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Neurite outgrowth is key to the formation of functional circuits during neuronal development. Neurotrophins, including nerve
growth factor (NGF), increase neurite outgrowth in part by altering the function and expression of Ca2�-permeable cation chan-
nels. Here we report that transient receptor potential vanilloid 2 (TRPV2) is an intracellular Ca2�-permeable TRPV channel up-
regulated by NGF via the mitogen-activated protein kinase (MAPK) signaling pathway to augment neurite outgrowth. TRPV2
colocalized with Rab7, a late endosome protein, in addition to TrkA and activated extracellular signal-regulated kinase (ERK) in
neurites, indicating that the channel is closely associated with signaling endosomes. In line with these results, we showed that
TRPV2 acts as an ERK substrate and identified the motifs necessary for phosphorylation of TRPV2 by ERK. Furthermore, neu-
rite length, TRPV2 expression, and TRPV2-mediated Ca2� signals were reduced by mutagenesis of these key ERK phosphoryla-
tion sites. Based on these findings, we identified a previously uncharacterized mechanism by which ERK controls TRPV2-medi-
ated Ca2� signals in developing neurons and further establish TRPV2 as a critical intracellular ion channel in neuronal function.

Establishment of precise neural connections during nervous
system development is essential in forming functional circuits.

Neurite outgrowth allows for connection and communication be-
tween developing neurons and their targets. In the developing
peripheral nervous system, nerve growth factor (NGF) is a target-
derived extracellular cue necessary for outgrowth (1). Upon bind-
ing to its extracellular receptor, NGF activates the phosphoinosi-
tide 3-kinase (PI3K) signaling pathway, which is essential for the
survival of developing neurons, and the mitogen-activated pro-
tein kinase (MAPK) pathway, which promotes differentiation and
neurite outgrowth (2, 3). These signaling pathways have numer-
ous downstream effectors in developing neurons, including sev-
eral Ca2�-permeable transient receptor potential (TRP) channels
(4–8).

Thermosensitive TRP channels from the vanilloid subfamily
(thermoTRPV channels) consist of four nonselective Ca2�-per-
meable cation channels, TRP vanilloid 1 (TRPV1) to TRPV4, orig-
inally described as pain and temperature sensors in adult sensory
neurons (9–12). Recent evidence suggests, however, that only
TRPV1 functions as a molecular sensor of heat and painful stimuli
in vivo, while the function of TRPV2 to -4 remains unclear (13–
16). TRPV2 and TRPV4 have also been detected in developing
peripheral neurons, suggesting that they may play a role in growth
programs during development (17, 18). Consistent with this no-
tion, TRPV2 has been implicated in axon outgrowth (18), and
critical mutations in TRPV4 result in peripheral axonal neuropa-
thies (19, 20). Despite these initial findings, the details by which
thermoTRPV channels influence neuronal development remain
unknown.

Here we explore the molecular mechanisms by which ther-
moTRPV channels contribute to neurotrophin-mediated periph-
eral neuron development. We found that among the ther-
moTRPV proteins, TRPV2 and TRPV4 are abundantly present in
embryonic sensory neurons, and application of NGF specifically

increased TRPV2 protein levels. TRPV2 upregulation occurred
through the MAPK signaling pathway, which is essential for neu-
ronal differentiation (2, 3), to enhance neurite outgrowth in a
Ca2�-dependent manner. Generation of TRPV2 monoclonal an-
tibodies (21) allowed us to determine that endogenous TRPV2
colocalized with Rab7, a late endosomal marker associated with
retrograde trafficking, in embryonic dorsal root ganglion (DRG)
neurons. Exposure to NGF leads to the formation of signaling
endosomes containing TrkA and active MAPK components (22,
23). Consistently, we found colocalization of TRPV2 with both
TrkA and phosphorylated Erk1/2 (pErk1/2), suggesting that
TRPV2 populates signaling endosomes and is directly modulated
by extracellular signal-regulated kinase (ERK). In line with this
hypothesis, we found that TRPV2 is phosphorylated by Erk2 in
vitro and identified sites on the soluble N and C termini of TRPV2
critical for phosphorylation by Erk2. Mutation of these sites re-
duced NGF-induced neurite growth and altered TRPV2 protein
expression and Ca2� signals, indicating that phosphorylation of
TRPV2 by ERK is essential for the enhancement of Ca2� signaling
and neurite outgrowth. Thus, we propose a mechanism by which
ERK regulates Ca2� signaling via TRPV2 to augment neurite out-
growth in developing neurons.
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MATERIALS AND METHODS
Chemicals and antibodies. The following antibodies were used: anti-1D4
(24) (1 �g/ml for Western blotting and immunocytochemistry), anti-
TRPV2 2D6 (2 �g/ml for Western blotting), and anti-TRPV2 17A11 (10
�g/ml for immunocytochemistry) mouse monoclonal antibodies
(MAbs), which were generated in our laboratory (21); anti-�-actin mouse
MAb (catalog number 3700; Cell Signaling Technology, Danvers, MA)
(1:1,000 dilution for Western blotting); anti-phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) XP rabbit MAb (catalog number 4370; Cell
Signaling Technology) (1:1,000 dilution for Western blotting and 1:200
for immunocytochemistry); anti-p44/42 MAPK (Erk1/2) mouse MAb
(catalog number 9107; Cell Signaling Technology) (1:1,000 dilution for
Western blotting); anti-Akt pan-mouse MAb (catalog number 2920; Cell
Signaling Technology) (1:1,000 dilution for Western blotting); anti-phos-
phorylated Akt (pAkt) (Santa Cruz Biotechnology, Dallas, TX); anti-Na/K
ATPase (catalog number 3010; Cell Signaling Technology) (1:100 dilution
for Western blotting); anti-TRPV1 (UC Davis/NIH NeuromAb Facility;
clone N221/17, AB_11000725) (1:500 dilution for Western blotting and
1:100 dilution for immunocytochemistry); anti-TRPV3 (UC Davis/NIH
NeuromAb Facility; clone N15/4, AB_10671952) (1:1,000 dilution for
Western blotting and 1:100 dilution for immunocytochemistry); anti-
TRPV4 (catalog number 39260; AbCam Inc., Cambridge, MA) (1:200
dilution for Western blotting and immunocytochemistry); anti-TrkA
(catalog number AB9354; Millipore, Billerica, MA) (1:100 dilution for
immunocytochemistry); and anti-Rab7 (catalog number SC-6563; Santa
Cruz Biotechnology) (1:100 dilution for immunocytochemistry).

NGF-7s, wortmannin, and LY294002 were purchased from Sigma (St.
Louis, MO). U0126 was obtained from Cell Signaling Technology. Phos-
Stop phosphatase inhibitor and EDTA-free complete protease inhibitor
were purchased from Roche (Indianapolis, IN). Peptide-N-glycosidase F
(PNGase F) was obtained from New England BioLabs (Ipswich, MA).

Cell culture and transfection. All cells were cultured in 95% O2 and
5% CO2 at 37°C in a humidified atmosphere. Pheochromocytoma 12
(PC12) cells were a kind gift of John Mieyal (Case Western Reserve Uni-
versity). PC12 cells were maintained in Ham’s F-12–Kaughn (F12K) nu-
trient mix (Life Technologies, Carlsbad, CA) with 15% horse serum (Life
Technologies), 5% fetal bovine serum (FBS; GE Healthcare, Piscataway,
NJ), 100 U/ml penicillin, and 100 �g/ml streptomycin (Life Technolo-
gies). For NGF treatments, cells were changed from normal growth me-
dium to differentiation medium, which consisted of F12K nutrient mix,
1% horse serum, 0.5% FBS, and 100 ng/ml NGF. HEK293T and F11 cells
were cultured and transfected as described previously (21).

Transfections of PC12 cells with plasmid DNA were performed by
using Lipofectamine LTX reagent (Life Technologies) according to the
manufacturer’s protocol. Transfection of small interfering RNA (siRNA)
was performed by using RNAiMax Lipofectamine (Life Technologies)
according to the manufacturer’s protocol. Control siRNA was obtained
from Santa Cruz (catalog number SC-44235). siRNAs targeting TRPV2,
Erk1, and Erk2 were obtained from Dharmacon (catalog numbers
L-091197-02 for TRPV2, L-100592-02 for Erk1, and L-096054-02 for
Erk2). In the case of experiments employing PI3K or MEK inhibitors, cells
were pretreated with vehicle (dimethyl sulfoxide [DMSO]) or inhibitors
for 30 min prior to NGF treatment.

