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Abstract
Canonical transient receptor potential channel 6 (TRPC6) can play an important role in governing
how cells perceive the surrounding material environment and regulate Ca2+ signaling. We have
designed a TRPC6 reporter based on fluorescence resonance energy transfer (FRET) to visualize
the TRPC6-mediated calcium entry and hence TRPC6 activity in live cells with high
spatiotemporal resolutions. In mouse embryonic fibroblasts (MEFs), platelet-derived growth factor
BB (PDGF) can activate the TRPC6 reporter, mediated by phospholipase C (PLC). This TRPC6
activation occurred mainly at lipid rafts regions of the plasma membrane because disruption of
lipid raft/caveolae by methyl-β-cyclodextrin (MβCD) or the expression of dominant-negative
caveolin-1 inhibited the TRPC6 activity. Culturing cells on soft materials or releasing the
intracellular tension by ML-7 reduced this PDGF-induced activation of TRPC6 without affecting
the PDGF-regulated Src or inositol 1,4,5-trisphosphate (IP3) receptor function, suggesting a
specific role of mechanical tension in regulating TRPC6. We further showed that the release of
intracellular tension had similar effect on the diffusion coefficients of TRPC6 and a raft marker,
confirming a strong coupling between TRPC6 and lipid rafts. Therefore, our results suggest that
the TRPC6 activation mainly occurs at lipid rafts, which is regulated by the mechanical cues of
surrounding materials.
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1. Introduction
Intracellular calcium (Ca2+)i is a ubiquitous and crucial intracellular signal responsible for
controlling numerous cellular processes including cell proliferation, differentiation,
transcription factor activation and apoptosis [1]. Two sources are available for elevating
(Ca2+)i. The endoplasmic reticulum (ER) or the sarcoplasmic reticulum (SR) in muscle cells
can serve as the intracellular source of (Ca2+)i. Ca2+ can be released from ER or SR into the
cytoplasm through the activation of IP3 receptor on the ER membrane to increase (Ca2+)i.
The influx of Ca2+ from extracellular space through calcium channels on the plasma
membrane is another source for (Ca2+)i elevation [1].

A novel superfamily of non-selective cation channels ion channels, transient receptor
potential (TRP) channels, have been discovered to regulate (Ca2+)i by controlling Ca2+ entry
from extracellular space [2]. Among this TRP superfamily, seven members of the
mammalian TRPC subfamily have been characterized in human cells. Each TRPC member
consists of six transmembrane spanning helices (TM1-6), connecting to cytoplasmic N and
C termini, and forming a pore region between TM5 and TM6. Specially, TRPC3, TRPC6,
and TRPC7 can assemble into homo- or hetero-tetramers that are crucial for various
physiological consequences and activatible by a receptor-dependent activation process [2].
TRPC6 was further shown to play an important role in many pathological processes, such as
lung injury, cardiovascular diseases, neuronal diseases and kidney disorder [3–7].
Particularly, high TRPC6 activity is related to cancer metastasis. Expression of TRPC6 was
highly up-regulated in live cancer, breast cancer and glioma cells [8–10]; overexpression of
TRPC6 can increase the proliferation of human hepatoma cells [8]. In contrast, inhibition of
TRPC6 results in a significant reduction in cancer cells amplification and tumor growth [9,
10].

TRPC6 has also been shown to be involved in mechanotransduction. In fact, TRPC6 was
found to contribute to pressure induced vasoconstriction and mediate mechanical
hyperalgesia, synergistically with TRPV4 [11, 12]. TRPC6 can also mediate the synergistic
effect of receptor and mechanical activations [13]. While direct activations of TRPC6 by
membrane stretch was reported [14], it remains controversial whether TRPC6 is a direct
mechanosensor or it cooperates with other sensing elements for the mechanotransduction
[15].

