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The growth factor/receptor pair HGF/c-Met exerts control
on proliferation, morphogenesis and motility, and through
overexpression and mutation is implicated in cancer. Here
we have investigated the relationship between receptor
signalling and traffic, and its control by specific PKC
isotypes. It is shown that c-Met signalling to the ERK
cascade occurs within endosomal compartments and that
it is in this compartment that PKCs specifically exerts its
control on the pathway with the consequent accumulation
of ERK in focal complexes. These events are clearly sepa-
rated from the subsequent microtubule-dependent sorting
of c-Met to its perinuclear destination, which is shown to
be under the control of PKCa. Thus while it is shown that
traffic to endosomes is essential for HGF/c-Met to trigger
an ERK response, the subsequent traffic and signalling of
c-Met controlled by these two PKC isotypes are uncon-
nected events. The dynamic properties conferred by the
PKCe control are shown to be essential for a normal HGF-
dependent migratory response. Thus PKCs are shown to
control both receptor traffic and signal traffic to relay HGF/
c-Met responses.
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Introduction

Growth factor receptors play major regulatory roles in normal
cellular processes and their deregulation can have profound
effects. Overexpression of c-Met, the receptor for hepatocyte
growth factor (HGF), has been observed in a large number of
human tumours, correlating closely with metastatic tendency
and poor prognosis (Di Renzo et al, 1995; Ghoussoub et al,
1998; Tsarfaty et al, 1999). Furthermore, germline missense
mutations of c-Met, which lead to increased tyrosine kinase
activity, have been reported in childhood hepatocellular
carcinoma (Park et al, 1999). A molecular understanding of
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how this receptor is switched on and off will provide the basis
for developing rational interventions in such situations.

HGF is a mesenchymal-derived cytokine, which controls a
wide spectrum of biological events including proliferation,
scattering, invasion, branching morphogenesis, transforma-
tion and angiogenesis on various epithelial target cells. It is
thus a mitogenic, motogenic and morphogenic factor. HGF
receptor, c-Met, encoded by the c-met proto-oncogene is a
disulphide-linked o/p heterodimer. The B-chain pl45met is
composed of an extracellular domain, which binds the ligand,
a transmembrane domain and an intracellular domain in-
cluding a tyrosine kinase domain and a multifunctional
docking site. The binding of HGF to c-Met triggers phosphor-
ylation of two tyrosine residues (Y1234 and Y1235) in the
kinase domain and consequently the phosphorylation of two
other tyrosine residues (Y1349 and Y 1356) in the docking
site. Several signalling molecules are then directly recruited
(and activated) to the docking site including PI3Kinase, src.
The recruitment of the adaptors Grb-2 and Gab-1 brings a
number of further effectors to the docking site including Ras,
PLC-y, Shc, SHP2, CRKL and PI3Kinase (reviewed in Zhang
and Vande Woude, 2003). The PI3Kinase and Ras/MAPK
cascades are two major pathways required for HGF-induced
invasion and branching morphogenesis.

Although ligand-induced endocytosis was originally
thought to be a mechanism of receptor inactivation, recent
studies suggest that receptors remain active within endo-
somes (Daaka et al, 1998; Burke et al, 2001) and that
signalling can occur from endosomes (McPherson et al,
2001; Jiang and Sorkin, 2002). Moreover, certain signalling
events, such as the activation of ERK, appear to require
endocytosis (Vieira et al, 1996; Ceresa et al, 1998; Roy et al,
2002). In view of the critical role played by c-Met in cancer, it
is important to know how its internalisation and trafficking
are regulated and how these are related to signal output. The
internalisation of several membrane receptors is activated by
PKC, including the y-aminobutyric type A receptor and the
sst2A somatostatin receptor (Chapell et al, 1998; Hipkin et al,
2000). By contrast, we showed recently that PKC does not
influence c-Met internalisation but positively controls c-Met
traffic along microtubules towards a perinuclear compart-
ment (Kermorgant et al, 2003). Prior evidence indicates that
PKC plays a negative role in controlling c-Met function
(Sipeki et al, 2000); however, it is not known how this relates
to the traffic of c-Met.

In this study we show that in HeLa cells, two distinct PKC
isotypes control post-early endosomal c-Met traffic and en-
dosomal c-Met signalling to MAPK pathways. PKCo posi-
tively regulates c-Met traffic from endosomes to a perinuclear
compartment and this operates independently of c-Met sig-
nalling to MAPK. In a distinct pathway, the c-Met control of
ERK is found to be controlled in endosomes by the action
of PKCe. This input serves to control both the level of the
sustained ERK response and its subcellular localisation,
with consequent effects on migratory responses. The data
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thus define dual pathways impinging on c-Met responses,
controlling localisation of the receptor and the strength and
location of signal output.

Results

PKC inhibition sustains dynamic c-Met-dependent
activation of ERK1/2 via MEK1

It was reported previously that broad inhibition of PKC with
bisindolylmaleimide 1 (BIM-I) in HepG2 cells leads to a more
sustained ERK activation in response to HGF (Sipeki et al,

