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We have previously shown that the T-cell protein tyrosine phosphatase (TC-PTP) dephosphorylates the platelet-derived
growth factor (PDGF) B-receptor. Here, we show that the increased PDGF pB-receptor phosphorylation in TC-PTP
knockout (ko) mouse embryonic fibroblasts (MEFs) occurs primarily on the cell surface. The increased phosphorylation
is accompanied by a TC-PTP-dependent, monensin-sensitive delay in clearance of cell surface PDGF B-receptors and
delayed receptor degradation, suggesting PDGF B-receptor recycling. Recycled receptors could also be directly detected
on the cell surface of TC-PTP ko MEFs. The effect of TC-PTP depletion was specific for the PDGF p-receptor, because
PDGF a-receptor homodimers were cleared from the cell surface at the same rate in TC-PTP ko MEFs as in wild-type
MEFs. Interestingly, PDGF ap-receptor heterodimers were recycling. Analysis by confocal microscopy revealed that, in
TC-PTP ko MEFs, activated PDGF f-receptors colocalized with Rab4a, a marker for rapid recycling. In accordance with
this, transient expression of a dominant-negative Rab4a construct increased the rate of clearance of cell surface receptors
on TC-PTP ko MEFs. Thus, loss of TC-PTP specifically redirects the PDGF B-receptor toward rapid recycling, which is the

first evidence of differential trafficking of PDGF receptor family members.

INTRODUCTION

Members of the platelet-derived growth factor (PDGF)
family stimulate cell growth, survival, and motility. PDGF
isoforms act by binding to two structurally related protein
tyrosine kinase receptors, denoted a- and [B-receptors
(Heldin et al., 1998). Binding of PDGF to its receptors
results in receptor dimerization promoting phosphoryla-
tion in frans between the two receptors in the complex.
PDGF-AA forms aa receptor dimers, PDGF-AB aa and af
receptor dimers, whereas PDGF-BB forms all combinations
of receptor dimers. Two additional PDGF isoforms, PDGF-CC
and -DD, were recently identified (Li et al., 2000; Bergsten et
al., 2001; LaRochelle et al., 2001) and shown to preferentially
signal via aa-receptor and Bp-receptor dimers, respectively,
but they may also activate both receptor types in cells coex-
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pressing a- and B-receptors (Gilbertson et al., 2001; LaRo-
chelle et al., 2001).

T-cell protein tyrosine phosphatase (TC-PTP) regulates
growth factor receptor signaling, both at the level of receptor
tyrosine phosphorylation and in the regulation of down-
stream signaling events (Bourdeau ef al., 2005). The PDGF
B-receptor is associated with and dephosphorylated by sev-
eral tyrosine phosphatases (Ostman and Bdhmer, 2001), in-
cluding TC-PTP (Markova et al., 2003). Several reports have
shown that TC-PTP regulates PDGF receptor signal trans-
duction. Overexpression of a truncated, active form of TC-
PTP was shown to reduce tyrosine phosphorylation of sev-
eral proteins in PDGF-stimulated cells (Cool ef al., 1990), and
mouse embryonic fibroblasts (MEFs) lacking the TC-PTP are
defective in PDGF-induced 1«B kinase complex/nuclear fac-
tor-«kB activation (Ibarra-Sanchez et al., 2001). We recently
demonstrated that TC-PTP dephosphorylates the tyrosine
phosphorylated PDGF B-receptor in vivo (Persson et al.,
2004). Detailed characterization of the consequence of TC-
PTP depletion indicated site-selective effects of TC-PTP,
with most pronounced hyperphosphorylation of Y1021 of
the PDGF B-receptor.

In parallel to receptor dephosphorylation, growth factor
receptor signal transduction is also terminated by internal-
ization and degradation of the activated receptor. The
down-regulation of the epidermal growth factor (EGF) re-
ceptor has been extensively studied (Dikic, 2003; Dikic and
Giordano, 2003). After ligand-induced endocytosis, the EGF
receptor undergoes endosomal sorting, leading either to
degradation or to recycling to the plasma membrane (Sorkin
et al., 1989). The pathways for internalization and degrada-
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tion of the PDGF receptors have been comparatively less
studied. Unlike the EGF receptor, the PDGF B-receptor has
been reported not to recycle (Wang et al., 2004). Here, we
show that depletion of TC-PTP specifically induces recy-
cling of PDGF B-receptor homodimers and af-receptor
heterodimers, without affecting the sorting of PDGF a-re-
ceptor homodimers.

MATERIALS AND METHODS

Antibodies

The 958 rabbit polyclonal antiserum against the PDGF B-receptor, the early
endosomal antigen (EEA)1 goat polyclonal antiserum, the hemagglutinin
(HA)-tag rabbit polyclonal antiserum, and the PY99 monoclonal antibody
(mADb) were from Santa Cruz Biotechnology (Santa Cruz, CA). The PAG7 mAb
recognizing ubiquitin was from Nordic BioSite (Taby, Sweden). Rabbit poly-
clonal antibodies were raised against a glutathione S-transferase fusion pro-
tein containing the C-terminal amino acid residues of the PDGF B-receptor
(CTB) or of the PDGF a-receptor (CTa). These antibodies do not cross-react in
Western blot analysis, and CTp specifically immunoprecipitates the PDGF
B-receptor (our unpublished data). The PDGF a-receptor antiserum (TIE) has
been described previously (Eriksson et al., 1992).

