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Nerve growth factor (NGF) is critical for the differentiation and maintenance of neurons in the peripheral
and central nervous system. Sustained autophosphorylation of the TrkA receptor tyrosine kinase and long-
lasting activation of downstream kinase cascades are hallmarks of NGF signaling, yet our knowledge of the
molecular mechanisms underlying prolonged TrkA activity is incomplete. Protein phosphatase 2A (PP2A) is a
heterotrimeric Ser/Thr phosphatase composed of a scaffolding, catalytic, and regulatory subunit (B, B�, and B�
gene families). Here, we employ a combination of pharmacological inhibitors, regulatory subunit overexpres-
sion, PP2A scaffold subunit exchange, and RNA interference to show that PP2A containing B� family regulatory
subunits participates in sustained NGF signaling in PC12 cells. Specifically, two neuron-enriched regulatory
subunits, B�� and B��, recruit PP2A into a complex with TrkA to dephosphorylate the NGF receptor on
Ser/Thr residues and to potentiate its intrinsic Tyr kinase activity. Acting at the receptor level, PP2A/ B�� and
B�� enhance NGF (but not epidermal growth factor or fibroblast growth factor) signaling through the Akt and
Ras–mitogen-activated protein kinase cascades and promote neuritogenesis and differentiation of PC12 cells.
Thus, select PP2A heterotrimers oppose desensitization of the TrkA receptor tyrosine kinase, perhaps through
dephosphorylation of inhibitory Ser/Thr phosphorylation sites on the receptor itself, to maintain neurotrophin-
mediated developmental and survival signaling.

The secreted neurotrophins nerve growth factor (NGF),
brain-derived neurotrophic factor, and neurotrophin-3 and -4
interact with type I transmembrane receptors to activate signal
transduction cascades that regulate neuronal development,
plasticity, and survival in most neuronal populations (23, 47).
As the prototypical neurotrophin, NGF acts through two re-
ceptors, p75 and tropomyosin-related kinase A (TrkA). A
member of the receptor tyrosine kinase family of growth factor
receptors, TrkA is required for the development and preser-
vation of cholinergic neurons in the brain as well as sympa-
thetic and sensory neurons in the peripheral nervous system
(10, 15, 30). TrkB and TrkC, the closely related receptors for
brain-derived neurotrophic factor and neurotrophin-3, respec-
tively, have similarly critical functions in the developing and
adult central nervous system (23, 47).

Upon neurotrophin binding, Trk receptors dimerize and
cross-autophosphorylate on tyrosine residues in the activation
loop of the intracellular kinase domain. Trk autophosphor-
ylation continues on additional Tyr residues, which serve as
docking sites for adaptor proteins that feed into the mito-
gen-activated protein kinase (MAPK; also known as extra-
cellular signal-regulated kinase [ERK]), phosphoinositide 3�
kinase, and phospholipase C� (PLC�) signaling cascades (23,
70). Derived from a peripheral nervous system tumor, PC12
cells express both TrkA and p75 receptors and respond to
NGF by differentiating into a sympathetic neuron-like pheno-

type (19). Prolonged MAP kinase activation is both necessary
and sufficient for neuronal differentiation of PC12 cells (13, 19,
46), whereas sustained phosphoinositide 3� kinase/Akt activa-
tion is essential for neurotrophin-dependent survival of PC12
cells and primary neurons (4, 28, 47). While it is well estab-
lished that maintenance of Trk autophosphorylation is re-
quired for long-lasting activation of downstream effectors (48,
71), only a few regulators of TrkA autophosphorylation have
been identified thus far (9, 33, 39, 54).

Protein phosphatase 2A (PP2A) is a family of ubiquitous
and essential serine/threonine phosphatases that target a wide
spectrum of signaling molecules, including kinases and recep-
tors (18, 24, 27). The predominant form of PP2A consists of a
core dimer of a scaffolding A subunit and a catalytic C subunit
which associates with a large repertoire of regulatory subunits
to form heterotrimeric PP2A. There are three gene families
that encode regulatory subunits, B (PR55), B� (B56/PR61),
and B� (PR72), which have little sequence and structural sim-
ilarities. In mammals, each regulatory subunit family contains
three to five genes that share 70 to 90% sequence identity (22,
40, 41), and alternative splicing of several genes adds further
complexity to PP2A regulation. The B family of regulatory
subunits are �-propellers with N-terminal differential targeting
sequences (14, 59, 66), whereas B� family subunits contain two
calmodulin-like EF hands that confer Ca2�-dependent activity
to the PP2A heterotrimer (1, 2, 25). Recent crystal structures
depict B� family subunits as elongated, �-helical repeat-con-
taining proteins poised to present substrates for dephosphor-
ylation by the catalytic subunit (12, 67). Several kinases regu-
late PP2A activity via phosphorylation of B� regulatory
subunits (1, 31, 61, 68).

Here, we identify two neuron-enriched members of the B�
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family of PP2A regulatory subunits, B�� and B��, as positive
regulators of neurotrophin signaling in PC12 cells. B��/� re-
cruit the PP2A holoenzyme to the TrkA signaling complex to
enhance TrkA autophosphorylation, perhaps by dephosphory-
lating inhibitory Ser/Thr phosphorylation sites. PP2A/B�� and
B� thus foster downstream kinase activation, as well as neuri-
togenesis and neuronal differentiation of PC12 cells.

MATERIALS AND METHODS

Cell culture and plasmids. PC12 (6-24) TrkA overexpression cells (a gift from
Philip Barker [21]) and PC12 cells (PC6-3 subline [45]) were cultured (37°C, 5%
CO2) in RPMI 1640 (Gibco) containing 10% horse and 5% fetal bovine serum
(both heat inactivated). PP2A/A�-RNAi, A�-exchange cells, and B��-expressing
cells derived from PC6-3 cells were cultured in selection medium as previously
described (51, 58). Antibiotics were omitted from cultures seeded for experi-
ments. Plasmids encoding Ras V12 and LCK-mCherry were donated by Philip
Stork (Vollum Institute) and Steven Green (University of Iowa), respectively.
pFC-MEK1, a plasmid encoding constitutively active MEK1 (S218, 222D), was
supplied as part of the PathDetect Elk1 trans-reporting system (Stratagene). The
4�hemagglutinin (HA)-tagged B� subunits were a gift from David Virshup (42,
43). PP2A/B� subunit silencing shRNAs were expressed from the human H1
promoter (pSUPER plasmid) (8). The following B� cDNA sequences were tar-
geted for RNA interference (RNAi): B��, AATGATCAGTGCTAACATCTT;
B��, AACCCTGAATTTGACCCTGAA; B��, AAGACTCACAGTCCAAAA
GAA; B��, AAGACCATTTTGCATCGCATC; B�ε, AATTGGAGGATCTGG
AGTTAA.

