3K inhibitor LY294002 for 24
hours and used Western blotting to analyze the whole lysate from the cells. As expected,
HGF activated Sp1 and increased the expression of Ezrin after 3 hours of treatment, whereas
a MAPK inhibitor blocked the HGF-mediated Sp1 activity and expression of Ezrin (Figure
6b). These results show that inhibition of MAPK activity blocks the activation of Sp1 and
expression of Ezrin-mediated by HGF/Met signaling. Our data demonstrate that Sp1 is
downstream of MAPK stimulation in the HGF/Met signaling pathway and that upon
activation by HGF/Met signaling binds to the Ezrin gene promoter and upregulates Ezrin
expression (Figure 6c¢).

Discussion

We and others have previously shown that autocrine and/or non-autocrine HGF/Met
signaling not only play a pleiotropic role in cell proliferation, migration, and invasion but
also participate in metastatic progression in melanoma and other cancers.1™® In our current
study, we uncovered a novel molecular mechanism by which HGF/Met signaling regulates
melanoma metastasis. Our findings show that HGF/Met signaling promotes expression of
the pro-metastatic Ezrin gene and that blocking Ezrin by shRNA and small molecular
inhibitors inhibits autocrine and non-autocrine HGF/Met signaling-induced melanoma
metastasis. We also show that HGF stimulates the expression of the transcription factor Sp1,
which binds directly to the Ezrin gene promoter and regulates Ezrin expression, linking
HGF/Met signaling to Ezrin in melanoma metastasis.
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HGF, as a scatter factor, activates the receptor tyrosine kinase Met, triggering downstream
signal pathways such as GAB1, GRB2, Src, PI3K/AKT, JNK and p38MAPK and enhancing
cell proliferation, survival, motility, anchorage-independent growth, migration, and
invasiveness.1# As an invasive growth stimulus, HGF/Met signaling has been reported to
affect the activation of several cell adhesion and extracellular matrix (ECM) molecules that
regulate the cytoskeletal network; for instance, activation of Met results in the
phosphorylation of E-cadherin.36 HGF was also shown to induce phosphorylation of focal
adhesion kinase (FAK) and promote cell motility.37:38 After phosphorylation on tyrosine
1349, Met becomes a docking site for recruiting Gabl, which further activates downstream
FAK and PAK. Activation of both Met/Gab1/FAK and Met/Gab1/PAK signaling promotes
tumor cell motility and migration.3 Dysregulation of HGF/Met signaling has emerged as a
crucial feature of many human metastatic tumors,2-3 and numerous efforts have been
directed towards the development of small, low-molecular-weight biological inhibitors
targeting HGF and Met.2 Although HGF/Met is broadly expressed in adult tissue and has
been implicated in potential physiological and pathophysiological processes, there is
concern about the possibility that inhibition of broad HGF/Met signaling may influence
normal physiological functions.1:2 Therefore, the identification of specific downstream
targets responsible for HGF/Met signaling-mediated metastasis may facilitate the
development of novel and more effective therapies for patients with advanced cancer.

The determination and significance of Ezrin in downstream of HGF/Met signaling explain
the high metastatic potential that has been associated with the Met receptor. Indeed, as a
linker between cell membrane and cytoskeleton, Ezrin has been reported to be overexpressed
in numerous tumor types and to participate in the regulation of progression to the metastatic
state.® In accord with our finding that Ezrin is a downstream effector of HGF/Met
signaling, previous studies have shown that HGF/Met signaling can activate Ezrin by
phosphorylation of sites Y145 and Y353, thereby enhancing epithelial cell migration and
tubulogenesis; Ezrin when truncated or mutated at sites Y145 and Y353 exhibits impaired
morphogenic and mitogenic responses to HGF/Met signaling.1112 It is worth noting that the
inhibition of Ezrin by shRNA or small molecular inhibitor resulted in reduced proliferation
and inhibited tumor growth, therefore, they could affect the actual measurement of cell
motility and invasion as well as metastasis. To adequately determine the cell motility and
invasion, however, we examined the cell ability of motility and invasion at 12 hours using
transwell assay. We also assessed the micrometastases in lung sections under the
microscope. Our findings are the first evidence that HGF/Met signaling also upregulates
Ezrin expression in melanoma for promoting melanoma cell migration, invasion in vitro, and
metastasis in vivo.

