Receptor tyrosine kinase Met promotes cell
survival via kinase-independent maintenance
of integrin o351
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ABSTRACT Matrix adhesion via integrins is required for cell survival. Adhesion of epithelial
cells to laminin via integrin a.3f1 was previously shown to activate at least two independent
survival pathways. First, integrin a3p1 is required for autophagy-induced cell survival after
growth factor deprivation. Second, integrin a3p1 independently activates two receptor tyro-
sine kinases, EGFR and Met, in the absence of ligands. EGFR signaling to Erk promotes sur-
vival independently of autophagy. To determine how Met promotes cell survival, we inhibited
Met kinase activity or blocked its expression with RNA interference. Loss of Met expression,
but not inhibition of Met kinase activity, induced apoptosis by reducing integrin a3p1 levels,
activating anoikis, and blocking autophagy. Met was specifically required for the assembly of
autophagosomes downstream of LC3Il processing. Reexpression of wild-type Met, kinase-
dead Met, or integrin a3 was sufficient to rescue death upon removal of endogenous Met.
Integrin a3p1 coprecipitated and colocalized with Met in cells. The extracellular and trans-
membrane domain of Met was required to fully rescue cell death and restore integrin o3
expression. Thus Met promotes survival of laminin-adherent cells by maintaining integrin
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o3B1 via a kinase-independent mechanism.

INTRODUCTION

Adhesion of cells to the extracellular matrix via integrins is required
for cell survival. Death induced by loss of cell adhesion, called anoi-
kis, is mediated through both intrinsic and extrinsic apoptotic path-
ways (Frisch and Screaton, 2001; Marconi et al., 2004; Valentijn
et al., 2004; Gilmore, 2005). Detachment induces extrinsic apopto-
sis through FADD-dependent activation of caspase 8 and FOXO1/3a
suppression of the caspase 8 antagonist c-Flip, which may or may
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not involve Fas/FasL interactions (Frisch, 1999; Rytomaa et al., 1999;
Aoudjit and Vuori, 2001; Rosen et al., 2002; Skurk et al., 2004; Gan
et al., 2009). Conversely, adhesion lowers Fas expression while
at the same time inducing c-Flip by up-regulating Erk signaling
(Aoudjit and Vuori, 2001). Integrin signaling also up-regulates anti-
apoptotic proteins such as Bcl-2, Bel-xL, and Mcl-1 via Akt, Jnk, Erk,
or Src and simultaneously prevents anoikis-dependent activation of
the proapoptotic proteins Bid, Bmf, Bim, and Bak/Bax (Frisch et al.,
1996; Flusberg et al., 2001; Puthalakath et al., 2001; Coll et al.,
2002; Reginato et al., 2003; Harnois et al., 2004; Valentijn and
Gilmore, 2004; Schmelzle et al., 2007; Boisvert-Adamo and Aplin,
2008; Boisvert-Adamo et al., 2009; Owens et al., 2009).

Another mechanism by which integrins promote survival is
through activation of the receptor tyrosine kinase (RTK) epidermal
growth factor receptor (EGFR). Adhesion of epithelial cells to laminin
is sufficient to activate EGFR in the absence of ligand (Bill et al.,
2004). EGFR activation by adhesion to laminin via integrin 0331 leads
to Erk signaling, which is required for survival (Manohar et al., 2004;
Edick et al., 2007). Under starvation conditions, integrin 0331 in epi-
thelial cells is also required to robustly activate autophagy-depen-
dent survival (Edick et al., 2007). However, the mechanism by which
autophagy is controlled by integrin a:3B1 remains to be determined.
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RESULTS

Primary prostate epithelial cells (PrECs) iso-
lated from patients and cultured in defined
medium secrete an endogenous laminin
matrix to which the cells adhere via integrins
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et al., 2007). Our previous studies demon-
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- Tubulin in the absence of growth factors is depen-

dent on integrin a3B1 (Edick et al., 2007).
For all the assays reported here, the cells are
first genetically manipulated and then al-
lowed to adhere to their endogenous matrix
in the absence of growth factors.

PrECs were transfected with control or
Met-specific siRNAs or infected with Met-
specific adenoviral short hairpin  RNAs
(shRNAs). After adhesion, Met protein ex-
pression was monitored by immunoblot-
ting. Met expression was reduced 80-90%
by Met-specific RNA interference (RNA;
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The RTK Met is expressed in epithelial and endothelial cells
and promotes cell proliferation, migration, and morphogenesis
(Knudsen and Vande Woude, 2008). Like EGFR, integrins activate
Met in the absence of ligand (Wang et al., 1996; Sridhar and
Miranti, 2006), and ligand-independent activation of Met pro-
motes tumorigenesis and invasion (Wang et al., 2001; Sridhar and
Miranti, 2006). Furthermore, blocking Met expression by small in-
terfering RNA (siRNA) induces cell death in metastatic tumor cell
lines, indicating that Met is also important for tumor cell survival
(Shinomiya et al., 2004). Studies in Met conditional knockout mice
suggest that Met regulates normal cell survival as well. Liver hepa-
tocytes from albumin-Cre Met”~ mice are much more sensitive to
FasL-induced cell death and contain elevated levels of reactive
oxygen species (Huh et al., 2004; Gomez-Quiroz et al., 2008). One
possible mechanism for increased Fas sensitivity in Met-null cells
could involve enhanced Fas dimerization due to disruption of
Met/Fas complexes (Wang et al., 2002; Zou et al., 2007). Because
Fas/FasL signaling is suppressed by integrins, we tested the hy-
pothesis that Met activation via laminin integrins regulates normal
cell survival.
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FIGURE 1: Loss of Met induces cell death. PrECs transfected with Met siRNAs (siMet1251,
siMet4268) or controls (siScr, lipid) or infected with adenoviruses containing Met shRNA (shMet)
or control viruses (shMetMut, shScr, vector, mock) at an MOI of 2 in starvation medium, plated
on endogenous laminin matrix, and analyzed 72 h later. (A) Total Met in cell lysates measured by
immunoblotting; tubulin is the loading control. (B) Cells expressing the indicated RNAi visualized
under phase-contrast microscopy. (C) Cell viability measured by trypan blue exclusion before

(0 h) or 72 h after siRNA transfection. (D) Cellular ATP measured 72 h after siRNA transfection or
24 h after 1 uM staurosporine (Str) treatment. Error bars are SD; n = 3; p values are as indicated.

