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The TRPV4 (transient receptor potential vanilloid 4) ion
channel, a member of the vanilloid subfamily of the transient
receptor potential channels, is activated by membrane stretch,
by non-noxious warm temperatures, and by a range of chemical
activators. In the present study we examined the role of phos-
phorylation in modulating the activation of TRPV4. We
expressed TRPV4 in HEK293 cells and activated the channel by
cell swelling in a hypotonic solution. TRPV4 channel activation
and serine phosphorylation were enhanced by exposure to the
protein kinase C (PKC) activator phorbol 12-myristate 13-ace-
tate or by application of bradykinin, which activates PKC via a
G-protein-coupled mechanism. The enhancement was inhib-
ited by the PKC inhibitors staurosporine, bisindolylmaleimide I,
and rottlerin or by mutation of the serine/threonine residues
Ser'¢2, Thr'”%, and Ser'®®. The adenylate cyclase activator for-
skolin also enhanced activation of TRPV4, and the enhance-
ment was antagonized by the selective cyclic AMP-dependent
protein kinase (PKA) inhibitor H89 or by mutation of serine
residue Ser®**. Sensitization of TRPV4 by both PKC and PKA
depended on the scaffolding protein AKAP79, because channel
activation and phosphorylation were enhanced by co-transfec-
tion of AKAP79 and were antagonized by removal of AKAP79
using small interfering RNA. We conclude that the serine/thre-
onine kinases PKC and PKA enhance activation of the TRPV4
ion channel by phosphorylation at specific sites and that phos-
phorylation depends on assembly of PKC and PKA by AKAP79
into a signaling complex with TRPV4.

TRPV4 was cloned from kidney, hypothalamus, and auditory
epithelium and was given a number of names: OTRPC4 (Osm-
9-like TRP channel 4) (1), VR-OAC (2), TRP12 (3), and VRL-2
(vanilloid receptor-like channel 2) (4). The gene for human
TRPV4 is located on chromosome 12q23-q24.1 and has 15
exons, which code for a full-length protein with 871 amino
acids. TRPV4 is a member of the transient receptor potential
vanilloid subfamily of TRP? channels, and like other members
of this subfamily, it is a polymodal receptor activated by a wide
variety of stimuli. TRPV4 is strongly expressed in kidney and is
activated by hypotonicity, which has led to the suggestion that
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TRPV4 is an osmosensor important in regulating body fluid
levels (2, 5-9). However, TRPV4 is also activated by innocuous
heat with a threshold of >27 °C (6, 10, 11), by the phorbol ester
4a-phorbol 12,13-didecanoate (12, 13), by low pH (14), by
endocannabinoids and arachidonic acid metabolites (15, 16), by
the active compound, bisandrographolide A, of Andrographis
paniculata, a Chinese herbal plant (17), and by nitric oxide (18).
TRPV4 is expressed in a broad range of tissues, including lung,
spleen, kidney, testis, fat, brain, cochlea, skin, smooth muscle,
liver, and vascular endothelium (1-3); in the lamina terminalis
of the mouse brain; in neurons of the arched vascular organ of
the lamina terminalis; and in the median preoptic area, the
optic chiasm, neurons of the subfornical organ, the ventral hip-
pocampal commissure, anterior hypothalamic structures, and
ependymal cells of the choroid plexus in the lateral ventricles,
and dorsal root ganglia neurons (1-3). The broad spectrum of
activators and the wide distribution of TRPV4 suggest that the
functions of TRPV4 extend beyond osmosensation.