Dissociation and culture of primary E18 DRG neurons. Embryonic
day 18 (E18) DRG neurons from Sprague-Dawley rats were obtained from
Brain Bits (Springfield, IL). Cells were dissociated by treatment with 0.1 U
collagenase and 0.8 U dispase (Roche) in Hibernate A medium without
Ca2� or Mg2� (Brain Bits) for 1 h at 37°C. Next, the tissue was resus-
pended in Hibernate AB medium (Brain Bits) and triturated with a p200
pipette. The cells were centrifuged at 200 � g and resuspended in
Nb4Activ (Life Technologies) containing NGF (25 ng/ml). Cells were
then seeded onto poly-D-lysine (Sigma)-coated glass coverslips in 6-well
plates. Cells were cultured for 5 days prior to fixation for immunofluores-
cence. Half of the medium was changed on day 2. In the case of experi-

ments employing PI3K or MEK inhibitors, cells were treated with vehicle
(DMSO) or inhibitors at the time of plating.

Plasmids. Rat TRPV2 in pcDNA3.1 was obtained from David Julius
(University of California—San Francisco). TRPV2 was engineered with a
C-terminal 1D4 epitope (TETSQVAPA) as described previously (21).
Control and TRPV2 short hairpin RNAs (shRNAs) were expressed in
pGFP-C-shLenti (Origene, Rockville, MD). In addition to expressing
shRNA under the control of the U6 promoter, this plasmid also allowed
for expression of green fluorescent protein (GFP) under the control of the
cytomegalovirus (CMV) promoter.

Site-directed mutagenesis. To generate TRPV2 mutants, amino acid
changes were introduced by using mutated oligonucleotides for E/K
(E599K forward primer 5=-CTGGATGCCTCCCTAAAGCTGTTCAAGT
TCACC-3= and reverse primer 5=-GGTGAACTTGAACAGCTTTAGGG
AGGCATCCAG-3= and E609K forward primer 5=-ACCATTGGTATGG
GGAAGCTGGCTTTCCAG-3= and reverse primer 5=-CTGGAAAGCCA
GCTTCCCCATACCAATGGT-3=) or S/A (S6A forward primer 5=-ATG
ACTTCAGCCTCCGCCCCCCCAGCTTTCAGGCTGGAG-3= and reverse
primer 5=-CTCCAGCCTGAAAGCTGGGGGGGCGGAGGCTGAAGTC
AT-3=, S37A forward primer 5=-CAGGAACCGCCCCCCATGGAGGCA
CCATTCCAGAGGGAGGAC-3= and reverse primer 5=-GTCCTCCCTC
TGGAATGGTGCCTCCATGGGGGGCGGTTCCTG-3=, S47A forward
primer 5=-CAGAGGGAGGACCGGAATTCCGCCCCTCAGATCAAAG
TGAAC-3= and reverse primer 5=-GTTCACTTTGATCTGAGGGGCGG
AATTCCGGTCCTCCCTCTG-3=, and S760A forward primer 5=-CAGG
TCCTCCAGGCCCCCACAGAGACC-3= and reverse primer 5=-GGTCT
CTGTGGGGGCCTGGCGGACCTG-3=) and wild-type (WT) TRPV2-
tagged 1D4 (TRPV2-1D4) as a template. The TRPV2 mutant constructs
were obtained by PCR using the Accuprime polymerase kit from Life
Technologies. The mutants were confirmed by DNA sequencing.

Cytosolic Ca2� measurements. Measurements of intracellular Ca2�

concentrations were obtained by using the fluorescent Ca2� indicator
Fluo4-AM (Life Technologies). Cells were cotransfected with red fluores-
cent protein (RFP) to identify transfected cells. Experiments were per-
formed with extracellular solution (ECS) containing 120 mM NaCl, 3 mM
KCl, 2 mM CaCl2, 2 mM MgCl2, 30 mM glucose, 11 mM sorbitol, and 20
mM HEPES (pH 7.3). Cells were loaded with 5 �M Fluo4-AM in ECS at
room temperature for 30 min, followed by two 5-min washes in ECS. All
measurements were obtained at room temperature. Emitted fluorescence
was measured from single cells by using a C1 Plus confocal system on a
Nikon Eclipse Ti-E microscope (Nikon Instruments Inc., Melville, NY) at
wavelengths of 495 nm (excitation) and 520 nm (emission) at a frequency
of 1 image every 3 s. Fluorescence intensity was analyzed by using ImageJ
software.

Western blot analysis. Protein extracts were prepared in lysis buffer
(50 mM Tris [pH 7.4], 150 mM NaCl, 2 mM EGTA, 1% Triton X-100, and
protease and phosphatase inhibitors) as described previously (21). Fifty
micrograms of protein extract was separated by SDS-PAGE using 4 to
20% Tris-glycine gels (Life Technologies) and transferred onto nitrocel-
lulose membranes. Following a block with 10% nonfat dry milk in Tris-
buffered saline–Tween (TBST), membranes were probed with primary
antibody followed by IRDye-conjugated secondary antibodies (LiCor,
Lincoln, NE). Immunoreactivity was detected by using the Odyssey infra-
red imaging system (LiCor). Quantification of band intensities was per-
formed by using LiCor Odyssey software. For quantification of TRPV2
band intensity, both the upper and lower bands were included.

Removal of N-linked glycans. To remove N-linked glycans, PC12 cell
protein extracts were treated with PNGase F in G7 reaction buffer and 1%
NP-40 (New England BioLabs) for 1 h at 37°C.

RNA extraction and cDNA synthesis. RNA from cultured F11 and
PC12 cells was extracted by using TRIzol (Life Technologies) according to
the manufacturer’s instructions. Briefly, 1 ml of TRIzol was added to each
well of a 6-well dish, and the dish was incubated at room temperature for
5 min. Two hundred microliters of chloroform (Fisher Scientific) was
added to the mixture, and the mixture was vigorously shaken for 15 s and
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incubated at room temperature for 5 min. Samples were centrifuged at
12,000 � g for 15 min at 4°C. The upper aqueous phase was transferred to
a tube containing 0.5 ml isopropanol, and the tube was shaken by hand for
30 s and incubated at room temperature for 10 min. Following centrifu-
gation at 12,000 � g for 15 min at 4°C, the supernatant was removed. The
pellet was washed in 75% RNase-free ethanol (Fisher Scientific, Waltham,
MA) and centrifuged at 7,500 � g for 5 min at 4°C. Ethanol was removed
from the tube, and the pellet was air dried for 10 min on ice. The pellet
containing extracted RNA was then resuspended in 100 �l diethyl pyro-
carbonate (DEPC)-treated water. cDNA synthesis was completed by using
SuperScript II reverse transcriptase (Life Technologies) with 1 �g of RNA
as the template, according to the manufacturer’s instructions.

Semiquantitative reverse transcription-PCR (RT-PCR) of TRPV2
and GAPDH. The PCR amplification was completed with a 50-�l final
volume using 5 �l of cDNA from the synthesis procedure described above,
10 �l 5� GoTaq buffer, 1 �l (1 �M final concentration) primers (glycer-
aldehyde-3-phosphate dehydrogenase [GAPDH] forward primer 5=-ATG
GTGAAGGTCGGTGTG-3=, GAPDH reverse primer 5=-GCCTCTCTCT
TGCTCTCAGT-3=, TRPV2 forward primer 5=-ATGACTTCAGCCTCCA
GCC-3=, and TRPV2 reverse primer 5=-TCCAGCGCAGGTATTCTAGC-
3=), 1 �l deoxynucleoside triphosphate (dNTP) mix (200 �M final
concentration), 0.25 �l GoTaq2 (Promega, Madison, WI), and 29.25 �l
H2O.

The PCR protocol consisted of a denaturation step at 94°C for 5 min
and 34 cycles of denaturation at 94°C for 30 s, annealing at 52°C for 30 s,
and extension at 68°C for 1.5 min. Twenty microliters of the PCR mixture
was analyzed on 1.2% agarose gels and visualized with ethidium bromide
staining. Quantification of band intensity was completed by using ImageJ.