Living cells are continuously exposed to environmental cues of surrounding materials. It
becomes clear that mechanical microenvironment plays crucial roles in regulating cellular
functions [16]. In fact, mechanical properties of a tissue can affect cancer progression [17].
Matrix rigidity also regulates cellular metabolisms for cell proliferation and stem cell
differentiation [18, 19]. Furthermore, increasing substrate stiffness can enhance the
sensitivity of fibroblasts to transforming growth factor β stimulation and facilitate their
differentiation to myofibroblasts [20]. However it remains unclear how cells perceive the
environmental cues of surrounding biomaterials and mediate the transmission of mechanical
forces.

To monitor the function of TRPC6 in space and time, we will develop a FRET reporter
specific to TRPC6 activation. We will then apply this reporter to investigate the TRPC6
activation at different submembrane microdomains. The effect of mechanical environment
on the TRPC6 function will also be studied to understand how cells perceive the
environmental cues and regulate intracellular molecular functions.
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2. Materials and Methods
2.1. Reagents

Fetal bovine serum was obtained from Atlanta Biologicals (Lawrenceville, USA). 1-
Oleoyl-2-acetyl-sn-glycerol (OAG), BAPTA, FITC conjugate cholera toxin B subunit
(FITC-CTxB), methyl-beta-cyclodextrin (MβCD), ML-7, rat recombinant platelet-derived
growth factor BB (PDGF), Thapsigargin (TG), and U-73122 were from Sigma Aldrich
(Milwaukee, USA). The constructs pEYFP-TRPC6 and pEGFP-Caveolin-1 were shown in
previous publications [21]. The plasmid cameleon Ca2+ reporter D3cpv was a generous gift
from Dr. Amy E. Palmer (Department of Chemistry and Biochemistry, University of
Colorado).

2.2. Cell culture and transfection
Mouse embryonic fibroblasts (MEFs) and HEK293T cells were from American Type
Culture Collection (ATCC). Bovine aortic endothelial cells (BAECs) were isolated from
bovine aorta from a local slaughterhouse as described [22]. Approval for handling BAECs
was granted by the Institutional Review Board of University of Illinois, Urbana-Champaign.
The cells were cultured in high glucose of Dulbecco's Modified Eagle Medium (DMEM,
GIBCO, Invitrogen, USA) containing 10% fetal bovine serum, 2 mM L-glutamine, 100 unit/
ml penicillin and 100 μg/ml sodium pyruvate in a humidified incubator of 95% O2 and 5%
CO2 at 37°C. The DNA plasmids were transfected into the cells by using Lipofectamine
2000 (Invitrogen).

2.3. Construction of plasmids
The TRPC6 reporter was constructed by fusing human TRPC6 coding sequence with
cameleon Ca2+ reporter D3cpv coding sequence. The human TRPC6 coding sequence was
amplified by PCR with a sense primer containing a BamH I site and a reverse primer
containing the coding sequence of a 17mer linker GSTSGSGKPGSGEGSTK and an EcoR I
site. The PCR product was cloned into pcDNA3.1 (Invitrogen) using BamH I/EcoR I sites.
Because of the similar DNA sequence of enhanced cyan fluorescent protein (ECFP) and
circularly permutated Venus (cpVenus), the coding sequence of cameleon Ca2+ biosensor
D3cpv was separated into 2 pieces by Bgl II digestion. These 2 pieces were amplified
separately by PCR with a sense primer containing an EcoR I site and a reverse primer
containing a Bgl II site for the first piece, and a sense primer containing a Bgl II site and a
reverse primer containing a Not I site for the second piece. The PCR products were fused
together and cloned into pcDNA3.1, fused at the C-terminal of TRPC6 after the 17mer
linker. The human Caveolin-1 coding sequence was amplified by PCR with a sense primer
containing a BamH I site and a reverse primer containing an EcoR I site, and cloned into
pcDNA3.1 using BamH I/EcoR I sites. To generate a membrane-targeted cameleon Ca2+

reporter, the acylation substrate sequences derived from lyn kinase
(MGCIKSKRKDNLNDDGVDMKT) was added to the N terminus [23], and a prenylation
substrate sequence (KKKKKKSKTKCVIM) from KRas was added to the C terminus of the
cytosolic reporter [24, 25].