Antibodies and other reagents. Polyclonal antibodies against B�� and B�� were
a gift from David Virshup (Duke-NUS, Singapore). Transferrin receptor anti-
body was a gift from David Sheff (University of Iowa). Antibodies commercially
available and their sources were as follows: pan-TrkC-14 and agarose conjugate,
TrkA B-3, total ERK, normal rabbit immunoglobulin G (IgG)-agarose, and
protein A-agarose (Santa Cruz Biotechnology); HA epitope and agarose conju-
gate (Sigma); PP2A catalytic subunit (BD Biosciences); phospho-TrkA Y490,
phospho-Ser-473 Akt, total Akt, and phospho-ERK1/2 (Cell Signaling); phos-
pho-Tyr (4G10; Upstate Biotechnology).

Rat NGF (2.5 S) and recombinant human fibroblast growth factor 2 (FGF2)
were purchased from Upstate Biotechnology, Sigma, and Alomone Labs, respec-
tively. Growth factors were stored at 	20°C in lyophilized aliquots and dissolved
to 100� in culture medium prior to use. Okadaic acid and microcystin-LR were
purchased from Alexis. Microcystin-LR agarose beads were purchased from
Upstate Biotechnology. [32P]orthophosphate (10 mCi/ml) was purchased from
Perkin-Elmer.

Immunoprecipitations. Native PC12, A�-RNAi, or A�-exchange cells were
seeded in 100-mm dishes and treated or not with doxycycline (Dox; 1 
g/ml) for
3 days as indicated. The four-HA-tagged B� subunits were transiently expressed
in PC12 cells for 2 days using Lipofectamine 2000 (BD Biosciences). Cells were
serum starved for at least 2 h and pretreated in some cases with or without 300
nM okadaic acid (OA) prior to adding growth factors at staggered times. After
washing with phosphate-buffered saline, cells were harvested in radioimmuno-
precipitation assay (RIPA) lysis buffer (1% Triton X-100 [TX-100], 0.5% sodium
dodecyl sulfate [SDS], 0.5% deoxycholate, 150 mM Tris, pH 8.0, 300 mM NaCl,
1 mM EDTA, and 1 mM EGTA) and supplemented with protease/phosphatase
inhibitor cocktail (1 mM benzamidine, 10 
g/ml [20 
M] leupeptin, 1 mM
pepstatin, and 250 
M phenylmethylsulfonyl fluoride, 1 mM �-glycerolphos-
phate, 2.5 mM sodium pyrophosphate, and 0.5 
M microcystin-LR). Soluble
protein was quantified using Bradford reagent and lysates equalized for volume
and protein concentration were immunoprecipitated using 1.5 
g of TrkA (C-14)
antibody and protein A-agarose or agarose conjugates of antibodies directed
against TrkA or the HA epitope for 4 to 6 h. Immunoprecipitates were washed
four times with Tris-buffered saline containing 0.5% TX-100, extracted in SDS
sample buffer, subjected to SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), and transferred to a polyvinylidene difluoride (PVDF) membrane (0.45

m; Millipore) for Western blotting. Primary antibodies were detected either by
chemiluminescence using a Kodak Imager 440 or by infrared fluorescence using
an Odyssey imaging system (Licor).

Band intensities were quantified with the ImageJ software Gel Analyzer
plug-in (National Institutes of Health). Phospho-specific antibody signals were
divided by total protein antibody signals to control for loading differences. Signal
intensities were normalized to the maximum intensity in each experiment.

Metabolic labeling. PC12 6-24 cells cultured to 70 to 80% confluence in
six-well dishes were washed twice with phosphate-free RPMI (Invitrogen) and
serum starved for 30 min with the same medium containing 0.5% dialyzed fetal
bovine serum. Cells were labeled with 500 
Ci/ml [32P]orthophosphate for 60
min prior to 250 
M OA or dimethyl sulfoxide vehicle treatment. Beginning 30
min post-OA or dimethyl sulfoxide treatment, cells were stimulated with 50
ng/ml NGF for 0 to 60 min, harvested in RIPA buffer, and TrkA was immuno-
precipitated as described above. Immunoprecipitates were divided into three
aliquots, two of which were subjected to phosphatase treatment while the third
aliquot was incubated in wash buffer alone (15 min, 30°C with intermittent
mixing). Tyrosine dephosphorylation was carried out with 1 U/
l yersinia outer
protein tyrosine phosphatase (YopH; New England Biolabs, Bedford, MA) in 50
mM Tris, pH 7, 100 mM NaCl, 5 mM dithiothreitol, 2 mM EDTA, 0.05%
TX-100; total (Ser/Thr/Tyr) dephosphorylation was performed with 1 U/
l
lambda phosphatase (New England Biolabs) in 50 mM Tris, pH 7.5, 100 mM
NaCl, 2 mM dithiothreitol, 0.1 mM EGTA, 2 mM MnCl2, 0.05% TX-100.
Reactions were quenched by addition of SDS sample buffer and EDTA to 25
mM. After SDS-PAGE and transfer to PVDF membranes, samples were first
exposed to phosphorimager screens and then subjected to immunoblotting for
TrkA as described above. Relative 32P incorporation was quantified by densito-
metric analysis with the Gel Analyzer plug-in of ImageJ, dividing 32P signals by
antibody signals.

Tissue preparation. Dorsal root ganglion, spinal cord, and brain tissue extracts
were harvested immediately following cervical dislocation of male Taconic
C57BL/6 mice as described previously (53). TrkA was immunoprecipitated from
lysates equalized for protein concentration as described above. Control immu-
noprecipitations were performed with 5 
g of nonimmune rabbit IgG. Total
extract input (5% of the volume used for immunoprecipitation) was loaded in
parallel.

Microcystin affinity precipitation. Mouse brain lysates were prepared as de-
scribed above in the absence of microcystin-LR. Normalized lysates were divided
into thirds. As a control, one sample was incubated for 30 min with 1 
M free
microcystin-LR to block microcystin-LR–agarose binding. Samples were incu-
bated with 15 
l of microcystin-LR–agarose or glutathione-S-transferase–aga-
rose as a control for 2 h. Beads were washed three times in 0.5% TX-100–Tris-
buffered saline and extracted in SDS sample buffer, subjected to SDS-PAGE,
and transferred to PVDF membrane (0.45 
m; Millipore) for Western blotting.
Images were gathered using an Odyssey imaging system (Licor). Total extract
input (5% of volume used for immunoprecipitation) was loaded in parallel.