TRPV4 has been proposed to play a role in the mechanical
hyperalgesia that is generated by the concerted action of
inflammatory mediators present in inflamed tissues (19). After
tissue injury, inflammatory mediators such as bradykinin, pros-
taglandin E,, 5-hydroxytryptamine, and histamine directly sen-
sitize primary afferent neurons, resulting in hyperalgesia
(reviewed in Ref. 20). Important intracellular signaling mole-
cules contributing to inflammatory hyperalgesia include pro-
tein kinase C (PKC) (21, 22) and cyclic AMP-dependent protein
kinase (PKA) (23). For example, the activation of the G -cou-
pled B, and B, receptors by bradykinin leads to the release of a
range of potential intracellular messengers, with a substantial
body of evidence favoring the idea that the temperature thresh-
old of TRPV1 is lowered by PKCe-mediated phosphorylation
(21, 22, 24, 25). PKA, like PKC, is a critical intracellular signal-
ing molecule mediating inflammatory hyperalgesia (26). In sen-
sory neurons prostaglandin E, activates both the EP, receptor,
which is G -coupled and therefore activates PKC, and the EP,
receptor, which is G,-coupled and therefore activates PKA.
Cyclic AMP analogues, the adenylate cyclase activator forskolin
(FSK) or phosphodiesterase inhibitors enhance the mechanical
and thermal hyperalgesic effects of prostaglandin E, (27-29).
Thus PKC and PKA have vital roles to play in the process of
inflammatory hyperalgesia.

The speed and specificity of the action of kinases is in many
cases enhanced by binding to scaffolding proteins, which pre-
assemble the kinases into signaling complexes with their target
substrates. The AKAP (a kinase-anchoring protein) family of
scaffolding proteins was originally named for their ability to
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target PKA to appropriate substrates but are now known to
assemble a wide range of kinases and phosphatases into signal-
ing complexes with appropriate targets (30). A number of ion
channels are subject to modulation by AKAPs, including gluta-
mate receptors, calcium channels, and the M-type potassium
channels (31-34). The heat-activated ion channel TRPV1, a
member of the same subfamily as TRPV4, has recently been
shown to be assembled into a signaling complex with PKA,
PKC, and PP2B by AKAP79, and the sensitization of TRPV1 by
PKC and PKA is critically reliant on binding to AKAP79 (35).
The present study shows that PKC and PKA activation can
sensitize TRPV4 to mechanical stimuli, identifies the relevant
phosphorylation sites, and shows that the scaffolding protein
AKAP?79 plays a critical role in sensitization of TRPV4.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—HEK293 cells (ATCC) were
maintained in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 50 units/ml penicillin, 50
png/ml streptomycin, and 20 mMm L-glutamine. The cells were
transiently transfected using PolyFect reagent (Qiagen) in
accordance with the manufacturer’s instructions with some
modification as follows. Briefly, 2 ug of DNA was diluted in a
total volume of 100 ul of serum-free medium and mixed with 10
wl of PolyFect transfection reagent, followed by 10 min of room
temperature incubation to allow DNA complex formation; 0.6
ml of growth medium was added to the transfection complexes;
and DNA solution was transferred to the cells and was incu-
bated for 24 h.

Plasmid and DNA Construction—Potential TRPV4 PKC
and PKA phosphorylation sites were sought by using GPS (36),
PredPhospho (37), NetPhosK (38), and ScanSite (39). Potential
phosphorylation sites were targeted when they were identified
with high probability by one or more of these packages.

The siRNA against AKAP79 was constructed in a plasmid
co-expressing green fluorescent protein to facilitate identifica-
tion of successfully transfected cells, as previously described
(35). We received the following kind gifts of plasmids: hTRPV4
tagged with V5 from Dr. David Cohen, AKAP79 from Dr. John
Scott, and hB2 receptor from Dr. Tanya O’Neill.

Point mutations were introduced into TRPV4 by using
QuikChange (Stratagene) site-directed mutagenesis in accord-
ance with the manufacturer’s instructions. The S189A/T175A
double mutant was constructed by combination of the SI89A
site mutant together with the T175A mutant. The S162A/
S189A/T175A triple mutant was constructed by combination
of the S162A site mutant together with the double mutant
S189A/T175A. All of the constructs were verified by DNA
sequencing (Department of Biochemistry, University of Cam-
bridge). The cDNAs were subcloned into the pcDNA3 vector
(Invitrogen) for amplification and transfection.

