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ABSTRACT Transient receptor potential (TRP) chan-
nels, a superfamily of ion channels, can be divided into
7 subfamilies, including TRPV, TRPC, TRPP, and 4
others. Functional TRP channels are tetrameric com-
plexes consisting of 4 pore-forming subunits. The
purpose of this study was to explore the heteromeriza-
tion of TRP subunits crossing different TRP subfami-
lies. Two-step coimmunoprecipitation (co-IP) and flu-
orescence resonance energy transfer (FRET) were used
to determine the interaction of the different TRP
subunits. Patch-clamp and cytosolic Ca?* measure-
ments were used to determine the functional role of the
ion channels in flow conditions. The analysis demon-
strated the formation of a heteromeric TRPV4-C1-P2
complex in primary cultured rat mesenteric artery
endothelial cells (MAECs) and HEK293 cells that were
cotransfected with TRPV4, TRPC1, and TRPP2. In
functional experiments, pore-dead mutants for each of
these 3 TRP isoforms nearly abolished the flow-induced
cation currents and Ca®" increase, suggesting that all 3
TRPs contribute to the ion permeation pore of the
channels. We identified the first heteromeric TRP
channels composed of subunits from 3 different TRP
subfamilies. Functionally, this heteromeric TRPV4-
C1-P2 channel mediates the flow-induced Ca** in-
crease in native vascular endothelial cells.—Du, J., Ma,
X., Shen, B., Huang, Y., Birnbaumer, L., Yao, X.
TRPV4, TRPC1, and TRPP2 assemble to form a flow-
sensitive heteromeric channel. FASEB J. 28, 4677-4685
(2014). www.fasebj.org
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others. Functional TRP channels are tetrameric com-
plexes consisting of 4 pore-forming subunits (1).
Each subunit is thought to contain 6 transmembrane
regions (S1-S6) and a reentrant loop between trans-
membrane segments S5 and S6 that constitutes the
ion-conducting pore (2). Four pore-forming subunits
may be identical (homotetrameric) or different (het-
erotetrameric) (2, 3). Heteromeric assembly usually
occurs between the members within the same TRP
subfamily (intrasubfamily; ref. 3). However, cross-
subfamily assembly of TRP subunits could also occur.
The reported cross-subfamily assembly includes
TRPC1 with TRPP2 (4, 5), TRPV4 with TRPP2 (6),
and TRPC1 with TRPV4 (7, 8). Heteromultimeric
channels may display properties different from those
of homomultimeric channels (3, 6, 8). Thus, hetero-
meric coassembly greatly diversifies the structure and
function of TRP channels.

In the circulatory system, shear stress generated
from hemodynamic blood flow is a major physiolog-
ical stimulus of vascular dilation (9). A key early
event is the flow-stimulated [CaQJr]i increase in vas-
cular endothelial cells. Studies by us and others have
demonstrated the involvement of several TRP chan-
nels in flow-induced Ca** influx in vascular endothe-
lial cells. These include the TRPV4 (10), TRPP2 (11),
and heteromeric TRPV4-TRPC1 channels (7, 8).
Interestingly, these 3 TRP isoforms, TRPV4, TRPCI,
and TRPP2, have all been shown to be capable of
cross-subfamily assembly (4-8). In the present study,
we hypothesized that TRPV4, TRPC1, and TRPP2
coassemble to form a heteromeric TRPV4-C1-P2
channel. We further hypothesized that this channel is
responsible for mediating flow-induced Ca®* influx
into vascular endothelial cells. A variety of different
biochemical and electrophysiological methods were
used to test the hypotheses.
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MATERIALS AND METHODS

Materials

Fura-2-AM and Pluronic F-127 were obtained from Molecular
Probes (Eugene, OR, USA). Dulbecco’s modified Eagle me-
dium (DMEM), fetal bovine serum (FBS), Lipofectamine
2000, and protease inhibitors were from Invitrogen (Grand
Island, NY, USA). Anti-TRPC1 and anti-TRPV4 antibodies
were from Alomone Laboratories (Jerusalem, Israel), anti-
TRPP2 antibody (G20) was from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Nonidet P-40, collagenase IA, bovine
serum albumin (BSA), BAPTA, and trypsin were from Sigma-
Aldrich (St. Louis, MO, USA). Endothelial basic medium
(EBM), Endothelial growth medium (EGM), and bovine
brain extract (BBE) were from Lonza (Walkersville, MD,
USA).