Figure 1A) but not by scrambled or mutant
RNA or lipid-only, mock-infected, or vector
controls. There was a corresponding de-
crease in the number of cells in Met RNAIi-
treated cells and cells displayed a rounded
morphology (Figure 1B). This was accompa-
nied by a ninefold reduction in cell viability
(Figure 1C) and a twofold decrease in intra-
cellular ATP (Figure 1D). Thus Met is re-
quired for normal cell survival.

Inhibition of Met expression by RNAi re-
duced both full-length caspase 3 and Bcl-xL
expression and increased cleaved caspase3
(Figure 2, A and B). In addition, >70% of the
cells stained positive for annexin V (Figure
2C), and there was an approximately four-
fold increase in caspase 3/7 activity, equiva-
lent to that seen with the general apoptosis
inducer staurosporine (Figure 2, D and E).
Thus Met promotes survival by preventing
apoptosis.

Treatment of starved cells with either of two different Met-spe-
cific inhibitors, SU11274 or PHA665752 (Christensen et al., 2003;
Humbert et al., 2013), reduced Met activity (Figure 3A) but had no
effect on cell morphology or cell number (Figure 3B), did not alter
intracellular ATP levels (Figure 3C), and did not increase caspase 3/7
activity (Figure 3D). Several different drug concentrations produced
no effects on cell viability, even after the cells were treated for 5 d
with repeated drug replenishment. Thus loss of Met protein specifi-
cally, rather than its kinase activity, induces apoptosis.

To further validate the dependence of normal epithelial cells on
Met for survival, we used adenoviral green fluorescent protein
(GFP)-Cre to knock out Met expression in prostate epithelial cells
isolated from Met floxed mice (Figure 3E). Cells having the highest
concentration of GFP-Cre virus, as imaged by fluorescence,
detached from the plate, leaving a zone of clearing. Infection of
cultures with GFP-only virus resulted in no rounding, no detach-
ment, and no loss of cells, even in areas with high GFP expression.
Epithelial cells were also isolated from Met floxed mice crossed to
Cre-ER™ mice, and the cells were treated with tamoxifen to induce
Met loss. Tamoxifen treatment reduced the number of adherent
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Loss of Met induces intrinsic apoptosis. Met expression suppressed in PrECs with RNAi and analyzed 72 h
after adhesion to endogenous laminin. Error bars are SD; n = 4. (A) Met, full-length caspase 3, Bcl-xL, and tubulin
measured by immunoblotting. (B) Met, cleaved caspase3, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
measured by immunoblotting. (C) Annexin V positivity measured by immunostaining. (D, E) Caspase 3/7 activity
measured after (D) transfection or (E) infection with indicated RNAi or treatment with 1 pM staurosporine (Str). mshMet

is a mutant shRNA that does not target Met.

cells compared with vehicle-treated controls (Figure 3G). The loss of
Met protein was verified by immunoblotting, and there was a cor-
responding decrease in full-length caspase 3 and Bcl-xL levels in the
cultures (Figure 3, F and H). Thus loss of Met in both human and
mouse primary epithelial cell cultures resulted in cell death.

To further test Met kinase dependence, we infected cells with
viruses expressing an empty vector, wild-type (WT) Met (full-length,
siMet-resistant), or a kinase-inactive (DN) Met mutant. Endogenous
Met was then removed by siRNA. Exogenous Met in the siRNA-
treated cells was expressed at levels equivalent to endogenous Met
in the control cells (Figure 4A). The Met mutant was not active, as
measured by a lack of tyrosine phosphorylation at the activation
site. Furthermore, activation of endogenous Met was also sup-
pressed (Figure 4B). Expression of either wild-type or kinase-inactive
Met was sufficient to prevent cell morphology changes (Figure 4C),
cell death (Figure 4D), caspase 3/7 activation (Figure 4E), and loss of
Bcl-xL (Figure 4A) induced by siMet. Thus the kinase activity of Met
is not required for cell survival.

Cell survival on laminin is mediated through integrin a.3p1-de-
pendent activation of the EGFR/Erk signaling pathway (Manohar
et al., 2004; Edick et al., 2007). Met siRNA decreased EGFR and
Erk activity (Figure 5A). The loss of EGFR/Erk signaling could be
due to nonspecific effects of intrinsic caspase activation mediated
by Met loss rather than a direct effect of Met loss. However, ZVAD
at concentrations sufficient to block caspase 3/7 activation (Figure
5B) did not block the decrease in EGFR (unpublished data) or Erk
activation induced by siMet (Figure 5C), indicating that cell death
is occurring downstream of EGFR/Erk inhibition. Thus loss of Met
prevents cell survival mediated by integrin a3p1-dependent
EGFR/Erk signaling.

We also previously showed that integrin 0.3B1-mediated adhe-
sion promotes the survival of growth factor—starved cells by induc-
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ing autophagy (Edick et al., 2007). The level of autophagy, as mea-
sured by immunoblotting for LC3-Il, was much higherin siMet-treated
cells than in cells maintained in full growth medium or treated with
scrambled siRNA (Figure 5D), suggesting that loss of Met leads to
enhanced autophagy. However, inhibiting autophagic flux through
the lysosome with chloroquine in siMet-treated cells resulted in a
similar accumulation of LC3-Il as without chloroquine and to a much
greater degree than was seen with the scrambled control. These
data indicate that although LC3-Il is accumulating, it is not being
degraded. Degradation of LC3-Il depends on autophagosome fu-
sion with lysosomes. The lysosomal marker LAMP2 is increased dur-
ing autophagosome/lysosome fusion (Saftig et al., 2008). Accord-
ingly, LAMP2 levels were increased in growth factor—deprived,
scrambled siRNA-treated cells relative to cells maintained in com-
plete growth medium (Figure 5D). However, LAMP2 levels were not
elevated after Met loss, even after the lysosome was blocked with
chloroquine (Figure 5D), consistent with a reduction in autophagy-
induced lysosomal function.