Imaging of Intracellular Calcium and Data Analysis—Cal-
cium imaging was performed as described previously (47).
Briefly, HEK293 cells were transiently transfected with 2 ug of
TRPV4 cDNA (WT or mutant), or co-transfected with 0.67 ug
of WT TRPV4 cDNA + 1.33 ug of AKAP79 or siRNA AKAP79
for 24 h. The cells were plated onto 13-mm polylysine-treated
coverslips and grown for 1 day, loaded with 10 um fluo-4 AM
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(Molecular Probes) for 40 min, and then mounted into a cham-
ber that was continuously perfused with an isotonic solution
(100 mm NaCl, 2 mm CaCl,, 4 mm KCI, 1 mm MgCl,, 10 mm
HEPES, 10 mM glucose, 100 mm mannitol, pH 7.4, osmolarity
320 = 5 mosm). [Ca>"], was monitored with an inverted confo-
cal microscope (Bio-Rad). Cell swelling was induced by omit-
ting mannitol from this solution (230 £ 5 mosm). Fluo-4 AM
was excited at 488 nm, and images of the fluorescence, F, were
captured every 3 s. At the end of the experiment, the maximal
fluorescence (F,,,,) was obtained by application of the calcium
ionophore ionomycin (10 um). The Ca®>*-dependent fluores-
cence changes were calibrated as described (40). The data are
expressed as F/F,... The inhibitors were applied for 30 min
before treatment with e.g. PMA, FSK, or bradykinin. Signifi-
cance was tested using one-way analysis of variance with Bon-
ferroni’s post hoc test (SPSS for Windows). The significance
levels in figures are given as: #s, not significant, >5%; *, <5%; **,
<1%; ***, <0.1%. All of the errors shown as bars in the figures or
quoted in the text are = S.E. All of the experiments were per-
formed at room temperature (20-22 °C).

Immunoprecipitation and Immunoblotting—The following
antibodies were used: anti-phosphoserine antibody (PSR-45;1
Sigma) and anti-V5 (Invitrogen). Following treatment as spec-
ified in figure legends, transfected cells were solubilized in lysis
buffer (20 mm Tris, pH 8.0, 150 mm NaCl, 1 mm EDTA, 2 mm
EGTA, 1% Nonidet P-40, 1 mm phenylmethylsulfonyl fluoride,
50 mm NaF, 10% protease inhibitors (Roche Applied Science),
and 1X phosphatase inhibitor (Sigma)), the cell lysates were
centrifuged at 12,000 rpm for 10 min, and cleared supernatant
was mixed with 1 ul mouse anti-V5 to precipitate TRPV4 and
30 pl of protein A-agarose (Santa Cruz) and was incubated for
3 h. Immunocomplexes were collected by centrifugation, and
the immunoprecipitates were washed three times with lysis
buffer followed by boiling for 5 min in SDS-PAGE sample
buffer. Agarose beads were removed by centrifugation prior to
loading the samples onto 7.5% polyacrylamide gels. The pro-
teins were transferred from the resolved SDS-PAGE gels to
Hybond-P membrane. The blots were blocked in blocking
buffer (phosphate-buffered saline containing 0.1% Tween 20
and 1.5% gelatin) at room temperature for 1 h and then incu-
bated with diluted primary antibody (PSR-45 1:1000, anti-V5:
1:10,000 in phosphate-buffered saline) at 4 °C for 3 h. The blots
were then washed in the washing buffer (phosphate-buffered
saline with 0.1% Tween 20) prior to the addition of horseradish
peroxidase-conjugated sheep anti-mouse (for PSR-45 and V5)
for 1 h at room temperature. The blots were washed repeatedly
and developed using ECL chemiluminescent reagent (Amersham
Biosciences) before exposure to x-ray film. All of the bands were
quantified with National Institutes of Health Image 1.62 software.
Because the expression levels of TRPV4 were somewhat variable
(see lower blots in Figs. 2A and 5A), the phosphoserine band den-
sities were expressed relative to the relevant TRPV4 band densi-
ties. All of the blots shown in the figures are typical of at least three
similar results.