Immunofluorescence. Cells were fixed and stained as described pre-
viously (21). Confocal images were obtained by using a Leica TCS SP2
laser scanning confocal microscope with an HCX PL APO CS 40.0-by-
1.25 oil UV objective. Argon (488-nm) and helium-neon (594-nm) lasers
were used for excitation, and images were obtained by using Leica confo-
cal software version 2.61. Brightness and contrast were adjusted by using
Adobe Photoshop. Only linear changes were made. Any enhancements
were applied across images in an identical manner.

Cell surface biotinylation. Cell surface biotinylation experiments
were performed as described previously (21). Briefly, PC12 cells were
treated with NGF for 24 h. Cells were washed in phosphate-buffered saline
(PBS) and incubated with EZ-Link sulfo-N-hydroxysuccinimide (NHS)–
biotin (Thermo Scientific, Waltham, MA) for 30 min at 37°C. The reac-
tion mixture was quenched with 100 mM glycine in PBS, followed by a
wash in glycine-free PBS. Cells were then lysed and incubated with
streptavidin-agarose (Life Technologies) to capture biotinylated proteins.
The biotinylated fraction was analyzed by Western blotting.

Morphology analysis of PC12 cells. PC12 cells were plated onto
6-well plates coated with 50 �g/ml rat tail collagen type I (Life Technolo-
gies). Twenty-four hours later, cells were transfected with either GFP, WT
TRPV2, or a dominant negative TRPV2 construct (DN TRPV2) as de-
scribed above. At 24 h posttransfection, growth medium was changed to
differentiation medium, which consisted of F12K mix, 1% horse serum,
0.5% FBS, and 100 ng/ml NGF, for 72 h. To identify cells overexpressing
TRPV2, cells were fixed and immunostained with 1D4 antibody. Cells
expressing GFP were used as vector-transfected controls. For knockdown
experiments, cells were transiently transfected with control or TRPV2
shRNA (Origene). shRNA constructs also expressed GFP, which allowed
for detection of transfected cells. Cells under each condition were imaged
in duplicate by using a Leica DMI 6000 B fluorescence microscope for
three independent experiments. Fluorescence images from 25 random
fields were collected. The number of cells bearing a neurite was deter-
mined by visual examination of the field and counting the total number of
1D4- or GFP-positive cells and 1D4- or GFP-positive cells that possessed
a neurite at least twice the length of the cell body diameter. Neurite length
was manually determined by using ImageJ software. Neurite length was
measured for all cells in the visual field for which the entire neurite was

visible and the extension did not contact another cell. Cells from aggre-
gates were disregarded.

In vitro kinase assay. Recombinant TRPV2 was expressed and puri-
fied as described previously (25). Five hundred nanograms of myelin basic
protein (MBP) (Sigma) or recombinant TRPV2 was incubated with or
without 100 ng of recombinant Erk2 (Sigma) in 1� Erk2 kinase buffer (25
mM morpholinepropanesulfonic acid [MOPS] [pH 7.2], 12.5 mM glyc-
erol-2-phosphate, 25 mM MgCl2, 5 mM EGTA, 2 mM EDTA, 0.25 mM
dithiothreitol [DTT]). The kinase reaction was initiated by the addition of
25 �M cold ATP (Promega) and 10 �Ci �-32P (Perkin-Elmer, Waltham,
MA) to the mixture. The reaction was terminated 45 min after initiation
by the addition of SDS-PAGE gel loading buffer (Bio-Rad, Hercules, CA)
containing 50 mM �-mercaptoethanol to the mixture. Samples were run
on a 4 to 20% Tris-glycine gel (Invitrogen), stained by using GelCode Blue
stain (Thermo Scientific), dried overnight, and exposed to autoradiogra-
phy film (Denville Scientific, South Plainfield, NJ).

Isolation of TRPV2 from HEK293T cells and mass spectrometry
analysis. HEK293T cells were transfected with 1D4-tagged TRPV2 for 48
h, followed by cell lysis and immunoprecipitation with Sepharose beads
conjugated to 1D4 antibody. Captured proteins were treated with PNGase
F, eluted with 1D4 peptide (10 mg/ml; Genscript), and resolved by using
SDS-PAGE. The presence of the TRPV2 protein was confirmed by West-
ern blotting. Protein was digested in-gel by using Asp-N (Promega, Mad-
ison, WI) (100 ng for 4 h at 37°C) and modified trypsin (Promega, Mad-
ison, WI) (100 ng overnight at 37°C) dual-enzyme approach. For
phosphorylation analysis, the proteolytic peptide mixture was further en-
riched for phosphopeptides by using a TiO2 column (Pierce, Thermo
Scientific).

Liquid chromatography-mass spectrometry (LC-MS) experiments
were carried out on an Orbitrap Elite mass spectrometer (Thermo Elec-
tron, San Jose, CA) interfaced with a Waters nanoAquity ultraperfor-
mance liquid chromatography (UPLC) system (Waters, Taunton, MA).
To analyze possible posttranslational modifications (PTMs) of the TRPV2
protein, �300 ng of a proteolytic peptide mixture of TPRV2 was loaded
onto a trap column (180 �m by 20 mm packed with C18 Symmetry [5 �m,
100 Å]; Waters, Taunton, MA) to preconcentrate the sample and wash
away excess salts. Reverse-phase separation was performed on a reversed-
phase column (75-�m by 250-mm nanocolumn packed with C18 BEH130
[1.7 �m, 130 Å]; Waters, Taunton, MA), using a gradient of 2 to 45%
mobile phase B (0.1% formic acid and acetonitrile [ACN]) and mobile
phase A (100% water– 0.1% formic acid) over a period of 60 min at 37°C
at a flow rate of 300 nl/min. Peptides eluting from the column were di-
rected to a nanoelectrospray source with a capillary voltage of 2.5 kV. All
mass spectra were obtained from data-dependent experiments. MS and
tandem MS (MS/MS) spectra were acquired in the positive-ion mode,
with the full-scan MS recorded for eluted peptides (m/z range of 350 to
1,800) in an Fourier transform (FT) mass analyzer at a resolution (R) of
120,000, followed by MS/MS of the 20 most intense peptide ion scans in
the ion trap (IT) mass analyzer.

The resulting MS/MS data were initially searched against the TRPV2
protein database by using Mass Matrix software to identify all specific sites
of modification (26). In particular, MS/MS spectra were searched for non-
specific peptides of TRPV2 by using mass accuracy values of 8 ppm and 0.7
Da for MS1 and MS2 scans, respectively, with allowed variable modifica-
tions including carbamidomethylation for cysteines; oxidative modifica-
tions for methionine amino acids; phosphorylation for serine, threonine,
and tyrosine; and asparagine deamidation. All detected MS2 spectra for
each site of phosphorylation were manually verified.

Statistical analyses. All results are presented as means � standard
errors of the means (SEM). Significance of differences was determined by
analysis of variance (ANOVA) followed by Tukey’s post hoc test for mul-
tiple comparisons unless otherwise indicated. Statistical significance was
accepted at P values of 	0.05, 	0.01, and 	0.001.
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RESULTS
TRPV2 is expressed in developing neurons and regulated by
NGF. To assess the expression of thermoTRPV channels in the
development of peripheral neurons, embryonic day 18 (E18) rat
DRG neurons were immunostained with antibodies against
TRPV1 to -4. TRPV1 and TRPV3 immunoreactivities were sparse
in �III-tubulin-positive neurons, while TRPV2 and TRPV4 im-
munoreactivities were more abundant (Fig. 1A). TRPV4 appeared
almost exclusively in the cell bodies of neurons, while TRPV2 was
present in both cell bodies and neuronal extensions (Fig. 1A). We
also tested for expression of TRPV1 to -4 in NGF-sensitive PC12
cells. The neuroendocrine PC12 cell line is derived from a rat
adrenal chromaffin tumor and is commonly used as a model for
studying NGF signaling and neuronal cell differentiation (2, 27).
We failed to detect TRPV1 protein in PC12 cell lysates in both the

absence and presence of NGF by Western blot analysis. The spec-
ificity of the TRPV1 antibody was tested by using mouse kidney
extracts, which produced a band at �100 kDa, corresponding to
the predicted molecular mass of the monomeric TRPV1 protein
(Fig. 1B). The TRPV3 and TRPV4 proteins were detected in PC12
cells, but their levels were unaffected by NGF treatment (Fig. 1B).
In contrast, the TRPV2 protein content increased substantially
after NGF treatment (Fig. 1B). An increase in phosphorylated
Erk1/2 (pErk1/2) levels confirmed the activation of NGF signaling
(Fig. 1B).