Cell Culture

Mouse embryonic fibroblast cell lines derived from TC-PTP knockout (ko)
(clone EFM4) and littermate wild-type (wt) mice (You-Ten et al., 1997), and a
clonal cell line derived from TC-PTP ko MEFs that stably reexpresses wt
TC-PTP (Ibarra-Sanchez et al., 2001) have been described previously. Addi-
tionally, the TC-PTP ko MEF clone EFM14 (a gift from M. L. Tremblay, McGill
Cancer Center, Montreal, Canada) was used as a control for clonal variations.
The cells were grown in DMEM supplemented with 10% fetal calf serum, 100
U/ml penicillin, 100 ng/ml streptomycin, 2.5 ug/ml Fungizone, and 5 ug/ml
plasmocin.

Cell Lysis, Receptor Precipitation, and Immunoblotting
Analysis

Cells were starved overnight in medium supplemented with 1 mg/ml bovine
serum albumin (BSA) and stimulated with 10 ng/ml PDGF for the indicated
time periods. After stimulation, the cells were rinsed twice in ice-cold phos-
phate-buffered saline (PBS) and lysed in 20 mM Tris-HCl, pH 7.5, 0.5% Triton
X-100, 0.5% deoxycholate, 150 mM NaCl, 10 mM EDTA, 0.5 mM NazVO,, and
1% Trasylol, for 15 min on ice. The lysates were cleared by centrifugation at
13,000 rpm for 15 min at 4°C. PDGF B-receptors were precipitated by incu-
bation with the indicated antibody for 3 h followed by 1-h incubation with
protein A agarose (GE Healthcare, Little Chalfont, Buckinghamshire, United
Kingdom). The precipitated proteins were washed three times in lysis buffer,
separated by SDS-PAGE (7% polyacrylamide gel), and transferred to nitro-
cellulose membranes, which were incubated with the indicated antibodies.
Bound antibodies were visualized by enhanced chemiluminescence.

Separation of Internalized and Cell Surface PDGF
B-Receptors

Internalized PDGF B-receptors were isolated as described previously (Roberts
et al., 2001). Briefly, serum-starved cells were incubated with 0.2 mg/ml
sulfo-NHS-SS-biotin (Pierce Chemical, Rockford, IL) in PBS, pH 8.0, for 1 h on
ice. Unbound biotin was quenched by incubation in 50 mM Tris, pH 8.0, for
10 min on ice. The cells were prewarmed for 5 min at 37°C, followed by
stimulation with 10 ng/ml PDGE-BB for the indicated times. Biotin remaining
on the cell surface was removed by incubating with 20 mM sodium 2-mer-
captoethanesulfonate in 50 mM Tris, pH 8.6, 100 mM NaCl, on ice. Residual
sodium 2-mercaptoethanesulfonate was inactivated by incubation with 20
mM iodoacetic acid in PBS for 10 min on ice. The cells were lysed, as
described above, and biotinylated proteins were precipitated with streptavi-
din agarose, followed by immunoprecipitation of the remaining PDGF B-re-
ceptor using 2 ug of the 958 antisera, as described above.

Ligand Binding and Internalization Assay

Ligand binding was determined by incubating cells for 1 h at 4°C with 2
ng/ml ?*I-labeled PDGF-BB (GE Healthcare) in DMEM supplemented with
0.1% (wt/vol) BSA and 10 mM HEPES (binding medium). Where indicated,
binding of '?°I-labeled PDGF-BB was competed with 200 ng/ml unlabeled
PDGEF-BB. The cells were subsequently washed twice with PBS, supple-
mented with 0.1% BSA, and lysed in 20 mM Tris, 1% Triton X-100, 10%
glycerol; the amount of bound '?°I-labeled PDGF-BB was determined using a
gamma-counter.

To determine the rate of ligand internalization, the cells were incubated with
2 ng/ml '>I-labeled PDGF-BB mixed with 8 ng/ml unlabeled PDGF-BB, as
described above. After washing twice in binding medium, the cells were incu-
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bated at 37°C for the indicated periods. Internalization was terminated by trans-
ferring the cells to ice. For each time point, the total cell-associated radioactivity
was determined after washing with PBS, 0.1% BSA, and the internalized radio-
activity was determined after washing with PBS, 0.1% BSA with the pH adjusted
to pH 3.7 to remove surface-bound radiolabeled PDGF-BB.

Detection of Cell Surface PDGF B-Receptors by
Immunoblotting

Cells were stimulated with 10 ng/ml PDGF-BB for different times, where after
stimulation was terminated by a rapid rinse in ice-cold PBS, and the cells were
placed on ice. Cell surface proteins were biotinylated by incubation with 0.2
mg/ml sulfo-NHS-biotin (Pierce Chemical), as described above. The cells
were lysed as described above, and the PDGF B-receptor was immunopre-
cipitated using 2 ug of CTB antibodies.

Down-Regulation of Cell Surface Receptors

Before stimulation, the cells were preincubated with or without 3 uM mo-
nensin for 10 min at 37°C. In some experiments, cells were transiently trans-
fected with EGFP-Rab4aS22N or EGFP-Rab11S25N (a gift from M. Zerial, Max
Planck Institute of Molecular Cell Biology, Dresden, Germany; Ullrich ef al.,
1996). After stimulation, cell surface proteins were biotinylated by incubation
with 0.2 mg/ml sulfo-NHS-SS-biotin (Pierce Chemical), as described above.
The cells were lysed, as described above, and cell surface proteins were
precipitated by incubating the lysates for 1 h with streptavidin agarose. Cell
surface receptors were visualized with the indicated antibodies.

