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Background: Signaling from RTKs is regulated at multiple levels; however, the role played by dephosphorylation in this
process remains poorly understood.
Results:We show that loss of PTP1B activity leads to abrogated receptor trafficking via the endocytic pathway.
Conclusion: Dephosphorylation of the vesicle fusion machinery component NSF by PTP1B is required for RTK trafficking.
Significance: This identifies a novel mechanism through which PTP1B can modulate RTK signaling.

The endoplasmic reticulum-localized non-receptor pro-
tein-tyrosine phosphatase 1B (PTP1B) is associated with
oncogenic, metabolic, and cytokine-related signaling and
functionally targets multiple receptor tyrosine kinases
(RTKs) for dephosphorylation. Loss of PTP1B activity leads
to enhanced ligand-dependent biological activity of the Met
RTK among others. Here, we demonstrate that knockdown of
PTP1B or expression of a PTP1B trapping aspartic acid-to-
alanine substitution (D/A) mutant delayed ligand-induced
degradation of the Met and EGF RTKs. Loss of PTP1B func-
tion abrogated trafficking of Met and EGF receptor to Rab5-
and phosphatidylinositol 3-phosphate (Pl3P)-positive early
endosomes and subsequent trafficking through the degrada-
tive pathway. Under these conditions, internalization of the
Met and EGF receptors was unaltered, suggesting a block at
the level of early endosome formation. We show that the
N-ethylmaleimide-sensitive factor (NSF), an essential com-
ponent of the vesicle fusion machinery, was hyperphosphory-
lated in PTP1B knockdown or PTP1B D/A-expressing cells
and was a target for PTP1B. NSF knockdown phenocopied
PTP1B knockdown, demonstrating a mechanism through
which PTP1B regulates endocytic trafficking. Finally, we
show that PTP1B dephosphorylated NSF and that this inter-
action was required for physiological RTK trafficking and
appropriate attenuation of downstream signaling.

Signaling via receptor tyrosine kinases (RTKs)3 is regulated
at multiple levels, including ligand binding affinity, ligand con-
centration, post-translational modification, receptor internal-
ization, trafficking, localization, and degradation. Following
ligand-dependent activation, RTKs are removed from the
plasma membrane via internalization and subsequently either
recycled back to the cell surface or targeted for lysosomal
degradation (1). Defects in the mechanisms involved in RTK
down-regulation can result in inappropriate activation of
receptor-responsive downstream signaling cascades, which
have been linked to cancer development and progression (2, 3).
Hence, under normal physiological conditions, modulation of
receptor signaling is finely regulated, and different RTKs are
often subject to coordinate control by multiple mechanisms.
The hepatocyte growth factor (HGF) receptor Met and the

epidermal growth factor receptor (EGFR) undergo ligand-de-
pendent internalization and continue to signal from the endo-
somal compartment (4–8). Following internalization, these
receptors can recycle back to the cell surface or continue down
the degradative pathway in which the internalized RTKs enter
multivesicular bodies (MVBs) and are subsequently degraded
as MVBs fuse with lysosomes (1). Once they are internalized
into MVBs, their cytoplasmic tails are no longer exposed to
signaling molecules (4).
Internalization of receptors intoMVBs is regulated in part by

receptor ubiquitination, which provides a recognitionmotif for
proteins of the endosomal sorting complex required for trans-
port machinery, such as hepatocyte growth factor substrate 1
(Hrs1).Ubiquitination ofMet andEGFR is required for efficient
receptor degradation (6, 9), and uncoupling receptors from
ubiquitination leads to sustained signaling and cell transforma-
tion (3, 6, 10). Notably, naturally occurring Met mutants iden-
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tified in lung cancers were found to uncouple the receptor from
ubiquitination-mediated lysosomal degradation and promote
sustained activation of the MAPK pathway (11), underscoring
the importance of receptor endocytosis in regulating signaling.
Although internalization and degradation are now accepted

mechanisms for down-regulation of RTKs, little is known
regarding the role played by dephosphorylation in the attenua-
tion of RTK-dependent signaling. Mathematical modeling
studies suggest that tyrosine-specific phosphatases regulate the
duration but not the amplitude of the RTK-dependent signal
(12, 13). Evidence exists supporting a role for endoplasmic
reticulum-localized tyrosine phosphatases, such as PTP1B, and
perinuclearly localized SHP-1 in processing the c-kit, FLT-3,
PDGF�, and Ros receptors to theirmature form (14). Addition-
ally, ligand binding-induced production of reactive oxygen spe-
cies can inhibit tyrosine phosphatase activity, resulting in an
increase in the phosphorylation of non-ligand-bound receptors
at the cell membrane (15–17). Multiple studies have also impli-
cated protein-tyrosine phosphatases in the regulation of RTKs
following growth factor activation. The insulin receptor is a
substrate for PTP1B (18–20), T-cell protein-tyrosine phos-
phatase (21, 22), and PTP� (23) among others. In vitro stud-
ies suggest that the EGFR is a substrate for PTP1B, T-cell
protein-tyrosine phosphatase, receptor-type protein-tyro-
sine phosphatase, leukocyte antigen related protein tyrosine
phosphatase, and SHP-1 (24–27), and PTP1B has been pro-
posed to regulate EGFR signaling from endosomes (28, 29).
Met is a substrate for TCPTP and PTP1B (30) as well as
DEP-1 (31) and leukocyte antigen related protein tyrosine
phosphatase (32). Although PTPs have been shown to mod-
ulate signaling downstream of RTKs and selectively dephos-
phorylate specific tyrosine residues on RTKs, the physiolog-
ical relevance of these interactions in vivo is still unclear.
PTP1B is a ubiquitously expressed non-receptor tyrosine

phosphatase, which is localized to the cytoplasmic face of the
endoplasmic reticulum (33, 34). PTP1B activity is required to
maintain receptors in an inactive state as they undergo post-
translational modifications following initial synthesis. Bio-
chemical and in vivo studies have also revealed a role for PTP1B
in the attenuation of multiple receptor-mediated signaling
pathways, including those downstream from receptors that are
inactivated and recycled back to the cell surface (e.g. the insulin
and IGF-1 receptors) as well as those thatmore readily undergo
degradation after activation (e.g. the Met, EGF, and PDGF�
receptors) (35). The complexity of themode of action of PTP1B
is underscored by the observation that its loss results in hyper-
phosphorylation of its RTK substrates and an increased suscep-
tibility to B-cell lymphoma in a p53-null background on one
hand (36) and delayed tumor formation in an ErbB2-induced
mammary cancer mouse model on the other hand (37), sug-
gesting a pleiotropic role for PTP1B in the maintenance of cel-
lular homeostasis.
Previous studies have shown that internalization of the Met,