TRPV2 was previously implicated in axon outgrowth during
peripheral neuron development (18); however, the mechanisms
by which TRPV2 is regulated during neuronal development re-
main unknown. We therefore further explored how NGF regu-
lates TRPV2. RT-PCR confirmed the presence of TRPV2 mRNA
in PC12 cells (Fig. 2A). F11 cells, which are derived from embry-
onic DRG neurons and endogenously express TRPV2 (28), were
used as a positive control (Fig. 2A). Our TRPV2 monoclonal an-
tibody (21) displayed immunoreactivity with two bands in PC12
cell extracts. One band corresponded to the predicted molecular
mass of rat TRPV2 (�86 kDa), while the other ran at a higher
molecular mass (�100 kDa) (Fig. 1B). The specificity of the
TRPV2 antibody was confirmed by using siRNA directed against
TRPV2. Cells transfected with TRPV2 siRNA displayed decreased
band intensities for both the 86-kDa and 100-kDa bands com-
pared to control cells (Fig. 2B). We had previously observed two
bands in cells heterologously expressing TRPV2 and predicted
that the upper band may represent glycosylated TRPV2 (21).
Treatment of PC12 cell protein extracts with PNGase F, which
cleaves N-linked glycans, eliminated the higher-molecular-mass
band, indicating that this band represents N-glycosylated TRPV2
(Fig. 2C). These results confirm that both bands recognized by the
TRPV2 antibody correspond to the TRPV2 protein.

A time course analysis revealed that treatment of PC12 cells
with NGF led to an increase in TRPV2 protein content beginning
at 6 h and peaking at between 24 and 48 h (Fig. 2D). The TRPV2
protein content remained elevated for at least 72 h of NGF treat-
ment (Fig. 2D). Semiquantitative RT-PCR experiments showed
that the TRPV2 mRNA content also increased at the 6- and 12-h
time points, after which mRNA levels reverted back to baseline
levels (Fig. 2E). Immunofluorescence revealed a comparable time
course for upregulation of the TRPV2 protein (Fig. 2F). TRPV2
localized to developing neurites after NGF treatment, similar to its
distribution in embryonic DRG neurons (Fig. 2F). Overall, these
results confirm the presence of TRPV2 protein in NGF-sensitive
developing sensory neurons and show that treatment of PC12 cells
with NGF results in a sustained increase in the amount of TRPV2
protein.

TRPV2 enhances NGF-induced neurite outgrowth. Intracel-
lular Ca2� signals are involved in morphological changes medi-
ated by NGF (29). Since NGF signaling is tightly linked to neurite
outgrowth in PC12 cells, we next explored the contribution of
TRPV2 activity to NGF-induced neurite extension. Activation of
TRPV2 by membrane stretching was previously shown to increase
intracellular Ca2� levels and axon outgrowth in developing neu-
rons (18). Studying endogenous TRPV2 activity and TRPV2-me-
diated Ca2� changes has remained difficult due to limited specific
pharmacological tools available to activate or inhibit the channel
(30, 31). TRPV2 may also display channel activity in the absence of
any specific agonist or activator (18, 32). Recently, probenecid was

FIG 1 NGF upregulates TRPV2 in models of developing neurons. (A) E18
DRG neurons immunostained with antibodies against the thermoTRPV chan-
nels (TRPV1, TRPV2, TRPV3, and TRPV4) (green) and �III-tubulin (red).
Bar, 100 �m. (B) Western blot analysis of 50 �g of PC12 cell lysates using the
indicated thermoTRPV antibodies plus phosphorylated Erk1/2 (pErk1/2), to-
tal Erk1/2, and �-actin. Cells were cultured in differentiation medium in the
absence or presence of NGF (100 ng/ml) for 12 h. Since PC12 cells lacked
TRPV1 immunoreactivity, mouse kidney lysate was loaded as a positive
control.
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FIG 2 NGF treatment results in sustained upregulation of TRPV2 expression in PC12 cells. (A) mRNA expression of TRPV2 in F11 cells and PC12 cells was
examined by RT-PCR using TRPV2-specific PCR primers. (B) Western blot analysis using TRPV2 monoclonal antibody of PC12 cells transfected with 200 nM
control siRNA or TRPV2 siRNA for 48 h. The bar graph represents relative TRPV2 band intensities. The TRPV2 band intensity for control siRNA was defined
as 1. Data represent means � SEM (P 	 0.05 by an unpaired t test). (C) PC12 cell protein extracts were treated with and without PNGase F and immunoblotted
with TRPV2 and �-actin antibodies. (D) PC12 cells were treated with NGF (100 ng/ml) for the indicated times. Fifty micrograms of whole-cell lysates was then
analyzed by Western blotting with TRPV2 and �-actin antibodies. The line graph represents relative TRPV2 protein levels for each time point. The �-actin-
normalized TRPV2 band intensity at the 0-h time point was defined as 1. *, P 	 0.05 relative to the 0-h NGF time point as determined by one-way ANOVA
followed by Dunnett’s post hoc test. Data represent means � SEM for 3 independent experiments. (E) RT-PCR analysis of PC12 cells treated with NGF (100
ng/ml) for the indicated times. RNA was extracted and reverse transcribed to cDNA, followed by PCR amplification using TRPV2- and GAPDH-specific primers.
The line graph represents relative TRPV2 mRNA levels for each time point. The GAPDH-normalized TRPV2 band intensity at the 0-h time point was defined as
1. Data represent means � SEM from 3 independent experiments. *, P 	 0.05 relative to the 0-h NGF time point as determined by one-way ANOVA followed
by Dunnett’s post hoc test. (F) PC12 cells were treated for the indicated times with NGF (100 ng/ml) and then fixed and immunostained with anti-TRPV2
antibody. Bar, 25 �m.

Cohen et al.

4242 mcb.asm.org December 2015 Volume 35 Number 24Molecular and Cellular Biology

http://mcb.asm.org


described to be a specific TRPV2 activator (33). TRPV2-null neu-
rons, however, display Ca2� responses to probenecid that are in-
distinguishable from those of wild-type (WT) neurons (14). We
also did not observe probenecid-activated changes in cytosolic
Ca2� levels in cells expressing TRPV2 (data not shown). We there-
fore chose to employ a genetic approach to test the effects of
TRPV2 activity on NGF-induced neurite outgrowth (31). A dom-
inant negative TRPV2 construct (DN TRPV2), where two key Glu
residues in the pore region of the channel were mutated to Lys
(E599K and E609K), was used in this study. These Glu residues are
conserved in rat and mouse TRPV2 proteins, and mutation of
these residues in mouse TRPV2 to Lys has been shown to decrease
Ca2� permeation through the pore of the channel (32, 34). F11
cells provided a suitable system for testing the effect of DN TRPV2
on TRPV2-mediated changes in Ca2� levels, since F11 cells endog-
enously express TRPV2 (28) and allow for efficient transfection.
F11 cells transfected with DN TRPV2 displayed reduced cytosolic
Ca2� responses after treatment with 2-aminoethoxydiphenyl bo-
rate (2-APB), a TRPV2 activator (35, 36), compared to those in
cells expressing the vector alone (Fig. 3A). Overexpression of WT
TRPV2 in F11 cells augmented the increases in Ca2� levels in
response to 2-APB (Fig. 3A).

We next tested the effects of WT TRPV2 and DN TRPV2 over-
expression on NGF-mediated neurite outgrowth in PC12 cells.
Overexpression of WT TRPV2 and DN TRPV2 in PC12 cells had
no effect on the percentage of neurite-bearing cells in the absence
of applied NGF (Fig. 3C). However, WT TRPV2 overexpression
increased the percentage of cells possessing a neurite (Fig. 3C) and
the length of neurites (Fig. 3B and D) compared to GFP-trans-
fected controls after 3 days of culture in the presence of NGF.
Expression of DN TRPV2 failed to increase the percentage of cells

with neurites (Fig. 3C). Importantly, neurite length in the pres-
ence of NGF was significantly decreased for cells expressing DN
TRPV2 compared to GFP controls (Fig. 3B and D).