MAPK reporter assays. To quantify ERK activation, the PathDetect Elk1
trans-reporting system (Stratagene) was modified for the dual-luciferase assay
(Promega) as previously described (57). Briefly, native PC12 cells or B�� subunit-
overexpressing PC12 cells were transfected with reporter plasmid mix, pSUPER-
based plasmids expressing shRNAs directed against B� subunits, or activator
plasmid (Ras V12, pFC-MEK1 S218, 222D) or pcDNA3.1 empty vector. After 2
days with or without Dox treatment or 3 days of shRNA expression, 2 h of serum
starvation, and 5 to 6 h of stimulation with growth factors as indicated, cultures
were lysed in passive lysis buffer (Promega) and subjected to dual-luciferase
assays using a Berthold Sirius tube luminometer. Photinus and Renilla luciferase
activity ratios were expressed relative to basal conditions without ERK activator
plasmids, Dox, or growth factor stimulation.

Neurite outgrowth assay. B��-inducing PC12 cells were plated on collagen-
coated 12-well plates and transfected with 1 
g/well membrane-targeted LCK-
mCherry using Lipofectamine 2000 to visualize neurites. Wells were treated with
or without 1 
g/ml Dox for 2 days to induce B�� expression and then stimulated
with 2 ng/ml NGF for 18 h. Native PC12 cells were transiently transfected with
B� subunit shRNA and LCK-mCherry (1:3 mass ratio) for 3 days and stimulated
with 2 ng/ml NGF for 26 h. Cells were washed with phosphate-buffered saline
before and after 5 min of fixation with 4% paraformaldehyde. Fifty to 100 cells
per condition were photographed using the 20� lens of an inverted epifluores-
cence microscope equipped with a digital camera. Total neurite length from each
cell was measured using ImageJ. Image capture and analyses were performed
blind to the experimental condition.

Cell cycle analysis. B��-inducing PC12 cells were plated on collagen-coated
60-mm well plates at 150,000/plate and cultured with or without 1 
g/ml Dox for
2 days to induce B�� expression. Cultures were then treated with or without 10
ng/ml NGF for 2 and 4 days to stimulate differentiation. Cells detached with
trypsin were pelleted at 1,000 � g and lysed in propidium iodide (PI) lysis buffer
(0.1% TX-100, 0.1% sodium citrate, 0.05 mg/ml PI, and 2 
g/ml RNase A
[Roche]) for 30 min at room temperature and placed on ice. DNA content was
analyzed by flow cytometry with a Becton Dickinson FACScan. For each sample
1.5 � 104 events were recorded. PI histograms were generated and analyzed with
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the FlowJo software (Tree Star) to determine percentages of cells in each phase
(G0/G1, S, and G2/M).

Surface biotin labeling. PC12 cells were grown to 80% confluence on 100-mm
dishes, serum starved for 2 h, and pretreated with or without 300 nM OA for 1 h
prior to 20 ng/ml NGF stimulation for 0 to 60 min. Cells were chilled on ice,
washed two times with cold phosphate-buffered saline, and incubated with 500
nM EZ-link Sulfo-NHS-LC-LC-biotin (Pierce) for 30 min on ice. Cells were
harvested in RIPA buffer, and normalized lysates were precipitated with Neutr-
Avidin agarose (Pierce) for 2 h. Beads were washed three times in 0.5% Triton
X-100–Tris-buffered saline, extracted in SDS sample buffer, and subjected to
SDS-PAGE and Western blotting for total TrkA and transferrin receptor. TrkA
surface expression was determined by quantitative Western blotting as the ratio
of TrkA and transferrin receptor signals in the same lane.

Statistical analysis. Two-way analysis of variance with Bonferroni post tests
was performed for multiple comparisons, and Student’s t tests were used for
individual comparisons using Prism 4.0. P values less than 0.05 were considered
significant.

RESULTS

PP2A sustains NGF-dependent TrkA autophosphorylation.
We have previously shown that inducible RNAi of the major
PP2A scaffolding subunit A� promotes apoptotic cell death in
PC12 cells starting 4 days after induction with Dox (58). As-
sayed at earlier time points, A� knockdown also attenuated
epidermal growth factor (EGF), FGF2, and NGF-dependent
activation of Akt and ERK1/2 but had no effect on autophos-
phorylation of the EGF receptor on total tyrosines or on Tyr-
1045 (62), a critical SH2 domain recruitment site. Because
acute inhibition of PP2A by OA resulted in hyperphosphory-
lation of Akt and ERK1/2, we concluded that chronic PP2A
inhibition by RNAi leads to a feedback downregulation of a
signaling molecule(s) downstream of the EGF receptor but
upstream of Ras (62).

To investigate the mechanism by which PP2A regulates
NGF-dependent kinase cascades, we immunoprecipitated
TrkA from PC12 cells stimulated for up to 3 h with saturating
concentrations of NGF (20 ng/ml) and assessed TrkA activity
by immunoblotting for phospho-Tyr (Fig. 1A). In the absence
of Dox, TrkA autophosphorylation peaked at 5 min post-NGF
addition and was maintained at 50% maximum levels through-
out the time course analyzed (Fig. 1B). ERK1/2 activation
(pT-E-pY immunoreactivity) followed a similar profile (Fig.
1D), while Akt phosphorylation at Ser-473 declined more
slowly (Fig. 1C). Doxycycline treatment for 3 days resulted in
a �50% reduction of total PP2A/A subunit levels (Fig. 1A),
which was accompanied by a 20 to 30% decrease in PP2A-like
phosphatase activity (58). Confirming earlier results (62),
PP2A downregulation attenuated NGF signaling to both Akt
and ERK1/2. Paralleling inhibition of Akt and ERK phosphor-
ylation, Tyr phosphorylation of immunoprecipitated TrkA was
significantly blunted by PP2A/A� RNAi at all but the first
NGF treatment time point (Fig. 1A and B). NGF receptor
specificity was indicated by control experiments, according to
which EGF-stimulated autophosphorylation of the EGF recep-
tor was unaffected by PP2A/A� knockdown (Fig. 1E and F)
(62). We quantified relative TrkA expression levels in these
immunoprecipitation experiments and detected a significant
�40% decrease with time in NGF (presumably reflecting pro-
teolytic degradation of the activated receptor [26, 52]) but no
effect of PP2A downregulation on TrkA protein levels (data
not shown).