We previously found that the homeoprotein Six1 transcriptionally activates Ezrin gene
expression in rhabdomyosarcoma.2? However, Six1 is typically not expressed in melanoma
cells, indicating that other transcription factors may be involved in the regulation of Ezrin in
melanoma. Using Ezrin gene promoter sequences and transcription array analyses, we found
several CG-rich Sp1 binding sites within the Ezrin gene promoter. Consistent with previous
findings that Sp1 regulates expression of the human Ezrin gene (Vil2) in esophageal
carcinoma cells,3® we confirmed that Sp1 directly (physically) binds to the Ezrin gene
promoter and promotes the transcriptional expression of the Ezrin gene. Notably, we found
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that HGF activates the Ezrin gene promoter through Spl; HGF/Met-mediated Ezrin gene
promoter activation was blocked by siRNA for Sp1 in our study.

Sp1l is a transcription factor that can activate or repress the transcription of genes responsive
to physiologic and pathological stimuli, and can, therefore, help regulate a diverse array of
cellular processes, such as cell growth, differentiation, apoptosis, angiogenesis,
carcinogenesis, and metastasis.3%42 Sp1 has been reported to regulate the expression of
genes that play pivotal roles in cancer cell behavior, including IGF1R,*3 EGFR,** VEGF,%
PDGF,*6 uPA,4” MMP9 48 and MMP2.4° Sp1 is overexpressed in many cancers and is
associated with tumor progression as well as poor prognosis. 4-42 Clinically, a high level of
Sp1 protein has been associated with a variety of cancers.#0-42:50 Growing evidence also
indicates that posttranslational modifications of Sp1 such as phosphorylation, acetylation,
sumoylation, ubiquitination, and glycosylation could influence the transcriptional activity
and stability of Sp1.%0 For example, HGF activates the VEGF gene promoter by inducing the
phosphorylation of Sp1.41 We show here that HGF/Met signaling not only rapidly
phosphorylates Sp1 (Figure S3) but also enhances its expression later on. Notably, these
effects were blocked by the MAPK inhibitor, suggesting that HGF/Met signhaling may
mediate activation of Sp1 at both transcriptional and post-translational modification levels
through the MAPK pathway. Consistent with our findings, previous studies have shown that
Sp1 is activated by the p42/p44 MAPK signaling cascade in other cancers.”:0 In contrast,
these effects were not inhibited by the PI3BK/AKT inhibitor, implying that this downstream
pathway of HGF/Met signaling is not involved in the regulation of Spl in melanoma.

In summary, we here provide the first evidence that HGF/Met signaling promotes Ezrin
expression through the transcription factor Sp1. The inhibition of Ezrin function by either
the siRNAs or an Ezrin inhibitor blocks HGF/Met signaling-mediated melanoma cell
motility and metastasis. Our data demonstrate that Ezrin is a key downstream molecule
involved in the regulation of HGF/Met signaling-induced metastasis, and introduce the
notion that Ezrin represents a potentially effective therapeutic target for metastatic
melanomas activated by aberrant HGF/Met signaling.
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Novelty and Impact

The study provides the first evidence that HGF/Met signaling promotes Ezrin expression
through the transcription factor Sp1. The determination that Ezrin is located downstream
of HGF/Met signaling helps to explain the high metastatic potential that has long been
associated with the Met receptor. The identification of specific downstream targets
responsible for HGF/Met signaling-mediated metastasis may facilitate the development
of novel and more effective therapies for patients with advanced cancer.
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Figure 1. HGF stimulatesthe expression of pro-metastatic gene Ezrin and thereby metastasis
(@) The RNA levels of Ezrin were analyzed by Northern blot in B16F1 melanoma cell line