Cell isolation and culture

All animal experiments were performed in accordance with
the U.S. National Institutes of Health (NIH) Guide for the
Care and Use of Laboratory Animals (publication no. 8523).
The primary cultured mesenteric artery endothelial cells
(MAECs) were isolated from male Sprague-Dawley rats (7).
The identity of the primary cultured rat MAECs was verified
by immunostaining with an antibody against von Willebrand
factor, and the results showed that 98% of the cells were of
endothelial origin. HEK293 cells were cultured in DMEM
supplemented with 10% FBS, 100 wg/ml penicillin, and 100
U/ml streptomycin. All cells were cultured at 37°C in a 5%
CO, humidified incubator.

Transfection

Mouse TRPV4 genes (NM_022017) and TRPVAMESP wwere
gifts from Dr. Bernd Nilius (Katholieke Universiteit Luven,
Leuven, Belgium); human 7TRPP2 was from Dr. Gregory
Germino (Johns Hopkins University, Baltimore, MD, USA);
TRPCI**°”"7% and TRPCI"*"" were from Dr. Indu Ambud-
kar (NIH, Bethesda MD, USA); and TRPP2”°11V was from Dr.
R. Ma (University of North Texas, Fort Worth, TX, USA). The
TRPP2%°7°¢ point mutation was generated with the Quick-
Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA, USA). The mutagenic oligonucleotide sequence was
gtatcttcacccagttcggeatcattttgggteat.

HEK293 cells were transfected with various constructs by
using Lipofectamine 2000 (7). Primary cultured MAECs
received various constructs by electroporation with Nucleo-
fector II (Lonza). All genes were transiently transfected into
the target cells. Functional studies were performed 2-3 d after
transfection. Transfection efficiency was determined in
HEK293 cells that received CFP-tagged TRPC1, YFP-tagged
TRPV4, and mCherry-tagged TRPP2 (Supplemental Fig. S1).
Cotransfection with all 3 constructs was successful in most of the
cells (>70%; Supplemental Fig. S1A4). Some cells (>80%) were
more susceptible to transfection than others (<20%). In tran-
sient transfection with multiple plasmids, the susceptible cells
(~80%) obtained multiple plasmids, whereas others (~20%)
failed to receive any (Supplemental Fig. S1). In all functional
studies, at least one transfected construct, in most cases TRPV4,
was tagged with GFP. Only GFP-positive cells were selected for
Ca®" and patch-clamp analyses. As explained, these GFP-positive
cells had a high probability (~90%) of coexpressing all 3
constructs.
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Two-step coimmunoprecipitation (co-IP)

Two-step co-IP was performed according to procedures de-
scribed by others (12). Briefly, the primary cultured rat
MAECs or TRPV4-C1-P2-coexpressing HEK293 cells were
lysed with protein lysis buffer (1% Nonidet P-40, 150 mM
NaCl, and 20 mM Tris-HCI, pH 8.0, with the addition of
protease inhibitor cocktail), sonicated, and centrifuged at
10,000 g for 15 min at 4°C. The supernatant was subjected to
the first IP by incubating it with 4 g of anti-TRPCI antibody
(Alomone Labs) for 2 h at 4°C, followed by IP overnight with
a 100 pl slurry of protein A at 4°C. Immunocomplexes were
washed and then eluted with 350 pl of elution buffer contain-
ing 250 mM NaCl and 200 p.g/ml TRPC1 antigen peptide for
3 h at 4°C. The second IP was performed with 150 ul of the
eluate from the first IP and 350 ul of lysis buffer containing 4
pg of anti-TRPP2 antibody (Alomone Laboratories) or pre-
immune IgG for 3 h at 4°C. The immunoprecipitates were
washed and then detected in immunoblots by anti-TRPV4
antibody.

Fluorescence resonance energy transfer (FRET) detection

The TRPV4-C1 and TRPP2-V4-C1 concatemers, in the indi-
cated order from amino to carboxyl terminus, were tagged
with CFP at the carboxyl terminus, whereas the TRPP2,
TRPC1, TRPP2, and GIRK monomers were tagged with YFP at
the carboxyl terminus. The expression vector was pcDNAG6.
These constructs were cotransfected into HEK293 cells. FRET
signals were detected as described elsewhere (7, 13).

Whole-cell patch-clamp analysis

Cells mounted on coverslips were placed in a special flow
chamber (14) and exposed to steady laminar flow. Whole-cell
current was measured with an EPC-9 patch-clamp amplifier
(7). Unless stated otherwise, we maintained the flow rate at 2
ml/min and also kept the distance between the flow inlet and
the cells constant. In this condition, the shear stress was
estimated to be in the range of 0.5 to 1 dyn/cm? (14). For
whole-cell recording, the pipette solution contained (in mM):
20 CsCl, 100 Cs*—aspartate, 1 MgCl,, 4 ATP, 0.08 CaCl,, 10
BAPTA, and 10 HEPES (pH 7.2). The concentration of free
Ca®" in pipette solution was 1 nM (15), which prevents the
activation of the Ca®*sensitive C1~ channel and allows the
recording of TRPV4-related channels (15). Bath solution
contained in mM: 150 NaCl, 6 CsCl, 1 MgCl,, 1.5 CaCl,, 10
glucose, and 10 HEPES (pH 7.4). The cells were clamped at
0 mV. Whole-cell current density (pA/pF) was recorded in
response to successive voltage pulses of +80 and —80 mV for
100 ms. These values were then plotted vs. time. Experiments
were performed at room temperature.