Detection of Recycled PDGF B-Receptors

Cells were preincubated with 20 pg/ml cycloheximide for 45 min at 37°C,
stimulated with 10 ng/ml PDGF-BB for 5 min at 37°C, and transferred to ice.
After rinsing twice in 0.1 M phosphate buffer, 0.15 M NaCl, pH 7.8, cell
surface amino-groups were blocked by incubating the cells with 1 mg/ml
sulfo-NHS-acetate (Pierce Chemical) in phosphate buffer for 20 min on ice.
This was repeated three times, and after the final incubation, unbound sulfo-
NHS-acetate was quenched by a 5-min incubation with 50 mM Tris, pH 8.0.
The cells were rinsed once in medium, and medium containing 20 ug/ml
cycloheximide was added. The cells were then transferred to 37°C for the
indicated periods to allow for receptor recycling, transferred to ice, and rinsed
twice with phosphate buffer. Reappearing cell surface proteins were labeled
by incubating the cells with 0.2 mg/ml sulfo-NHS-biotin in phosphate buffer
for 1 h on ice, followed by a 5-min incubation with 50 mM Tris, pH 8.0. The
cells were lysed as described above, and the PDGF B-receptors were immu-
noprecipitated with the CTB antiserum. Recycled receptors were detected
with horseradish peroxidase (HRP)-conjugated streptavidin (GE Healthcare),
followed by stripping and detection of the total amount of PDGF B-receptors
with CTB antibodies.

Confocal Analysis of PDGF B-Receptor Subcellular
Localization

Cells were transiently transfected with either Rab4a-enhanced green fluores-
cent protein (EGFP) or Rab11-EGFP (a gift from M. Zerial; Sonnichsen et al.,
2000) by using Lipofectamine plus standard protocol (Invitrogen, Carlsbad,
CA). After transfection, the cells were replated on Chamberslides (Lab-Tek,
Naperville, IL) and starved overnight. After stimulation with 10 or 50 ng/ml
PDGEF-BB, the cells were rinsed twice in PBS and fixed with 2% paraformal-
dehyde in PBS, pH 7.3, as described previously (Burden-Gulley and Brady-
Kalnay, 1999). The PDGF B-receptor was detected by incubating the cells with
2 ug/ml CTPB, and the PDGF a-receptor was detected by incubating the cells
with 2 wg/ml HA-tag antibody, followed by an Alexa546-conjugated second-
ary antibody. After mounting in Fluoromount G (Southern Biotechnology
Associates, Birmingham, AL), the subcellular localization of the PDGF B-re-
ceptor was examined using a Zeiss Axiovert 200 M microscope (Carl Zeiss,
Jena, Germany) equipped with LSM 510 laser. Images were captured using an
Apochormat 63pX oil objective with numerical aperture 1.4. The scans were
three-dimensional reconstructed using the LSM5 image examiner (Carl Zeiss).

RESULTS

Hyperphosphorylation of Cell Surface PDGF B-Receptors
in TC-PTP ko MEFs

We recently reported that MEFs from TC-PTP ko mice showed
a fivefold increase in PDGF pB-receptor phosphorylation
compared with MEFs from wt mice (Persson et al., 2004). To
investigate whether this hyperphosphorylation correlated
with alterations in the subcellular distribution of the acti-
vated receptors, we analyzed the phosphorylation of inter-
nalized and cell surface receptors from TC-PTP ko as well as
wt MEFs. After 3 min of stimulation by PDGF-BB, the ma-
jority of the PDGF B-receptor tyrosine phosphorylation was
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Figure 1. Loss of TC-PTP affects PDGF B-receptor trafficking. (A)
Hyperphosphorylation of cell surface PDGF B-receptors in TC-PTP
ko MEFs. Cell surface proteins were biotinylated using sulfo-NHS-
SS-biotin, and the cells were subsequently stimulated with 10 ng/ml
PDGEF-BB. Receptor internalization was terminated by transferring
the cells to ice after the indicated times, and biotin linked to recep-
tors at the cell surface was removed by reducing the disulfide bond
with the cell-impermeable reducing agent sodium 2-mercaptoeth-
ane sulfonate (MESNA). Biotinylated proteins, containing the inter-
nalized receptor pool, were precipitated using streptavidin agarose.
The remaining PDGF B-receptors were immunoprecipitated with
PDGF B-receptor antibodies. Precipitated proteins were separated
by SDS-PAGE and transferred to nitrocellulose filters. The amount
of internalized and cell surface PDGF B-receptors, and their tyrosine
phosphorylation status, in wt (left) and TC-PTP ko (right) MEFs
were detected by consecutive immunoblotting with a monoclonal
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detected on the cell surface in both cell lines (Figure 1A). In
wt MEFs, a significant amount of the tyrosine phosphory-
lated PDGF receptors was found in the internalized pool
after 10 min of stimulation. However, although phosphory-
lated receptors were detected in the internalized pool after 10
min of simulation in TC-PTP ko MEFs, the majority of the
phosphorylated receptors were found on the cell surface (Fig-
ure 1A). After 30 min of stimulation, only low levels of PDGF
receptor phosphorylation remained in both cell lines. This in-
dicates that the increased receptor phosphorylation observed
in TC-PTP ko MEFs mainly occurs at the cell surface.