To confirm that PP2A positively regulates NGF signaling by

promoting TrkA autophosphorylation, we inhibited PP2A-like
phosphatases pharmacologically by a 2-h pretreatment with
250 nM OA. Acute PP2A inhibition diminished NGF-depen-
dent TrkA Tyr phosphorylation to a similar extent as PP2A/A�
RNAi (Fig. 2A). Autophosphorylation of TrkA at Tyr-490, a
docking site for Shc and other signaling adaptors, is essential
for NGF signaling to Akt and ERK (56, 69). TrkA autophos-
phorylation profiles in response to NGF and OA treatment
were indistinguishable, whether a general phospho-Tyr (4G10)
or a phospho Tyr-490 TrkA-specific antibody was used (Fig. 2B
and C). In the latter experiments, we probed for total and
phospho-TrkA in rapidly prepared total lysates of the PC12
6-24 subline, which overexpresses TrkA 15- to 20-fold over
native PC12 cells (21). Thus, both pharmacological and RNAi-
mediated inhibition of the Ser/Thr phosphatase PP2A attenu-
ates the sustained, but not the transient, phase of TrkA acti-
vation by NGF in two neuronal cell lines with different
receptor levels.

While PP2A downregulation did not alter total TrkA expres-
sion, it remained possible that phosphatase activity is impor-
tant for surface delivery of the receptor. We therefore carried
out biotinylation assays in PC12 cells to analyze cell surface
levels of TrkA at different time points following NGF treat-
ment and in the presence or absence of OA. Biotinylated TrkA
levels were normalized to the transferrin receptor, which cycles
constitutively between surface and endosomal membranes
(52). PP2A inhibition had no significant effect on the number
of TrkA receptors that were available at the cell surface for
ligand stimulation, nor did it affect the rate of receptor inter-
nalization after NGF stimulation (Fig. 3). Similar experiments
in TrkA-overexpressing PC12 cells (PC12 6-24) supported the
same conclusion (n � 5) (data not shown). Taken together,
these results suggest that PP2A is important for efficient cou-
pling between NGF binding and autophosphorylation of TrkA.

PP2A inhibition causes hyperphosphorylation of TrkA on
Ser/Thr residues. TrkA has been reported to become Ser phos-
phorylated in response to NGF treatment. Serine phosphory-
lation of TrkA also occurs following selective activation of the
p75 neurotrophin receptor or treatment with ceramide, a p75
signaling intermediate, both of which are associated with de-
creased responsiveness to NGF (37). We therefore used met-
abolic radiolabeling to ascertain whether TrkA is a PP2A sub-
strate. PC12 cells overexpressing TrkA in which the cellular
ATP pool was labeled by incubation with [32P]orthophosphate
were stimulated with NGF for various times in the presence or
absence of 250 nM OA, and TrkA phosphorylation was as-
sessed after immunoprecipitation. PP2A inhibition resulted in
the expected decrease in TrkA Tyr autophosphorylation but
actually increased total 32P incorporation, both in the absence
of NGF and 60 min after NGF addition (Fig. 4A). To confirm
that PP2A promotes Tyr but attenuates non-Tyr (i.e., Ser/Thr)
phosphorylation of TrkA, we subjected metabolically labeled
and immunoprecipitated TrkA to in vitro dephosphorylation
with yersinia protein tyrosine phosphatase. Tyrosine phos-
phatase treatment abolished phospho-Tyr antibody reactivity
while having minimal effects on total 32P incorporation into
TrkA, indicating that Ser/Thr phosphorylation exceeds Tyr
phosphorylation of TrkA both with and without NGF stimu-
lation (Ser/Thr phosphorylation values as the percentage of
total 32P: no NGF, 83% 
 16%; 15 min with NGF, 54% 
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20%; 60% min with NGF, 81% 
 15%; n � 5). In control
reactions with nonspecific lambda phosphatase, phospho-Tyr
immunoreactivity and 32P labeling of TrkA were abrogated to
the same extent (Fig. 4B). Quantifying tyrosine phosphatase-
resistant 32P labeling of TrkA over multiple experiments, we
found that PP2A inhibition increased Ser/Thr phosphorylation
of TrkA after 0, 15, and 60 min of NGF stimulation (Fig. 4C).
Since Ser/Thr phosphorylation of several growth factor recep-
tors has been associated with tyrosine kinase inhibition (5, 7,
11, 16, 34, 35, 44, 55), these results raise the possibility that
PP2A promotes TrkA activity by dephosphorylating inhibitory
Ser/Thr phosphorylation sites.

The PP2A/B� family of regulatory subunits fosters TrkA
autophosphorylation. PP2A substrate specificity and subcellu-

lar localization are dictated by core dimer association with
regulatory subunits from three gene families (B, B�, B�), and
any given cell type expresses on the order of a dozen function-
ally distinct PP2A heterotrimers. To identify the family of
holoenzymes that positively regulates TrkA activity, we utilized
A�-exchange PC12 cell lines that inducibly knock down the
endogenous scaffolding subunit and concomitantly express a
mutant A� with selective affinity for specific families of regu-
latory subunits (58, 62) (Fig. 5A). Loss of PP2A dimer associ-
ation leads to degradation of B and B�, but not B�, family
regulatory subunits (58) (Fig. 5B and C). Controlling for non-
specific effects of doxycycline, RNAi, or epitope-tagged A�
expression, we found that inducible exchange of endogenous
A� with wild-type, RNAi-resistant A� had no significant effect

FIG. 1. PP2A/A� knockdown attenuates the sustained phase of TrkA autophosphorylation and NGF signaling to Akt and ERK. (A) PC12 cells
that express shRNA targeting PP2A/A� from a Dox-inducible promoter (PP2A/A�2 cells) were treated for 3 days in the presence or absence of
Dox and stimulated with 20 ng/ml NGF for the indicated times. TrkA was immunoprecipitated and probed for phospho-Tyr (pY; 4G10 antibody),
whereas activation levels of Akt (phospho-Ser-473) and ERK1/2 (phospho-Thr/phospho-Tyr) were assessed in lysates. Arrows on right indicate
mature, glycosylated TrkA. (B to D) Quantification of phosphoprotein immunoreactivity divided by total protein immunoreactivity normalized to
the maximum ratio. (E and F) PP2A/A�2 cells incubated for 3 days with or without Dox were stimulated with 50 ng/ml EGF for the indicated
times. Lysates were probed for pY (arrow indicates position of the EGFR) and striatin, which was used as a loading control for the quantification
shown in panel F. The line graphs show means 
 standard errors of four (F) or five (B to D) independent experiments. *, P � 0.05; **, P � 0.01;
***, P � 0.005 (compared to control).
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on TrkA activation by NGF (Fig. 5D). However, introduction
of an A� mutant that cannot bind any regulatory subunit
(EE100RR) (49) resulted in a �40% decrease in TrkA activity
following 15 and 60 min of NGF stimulation (Fig. 5B and E),
an effect similar to pharmacological PP2A inhibition and A�
RNAi (Fig. 1 and 2). Even though a significant fraction of
dimeric PP2A has been shown to exist in cells (29), we con-
clude that this form of the phosphatase is insufficient for main-
tenance of TrkA activity.