EGF, and PDGF receptors is required for their interaction with
PTP1B, suggesting a potential relationship between the inter-
action of these receptors with PTP1B and their trafficking (30,
38, 39). Although increased receptor-mediated signaling has
been observed as a consequence of the loss of PTP1B, themech-

anism through which this occurs is still unclear. One potential
mechanism involves regulation of the components of the endo-
cytic machinery by PTP1B.
Upon internalization, endocytic vesicles are incorporated

into an endosomal compartment, requiring the action of the
vesicle docking proteins v-SNAREs and t-SNAREs. After vesi-
cle fusion, the SNARE complex, which includes �-soluble
N-ethylmaleimide-sensitive factor (NSF)-associated protein
(�-SNAP), must be disassembled via ATP hydrolysis of its
�-SNAP subunit by the NSF; inefficient disassembly of the
SNARE complex halts further vesicle fusion. The activity of
NSF is regulated via its phosphorylation status; the kinases Fes
and Ca2�/calmodulin-dependent protein kinase II (40) and the
phosphatases PTP-MEG2 (41) and PTP1B (42) have been
shown to control NSF phosphorylation. PTP-MEG2 is located
on the cytoplasmic face of secretory vesicles where it regulates
vesicle size by promoting homotypic vesicle fusion via tyrosine
dephosphorylation of NSF (41). Recently, PTP1B has been
identified as a PTP that dephosphorylates NSF in acrosomes
(42). Additionally, PTP1B has been implicated in the dephos-
phorylation and inactivation of internalized RTKs, including
Met and EGFR (26, 30), and in MVBmaturation in response to
EGF (39). We therefore investigated whether PTP1B plays a
role in the control of RTK endocytosis at points other than
MVB formation. Here, we show that loss of PTP1B delayed
growth factor-induced Met and EGFR degradation and that
this occurred via disruption of the vesicle fusion machinery
specifically caused by the inability of NSF to undergo
dephosphorylation.

EXPERIMENTAL PROCEDURES

DNA Constructs and siRNA—PTP1BWT and aspartic acid-
to-alanine substitution (D/A) were inserted into the BglII and
EcoRI sites of the pEGFPC2 vector (Clontech) as described pre-
viously (30). Cherry-PTP1BWTandD/Awere constructed in a
pEGFPC2 vector by replacing enhanced GFP from the con-
structs above with a cherry sequence. The cherry construct
was a gift from Roger Tsien (University of California, Los
Angeles, CA). GFP-FYVE was a gift from Harald Stenmark
(University of Oslo, Oslo, Norway), and GFP-Rab5 was a gift
from John Presley (McGill University, Montreal, Quebec).
NSF was a gift fromWilliam Trimble (University of Toronto,
Toronto, Ontario). siRNA duplexes against the PTP1B target
sequence CACGTGGGTATTTAATAAGAA and the NSF
target sequence UGGAAAUGCUUAACGCUUU were
obtained from Qiagen (Toronto, Ontario, Canada) and
transfected into HeLa cells for 48 h using HiPerFect (Qiagen)
according to the manufacturer’s instructions.
Cell Culture and DNA Transfections—HeLa cell lines were

maintained in DMEM containing 10% FBS and antibiotics. For
expression of cDNAs, 1� 105HeLa cells were seeded 18 h prior
to transient transfection using Lipofectamine Plus (Invitrogen)
and carried out according to the manufacturer’s instructions.
Medium was replaced 3 h post-transfection, and cells were
lysed 24 h post-transfection in lysis buffer (50 mM HEPES, 150
mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, and
10% glycerol) lacking sodium vanadate unless otherwise indi-
cated in figure legends. 10�g/ml aprotinin, 10�g/ml leupeptin,
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and 1mMphenylmethylsulfonyl fluoride (PMSF) were added to
the lysis buffer prior to use.
Antibodies and Reagents—HGF was a kind gift from Genen-

tech, Inc. (San Francisco, CA). A rabbit polyclonal antibody
raised against a peptide from the carboxyl terminus of human
Met (43) was used for immunoprecipitation andWestern blot-
ting of Met (44). Alexa Fluor 555-EGF, Alexa Fluor 647-EGF,
Alexa Fluor 555-transferrin, and all secondary antibodies used
for immunofluorescence were purchased from Molecular
Probes/Invitrogen; anti-early endosomal antigen 1 (EEA1),
anti-NSF, and anti-GFP antibodies were purchased from
Upstate Biotechnologies Inc. (Lake Placid, NY); and anti-actin
antibody was purchased from Santa Cruz Biotechnologies
(Santa Cruz, CA). An antibody against the extracellular region
of Met (anti-Met AF276) used for immunofluorescence was
purchased from R&D Systems (Minneapolis, MN).
Immunoprecipitations and Western Blotting—500 �g of

HeLa cell lysates were used for each immunoprecipitation. The
antibodywas allowed to bind for 1 h at 4 °C, and 10�l of Protein
A-Sepharose beads were then added to collect immune com-
plexes. Beads were washed twice in lysis buffer, then resus-
pended in 20 �l of Laemmli sample buffer, and boiled for 10
min. Supernatants were loaded onto 10% SDS-polyacrylamide
gels and separated by electrophoresis. Proteins were trans-
ferred onto nitrocellulose membranes (Hybond-C, GE Health-
care), which were blocked with 3% BSA and probed with the
appropriate antibody as indicated in the figure legends. Horse-
radish peroxidase-linked secondary antibodies (Amersham
Biosciences) indicating the positions of target proteins were
visualized by enhanced chemiluminescence (Amersham Bio-
sciences). Results were quantified using NIH ImageJ software
(Version 1.43u).
Confocal Immunofluorescence Microscopy—2 � 104 HeLa

cells were seeded on glass coverslips (Bellco Glass Inc.,
Vineland, NJ) in 24-well plates (Nalgene NUNC, Rochester,
NY) and transfected with the indicated DNA constructs using
Lipofectamine Plus (Invitrogen) according to the manufactur-
er’s instructions. 24 hours later, cells were serum-starved for 2 h
with cycloheximide (0.1 mg/ml) prior to HGF treatment (1.5
nM) as indicated. Coverslips were washed once with PBS and
then fixed in 2%paraformaldehyde (Fisher Scientific) in PBS for
20min. Coverslips were washed four times in PBS, and residual
paraformaldehyde was removed by three 5-min washes with
100 mM glycine in PBS. Cells were permeabilized using 0.3%
Triton X-100 in PBS and blocked for 30 min with blocking
buffer (5% bovine serum albumin, 0.2% Triton X-100, and
0.05% Tween 20 in PBS). Coverslips were incubated with pri-
mary and secondary antibodies diluted in blocking buffer for
1 h and 40 min, respectively, at room temperature and washed
four times in IF buffer (0.5%bovine serumalbumin, 0.2%Triton
X-100, and 0.05% Tween 20 in PBS) between primary and sec-
ondary and after secondary antibody incubations. Coverslips
were mounted with Immu-Mount (Thermo-Shandon, Pitts-
burgh, PA). Confocal images were taken using a Zeiss 510Meta
laser-scanning confocal microscope (Carl Zeiss, Canada Ltd.,
Toronto, Ontario, Canada) with a 100� objective. Image anal-
ysis was carried out using the LSM 5 image browser software
(Empix Imaging, Mississauga, Ontario, Canada). To define the