Fluorescence measurement of [Ca®*], concentration

Ca®" measurements were performed as described elsewhere
(7). Briefly, cells were loaded with 10 pM Fura-2/AM and
0.02% pluronic F-127 for 30 min. Flow was initiated by
pumping the saline into a parallel plate flow chamber in
which the cells adhered to the bottom. Shear stress was ~5
dyn/cm® The cells were bathed in normal physiological
saline solution (NPSS), which contained (in mM): 140 NaCl,
5 KCl, 1 CaCl,, 1 MgCly, 10 glucose, 5 HEPES (pH 7.4), and
1% BSA. The fluorescence signal was measured with a fluo-
rescence imaging system (Olympus, Tokyo, Japan) at 340 and
380 nm. The change in Fura-2 ratio was then converted to
[Ca®"],, based on the calibration of standard solutions for
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different concentrations of Ca®*. Experiments were per-
formed at room temperature.

Pressure myograph

Copies (1.0X107) of the lentiviruses (lenti-TRPP2°!!V or
lenti-GI'P) were intravenously injected. The third- or fourth-
order rat mesenteric artery (~2-3 mm long) was dissected 72
h later. Successful lentiviral transduction was confirmed by
observation of lenti-GFP fluorescence in the endothelium of
the arteries. Flow dilation studies were performed as de-
scribed elsewhere (7). Briefly, phenylephrine (1-3 wM, con-
centration varied to achieve similar constriction in different
arteries) was used to preconstrict the artery to ~60% of its
initial vessel diameter (7). The artery was transferred to a
pressure myograph [Model 110P; Danish MyoTechnology
(DMT), Aarhus, Denmark] filled with oxygenated Krebs
solution at 37°C. Intraluminal pressure was maintained at 50
mmHg. The flow was initiated by pumping Krebs solution
containing 1% BSA into the vessel lumen. The external
diameter of the artery was recorded continuously with a CCD
(video camera module) camera using MyoView software
(DMT; ref. 7). At the end of each experiment, the viability of
the endothelium was assessed by dilation in response to 1 uM
acetylcholine.

Statistics

Student’s ¢ test was used for statistical comparison, with P <
0.05 indicating a significant difference.

A Two-step co-IP protocol
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RESULTS

Physical association of TRPV4, TRPC1, and TRPP2

Two-step co-IP was used to examine the physical asso-
ciation of TRPV4, TRPC1, and TRPP2 after their coex-
pression in HEK293 cells. A schematic diagram of
2-step co-IP is shown in Fig. 1A. In experiments, TRPV4
proteins were detected in the immunoprecipitates
pulled down by the anti-TRPCI antibody, followed by
anti-TRPP2, but not in the control immunoprecipitates
pulled down by preimmune IgG (Fig. 1B, left panel).
Changing the permutated order of antibodies used in
2-step co-IP yielded similar results (Supplemental Fig.
S2). We also performed 1-step IP. The anti-TRPCI
antibody pulled down TRPV4 and TRPP2, the anti-
TRPV4 antibody pulled down TRPCI and TRPP2, and
the anti-TRPP2 antibody pulled down TRPCI1 and
TRPP2 (Supplemental Fig. S3). These data suggest the
presence of the TRPV4-C1-P2 complex in HEK293 cells
that coexpressed the TRPV4, TRPC1 and TRPP2 con-
structs. The TRPV4-C1-P2 construct was also detected
in the primary cultured rat MAECs by 2-step co-IP (Fig.
1B, right panel, and Supplemental Fig. S2). One-step IP
in the primary cultured rat MAECs yielded results
similar to those in TRP-overexpressing HEK293 cells
(Supplemental Fig. S4). All 3 antibodies used in the
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Figure 1. Physical interaction of TRPV4, TRPC1 and TRPP2. A) Procedure for 2-step co-IP. The first IP was performed with
anti-TRPCI antibody, followed by elution with the TRPC1 antigen peptide. The second IP was performed with the anti-TRPP2
antibody or with preimmune IgG as the control. Precipitates were immunoblotted with anti-TRPV4 antibody. B) Representative
gels from the 2-step co-IP in HEK293 cells overexpressing TRPV4, TRPCI1, and TRPP2 (HEK-V4-C1-P2; left panel) and the
primary cultured rat MAEGCs (right panel) (n=3-4 experiments). IB, immunoblot; anti-C1: anti-TRPCI antibody; anti-V4:
anti-TRPV4 antibody; anti-P2: anti-TRPP2 antibody. C) FRET detection. Horizontal axes indicate the FRET ratio of living cells
expressing the indicated constructs. A FRET ratio >1 (vertical line) indicates a positive signal. Means * st (n=3-4 transfection
experiments, 30—40 cells/experiment). *P < 0.01 vs. negative control (GIRK).
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experiments had been found to be highly specific to
their targets by us and others (5, 6, 16, 17).