Exchange with an A� mutant that can only associate with
B-family regulatory subunits (DWF139AAA) significantly
downregulated TrkA receptor activity, as quantified in Fig. 5F.
Mutating A� to selectively destabilize B�-family subunits by
preventing their incorporation into the PP2A heterotrimer
(DTP177AAA) blunted NGF-induced receptor autophosphor-

ylation to a similar extent (Fig. 5C and G). In supporting
experiments, we found that inducible knockdown of B�, the
predominant B-family regulatory subunit in PC12 cells, had no
effect on TrkA phospho-Tyr levels (data not shown). Taken
together, these data implicate PP2A holoenzymes containing
members of the B� family of regulatory subunits as positive
regulators of NGF signaling.

PP2A/B�� expression promotes TrkA receptor activity and
downstream signaling. PP2A/B�� is a neuron-enriched subunit
that is abundantly expressed in most neuronal populations in
the adult rat brain (17, 42, 51). B�� mRNA levels are also high
in embryonic and neonatal rat brain (63), which is when Trk
receptors are most highly expressed. We utilized PC12 cell
lines that overexpress B�� from a Dox-inducible promoter
(B��1) (51) to explore the role of this PP2A subunit in NGF
signaling. In these cells, Dox increased B�� protein levels by
�5-fold (Fig. 6A), which was of similar magnitude as B��
mRNA induction during differentiation of a neuroblastoma
cell line (42) and as B�� protein upregulation during neuronal
differentiation of PC12 cells (57). Dox-induced expression of
B�� resulted in a significant potentiation of TrkA Tyr phos-
phorylation at 15 and 60 min in NGF (Fig. 6A and B). The
B��-mediated enhancement of receptor activity translated into
an amplification of Akt and ERK1/2 phosphorylation quanti-
fied at 60 and 180 min post-NGF addition (Fig. 6C to F).

To obtain further support for the notion that PP2A/B��
boosts NGF signaling at the receptor level, we employed dual
luciferase reporter assays, in which ERK-dependent phosphor-
ylation of the transcription factor Elk1 served as a readout for
activation of the Ras-MAP kinase cascade (57) (Fig. 6H). We
measured luciferase accumulation 5 to 6 h after NGF addition
as the integral of MAP kinase phosphorylation and nuclear
translocation during this time course. Without B�� induction,
subsaturating NGF concentrations (2 ng/ml) resulted in a �60-
fold increase in Elk1 transcriptional activity. Doxycycline treat-
ment amplified this response by 100 to 200% (200-fold trans-

FIG. 2. PP2A inhibition blunts Tyr-490 phosphorylation of TrkA in
response to NGF. (A) Quantification of total Tyr autophosphorylation
of TrkA immunoprecipitated from PP2A/A�2 PC12 cells that were
treated either for 2 h with 250 nM OA or for 3 days with 1 
g/ml Dox
to induce shRNA expression (A�2). Cells were stimulated with 20
ng/ml NGF as indicated. (B and C) Representative blot (arrows indi-
cate mature TrkA) and quantification summary of TrkA phosphory-
lation (total pY and phospho-Tyr-490 [pY490]) in total lysates of PC12
6-24 cells, which overexpress TrkA 15- to 20-fold relative to parental
PC12 cells. Graphs show phospho-TrkA divided by total TrkA as the
mean 
 standard error of four independent experiments. *, P � 0.05;
**, P � 0.01.

FIG. 3. PP2A does not affect TrkA receptor surface expression.
(A) PC12 cells pretreated with or without 300 nM OA for 1 h were
stimulated with 20 ng/ml NGF for the indicated times. Cell surface
proteins were covalently labeled with biotin on ice, recovered with
streptavidin-agarose, and probed for TrkA and the transferrin receptor
(TfnR) as a loading control. (B) Densitometric analysis of TrkA sur-
face receptors normalized to TfnR (means 
 standard errors; n � 3
experiments).
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activation compared to non-NGF-treated cells in the
experiment shown in Fig. 6G). PP2A/B�� displayed striking
receptor tyrosine kinase specificity, since B�� overexpression
failed to potentiate MAP kinase activation by FGF receptors
(Fig. 6G). Notably, FGF2 reproduces many of the biological
activities of NGF in PC12 cells, including long-lasting ERK
activation and neurite outgrowth (50). Bypassing growth factor
receptors, we next stimulated Ras-MAP kinase signaling by
cotransfection of constitutively active forms of Ras and MEK1,
titrating plasmid concentrations to achieve �50-fold Elk1 tran-
scriptional activation over empty vector-transfected cells. Un-
der these conditions, and similar to FGF2-stimulated cells, B��
induction resulted in a slight but significant attenuation of
MAP kinase reporter activity (Fig. 6G), which is consistent
with the recent identification of PP2A/B� holoenzymes as MAP
kinase phosphatases (31). Nevertheless, TrkA receptor poten-
tiation by the PP2A/B�� heterotrimer evidently overrides the
phosphatase’s modulatory effect on downstream effector

kinases, resulting in an overall amplification of NGF-depen-
dent transcriptional responses (Fig. 6H).

Endogenous B� subunits associate with TrkA and regulate
its activity. The mammalian B� subunit gene family gives rise
to five gene products (�, �, �, �, and ε) with a highly conserved
tandem �-helical repeat region that interacts with both A and
C subunits (12, 67), while the divergent N and C termini may
be involved in binding to specific substrates and anchoring
proteins (6). To determine if B� subunits can recruit PP2A to
the NGF receptor, we immunoprecipitated endogenous TrkA
from PC12 cells that inducibly express B��. Induction of B��
not only increased the specific association of this subunit with
TrkA but also enhanced the recruitment of the endogenous
PP2A catalytic subunit to the receptor complex (44% 
 2%
increase; n � 3) (Fig. 7A). The robust association of PP2A/C
with TrkA in the absence of Dox implies the involvement of
endogenous B� subunits and suggests that B�� induction in-
creases total B� family subunit levels only moderately.