2000). This behaviour was confirmed here in HeLa cells with
both an enhanced acute response and a higher sustained
ERK1/2 phosphorylation following HGF treatment in the
presence of BIM-I (Figure 1A). For example, after 120 min
of HGF stimulation, ERK2 phosphorylation was increased
21.8-fold in the presence of BIM-I as compared to 3.4-fold
with HGF alone. This was not due to an aberrant PKC-ERK
pathway, since as in other cell types, direct activation of PKCs
by phorbol 12-myristate 13-acetate (TPA) stimulates ERK1/2
phosphorylation and this response is inhibited by BIM-I
(Figure 1A).
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Figure 1 BIM-I sustains dynamic activation of ERK1/2. (A-E) Representative P-ERK1/2 and a-tubulin Western blots. (A) HeLa cells were
stimulated with HGF in the absence (control) or presence of BIM-I (1 uM) or TPA (400 nM) or BIM-I plus TPA. Densitometric results are in
arbitrary units. (B, C) Cells were stimulated with HGF in the absence (control) or presence of U0126 (10 uM) added 20 min before HGF. In (C)
only, after 15 min of HGF exposure, the cells were washed, some fresh medium was replaced and cells were harvested at the indicated time. The
last lane, ‘20*’, is a control: cells pretreated with U0126 were harvested after 20 min of HGF treatment without washing. (D) Cells pretreated or
not (control) for 20 min with BIM-I (1 uM) were treated with HGF. After 110 min, U0126 was added. Cells were harvested 5 or 10 min later (at
115 or 120min). (E) Cells were pretreated or not (control) with concanavalin A (ConA) (250 pg/ml) before HGF stimulation. (F) Cells
cotransfected with GFP-ERK2 and dynamin WT or dominant-negative (K44A) were stimulated with HGF for 0 or 120 min. Representative P-ERK
and GFP Western blots are shown. (G) Cells transfected with an RNAi specific to clathrin heavy chain (HCC) were stimulated with HGF for 0 or
120 min. Representative HCC, a-tubulin and P-ERK Western blots are shown. (F, G) Densitometric results are in arbitrary units.
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Inhibition of MEK activity with the drug UO126 was
sufficient to block HGF-induced ERK1/2 phosphorylation
after 15 min (data not shown) and after 120 min (Figure 1B).
To assess the dynamics of this HGF signal and its BIM-I
sensitivity, cells were pulsed with HGF (15min) in the pre-
sence or absence of UO126 followed by wash-out of HGF and
the inhibitor (at 15min) (Figure 1C). In control cells, HGF-
induced ERK1/2 phosphorylation attenuated over the follow-
ing 1-2h. The MEK inhibitor UO126 does not inhibit c-Met
internalisation and on removal of U0126, post-HGF-induced
internalisation, ERK1/2 activation still occurs, that is, via the
internalised c-Met compartment. To ensure the effectiveness
of HGF wash-out, the medium in contact with cells after
wash-out was transferred to fresh cells and no c-Met inter-
nalisation was observed in these cells, indicative of effective
HGF removal. Similarly by immunostaining for HGF, no
extracellular matrix-associated HGF was observed following
the pulsed treatment (data not shown). Therefore, the pattern
of ERK1/2 phosphorylation in response to pulsed HGF was
not due to residual HGF continuing to signal from the cell
surface. This indicates that HGF/c-Met retains the capacity to
signal to MEK1/ERK following endocytosis; this is effectively
complete within 15min of HGF treatment (see Kermorgant
et al, 2003).

To determine whether ongoing phosphorylation of ERK1/2
was maintained during the late, sustained phase of c-Met-
induced phosphorylation, U0126 was added 110 min post-
HGF. As shown in Figure 1D, this delayed addition of UO126
was sufficient to lead to the complete dephosphorylation of
ERK1/2 within 5min. This indicates that maintenance of the
active upstream kinase MEK is essential for maintaining
sustained ERK1/2 phosphorylation. Furthermore, inhibition
of PKC with BIM-I had no effect on this rapid UO126-induced
ERK1/2 dephosphorylation, indicating that the dominant
influence of BIM-I is on the upstream c-Met/MEK pathway
rather than through inactivation of ERK1/2 phosphatase(s).

The evidence above indicates that HGF can induce ERK1/2
phosphorylation within an endosomal compartment. To as-
sess the requirement for endocytosis to trigger this response,
the inhibitor concanavalin A was employed. Blocking endo-
cytosis with this inhibitor (see Supplementary Figure 2D)
completely blocked HGF-dependent ERK1/2 phosphorylation
(Figure 1E), suggestive of a requirement for endocytosis and
entirely consistent with the data above. Consistent with this,
expression in HeLa cells of the K44A dominant-negative form
of dynamin with GFP-ERK2 significantly reduced the phos-
phorylation of coexpressed GFP-ERK2 by 2.6-fold (P<0.02)
compared to cells coexpressing wild-type (WT) dynamin
(Figure 1F). Furthermore, knocking down the heavy chain
of clathrin with a specific RNAi reduced HGF-induced en-
dogenous ERK2 phosphorylation by 2.4-fold compared to an
RNAI control (Figure 1G).

The phosphorylation of ERK1/2 by HGF correlated with
phosphorylation of MEK1 with little change in the constitu-
tive basal MEK2 phosphorylation. This link was also reflected
in the BIM-I response, since PKC inhibition was found to
enhance selectively the acute HGF-induced phosphorylation
of MEK1 but not MEK2 (Supplementary Figure 1A).
Consistent with the requirement for endocytosis defined
above, no HGF-induced MEK1 phosphorylation is detected
in cells pretreated with concanavalin A (Supplementary
Figure 1B).
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PKC inhibition alters HGF-induced ERK localisation

at focal complexes

We observed by immunofluorescence that HGF stimulated
ERK1/2 or phospho-ERK1/2 accumulation at plasma mem-
brane structures. The colocalisation with actin (Figure 2Af),
vinculin (Figure 2Bf) and paxillin (data not shown) indicated
that this ERK localisation corresponded to focal complexes.
As previously shown, BIM-I blocks the perinuclear accumu-
lation of c-Met after 120 min of HGF stimulation, leading to a
sustained endosomal localisation (Kermorgant et al, 2003)
(Figure 2Ag and k). BIM-I also strongly reduced the c-Met-
dependent ERK localisation at focal complexes (Figure 2Ai,
j and Bk, 1), maintaining ERK in the cytoplasm where it
partially colocalises with endosomal c-Met (Figure 2Al).
These data suggest that BIM-I sustains c-Met-dependent
ERK activation by maintaining the ERK cascade in proximity
to c-Met and upstream activators in the endosome.