The FRET technique was used to further examine
the physical association of TRPV4, TRPCI, and TRPP2.
Strong FRET signals were detected in HEK293 cells that
coexpressed the CFP-tagged TRPV4-Cl concatemer
and YFP-tagged TRPP2 (Fig. 1C). Coexpression of the
CFP-tagged TRPP2-V4-C1 concatemer with YFP-tagged
TRPV4, YFP-tagged TRPCI, or YFP-tagged TRPP2 all
resulted in strong FRET signals (Fig. 1C). In the
negative control, in which the cells were cotransfected
with CFP-tagged TRPV4 and YFP-tagged GIRK4 (Fig.
1C), no FRET signal was detected. GIRK4 is an inwardly
rectifying K channel bearing no similarity to the TRP
channel and thus can serve as a control for membrane
proteins. On the other hand, in cells coexpressing the
CFP-YFP concatemer, a positive control for FRET,
strong FRET signals were observed (Fig. 1C).

HEK293 cells were also cotransfected with CFP-
tagged TRPCI1, YFP-tagged TRPV4, and mCherry-
tagged TRPP2. The majority of the cells (>70%) ex-
pressed all 3 TRP isoforms. These TRP proteins were
mostly localized on the plasma membrane (Supple-
mental Fig. SI).

Role of heteromeric TRPV4-C1-P2 channels in
flow-induced cation current in an HEK293 cell
overexpression system

Because of the lack of specific pharmacological inhibi-
tors for TRPC1 and TRPP2, we used dominant nega-
tive mutant TRP constructs, including TRPCI™7"",
TRPCI*7-7% TRPV4M65D TRPP2R6C and TRPPL !,
to explore the functional role of heteromeric TRPV4-C1-P2
in flow responses. TRPC14°%7-% js a truncation mutation in
which the region from the TRPCI ion permeation pore to its
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C terminus is deleted (18). TRPP2"®'!"V carries a point
mutation at the third transmembrane span of TRPP2 (19).
TRPC1™"°" and TRPV4AM®P carry point mutations at the
ion permeation pore region of TRPCI1 and TRPV4, respec-
tively (15, 18). It has been documented that products of
these constructs can assemble with wild-type TRP subunits,
causing channel malfunction (15, 18, 19). Therefore, these
constructs can be used as dominant negative constructs to
disrupt the function of endogenous TRP isoforms. In addi-
tion, we constructed a TRPP2 mutant, TRPP2%*°C, which
carries a point mutation in the pore region of TRPP2, and it
completely disrupted the function of wild-type TRPP2 (Sup-
plemental Fig. Sb).

In the experiments, application of flow elicited a
whole-cell cation current in HEK293 cells coexpressing
TRPV4, TRPCI, and TRPP2, but not in cells that were
transfected with empty vector (Fig. 24). An increase in
flow rate resulted in a graded increase in electrical
currents (Fig. 2B). The current-voltage (/~V) curve
showed a relatively linear relationship (Fig. 2C). The
flow response was reversible. The current response
diminished immediately after cessation of flow (data
not shown). When any 1 of these 3 TRPs was replaced
by its dominant negative mutant counterpart (for ex-
ample, TRPV4 replaced with TRPV4M%P) " the flow-
stimulated cation current was abrogated (Fig. 2D).

We also studied the flow-induced cation current in
cells that were transfected with only 1 TRP (C1, V4,
or P2) or with 2 TRPs (V4 plus C1, C1 plus P2, or V4
plus P2). Among them, only 3 combinations—homo-
meric TRPV4, heteromeric TRPV4-P2, and hetero-
meric TRPV4-Cl—displayed flow-induced cation cur-
rents (Fig. 3). I-V curves of flow-stimulated currents
were relatively linear for the cells that were trans-
fected with the homomeric TRPV4, the heteromeric
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Figure 3. Flow-induced change in whole-cell current in HEK293 cells expressing 1 TRP isoform (TRPV4, TRPC1, or TRPP2), or
coexpressing 2 TRPs. A) Representative time course of flow-stimulated whole-cell current at £80 mV in TRPV4-expressing cells.
B) 1I-V curve of TRPV4-expressing cells before and after flow. C) Summary data showing the maximum increase in flow-induced,
whole-cell cation currents at £80 mV in cells that individually expressed TRPV4, TRPCI, or TRPP2, or coexpressed 2 TRPs.
Means * st (n=3 transfection experiments, 7-9 cells per experiment). *P < 0.01 vs. resting (B) or vector (C).