Furthermore, when autophagy was measured by quantifying the
accumulation of GFP-LC3 puncta, we found a 2.5-fold reduction in
puncta in siMet-treated cells (Figure 5, E and F), further demonstrat-
ing that although LC3-Il is accumulating, it is not effectively assem-
bled into autophagosomes. The increase in LC3-Il levels in siMet-
treated cells was not due to an indirect effect of caspase activation,
as treatment with zZVAD did not reverse LC3-Il accumulation (Figure
5@G). The excessive accumulation of LC3-Il was reversed when WT or
kinase-inactive Met was exogenously expressed in siMet-treated
cells (Figure 5H). Thus Met, independently of its kinase activity, is re-
quired to assemble autophagosomes in growth factor-starved cells.

Two of the survival pathways we previously described to be con-
trolled by integrin a3 1—EGFR/Erk signaling and autophagy (Edick
et al., 2007)—are disrupted in cells lacking Met. This suggests that

Met-mediated survival via integrin a.3p1 | 2495
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Thus Met mediates cell survival through in-
tegrin a3B1. To determine the universality
of the Met/a3B1 relationship, we assessed
the effect of Met loss on a.3B1 expression
and signaling in human umbilical vein endo-
thelial cells (HUVECs). HUVECs express Met,
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FIGURE 3: Loss of Met, but not its kinase activity, induces cell death. (A-D) Laminin-adherent deficient cells suggests that Met loss trig-
PrECs treated with vehicle (DMSO), 0.2 uM PHA665752 (PHA), or 20 uM SU11274 (SU) for 72 h gers anoikis. Inhibition of caspase 8/10 with
in starvation medium. (A) Met activity and total Met measured by immunoblotting of Met ZIETD or Fas with ZB4 neutralizing antibody,
immunoprecipitates with anti-phosphotyrosine (P-Met) and Met antibodies. (B) Drug-treated individually or in combination, resulted in a
cells imaged under phase-contrast light microscopy. (C) ATP levels and (D) caspase 3/7 activity

measured in drug-treated cells compared with cells treated with 1 pM staurosporine (Str). Error
bars are SD; n= 3. (E, F) Prostate epithelial cells isolated from Met™"f mice and Met loss induced
by infection with virus expressing GFP (Ctl) or GFP-Cre (Cre). (E) Cells imaged under phase- o . AR
contrast (left) or epifluorescence (right) microscopy 24 h after Cre infection. White dashed line cell viability. Simultaneous inhibition of cas-
marks the boundary between live and dead cells. (F) Met and full-length or cleaved caspase 3 pase 8/10 and late-stage caspases com-
measured by immunoblotting. (G, H) Prostate epithelial cells isolated from Met/fl mice crossed ~ pletely restored cell viability. Treatment with
to Cre-ER™ mice and Met knockout induced by treatment with vehicle (EtOH) or 1.5 uM zIETD, Fas blocking antibody, or zVAD
tamoxifen (Tmx). (G) Cells imaged under phase-contrast light microscopy before treatment (O h)  (Figure 5) failed to restore integrin a3 or
or 48 h later. (H) Met, full-length caspase 3, Bcl-xL, and GAPDH measured by immunoblotting. EGFR/Erk signaling (Supp|ementa| Figure

partial rescue of cell viability (Supplemental
Figure S1A). Similarly, inhibition of late-
stage caspases by zVAD partially rescued

S1B). Thus the proximal regulation of a.3p1

loss of Met disrupts integrin 03B 1. Accordingly, we observed a 2.5- by Met prevents subsequent activation of intrinsic and extrinsic cell
fold decrease in integrin 0.3 surface expression and a small, repro-  death pathways; that is, removal of Met causes anoikis by reducing
ducible (but not statistically significant) decrease in surface expres-  integrin a3p1 expression, leading to Fas activation.

sion of integrin a6 and B4 24 h after siMet treatment (Figure 6A). Reciprocal coimmunoprecipitations indicated that a complex

The decrease in 03 expression was not reversed by ZVAD, indicating ~ can be detected between Met and integrin a3 (Figure 7A) but not
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FIGURE 4: Kinase-inactive Met rescues cell survival. PrECs infected
with empty adenovirus vector (Ctl) or virus expressing human
siRNA-resistant wild-type (WT) or kinase-dead (DN) Met and then 16 h
later transfected with Met (siMet) or scrambled (siScr) siRNA in
starvation medium. Error bars are SD; n = 4. (A) Inmunoblots of Met,
Bcl-xL, and tubulin after adhesion to endogenous laminin for 48 h.
(B) Immunoblots of activated (P-Met [Y1234/35]) and total Met (Met)
and tubulin from cells expressing endogenous (Ctl) or DN Met.

(C) Cells imaged under phase-contrast light microscopy. (D) Cell
viability assayed by trypan blue exclusion. (E) Caspase 3/7 activity
compared with cells treated with 1 pM staurosporine (Str).
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between Met and integrin a6; this is in keeping with our previous
findings that loss of 06 does not induce significant cell death (Edick
et al., 2007) and loss of integrin a6 is not directly regulated by Met
(Figure 6B). Immunofluorescence staining and confocal microscopy
further showed colocalization of Met and integrin a3 at the basal
surface of cell—cell junctions (Figure 7B). We blocked proteasome-
mediated degradation with MG 132 or lactacystin or lysosomal deg-
radation with chloroquine. Inhibition of the lysosomal pathway, but
not the proteasome, prevented the loss of both Met and integrin o3
protein upon Met mRNA knockdown (Figure 7C). Together these
data indicate that Met and integrin a3 coexist in a complex at the
cell membrane and both are targeted for degradation via the lyso-
some when new Met protein expression is inhibited by siRNA.