FRET-ER calcium biosensor was constructed by fusion of calreticulin signal sequence
(MLLPVLLLGLLGAAAD) and ER retension sequence (KDEL) to the N-terminus and the
C-terminus of the cytosolic calcium reporter D3cpv, respectively.

The mutated TRPC6 reporter and the dominant-negative Caveolin-1 mutant were generated
by using QuikChange® Site-Directed Mutagenesis Kit (Stratagene). Restriction enzyme
digestion and DNA sequencing were applied to confirm all the constructed plasmids.
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2.4 Flow system
To impose a laminar flow on HEK293T or BAECs, a parallel-plate flow chamber was
applied as previously described [26–28]. In brief, a glass slide seeded with cells forms the
floor of a flow channel, created by sandwiching a silicone gasket between the cover glass
slide and an acrylic plate. Cells are exposed to a high shear stress (HSS) created by flows
originated from a hydrostatic pressure difference between two reservoirs positioned with
different heights. The channel width is 10 mm, channel height 0.5 mm, the total and
entrance lengths are 45 and 15 mm, respectively. This flow chamber system has been well
established to apply precisely controlled wall shear stress, which can be calculated as:

, where μ = fluid viscosity of solution, Q = flow rate, h = channel height, w =
channel width. This flow system was perfused with medium containing polystyrene particles
to confirm the laminar flow patterns. HSS was set to be 65 dyn/cm2 as previously described
[28]. The flow experiments were conducted at 37 °C with 5% CO2 to maintain the pH at 7.4.

Polyacrylamide gel preparation—The polyacrylamide gel dishes were prepared
according to a well-established protocol [29], with the following component: 3% acrylamide
(40% solution stock, Bio-Rad), 0.06% bis-acrylamide (2% solution stock, Bio-Rad), 1:200
10% w/v Amonium Persulfate (Bio-Rad) and 1:2000 N,N,N9,N9-
Tetramethylethylenediamine (TEMED; Bio-Rad) in 10 mM HEPES buffer (Sigma). The
stiffness of the gels was 0.6 kPa approximately. N-Sulfosuccinimidyl-6-(4'-azido-2'-
nitrophenylamino) hexanoate (Sulfo-SANPAH) (Thermo Scientific) was used to crosslink
extracellular matrix proteins onto the gel surface as previously described [30].

2.5. Image acquisition and analysis
Cells were plated on glass bottom dishes (Cell E&G Inc.) or gel dishes coated with 20 μg/ml
fibronectin and cultured for 36–48 h in medium with 0.5% FBS before growth factor
stimulation, or in medium with 10% FBS before OAG stimulation. During imaging process,
the cells were maintained in CO2-independent medium (Gibco BRL) with 0.5% FBS for
growth factor stimulation, or with 10% FBS for OAG stimulation at 37°C. Images were
collected by a Zeiss axiovert inverted microscope equipped with a cooled charge-coupled
device camera (Cascade 512B; Photometrics) using MetaFluor 6.2 software (Universal
Imaging) with a 420DF20 excitation filter, a 450DRLP dichroic mirror, and two emission
filters controlled by a filter changer (475DF40 for ECFP channel and 535DF25 for FRET
(YFP) channel of cpVenus and YPet). The proper regions were selected as the regions of
interests to collect signals and conduct quantification. The fluorescence intensity of non-
transfected cells were quantified as the background signal and subtracted from the ECFP and
FRET (YFP) signals on transfected cells. Hence, the pixel-by-pixel ratio images of ECFP
and FRET (YFP) were calculated based on the background-subtracted fluorescence intensity
images of ECFP and FRET (YFP) by the MetaFluor software to represent the activation
level of reporters.

Statistical analysis was performed by using a Student's t test function of the Excel software
(Microsoft) to evaluate the statistical difference between groups. A significant difference
was determined by P value (<0.05).