PKC inhibition has selective effects on c-Met signals

To investigate if BIM-I action was specific to c-Met-ERK
signalling or whether it could influence other c-Met signals,
we investigated the effects of BIM-I on other downstream
signals of c-Met. BIM-I was found not to increase c-Met-
dependent STAT-3 phosphorylation (Figure 3A); however, it
did enhance and sustain the phosphorylation of the MAPK
family protein JNK. For example, following 120 min of HGF
treatment, JNK phosphorylation was increased six-fold in the
presence of BIM-I as compared to 1.8-fold without BIM-I
(Figure 3B). c-Met internalisation seems to be required for
c-Met-dependent JNK activation as treatment of cells with
concanavalin A inhibited c-Met-dependent JNK phosphoryla-
tion (Figure 3C). Interestingly, MEK inhibition by U0126 also
blocked c-Met-dependent JNK phosphorylation, indicating
that HGF activates JNK through a MEK-ERK pathway
(Figure 3D). In parallel to the JNK response, BIM-I also
sustained the c-Met-dependent phosphorylation of the JNK
downstream effector c-Jun. The activation of c-Jun by HGF
was transient, and reached a peak at 15min of stimulation
(data not shown) and was back close to the basal level at
120 min. The number of phospho-c-Jun-positive cells at
120 min of HGF stimulation increased from 13.6 to 62.3%
in the presence of BIM-I (Figure 3E).

PKC inhibition sustains signalling of internalised
c-Met independently of trans-cytosolic traffic

By the use of the PKC inhibitor BIM-1, the PKC activator TPA
and the microtubule-disrupting agent vinblastine, we showed
previously that PKC positively controls the trans-cytosolic
movement of c-Met along microtubules from an early endoso-
mal compartment to a perinuclear compartment (Kermorgant
et al, 2003). These BIM-I and vinblastine effects are visible
here where after 120 min of HGF stimulation, c-Met vesicles
are dispersed in the cell instead of accumulating around the
nucleus (Figure 4A (top panels), see also Figure 2, and see
Supplementary Figure 2A and B (left panels) for a detailed
analysis).

To investigate the basis of the sustained signal output from
c-Met and its response to PKC inhibition, HGF-induced
tyrosine phosphorylation in parallel to the endocytosis/traffic
of c-Met was monitored, employing immunofluorescence
with the antiphosphotyrosine antibody 4G10, frequently
used to analyse the tyrosine phosphorylation of c-Met

The EMBO Journal VOL 23 | NO 19| 2004 3723



PKC control of c-Met traffic and signalling
S Kermorgant et al

A
HGF (min)

120

Control
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Figure 2 BIM-I inhibits c-Met-dependent ERK translocation to focal complexes. Representative confocal images for (A) pan ERK (red),
phalloidin (blue) and c-Met (green), and (B) vinculin (green) and P-ERK (red). The arrows show examples of colocalisation. Bar, 20 pm. HeLa

cells were stimulated for 0 or 120 min with HGF alone or with BIM-I.

and/or of c-Met downstream effectors. Within 5 min of treat-
ment, HGF induced the accumulation of phosphotyrosine in
cytoplasmic vesicles, which overlapped with endocytosed c-
Met (Supplementary Figure 2Ad-f). Both the abundance of
cytoplasmic phosphotyrosine and its coincidence with the
increasingly perinuclear c-Met were diminished at 30 and
120 min post-HGF treatment (Supplementary Figure 2Ag-1).
By contrast, cells pretreated with BIM-I showed sustained

3724 The EMBO Journal VOL 23 | NO 19 | 2004

vesicular phosphotyrosine (Figure 4 (left middle panel) and
Supplementary Figure 2Ah, k and 2Bb, e), which substan-
tially overlapped with the maintained vesicular c-Met
(Figure 4 (left bottom panel) and Supplementary Figure
2Bc, f). In the presence of concanavalin A, which blocks c-
Met internalisation (Supplementary Figure 2C), 15min of
HGF stimulation did not induce the accumulation of phos-
photyrosine in cytoplasmic vesicles.
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Pretreatment with BIM-I and concanavalin A neither in-
duced cytoplasmic phosphotyrosine nor modified the phospho-
tyrosine detected at the plasma membrane (Supplementary
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Figure 2Ch). Similarly, BIM-I did not induce ERK1/2 phospho-
rylation on cells pretreated with concanavalin A and stimulated
with HGF (data not shown). Thus the effects of BIM-I are
restricted to signals from the endocytosed c-Met. When the
heavy chain of clathrin was knocked down by transient
transfection with a specific RNAi oligonucleotide, HGF was
still able to stimulate the phosphorylation of the kinase domain
of c-Met (Supplementary Figure 2D). Nevertheless, the phos-
phorylation was two-fold less at 15 min and four-fold less at
120min as compared to cells transfected with an RNAI
control. These results suggest that c-Met internalisation con-
tributes to the maintenance of its full activation and to
sustained ERK phosphorylation.

The sustained signalling to MEK1-ERK1/2 and JNK-c-Jun
through c-Met suggests that PKC might control this response
by controlling c-Met traffic as opposed to effector uncoupling
per se. PKC could effectively attenuate c-Met signalling by
promoting its exit from endosomal compartments to further
compartments where its activity would be reduced. To moni-
tor the relationship between the effects on traffic and those
on signalling and to relate these to ERK1/2 phosphorylation,
the effects of BIM-I and vinblastine on c-Met/phosphotyro-
sine were compared. In opposition to BIM-I, vinblastine
caused only the accumulation of c-Met-positive, 4G10-nega-
tive vesicles. The quantitation of c-Met (green) and 4G10
(red) colocalisation in the presence of BIM-I or vinblastine
indicates that the difference is highly significant (P<0.0001;
Figure 4A). In keeping with this dissociation of traffic and
signal attenuation, vinblastine had no effect on HGF-induced
ERK1/2 phosphorylation (Figure 4B). Furthermore, BIM-I still
increased HGF-induced ERK phosphorylation even in the
presence of vinblastine (Figure 4C). These results indicate
that blocking c-Met traffic between the early endosome and
the perinuclear compartment is not sufficient to modify its
signalling. A dissociation must exist between the PKC influ-
ence on trans-cytosolic traffic of c-Met and its effect on
signalling to the ERK1/2 pathway, which must therefore be
independent.