Delayed Degradation of PDGF B-Receptors in TC-PTP ko
MEFs

The increased phosphorylation of cell surface receptors de-
tected in TC-PTP ko MEFs was accompanied by a slower
reduction of the amount of PDGF B-receptors on the cell
surface (Figure 1A, middle). To investigate whether the in-
creased amount of activated receptors on the cell surface
was due to altered PDGF B-receptor trafficking, we exam-
ined the rate of receptor degradation in wt and TC-PTP ko
MEFs. As seen in Figure 1B, the PDGF B-receptor was rap-
idly degraded in the wt MEFs, whereas the rate of receptor
degradation was markedly slower in TC-PTP ko MEFs. The
delayed degradation was also noted in a second clone of
TC-PTP ko MEFs, demonstrating that the phenotype is not
due to clonal variations (Supplemental Figure S1). This dif-
ference was not dependent on differences in receptor syn-
thesis, because it was not sensitive to pretreatment with
cycloheximide (Supplemental Figure S2). This suggests that
TC-PTP-induced dephosphorylation of the PDGF B-recep-
tor also regulates the trafficking and ultimately the rate of
degradation of the receptor.

phosphotyrosine antibody (PY99; top) and PDGF B-receptor anti-
bodies (958; middle). As a control, biotinylated receptors from un-
stimulated cells, after incubation with or without MESNA, were
precipitated using streptavidin agarose, and the remaining PDGF
B-receptors were subsequently precipitated with wheat germ agglu-
tinin (WGA) (bottom left). The total amount of receptors was
detected by using half of the lysates for WGA precipitation
(bottom right). (B) Delayed degradation of PDGF B-receptors in
TC-PTP ko MEFs. wt and TC-PTP ko MEFs were stimulated with
10 ng/ml PDGE-BB as indicated. Total cell lysates were separated
by SDS-PAGE and transferred to nitrocellulose filters, and the
amount of PDGF B-receptor was detected by immunoblotting with
2 pg/ml CTB. Densitometric analysis of the receptor levels is given
below the blot. The graph represents the densitometric analysis +
SEM for five separate experiments. (C) Detection of cell surface
PDGF B-receptors. wt, TC-PTP ko MEFs, and TC-PTP ko MEFs
stably reexpressing wt TC-PTP (Ibarra-Sanchez et al., 2001) were
stimulated with 10 ng/ml PDGE-BB for the indicated times. The
cells were placed on ice to stop membrane trafficking, and cell
surface proteins were biotinylated using sulfo-NHS-biotin. The
PDGF B-receptor was immunoprecipitated, and the precipitated
proteins were separated by SDS-PAGE and transferred to nitrocel-
lulose filters. Cell surface PDGF B-receptors were detected with
HRP-conjugated streptavidin followed by immunoblotting with 2
pg/ml CTB. (D) Binding of >°I-PDGEF-BB. Cells were incubated
with 2 ng/ml '»I-PDGF-BB in the absence (black bars) or presence
(gray bars) of 200 ng/ml unlabeled PDGF-BB. Binding of radiola-
beled ligand was determined by a gamma-counter. (E) Internaliza-
tion of »°I-PDGEF-BB. Wt (black bars) and TC-PTP ko (gray bars)
MEFs were incubated with 2 ng/ml '*I-PDGF-BB together with 8
ng/ml unlabeled PDGE-BB for 1 h on ice. After washing, the cells
were incubated at 37°C for the indicated periods. Ligand binding
to the cell surface was removed by a mild acidic wash. The rate
of internalization is expressed as the ratio of internalized ligand
compared with total cell-associated ligand.
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Delayed Clearance of Cell Surface PDGF B-Receptors in
TC-PTP ko MEFs

We then investigated whether the kinetics of PDGF B-recep-
tor clearance from the cell surface was altered in TC-PTP ko
MEFs. After ligand stimulation, cell surface proteins were
labeled by biotinylation. Immunoprecipitation of PDGF
B-receptors revealed that in wt MEFs, the majority of the
PDGF B-receptor disappeared from the cell surface within
the first 5 min of stimulation (Figure 1C). However, in
TC-PTP ko MEFs, a significant amount of receptors was
present on the cell surface even after 40 min of stimulation
(Figure 1C). The decreased rate of clearance of cell surface
receptors was also detected in a second clone of TC-PTP ko
MEFs (Supplemental Figure S1). Furthermore, the altered
kinetics of receptor clearance was directly due to loss of
TC-PTP, demonstrated by the finding that this phenotype
was reversed in TC-PTP ko MEFs stably retransfected with
wt TC-PTP (Ibarra-Sanchez et al., 2001) (Figure 1C).

Loss of TC-PTP Does Not Affect the Rate of Ligand
Internalization

To investigate whether the altered rate of PDGF B-receptor
clearance from the cell surface was due to delayed receptor
internalization, we examined the rate of internalization of
radiolabeled PDGEF-BB. The two cell lines bound approxi-
mately the same amount of '**I-PDGF-BB, and a majority of
this binding could be competed by high concentration of
unlabeled PDGE-BB (Figure 1D). The labeled ligand was
internalized with the same kinetics in the two cell lines
(Figure 1E), suggesting that the slow rate of receptor clear-
ance detected in TC-PTP ko MEFs was not due to a reduc-
tion in the rate of PDGF B-receptor internalization. The
difference between the unaltered rate of ligand internaliza-
tion and the slower rate of receptor clearance seen in TC-PTP
ko MEFs could be explained by recycling of the PDGF
B-receptor without bound ligand.