For confocal imaging, MEFs were transfected with TRPC6-mcherry. After culturing for 36
to 48 h, MEFs were washed with PBS and incubated with 1 μg/ml FITC-CTxB for 30 min,
and washed with cold PBS twice before being fixed with 4% paraformaldehyde for 20 min.
The images were recorded under confocal microscope.
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2.6. Photobleaching assay and diffusion Analysis
MEFs were transfected with TRPC6-YFP or empty vector. Transfected cells were then
plated on glass bottom dishes and cultured for 36–48 h in medium with 0.5% FBS before
imaging experiments. MEFs transfected with empty vectors were stained with 1 μg/ml
FITC-CTxB for 30 min at 37°C in culture medium containing 0.5% FBS. Cells were
pretreated with or without 5 μM ML-7 for 1 hr before imaging. Images were collected by a
Zeiss axiovert inverted microscope with a 495DF20 excitation filter, a 510 DCLP dichroic
mirror, and a 535DF25 emission filters for YFP emission. During imaging, the cells were
kept in CO2-independent medium with 0.5% FBS at 37°C and monitored at 10-second
intervals before and after photobleaching. Photobleaching was conducted by exciting YFP at
495DF20 in a region of interest with full power of the light source for 10 seconds.

The diffusion analysis procedure was described in our previous publication [31].
Specifically, the intensity images were normalized by dividing the median of five images
before photobleaching to calculate the ratio images which represent the relative
concentration maps of the fluorescent proteins. The concentration maps were then filtered by
a 100×100 (15 μm × 15μm) local adaptive filter restricted within a cell body detected by the
segmentation method [31]. As a result, the concentration maps before photobleaching had
values close to 1 at all pixels within the cell, while those after photobleaching had values <1
near the photobleached region. Seven filtered concentration maps right after photobleaching
were used to estimate 6 values of diffusion coefficients. Since the fluorescent proteins are
expected to diffuse during photobleaching as well as recovery phases, a mobile subcellular
region can be determined by selecting the subcellular region where the concentration
decreases right after photobleaching. Thus, within the selected mobile subcellular region, the
movement of the fluorescent proteins can be modeled by Fick's Law of diffusion [31]. The
concentration maps within the shape of the cells were discretized using the finite element
method with a triangular mesh to obtain a linear model of “the weighted discrete Laplacian
of concentration” and “the weighted change of concentration in time” as described
previously [31]. By linear regression, a diffusion coefficient D can be estimated with a
residual r and the correlation coefficient R which measures the quality of regression. A value
of R no less than 0.5 is considered as a good fit [31]. The corresponding diffusion
coefficients, D, were then entered in the statistical comparison. The mean values of diffusion
coefficients from different groups were compared with one-tailed t-test of unequal variance.
P-value<=0.05 was considered significant difference. The fluorescence intensity images
were all background subtracted, filtered by a 3×3 median filter and cropped before
processing. It was also confirmed that the cell shape did not change significantly within the
110 sec when the images before or after photobleaching were collected.

3. Results
3.1. The Development and Characterization of TRPC6 reporter

To monitor the activity of TRPC6, the cameleon calcium reporter D3cpv [32] was fused at
the C terminal of TRPC6 to monitor the local calcium influx mediated by TRPC6. When
TRPC6 is activated, Ca2+ influx can elevate the local intracellular Ca2+ proximal to TRPC6
at the plasma membrane. This local Ca2+ can bind to calmodulin domain (CaM) of the
D3cpv reporter which then binds to the intramolecular M13 domain with a high affinity.
These events can lead to the conformational change of D3cpv reporter and enhance the
FRET efficiency to result in the increase of FRET/cyan fluorescent protein (CFP) ratio (Fig.
1A). To characterize this engineered TRPC6 reporter, Human embryonic kidney 293T
(HEK293T) cells which had minimal TRPC activity were transfected with wild type or
mutated TRPC6 reporter. As shown in Fig. 1B–C and supplementary movie 1, a significant
FRET change can be observed with the TRPC6 reporter within 10 min when cells are
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exposed to an exogenous TRPC6 activator 1-Oleoyl-2-acetyl-sn-glycerol (OAG). In
contrast, no FRET change can be observed (Fig. 1B–C and supplementary movie 1) with a
mutated TRPC6 reporter in which the L678, F679, and W680 in the putative pore region of
TRPC6 were replaced with alanine residues to eliminate the channel function [33]. We also
incubated cells in a Ca2+ free extracellular solution and the FRET change of the wild-type
TRPC6 reporter could not be detected (Fig. S1). Elimination of intracellular Ca2+ source by
endoplasmic reticulum (ER) Ca2+ pump inhibitor thapsigargin (TG), on the other hand, did
not block the activation of TRPC6 reporter (Fig. S2). These results suggest that the FRET
signals are specifically dependent on the TRPC6 channel activity and extracellular Ca2+