PKCa and PKCe control traffic of c-Met

at two different steps

The dissociation of these two BIM-I-sensitive properties
(traffic and signalling) suggested that distinct PKC species
might be involved. They could belong to either the classical
and/or the novel class of PKC since BIM-I can inhibit their

Figure 3 BIM-I does not modify STAT3 phosphorylation but sus-
tains dynamic activation of JNK and c-Jun. (A) Representative P-
STAT3 (PY705), a-tubulin and P-ERK1/2 Western blots from cells
stimulated for 0 or 120min with HGF alone or with BIM-I.
Densitometric results are in fold increase. (B-D) Representative P-
JNK and a-tubulin Western blots. (B) HeLa cells were stimulated
with HGF in the absence (control) or presence of BIM-I (1 uM). The
densitometric results are in arbitrary units. (C, D) Cells were
pretreated or not (control) with concanavalin A (ConA) (250 pg/
ml) (C) or U0126 (10uM) (D) before HGF stimulation. (E)
Representative Western blot and confocal medial sections for P-c-
Jun. Bar, 20pum. HeLa cells were UV treated (100pJ) (positive
control) or stimulated with HGF alone (control) or in the presence
of BIM-I (1 uM). For each experiment, the ratio of P-c-Jun-positive
nuclei was counted in 10 random fields of 10 cells (*P<0.05). The
graph is in arbitrary units and is the mean of three independent
experiments.
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Figure 4 BIM-I sustains endocytic signalling from c-Met indepen-
dent of trans-cytosolic traffic. (A, B) HeLa cells were stimulated by
HGF in the presence of BIM-I (1 uM) or vinblastine (1uM). (A)
Representative confocal projections of five Z-sections for c-Met
(green) and 4G10 (white or red). Bar, 20 pm. The numbers represent
the statistical analysis of the colocalisation between c-Met and
4G10; *P<0.0001 (see Materials and methods). (B, C) Represen-
tative P-ERK1/2 and a-tubulin Western blots. Densitometric results
are in arbitrary units (*P<0.01). Cells were stimulated by HGF in
the presence or not (control) of BIM-1 (1 uM) or vinblastine (1 uM)
alone or vinblastine and BIM-I (1 uM).

activities. We therefore aimed to identify first which PKC
controls c-Met traffic. We determined that HeLa cells express
the PKCu, € and 6 isotypes (see Figure 6A) and observed by
immunofluorescence that PKCa and PKCg partially colocalise
with endosomal c-Met (see Supplementary Figure 3 for
PKCe). As shown previously (Kermorgant et al, 2003), HGF
treatment of HeLa cells induces acute endocytosis and a
delayed perinuclear accumulation of c-Met (Figure 5A, left
panels). We show here that, like BIM-I, another PKC inhibi-
tor, G66976, selective for classical PKC isotypes o and Bl
(Martiny-Baron et al, 1993), has no effect on the acute HGF-
induced endocytosis of c-Met, but blocks the traffic of c-Met
to the perinuclear compartment (Figure 5A, right-hand pa-
nels). The quantitation of this effect, as indicated in Materials
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and methods and as previously described (Kermorgant et al,
2003), showed that it is significant (see Table I). Although a
classical PKC appears to control c-Met traffic, it could not
attenuate c-Met signalling responses through controlling c-
Met degradation, because G66976 does not affect HGF-in-
duced c-Met degradation (Figure 5B). Some colocalisation
was detected between vesicular c-Met and transfected WT
GFP-PKCa (data not shown).

We previously showed that the perinuclear accumulation
of c-Met is promoted by either a short TPA pretreatment in
combination with an acute (15min) HGF stimulation or a
long-term (120-240 min) HGF stimulation alone (Kermorgant
et al, 2003). However, cells transfected with a kinase-inactive
GFP-cPKCo (GFP-PKCo KD) failed to display either acute
TPA + HGF- (Figure 5Ca and b) or long-term HGF (Figure
5Cc and d) stimulation-induced perinuclear accumulation of
endocytosed c-Met. To confirm the selective nature of the
effect of cPKCa on c-Met traffic, we monitored c-Met localisa-
tion in PKCa knockout or re-expressing mouse embryo
fibroblasts (Srivastava et al, 2002), which express c-Met
mRNA and protein (data not shown). TPA + HGF did not
induce a perinuclear accumulation of c-Met in the knockout
cells as compared to the re-expressing cells (Figure 5Ce and
f). These results show that PKCa is responsible for the
positive control of c-Met trans-cytosolic traffic.

In order to confirm these results and to investigate the
potential modification of c-Met traffic by other PKCs, we then
analysed the influence of knock-down of PKCa, 6 or € on c-
Met traffic by RNAi. These PKCs were not detectable by
Western blot in cells transfected with the specific RNAi
oligonucleotides as compared to cells transfected with a
control RNAIi (Figure 6A). In cells knocked down for PKCs
as in cells transfected with the RNAi control, c-Met was
predominantly expressed at the plasma membrane and HGF
triggered its internalisation as shown here after 15min
(Figure 5Da-h). We first confirmed that PKCo promotes the
HGF-dependent perinuclear accumulation of c-Met. This is
the case for long-term HGF stimulation or short-term
HGF + TPA stimulation (Figure 5Dj and n). Second, the
knock-down of PKCS does not modify c-Met traffic (Figure
5Dk and o). Third, in cells knocked down for PKCe, the HGF-
induced (long term or short term plus TPA) perinuclear
accumulation of c-Met is blocked (Figure SDI and p). It is
of interest to note that in cells knocked down for PKCe,
internalised c-Met vesicles remain very close to the plasma
membrane unlike in cells knocked down for PKCa. In
addition, under basal conditions, PKCe knock-down cells
displayed a stronger c-Met localisation at the plasma
membrane and a weaker localisation in the cytoplasm than
cells transfected by the RNAi control or knocked down for
PKCo or PKCS RNAis. These observations indicate that PKCe
may negatively control c-Met recycling to the plasma mem-
brane.

Altogether, these results indicate that PKCa controls c-Met
traffic from the early endosome to a perinuclear compartment
and that PKCe would regulate c-Met traffic upstream of PKCo.
by controlling the recycling of internalised c-Met to the
plasma membrane.