The PDGF B-Receptor Recycles in TC-PTP ko MEFs

To investigate whether the reduced rate of receptor clear-
ance from the cell surface was due to an induction of PDGF
B-receptor recycling, we investigated the rate of clearance of
cell surface receptors in the presence of monensin, an inhib-
itor of receptor recycling. After a short preincubation with
monensin, there was an increase in the rate of clearance of
the receptor from the cell surface of TC-PTP ko MEFs, which
approached the rate seen in wt MEFs (Figure 2A), support-
ing the finding that the kinetics of receptor internalization is
unchanged (Figure 1E). This finding indicates that the re-
duced rate of PDGF B-receptor clearance from the cell sur-
face is due to an increase in receptor recycling. The induced
recycling of the PDGF B-receptor was due to loss of TC-PTP,
because this phenotype was reversed in TC-PTP ko MEFs
stably retransfected with wt TC-PTP (Ibarra-Sanchez ef al.,
2001) (Figure 2A). To ensure that monensin did not alter the
cell surface expression of the PDGF B-receptor during the
experiment, cells were treated with monensin for up to 40
min and the cell surface receptors were isolated. This treat-
ment did not affect the level of cell surface receptors in any
cell line (Figure 2A).

To further confirm that receptor recycling occurs, we then
set up an experiment to directly determine the presence of
recycled PDGF B-receptors on the cell surface of TC-PTP ko
MEFs. Following ligand binding and receptor internaliza-
tion for five minutes, available amino-groups on cell surface
proteins were blocked from further biotinylation by incuba-
tion with sulfo-NHS-acetate (Figure 2B, lane 2). After allow-
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Figure 2. Recycling of PDGF B-receptors in TC-PTP ko MEFs. (A)
Cells were preincubated for 10 min with or without 3 uM monensin
followed by stimulation with 10 ng/ml PDGF-BB, as indicated (top).
The cells were transferred to ice to stop membrane trafficking, and
cell surface proteins were labeled using sulfo-NHS-SS-biotin. After
lysis, cell surface proteins were precipitated using streptavidin aga-
rose. Precipitated cell surface PDGF B-receptors were detected by
immunoblotting with 2 ug/ml CTB. As a control, unstimulated cells
were treated with monensin for the indicated periods of time,
followed by biotinylation, precipitation and detection as described
above (bottom). TC-PTP ko MEFs (B), or wt and TC-PTP ko MEFs
stably reexpressing wt TC-PTP (C), were treated for 45 min with
cycloheximide to prevent protein synthesis, followed by a 5-min
stimulation at 37°C in the presence or absence 10 ng/ml PDGF-BB
as indicated to allow for receptor internalization. Cell surface amino-
groups were blocked from further modifications by incubation with
sulfo-NHS-acetate. Where indicated, the cells were transferred to
37°C for 10 or 20 min to allow for receptor recycling. Reappearing
cell surface proteins were biotinylated with sulfo-NHS-biotin. The
PDGF B-receptor was immunoprecipitated with 2 ug CTS, and the
precipitated proteins were separated by SDS-PAGE and transferred
to nitrocellulose filters. The presence of recycled receptors on the
cell surface was detected with HRP-conjugated streptavidin (top)
followed by immunoblotting with 2 ug/ml CTg (bottom).

ing for recycling to occur, reappearing proteins were biotin-
ylated, PDGF B-receptors were immunoprecipitated, and
recycled receptors were detected with HRP-conjugated
streptavidin. In TC-PTP ko MEFs, recycled PDGF B-recep-
tors could be directly detected after allowing for recycling
for ten or twenty minutes (Figure 2B, lanes 3 and 4, respec-
tively). The experiment was performed in the presence of
cycloheximide to prevent the detection of newly synthesized
receptors. To further confirm that the detected receptors
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Figure 3. Clearance of cell surface PDGF a-receptors. (A) Cells were preincubated for 10 min with or without 3 uM monensin followed by
stimulation with 10 ng/ml PDGE-AA, as indicated. The cells were transferred to ice to stop membrane trafficking, and cell surface proteins
were labeled using sulfo-NHS-SS-biotin. After lysis, cell surface proteins were precipitated using streptavidin agarose (left). Precipitated
PDGF a-receptors were detected by immunoblotting with PDGF a-receptor antiserum. PDGF a-receptor phosphorylation was detected in
WGA precipitates after 5-min stimulation with PDGF-AA (right). (B) TC-PTP ko MEFs were stimulated with 10 ng/ml PDGF-AA or
PDGE-BB, as indicated. The cells were transferred to ice to stop membrane trafficking, and cell surface proteins were labeled using
sulfo-NHS-SS-biotin. After lysis, cell surface proteins were precipitated using streptavidin agarose. Precipitated PDGF receptors were
detected by sequential immunoblotting with 2 ug/ml CTa and CTJ, respectively. The relative rate of receptor clearance was determined, and

the relative amount of cell surface receptors = SEM (n = 9) was plotted.

were due to ligand-induced receptor recycling, TC-PTP ko
MEFs were incubated for 5 min at 37°C without ligand,
treated with sulfo-NHS-acetate, and either placed on ice or
incubated for a further 20 min at 37°C, followed by biotiny-
lation, as described above. No increase in cell surface recep-
tors was detected after this treatment (Figure 2B, right). We
were unable to detect any recycled receptors in either wt or
TC-PTP ko MEFs stably retransfected with wt TC-PTP
(Ibarra-Sanchez et al., 2001) further confirming that recycling
of the PDGF B-receptor is dependent on loss of TC-PTP
(Figure 2C). Because Cbl-mediated ubiquitination is impor-
tant for the sorting of PDGF receptors toward degradation
(Haglund et al., 2003), we investigated whether loss of TC-
PTP affected the ubiquitination of the PDGF B-receptor. The
PDGEF B-receptor was found to be ubiquitinylated to approx-
imately the same extent in both cell lines (Supplemental
Figure S3). Although the peak in ubiquitination was de-
tected slightly later in TC-PTP ko MEFs, we could not find
any substantial difference in PDGF B-receptor ubiquitination
between the cell lines.