TRPV4-P2, or the heteromeric TRPV4-C1 combina-
tion (Fig. 1B and Supplemental Fig. S6).

Role of heteromeric TRPV4-C1-P2 channels in
flow-induced Ca?" influx in an HEK293 cell
overexpression system

Flow elicited a [Ca2+]i increase in HEK293 cells coex-
pressing TRPV4, TRPC1 and TRPP2 (Fig. 44), but not
in the cells that were transfected with empty vector (Fig.
4A). The [Ca®"], increase was attributed to Ca** influx,
because it was absent in cells that were bathed in a
Ca**free solution (data not shown). An increased flow
shear force resulted in a graded increase in [Ca%™] i
response (Fig. 4B). When each of the 3 TRP isoforms

>

300 - 2507

was replaced with its dominant negative mutant coun-
terpart (for example, TRPV4 with TRPV4MOEODY © he
flow-induced [Ca? ]; response became minuscule (Fig.
4C, D). A slight fluorescence change, which was also
observed in the vector-transfected HEK293 cells, may
have been caused by small cell movements during flow
disturbance and is not an indication of [CaQJr]i change.
This was arbitrarily labeled “baseline” in Fig. 4D. How-
ever, in cells that were transfected with TRPC1™vPore
or TRPC14%67-793 (Fig. 4D), we observed a residual
[Ca®"]; response, which was larger than that in the
vector-transfected HEK cells. This residual response
amounted to ~30% of flow response compared with
that in the HEK293 cells coexpressing TRPV4, TRPCI,
and TRPP2 (Fig. 4D).

()

300
Flow Flow

Flow

200

HEK Cells

N

o

o
1

VA+C1+P2 150 i

100

504 A

5dyne/cm?

100 Vector

[Ca2*]; to flow (nM)
[CaZ*]; to flow (nM)

HEK-V4+C1+P2

7dyne/cm?

HEK Cells

2007 W varcip2

2
9dyne/cm V4+CqmutporerpD

\V4MB80D+C1+P

100 + 2

[Ca2*]; to flow (nM)

V4+C1+P2Ro30G

T T T
0 200 400 600 0 500
Time (s)

O

N

o

o
]

o
o
1

100 - 70%

30%
— Base line

Maximal A [Ca2*]; to flow (nM)

TRPV4, TRPC1, AND TRPP2 FORM HETEROMERIC CHANNELS

Time (s)

1 T T T T
2000 0 200 400 600 800
Time (s)

T T
1000 1500
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Figure 5. Flow-induced [Ca®"]; change in
HEK293 cells expressing 1 TRP isoform (TRPV4,
TRPCI1, or TRPP2) or coexpressing 2 TRPs. A)
Representative traces showing a flow-induced
[Ca®"]; change in HEK293 cells that expressed
TRPV4, TRPCI1, or TRPP2. B) Summary showing
the maximum increase in flow-induced [Ca”]i
response. Cells expressed TRPV4, TRPCI, or
TRPP2 or coexpressed 2 TRPs. All cells were
bathed in NPSS containing 1% BSA. Means = s
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The flow-induced [C8.2+]i increase was also studied
in cells that were transfected with only 1 TRP (CI, V4,
or P2) or cotransfected with 2 TRPs (V4 plus C1, Cl
plus P2, or V4 plus P2). Similar to the results of
electrophysiological studies, only 3 combinations (ho-
momeric TRPV4, heteromeric TRPV4-P2, and hetero-
meric TRPV4-C1) displayed a flow-induced [Ca®"];
increase (Fig. 5).

Role of heteromeric TRPV4-C1-P2 channels in
flow-induced cation currents and Ca®?" influx in rat
MAECs