To investigate selectivity among B� family members, we iso-
lated endogenous TrkA from PC12 cells that had been trans-
fected with epitope-tagged B��-ε. The two neuron-enriched B�
regulatory subunits, B�� and B��, associated robustly with
TrkA, while B��, B��, and B�ε recovery in the immunoprecipi-
tate was weaker and variable. Additional TrkA coimmunopre-
cipitation experiments revealed complexes of endogenous B��,
the PP2A catalytic subunit, and Trk receptors in PC12 cells, in
mouse spinal cord, dorsal root ganglia, and forebrain (Fig. 7C
and data not shown). We could not show an association of
endogenous B�� with TrkA, since B�� comigrates with the IgG
heavy chain on SDS-PAGE. Because the immunoprecipitating
antibody recognizes epitopes common to all Trk isoforms (K.
Deinhardt and M. Chao, personal communication), we cannot
rule out the possibility that PP2A interacts with TrkB and
TrkC in the forebrain. The PP2A::TrkA complex was also
demonstrated in reverse, isolating PP2A-associated proteins
from forebrain lysates via immobilized microcystin, a cyclic
peptide inhibitor that binds tightly to the catalytic subunits of
PP1- and PP2A-like phosphatases. Microcystin-agarose iso-
lated specifically the mature, glycosylated form of TrkA, and
the association could be competed with free microcystin
(Fig. 7D).

Since PP2A enhances specifically the late phase of NGF
signaling (15 min and later [Fig. 1]), we asked whether PP2A is
recruited to the activated TrkA signaling complex. Indeed, we
found that stimulating PC12 cells for 30 min with NGF re-
sulted in a 70% increase in endogenous PP2A/B�� coimmuno-
precipitation with TrkA (Fig. 7E and F). Given that TrkA is
largely internalized at this time point (Fig. 3), these data sug-
gest that PP2A interacts with the NGF receptor at endosomal
compartments.

We next sought to expand our data implicating the B� sub-
unit family in the maintenance of TrkA autophosphorylation
(Fig. 5) by examining the role of individual B� isoforms in NGF
signaling. To this end, small hairpin RNAs (shRNAs) were
generated against all five B� subunits and tested for silencing of
the cotransfected, epitope-tagged protein in PC12 cells.
Knockdown efficiency ranged from 60 to 88% and, in each
case, silencing was specific for the targeted subunit (Fig. 8A
and data not shown). Silencing of endogenous B�� with the
B��-directed shRNA was previously shown to be �50% effec-

FIG. 4. PP2A inhibition increases Ser/Thr phosphorylation of
TrkA. PC12 6-24 cells were metabolically labeled prior to the addition
of 250 nM OA or vehicle only and then stimulated with 50 ng/ml NGF
for 0 to 60 min. Immunoprecipitated TrkA was first exposed to a
PhosphorImager screen to quantitate 32P incorporation and then im-
munoblotted for phospho-Tyr and total TrkA. (A) Representative
experiment showing that PP2A inhibition decreases phosphorylation
on Tyr but increases total 32P incorporation into TrkA after 60 min in
NGF. (B) TrkA immunoprecipitates from PC12 6-24 cells, stimulated
in the presence or absence of NGF and OA as indicated, were incu-
bated without phosphatase, with tyrosine phosphatase (YopH), or with
nonspecific lambda phosphatase for 15 min at 30°C. Samples were then
analyzed for phospho-Tyr and total TrkA immunoreactivity and 32P
incorporation. (C) Densitometric quantification of TrkA Ser/Thr phos-
phorylation (32P remaining after YopH treatment) after immunopre-
cipitation from cells that had been stimulated as indicated (means 

standard errors of 32P over total TrkA signal from six independent
experiments). *, P � 0.05; **, P � 0.01.
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tive (51). shRNA-expressing plasmids were cotransfected with
Elk1 luciferase reporter constructs to measure MAP kinase
activation in response to NGF. Silencing of B�� and B��, the
two B� isoforms that formed stable complexes with TrkA (Fig.

7), brought about an up to 80% decrease in NGF-dependent
gene transcription, while shRNAs targeting the other B� iso-
forms had insignificant effects on luciferase activity (Fig. 8B
and C). Demonstrating TrkA specificity once more, RNAi of

FIG. 5. The B� family of PP2A regulatory subunits maintains TrkA activity. (A) Schematic of A�-subunit exchange. In stable PC12 cell lines,
Dox treatment simultaneously induces endogenous A� silencing and expression of RNAi-resistant mutants defective in select regulatory subunit
association. (B to G) The indicated A�-exchange cell lines were grown for 3 days with or without Dox and stimulated with 20 ng/ml NGF for the
indicated times. TrkA immunoprecipitates were probed with pY and total TrkA antibodies. As part of the representative blots shown in panels
B and C, lysates were probed for the indicated PP2A subunits, showing specific degradation patterns. (D to G). Summary of densitometric analyses
showing pY signals normalized to total TrkA (means 
 standard errors of three independent experiments). **, P � 0.01.
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B�� or B�� was without consequence for MAP kinase reporter
activity when cells were stimulated with EGF (Fig. 8C). Inhi-
bition of NGF-dependent MAP kinase activation was depen-
dent on the amount of B�� and B�� shRNA-expressing plasmid
cotransfected with reporter plasmids, with a combination of
the two shRNAs plasmids (1:1 ratio) resulting in about same
inhibition as either plasmid alone at twice the concentration
(Fig. 8B). These data indicate that PC12 cells require both B��
and B�� for full NGF, but not EGF, responsiveness.