RESULTS

TRPV4 Sensitization by PKC Activation—We used HEK293
cells transfected with plasmids containing cDNAs coding for
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TRPV4 to investigate the sensitization of TRPV4. Hypotonic
solutions were used to activate TRPV4 (1-3). The calcium
influx through the TRPV4 channel, whether activated by
heat or by hypotonic solutions, is sensitized by inflammatory
mediators in a similar manner (6, 19). Transfected cells were
loaded with the intracellular calcium indicator fluo-4 and
imaged in a confocal microscope. The increase in calcium-de-
pendent fluorescence (AF) caused

by applying a hypotonic solution

was used as an index of the activa- A

tion of TRPV4 (Fig. 1A4). There was 127 HTS

no increase in calcium-dependent
fluorescence either in untransfected
cells or in cells transfected with an
empty vector. Activation of PKC by
application of PMA, a specific PKC
activator, increased the AF observed

F/Fmax

due numbering for rat TRPV1) (24). Nerve growth factor
causes sensitization of TRPV1 by activating the tyrosine
kinase Src, which phosphorylates human TRPV1 at tyrosine
200 (40). We therefore investigated whether bradykinin and
nerve growth factor can sensitize TRPV4 by co-transfecting
the appropriate receptors with TRPV4 (see “Experimental
Procedures”). There was no significant increase in the per-
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centage of sensitized cell following exposure to nerve growth A
factor. Bradykinin, however, gave a significant enhancement
(Fig. 1D), showing that activation of PKC by a physiologically
important pro-inflammatory mediator can potentiate gating
of TRPV4. No enhancement was observed in the absence of
transfected B2 receptors (not shown).

TRPV4 Serine and Threonine Residues Involved in Sensiti-
zation by PKC—Using in silico prediction methods, we iden-
tified seven serine or threonine residues in the TRPV4 N-
terminal cytoplasmic domain as candidate substrates for
PKC-dependent phosphorylation (Fig. 1E). Although these
residues could potentially be phosphorylated by PKC, not all
may in practice be accessible to the kinase; so to identify the
functionally important sites, these serine or threonine resi-
dues were individually replaced with alanine, and the result-
ing mutant proteins were investigated for enhancement fol-
lowing PKC activation as above. Sensitization of the majority
of the single mutants was not significantly different from
that observed for wild type TRPV4, but three of the candi-
date PKC phosphorylation sites, Ser'®?, Thr'”®, and Ser'®?,
showed a significantly lower enhancement when compared
with WT TRPV4 (Fig. 1H). The double mutant S189A/

TRPV4 TRPV4

- a——

S162A TRPV4
/T175A/S189A

B Fold
PMA

Rottlerin

T

TRPV4 TRPV4 S162A TRPV4

/T175A/S189A
FIGURE 2. TRPV4 is phosphorylated in response to activation of PKC.

T175A (Fig. 1F) did not totally abolish PMA-induced sensi-
tization, but mutating all three sites simultaneously com-
pletely abolished functional sensitization following PMA
application with no significant effect on the activation of
TRPV4 by hypotonic solution (Fig. 1, G and H).

TRPV4 Sensitization by PKC Is Associated with Increased
Serine Phosphorylation—We quantified total serine phos-
phorylation of TRPV4 with an anti-phosphoserine antibody.
TRPV4 was observed to be partially phosphorylated in the
basal state, and following exposure to PMA the normalized
band density increased by ~2-fold (Fig. 2). Mutating the
three phosphorylation sites identified above (S162A/T175A/
S189A) inhibited the increased level of phosphorylation fol-
lowing exposure to PMA, as did exposure to the inhibitor
rottlerin (Fig. 2).