We next explored the role of heteromeric TRPV4-
C1-P2 channels in flow responses in native vascular
endothelial cells. The expression of TRPV4, TRPCI,
and TRPP2 proteins in rat MAEGCs was reported else-
where (7) and was confirmed by co-IP experiments in
our study (Fig. 1B and Supplemental Fig. S2 and S4).
Flow elicited a cation current in rat MAECs (Fig. 64-C).
The cation current displayed a relatively linear /-V rela-
tionship (Fig. 6B). Transfecton with TRPCI™7",
TRPVAMESD o TRPP21°C aholished the flow-stimulated
cation current in rat MAECs (Fig. 6C). In fluorescence
[Ca®"]; measurement, these mutants strongly suppressed
the flow-induced [Ca2+:|i increase in rat MAECs (Fig. 74,
B). There was a slight fluorescence change in flow in the
TRPVAMOSOD_ransfected cells, the amplitude of which was
similar to that in the vector-transfected HEK293 cells.
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Again, we attributed this to artifacts caused by cell move-
ment during flow disturbance. However, in the cells
transfected with TRPCI™"*” or TRPP2"°°“ (Fig. 7A, B),
the residual [Ca‘H]i responses were larger than those of
vector-transfected HEK293 cells and accounted for ~22%
of flow responses in native rat MAECs (Fig. 7B). As
controls, transfection of pore mutants did not affect the
[Ca®"]; responses to ATP (Supplemental Fig. S7A). Flow-
activated Cl~ channels (14) and K* channels (20) have
been reported in vascular endothelial cells. The activity of
these channels may alter the resting membrane potential,
thus affecting Ca** influx. However, we found that 40 uM
niflumic acid or 5 mM Cs* had no effect on the flow-
induced [Ca®*]; increase in rat MAECs (Supplemental
Fig. S7C), arguing against the involvement of these chan-
nels in the flow-induced Ca®" response.

cGMP and protein kinase G regulation of
heteromeric TRPV4-C1-P2 channels

We and others have reported that flow-induced Ca®"
influx in native endothelial cells can be inhibited by
c¢GMP and protein kinase G (7, 21-24). In the current
study, we explored whether cGMP and protein kinase G
inhibit heteromeric TRPV4-C1-P2 channels. We found
that HEK293 cells stably express protein kinase Gla.
8Br-cGMP (2 mM) inhibited the flow-induced Ca**
influx mediated by TRPV4-C1-P2 channels (Supple-
mental Fig. S8). In the presence of the protein kinase G
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Figure 6. Flow-induced, whole-cell current in the primary cultured rat MAECs. A) Representative time course of flow-stimulated,
whole-cell current at =80 mV. B) -V curves of rat MAECs before (resting) and after flow. €) Summary data showing the
maximum increase in flow-induced, whole-cell cation current at £80 mV. Cells were transfected with empty vector,
TRPCI™UPOre (G1™MWPore)) | TRPV4AMOSOD (v4MO80Dy | o TRPP2RO?OC (P2ROP0C) Means = sk (n=3 transfection experiments,

6-8 cells/experiment). ¥*P < 0.01 vs. resting (B) or vector (C).
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Figure 7. Flow-induced [Ca®*]; change in pri-
mary cultured rat MAECs. A) Representative time
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course of the flow-induced [Ca®"]; response. B)
Summary showing the maximum increase in flow-
induced [Cz;12+]i response. Cells were transfected
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inhibitor KT5823 (1 wM), 8-Br-cGMP had no inhibitory
effect (Supplemental Fig. S8). These data support the
notion that heteromeric TRPV4-C1-P2 channels are
negatively regulated by protein kinase G.

Role of heteromeric TRPV4-C1-P2 channels in flow-
induced vascular relaxation in rat small mesenteric arteries

We previously reported the functional roles of endo-
thelial cell TRPV4 and TRPCI in flow-induced vascular
dilation (7). In the current study, we explored the
functional role of TRPP2 in flow-induced vascular
dilation. A lentiviral construct carrying TRPP2”>''V
(lenti-TRPP2P5YY)  was developed and administered
intravenously to rats. Flow-induced dilation was mea-
sured in rat small mesenteric arteries. The flow elicited
vascular dilation in phenylephrine-precontracted small
mesenteric artery segments (Fig. 8). The dilation was
more reduced in the arteries isolated from lenti-
TRPP2”%'Vtreated rats than in those from empty-
lentivector—treated rats, suggesting the participation of
TRPP2 in flow-induced vascular dilation.

DISCUSSION

The major findings of the present study are as follows.
Two-step co-IP and FRET detection demonstrated the
presence of TRPV4-C1-P2 heteromers in primary cul-
tured rat MAECs and HEK293 cells that were cotrans-
fected with TRPV4, TRPC1 and TRPP2. Flow elicited
whole-cell cation current and Ca®" influx in HEK293
cells that coexpressed TRPV4, TRPCI, and TRPP2. The
pore-dead mutant for any of these 3 TRPs (for instance,
pore-dead mutant of TRPC1), when coexpressing 2 other
TRPs (for instance, wild-type TRPV4 and TRPP2), nearly
abolished the flow-induced, whole-cell cation current and
the increase in [Ca®"] i- These pore-dead TRP mutants
also diminished the flow-stimulated cation current and
[Ca®"], increase in native rat MAECs. Taken together, the
findings uncovered a novel type of heteromeric TRP
channel that is composed of subunits crossing 3 different
TRP subfamilies. This heteromeric TRPV4-C1-P2 channel
is the main channel that mediates flow-induced Ca**
influx in vascular endothelial cells.