degree of co-localization, Nikon NIS Analysis software was
used to determine the Pearson co-localization coefficient (a
value of 1 indicates complete co-localization, and �1 indicates
complete exclusion). This analysis was performed on �20 cells
for each siRNA condition and a minimum of n � 5 for overex-
pression studies. Significance was assessed using a two-tailed
heteroscedastic t test with a significance threshold of p � 0.05.
Transferrin Assay—1� 105 HeLa cells were seeded on 6-well

dishes containing four glass coverslips (Bellco Glass Inc.) in
each well and transfected with the indicated cDNA constructs.
24 h post-transfection, cells were loaded with transferrin con-
jugated to Alexa Fluor 555 and either HGF or Alexa Fluor 647-
labeled EGF for 3 min after which cells were washed with cold
PBS for 1min on ice, andmediumwas replacedwith ligand-free
37 °C medium. Cells were fixed at the times indicated and pro-
cessed for microscopy as described above.

RESULTS

Loss of PTP1BActivity AbrogatesMetDegradation and Leads
to Sustained Downstream MEK1/2 Activation—We have
shown previously that depletion of PTP1B leads to Met recep-
tor hyperphosphorylation and increased cell invasiveness in
response to HGF, indicating enhanced biological activity of the
receptor (30). To determine whether this increase in the inva-
sive potential of Met in the absence of PTP1B involves deregu-
lation ofMet processing, we examined the effect of PTP1B abla-
tion onHGF-induced degradation of theMet receptor. For this
purpose, HeLa cells transfected with either PTP1B-specific or
scrambled (nonspecific) siRNA were stimulated with HGF for
the times indicated, lysed, and probed forMet protein byWest-
ern blotting. We found that depletion of PTP1B resulted in a
2-fold higher phosphorylation of MEK 30 min post-HGF stim-
ulation (Fig. 1A). Because changes in pMEK activation can be
attributed to an alteration in Met down-regulation (6), we
investigated the effect of PTP1B depletion onMet receptor lev-
els and observed delayed degradation of Met (Fig. 1B). In cells
treated with PTP1B-specific siRNA, �60% of endogenous
receptor was present 2 h post-HGF stimulation compared with
�40% in scrambled siRNA-transfected cells. We then tested
whether the catalytic activity of PTP1Bwas required for normal
Met degradation. For this purpose, we utilized the PTP1B D/A
mutant. In this mutant, the Asp-181 residue responsible for
protonating the tyrosyl leaving group of the substrate, which is
followed by bond cleavage and substrate release, is replaced by
a catalytically inactive alanine, which cannot mediate substrate
release. Thus, the D/A mutant forms a complex with PTP1B
substrates, thereby “trapping” them. In cells overexpressing
either GFP vector or GFP-PTP1B WT, receptor degradation
began 2 h after stimulation, and 70% of the receptor was
degraded 4hpost-HGF stimulation (Fig. 1C).However, inGFP-
PTP1BD/A-overexpressing cells, Met levels remained elevated
for a longer period, and only 40% of the receptor was degraded
after 4 h (Fig. 1C). These results demonstrate that ablation of
PTP1B activity either by overexpression of the PTP1B D/A
mutant or by siRNA-mediated depletion of endogenous PTP1B
results in delayed Met degradation and affects signaling down-
stream of the receptor and suggest that PTP1B is an important
novel determinant of Met receptor degradation.

PTP1B Modulates RTK Down-regulation through NSF

45002 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 52 • DECEMBER 30, 2011



Previous studies from our and other laboratories have
reported that degradation of theMet receptor requires its ubiq-
uitination (4–6, 10, 45). To ascertain whether Met ubiquitina-
tion was altered by the expression of the dominant negative
PTP1B D/A allele, HeLa cells transfected with either GFP-
PTP1B WT or D/A were stimulated with HGF, and receptor
ubiquitination was evaluated. No obvious difference in Met
receptor ubiquitination was observed between cells expressing
PTP1B WT or D/A (supplemental Fig. S1A). Furthermore,
HGF-stimulated HeLa cells transfected with scrambled or
PTP1B-specific siRNAdid not exhibit differences inMet recep-
tor ubiquitination status (supplemental Fig. S1B). These data
suggest that the mechanism through which PTP1B regulates
Met receptor degradation does not involve changes in receptor
ubiquitination.
PTP1B Is Required for Progression ofMet Receptor from Inter-

nalized Vesicle to Early Endosome—Having demonstrated that
PTP1B is required for attenuation of Met-mediated signaling,
we investigated the mechanisms involved. Upon ligand bind-
ing, the Met RTK is activated and internalized (4–6, 10, 45).
Met then traffics along the endocytic pathway during which
time it continues to signal until it is eventually degraded (6).

Although overexpression of the dominant negative variant of
PTP1B (D/A) or siRNA-mediated PTP1B knockdown did not
affect Met receptor ubiquitination (supplemental Fig. S1), both
led to delayed degradation of the receptor (Fig. 1, B and C). We
therefore hypothesized that the effect of PTP1B on receptor
stability may be mediated via control of receptor trafficking.
To investigate Met endocytosis in HeLa cells, we stimulated

cells with HGF at 4 °C (cold load), which leads to receptor acti-
vation but prevents its internalization, and thenmonitoredMet
trafficking by exposing cells to 37 °C for the indicated time
points (chase). Receptor endocytosis was tracked using the
established early endosomal markers EEA1 and Rab5, which
have been shownpreviously to co-localizewithMet during traf-
ficking (6). In cells transfected with a GFP vector or GFP-
PTP1B WT, Met was internalized and entered EEA1-positive
early endosomeswithin 15min postchase as demonstrated pre-
viously (data not shown and Ref. 6). 30 min postchase, Met-
positive EEA1 endosomes began to cluster in a perinuclear
compartment (Fig. 2A). Similarly, expression of PTP1B did not
affect co-localization of Met with Rab5 (supplemental Fig.
S2A). However, in cells expressing GFP-PTP1B D/A, co-local-
ization of Met with EEA1 or Rab5 30 min poststimulation was