PKCst but not PKCa. controls c-Met signalling
In order to investigate which PKC controls internalised c-Met

signalling, we analysed the effect of knocking down PKCux, &
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Figure 5 PKCa controls traffic of c-Met. (A-C) HeLa cells were pretreated or not (control) with G66976 (1 uM) for 10 min and stimulated with
HGF. (A) Representative basomedial confocal images for c-Met (green) and propidium iodide (red). Bar, 20 um. (B) Representative c-Met and a-
tubulin Western blots. Densitometric results are in arbitrary units. (C) Representative medial confocal pictures for c-Met (red for (a, c); green
for (e, f)). Bar, 20 um. HeLa cells transfected with a kinase-inactive GFP-PKCa mutant (GFP-PKCa KD) were treated for 10 min with TPA plus
15 min with HGF (a, b) or with HGF alone for 240 min (c, d). * Indicates transfected cells. (e, f) Mouse embryonic fibroblasts knocked out for
PKCa (PKCa KO) or re-expressing PKCo were treated for 10 min with TPA plus 15 min with HGF. (D) Representative confocal images for c-Met
(green) and propidium iodide (red). Bar, 20 um. HeLa cells transfected with RNAi control (a, e, i, m) or RNAis specific to PKCa (b, {, j, n), PKCS
(c, g k, 0) or PKCe (d, h, 1, p) were stimulated with HGF alone for 0, 15 or 120 min or for 10 min with TPA plus 15 min with HGF.
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Figure 6 PKCe but not PKCa controls c-Met-dependent ERK activation. (A) HeLa cells transfected with RNAIi control or RNAis specific to PKCa,
d or ¢ were stimulated with HGF for 0 or 120 min. Western bots were performed for each PKC, a-tubulin and P-ERK. The densitometric results
for P-ERK2 are in arbitrary units (*P<0.05). (B) HeLa cells were pretreated or not (control) with BIM-I (1 uM) or G66976 (1 puM) for 10 min and
then stimulated with HGF for 120 min. Representative P-ERK1/2 Western blots and the densitometric results in fold increase are shown.

cates that PKCe selectively controls c-Met endosomal
signalling. Further evidence that PKC-controlled traffic to
the perinuclear compartment and signalling to ERK were
unrelated events came from the observation that G66976

Table I Effect of G66976 on relative distances of c-Met-positive
vesicles from the cell boundary to the nucleus boundary

Vesicle movement

Treatment Tine Relative distance ~ Number P-Value did not affect HGF-induced ERK1/2 phosphorylation

(min) (means.d.) ofcells  (ANOVA) (Figure 6B). Consistent with this, the phosphotyrosine asso-
HGF 15 0.65+0.04 29 ciation with c-Met was not enhanced with G66976 (data not
HGF 120 0.7640.10 31 + shown) as seen for vinblastine (see above). Thus despite
G56976 15 0.5440.05 99 . effects on trans-cytosolic traffic, PKCa inhibition does not
G66976 120 0.61+0.06 84 * influence the coupling of c-Met to MAPK.

. . - PKCe knockout mouse embryo fibroblasts displayed an
Treated cell cultures were preincubated for 10 min with G66976

before addition of HGF. Analysis of variance (ANOVA) was used for
comparison of the cells incubated with HGF only, for 15 and
120 min. P<0.05 (* or +), P<0.001 (**). + indicates a significant
difference compared to HGF, 5 min.

or ¢ on HGF-dependent ERK1 and 2 phosphorylation. The
loss of PKCe led to a significantly enhanced HGF-dependent
ERK phosphorylation (by 6.1-fold for ERK2, P<0.05) with no
change on loss of the other PKCs (2.3- to 2.5-fold of stimula-
tion for RNAIi control, PKCa and 8) (Figure 6A). This indi-

elevated basal ERK1/2 phosphorylation compared to PKCe-
expressing cells, confounding an unequivocal analysis of
HGF responses (data not shown). Notwithstanding this lim-
itation, treatment of PKCe—/— cells with BIM-I had no effect
on the HGF induction of ERK phosphorylation. By contrast, a
positive effect of BIM-I similar to that in HeLa cells was
detected in PKCe + /+ cells (data not shown). This is con-
sistent with PKCe dominating the PKC control of c-Met > ERK
signalling, which occurs in the endosome. Indeed, as
mentioned above, PKCe, endogenous or expressed as a GFP
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Figure 7 PKCe controls c-Met-dependent activation of c-Jun. (A) Representative confocal images for the same fields show P-Jun and phase.
Bar, 20 pm. HeLa cells transfected with RNAi control or RNAis specific to PKCa or € were stimulated with HGF alone for 0 or 120 min, fixed and
stained for P-Jun. The graph represents the intensity of P-Jun in arbitrary units measured on 100 cells for each condition. (B) Representative
basomedial confocal images for P-c-Jun. Bar, 20 pm. HeLa cells were pretreated or not (control) with BIM-I (1 uM) or G66976 (1 uM) for 10 min
and stimulated with HGF for 120 min. The number of positive nuclei was determined as in Figure 3. (C) HeLa cells were transfected with GFP-
PKCaua, 8 or € constructs, WT or kinase-inactive (KD) or an empty EGFP vector. After 24 h in 0.1% FBS medium, the cells were stimulated or not
with HGF, fixed and stained for P-c-Jun. A total of 10 confocal medial sections (10 cells/section) were randomly acquired. The ratio of
transfected cells positive for P-c-Jun was obtained. The value obtained for each PKC construct was divided by the value obtained with empty
GFP vector. Representative confocal sections for GFP-PKCe KD and GFP-PKCo KD are shown. Bar, 20 um. The graph represents the P-Jun
activation for each GFP-PKC at 0- and 120-min HGF stimulation; data are derived from three independent experiments (*P<0.001). For each
coverslip, the proportions of nontransfected cells positive for P-c-Jun have been counted and represent an internal control. The last column
represents this control for GFP-PKCe KD.
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fusion protein, partially colocalises with internalised c-Met HGF-dependent phosphorylation of c-Jun (by 2.7-fold,
(Supplementary Figure 3). P<0.0005; Figure 7A). Knock-down of PKCo (Figure 7A)
Similar results on HGF-dependent c-Jun activation were or PKCS (data not shown) had no effect; G66976 inhibition
observed. PKCe knock-down led to significantly enhanced did not affect c-Jun phosphorylation (Figure 7B). We also
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Figure 8 PKCe controls c-Met-dependent ERK translocation to focal complexes. (A) Representative confocal images for vinculin (green) and P-
ERK (red). The arrows indicate examples of colocalisation. Bar, 20 um. HeLa cells were pretreated or not (control) with BIM-I (1 uM) or G66976
(1 uM) for 10 min and stimulated with HGF for 120 min. (B) HeLa cells were transfected and HGF treated as indicated in Figure 7C and stained
for pan ERK (red). Representative medial confocal sections are shown for PKCa and 6 KD, PKe WT and KD and GFP alone. Bar, 10 um. The
arrows indicate examples of pan ERK localisation at the plasma membrane. * Indicates transfected cells. (C) Confocal images for pan ERK of
HeLa cells transfected with RNAis control or specific to PKCe and stimulated with HGF for 120 min. Bar, 20 um.