B�� and B�� subunits potentiate NGF-dependent neurite
outgrowth and cell cycle inhibition. NGF slows and eventually
halts proliferation of PC12 cells and promotes their differen-
tiation into a sympathetic neuron-like cell type with elaborate
processes that can propagate action potentials (19, 60). Given
that MAP kinase signaling is both necessary and sufficient for
process outgrowth of PC12 cells (13, 46) and given that B��
and B�� augment NGF-induced MAP kinase activation, we
first asked whether PP2A regulatory subunits mediate neuri-

FIG. 6. B�� potentiates TrkA signaling by promoting receptor autophosphorylation. (A to F) PC12 cells that inducibly express B�� were treated
for 2 to 3 days with or without Dox and stimulated with 20 ng/ml NGF for the indicated times. TrkA Tyr phosphorylation was assessed in
immunoprecipitates, while levels of phospho-Akt and -ERK were determined in cell lysates. Representative blots are shown in panels A, C, and
E and quantification summaries of phospho-TrkA over total protein signals are shown in panels B, D, and F (means 
 standard errors; n � 3
experiments). *, P � 0.05; **, P � 0.01. (G) B��-inducing PC12 cells were transiently transfected with empty vector, Ras-V12, or constitutively
active (CA)-MEK1 (S218, 222D mutant) and treated for 2 days with or without Dox. After 5 to 6 h of growth factor stimulation (2 ng/ml NGF
or 50 ng/ml FGF2, as indicated), MAPK activity was measured in reporter assays based on transactivation of the Elk1 transcription factor. The
graph shows dual luciferase activity ratios relative to empty vector-transfected, non-growth factor-treated, and non-Dox-treated samples (means 

standard deviations of triplicate wells) from one experiment representative of four. (H) Interpretation of epistasis experiments.
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togenesis. We found that inducible expression of B�� led to a
50% increase in total neurite length in PC12 cells treated for
18 h with 2 ng/ml NGF (Fig. 9A). Conversely, silencing of B��
or B�� resulted in a similarly robust (40 and 60%, respectively)
inhibition of neurite outgrowth. Transfection with shRNAs
targeting B�� on the other hand, did not affect neurite length
compared to scrambled shRNA controls, paralleling the inabil-
ity of the B�� subunit to bind to TrkA and enhance signaling
(Fig. 7B and 8C).

To address whether PP2A/B�� can also enhance NGF-me-
diated cell cycle exit, B��-inducible PC12 cells were incubated
with 10 ng/ml NGF for 0, 2, and 4 days prior to flow cytometry
to analyze DNA content. As shown in the sample histogram of

cells analyzed after 2 days in NGF (Fig. 10A), B�� induction
increased the proportion of growth arrested cells (G0/G1) at
the expense of proliferating cells (G2/S/M). Similar effects were
seen after 4 days in the presence of NGF. Significantly, B��
expression had no effect on cell cycle progression of cells grow-
ing in the absence of NGF (Fig. 10B), indicating that this PP2A
regulatory subunit partakes specifically in neurotrophin-medi-
ated cell cycle control.

DISCUSSION

The present study identifies two isoforms of the ubiquitous
and essential Ser/Thr phosphatase PP2A as master regulators

FIG. 7. B�� and B�� recruit PP2A into a TrkA receptor complex. (A) PC12 cells that inducibly express B�� were treated for 3 days with or
without Dox and TrkA and normal IgG immunoprecipitates were probed for the indicated proteins. B�� expression increased association of
PP2A/C with TrkA by 44% (n � 3). (B) PC12 cells transiently expressing the indicated HA-tagged B� regulatory subunits or an irrelevant control
protein (CTRL) were analyzed for coimmunoprecipitation with TrkA. (C) TrkA and normal IgG immunoprecipitates from PC12 cells and mouse
spinal cord and brain were probed for the indicated proteins. (D) Microcystin-LR agarose (MC-ag.) affinity purification of PP1 and PP2A-like
phosphatases from mouse brain lysate. TrkA coisolation was blocked by preincubating brain lysates with 5 
M free microcystin-LR (block) or by
using agarose only. Approximately 5% of the lysate used for each precipitation was immunoblotted as a reference. (E) TrkA and normal IgG
immunoprecipitates from PC12 cells stimulated or not with NGF for 30 min were analyzed for the association of endogenous B��. The two B��
bands in this and in other blots likely correspond to alternative splice products. (F) Densitometric analysis of B�� coimmunoprecipitation with TrkA
(means 
 standard errors, n � 5 experiments). ***, P � 0.001.
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of neurotrophin signal transduction. We found that pharma-
cological and RNAi-mediated inhibition of PP2A inhibits the
sustained phase of NGF receptor autophosphorylation (at to-
tal tyrosines, as well as Tyr-490, the Shc adaptor site), while
EGF and FGF receptor activities were unaffected (62) (Fig.
6G and 8C). The magnitude of the effect (1.5- to 2-fold reduc-
tion of TrkA autophosphorylation) is remarkable, considering
that we could only partially inhibit PP2A because of its essen-
tial roles in cell viability (58). Conversely, forced expression of
the neuronal PP2A regulatory subunit B�� enhanced TrkA Tyr
phosphorylation and signal transduction to Akt and ERK, as
well as neurotrophin-dependent transcriptional activation,
neurite outgrowth, and cell cycle exit. Since endogenous B�� is
upregulated during neuronal differentiation of PC12 cells (57),
this PP2A subunit may be part of a positive feedback mecha-
nism that confers switch-like behavior to NGF responses. Re-
markably, inhibition of PP2A with okadaic acid had opposite
effects on Tyr and non-Tyr phosphorylation of TrkA, suggest-
ing a mechanism in which the phosphatase targets inhibitory
Ser/Thr phosphorylation sites in the intracellular domain of

the receptor tyrosine kinase. In aggregate, our data indicate
that recruitment of PP2A to a TrkA signaling complex via B��
and the related B�� regulatory subunit attenuates NGF recep-
tor desensitization and sustains the activity of neurotrophin
effector kinases critical for neuronal development, plasticity
and survival.

PP2A regulatory subunits impart substrate selectivity, sub-
cellular targeting, and second messenger regulation to the
phosphatase. Indeed, several PP2A/B� holoenzyme-specific
substrates and interacting proteins have recently been re-
ported. For instance, tyrosine hydroxylase, the rate-limiting
enzyme in catecholamine synthesis, is uniquely dephosphory-
lated and inactivated by the PP2A/B�� heterotrimer (51).
PP2A/B�� also preferentially binds to the kinase Pim-1 to
promote its degradation (36). Ankyrin-B, a linker between the
actin cytoskeleton and membrane receptors and ion channels,
binds to the variable C-terminal tail of the B�� regulatory
subunit (6). The same PP2A regulatory subunit also selectively
interacts with and downregulates c-myc (3), while PP2A/B��
interacts with and dephosphorylates the tumor suppressor p53