FIGURE 1. Loss of function of PTP1B leads to protracted Met signaling and delayed Met dephosphorylation and degradation following HGF stimula-
tion but does not affect Met ubiquitination. A, HeLa cells were transfected either with scrambled siRNA or siRNA against PTP1B and stimulated with HGF for
the times indicated. Protein lysates from these cells were subjected to immunoblotting with antibody against MEK, pMEK, or PTP1B. The graph on the right
depicts the percentage of phosphorylated MEK. B, HeLa cells were transfected either with scrambled siRNA or siRNA against PTP1B and stimulated with HGF
for the times indicated. Protein lysates from these cells were subjected to immunoblotting with antibody against Met, PTP1B, or actin (loading control). The
graph on the right depicts the percentage of initial receptor remaining. C, HeLa cells were transfected with either GFP-PTP1B WT or the mutant GFP-PTP1B D/A
and stimulated with HGF in the presence of cycloheximide for the times indicated. Protein lysates from these cells were subjected to immunoblotting with
antibody against Met, GFP, or actin (loading control). The graph on the right depicts the percentage of initial receptor remaining.
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significantly abrogated when compared with PTP1B WT-ex-
pressing cells (Fig. 2B; Pearson’s co-localization coefficient,
0.17 � 0.003 versus 0.61 � 0.02 in WT cells; supplemental Fig.
S2B; Pearson’s coefficient, 0.10� 0.04 versus 0.62� 0.05 inWT
cells). Strikingly, in the presence of the D/A mutant, Met-pos-
itive puncta remained present at the cell periphery and even at
later time points did not localize to a perinuclear compartment
(Fig. 2B, supplemental Fig. S2B, and data not shown), suggest-
ing that the PTP1B D/A dominant negative mutant induces a
block in Met trafficking following internalization. Moreover,
the observed defect in Met trafficking through the endocytic
pathway is consistent with the delayed Met receptor degrada-
tion observed in the presence of the PTP1B D/A mutant (Fig.
1C) and suggests that the catalytic activity of PTP1B is required
for efficient endocytic progression of Met. Importantly, over-
expression of PTP1B D/A did not disrupt the formation of
EEA1- or Rab5-positive endosomes, which were comparable in
size and number with those observed in control and PTP1B
WT-expressing cells (Fig. 2 and supplemental Fig. S2).

To address the possibility that the defect in Met trafficking
may be an artifact caused by PTP1B D/A overexpression, we
examined the effect on Met trafficking of PTP1B depletion,
which also resulted in delayedMet degradation (Fig. 1B). Inter-
estingly, significantly unlike what was seen in PTP1B D/A-ex-
pressing cells, Met co-localized with EEA1 and Rab5 in PTP1B
siRNA-treated cells (Fig. 3A; Pearson’s coefficient, 0.11 � 0.01
at 0 min and 0.46 � 0.03 at 30 min in PTP1B siRNA-treated
cells versus 0.05 � 0.02 at 0 min and 0.45 � 0.04 at 30 min in
scrambled siRNA-treated cells (supplemental Fig. S3)) but
failed to reach a perinuclear compartment, providing an expla-
nation for the delay in Met degradation seen under these con-
ditions (Figs. 3A and 1B and supplemental Fig. S7A). These data
suggest that in the absence of PTP1B Met is internalized and
can reach an early endosome but is not efficiently targeted to a
perinuclear compartment for subsequent degradation. Impor-
tantly, expression of an siRNA-resistant PTP1B WT construct
was able to rescue the defect in Met trafficking, stability, and
MEK activation in cells treatedwith siRNA against endogenous

FIGURE 2. Loss of function of PTP1B delays Met trafficking following HGF stimulation. A and B, HeLa cells were seeded on glass coverslips and transfected
with either GFP-PTP1B WT (A) or D/A (B) 16 h postseeding. 24 h later, cells were serum-starved in the presence of cycloheximide for 2 h and loaded with HGF
at 4 °C for 1 h. Cells were chased with warm medium without HGF and fixed at the times indicated followed by staining with anti-Met and anti-EEA1 antibodies.
The merge of Met (red) and EEA1 (green) is shown in GFP-expressing cells. Pearson’s coefficient of co-localization, 0.17 � 0.01 (0 min (0�)) and 0.61 � 0.02 (30
min (30�)) for PTP1B WT-transfected cells and 0.13 � 0.03 (0 min) and 0.16 � 0.03 (30 min) for PTP1B D/A-transfected cells. p values, 0.2550 (0 min) and 0.0002
(30 min).
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FIGURE 3. Loss of PTP1B delays Met trafficking but does not affect transferrin recycling following HGF stimulation. HeLa cells were seeded on coverslips
and transfected with siRNA directed against PTP1B (A). siRNA-treated cells were rescued by overexpression of cherry-PTP1B (Cherry 1B) WT 24 h post-siRNA
transfection (B). 48 h post-siRNA transfection, cells were serum-starved in the presence of cycloheximide for 2 h and loaded with HGF at 4 °C for 1 h. Cells were
chased with warm medium without HGF and fixed at the times indicated followed by staining with anti-Met and anti-EEA1 antibodies. A, PTP1B siRNA-treated
cells. The merge of Met (red) and EEA1 (green) is shown. Pearson’s coefficient of co-localization for PTP1B siRNA transfected cells, 0.11 � 0.01 (0 min (0�)) and
0.46 � 0.03 (30 min (30�)). p values, 0.0697 (0 min) and 0.7663 (30 min). B, Alexa Fluor 488-labeled PTP1B siRNA-treated cells overexpressing cherry-PTP1B WT.
Trafficking of Met to the perinuclear compartment in cells overexpressing siRNA-resistant cherry-PTP1B WT is shown. C, HeLa cells were seeded on coverslips
and transfected with GFP-PTP1B WT. Cells were loaded with HGF and Alexa Fluor 555-transferrin (Tf-555), allowed to internalize, and chased for the times
indicated. Cells were fixed and stained for extracellular Met. Pearson’s coefficient of co-localization, 0.49 � 0.01 (10 min) for PTP1B WT-transfected cells and
0.28 � 0.05 (10 min) for PTP1B D/A-transfected cells. p values, 0.5669 (0 min) and 0.1493 (30 min).
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PTP1B (Fig. 3B and supplemental Fig. S7A). The ability of
Met to reach an EEA1-positive compartment in PTP1B
siRNA-treated cells but not in PTP1BD/A-expressing cellsmay
be due to the presence of low levels of functional endogenous
PTP1B in the siRNA-treated cells. Taken together, our data
confirm that PTP1B is required for the Met receptor to traffic
into a late endosomal compartment. These data are in agree-
ment with a recent observation that PTP1B is required for the
sequestration of the EGFR into MVBs (39).
PTP1B Regulates RTK Trafficking but Not That of Constitu-