TRPV4 Sensitization by PKA—Application of the adenylate
cyclase activator FSK increased AF in a subpopulation of
TRPV4-transfected cells (Fig. 3, A and C). The specific PKA
inhibitor H89 (5 uM) abolished the sensitization of TRPV4

A, the upper blot shows phosphoserine detected as described under
“Experimental Procedures” following 10 min of exposure to PMA (1 um) or
rottlerin (10 um). The lower blot shows TRPV4 expression levels in the same
experiment detected by stripping and reprobing using anti-V5 antibody.
B, collected results from three experiments. Phosphoserine band densities
(upper blot in A) expressed relative to TRPV1 expression levels (lower blot).
The ordinate shows phosphoserine normalized to level in absence of
PMA. *, p < 0.05 compared with bar 1. /P, immunoprecipitation; /B,
immunoblotting.

by FSK (Fig. 3, B and C). Using in silico methods, we identi-
fied six serine/threonine residues in the TRPV4 N- and
C-terminal domains as candidate substrates for PKA-
dependent phosphorylation (Fig. 3D). These residues were
individually replaced with alanine, and the resulting mutant
proteins were subjected to functional analysis as above. Most
mutants were found to exhibit sensitization in response to
PKA activation similar to WT TRPV4, but mutation of one
C-terminal residue, Ser®?*, largely inhibited the sensitization
caused by FSK (Fig. 3, E and F).

FIGURE 1. TRPV4 is sensitized by activation of PKC. A, representative trace from a single HEK293 cell transfected with TRPV4 shows increase in [Ca® "],
measured from the [Ca?*],-dependent fluorescence of fluo-4 in response to successive applications of hypotonic solution (HTS, 230 = 5 mosm, pulsed
onto the cells for 42 s every 5 min). Untransfected cells showed no increase in [Ca®*]; 0n application of HTS. Activation of the TRPV4 channel is sensitized
by application of PMA (1 um). The arrows show responses whose ratio was used to measure sensitization (see B). Calcium-dependent fluorescence
calibrated at end of experiment by application of the calcium ionophore ionomycin (ION, 10 um). B, sample histogram of ratios obtained as in A under
control (CTRL) conditions (gray) and with application of PMA (black). Sensitization calculated as percentage of ratios exceeding upper 5% confidence
level of control distribution (Gaussian best fit shown with red line). C, sensitization of TRPV4 induced by 1 um PMA was blocked by the broad spectrum
kinase inhibitor staurosporine (200 nm), by the PKC-specific inhibitor bisindolylmaleimide | (BIM; 1 um), and by the inhibitor rottlerin (10 um). All of the
inhibitors were applied for 10 min in advance and also throughout the experiment. The concentration of bisindolylmaleimide | used, 1 um, is substan-
tially above the K/ for inhibition of PKC in isolated enzyme preparations (7.9 nm) (46), as is often necessary in intact cell preparations, but note that it
is below the K/ for other isolated enzymes, for example myosin light chain kinase (~2 um) or PKA (insensitive) (46). D, sensitization of TRPV4 by PMA (1
M, 2 min), nerve growth factor (NGF; 100 ng/ml, 8 min, cells co-transfected with TrkA receptors), and bradykinin (BK; 1 um, 2 min, cells co-transfected
with B2 receptors). E, positions of TRPV4 serine and threonine residues identified by prediction software (see “Experimental Procedures”) as likely PKC
phosphorylation sites, shown in the context of a putative transmembrane topology model. F and G, sensitization induced by PMA (1 um) was abolished
by a S189A/T175A mutation (F) and by a S162A/S189A/T175A mutation (G). H, summary of sensitization of WT and phospho-site mutant TRPV4 in
experiments such as those shown in A, F, and G. All of the bars show the means = S.E. The bars are (from left, with 1T um PMA apart from the first bar): WT
TRPV4 (g, = 6; N ey = 499); WT TRPV4 (N, = 6; Ny = 594); T112ATRPVA (ng,, = 4 Ny = 278); S162A TRPV4 (N, = 5; N e = 240); T175ATRPVA4 (n,,
=4;n_q = 329); TIB1ATRPVA (N, = 4; Noy = 235); SI8IATRPVA (., = 6; Neey = 211); S319ATRPVA (ny, = 43 Neyy = 199); T380A TRPVA (., = 4; Ny
= 152); S189A/T175A TRPV4 (n,,, = 5; Ncey = 166); S162A/T175A/S189A TRPV4 (n,,, = 8; n.o; = 380). The significance levels relative to WT TRPV4 plus
PMA were p = 0.05 (*) an p = 0.005 (**).
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In calcium imaging experiments
the background fluorescence caused
by the transfected green fluorescent
protein can be seen as an enhanced
base line (Fig. 4, B and D). Fig. 4B
shows that down-regulation of
AKAP79 almost completely inhibits
sensitization by FSK (results sum-
marized in Fig. 4E). Fig. 4D shows
that a similar abolition of the sensi-
tization caused by PMA is also
observed when AKAP79 is down-
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regulated (results summarized in
Fig. 4F). Thus the presence of
AKAP79 is essential for the func-
tional sensitization of TRPV4 by
both PKA and PKC.