We next determined which domain on Met is required for cell
survival and to maintain integrin a3 expression. First we tested
whether the truncated, intracellular, constitutively active Met mutant
Tpr-Met (Pomerleau et al., 2014) could rescue cell survival and inte-
grin a3 expression. Tpr-Met is not targeted by our siRNA, and its
expression in siMet-treated cells completely rescued cell death
(Supplemental Figure S2A), but it failed to rescue integrin a.3B1 ex-
pression (Supplemental Figure S2B). Constitutively active Tpr-Met
can activate Erk (Pomerleau et al., 2014), and since Erk is required
for PrEC survival (Edick et al., 2007), we assessed Erk activation in
the Tpr-Met-expressing cells. Tpr-Met was sufficient to rescue Erk
activity, induce Bcl-xL, and prevent caspase 3 cleavage (Supplemen-
tal Figure S2C). Thus Tpr-Met rescued cell death independently of
integrin a3B1 by up-regulating Erk signaling.

We next generated an siMet-resistant Met mutant in which most
of the cytoplasmic domain was deleted (ACT). The cytoplasmic de-
letion exposes the Y1003 Cbl E3-ligase binding site, which could
affect Met and/or integrin a3 turnover. Therefore we also gener-
ated a Y1003F ACT mutant. Expression of either WT or Y1003F ACT
Met was sufficient to rescue death induced by siMet (Figure 7D).
Integrin 03 expression was also restored by both mutants
(Figure 7E). Finally, we exposed siMet-treated cells to recombinant
Met extracellular domain protein, which partially rescued death in a
dose-dependent manner (Figure 7F). However, this ectodomain
was not sufficient to restore integrin a3 expression (unpublished
data). Thus both the extracellular and transmembrane domains of
Met are required to fully prevent cell death and restore integrin o3
expression.

DISCUSSION

In this study, we identified a new mechanism by which the receptor
tyrosine kinase Met promotes cell survival. Specifically, Met is re-
quired to maintain adequate levels of integrin 331 on the cell
surface to prevent activation of cell death pathways and maintain
autophagic flux (Figure 8). The ability of Met to support this survival
pathway is independent of its kinase activity but requires the extracel-
lular and transmembrane domains. Our previous studies demon-
strated that integrin a3 1-mediated adhesion to matrix activates
EGFR/Erk signaling to promote survival (Edick et al., 2007). Because
loss of Met interferes with integrin 331, the EGFR/Erk signaling
pathway is also disrupted. Thus we defined three distinct signaling
pathways downstream of Met/a3B1 that promote epithelial survival
on matrix: EGFR/Erk, Fas, and autophagy.

Our data demonstrate that Met has a function that extends
beyond its well-characterized role as a receptor tyrosine kinase.
Although this is the first description of a nonkinase function for cyto-
plasmic-truncated Met, it has been demonstrated that several ki-
nases have functions independent of their catalytic activity. Loss
of EGFR by siRNA, but not inhibition of its kinase activity, kills PC3

2497

Met-mediated survival via integrin a.3p1 |



siScr

A siMet

[ ] ren

---Erk

-P-EGFR

D E EGFR

B o 1407 wey
S 12.0 { mzVAD
5 10.0
<
~ 8.0 -
&
o 6.0 1
e
S 4.0
8 20
o
0.0 4
siScr siMet
C siScr siMet
- + - + zVAD
L2 N
- s v | -Met
“-—- - P-Erk
— J s | - Erk
D Scr Grw siMet Scr siMet
- - “ + + chiq
— — -— - Met
—
__-—: W . L C3I
—— | . | C3II
CTT T
p— - Tubulin

E GFP-LC3

siScr siMet
F 90 -
2 80 A
8 70 A
(4 60
= 50 -
S 40 1
o 30 -
9 20
R 10 1
0 -
siScr siMet
G Grw siScr siMet
- - + - + zVAD
A — - Met
I — . {-LC3I
- ‘—'& -LC3ll
S e e s g |- Tubulin
siScr siMet

Ctlt WT DN Ctl WT DN Met

s - | C3|
e a— -LC3lIl

- LAMP2

*I*T"T° . [

N w— w— w— w— | -Tubulin
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immunoblotting. (H) PrECs were infected with empty adenovirus vector (Ctl) or virus expressing
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Met, LC3I/1l, LAMP2, and tubulin were measured by immunoblotting.

tumor cells (Weihua et al., 2008). Other examples of molecules with
reported kinase-independent functions include FAK, Src, PAK,
EphB2, and ILK (Grunwald et al., 2001; Zervas et al., 2001; Higuchi
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et al., 2008; Garcia-Martinez et al., 2010;
Luo et al., 2013). In many of these cases, the
mechanism involves a scaffolding function
that brings several molecules together.
These studies further indicate that simply
targeting the catalytic activity of a kinase im-
plicated in disease may not be sufficient to
fully impede all of its functions.

Defining the exact nature of the Met and
integrin o3-interacting complex will require
further extensive characterization. The ex-
tracellular domain of the integrin a3 subunit
is known to bind directly to the tetraspanin
CD151 extracellular domain (Yauch et al,,
2000; Berditchevski et al., 2001). Several
studies suggest there are functional interac-
tions between tetraspanins and Met (Sridhar
and Miranti, 2006; Todeschini et al., 2007;
Klosek et al., 2009). CD151 overexpression
favors cell migration, and CD151 loss in
mice prevents wound healing in the skin, as
also seen in Met-null keratinocytes (Cowin
et al., 2006; Chmielowiec et al., 2007). One
study also linked CD151 with epithelial
branching in vitro (Klosek et al., 2009), a de-
fect seen in Met- and integrin a3-null kid-
neys (Kreidberg et al., 1996; Ishibe et al.,
2009). Thus tetraspanins could provide a
link between Met and integrin a3p1. How-
ever, loss of CD151 does not affect the ex-
pression of integrin a3B1 (Cowin et al.,
2006), indicating that other factors are likely
to be involved.