tively Internalizing Transferrin Receptor—To further address
the importance and specificity of PTP1B in trafficking, we
investigated whether transport of the constitutively recycling
transferrin receptor, which also traffics to early endosomes
(46), is altered when PTP1B activity is ablated. Labeled trans-
ferrinwas loaded ontoHeLa cells and allowed to internalize (for
3 min), and then excess ligand in the medium was removed.
Cells were subsequently fixed at the indicated time points, and
transferrin recycling was followed. Recycling is indicated by the
loss of labeled transferrin within the cell and its release back
into the medium. Importantly, we found that expression of the
PTP1B D/A mutant did not alter trafficking of the transferrin
receptor as the clearance of labeled transferrin from cells after a
20-min chase was the same in cells expressing either the PTP1B
WT or PTP1B D/A mutant (Fig. 3C). Moreover, in cells also
stimulated with HGF, 10 min after chase, far less transferrin
co-localized with Met in PTP1B D/A-expressing cells as com-
pared with PTP1B WT-expressing cells (Fig. 3C). This is in
agreement with our previous observation that Met was present
in a compartment near themembrane in the presence of PTP1B
D/A (Fig. 2B). We therefore conclude that PTP1B regulates
receptor trafficking in a cargo-specific manner and that the
point at which it acts is downstream from ligand-induced
receptor internalization.
PTP1B Is Required for EGFR Trafficking through Endocytic

Pathway—Our results show that PTP1B is required for the traf-
ficking of the Met receptor toward the perinuclear compart-
ment of the cell, a stage that is associated with lysosomal deg-
radation of cargo proteins (3). Because PTP1Bwas not required
for transferrin receptor trafficking, we investigatedwhether the
requirement for PTP1B in Met receptor trafficking was unique
to theMet receptor orwhether thismechanismwas common to
other RTKs. The trafficking and down-regulation of the EGFR
has been extensively studied, and this receptor is also a sub-
strate for PTP1B (26). Recently, Eden et al. (39) have demon-
strated that PTP1B is required for MVB maturation and lyso-
somal degradation of the EGFR. Hence, we asked whether
PTP1B also regulates EGFR down-regulation earlier in the
endocytic pathway as was seen for the Met receptor. Upon
expression of the PTP1B D/A mutant or siRNA-mediated
depletion of the endogenous protein from HeLa cells, we
observed a similar delay in EGF-induced EGFR degradation as
was demonstrated previously for theMet receptor (Fig. 4A and
supplemental Fig. S4). Furthermore, using fluorescently labeled
EGF to follow EGFR trafficking, we also observed a severe delay
in EGFR localization to the perinuclear compartment in cells
expressing the D/A trappingmutant or depleted of PTP1B (Fig.
4B). Similar to our results with the Met receptor, in cells

expressing cherry-PTP1B D/A, we observed significantly
decreased co-localization of the EGFR with EEA1 (Pearson’s
coefficient, 0.22 � 0.04 versus 0.46 � 0.02 at 30 min postchase)
or GFP-Rab5 (Pearson’s coefficient, 0.20 � 0.01 versus 0.52 �
0.07 at 60 min postchase), confirming that the EGFR also
requires PTP1B to reach an early endosomal compartment (Fig.
4B and supplemental Fig. S5). However, as seen with the Met
receptor, labeled EGF co-localized with EEA1 in cells depleted
of PTP1B compared with cells transfected with scrambled
siRNA (Fig. 4C). Importantly, the inability of the EGFR to reach
the perinuclear compartment and be degraded in cells depleted
of endogenous PTP1B using siRNA was accompanied by more
robust phosphorylation ofMEK in response to EGF (Fig. 4D). In
addition, the sustainedMEKphosphorylation caused by PTP1B
depletion was reverted by expression of an siRNA-resistant
GFP-PTP1B construct (supplemental Fig. S7B). Although
transferrin receptor recycling was unaffected in PTP1B D/A-
expressing cells (Figs. 3C and 4E and supplemental Fig. S6), as
with Met, we observed reduced EGFR co-localization with
transferrin in D/A-expressing cells compared with cells
expressing PTP1B WT (Pearson’s coefficient, 0.49 � 0.02 ver-
sus 0.35 � 0.03 at 10 min postchase). Taken together, our data
demonstrate that PTP1B regulates the trafficking of at least two
RTKs but not of the transferrin receptor.
PTP1B Is Required for Progression ofMet Receptor from Inter-

nalized Vesicle to PI3P-rich Endosomal Compartment—For-
mation of classical early endosomes as defined by the recruit-
ment of Rab5 and EEA1 requires the conversion of the
phosphatidylinositol 3,4,5-trisphosphate- and phosphatidyli-
nositol 4,5-bisphosphate-rich plasma membrane envelope to a
PI3P-rich endosomal membrane. Because this conversion can-
not be directly observed, we utilized a fluorescent probe con-
taining GFP fused to the FYVE domain of EEA1, which selec-
tively binds PI3P, tomark PI3P-rich vesicles. In cells expressing
PTP1BWT, 30min postchase almost all PI3P-rich vesicles con-
tained Met in HGF-stimulated cells and EGF in EGF-stimu-
lated cells (Figs. 5A and 6A). However, at the same timepoint, in
cells expressing PTP1B D/A, GFP-FYVE-containing endo-
somes showed significantly reduced association with Met or
EGF, indicating that the catalytic activity of PTP1B is required
for these RTKs to reach PI3P-rich early endosomes (Figs. 5B
and 6B). These results suggest that PTP1B activity is essential
for thematuration of a nascent plasmamembrane-derived ves-
icle containing the EGF or Met RTK into a PI3P-rich early
endosome. However, the activity of PTP1B is not required for
the constitutive formation of these compartments as such
structures were able to form in cells expressing the dominant
negativeD/A variant of PTP1B and trafficking of the transferrin
receptor was not abrogated (Figs. 2B, 3A, 4B, 4C, 5B, and 6B).
Depletion of NSF, a Substrate of PTP1B, Phenocopies Effect of