To investigate whether the internalized receptor-bound
PDGE-BB, after dissociation from the receptor, is recycled
back to the cell surface as the receptor, or degraded, cells
were allowed to internalize '?°I-labeled PDGF-BB for 5 min,
followed by an acidic wash to remove bound but not inter-
nalized ligand. The cells were then allowed time for recy-
cling at 37°C in the presence of unlabeled PDGEF-BB. We
could not detect any release of '?°I-PDGF-BB into the me-
dium (Supplemental Figure S4). However, the background
in the experiment, due to unspecific binding of *’I-PDGF-
BB to both cells and plastic, was too high to allow a firm
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conclusion whether internalized '>>I-PDGF-BB is recycled or
degraded.

Loss of TC-PTP-induced Recycling of PDGF af3-Receptor
Heterodimers but Not PDGF aa-Receptor Homodimers

To determine whether loss of TC-PTP alters the trafficking of
other tyrosine kinase receptors, we investigated the cell surface
clearance of the closely related PDGF a-receptor. Although the
PDGF a-receptor is an in vitro substrate for TC-PTP (Supple-
mental Figure S5A) and was found to be hyperphosphorylated
in TC-PTP ko MEFs after stimulation with PDGF-AA, the
PDGF a-receptor was rapidly cleared from the cell surface in
both TC-PTP ko and wt MEFs (Figure 3A). The rate of clear-
ance was not affected by monensin, demonstrating that the
PDGF a-receptor does not recycle in either cell line. In accor-
dance with this notion, the rate of degradation of the PDGF
a-receptor was not affected by loss of TC-PTP (Supplemental
Figure S5B). Both cell lines express much lower levels of PDGF
a-receptor compared with PDGF B-receptor. Thus, stimulation
with PDGF-BB would be expected to induce primarily Bp-
receptor homodimers and af-receptor heterodimers, but only
low levels of aa-receptor homodimers. To investigate whether
sorting of PDGF a-receptors was altered when the receptor
was heterodimerized with PDGF B-receptors, we compared
the rate of cell surface receptor clearance in TC-PTP ko MEFs
stimulated with either PDGF-AA or PDGF-BB. When the cells
were stimulated with PDGF-AA, which causes a-receptor ho-
modimerization, the majority of the PDGF a-receptors were
cleared from the cell surface within 5 min of stimulation (Fig-
ure 3B, top), whereas this treatment, as expected, did not alter
the level of PDGF B-receptors (Figure 3B, bottom). However,
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Figure 4. Confocal analysis of the subcellular localization of the PDGF B-receptor and Rab4a-EGFP. (A) TC-PTP ko MEFs transiently
expressing Rab4a-EGFP were stimulated for the indicated time periods with 50 ng/ml PDGF-BB. After stimulation, the cells were fixed and
stained with antibodies against the PDGF B-receptor. The subcellular localizations of the PDGF B-receptor and Rab4a-EGFP were determined
using an LSM-510 confocal microscope. The insert represents a magnification of the region inside the white square. The bar represents 10 um.
(B) TC-PTP ko MEFs were transiently transfected with a dominant negative Rab4a-EGFP (Rab4aS22N). The cells were stimulated with 10
ng/ml PDGF-BB as indicated and then transferred to ice to stop membrane trafficking. Cell surface proteins were labeled using sulfo-NHS-
SS-biotin. After lysis, cell surface proteins were precipitated using streptavidin agarose. Precipitated cell surface PDGF B-receptors were
detected by immunoblotting with 2 ug/ml CTp.
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Figure 5. Confocal analysis of the subcellular localization of PDGF receptors and Rab4a-EGFP. wt MEFs (A) and TC-PTP ko MEFs stably
reexpressing wt TC-PTP (B) transiently expressing Rab4a-EGFP were stimulated for 10 min with 50 ng/ml PDGF-BB. After stimulation, the
cells were fixed and stained with antibodies against the PDGF B-receptor. The subcellular localizations of the PDGF B-receptor and
Rab4a-EGFP were determined using a LSM-510 confocal microscope. The insert represents a magnification of the region inside the white
square. The bar represents 10 um. (C) TC-PTP ko MEFs were transiently transfected with Rab4a-EGFP and HA-tagged PDGF a-receptor.
Serum-starved cells were stimulated for 10 min with 50 ng/ml PDGF-AA. After stimulation, the cells were fixed and stained with antibodies
against the HA-tag. The subcellular localizations of the PDGF a-receptor and Rab4a-EGFP were determined using an LSM-510 confocal
microscope. The inset represents a magnification of the region inside the white square. Bar, 10 wm.

when the cells were stimulated with PDGF-BB, which induces
homo- as well as heterodimeric receptor complexes, a signifi-
cant amount of PDGF a-receptors was detected at the cell
surface even after 20 min of stimulation, as was the case for
PDGF B-receptors (Figure 3B). After 40 min of stimulation, the
majority of both PDGF a-receptors and B-receptors had disap-
peared from the cell surface. Thus, although the trafficking of
PDGF a-receptor homodimers was unaltered in TC-PTP ko
METFs, the a-receptor was sorted for recycling together with the
PDGF B-receptor when occurring in heterodimers in these
cells. This delay in PDGF a-receptor clearance was not seen in
PDGEF-BB-stimulated TC-PTP ko MEFs stably reexpressing wt
TC-PTP, in which the PDGF B-receptor do not recycle (Sup-
plemental Figure S5C).