The idea that Met promotes cell survival
was nicely demonstrated in conditional Met-
null mice. Hepatocytes lacking Met rapidly
die from apoptosis after activating Fas re-
ceptor (Huh et al., 2004). Met and Fas are
known to interact with each other, and Met
suppresses Fas by blocking ligand binding
via a region on the extracellular domain of
Met (Zou et al., 2007). However, our data
indicate that loss of Met triggers death by
activating Fas through a loss of integrin
3B 1. We also find that the extracellular do-
main of Met is required. Thus the ability of
Met to suppress Fas-induced cell death is
likely mediated through a3p1.

Although the induction of anoikis is well
characterized with respect to the intrinsic
and extrinsic apoptosis pathways (Taddei
et al., 2012), our study reveals more details
about how integrins promote survival
through autophagy (Edick et al., 2007). Our
data demonstrate that the step in auto-
phagy that is targeted by Met/a.331 lies be-
tween LC3-Il processing, which is still intact
in Met/0.3-negative cells, and the assembly/
fusion of autophagosomes with lysosomes,

which is impaired. This is seen by the dramatic accumulation of LC3-
I but lack of subsequent degradation and the failure to form puncta,
that is, to assemble on autophagosomal membranes. Our study
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Met is required to maintain integrin 031 expression. PrECs transfected with scrambled (siScr) or Met
(siMet) siRNA in starvation medium and plated on endogenous laminin. (A) Surface levels of integrin a3 (ITGa.3), integrin
B4 (ITGB4), and integrin 06 (ITGob) measured by FACS 24 h after transfection and treatment with vehicle or 20 pM
zVAD. The fold increase in fluorescence intensity is relative to cells treated with scrambled siRNA. Error bars are SD;
n = 4. (B) Met, integrin a3 (ITGa.3), integrin 06 (ITGob), and tubulin measured by immunoblotting 72 h after transfection
and treatment with vehicle (-) or 20 pM zVAD (+). (C) Met, integrin 1 (ITGB1), integrin .3 (ITGa3), and GAPDH
assessed by immunoblotting. (D-F) PrECs infected with empty adenovirus vector (Ctl) or virus expressing human
siRNA-resistant WT or DN Met or human integrin a.3 (ITGa.3) 16 h before siRNA transfection. (D) Integrin a3 (ITGa.3),
activated Erk (P-Erk), and total Erk assessed by immunoblotting. (E) Met, integrin o3 (ITGa.3), and tubulin assessed by
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Erk (P-Erk), Bcl-xL, and tubulin were measured by immunoblotting.

highlights the importance of defining the involvement of specific
steps to fully determining how adhesion affects autophagy.

In summary, the receptor tyrosine kinase Met plays a functional
role in contributing to cell survival through maintenance of integrin
a3pB1. This is mediated independently of Met kinase activity but de-
pends on the Met extracellular and transmembrane domains. Integ-
rin a3B1 is required for matrix-adherent cells to survive starvation by
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activating autophagy and escape death due to activation of intrinsic
and extrinsic apoptosis pathways.

MATERIALS AND METHODS

Cell culture

Primary cultures of human PrECs derived from normal human pros-
tatic tissues were isolated and cultured as previously described
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FIGURE 7: Met extracellular domain is required for survival. (A) Integrin a3 or Met immunoprecipitated from
laminin-adherent PrECs and their association with Met, integrin a3, and integrin 0.6 assessed by immunoblotting.

(B) Localization of Met (green) and integrin a3 (red) assessed by immunostaining of PrECs and scanning confocal
fluorescence microscopy. Z, compiled z-stack from confocal scan. (C) PrECs transfected with Met (+) or scrambled ()
siRNA (siMet) and adherent to endogenous laminin in the absence (Ctl) or presence of 10 pM lactacystin, 5 uyM MG132,
or 20 pM chloroquine. Met and integrin 0.3 expression assessed by immunoblotting. (D, E) PrECs infected with empty
adenovirus vector (Ctl) or virus expressing human siRNA-resistant cytoplasmic deletion (ACT) Met with WT or a Y1003F
(YF) mutation and then transfected with Met (siMet, +) or scrambled (siScram, —) siRNA. (D) Cell viability assessed by
trypan blue exclusion. (E) Endogenous Met, integrin a3, ACT Met, and tubulin assessed by immunoblotting. (F) PrECs
transfected with Met (siMet) or scrambled (siScr) siRNA and adherent to laminin treated with IgG/BSA (0) or increasing
concentrations (nM) of recombinant extracellular Fc-Met protein (rEC-Met) in BSA. Cell viability was measured by trypan

blue exclusion. Error bars are SD; n = 4; p values are as indicated.

(Gmyrek et al., 2001). PrECs were maintained in Keratinocyte-SFM
medium (Invitrogen, Waltham, MA) supplemented with bovine pitu-
itary extract and EGF. All analyses were carried out in cells between
passages 3 and 5. Three different human isolates were used in these
studies. For all experiments, PrECs adherent to their endogenous
laminin-rich matrix were genetically manipulated in complete me-
dium, starved, and then replated in Keratinocyte-SFM medium with-
out supplements to allow readhesion to endogenous matrix. The
cells were analyzed 24-72 h later. For the rescue experiments, cells
were first infected with adenovirus expressing human siMet-resistant
Met or integrin o3 and then transfected 16 h later with siRNA. Cells
were assessed 48 h after transfection. Primary cultures of mouse
prostate epithelial cells were obtained from the prostates of Met!f
or Met" x Cre-ER™ male mice (Hayashi and McMahon, 2002;
Chmielowiec et al., 2007). Cells were isolated and cultured in Prosta-
Cult medium as described by the manufacturer (Stem Cell Technolo-
gies, Vancouver, Canada), except that the isolated cells were placed
on plates coated with10 pg/ml rat-tail collagen (BD Biosciences).
HUVEC cells were obtained from the American Type Culture Collec-
tion (ATCC; Manassas, VA) and cultured as recommended.