Heteromeric assembly usually occurs between mem-
bers of same TRP subfamily, such as TRPCI1 with

TRPV4, TRPC1, AND TRPP2 FORM HETEROMERIC CHANNELS

Means *= st (n=8-10 experiments, ~40 cells/
experiment). ¥*P < 0.01 vs. vector.

TRPC5, TRPV5 with TRPV6, and TRPM6 with TRPM7
(2). However, several examples of cross-subfamily het-
eromerization have been reported (4-8). In the pres-
ent study, we used FRET and 2-step co-IP to explore the
physical association between TRPV4, TRPCI, and
TRPP2. FRET reports the proximity of 2 fluorophores
when their distance is closer than 10 nm (3, 13). This
technique has been used to demonstrate the hetero-
merization of TRPV4 and TRPC1 (7). With this tech-
nique we demonstrated in the current study the physi-
cal coupling between the TRPV4-C1 concatemer and
TRPP2, suggesting formation of the heteromeric
TRPV4-C1-P2 complex. The fourth subunit in this
tetrameric channel could be TRPV4, TRPC1, or TRPP2,
because the TRPV4-C1-P2 concatemer can interact
directly with any of the 3 channels. Two-step co-IP
confirmed the existence of the TRPV4-C1-P2 complex.

We next explored the functional role of the hetero-
meric TRPV4-C1-P2 channel in flow responses. Previ-
ous reports by us and others have demonstrated that
flow shear stress may activate TRPV4 (10), heteromeric
TRPV4-C1 (7), and heteromeric TRPV4-P2 (21) chan-
nels; our current work confirmed these results (Figs. 3
and 5). The next question is the relative contribution of
these different channels to flow responses. We esti-
mated the relative contribution by measuring flow-acti-
vated cation current and the increase in [Ca2+]i. Because
specific pharmacological inhibitors for TRPC1 and TRPP2
are not available, we chose to use the dominant negative
mutant TRP constructs  TRPCI™"", TRPCI***"7%,
TRPV4MO8D  TRpP2R3C and TRPP2P>°!Y. The strategy
of using dominant negative constructs offered a clear
advantage over the commonly used siRNA method.
siRNA would only knock down the expression level of
specific TRP proteins. In our case, the knockdown of a
specific TRP isoform (such as TRPC1) should have little
effect on flow responses, because other components
could still form functional channels, such as homo-
meric TRPV4 and heteromeric TRPV4-P2, to maintain
flow responses. In contrast, dominant negative con-
structs could serve as a malfunctioning decoy. These
constructs could assemble with endogenous TRP assem-
bly partners to disrupt their function.

In patch-clamp recording of native MAECs and
TRPV4-Cl1-P2-overexpressing HEK293 cells, dominant
negative constructs (including pore-dead mutants) for
each of 3 TRP isoforms abolished the flow-induced
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Figure 8. Effect of lenti-TRPP2P?'Y 61 flow-induced vascular dilation in isolated small a“\\ ngq,
mesenteric artery segments. A, B) Representative traces of flow-induced arterial dilation in é\i\
arteries pretreated with lentivector (A) or lenti-TRPP2P*''V (B). Arteries were precon- NJ

tracted with phenylephrine (Phe), followed by a flow shear force of ~5 dyn/cm®.
Horizontal lines indicate the period when intraluminal flow was applied. C) Data summary for panels A (open bar)

and B (solid bar). Means * s (n=6). *P < 0.05.

cation current, indicating the necessary presence of all
TRP isoforms in the response. This finding fits the
profile of the heteromeric TRPV4-C1-P2 channel, but
not of any other assembly types, such as the TRPV4,
heteromeric TRPV4-C1, and heteromeric TRPV4-P2
channels. Therefore, the flow response was solely attrib-
utable to heteromeric TRPV4-C1-P2 channels. The
contribution of other candidate channels, if any, was
minimal. Furthermore, our results suggest that all 3
TRP isoforms contribute to the permeation pore of the
channels, most likely a heterotetrameric TRPV4-C1-P2
channel sharing a common ion permeation pore. In
the [Ca”]i measurement study, TRPV4AMOSOD  reqy-
ment completely abolished the flow response. How-
ever, after TRPP2R®3C or TRPC1™U“PO' treatment,
~20% of residual responses were still observed in the
rat MAEGCs. The residual [Cag+]i response after
TRPP2RO*%C  (~20%) was from homomeric TRPV4,
heteromeric TRPV4-C1, and other TRPP2-independent
components. Likewise, the residual [Ca®"]; response
after TRPC1™""P°™ (another ~20%) could have been
due to homomeric TRPV4, heteromeric TRPV4-P2, and
other TRPCl-independent components. By this estima-
tion, the maximum response that was independent of
heteromeric TRPV4-C1-P2 is =40%. In other words,
=60% of the flow [CazJ']i response in native rat MAECs
was assignable to heteromeric TRPV4-C1-P2 channels.
This percentage could be a great underestimation,
because TRPP2R®*°C and TRPC1™"P°™ are not ex-
pected to fully eradicate TRPP2 and TRPCI proteins
and much of the TRPCI- and TRPP2-independent
components may overlap. Therefore, patch-clamp re-
cordings and [Ca®*], measurement both demonstrated
a predominant role of TRPV4-C1-P2 channels in flow
responses in rat MAECGs.