PDGF B-Receptor Recycling Occurs through Rab4a-positive
Vesicles

To investigate the endosomal pathways involved in PDGF
B-receptor trafficking, we used confocal microscopy to fol-
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low the subcellular localization of the PDGF B-receptor.
After stimulation, the PDGF B-receptor was, as expected,
rapidly internalized into EEA1-positive endosomes in wt as
well as TC-PTP ko MEFs (our unpublished data). We then
compared the localization of PDGF B-receptor to EGFP-
tagged Rab4a and Rabll as specific markers for recycling
endosomes (Sonnichsen et al., 2000). In TC-PTP ko MEFs,
colocalization between the PDGF B-receptor and Rab4a-
EGFP-positive endosomes at the periphery of the cells was
detected after 10 and 20 min of stimulation with 10 ng/ml
(our unpublished data) or 50 ng/ml PDGF-BB stimulation
(Figure 4A). This increased colocalization could not be de-
tected in TC-PTP ko MEFs reexpressing wt TC-PTP (Figure
5B). Also, colocalization between Rab4a-EGFP and the
PDGF B-receptor was rarely observed in TC-PTP ko MEFs
after 5 or 40 min of stimulation (Figure 4A). In support of the
notion that the PDGF B-receptor does not normally recycle
(Wang et al., 2004), only very low levels of colocalization
between the receptor and either Rab4a-EGFP (Figure 5A and
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Supplemental Figure S6) or Rab11-EGFP (Supplemental Fig-
ure S7), markers of rapid and slow recycling vesicles, respec-
tively, was detected in PDGF-BB stimulated wt MEFs. We
could always see staining in the perinuclear area, regardless
of which Rab protein that was expressed or whether the cells
were stimulated or not. In TC-PTP ko MEFs, there was no
change in the level of colocalization between the PDGF
B-receptor and Rab11-EGFP after ligand stimulation (Sup-
plemental Figure S7), indicating that receptor recycling oc-
curs through the rapid pathway directly from the sorting
endosomes rather than through the slower pathway of
Rab11-positive recycling endosomes. This notion was sup-
ported by the finding that transient expression of dominant
negative Rab4a (Rab4aS22N) increased the rate of clearance
of cell surface receptors (Figure 4B), whereas expression
of dominant-negative Rab11 (Rab11525N) had no effect (our
unpublished data). In unstimulated cells, no colocalization
between the PDGF B-receptor and either Rab4-EGFP (Figure
4A and Supplemental Figure S6) or Rab11-EGFP (our un-
published data) was detected. The expression level of PDGF
a-receptor in TC-PTP ko MEFs is too low for confocal anal-
ysis. We therefore transiently overexpressed HA-tagged PDGF
a-receptor in these cells and looked for colocalization with
Rab4-EGFP. However, no such colocalization could be de-
tected at any time point after PDGF-AA stimulation (Figure
5C; our unpublished data), which is consistent with the
notion that a-receptor homodimers do not recycle.

DISCUSSION

TC-PTP has previously been shown to negatively regulate
the phosphorylation of the PDGF B-receptor (Persson et
al., 2004). Here, we show that the major increase in phos-
phorylation of the PDGF B-receptor in TC-PTP ko MEFs
occurs on the cell surface (Figure 1A) and is paralleled by
a delay in receptor degradation (Figure 1B). Depletion of
TC-PTP induced recycling of the PDGF B-receptor (Figure
2), an event that does not normally occur for this partic-
ular receptor. The recycling was directly dependent on
loss of TC-PTP, because it was abolished by reexpression
of wt TC-PTP (Figure 2). This is the first evidence of a role
for a tyrosine phosphatase in growth factor receptor traf-
ficking. It should be noted that the initial rate of internal-
ization was not affected by loss of TC-PTP (Figure 1E).
Interestingly, loss of TC-PTP specifically induced recycling of
PDGF B-receptor homodimers and PDGF «f-receptor het-
erodimers, without affecting the sorting of PDGF a-receptor
homodimers (Figure 3), indicating that the sorting of PDGF
a- and B-receptors are regulated by different mechanisms.
Sorting of activated receptors is important to modulate the
outcome of receptor signal transduction and subsequent cellu-
lar response (Hoeller et al., 2005). Among the growth factor
receptors, the EGF receptor is the most extensively studied
regarding the molecular mechanisms underlying its internal-
ization and subsequent intracellular trafficking (Waterman and
Yarden, 2001; Dikic, 2003). Cbl-mediated multiple monou-
biquitination has been postulated to be a sorting signal for
the degradation of both the EGF and PDGEF receptors
(Haglund ef al., 2003). Ubiquitinated receptors are thought to
interact with the UIM domain of the hepatocyte growth
factor-regulated tyrosine kinase substrate (Hrs) (Raiborg et al.,
2002), which is a key player in the sorting mechanism through
its further interactions with the endosomal sorting complex
required for transport-I (ESCRT-I) sorting complex. Hrs and
ESCRT-I mediate the sorting of ubiquitinated cargo into mul-
tivesicular bodies (Bache et al., 2004). The importance of this
pathway in PDGF B-receptor trafficking is underlined by the
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finding that Hrs binding to the Hrs binding protein (also
known as signal-fransducer adaptor molecule [STAM]-2), is
needed for proper sorting of PDGF receptors toward degrada-
tion (Takata et al., 2000). In this study, we were unable to detect
any differences in the overall ubiquitination of the PDGF -
receptors in TC-PTP ko MEFs compared with wt MEFs (Sup-
plemental Figure S3); it remains to be investigated, however,
whether qualitative differences in ubiquitination contributes to
the observed recycling.