Antibodies

Immunoblotting. Polyclonal Met (C-28) antibody was purchased
from Santa Cruz Biotechnology (Dallas, TX) (cytoplasmic domain)
and monoclonal Met (4F8.2) from Millipore (Ontario, Canada)
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(extracellular domain). Anti—o-tubulin was purchased from Sigma-
Aldrich (St. Louis, MO), caspase 3, Bcl-xL, LC3, LAMP2, and
phospho-Erk1/2 (T202/Y204) antibodies were purchased from Cell
Signaling (Danvers, MA). The anti-phosphotyrosine monoclonal
antibody 4G10 was obtained from Millipore. EGFR (Ab12)
monoclonal antibody was purchased from NeoMarkers (Fremont,
CA). Monoclonal Erk1/2 antibodies were purchased from Becton-
Dickinson Transduction Labs (Franklin Lakes, NJ). Polyclonal goat
mouse-specific anti-Met antibody (AF527) was from R&D Systems
(Minneapolis, MN). Integrin a6 polyclonal antibody was provided by
Anne Cress (University of Arizona, Phoenix, AZ; Pawar et al., 2007).
Integrin 03 immunoblotting polyclonal antibody was provided by
Chris Stipp (University of lowa, lowa City, I1A).

Immunoprecipitation. EGFR monoclonal antibodies were purified
from hybridoma HB-8508 obtained from the ATCC. Met immuno-
precipitating monoclonal antibody, D1, was provided by the Van
Andel Institute Antibody Core. Immunoprecipitating o3 monoclonal
antibody, A3-X8, was provided by Chris Stipp (Winterwood et al.,
2006).

Fluorescence-activated cell sorting, blocking,

and immunostaining

Monoclonal a3 clone ASC-1 and B4 integrin clone ASC-3 were pur-
chased from Chemicon (Ontario, Canada), and rat polyclonal a6
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FIGURE 8: Model for Met and integrin 0.3-mediated survival. The
extracellular and transmembrane domain of Met (cyan), but not the
cytoplasmic tail (black), is required for cell survival on matrix via
regulation of a potential complex with integrin 331 and Fas.
Met-mediated maintenance of integrin a3p1 is required to suppress
ROS-mediated death through induction of EGFR/Erk signaling, inhibit
apoptosis by suppressing Fas, and promote autophagy-mediated
survival under growth factor starvation conditions.

clone GoH3 was purchased from BD PharMingen (San Jose, CA).
Polyclonal antibody to human Met was from R&D (AF276), and the
immunostaining integrin o3 (P1F2-1-1) antibody was a gift from Wil-
liam Carter (Fred Hutchinson Cancer Research Center, Seattle, WA;
Symington and Carter, 1995). Fas receptor blocking antibody ZB4
was purchased from Millipore. Anti-annexin V conjugated to Alexa
Fluor 568 came from Molecular Probes. Horseradish peroxidase—con-
jugated secondary antibodies for immunoblotting, rabbit anti-mouse
and goat anti-rabbit, were purchased from Santa Cruz Biotechnology.
Alexa Fluor 488 and 563 goat anti-rat, mouse anti-rabbit, and rabbit
anti-mouse were purchased from Molecular Probes. Control immu-
noglobulin Gs (IgGs; rat, mouse, rabbit) were purchased from Pierce.

Molecular constructs

Full-length human Met cDNA in pMOG was provided by George
Vande Woude (Van Andel Institute, Grand Rapids, MI). The Sall and
Ndel Met restriction fragment of the extracellular domain was sub-
cloned into pET-Duetl and used to generate the siMet-resistant WT
Met by site-directed mutagenesis of three base pairs within the si-
Met target sequence (siMet1251) targeted to the extracellular do-
main using the Stratagene Mutagenesis Kit. The primer sequence
was 5-AGATTCTGCCGAACCAATGGACCGGTCCGCCATGTGTG
CATTCCC-3". The full mutagenized fragment was sequenced to
verify fidelity. The Met Sall and Ndel fragment was then subcloned
back into full-length pMOG Met, and then full-length Met was sub-
cloned into pShuttle-CMV (Stratagene) via Xhol and Hindlll to gen-
erate pShuttle-CMV/mut3huMet.

KD siMet-resistant Met cDNA was generated by cutting out the
1.4-kb Spel/Hindlll fragment of pMOG/huMet and subcloned into
BlueScript to generate KD Met K1110M (Furge et al., 2001) by site-
directed mutagenesis using the Stratagene Mutagenesis Kit. The
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primer sequence was 5-AAATTCACTGTGCTGTGATGTCCTT-
GAACAGAATCACTGA-3'. The Spel/Hindlll mutated fragment was
then subcloned into pShuttle-CMV/mut3huMet to generate
pShuttle-CMV/DNmut3huMet. Human pMB23-Tpr-Met was pro-
vided by George Vande Woude (Gonzatti-Haces et al., 1988). Tpr-
Met was subcloned into pcDNA3.1 using EcoRI. Tpr-Met was subse-
quently subcloned into pShuttle-CMV via Kpnl and Xhol to gener-
ate pShuttle-CMV/Tpr-Met. To generate the cytoplasmic truncation
mutant ACT, mut3huMet (siRNA-resistant) was PCR cloned to in-
clude amino acids Met1-Arg1022 and ligated into pENTR3C at
Kpnl and Xhol. PCR cloning primer sequences were as follows: for-
ward, 5-AATGGTACCCACCGAAAGATAAACCTCTC; and reverse,
5-AAACTCGAGTGTCGGCATGAACCGTTC. After sequence verifi-
cation, it was recombined into pAD-CMV-V5-DEST. Mutagenesis of
Y1003 to F1003 (YF) of pENTR3C-ACT-Met was done using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA) and primer 5-GAATCTGTAGACTTCCGAGCTACTTTTCC-3".
The sequence-verified clone was recombined into pAD-CMV-V5-
DEST. Human integrin (ITG) a:3 was PCR cloned out of pZeo-ITGo.3
(a gift of M. DiPersio, Albany Medical College, Albany, NY) and li-
gated into Kpnl and Notl sites of Gateway pENTR3C (Life Technolo-
gies, Waltham, MA). Then pENTR3C-ITGo.3 was recombined into
Gateway pAd-CMV-V5-DEST (Life Technologies). PCR primer se-
quences were as follows: forward, 5-TATGGTACCACGCGCTCTC-
GCC-3’; and reverse, 5-AAAGCGGCCGCAAAGAAGTCACACC-3".
Met shRNA U6-pShuttle-GFP was generated by subcloning hybrid-
ized DNA oligomers containing specific shRNA sequences with Sall
and Bglll restriction sites. shRNA oligo sequences were as follows:
shRNA1, 5-TCGACCAATGGATCGATCTGCCAGAGTACTGTGGC-
AGATCGATCCATTGGTT TTTT-3"; shRNA2, 5-TCGATGTGTCGC-
TCCGTATCCTTGAGTACTGAAGGATACGGAGCGACA-
CATTTTTT-3; and scrambled sequence, 5-TCGAACTACCGTTGT-
TATAGGTGGAGTACTGCACCTATAACAACGGTAGTTTTTTT-3".
pShuttle constructs containing LC3-GFP (Edick et al., 2007), GFP-
Cre (courtesy of George Vande Woude), Met, or shRNAs were used
to generate pAd-Easy (Stratagene) adenoviral recombinants in
BJ5183-AD1 bacteria.