AKAP79 Enhances Phosphoryla-
tion of TRPV4 by PKA and PKC—
Activation of PKA with FSK caused
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FIGURE 3. TRPV4 is sensitized by activation of PKA. A, representative trace shows effect of PKA activator FSK
(100 um) on [Ca%*];increase in response to hypotonic solution (HTS; details as in Fig. 1). B, similar experiment in
the presence of PKA blocker H89 (5 um, applied 30 min prior to the start). C, summary of effect of FSK and H89.
**,p < 0.01 relative to second bar. D, positions of TRPV4 serine and threonine residues identified by prediction
software as likely PKA phosphorylation sites. E, representative trace of effect of FSK (100 wm) on S824A mutant.
F, summary of effect of PKA activation on TRPV4 phosphosite mutants. Bars are (from left, with 100 um FSK
apart from the first bar): WT TRPV4 (n,,, = 6; no = 499); WT TRPVA4 (n,, = 5; .o = 376); TI81ATRPVA4 (n,,, =
3; Ny = 268); S162A/T175A/S189A TRPVA (n,, = 3; Ny = 435); S319A TRPVA (., = 3; oy = 295); S823A
= 7; Nce = 403). The significance levels with respect to the

TRPVA4 (N = 3; Neey = 118);and S824A TRPVA4 (n

second bar are p < 0.05 (¥). ION, ionomycin. o

AKAP?79 Binds to and Enhances Sensitization of TRPV4 by PKA
and PKC—AKAP79 binds to several members of the thermo-TRP
family of ion channels, most strongly to TRPV1 and TRPV4 (35).
The binding to TRPV4 suggests that AKAP79 may play a role in
PKA and PKC-mediated sensitization of TRPV4, as it does in the
case of TRPV1 (35). We therefore investigated whether AKAP79
mediates PKA- and PKC-dependent sensitization of TRPV4.

Co-expression of TRPV4 and AKAP79 enhances sensitiza-
tion by FSK (Fig. 4, A and E) and by PMA (Fig. 4, C and F),
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only a marginal enhancement of
TRPV4 serine phosphorylation (Fig.
5A), probably because phosphoryla-
tion at the single Ser®** site identi-
fied above does not have a powerful
effect in raising overall phosphoryl-
ation above the base-line level
caused by background phosphoryl-
ation of other sites. Transfection of
AKAP79 or down-regulation of
AKAP79 using siRNA also had only
small effects on TRPV4 phosphoryl-
ation levels (Fig. 5, A and C). How-
ever, the combined effects of trans-
fection of AKAP79 together with
activation of PKA with FSK did cause a significantly enhanced
level of serine phosphorylation (Fig. 5, A and C).

Activation of PKC with PMA, on the other hand, caused a
significant increase in serine phosphorylation (Fig. 5, B and
D), as might be expected in view of the experiments in Figs. 1
and 2, which show that more than one site is phosphorylated
by PKC. Co-transfection of AKAP79 had no significant effect
on basal levels of serine phosphorylation (Fig. 5D, second
bar) but did significantly enhance the increase following