treated with 30 nM HGF for the indicated time. (b) The protein levels of Ezrin were
analyzed by western blot in B16F1 melanoma cells treated with 30 nM HGF for the
indicated time. (c) The Western blot analysis of B16F1 cells stably transfected with HGF
(HGF) or HGF plus Met (HGF/Metl and HGF/Met2) expressing vector; ¢, as empty vector
control. (d) Gross pulmonary metastasis in B16F1 cells stably transfected with HGF (HGF,
n=7) or HGF plus Met (HGF/Met1, n=7; HGF/Met2, n=7) expressing vector, as well as
empty vector control (C, n=8). (e) The protein levels of Ezrin were analyzed by western blot
in B16F1stably transfected with HGF plus Met melanoma cell line (B16F1-HGF/Met)
treated with the indicated dose of Met inhibitor PF02341066 for 24 hours. (f) The relative
cell proliferation of B16F1-HGF/Met melanoma cells treated with the indicated dose of Met
inhibitor PF02341066 for 24 hours. (g, h) Tumor growth curve (g,) and tumor weight (h) of
B16F1-HGF/Met cells in xenograft syngeneic C57/BL6-c-Brd mice with (Inh Met, n=10) /
without (Mock, n=8) treatment of Met inhibitor PF02341066. (i) Gross pulmonary
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metastases in B16F1-HGF/Met cells from syngeneic C57/BL6-c-Brd mice treated with Met
inhibitor PF02341066 (Inh Met, n=8) and control (Mock, n=10).
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Figure 2. Ezrin mediates theregulation of autocrine Met signaling-induced metastasis
(a) Western blot analysis of B16F1-HGF cells transfected with vector (shc), Ezrin ShRNA

(shi, sh2) expressing constructs. sh1-1, sh1-2 are two cell clones from shl construct, sh2-1
and sh2-2 are two cell clones from sh2 construct. (b—e) B16F1-HGF cells transfected with
vector (shc) and Ezrin shRNAS expressing constructs described in (a) were analyzed with
CCKa8 to assess cell proliferation (b), with a transwell assay to determine cell motility (c),
with a matrigel-coated transwell assay to determine cell invasiveness (d) and with an
experimental metastatic assay by tail vein injection to determine gross pulmonary metastasis
(e) (shc, n=10; sh1-1, n=9; sh1-2, n=8; sh2-1, n=9; sh2-2, n=8). (f) Western blot analysis of
B16F1-HGF/Met cells transfected with vector (shc), Ezrin shRNA (shl, sh2) expressing
constructs. sh1-1, sh1-2 are two cell clones from shl construct, sh2-1 and sh2-2 are two cell
clones from sh2 construct. (g-1) B16F1-HGF/Met cells transfected with vector (shc) and
Ezrin shRNAs expressing constructs described in (f) were analyzed with CCK8 to assess cell
proliferation (g), with a transwell assay to determine cell motility (h), with a matrigel-coated
transwell assay to determine cell invasiveness (i), with an experimental metastatic assay by
tail vein injection to determine gross pulmonary metastasis (j) (shc, n=8; sh1-1, n=9; sh1-2,
n=9; sh2-1, n=9; sh2-2, n=9), with representation of lung H&E staining of metastases (k),
and with macro- and micro- metastases counted in lung sections (l) (shc, n=6; sh1-2, n=6;
sh2-2, n=6).
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Figure 3. Ezrin isrequired for non-autocrine HGF/Met signaling-induced cell metastasis
(a) Western blot analysis of B16F1 cells stably expressing Met (B16F1-Met) transfected

with control vector (shc) and Ezrin ShRNA (sh1, sh2, sh3) expressing constructs. (b—d)
B16F1-Met cells transfected with control vector (shc) or the Ezrin ShRNASs expressing
constructs described in (a) were analyzed with CCK8 to assess cell proliferation (b), with a
transwell assay to determine cell motility (c), and with a matrigel-coated transwell assay to
determine cell invasiveness (d). (e) Inhibition of Ezrin by shRNA blocked HGF-induced cell
motility in B16F1-Met cells; shc, vector control. (f) Cell motility was determined by
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transwell assay in B16F1-Met cells treated with (H) or without (C) HGF and HGF plus the
Ezrin inhibitor NSC668394 (H+InhEz). (g) Gross pulmonary metastasis of B16F1-Met cells
stably transfected with Ezrin shRNA (sh1, sh2, sh3) or control shRNA (shc) was determined
using an experimental metastasis assay employing tail vein injections in wildtype (wt) (shc,
n=10; sh1, n=10; sh2, n=10; sh3, n=10) or HGF transgenic (HGF) (shc, n=10; sh1, n=10;
sh2, n=10; sh3, n=10) syngeneic host mice; and gross pulmonary metastasis of B16F1-Met
cells stably transfected with control ShRNA was determined with an experimental metastasis
assay using tail vein injection in HGF transgenic (HGF) syngeneic host mice administrated
with Ezrin (InhEz, n=10) or Met (InhMet, n=10) inhibitors.
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Figure 4. A small molecular inhibitor of Ezrin inhibitsthe growth and metastasis of melanoma
cells