Adenovirus

HEK293 cells were transfected with 5 pg of linearized adenoviral
recombinant DNA constructs using Lipofectamine 2000. As soon as
cytopathic effects appeared at 3-5 d, cells were harvested and lysed
by freeze-thawing and adenoviruses purified and titered in PrECs
using a kit from Clontech. PrECs were routinely infected at a multi-
plicity of infection (MOI) of 1-2 for cDNAs and 2-5 for shRNAs. For
viral constructs independently expressing GFP, immunofluores-
cence imaging indicated that the MOI was sufficient to generate an
infection rate of >95%. Immunoblotting verified that the MOI was
sufficient to knock down Met expression by 85-90%.

siRNA

Several Met-specific siRNAs—siMet1251 (human specific), siMet4268
(cross species), and two 3 untranslated region (siMet3’-1,2)—as well
as a scrambled siRNA, were ordered from Integrated DNA Technolo-
gies (Coralville, 1A) and annealed to generate double-stranded
siRNAs. An additional Met-targeted siRNA, siMet565, was tested,
but it failed to block Met expression and was used as a second con-
trol siRNA (shMetMut). siRNA sequences were as follows: siMet1251,
5-AACCAATGGATCGATCTGCCA-3"; siMet4268, 5-AATGTGT-
CGCTCCGTATCCTT-3"; siMet565 (shMetMut), 5-AAGGACCG-
GTTCATCAACTTC-3’; siMet3’-1, 5-CTACCAGGGTTCAAGAGCAT-
GAACGC-3, siMet3’-2, 5’- CACCCATTAGGTAAACATTCCCUTT-3;
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and scrambled, 5-ACTACCGTTGTTATAGGTG-3". siRNAs between 5
and 30 nM were introduced into PrECs using SiLentfect lipid from
Bio-Rad (Hercules, CA), and the lowest concentration of siRNA giving
the most effective knockdown was subsequently used. Control stud-
ies using fluorescently labeled control siRNAs indicated >90% trans-
fection efficiency in PrECs.

Inhibitors

PrECs adherent to endogenous laminin matrix and starved for 24 h
were treated with 1 pM staurosporine (Promega, Madison, WI),
10-20 pM SU11274 (Calbiochem, Ontario, Canada), or 0.1-1 pM
PHA665752 (provided by James Christensen, Pfizer, La Jolla, CA).
Cells were incubated for 24-72 h. The working concentration of
the Met pharmacological inhibitors was determined by titrating to
the minimum inhibitor concentration that effectively blocked tyro-
sine phosphorylation of Met for 72 h. Caspase 3/7 inhibitor, zVAD-
FMK, was purchased from Promega and caspase 8 inhibitor, zZIETD-
fmk, from Sigma-Aldrich. Both were used at 20 uM and added 16 h
after siRNA transfection. Lactacystin, MG132, and chloroquine
were purchased from Sigma-Aldrich.

Peptide rescue

Human recombinant Met, consisting of the cleaved and cytsteine-
bonded o- and B-chains of the Met extracellular domain fused to Fc
(rEC-Met), was purchased from R&D Systems and reconstituted in
bovine serum albumin (BSA) as directed. At 16 h after siRNA Met
transfection, cells were treated with IgG/BSA or concentrations of
peptide from 0.01 to 0.1 nM.

Metf mice

Met"* mice (Chmielowiec et al., 2007) and Cre-ER™ mice (Hayashi
and McMahon, 2002) were obtained from the Van Andel Research
Institute Mouse Repository and bred to generate Met" or Cre-
ER™/Met" mice. Prostate epithelial cells were isolated from 6- to
10-wk-old adult male mice as described. After 1 d in culture, cells
were either infected with Cre adenovirus (Met™) or treated with
1.5 pM tamoxifen (Cre-ER™/Met™) to induce loss of Met expres-
sion. Cell viability and biochemical analyses were conducted 24 h
later. Institutional Animal Care and Use Committee protocol ap-
proval was obtained for these studies in compliance with all relevant
federal guidelines and institutional policies.

Cell viability assays

Trypan blue exclusion. Cell viability was measured 48-72 h
posttransfection with siRNAs. Cells were trypsinized and counted
after exposure to trypan blue. Cells not taking up the dye were
considered to be viable.

ATP levels. Cell viability was assayed using the CellTiter-Glo
Luminescent Assay kit (Promega) following the manufacturer's
protocol. This assay determines cell viability based on quantification
of intracellular ATP levels. Approximately 10,000 cells/well were
allowed to adhere to endogenous laminin matrix in BSA-coated 96-
well plates. CellTiter-Glo reagent was added 24-72 h after inhibitor
or siRNA or shRNA treatment and incubated for 1 h at room
temperature in the dark. Relative light intensity was measured in
each well using a Fluoroskan Assent FL fluorometer and software
(Labsystems).