employed single cell assays to compare the HGF-dependent
activation of c-Jun in HelLa cells transiently transfected with
WT or kinase-inactive mutants (KD) of GFP-PKCa, & or ¢
constructs. In each case, in cells stimulated by HGF or not
(control), the proportion of GFP-PKC-transfected cells posi-
tive for phospho-c-Jun has been determined as a function of
the empty EGFP vector control. HGF stimulates c-Jun activa-
tion by 4.4-fold (P<0.001) in cells expressing GFP-PKCe KD;
expressions of GFP-PKCe WT, GFP-PKCa or 6, WT or KD, do
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not induce significant differences between HGF stimulation
and control (Figure 7C). Thus PKCe and not PKCa negatively
controls c-Met-dependent c-Jun phosphorylation.

PKCt controls c-Met-dependent ERK translocation

to focal complexes

G066976 does not inhibit the HGF-dependent accumulation of
phosphorylated ERK at focal complexes (Figure 8A). To
distinguish more specifically PKC isotype functions, transient
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transfections with the different PKC constructs were em-
ployed to determine whether effects on ERK1/2 activation
were associated with altered HGF-dependent ERK1/2 locali-
sation at the plasma membrane. HGF was found not to induce
ERK1/2 translocation to focal complexes in cells expressing
GFP-PKCe KD. Cells expressing GFP-PKCe WT, GFP-PKCa
or & KD (Figure 8B) or GFP-PKCa or & WT (data not shown)
showed an unchanged translocation of ERK as compared to
surrounding untransfected cells. This altered ERK location
precisely mirrors the behaviour observed with BIM-I, indica-
tive of the key role played by PKCe in this response. In
addition, no role of PKCo was detected. Figure 8C shows
that HGF induces ERK translocation to focal complexes when
PKCua is knocked down but not in the case where PKCe is lost.
Thus, the c-Met-ERK pathway control and the c-Met-depen-
dent ERK localisation at focal complexes appear to be related
since they are both promoted by PKCe (see Discussion).

HGF-dependent cell migration is perturbed

in cells defective in PKCt

Despite the reduced steady-state level of HGF-induced
ERK1/2 phosphorylation associated with a functional PKCeg,
the focal complex association of ERK1/2 observed under
these conditions suggested that this plays a role in migratory
responses to HGF. To determine such a role, wounding assays
were performed in PKCe knockout mouse embryo fibroblasts
(PKCe KO) or the same cells in which PKCe has been
reintroduced (PKCe RE clone 5) (Ivaska et al, 2002). ERK1/2
phosphorylation was found to be essential for HGF-induced
migration since both cell types were sensitive to U0216 (data
not shown). Evidence that the dynamic shift in ERK1/2
phosphorylation and/or localisation is critical in the migra-
tory response was provided by the observation that the
wound healing stimulated by HGF was substantially delayed
in PKCe KO cells as compared to the PKCe replete cells as
illustrated in Figure 9A. The wound was closed at 30 h of HGF
treatment for PKCe-expressing cells and was still not fully
closed after 72h for PKCe KO cells (data not shown).
The specificity of the HGF effect was confirmed by the
preincubation of both cell types with an inhibitory anti-HGF
antibody, which strongly inhibited migration (data not
shown). Similar results were obtained in HeLa cells (although
these cells migrate slower than fibroblasts) knocked down for
PKCe versus transfected with the control RNAi. The loss of
PKCe resulted in a slower HGF-dependent cell migration
(Figure 9B). Thus ERK1/2 phosphorylation is required for
HGF-induced migration and this is positively regulated by
PKCe influencing its localisation.

Discussion

The endocytosis of ligand-activated receptors has been con-
sidered to be the initiating step in their desensitisation.
Recent studies, however, have provided evidence that this
removal from the plasma membrane may not of itself cause
signal attenuation; on the contrary, there is growing evidence
that receptors remain competent to signal in endosomal
compartments (Xue and Lucocq, 1998) and that the nature
of signal output is distinct in these compartments (Daaka
et al, 1998; Alves dos Santos et al, 2001). Moreover, the idea
is emerging that receptor signalling is regulated by internali-
sation and intracellular trafficking. Thus, the blocking of
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A HGF

PKCe KO

PKCe RE clone 5

PKCe RNAI

Control RNAI

Figure 9 Confluent cells in 0.5% FBS medium for 24h were
wounded with a tip, washed and replaced with 0.5% FBS medium
containing HGF. The same wound was photographed at 0 and 24 h.
(A) Mouse embryo PKCe knockout (PKCe KO) or re-expressing
(PKCe RE, clone 5). (B) HeLa cells transfected with RNAis specific
to PKCe or control.

receptor internalisation decreases receptor-dependent
ERK1/2 activation. This has been shown for tyrosine kinase
receptors such as EGFR (Vieira et al, 1996), insulin receptor
(Ceresa et al, 1998), IGF-1 receptor (Chow et al, 1998) and
TrKA receptor (Howe et al, 2001). The TGFp response may
also require internalisation of the TGFp receptor in endo-
somes (Hayes et al, 2002).