PTP1B Depletion on Met and EGFR Down-regulation—Our
data thus far suggest that functional PTP1B is required for the
Met and EGF receptors to progress from the small vesicles
formed upon internalization of the RTKs to PI3P-rich, Rab5-
and EEA1-positive compartments. Newly formed vesicles enter
the endosomal network through fusion with acceptor vesicles
(i.e. early endosomes), a process dependent on the action of
vesicle docking proteins (v-SNAREs and t-SNAREs) (47). Fol-
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FIGURE 4. Loss of function of PTP1B leads to delayed EGFR degradation and protracted EGFR signaling following EGF stimulation. A, HeLa cells were trans-
fected with either GFP-PTP1B WT or the mutant GFP-PTP1B D/A and stimulated with EGF in the presence of cycloheximide for the times indicated. Protein lysates from
these cells were subjected to immunoblotting with antibodies against EGFR, GFP (transfection control), and actin (loading control). B, HeLa cells were seeded on glass
coverslips and transfected with either GFP-PTP1B WT or D/A 16 h postseeding. 24 h later, cells were serum-starved in the presence of cycloheximide for 2 h and loaded
with Alexa Fluor 555-EGF at 4 °C for 1 h. Cells were chased with warm medium without EGF and fixed at the times indicated followed by staining with an anti-EEA1
antibody. The merge of EGF (red) and EEA1 (green) is shown. Pearson’s coefficient of co-localization, 0.13 � 0.02 (0 min (0�)) and 0.46 � 0.02 (30 min (30�)) for PTP1B
WT-transfected cells and 0.14 � 0.02 (0 min) and 0.22 � 0.04 (30 min) for PTP1B D/A-transfected cells. p values, 0.6702 (0 min) and 0.0322 (30 min). C, HeLa cells were
seeded on glass coverslips and transfected with either scrambled or PTP1B-specific siRNA 16 h postseeding. 24 h later, cells were serum-starved in the presence of
cycloheximide for 2 h and loaded with Alexa Fluor 555-EGF at 4 °C for 1 h. Cells were chased with warm medium without EGF and fixed at the times indicated followed
by staining with an anti-EEA1 antibody. The merge of EGF (red) and EEA1 (green) is shown. Pearson’s coefficient of co-localization, 0.14 � 0.02 (0 min) and 0.37 � 0.03
(30 min) for scrambled siRNA-transfected cells and 0.08 � 0.04 (0 min) and 0.49 � 0.03 (30 min) for PTP1B siRNA-transfected cells. p values, 0.2766 (0 min) and 0.0427
(30 min). D, HeLa cells were transfected either with scrambled siRNA or siRNA against PTP1B and stimulated with EGF for the times indicated. Protein lysates from these
cells were subjected to immunoblotting with antibodies against pMEK, MEK, PTP1B, and actin (loading control). E, HeLa cells were seeded on coverslips and trans-
fected with GFP-PTP1B WT. Cells were loaded with Alexa Fluor 647-EGF and Alexa Fluor 555-transferrin (Tf-555), allowed to internalize, chased for the times indicated,
and fixed. Pearson’s coefficient of co-localization, 0.49�0.02 (10 min) for PTP1B WT-transfected cells and 0.35�0.03 (10 min) for PTP1B D/A-transfected cells. p values,
0.8252 (0 min) and 0.0255 (30 min).
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lowing vesicle fusion, the SNARE complex must be disassem-
bled via ATP hydrolysis of its �-SNAP subunit by NSF (48, 49),
the localization of which is regulated via its phosphorylation
status. We therefore hypothesized that the defect in Met and
EGFR trafficking observed upon depletion or loss of function of
PTP1B could be due to abrogation of NSF dephosphorylation.
To address this possibility, we first confirmed that NSF was
indeed a substrate for PTP1B in our system. Upon HGF stimu-

lation, we observed that endogenous NSF associated with
PTP1B WT (Fig. 7A). Moreover, this interaction was dramati-
cally increased with the substrate trappingmutant (D/A) to the
extent that the remaining pool of NSF isolated from sequential
immunoprecipitation of NSF was reduced compared with that
in PTP1B WT-transfected cells (Fig. 7A). Similarly, use of the
trapping mutant resulted in increased phosphorylation of NSF,
further supporting that NSF is a substrate for PTP1B (Fig. 7A).

FIGURE 5. Met does not reach FYVE-positive compartment in HeLa cells overexpressing PTP1B D/A. HeLa cells were seeded on coverslips and at 16 h
postseeding transfected with cherry-PTP1B (Cherry 1B) WT (A) or D/A (B) and GFP-FYVE. 20 h post-transfection, cells were serum-starved in the presence of
cycloheximide for 2 h and loaded with HGF at 4 °C for 1 h. Cells were chased with warm medium without HGF and fixed at the times indicated followed by
staining with an antibody directed against the extracellular region of Met. A, GFP-FYVE- and cherry-PTP1B WT-overexpressing cells. The merge of Met (red) and
FYVE (green) is shown. B, GFP-FYVE- and cherry-PTP1B D/A-overexpressing cells. The merge of Met (red) and FYVE (green) is shown. Pearson’s coefficient of
co-localization, 0.07 � 0.02 (0 min (0�)), 0.47 � 0.08 (15 min (15�)), and 0.35 � 0.02 (30 min (30�)) for PTP1B WT-transfected cells and 0.11 � 0.02 (0 min), 0.18 �
0.02 (15 min), and 0.16 � 0.04 (30 min) for PTP1B D/A-transfected cells. p values, 0.2145 (0 min), 0.0259 (15 min), and 0.0232 (30 min).
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To determine whether loss of NSF resulted in altered RTK
trafficking, we examined the localization of the Met and EGFR
RTKs in cells treated with siRNA against NSF. Importantly, we
found that depletion of NSF led to significant changes in local-
ization, namely retention of Met and EGFR in small vesicles at
the cell periphery following ligand stimulation. These vesicles
were unable to progress to a perinuclear compartment (Fig. 7,B
and C), mimicking the defect seen in the absence of PTP1B.
This delay inRTKendocytosis also correlatedwith delayed deg-
radation ofMet or the EGFR (Fig. 7,D and E). Similar to results
obtained using PTP1B siRNA, 40% of Met remained in cells
treated with scrambled siRNA 2 h post-HGF stimulation com-
paredwith 60% inNSF-siRNA treated cells, a delay thatwas also
seen for the EGFR (5% receptor remaining in control cells ver-
sus 35% in NSF-depleted cells at 2 h post-EGF stimulation; Fig.
7, D and E). In addition, loss of NSF protein also resulted in
sustained activation of MEK1/2 downstream from both Met
and the EGFR upon ligand stimulation (Fig. 7, D and E), dem-
onstrating that perturbation of NSF function leads to sustained
signaling downstream of these RTKs.