We also tested the effect of silencing of TRPV2 expression on
NGF-induced neurite outgrowth using shRNA. The shRNA con-
structs also expressed GFP, which indicated transfected cells.
Transfection of TRPV2 shRNA efficiently knocked down TRPV2
overexpressed in HEK293T cells (Fig. 4A). Since a smaller per-
centage of PC12 cells were transfected, immunofluorescence was
employed to assess the knockdown of endogenous TRPV2 pro-
tein. Transfection of TRPV2-specific shRNA reduced endogenous
TRPV2 immunofluorescence in PC12 cells compared to cells
transfected with control shRNA (Fig. 4B and C). Expression of
TRPV2 shRNA had no effect on the percentage of neurite-bearing
PC12 cells after NGF treatment (Fig. 4D); however, cells express-
ing TRPV2 shRNA showed a significant decrease in neurite length
compared to cells expressing control shRNA (Fig. 4E). Overall,
these data indicate that increased expression of functional TRPV2
significantly contributes to the enhancement of neurite length in
response to NGF signaling.

NGF-induced increase in TRPV2 protein levels is mediated
by MAPK signaling. Binding of NGF to its extracellular receptor
TrkA initiates intracellular signaling cascades that promote cell
survival and differentiation. The PI3K signaling pathway is neces-
sary for NGF-induced survival of PC12 cells, while the MAPK
signaling pathway is essential for differentiation and neurite out-
growth in PC12 cells (2, 3). Previous studies suggested that the
function of TRPV2 is regulated by growth factors via the PI3K
signaling pathway (32, 37, 38). We therefore tested the effects of
the PI3K inhibitors LY294002 and wortmannin on NGF-regu-
lated TRPV2 expression. After 24 h of treatment of PC12 cells with

FIG 3 TRPV2 activity enhances NGF-induced neurite outgrowth in PC12 cells. (A) Intracellular Ca2� levels were measured by Fluo4 fluorescence using
time-lapse microscopy. F11 cells expressing the empty vector (n 
 80), WT TRPV2 (n 
 72), or DN TRPV2 (n 
 61) were treated with 2-APB (100 �M) at the
45-s time point. Data represent the mean normalized Fluo4 intensities � SEM. (B) Representative micrographs of PC12 cells treated with NGF (100 ng/ml for
72 h) after transfection with GFP (control) or 1D4-tagged WT TRPV2 or DN TRPV2. After NGF treatment, cells were fixed and stained with 1D4 antibody
followed by Alexa Fluor 488-labeled secondary antibody. Bar, 100 �m. (C) PC12 cells were transfected with GFP, WT TRPV2, or DN TRPV2; grown in the
absence or presence of NGF (100 ng/ml for 72 h); and then imaged for fluorescence as described above for panel B. Data represent means � SEM from 3
independent experiments. n.s., not significant. (D) Neurite lengths for PC12 cells transfected with GFP (n 
 141), WT TRPV2 (n 
 122), or DN TRPV2 (n 

67) and treated with NGF (100 ng/ml; 72 h). Data represent means � SEM from 3 independent experiments.
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NGF, an increase in the TRPV2 protein level was observed; PI3K
inhibitors did not have a significant effect on NGF-induced up-
regulation of TRPV2 protein levels (Fig. 5A). Both LY294002 and
wortmannin reduced the phosphorylation of Akt (pAkt) in both
the absence and presence of NGF, indicating suppression of PI3K
activity (Fig. 5A). Inhibition of MAPK signaling with the MEK1/2
inhibitor U0126 significantly reduced the NGF-induced upregu-
lation of TRPV2 protein levels in PC12 cells (Fig. 5B). U0126
decreased pErk1/2 levels, confirming the inhibition of the MAPK
pathway (Fig. 5B). Treatment with U0126 also decreased TRPV2
mRNA levels in PC12 cells after 6 h of treatment with NGF com-
pared to vehicle controls (Fig. 5C). Consistent with data from
previous reports (39, 40), U0126 decreased the percentage of neu-
rite-bearing cells and neurite length after NGF treatment com-
pared to the vehicle control and LY294002 (Fig. 5D).

The major effector of neurite outgrowth mediated by MAPK
downstream of MEK1/2 is Erk1/2. To determine if Erk1/2 specif-
ically regulates the upregulation of TRPV2, we employed siRNA
to reduce Erk1/2 expression. Transfection of PC12 cells with
Erk1/2 siRNA reduced Erk1/2 protein levels �40 to 50% com-
pared to control siRNA (Fig. 5E). Similar to the MEK1/2 inhibitor,
transfection of Erk1/2 siRNA attenuated NGF-induced upregula-
tion of both TRPV2 protein (Fig. 5E) and TRPV2 mRNA (Fig. 5F)
in PC12 cells. Additionally, Erk1/2 siRNA reduced NGF-induced
neurite outgrowth compared to control siRNA (Fig. 5G). Activa-
tion of MAPK/ERK signaling by NGF in PC12 cells peaks after

minutes of exposure (41). We observed increases in pErk1/2 levels
after 10 min of treatment with NGF, whereas TRPV2 protein lev-
els did not significantly increase until 6 h of exposure to NGF (Fig.
5H). This shows that activation of MAPK/ERK signaling precedes
the upregulation of TRPV2 expression, and TRPV2 is regulated
downstream of Erk1/2.

Importantly, we also observed a decrease in TRPV2 immuno-
fluorescence in primary embryonic DRG neurons cultured in the
presence of U1026 for 5 days compared to cells cultured with
DMSO or LY294002 (Fig. 5I). These results indicate that the
MAPK signaling pathway, which promotes neurite outgrowth,
contributes to the NGF-induced upregulation of TRPV2 expres-
sion in both PC12 cells and primary developing sensory neurons.

NGF does not induce TRPV2 translocation to the plasma
membrane in PC12 cells. Growth factors such as insulin-like
growth factor 1 (IGF-1) were initially thought to induce the trans-
location of TRPV2 to the plasma membrane through the PI3K
signaling pathway, where it mediates a Ca2� current that contrib-
utes to growth factor signaling (37). Using our monoclonal
TRPV2 antibody, however, we previously found that IGF-1 had
no effect on the plasma membrane translocation of overexpressed
and endogenous TRPV2 (21). Since we observed that PI3K signal-
ing had no effect on the upregulation of TRPV2, we next tested if
NGF treatment increased plasma membrane levels of TRPV2 in
PC12 cells. Cell surface biotinylation experiments failed to detect
TRPV2 at the surface of PC12 cells in both the absence and pres-