Our findings have profound physiological signifi-
cance. Shear stress induces Ca®" entry into vascular
endothelial cells, stimulating endothelial cells to re-
lease vasodilators that cause vascular relaxation (10).
However, despite its functional importance, the molec-
ular identity of flow-induced Ca®* entry channels in
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endothelial cells is still not fully resolved. We and
others have proposed several candidate channels, in-
cluding TRPV4 (10), TRPP2 (11), and heteromeric
TRPV4-C1 (7). However, the results of the present
study clearly indicate a predominant role of hetero-
meric TRPV4-C1-P2 channels in flow-induced Ca**
entry into rat MAECs. This conclusion does not conflict
with the results of previous reports (7, 10, 11). Those
studies drew conclusions based on the results obtained
with pharmacological agents and siRNAs that target
individual TRP isoforms. However, all these published
data are alternatively explainable by involvement of the
TRPV4-C1-P2 complex in response to flow, because it is
certain that these pharmacological agents and siRNAs
would also target heteromeric TRPV4-C1-P2 channels.
On the other hand, we could not completely rule out
the contribution, albeit small, of TRP assembly types
other than heteromeric TRPV4-C1-P2. In fact, the
existence of residual [Ca%]i responses after treatment
with dominant TRP mutants suggests a minor contri-
bution of other components.

Previous studies by us and others have shown that
vascular endothelial cells possess a negative feedback
mechanism, in which flow-induced Ca®" influx is inhib-
ited by [Ca®*]; via the Ca®*-nitric oxide-cGMP-PKG
pathway (7, 21-24). If the heteromeric TRPV4-C1-P2
channels are the predominant channels that mediate
the flow-induced response in vascular endothelial cells,
then the channels would be expected to be inhibited by
cGMP-PKG signaling. Indeed, we found that the flow-
induced Ca*" influx via TRPV4-C1-P2 was inhibited by
8-Br-cGMP and that the inhibition was reversed by
KT5823, confirming the PKG-mediated inhibition of
TRPV4-C1-P2 channels (Supplemental Fig. S8A, B). As
discussed in previous reports (7, 21-23), this negative
feedback mechanism may contribute to the transient
nature of the flow-induced [CaH]i increase in vascular
endothelial cells. Through this mechanism, Ca®" influx
would stimulate the nitric oxide-cGMP-PKG signalin§
cascade, causing a negative feedback inhibition of Ca®
entry channels (i.e., heteromeric TRPV4-C1-P2 channels,
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in this case), contributing to the transient nature of the
flow-induced [Ca®"]; response (Fig. 7). Note that this
negative-feedback scheme cannot be applied to HEK293
cells, because those cells do not express the endogenous
nitric oxide synthases and guanylyl cyclases (25) necessary
for the operation of the Ca®‘mitric oxide-cGMP-PKG
pathway. The absence of these agents could explain why
the flow-induced [Ca%]i increase was more sustained in
TRPV4-C1-P2-overexpressing HEK293 cells (Fig. 4) than
in native endothelial cells (Fig. 7).

We have previously demonstrated the functional role
of endothelial cell TRPV4 and TRPCI in vascular
dilation in response to flow (7). In the current study, we
showed that lentiviral-mediated delivery of a dominant
negative TRPP2 construct drastically reduced the flow-
induced dilation of rat small mesenteric arteries, sup-
porting the role of heteromeric TRPV4-C1-P2 channels
in flow-induced vascular dilation.

In summary, the present study uncovered the first
heteromeric TRP channels that are composed of sub-
units crossing 3 TRP subfamilies. Functionally, this
channel is the main entity mediating flow-induced
increase in Ca®" increase and the cation current in
vascular endothelial cells. This heteromeric channel cross-
ing of the 3 TRP subfamilies greatly increases the number
of possible assembly combinations within the superfamily,
making the structure and function of the TRP channels
even more diversified.
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