influx. Similar results were observed in HEK293T cells co-expressing TRPC6 and a
separate cytosolic D3cpv calcium reporter (Fig. 1D–E). Again, mutated TRPC6 did not
cause the D3cpv response to OAG. HEK293T cells expressing D3cpv reporter alone failed
to respond to OAG stimulation (Fig. 1D–E). These results confirmed that the exogenously
expressed TRPC6 is the main source for the OAG-induced Ca2+ signaling and the FRET
response of the reporter can monitor the TRPC6-controlled Ca2+ influx and hence TRPC6
functions in HEK293T cells.

3.2. TRPC6 can be activated by PDGF via PLC pathway in MEFs
Platelet-derived growth factor (PDGF) is well known to be involved in multiple cellular and
developmental responses [34], by stimulating the increase of intracellular Ca2+ level [35].
Hence, we examined whether PDGF can induce the activation of TRPC6 in regulating
signaling transduction in fibroblasts. We first confirmed that the wild type TRPC6 reporter
but not mutated TRPC6 reporter responded to OAG stimulation in mouse embryonic
fibroblasts (MEFs) (Fig. 2A). PDGF obviously caused the activation of TRPC6 (Fig. 2B and
supplementary movie 2), independent of IP3-mediated release of ER Ca2+ which was
depleted by TG pretreatment (Fig. S3A). The effect of TG treatment was verified by
blocking the ATP-induced calcium signaling in cells, which relied on the ER Ca2+ release
(Fig. S3B). As expected, there was no response of TRPC6 reporter when MEFs were
incubated in a Ca2+ free extracellular solution (Fig. S4).

It is well known that both PDGF receptors (PDGFR) engage several well-characterized
signaling pathways, e.g. mitogen-activated protein kinases, phosphatidylinositide 3-kinases,
and PLC [34]. As a downstream target, PLC binds to the phosphorylated PDGFRs to
become activated [36]. The activation of PLC leads to the generation of diacylglycerol
(DAG) which is an endogenous TRPC6 activator and of IP3 which causes Ca2+ release from
ER [1, 37]. To confirm whether the activation of TRPC6 induced by PDGF was through
PLC pathway, MEFs were pretreated with PLC inhibitor U73122. The imaging results
showed that U73122 almost completely blocked the activation of TRPC6 induced by PDGF
(Fig. 2C), but not the OAG induced TRPC6 activation (Fig. 2D). Since IP3 as another
product of activated PLC can induce the ER Ca2+ release though IP3 receptor [1], the
cytoplasmic Ca2+ reporter D3cpv was applied to monitor the ER Ca2+ release and hence the
production of IP3 and the activation of PLC. Consistently, the increase of D3cpv activity
induced by PDGF was also inhibited by U73122 (Fig. 2C); However, the activation of a
direct effector of PDGFR, Src, which was detected by a KRas-Src reporter [25], was not
affected by U73122 (Fig. 2C), confirming that U73122 specifically blocked PLC signaling
without affecting the upstream Src activation upon PDGF stimulation. All these results
indicate that PDGF specifically activated TRPC6 through PLC pathway.