Annexin V
Annexin V was measured using a kit obtained from Molecular Probes
(Invitrogen). Cells were resuspended in annexin binding buffer
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(10 mM  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 140
mM NaCl, 2.5 mM CaCly, pH 7.4) containing Alexa Fluor 568—con-
jugated annexin V and incubated in the dark for 15 min. Samples
were put on ice and immediately analyzed. The extent of staining
was monitored by fluorescence-activated cell sorting (FACS) using a
FACSCalibur (Becton-Dickinson) and CellQuest acquisition and
analysis software (Becton-Dickinson) immediately after staining. On
several occasions, annexin V staining was also monitored in adher-
ent cells using a Nikon Eclipse TE300 fluorescence microscope and
quantified using Openlab image analysis software (ImproVision).

Caspase activity

The CaspaseGlo 3/7 kit (Promega) was used to measure caspase 3
and 7 activities following the manufacturer’s protocol. Approxi-
mately 10,000 cells/well were allowed to adhere to endogenous
laminin in BSA-coated 96-well plates. CaspaseGlo reagent was
added 24-72 h after inhibitor or siRNA or shRNA treatment and in-
cubated for 1 h at room temperature in the dark. Relative light inten-
sity was measured in each well using a Fluoroskan Assent FL fluo-
rometer and software (Labsystems, Waltham, MA). In addition, total
caspase 3 levels were monitored by immunoblotting, with decreased
levels of caspase 3 being associated with increased cell death.

Immunoprecipitation and immunoblotting

For protein analyses of whole-cell lysates, cells were lysed in RIPA
(10 mM Tris, pH 7.2, 158 mM NaCl, 1 mM EDTA, 0.1% SDS,
1% NaDOC, 1% Triton X-100, T mM NazVO,;, 1 mM phenyl-
methylsulfonyl fluoride [PMSF], 100 U/ml aprotinin, 10 pg/ml pep-
statin, and 10 pg/ml leupeptin) and protein concentrations deter-
mined by bicinchoninicacid assay (Pierce). For coimmunoprecipitation
studies, cells were lysed in Triton X-100 buffer (50 mM Tris, pH 7.5,
100 mM NaCl, 0.5 mM EDTA, 1% Triton X-100, 50 mM NaF, 50 mM
B-glycerophosphate, 5 mM sodium pyrophosphate, 1 mM NazVOy,
1 mM PMSF, 100 U/ml aprotinin, 10 pg/ml pepstatin, and 10 pg/ml
leupeptin). Immunoprecipitation and immunoblotting conditions
were carried out as previously described (Edick et al., 2007). Chemi-
luminescence signal was captured by a charge-coupled device
(CCD) camera in a Bio-Rad Chemi-Doc Imaging System. Where nec-
essary, blots were stripped and reprobed for total levels of protein in
the immunoprecipitates or cell lysates.

Autophagy assays

LC3-GFP. PrECs were infected at MOI of 1-2 with adenoviruses
expressing LC3-GFP (Edick et al., 2007). Twenty-four hours later, cells
were growth factor—deprived and transfected with Met or scrambled
siRNA. Localization of GFP-LC3 was monitored by a standard
fluorescence microscopy at 24 and 48 h posttransfection using a
Nikon Eclipse TE300 fluorescence microscope and Openlab image
analysis software (ImproVision, Waltham, MA). For quantification,
cells displaying at least 10 punctate spots were scored as positive for
LC3Il staining.

LC3 Immunoblotting. Expression of endogenous LC3 was mea-
sured by immunoblotting. PrECs were transfected with Met or scram-
bled siRNA, starved, and plated on endogenous laminin for 48 h and
then treated with dimethyl sulfoxide (DMSQO) or 4 pM chloroquine
several hours before lysis to inhibit lysosomal function. Levels of LC3-
| and LC3-Il and LAMP2 were monitored by immunoblotting.

FACS

Cell surface expression of a3B1 or 06B4 integrin was measured by
FACS. Cells were treated with dissociation buffer and then lightly
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trypsinized. Cells were stained with corresponding primary anti-
body anti-ITGa3, ITGB4, or ITGab for 1 h at 4°C. After several
washes, Alexa Fluor—labeled secondary antibodies were applied
and incubated for 1 h at 4°C. Samples were put on ice and immedi-
ately analyzed. The extent of staining was monitored using a FACS-
Calibur and CellQuest acquisition and analysis software.

Immunofluorescence staining

Starved PrECs were placed in eight-chamber slides (LabTek) at a
density of 1 x 10* cells/chamber and allowed to adhere to endoge-
nous LM5 matrix for 72 h. Cells were fixed with 4% formaldehyde for
20 min at room temperature. Slides were washed three times with
Dulbecco’s phosphate-buffered saline (PBS) and then washed times
with 100 mM glycine in PBS for 5-10 min per wash. Slides were
blocked with 5% BSA in PBS for 2 h at room temperature. Slides
were first incubated for 20 h at 4°C with goat anti-Met AF527 anti-
body (R&D Systems) diluted 1:75 in 5% BSA/PBS and then washed.
All washes were done three times for 5-10 min per wash using PBS
containing 0.1% BSA and 0.05% Tween 20. Slides were further incu-
bated with mouse anti-ITGa3 antibody (PIF2) diluted 1:10 in 5%
BSA/PBS for 20 h and then washed. Mouse secondary Alexa Fluor
546 and goat secondary Alexa Fluor 488 (Invitrogen), each diluted
1:500 in 5% BSA/PBS, were added for 1 h at room temperature, and
then slides were again washed. Nuclei were stained with Hoechst
33258 (Sigma-Aldrich) at 1.25 pg/ml in 5% BSA/PBS for 10 min at
room temperature. Finally, slides were washed three times in BSA/
Tween 20/PBS and then three times with water and then mounted
with aqueous gel mounting medium (Biomedia, St. Louis, MO).
Images were acquired either by epifluorescence with a Nikon
Eclipse TE300 microscope and Hamamatsu CCD video camera us-
ing Openlab Imaging software (ImproVision) or by confocal micros-
copy using sequential detection on an Olympus FluoView 1000 LSM
using FluoView software, version 5.0.
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