FIG 4 Silencing of TRPV2 expression impairs NGF-induced neurite outgrowth. (A) Western blot analysis with the indicated antibodies of HEK293T cells
transiently transfected with rat TRPV2 and either control or TRPV2 shRNA. (B) PC12 cells were transfected with control shRNA or TRPV2 shRNA. Twenty-four
hours later, cells were treated with NGF (100 ng/ml) for 72 h. Cells were then fixed and immunostained for TRPV2 (red). GFP indicates a transfected cell (green),
and nuclei were stained with Hoechst dye (blue). Bar, 50 �m. (C) Mean TRPV2 fluorescence intensity � SEM for GFP-positive cells (control shRNA, n 
 30;
TRPV2 shRNA, n 
 19) (P 	 0.001 as determined by an unpaired t test). A.U., arbitrary units. (D) PC12 cells were transfected with control or TRPV2 shRNA,
followed by 72 h of treatment with NGF (100 ng/ml). Fifty random images were obtained for GFP fluorescence and analyzed for the percentage of cells with
neurites. Data represent the mean percentages of neurite-bearing, GFP-positive cells � SEM from 3 independent experiments. n.s., not significant (P 
 0.94) as
determined by an unpaired t test. (E) Mean neurite lengths � SEM for PC12 cells transfected with control shRNA (n 
 362) or TRPV2 shRNA (n 
 454) and
treated with NGF for 72 h (P 	 0.001 as determined by an unpaired t test).
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FIG 5 MAPK signaling mediates upregulation of TRPV2. (A) PC12 cells were pretreated with DMSO, LY294002 (5 �M), or wortmannin (20 nM) for 30 min,
followed by treatment with NGF (100 ng/ml for 24 h), as indicated. TRPV2, pAkt, total Akt, and �-actin protein levels were determined by Western blotting. The
�-actin-normalized TRPV2 band intensity for DMSO-treated cells in the absence of NGF was defined as 1. Data in the bar graph represent means � SEM from
3 independent experiments. (B) PC12 cells were pretreated with DMSO or U0126 (10 �M) for 30 min, followed by treatment with NGF (100 ng/ml for 24 h), as
indicated. TRPV2, pErk1/2, total Erk1/2, and �-actin protein levels were determined by Western blotting. The �-actin-normalized TRPV2 band intensity for
DMSO-treated cells in the absence of NGF was defined as 1. Data in the bar graph represent means � SEM from 3 independent experiments. (C) PC12 cells were
pretreated with DMSO or U0126 (10 �M) for 30 min, followed by treatment with NGF (100 ng/ml for 6 h), as indicated. TRPV2 and GAPDH mRNA levels were
determined by RT-PCR. The GAPDH-normalized TRPV2 band intensity for DMSO-treated cells in the absence of NGF was defined as 1. Data in the bar graph
represent means � SEM from 3 independent experiments. (D) Bar graphs representing the percentages of cells with neurites and neurite lengths for PC12 cells
cultured in the presence of NGF and either the vehicle (DMSO), LY294002 (5 �M), or U0126 (10 �M). Data represent means � SEM from 3 independent
experiments. (E) PC12 cells were transfected with control or Erk1/2 siRNA for 48 h, followed by 12 h of treatment with NGF, as indicated. TRPV2, pErk1/2, total
Erk1/2, and �-actin protein levels were determined by Western blotting. The �-actin-normalized TRPV2 or total Erk1/2 band intensities for control siRNA-
transfected cells in the absence of NGF were defined as 1. Data in bar graphs represent means � SEM from 3 independent experiments. (F) PC12 cells were
transfected and treated as described above for panel E, and TRPV2 and GAPDH mRNA levels were determined by RT-PCR. The GAPDH-normalized TRPV2
band intensity for control siRNA-transfected cells in the absence of NGF was defined as 1. Data in the bar graph represent means � SEM from 4 independent
experiments. (G) Bar graphs representing percentages of cells with neurites and neurite lengths for PC12 cells transfected with control or Erk1/2 siRNA and
cultured in the presence of NGF for 72 h. Data represent means � SEM from 5 independent experiments. (H) PC12 cells were treated with NGF (100 ng/ml) for
the indicated times, followed by Western blot analysis with TRPV2, pErk1/2, total Erk1/2, and �-actin antibodies. Data in line graphs represent relative
�-actin-normalized TRPV2 and total Erk1/2-normalized pErk1/2 levels. Band intensities at the 0-h NGF time point were defined as 1. Data represent means �
SEM from 3 independent experiments. *, P 	 0.05 relative to the 0-h NGF time point as determined by one-way ANOVA followed by Dunnett’s post hoc test. (I)
E18 DRG neurons were cultured in the presence of DMSO, LY294002 (25 �M), or U1026 (10 �M) for 5 days and then immunostained for TRPV2 (green) and
�III-tubulin (red). All images were obtained with identical microscope settings. Bar, 100 �m.
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ence of NGF (Fig. 6A). In contrast, TRPV3 was present in the
biotinylated fraction in both the absence and presence of NGF,
and surface levels of TRPV3 did not change in response to NGF
treatment (Fig. 6B). Additionally, we found that TRPV2 colocal-
ized with Rab7, a late endosomal marker, after NGF treatment
(Fig. 6C), further indicating that TRPV2 does not translocate to
the cell surface after NGF stimulation. Consistent with results
from our laboratory and others showing that IGF-1 and other
growth factors have no effect on the surface levels of TRPV2 (21,
32, 42), these data show that while NGF treatment increases
TRPV2 content, it does not induce the translocation of the chan-
nel to the cell surface. The absence of TRPV2 in the biotinylated
fraction indicates that TRPV2 predominantly localizes to intracel-
lular membranes in PC12 cells.

ERK phosphorylates TRPV2 to enhance neurite outgrowth.
When NGF binds and activates TrkA at the terminals of develop-
ing neurites, the NGF-TrkA complex is internalized into endo-
somes and transported along microtubules toward the cell body in
a retrograde manner, where it continues to signal through PI3K
and MAPK (43). Activated Erk1/2 is closely associated with these
TrkA-containing endosomes, where it can facilitate local signaling
throughout the developing neuronal processes (22). Since we ob-
served that TRPV2 colocalized with an endosomal marker in
PC12 cells, and TRPV2 immunoreactivity is present in both the
cell body and �III-tubulin-containing neurites of embryonic
DRG neurons (Fig. 1A), we next tested if TRPV2 is associated with
these NGF signaling endosomes in embryonic DRG neurons.
TRPV2 immunoreactivity showed substantial colocalization with

Rab7 (Fig. 7A), which is essential for retrograde transport of Trk-
containing signaling endosomes in developing neurons (23). Par-
tial colocalization between TRPV2 and both TrkA (Fig. 7B) and
pErk1/2 (Fig. 7C) in embryonic DRG neurons was also observed.
These results suggested that ERK might directly modulate TRPV2
protein within neurites of developing neurons.

To test if ERK phosphorylates TRPV2, recombinant activated
Erk2 was incubated with [�-32P]ATP and either myelin basic pro-
tein (MBP), a known ERK substrate, or pure tetrameric TRPV2
(25). TRPV2 and MBP were both phosphorylated in the presence
but not in the absence of activated Erk2 (Fig. 7D), suggesting that
TRPV2 is a viable ERK substrate and that ERK may directly phos-
phorylate TRPV2 through NGF signaling.

Posttranslational modifications of TRPV2 have not been ex-
tensively characterized. To directly test if phosphorylation of
TRPV2 by ERK affects NGF-induced neurite outgrowth, we first
needed to determine the possible TRPV2 residues that ERK phos-
phorylates. Mass spectrometry analysis of TRPV2 expressed in
HEK293T cells revealed several phosphorylation sites. Four iden-
tified Ser residues were within proline-directed motifs (Ser/Thr-
Pro) and predicted to act as ERK substrates (Ser6, Ser37, Ser47,

FIG 6 NGF does not induce translocation of TRPV2 to the plasma membrane
in PC12 cells. (A) PC12 cells were cultured in the absence or presence of NGF
(100 ng/ml) for 24 h. Surface proteins were biotinylated in intact cells at 37°C.
Cells were then lysed, and biotinylated proteins were captured with streptavi-
din 
 agarose. Captured proteins were resolved by SDS-PAGE and detected by
Western blotting with TRPV2 and Na/K ATPase antibodies. Na/K ATPase was
used as a positive control. Surface proteins represent the biotinylated fraction,
and input represents 5% of the total extracted protein. (B) Cell surface bioti-
nylation experiment performed as described above for panel A. TRPV3 and
Na/K ATPase antibodies were used for Western blot analysis. (C) PC12 cells
were cultured in the absence or presence of NGF (100 ng/ml) for 24 h, followed
by fixation and staining for TRPV2 (green) and Rab7 (red). Bar, 10 �m. FIG 7 TRPV2 is phosphorylated by ERK. (A to C) E18 DRG neurons were

cultured for 5 days in the presence of NGF and then fixed and immunostained
for TRPV2 (green) and Rab7 (red) (A), TrkA (red) (B), or pErk1/2 (red) (C).
The arrowheads point to regions of zoomed images represented in the bottom
panels. Bars, 5 �m. (D) Recombinant MBP or TRPV2 (500 ng) was incubated
in the absence or presence of recombinant active Erk2 (100 ng) and [�-
32P]ATP, as indicated. Phosphorylation of MBP or TRPV2 was detected by
autoradiography. The presence of recombinant proteins was confirmed by
Coomassie staining.
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and Ser760) (Fig. 8A to D). All four sites are within flexible regions
of the distal N and C termini of the protein (Fig. 8E). Mutation of
all four sites to Ala (S6A, S37A, S47A, and S760A) (TRPV2�4S)
substantially reduced the phosphorylation of TRPV2 by Erk2 in
vitro (Fig. 9A). In vitro phosphorylation experiments for single
Ser-to-Ala mutants yielded inconclusive results, suggesting that
multiple Ser residues are phosphorylated by ERK (data not
shown).