FIG. 8. Silencing of B�� and B�� inhibits NGF-dependent MAP kinase activation. (A) PC12 cells were cotransfected with the indicated PP2A
subunits with or without the corresponding shRNAs, and the percent knockdown (%KD) was assessed by immunoblotting for the HA tag and for
the loading control, B�/� (means 
 standard errors of four experiments). (B) The indicated amounts of shRNA plasmids targeting B�� and B��
were expressed for 3 days, and MAP kinase activation in PC12 cells was quantified by dual-luciferase reporter assays. NGF-stimulated MAP kinase
activation (2 ng/ml for 5 h) is expressed relative to unstimulated, control (CTRL) shRNA-transfected cells (a representative experiment is shown,
with means 
 standard deviations of triplicate wells). (C) shRNAs targeting the indicated B� subunits or the control shRNA were expressed for
3 days, and MAP kinase activation in response to EGF (5 ng/ml for 5 to 6 h) or NGF (2 ng/ml) was quantified by dual-luciferase reporter assays.
Activity is expressed relative to NGF/EGF-treated, control shRNA-transfected cells (means 
 standard errors of three to six independent
experiments). ***, P � 0.001.

VOL. 29, 2009 PP2A POSITIVELY REGULATES TrkA ACTIVITY 671



(32) and PP2A/B�� preferentially binds to the dual-specificity
phosphatase and mitotic activator Cdc25 (38). Available struc-
tural information for the PP2A/B�� heterotrimer (12, 67) will
aid in the elucidation of specificity determinants for B� subunit
association with TrkA and other targets.

TrkA-directed PP2A activity is likely regulated at multiple
levels. At the level of complex formation, NGF was found to
drive the association of endogenous B�� with TrkA (Fig. 7E
and F). We suspect that the PP2A/B�� holoenzyme also un-
dergoes activity-dependent translocation to the NGF receptor,
although we were not able to demonstrate this experimentally

due to the similar relative mobilities of B�� and the IgG heavy
chain. At the level of posttranslational modification, both reg-
ulatory subunits can be phosphorylated by ERK at an identi-
fied Ser residue, which leads to dissociation of the PP2A
holoenzyme (31) and could therefore be a mechanism for
TrkA feedback inhibition. Also, protein kinase A has been
shown to activate PP2A/B�� via phosphorylation of a Ser in its
unique C terminus (1, 61), allowing for possible integration of
cAMP and neurotrophin signals.

As the most commonly used model cell line for the study of
neurotrophin signal transduction, PC12 cells undergo cell fate
decisions based on the temporal profile of MAP kinase acti-
vation by growth factors (reviewed in reference 64). Specifi-
cally, transient activation of ERK1/2 (by, for instance, EGF) is
mitogenic, whereas sustained signaling through the Ras-MAP
kinase module causes cell cycle arrest and neuronal differen-
tiation. One of the key differences between EGF and NGF
signaling lies in the regulation by receptor endocytosis:
whereas removal of the ligand-bound EGF receptor from the
plasma membrane rapidly terminates signal transduction,
endocytosis of the TrkA receptor is required for the forma-
tion of a signaling endosome, which in peripheral neurons
undergoes retrograde transport from the synapse or growth
cone to affect gene expression in the soma (48, 71). Proteins
critical for translating sustained TrkA autophosphorylation to
persistent effector kinase activation include the endosomal
small GTPase Rap1, its activators Crk and C3G, and the tet-
ramembrane spanning adaptor protein ARMS/Kidins220 (re-
viewed in reference 70). To our knowledge, PP2A is the first
intracellular signaling molecule that has been shown to en-
hance NGF signaling by promoting the sustained, but not the
initial phase of, receptor autophosphorylation.

There are multiple possible mechanisms by which PP2A/B��
and B�� could boost TrkA activity. Our cell surface biotinyla-
tion experiments argue against a role of PP2A in NGF-depen-
dent internalization of TrkA, but it remains possible that PP2A
regulates the partitioning of TrkA into lipid rafts (33), or an
interaction with p75 to form high-affinity NGF binding sites
(65). However, the finding that PP2A inhibition does not affect
TrkA autophosphorylation until 15 min after NGF addition
(Fig. 1) suggests that the Ser/Thr phosphatase opposes a de-
layed, Trk-specific desensitization mechanism. Ser/Thr phos-
phorylation of several receptor tyrosine kinases has been re-

FIG. 9. PP2A/B�� and B�� mediate neurite outgrowth in PC12
cells. (A and B) PC12 cells with inducible B�� expression (2 days in the
presence of absence of Dox) were stimulated with 2 ng/ml NGF for
18 h, fixed, and analyzed for neurite length. Shown are representative
images (A) and summary data (B) (means 
 standard errors of three
independent experiments with 50 to 100 cells each). (C and D) PC12
cells were transfected with the indicated shRNAs, stimulated after 3
days with NGF (2 ng/ml for 26 h), and scored for neurite outgrowth as
above. Representative images in panel C show decreased neuritogen-
esis after B�� or B��, but not B��, silencing, which is quantified in
panel D (means 
 standard errors of three independent experiments
with 50 to 100 cells each). Membrane-targeted (Lck N terminus)
mCherry was used to mark transfected cells and visualize small-caliber
neurites. ***, P � 0.001. Bars, 10 
m.

FIG. 10. PP2A/B�� accelerates cell cycle arrest by NGF. (A) PC12 cells were induced to express B�� (2 days with or without Dox) and then
stimulated with 10 ng/ml NGF for 0, 2, and 4 days, and cell cycle profiles (representative histograms) were obtained by flow cytometry.
(B) Summary graph plotting percentages of dividing cells (G2 � S phase; means 
 standard errors of four independent experiments). *, P � 0.05.
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ported, often as a consequence of feedback phosphorylation by
downstream Ser/Thr kinases (5, 7, 11, 16, 34, 35, 44, 55). In the
case of the hepatocyte growth factor receptor cMET, PP2A
dephosphorylates an inhibitory protein kinase C phosphoryla-
tion site in the tyrosine kinase domain, thereby keeping cMET
active (20). Indeed, previous work by Barker and colleagues
showed that NGF treatment or selective stimulation of the p75
receptor induces TrkA phosphorylation on Ser residues (37).
We have shown here that non-Tyr (presumably Ser [37]) phos-
phorylation accounts for the majority of 32P incorporation into
unliganded and ligand-activated TrkA and that PP2A dephos-
phorylates these sites (Fig. 4). TrkA Ser(/Thr) phosphorylation
sites have to be identified before we can ask whether TrkA
dephosphorylation is the mechanism by which PP2A/B�� and
B�� potentiate NGF signaling.
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