exp
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FIGURE 4. Effects of AKAP79 on sensitization of TRPV4 by PKA and PKC activation. A, sensitization of
TRPV4 with co-transfected AKAP79 following activation of PKA with FSK. Same protocol as in Fig. 3A.
B, similar experiment on cell co-expressing TRPV4 and siRNA against AKAP79. Note the elevated base line
caused by the presence of green fluorescent protein, indicating successful transfection of the cell by the
siRNA-expressing plasmid. C, cell co-expressing TRPV4 and AKAP79, showing sensitization following acti-
vation of PKC by PMA. D, similar experiment on cell co-expressing TRPV4 and siRNA against AKAP79.
E, percentage of cells sensitized following activation of PKA in experiments similar to those shown in Aand
B, compared with cells not transfected with AKAP79 or siRNA against AKAP79. The bars are (from left, with
100 um FSK applied in last three bars): TRPV4 (n,, = 6; n.o = 594); TRPV4 + AKAP79 (N, = 4; N oy = 222)
TRPV4 + siRNA (ngyp, = 3; Neeny = 239); TRPVA + FSK( Nexp = 5; Neen = 376); TRPV4 + AKAP79 + FSK (e, =
3; N = 262);and TRPV4 + SIRNA + FSK (Neyo = 3; Ny = 206). All of the bars indicate the means += S.E. The
significance levels are p < 0.05 (*) and p < O 01 (**) compared with controls (comparisons shown above
bars) and compared with the fourth bar (comparisons shown below bars). F, percentage of cells sensitized
following activation of PKC in experiments similar to those shown in C and D, compared with cells not
transfected with AKAP79 or siRNA against AKAP79. The bars are (from left, with 1 um PMA applied in
the last three bars): TRPV4 (Nexp = 6; Neey = 594); TRPVA + AKAP79 (ng,, = 4; n o = 222); TRPV4A + siRNA
(Nexp = 35 Neenn = 239); TRPVA + PMA (N, = 6; Neeyy = 499); TRPVA + AKAP79 + PMA (N, = 3; Neeyy = 170);
and TRPV4 + siRNA + PMA (n,,, = 3; .. = 235). All of the bars indicate the means = S.E. The significance
levels are p < 0.05 (*) and p < 0.01 (**) compared with control (comparisons shown above bars) and
compared with the fourth bar (comparisons shown below bars). ION, ionomycin; HTS, hypotonic solution.

PKC activation (Fig. 5, B, final lane, and D, fourth bar).
Down-regulation of AKAP79 expression by transfection
with siRNA abolished the enhancement caused by PKC acti-
vation (Fig. 5, B and D, last bar). These results reinforce the
functional studies above in showing that AKAP79 is involved

ACEVEN

(35, 40, 45).
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in mediating phosphorylation of
TRPV4 by both PKA and PKC.

DISCUSSION

The TRPV4 ion channel shows
substantial homology to TRPV1, the
first member of the vanilloid sub-
class of TRP ion channels to be
cloned. Like TRPV1, TRPV4 is acti-
vated by a wide range of stimuli,
which among the possible physio-
logical activators include mem-
brane stretch caused by cell swelling
or mechanical stress, warm temper-
atures above ~27 °C, low pH, nitric
oxide, and a variety of intracellular
lipid messengers. The physiological
role of TRPV4 and which of these
possible activating stimuli is physio-
logically relevant remain unknown.
TRPV4 is highly expressed in renal
nephron and in hypothalamus, and
through its osmosensory properties
may play a role in regulating body
fluids (2, 42), but is also expressed
in bladder epithelium, where it
may play a role in bladder voiding
(9, 43) and in sensory neurons,
where roles both in detection of
strong mechanical stimuli (5) and
sensation of warm temperatures
(10) have been proposed.