We next tested if the phosphorylation of TRPV2 by ERK af-
fected NGF-induced neurite outgrowth in PC12 cells. We em-
ployed a protocol in which cells were transfected with the vector
control, WT TRPV2, or TRPV2�4S followed by a 30-min pretreat-
ment with either the vehicle or U0126 and a 72-h treatment with
NGF. U0126 significantly reduced the percentage of cells possess-
ing a neurite under all transfection conditions (Fig. 9B and C).
Overexpression of TRPV2�4S did not significantly affect the per-

FIG 8 Mass spectrometry analysis of heterologously expressed TRPV2 to determine phosphorylation sites. (A) MS/MS spectra of the phosphorylated form of the
TSASSPPAFR peptide (positions 2 to 11) observed as a doubly protonated ion at m/z 550.74. The presence of y6-y8, b5-98, and b9-98 fragment ions with a
79.97-Da mass shift shows that modification of this peptide occurred at S6. Asterisks indicate the fragment ions that were modified by 79.97 Da. (B) MS/MS
spectra of the modified form of the QEPPPMESPFQRE peptide (positions 30 to 42) observed as a doubly protonated ion at m/z 834.34. The presence of y6-y7
fragment ions with a 79.97-Da mass shift and y8-y11 ions with 79.97-Da and 16-Da mass shifts shows that phosphorylation and oxidation of this peptide occurred
at positions S37 and M35, respectively. Asterisks indicate the fragment ions that were modified by 79.97 Da. (C) MS/MS spectra of the phosphorylated form of
the DRNSSPQIKVNL peptide (positions 43 to 54) observed as a doubly protonated ion at m/z 725.85. The presence of y8-y10 and b5-b10 fragment ions with a
79.97-Da mass shift shows that modification of this peptide occurred at S47. Asterisks indicate the fragment ions that were modified by 79.97 Da. (D) MS/MS
spectra of the phosphorylated form of the DHLPLQVLQS peptide (positions 751 to 760) observed as a doubly protonated ion at m/z 615.30. The presence of
y1-y7 fragment ions with a 79.97-Da mass shift and unmodified b5-b9 fragment ions shows that modification of this peptide occurred at S760. Asterisks indicate
the fragment ions that were modified by 79.97 Da. (E) Domain structure of a TRPV2 monomer. TRPV2 consists of large soluble N and C termini. The N terminus
contains six ankyrin repeats that form the ankyrin repeat domain. The four predicted ERK phosphorylation sites (indicated by arrows) reside on the distal N and
C termini.
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FIG 9 Phosphorylation of TRPV2 by ERK enhances NGF-induced neurite outgrowth in PC12 cells. (A) One microgram of recombinant TRPV2, WT TRPV2,
or TRPV2�4S isolated from HEK293T cells was incubated with activated Erk2 and [�-32P]ATP. Phosphorylation of the TRPV2 proteins was determined by
autoradiography, and the presence of protein was confirmed by Coomassie staining. (B) Representative images of PC12 cells transfected with GFP plus either the
empty vector or 1D4-tagged WT TRPV2 or TRPV2�4S and treated with NGF (100 ng/ml) in either the absence or presence of U0126 (10 �M) for 72 h. (C)
Percentage of cells with neurites, for PC12 cells imaged in panel B. Data represent means � SEM from 3 independent experiments. (D) Mean neurite lengths �
SEM for cells imaged in panel B (vector control plus DMSO, n 
 265; vector control plus U0126, n 
 126; WT TRPV2 plus DMSO, n 
 181; WT TRPV2 plus
U0126, n 
 93; TRPV2�4S plus DMSO, n 
 195; TRPV2�4S plus U0126, n 
 119). (E) Western blot analysis of PC12 cells transfected and treated as described
above for panels B to D with the indicated antibodies. Data in the bar graph represent mean band intensities � SEM from 3 independent experiments. The
�-actin-normalized TRPV2-1D4 band intensity for WT-TRPV2-expressing, DMSO-treated cells was defined as 1. (F) Western blot analysis with the indicated
antibodies for PC12 cells transfected with control or Erk1/2 siRNA for 24 h, followed by 24 h of transfection with GFP plus the vector or 1D4-tagged WT TRPV2
or TRPV2�4S and 72 h of treatment with NGF. Data in the bar graph represent mean band intensities � SEM from 3 independent experiments. The �-actin-
normalized TRPV2-1D4 band intensity for cells transfected with control siRNA and WT TRPV2 was defined as 1. (G) Bar graph representing the percentage of
PC12 cells with neurites, transfected and treated as described above for panel F. Data represent means � SEM from 3 independent experiments. (H) Mean neurite
length � SEM for cells transfected and treated as described above for panel F (vector plus control siRNA, n 
 145; vector plus Erk1/2 siRNA, n 
 151; WT TRPV2
plus control siRNA, n 
 162; WT TRPV2 plus Erk1/2 siRNA, n 
 123; TRPV2�4S plus control siRNA, n 
 138; TRPV2�4S plus Erk1/2 siRNA, n 
 103). (I)
Intracellular Ca2� transients measured by Fluo4 fluorescence using time-lapse microscopy. F11 cells expressing WT TRPV2 or TRPV2�4S were treated with
2-APB (100 �M) at the 45-s time point (indicated by arrows). Data represent mean normalized Fluo4 intensities. Data in the bar graph represent peaks in
normalized Fluo4 fluorescence intensity determined under each condition (WT TRPV2 plus DMSO, n 
 177; WT TRPV2 plus U0126, n 
 129; TRPV2�4S plus
DMSO, n 
 77; TRPV2�4S plus U0126, n 
 125). Data represent the means � SEM.
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centage of cells possessing a neurite compared to WT TRPV2;
however, the neurite length for cells transfected with TRPV2�4S

was significantly reduced compared to that for cells transfected
with WT TRPV2 in the absence of U0126 (Fig. 9B and D). Inter-
estingly, U0126 reduced neurite length for vector control- and
WT TRPV2-transfected cells but not cells expressing TRPV2�4S

(Fig. 9D). Pretreatment with U0126 reduced the expression of
exogenously expressed WT TPRV2 in PC12 cells after NGF expo-
sure (Fig. 9E). Additionally, the expression level of TRPV2�4S was
significantly lower than that of WT TRPV2 in the absence of the
inhibitor, and levels of TRPV2�4S were unaffected by U0126 (Fig.
9E). Silencing of Erk1/2 had similar effects on neurite outgrowth
mediated by WT TRPV2 and TRPV2�4S; namely, Erk1/2 siRNA
reduced protein levels (Fig. 9F) and NGF-induced neurite out-
growth for exogenously expressed WT TRPV2 but not TRPV2�4S

(Fig. 9G and H). Erk1/2 siRNA efficiently reduced Erk1/2 protein
levels under these conditions (vector, 68.2% � 0.66% of control
siRNA; WT TRPV2, 69.6% � 0.61% of control siRNA; TRPV2�4S,
66.1% � 0.44% of control siRNA). These results indicate that
while inhibition of ERK signaling decreases the expression of WT
TRPV2 and reduces neurite outgrowth mediated by WT TRPV2,
it has little to no effect on TRPV2�4S. This is consistent with the
hypothesis that ERK phosphorylates TRPV2 at these N- and C-
terminal Ser residues downstream of NGF to enhance neurite out-
growth.

Since we previously associated TRPV2-mediated Ca2� changes
with neurite outgrowth, we predicted that expression of
TRPV2�4S might decrease TRPV2-mediated Ca2� transients.
Ca2� imaging analysis showed that the response of TRPV2�4S to
2-APB was significantly reduced compared to that of WT TRPV2
in F11 cells (Fig. 9I). Additionally, U0126 reduced the response of
WT TRPV2-expressing cells to 2-APB but not that of cells express-
ing TRPV2�4S (Fig. 9I). Overall, these results indicate that phos-
phorylation of TRPV2 by ERK enhances TRPV2-mediated ex-
pression and Ca2� signals to increase neurite outgrowth
downstream of NGF.