Despite the identification of many components in the sort-
ing machinery, little is known about the in vivo regulation
and fine-tuning of the sorting of receptor tyrosine kinases.
Activation of phosphatidylinositol 3-kinase has been
implied in the sorting of the PDGF B-receptor toward lysoso-
mal degradation (Joly et al., 1994), but the precise mecha-
nism for this requirement is not known. Several proteins in
the sorting machinery have been identified as substrates for
receptor tyrosine kinases, indicating that also PTPs could
regulate their function. Hrs and its binding partner STAM
are differentially phosphorylated following stimulation with
EGF, PDGF and hepatocyte growth factor (Row ef al., 2005),
indicating that different receptor tyrosine kinases may dif-
ferentially regulate these sorting proteins. However, phos-
phorylation of these proteins did not seem to be required for
either ubiquitination or trafficking of these receptors (Row et
al., 2005), but may rather be involved in coupling the recep-
tor and the sorting complex to other possible downstream
functions.

The EGF receptor has been shown to recycle (Sorkin et al.,
1989), and this seems to occur primarily through the endo-
somal recycling compartment (Felder ef al., 1990). Unlike the
EGF receptor, the PDGF receptors have not been reported to
recycle in normal cells. It is, however, possible that a small
amount of receptors recycle in wt fibroblasts and that loss of
TC-PTP shifts the balance toward increased recycling. Inter-
estingly, we found that loss of TC-PTP selectively induced
recycling of the PDGF B-receptor but not the PDGF a-recep-
tor (Figure 3). At present, it is not clear where and by which
mechanisms the PDGF B-receptor is sorted for recycling.
That the PDGF B-receptor was found to colocalize with
Rab4a-positive endosomes after short-term stimulation (Fig-
ure 4A), whereas there was no change in the colocalization
with Rabll-positive endosomes (Supplemental Figure S7),
indicates that the recycling occurs directly from the sorting
endosomes. This notion was further supported by the find-
ing that transient expression of a dominant-negative Rab4a
construct increased the rate of clearance of cell surface re-
ceptors in the TC-PTP ko MEFs (Figure 4B). Transferrin
receptors are either sorted directly from the sorting endo-
somes to the plasma membrane via Rab4a-positive vesicles,
or through the slower recycling pathway involving Rab11-
positive recycling endosomes (Sonnichsen et al., 2000).
Accordingly, PDGF B-receptors were found to partially colo-
calize with recycling transferrin in TC-PTP ko MEFs, but not
in wt MEFs, simultaneously stimulated with transferrin and
PDGEF-BB (our unpublished data), further supporting the
notion that the PDGF B-receptor recycles from the sorting
endosomes. In the present study, no recycling of the
PDGEF-BB ligand could be detected, but the fate of the ligand
during PDGF B-receptor recycling and degradation should
be further investigated.

TC-PTP has been linked to the dephosphorylation of ty-
rosine kinase receptors, including the EGF and insulin re-
ceptors (Tiganis et al., 1998, 1999; Galic et al., 2003). In addi-
tion to TC-PTP (Persson ef al., 2004), many PTPs have been
implicated in the control of PDGF receptor phosphorylation
(Ostman and Bohmer, 2001; Markova et al., 2003), but little is
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known about the individual roles of these PTPs in the reg-
ulation of PDGF receptor signal transduction and turnover.
We previously showed that the PDGF B-receptor hyper-
phosphorylation in TC-PTP ko MEFs mainly occurs on
Y1021, the binding site for phospholipase C (PLC)y. Hyper-
phosphorylation of this site was accompanied by increased
PLCy signaling and increased PDGF-induced cell migration
(Persson et al., 2004). This is in accordance with the present
finding that the majority of the increase in PDGF B-receptor
phosphorylation is detected on the cell surface (Figure 1A),
where the PLCy activation and actin reorganization re-
quired for migration would occur (Hoeller et al., 2005). Mod-
ulation of PDGF B-receptor recycling would thus represent a
novel level of regulation where the physiological response to
PDGF may be modified.

In the present study, we identified TC-PTP as a direct
regulator of the intracellular sorting of the PDGF B-receptor.
This implies that variations in the expression and/or activa-
tion of TC-PTP would have consequences for the intensity
and duration of PDGF B-receptor signaling. The target spec-
ificity of TC-PTP is presently unclear, and more studies are
required for identification of the functional role(s) of this
enzyme. That the PDGF B-receptor is degraded in TC-PTP
ko MEFs, although with slower kinetics than in wt MEFs,
would indicate that the TC-PTP-dependent recycling does
not affect the whole receptor population. It is possible that
other PTPs could compensate for the loss of TC-PTP, thus
promoting receptor degradation. The finding that the PDGF
B-receptor is selectively affected argues that TC-PTP regu-
lates receptor trafficking either by dephosphorylating a crit-
ical tyrosine residue on the PDGF B-receptor, but not the
a-receptor, directly, or by dephosphorylating a protein se-
lectively associated with, or phosphorylated by, the B-recep-
tor, but not with the a-receptor.

In summary, we have described that loss of TC-PTP spe-
cifically induces recycling of the PDGF B-receptor without
affecting the rate of receptor internalization. Furthermore,
our finding that loss of TC-PTP specifically redirects the
PDGF B-receptor from the degradative pathway to a rapid
recycling pathway provides the first report showing differ-
ential trafficking between the PDGF receptor family mem-
bers.
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