Tissue damage and inflammation
cause the release of a range of pro-
inflammatory mediators, with bra-
dykinin and prostaglandins promi-
nent among them. These mediators
activate of intracellular signaling
pathways and downstream kinases,
among which PKA and PKC are
known to be physiologically impor-
tant (20). Both PKA and PKC
enhance activation of TRPV1 (44).
In the present paper we examined
whether TRPV4 is modulated in a
similar way to TRPV1 by phospho-
rylation by PKA and PKC. We used
membrane stretch as a convenient
activator of TRPV4, and we moni-
tored activation of TRPV4 from
the calcium influx when the chan-
nel opens. We carried out our
experiments in a HEK293 cell

expression system. We note that in the case of the related
TRPV1 ion channel, studies in our lab and elsewhere have
found that expression systems provide a highly reliable guide
to the behavior of the ion channel in its native environment
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FIGURE 5. AKAP79 enhances TRPV4 phosphorylation levels following activation of PKA and PKC. A, upper
panel shows serine phosphorylation levels of TRPV4 following activation of PKA (treatment with 100 um FSK for
40 min; first, fourth, and fifth lanes). The lower panel shows same membrane reprobed with anti-V5 antibody to
control for variations in TRPV1 expression. The phosphoserine level was strongly enhanced following exposure
to FSKiin cells co-expressing TRPV4 and AKAP79 (fifth lane). B, similar experiment in which PKC was activated
with PMA (1 um, 20 min; second, third, and fifth lanes). C, summary of experiments with PKA activation, similar to
that shown in A. Phosphoserine band density normalized to TRPV1 band density (lower panel in A) and
expressed relative to level in absence of FSK and AKAP (bar 7). The bars show the means + S.E. (n = 3). The
significance level was p < 0.05 (*) compared with the first bar. D, summary of experiments with PKC activation,
similar to that shown in B. The significance levels were p < 0.05 (*) and p < 0.01 (**) (n = 3) compared with the
first bar (comparisons shown above bars) and compared with the third bar (comparisons shown below bars). IP,

immunoprecipitation; /B, immunoblotting.

Activation of PKC by PMA, a potent and specific activator,
substantially enhanced both the gating and the phosphoryla-
tion of TRPV4. The physiological pro-inflammatory mediator
bradykinin, which activates Gq and hence PKC, also potenti-
ated activation of TRPV4. The effect of PMA was inhibited by
the broad spectrum kinase inhibitor staurosporine, by the spe-
cific PKC inhibitor bisindolylmaleimide I, and by the inhibitor
rottlerin, which has been proposed to be a specific inhibitor of
PKCS3 (but see Ref. 41). These results show that PKC sensitizes
TRPV4, as it does in the case of TRPV1. We identified three
phosphorylation sites close together in the N-terminal domain,
Ser'®?, Thr'”®, and Ser'®?, mutation of each of which partially
inhibited the enhancement caused by PKC. Mutation of other
candidate residues was without effect. Mutation of all three
sites together completely abolished the effect of PKC activation
without a significant effect on gating of TRPV4. Similar exper-
iments on TRPV1 have also identified candidate PKC phospho-
rylation sites, but in different parts of the molecule: Ser>°>
located in the cytoplasmic domain linking putative transmem-
brane domains S1 and S2, close to the binding site for capsaicin,
and Ser®°! located in the C-terminal domain (24, 25).

Activation of PKA by application of the adenylate cyclase
activator FSK also enhanced gating of TRPV4. The specific
PKA inhibitor H89 abolished the effect of FSK, confirming that
PKA is involved. A number of candidate phosphorylation sites
was investigated, and among these sites a substantial inhibition
of the enhancement, although not a complete abolition, was
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- ) sion or down-regulation on the
phosphorylation of TRPV4, in
which it was shown that overexpres-
sion of AKAP79 enhanced the phos-
phorylation induced by PMA (Fig. 5,
C and D), whereas knockdown with
siRNA against AKAP79 decreased
the effect of PKC activation on
phosphorylation (Fig. 5, C and D).

In summary, the gating of the
TRPV4 ion channel by cell swelling
is modulated by phosphorylation by
the serine/threonine kinases PKA
and PKC in a manner reminiscent of TRPV1, although at sites
located in quite different places on the protein. As is the case
with TRPV1, AKAP79 orchestrates the action of PKC and PKA
by tethering these kinases to TRPV4 so as to enhance the func-
tion and phosphorylation of the targeted ion channel. Manipu-
lating this signaling integrator could be a promising target for
the development of novel analgesics.
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