DISCUSSION

TRPV2 was discovered as a growth factor-regulated Ca2�-perme-
able ion channel in mouse fibroblasts (37). The channel was also
originally proposed to act as a noxious temperature detector in
sensory neurons (9). TRPV2 knockout mice, however, display
normal sensory transduction, including temperature sensation,
suggesting that TRPV2 does not function as a noxious heat sensor
in vivo (14, 16). Additionally, the mechanisms by which growth
factors regulate endogenous TRPV2 function remain unclear
(30, 42).

TRPV2 is ubiquitously expressed, in contrast to the other ther-
moTRPV proteins (44), further signifying that it plays some other
important physiological role. Endogenously expressed TRPV2 has
been detected primarily in intracellular membranes, as opposed to
the cell surface, including endosomes (45–47). It has been pro-
posed that TRPV2 displays constitutive basal activity, and to date,
there are no confirmed endogenous channel modulators, while
exogenous TRPV2 activators and inhibitors are promiscuous
Ca2� channel modulators (30). The channel has been implicated
in numerous different physiological and pathological processes,
including growth factor signaling, macrophage migration, cancer
cell metastasis, heart disease, and neuronal cell development (18,
30, 34, 37, 38, 44, 48). Nonetheless, the function of endogenous

TRPV2 remains controversial due to the lack of reliable tools
available to specifically modulate and detect the channel protein
(30).

Generation of monoclonal TRPV2 antibodies has allowed us to
begin exploring the endogenous function of TRPV2 (21). Strong
evidence points toward a role for TRPV2 in the development of
peripheral neurons (14, 18). Global knockout of TRPV2 in mice
resulted in perinatal lethality (14). Furthermore, TRPV2 mRNA
was detected in the mouse spinal cord at E9.5, before the expres-
sion of other thermoTRPV channels (18). Using our newly gener-
ated antibodies, we observed TRPV2 protein in embryonic DRG
neurons and PC12 cells, both of which are well-established models
for studying peripheral neuron development and neurotrophin
signaling (49). Treatment of PC12 cells with NGF, which is essen-
tial for the survival and differentiation of developing peripheral
neurons, led to a sustained increase in TRPV2 protein content
without affecting plasma membrane levels of TRPV2. Since evi-
dence indicates that TRPV2 displays constitutive basal activity
(18, 32), upregulation of TRPV2 protein content is likely a major
mechanism of functional regulation of the channel by NGF.

Ca2� is an important second messenger in NGF-mediated
neuronal cell differentiation (29). Increases in cytoplasmic Ca2�

levels are associated with cytoskeletal rearrangements leading to
morphological changes, alterations in gene transcription, and
changes in cell excitability (29). Here we observed that overex-
pression of a Ca2�-impermeable TRPV2 mutant in PC12 cells
reduced NGF-induced neurite outgrowth. Silencing of TRPV2 ex-
pression also decreased neurite length in PC12 cells after NGF
treatment, further indicating that NGF-induced upregulation of
functional TRPV2 likely alters intracellular Ca2� levels in devel-
oping neurons, leading to increases in neurite extension. Inhibit-
ing or silencing of TRPV2 did not completely impair neurite out-
growth in PC12 cells, consistent with evidence indicating that
multiple Ca2�-permeable channels are involved in neurite out-
growth (50). These data are in line with data from a previous
report showing that silencing or inhibition of TRPV2 reduces
axon growth in primary DRG neurons (18). Abnormal peripheral
neuron development may account for the embryonic abnormali-
ties and eventual perinatal lethality observed for TRPV2-null mice
(14).

We further explored the molecular details by which TRPV2 is
regulated by NGF. NGF signaling begins at the axon terminal of
developing neurons. Binding of NGF to its receptor TrkA at the
cell surface causes receptor dimerization, autophosphorylation,
and activation of signaling pathways, including PI3K and MAPK
(43). After NGF binding, the NGF-TrkA complex is internalized
into endosomes, where TrkA can continue to signal as it is trans-
ported along microtubules toward the neuronal cell body (22, 43).
Although PI3K signaling has previously been linked to TRPV2
trafficking and activity (32, 37), we found no connection between
PI3K activity and NGF-induced upregulation of TRPV2 protein
levels. In contrast, pharmacological inhibition of MAPK signaling
significantly reduced TRPV2 protein levels in both primary devel-
oping neurons and PC12 cells. Additionally, siRNA-mediated in-
hibition of MAPK signaling reduced TRPV2 expression in PC12
cells.

TrkA-containing endosomes are thought to be long-lived and
enriched in NGF signaling components such as MAPKs (22, 43).
These endosomal platforms allow for NGF-TrkA to meet local
signaling needs within neuronal extensions and affect gene tran-
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scription once the endosomes reach the nucleus in the cell body
(51). We found that the Ca2�-permeable protein TRPV2 displays
a punctate staining pattern in the extensions of embryonic DRG
neurons. TRPV2 colocalized with Rab7, a marker for late endo-
somes, in addition to both TrkA and pErk1/2 in neurite exten-
sions, suggesting that these important neurotrophin signaling
components populate similar endosomal pools as TRPV2. Addi-
tionally, we observed that Erk2 phosphorylates TRPV2 in vitro,
suggesting that ERK may directly modulate TRPV2 and, thus,
intracellular Ca2� signaling within developing neurites.

Posttranslational modifications of TRPV2 are not well char-
acterized, although we identified four Ser residues on its distal
N and C termini of the channel predicted to be ERK substrates
(52). Two of these predicted residues (Ser6 and Ser760) were
identified as phosphorylation sites for TRPV2 from nervous
system tissues in a phosphoproteomic study (53), while two
other sites (Ser37 and Ser47) were identified in macrophages
(54). Mutation of these predicted ERK sites reduced the phos-
phorylation of TRPV2 by Erk2 in vitro as well as NGF-mediated
neurite outgrowth, TRPV2 protein expression, and 2-APB-in-
duced Ca2� transients. Overall, these data are consistent with a
mechanism by which ERK phosphorylates TRPV2, increasing
channel expression and Ca2� signals to enhance neurite out-
growth in developing neurons.

Based on our studies, we propose that MAPK signaling reg-
ulates TRPV2 downstream of NGF by altering the expression of
TRPV2 and directly through phosphorylation of the channel by
ERK. Our data indicate that TRPV2 localizes to Rab7-positive
late endosomes, which are involved in retrograde trafficking on
NGF and TrkA (23). TRPV2 activity within endosomes would
mediate Ca2� flux from the endosomal lumen to the cytoplasm
of the neurite. The close association between TRPV2 and NGF-
TrkA within signaling endosomes allows for direct modulation
of the TRPV2 protein by MAPK signaling components within
developing neuronal processes (22). ERK directly phosphoryl-
ates TRPV2 on the cytoplasmic N and C termini of the channel,
leading to increased TRPV2 protein content, alterations in lo-
cal Ca2� signaling within neurites, and augmented neurite out-
growth (Fig. 10). Localization of TRPV2 to signaling endo-
somes provides an efficient and versatile mechanism for
regulating Ca2� signaling within long neurites of developing
neurons without directly changing neuronal excitability (55).
Downstream effects of TRPV2 activity remain to be explored,
although one possibility is that TRPV2-mediated Ca2� signals
derived from endosomes might mediate endosomal matura-
tion and fusion (56).

In addition, TRPV2 expression has been shown to be upregu-
lated in DRG neurons after peripheral nerve injury (57, 58). Injury
is thought to activate intrinsic neuronal growth programs, includ-
ing neurotrophin signaling, to promote axon regrowth (59). Neu-
rotrophin release in response to injury also leads to inflammatory
signaling, hyperalgesia, and aberrant sprouting in peripheral sen-
sory neurons, resulting in potentially debilitating neuropathic
pain (60–67). Increased expression of TRPV2 was thought to con-
tribute directly to pain sensation after nerve injury (58). Never-
theless, based on recent TRPV2 genetic deletion studies (14) cou-
pled with our current findings, it is possible that TRPV2 functions
directly in the regeneration of sensory neurons after injury. Fur-
ther studies to delineate the role of TRPV2 in neuronal sprouting
and growth are needed to determine if TRPV2 represents a mo-

lecular player and potential therapeutic target in neurite out-
growth related to injury-induced neuropathic pain.
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