DISCUSSION

Following receptor activation, maintenance of cellular
homeostasis requires that mechanisms exist to attenuate and
eventually extinguish the signal once the stimulus is no longer
present. In the case of receptor tyrosine kinases, multiple levels
of regulation have been shown to exist, including receptor
endocytosis and eventual degradation as well as dephosphory-
lation. However, themechanisms through which specific phos-
phatases regulate receptor trafficking are still not fully under-
stood. However, a role for the endocytic pathway in regulating
receptor signaling has now been established, and it has been
shown that deregulation of receptor endocytosis can lead to
altered signaling and cellular transformation (3).We have dem-
onstrated previously that like the EGFR theMet RTK continues
to signal as it traverses the endocytic pathway (6). Ubiquitina-
tion-deficient variants of Met (Y1003F) or EGFR (Y1045F)
become oncogenically active due to escape from lysosomal deg-
radation; such receptors are retained in an endosomal compart-
ment and induce prolonged activation of the MAPK pathway

FIGURE 6. EGF does not reach FYVE-positive compartment in HeLa cells overexpressing PTP1B D/A. HeLa cells were seeded on coverslips and at 16 h
postseeding transfected with cherry-PTP1B (Cherry-1B) WT (A) or D/A (B) and GFP-FYVE. 16 h post-transfection, cells were serum-starved in the presence of
cycloheximide for 2 h and loaded with Alexa Fluor 647-EGF at 4 °C for 1 h. Cells were chased with warm medium without EGF. A, GFP-FYVE- and cherry-PTP1B
WT-overexpressing cells. The merge of EGF (red) and FYVE (green) is shown. B, GFP-FYVE- and cherry-PTP1B D/A-overexpressing cells. The merge of EGF (red)
and FYVE (green) is shown. Pearson’s coefficient of co-localization, 0.07 � 0.02 (0 min (0�)) and 0.44 � 0.06 (30 min (30�)) for PTP1B WT-transfected cells and
0.05 � 0.02 (0 min) and 0.18 � 0.01 (30 min) for PTP1B D/A-transfected cells. p values, 0.4359 (0 min) and 0.0132 (30 min).
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(6, 51). These results suggest that signaling downstream of
receptors at least through the MAPK pathway is down-regu-
lated by eventual receptor degradation rather than receptor
dephosphorylation. Recently, Eden et al. (39) have demon-

strated a role for PTP1B in sequestration of the EGFR intomul-
tivesicular bodies. Here, we further demonstrate that phospha-
tases can regulate RTK endocytosis at other levels of the
endocytic pathway and show that the action of PTP1B was
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required for the degradation of the Met and EGF RTKs; loss of
PTP1B catalytic activity resulted in delayed receptor degrada-
tion (Figs. 1, B and C, and 4A and supplemental Fig. S4) and
subsequent prolonged activation of the MAPK signaling path-
way (Figs. 1A and 4D). Our data are in agreement with those of
Eden et al. (39) wherein loss of PTP1B results in a delay in EGFR
degradation.
We and others have demonstrated previously that in the

absence of PTP1B its RTK substrates are hyperphosphorylated
(19, 52). In the case of the Met receptor, this leads to enhanced
cell invasion in response to HGF stimulation (30). In this study,
we demonstrate that depletion of PTP1B led to sustained acti-
vation of MEK1/2 downstream from both the Met and EGF
receptors (Figs. 1A and 4D). Examination of Met and EGFR
stability revealed that the sustained signaling downstream of
these RTKs upon loss of PTP1B catalytic activity correlated
with delayed degradation of these receptors (Figs. 1, B and C,
and 4A and supplemental Fig. S4). Together, these data dem-
onstrate that sustained signaling in the absence of PTP1B is
due to a reduced rate of receptor degradation. We have dem-
onstrated previously that uncoupling of Met from Cbl-me-
diated ubiquitination results in delayed degradation and sus-
tained activation of the MAPK pathway (6). However,
examination of Met ubiquitination when uncoupled from
PTP1B catalytic activity demonstrated that the receptor was
still efficiently ubiquitinated (Fig. S1), suggesting that an
alternative mechanism is responsible for the observed delay
in degradation.
To examine whether PTP1B was required for receptor inter-

nalization and/or trafficking, we examined the trafficking of the
Met and EGF RTKs via confocal microscopy. Surprisingly, we
found that in the absence of PTP1B catalytic activity trafficking
of both receptors through the endocytic pathwaywas abrogated
(Figs. 2, 3, and 4 and supplemental Figs. S2, S3, S5, and S6).
Upon internalization, receptors are incorporated into small
pinocytic vesicles, which eventually fuse with larger PI3P-rich
early endosomes containing EEA1 and Rab5 (53). Our data
show that the Met and EGF receptors are internalized in the
presence of the catalytically inactive variant of PTP1B (D/A)
but remain on small vesicles near the plasma membrane (Figs.
2B and 4B). Under these conditions, we did not observe co-lo-

calization of either receptor with the early endosome markers
EEA1 and Rab5 (Figs. 2B and 4B and supplemental Figs. S2B,
S3B, and S8). Moreover, using a GFP-FYVE probe, we demon-
strated that the small receptor-containing vesicles lacked PI3P
(Figs. 5 and 6). When PTP1B was depleted using a specific
siRNA, we did observe co-localization of both receptors with
the early endosomal marker EEA1 (Figs. 3A and 4C). However,
these endosomes were always smaller in size and occurred at
later time points following growth factor stimulation, and we
did not observe the characteristic perinuclear accumulation of
either receptor that occurs as early endosomesmature into late
endosomal compartments (Figs. 3A and 4C). The ability of
receptors to reach an early endosomal compartment when
PTP1B-specific siRNA was transfected but not upon expres-
sion of the dominant negative PTP1B D/A mutant may be due
to the small amount of remaining functional endogenous
PTP1B. Altogether, these data demonstrate a requirement for
PTP1B catalytic activity in the progression of RTKs through the
endocytic pathway and suggest that PTP1B is involved in regu-
lating endosome fusion. Importantly, re-expression of wild-
type PTP1B in siRNA-treated cells rescued both the delayed
degradation of Met and EGFR and the sustained downstream
signaling observed (supplemental Fig. S7). This role of PTP1B is
dependent on the cargo being internalized because recycling of
the transferrin receptor was unaffected by the loss of PTP1B
activity (Fig. 3C and 4E). Our data are supported by a recent
study showing that EphA3 interacts with PTP1B at the cell sur-
face and that overexpression of PTP1B D/A blocks trafficking
of EphA3 but does not affect transferrin receptor trafficking
(54). Our data also suggest that co-localization of both the Met
and EGF receptors with transferrin is abrogated in the presence
of a catalytically inactive mutant of PTP1B, suggesting that the
Met and EGFR RTKs are unable to reach the recycling com-
partment and further strengthening our hypothesis that PTP1B
is required early in the endocytic pathway.
Recently, the ATPase NSF was identified as a substrate for