Here it is shown that c-Met-dependent ERK1/2 phosphor-
ylation occurs and is sustained in endosomes. Direct block-
ade of internalisation suppresses ERK1/2 phosphorylation.
Furthermore, inhibition of MEK, an hour or more after HGF
has induced c-Met internalisation, also blocks ERK1/2 phos-
phorylation. High and sustained phosphorylation of c-Met
itself seems to require internalisation. In combination with
the evidence for sustained phosphotyrosine in c-Met-positive
endosomes in association with sustained ERK1/2 phosphor-
ylation, it is concluded that the coupling of signals down-
stream of HGF/c-Met remains intact in the endosome, is
required for sustained signal output and as evidenced here
is the target for the control of c-Met signals by PKCe
(Figure 10). The role of PKCe is defined by manipulation of
its expression/function and is clearly distinguished from the
demonstrated effects of PKCa on the microtubule-based
movement of c-Met from an early endosomal compartment
to a perinuclear compartment. The use of PKC isotype class-
selective inhibitors and of RNAis specific to each PKC isotype
independently confirms this conclusion. The endosomal lo-
cation of the PKCe regulatory event is indicated by the finding
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Figure 10 Scheme of PKC, c-Met controls. The figure illustrates the
elements in the HGF-induced c-Met pathway under the control of
PKC (see Discussion).

that BIM-I does not influence (the lack of) HGF-dependent
ERK1/2 phosphorylation or endosomal phosphotyrosine
when c-Met internalisation is blocked by concanavalin A. In
addition, PKCe/BIM-I can exert its influence under conditions
where c-Met is retained in endosomal compartments by
prevention of its traffic to the perinuclear compartment (i.e.
in the presence of vinblastine). Finally, GFP-PKCe itself is
partially colocalised to the c-Met-positive endosomal com-
partment, indicative of its action in this location.

Associated with increased steady-state ERK activation
under conditions of PKCe inhibition or loss, there is a loss
of immunoreactive phospho-ERK1/2 at focal complexes. This
indicates that one element of PKCe action is to facilitate
the accumulation of active ERK1/2 at focal complexes. It is
entirely possible that PKCe control of ERK1/2 location is
sufficient to confer the observed altered steady-state phos-
phorylation of the protein. The finding that the dephosphor-
ylation of ERK1/2 following addition of U0216 is not inhibited
by BIM-I indicates that the process of uncoupling is directed
at the upstream pathway. Hence if location per se dominates
the maintenance of active ERK1/2, it is a function of MEK (or
upstream) accessibility rather than ERK phosphatase expo-
sure.

Activation of the JNK pathway by HGF/c-Met has been
reported to be essential for transformation by the met onco-
gene (Rodrigues et al, 1997). It is notable that in HeLa cells, in
response to HGF, the activation of JNK is sensitive to U0216.
This is not a general property of the MEK inhibitor U0216 and
there appears to be an as yet undefined link between the
pathways in these cells. It is also apparent that PKC family
proteins are linked in very different ways to the triggering of
ERK1/2 activation in response to different stimuli. Thus
while BIM-I enhances c-Met>ERK coupling through the
control exerted by PKCe, the characteristic phorbol ester-
induced phosphorylation of ERK1/2 is inhibited by BIM-I.
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This is consistent with the reports that HGF activates PKC and
ERK1/2 through parallel pathways and that the activation of
ERK in response to HGF does not depend on PKC (Awasthi
and King, 2000; Sipeki et al, 2000).

We identify PKCa as the PKC isotype responsible for
promoting post-early endosome c-Met traffic. We showed
previously that upon ligand stimulation, c-Met is rapidly
internalised and traffics towards a perinuclear compartment.
This trans-cytosolic movement is microtubule dependent and
is promoted by TPA and inhibited by BIM-I. G66976, an
inhibitor more selective for the classical isotypes o and B1
or the knock-down of PKCux, is shown here to block this
traffic. Moreover, in HeLa cells overexpressing a kinase-
inactive GFP-PKCa and in PKCo knockout mouse fibroblasts,
neither acute TPA + HGF nor long-term HGF stimulated peri-
nuclear accumulation of endocytosed c-Met. PKCa itself
has been shown to traffic to a perinuclear compartment in
response to its activation at the plasma membrane by phorbol
ester (Prevostel et al, 2000). In response to HGF, there is a
partial colocalisation of GFP-PKCa with c-Met in endosomes,
indicating that these proteins may traffic to the perinuclear
compartment in a similar PKCa activity-dependent fashion.

The initial hypothesis tested here was that the enhance-
ment of c-Met signalling by the PKC inhibitor BIM-I was a
direct consequence of the blocking of post-early endosomal
receptor traffic: the retention of the receptor in the endosome
leading to more sustained signals. Unexpectedly, the evidence
is that the control by PKC of c-Met signalling is not a direct
consequence of the control of post-early endosomal c-Met
traffic itself. This is evident when comparing the effects of the
microtubule-disrupting agent vinblastine and those of BIM-I
on c-Met: both block c-Met trans-cytosolic traffic but unlike
BIM-I, vinblastine does not modify the HGF-dependent c-Met
signalling to ERK1/2. Similarly, G66976 inhibits c-Met traffic,
but affects neither HGF-dependent c-Met signals nor c-Met
degradation. Finally, the expression of a kinase-inactive GFP-
PKCo does not modify HGF-dependent c-Met signals.