(a) Western blot analysis of B16F1-HGF/Met cells treated with the Ezrin inhibitor
NSC668394 for 2 hours with the indicated dosage. (b) The relative cell proliferation of
B16F1-HGF/Met melanoma cells treated with the indicated dose of the Ezrin inhibitor
NSC668394 for 24 hours. (c, d) Tumor growth curve (c) and tumor weight (d) of B16F1-
HGF/Met cells in xenograft syngeneic C57/BL6-c-Brd mice with (Inh Ez, n=10)/without
(Mock, n=10) treatment of Ezrin inhibitor NSC668394. (e) Gross pulmonary metastases in
B16F1-HGF/Met cells from syngeneic C57/BL6-c-Brd mice treated with Ezrin inhibitor
NSC668394 (Inh Ez, n=10) and control (Mock, n=10). (f) Representation of lung H&E
staining of metastases of B16F1-HGF/Met cells in syngeneic C57/BL6-c-Brd mice treated
with the Ezrin inhibitor (Inh Ez) or PBS (Mock). (g) Number of macro- and micro-
metastases of B16F1-HGF/Met cells in syngeneic C57/BL6-c-Brd mice treated with the
Ezrin inhibitor (Inh Ez, n=6) or control (Mock, n=6) in lung sections.
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Figure 5. HGF stimulates the expression of Ezrin through activation of transcription factor Spl
(@) Whole cell lysates from B16F1-Met cells treated with 30 nM HGF for 24 hours were

analyzed by western blot. (b) Western blot analysis of B16F1-Met cells treated with HGF
only or plus 1.5 pmol of Sp1 siRNA at the indicated dosage for 24 hours. (c) The physical
interaction of Sp1 and the Ezrin gene promoter was assessed by ChIP assay. Native Spl in
B16F1 cells was analyzed using an anti-Sp1 antibody. Sp1 bound to the =954 to —764, but
not the =230 to —21 regions. Inp, input; M, markers. (d) Two candidate Sp1 binding sites
consisting of the 5"-(G/T)GGGCGG(G/A)(G/A)(C/T)-3" were found within the 5”-flanking
region (between —911 and —812 bp) of the Ezrin gene promoter. (€) Ezrin gene promoter
(1616 to —1) activity was shown to be responsive to increasing amounts of a Sp1
expression vector using a firefly luciferase (Luc) reporter. (f) Using the same luciferase
assay, the addition of siRNA for Sp1 with a Spl-expression vector inhibited Spl-induced
luciferase activity driven by the Ezrin gene promoter. (g) Ezrin gene promoter (-1616 to —1)
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activity was stimulated by increasing amounts of HGF using a firefly luciferase (Luc)
reporter. (h) Using the same luciferase assay, the addition of siRNA for Sp1 inhibited HGF-
stimulated luciferase activity driven by the Ezrin gene promoter in a co-transfection assay.
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Figure 6. Inhibition of MAPK activity blocks activation of Sp1 and expression of Ezrin
(a) Western blot analysis of Sp1 expression in B16F1-Met cells treated with HGF plus

MAPK inhibitor PD89059, PI3K inhibitor LY294002 or AKT inhibitor MK2206 for 8
hours. (b) Western blot analysis of B16F1-Met cells treated with HGF plus MAPK inhibitor
PD89059 or PI3K inhibitor LY294002 for from 0 to 24 hours. (¢) Mechanical pathway of
Ezrin transactivation by HGF/Met signaling through transcription Sp1.
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