PTP1B (42). NSF activity is tightly modulated by its phosphor-
ylation status; dephosphorylation promotes its interactionwith
endosomal components and results in endosome fusion. We
therefore hypothesized that the defect in RTK trafficking
observed upon loss of PTP1B catalytic activity could be due to

FIGURE 7. NSF is substrate of PTP1B, and knockdown of NSF delays RTK trafficking and protracts signaling. A, immunoblotting of PTP1B immunopre-
cipitates with the anti-NSF antibody shows that NSF is trapped by PTP1B. HeLa cells were transfected with either GFP-PTP1B WT or GFP-PTP1B D/A and
stimulated with HGF in the presence of cycloheximide for the times indicated. Serial immunoprecipitations were performed with anti-GFP and anti-NSF
antibodies, and immunoprecipitates and total protein lysates from these cells were subjected to immunoblotting with antibodies against NSF, GFP, and
phosphotyrosine Tyr(P)-100 (pY100). Note that NSF is hyperphosphorylated in the absence of PTP1B and is unaffected by presence of the Met ligand, HGF.
B, HeLa cells were seeded on coverslips and at 16 h postseeding transfected with either siRNA against NSF or a scrambled siRNA control. 48 h post-transfection,
cells were serum-starved in the presence of cycloheximide for 2 h and loaded with HGF at 4 °C for 1 h. Cells were chased with warm medium without HGF and
fixed at the times indicated followed by staining with an antibody against the extracellular region of Met. The merge of EEA1 (green) and Met (red) is shown. Side
panel, immunoblot depicting knockdown of NSF for this experiment. Pearson’s coefficient of co-localization, 0.05 � 0.02 (0 min (0�)) and 0.45 � 0.02 (30 min
(30�)) for scrambled siRNA-transfected cells and 0.13 � 0.01 (0 min) and 0.44 � 0.07 (30 min) for NSF1 siRNA-transfected cells. p values, 0.0330 (0 min) and 0.9188
(30 min). C, HeLa cells were seeded on coverslips and at 16 h postseeding transfected with either siRNA against NSF or a scrambled siRNA control. 48 h
post-transfection, cells were serum-starved in the presence of cycloheximide for 2 h and loaded with Alexa Fluor 555-EGF at 4 °C for 1 h. Cells were chased with
warm medium without HGF and fixed at the times indicated followed by staining with an antibody against the extracellular region of Met. The merge of EEA1
(green) and Met (red) is shown. Pearson’s coefficient of co-localization, 0.09 � 0.02 (0 min) and 0.51 � 0.01 (30 min) for scrambled siRNA-transfected cells and
0.12 � 0.04 (0 min) and 0.52 � 0.03 (30 min) for NSF1 siRNA-transfected cells. p values, 0.5462 (0 min) and 0.7938 (30 min). D, HeLa cells transfected with either
scrambled siRNA or siRNA against PTP1B were serum-starved overnight and stimulated with HGF in the presence of cycloheximide for the times indicated.
Protein lysates from these samples were subjected to immunoblotting with antibodies against Met, phosphorylated Met (pMet), NSF, phosphorylated MEK,
and total MEK. The graph on the right depicts the percentage of initial Met receptor remaining. E, HeLa cells transfected with either scrambled siRNA or siRNA
against NSF were serum-starved overnight and stimulated with EGF in the presence of cycloheximide for the times indicated. Protein lysates from these
samples were subjected to immunoblotting with antibodies against EGFR, NSF, phosphorylated MEK, and total MEK. Note that the loss of NSF results in delayed
RTK degradation and sustained pMEK activation.

PTP1B Modulates RTK Down-regulation through NSF

DECEMBER 30, 2011 • VOLUME 286 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 45011

http://www.jbc.org/cgi/content/full/M111.270934/DC1
http://www.jbc.org/cgi/content/full/M111.270934/DC1
http://www.jbc.org/cgi/content/full/M111.270934/DC1
http://www.jbc.org/cgi/content/full/M111.270934/DC1
http://www.jbc.org/cgi/content/full/M111.270934/DC1
http://www.jbc.org/cgi/content/full/M111.270934/DC1
http://www.jbc.org/cgi/content/full/M111.270934/DC1


abrogation of NSF dephosphorylation and consequent disrup-
tion of endosome fusion. We demonstrated that HGF-induced
tyrosine-phosphorylatedNSF is a substrate for PTP1B (Fig. 7A)
and importantly that depletion of NSF through specific siRNA
phenocopied the loss of PTP1B catalytic activity, resulting in
abrogation of Met trafficking, delayed Met degradation, and
sustained activation of MEK1/2 (Fig. 7). Under these condi-
tions, Met was retained on small vesicles at the periphery of the
plasma membrane and did not accumulate in a perinuclear
compartment as was observed with PTP1B siRNA (Fig. 7B).
These data demonstrate that PTP1B-dependent regulation of
RTK signaling occurs primarily through regulation of RTK traf-
ficking via NSF-mediated endosome fusion rather than via
direct dephosphorylation of RTKs. We therefore propose a
model (Fig. 8) inwhichNSF is recruited to andpotentially phos-
phorylated by theMet receptor followed by the fusion of endo-
somes mediated by the actions of v-SNAREs and t-SNAREs.
Because the first round of endosome fusion does not require
NSF (55), small vesicles containing Met are thus formed. We
propose that PTP1B then dephosphorylates NSF, allowing the
removal of �-SNAP and permitting the next round of endo-
some fusion to occur.
Our study identifies a novel role for PTP1B whereby PTP1B

can modulate RTK signaling through regulation of a compo-
nent of the endocyticmachinery.We demonstrate that for both
the Met and EGF RTKs, loss of PTP1B or its substrate NSF
resulted in abrogated receptor trafficking through the endo-
cytic pathway, thus allowing receptors to escape degradation
and permitting sustained activation of the MAPK pathway.
Intriguingly, alterations in expression levels of �-SNAP have
been implicated in the development of aggressive neuroendo-

crine tumors (50), indicating that disruption of NSF-mediated
endosome fusion may be a commonmechanism in cancer devel-
opment. Until now, the role of PTP1B in regulating RTKs has
mainly been attributed to direct dephosphorylation of RTK sub-
strates. However, our data clearly demonstrate a newmechanism
bywhichphosphataseshave thepotential to regulateawidevariety
of RTKs, including those that are not direct substrates, by regulat-
ing a common pathway utilized bymany receptors.
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