The localisation of active ERK at focal complexes has been
reported previously and has implications in the regulation
of adhesion, the cytoskeletal network and cell motility
(Fincham et al, 2000). We show here that HGF stimulates
the translocation of ERK1/2 to membrane ruffles correspond-
ing to focal complexes since they colocalise with actin,
vinculin and paxillin (see also Ishibe et al, 2003). PKCe
positively controls HGF-dependent translocation of ERK to
focal complexes, perhaps in a process related to its control of
recycling B-integrins (Ivaska et al, 2002). The consequent
colocalisation with paxillin may well underlie the ERK1/2
localisation requirement since phosphorylation events be-
tween paxillin and ERK are implicated in HGF-dependent
cell spreading, adhesion (Liu et al, 2002) and epithelial
morphogenesis (Ishibe et al, 2003). A likely mechanism is
that PKCe progressively dissociates the c-Met>ERK cascade
in the endosome, and the consequent release of ERK and its
accumulation at focal complexes would contribute to the
motogenic responses to HGF. The consequent dissociation
from the activating input and accumulation at focal com-
plexes appear sufficient to shift the steady-state level of
ERK1/2 phosphorylation. This relationship between the ap-
parent c-Met attenuation of signal and the stimulation of a
cell function may appear contradictory, especially since sus-
tained signals from c-Met are known to be involved in cell
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functions; sustained c-Met-dependent ERK signalling is es-
sential for promoting DNA proliferation in mammary myo-
epithelial cells (Sergeant et al, 2000) and for disassembly of
adherens junctions, one of the early steps in cell dissociation
(Potempa and Ridley, 1998). It is also notable that HGF
induces a long-term activation of ERK1/2 in the course of
cell scattering in contrast to EGF, which fails to induce
scattering and stimulates the activation of the ERK cascade
for only a short time (Sipeki et al, 1999). Nevertheless, the
results here demonstrate that while PKCe exerts an appar-
ently negative effect upon ERK1/2 activation, it appears that
it is the control of localisation that is critical to the PKCe input
affecting the ability of HGF to induce efficient migration, the
effect on steady-state phosphorylation simply being a con-
sequence of this altered location.

In conclusion, it is established that two distinct PKC
isotypes control two properties of c-Met, namely post-early
endosomal traffic and signal output. These are shown to
operate selectively and not to be interdependent. The con-
sequence of these regulatory events is that the PKCe input to
the c-Met>ERK pathway has a dominant effect on the
localisation of this signalling output conferring HGF-induced
cell migration.

Materials and methods

Growth factor, antibodies, inhibitors and plasmid constructs
HGF (100ng/ml), BIM-I, vinblastine sulphate, propidium iodide,
TPA , antibodies against c-Met, EEA1, tubulin, secondary fluor-
escent and peroxidase-labelled antibodies were obtained as
described previously (Kermorgant et al, 2003). The following
antibodies were used: mouse monoclonal anti-4G10 (Upstate
Biotechnology), -pan ERK (BD Sciences), -vinculin (Sigma); rabbit
polyclonal anti-phospho-ERK1/2, -MEK1/2, -Jnk, c-Jun, -c-Met
(Tyr1234/1235) (Cell Signalling), anti-heavy-chain clathrin (Santa
Cruz). G66976 was from Calbiochem, phalloidin from Molecular
Probes and concanavalin A from Sigma. GFP-PKCo KD was derived
from PKCo by cloning into the eGFP vector from Clontech (S
Parkinson, unpublished). The GFP-ERK2 construct was Kkindly
provided by Dr C Marshall (Institute for Cancer Research, London).

Cell culture, transfections, Western blots

and densitometric analysis

They were performed as described previously (Kermorgant et al,
2003). Each value of the densitometric results corresponds to the
mean of at least three independent experiments performed in
duplicate.

Immunofluorescence, measure of colocalisation and intensity
Immunofluorescence was performed as described (Kermorgant et al,
2003). For analysis of colocalisation, images were acquired using
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a confocal laser scanning microscope (LSM510, Carl Zeiss Inc.).
High-quality (12 bits, 2048) images were acquired, interactively
thresholded and the colocalised (red and green) area was evaluated
as a fraction of the red or green area using specially developed
software in Mathematica (Wolfram Research). Comparisons were
analysed by one-way ANOVA followed by the t-test. Each value
corresponds to the mean of five independent experiments where
3-5 images containing 4-5 cells each have been analysed. The
analysis of the intensity of P-Jun was performed on confocal images
with the Acquisition Manager (Kinetic Imaging) program. For each
condition, 100 cells were analysed and statistics (t-test) calculated.

Semiautomatic ment of vesicle distribution
in the cytosol

It was performed as described (Kermorgant et al, 2003).

RNAi knock-down

The following 21-mer oligoribonucleotide pairs were obtained from
Qiagen: control, 5-UUCUCCGAACGUGUCACGUTT-3’ and 5'-ACGU
GACACGUUCGGAGAATT-3’; HCC, 5'-GAAGGCUCGAGAGUCCUAU
TT-3’ and 5-AUAGGACUCUCGAGCCUUCTT-3'; PKCa, 5'-GGCUUCC
AGUGCCAAGUUUTT-3’ and 5-AAACUUGGCACUGGAAGCCTT-3';
PKC?, 5-GGCUACAAAUGCAGGCAAUTT-3' and 5'-AUUGCCUGCA
UUUGUAGCCTT-3’; PKCg, 5'-GAUCGAGCUGGCUGUCUUUTT-3' and
5'-AAAGACAGCCAGCUCGAUCTT-3'. The uniqueness of each RNAi
recognition sequence was confirmed by blasting against the
GenBank database. The RNAi control does not match to any known
sequence. Cells were plated at 10°/well in six-well plates and
transfected the next day in medium without serum using
oligofectamine (Invitrogen) with 10pul of 20 uM RNAi and 5pl of
transfection reagent/well. Serum was added 4 h later. The cells were
stimulated and harvested after 72 h.

Wounding assays

Confluent cells, deprived for 24 h in 0.5% FBS were wounded with a
pipette tip in order to obtain two perpendicular wounds in each
well. They were rinsed one time and fresh medium with or without
HGF was added. A picture was acquired on an Axiovert TM 135
microscope (Carl Zeiss) equipped with a x 5 objective lens and an
Orca ER CCD camera (Hamamatsu) using Acquisition Manager
(Kinetic Imaging) in the same area of each wound at time 0 and
24 h. Experiments were performed in duplicate with two wounds
per duplicate; knockout cells were tested on five independent
occasions.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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