3.3. Activation of TRPC6 depends on lipid rafts and caveolae
Lipid rafts are plasma membrane microdomains enriched in cholesterol and sphingolipids.
Within lipid rafts, a specialized submembrane microdomain, caveolae are defined as
caveolin-1-enriched smooth invaginations of the plasma membrane. Those microdomains
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play crucial roles in compartmentalization of molecules and signal transduction [38]. TRPC
proteins have been reported to be integral components of lipid rafts [39, 40]. However, it
remains controversial since TRPC6 has been reported to be associated with caveolin 1/2 rich
membrane fraction in HEK293T cells [41] but not in human platelets [42]. Here, we first
monitored the Ca2+ influx across TRPC6 using two Ca2+ reporters with different sub-
membrane localization. As shown in Fig. 3A, the Lyn-D3cpv reporter in lipid rafts region
had obviously stronger response to the TRPC6-mediated Ca2+ influx than the KRas-D3cpv
reporter in non-raft region upon OAG stimulation. In contrast, both the Lyn-D3cpv and
KRas-D3cpv reporters had similar responses to the ER Ca2+ release induced by ATP (Fig.
3A). These results suggest that TRPC6 may be localized at lipid rafts to cause more
significant Ca2+ alteration at these local sites. Consistently, the treatment of MβCD to
extract the cholesterol from the plasma membrane and disrupt the lipid rafts blocked the
activation of TRPC6 induced by OAG (Fig. 3B). This treatment also blocked the TRPC6
activation induced by PDGF (Fig. 3C). However, the activation of Src (detected by the
KRas-Src reporter) and the production of IP3 (detected by the D3cpv reporter) were not
affected by the treatment of MβCD (Fig. 3C). Those results suggest that the disruption of
lipid rafts only affects the activity of TRPC6 but not the upstream signaling pathway. We
further studied the role of caveolae in the TRPC6 activation. A caveolin-1 dominant-
negative mutant (Cav 1 S80E) was generated with S80E mutation which trapped the
caveolin-1 in the ER to disrupt the caveolae structure [43]. The results showed that the co-
expression of this dominate negative caveolin-1 inhibited the activation of TRPC6 induced
by OAG (Fig. 3D) or PDGF (Fig. 3E). Again, the PDGF-induced upstream signals
monitored by the KRas-Src reporter and the D3cpv reporter were not affected (Fig. 3E). The
confocal images further showed that mcherry tagged-TRPC6 and rafts marker ganglioside
GM1 stained with FITC conjugate cholera toxin B subunit (FITC-CTxB) had the similar
location on the cell membrane (Fig. 3F). It is of note that a large number of TRPC6-
mCherry is localized at peri-nuclear regions, possibly reflecting TRPC6-mCherry trapped in
endo/exocytosis recycling routes before being correctly transported to the plasma membrane
[44]. These results suggest that the functional TRPC6 channel can localize and function at
the lipid raft/caveolae microdomains of the plasma membrane.

3.4. Substrate rigidity and intracellular tension affect TRPC6 activity
TRPC6 was reported to be activatable by mechanical force such as membrane stretch
induced by hypotonicity [13, 14]. Thus we tested whether shear stress induced by laminar
flow could activate TRPC6. However, in tested HEK293T cells and bovine aortic
endothelial cells (BAECs), high shear stress (65 dyn/cm2) failed to activate TRPC6 (Fig.
4A–B). We further examined the effect of mechanical microenvironment on TRPC6 activity
by altering the stiffness of substrate materials. As shown in Fig. 4C, OAG induced markedly
less TRPC6 reporter activity in MEFs cultured on the soft substrate (polyacrylamide gel
with 600 pa stiffness) than MEFs cultured on hard glass surface. Similar results were
observed when MEFs were stimulated with PDGF (Fig. 4D). In contrast, the upstream
signals monitored by the KRas-Src and D3cpv reporter did not show any different response
under different substrate rigidity (Fig. 4D). These results indicate that the substrate rigidity,
which is known to modulate the intracellular tension [45, 46], affects TRPC6 function but
not the upstream PDGF signaling molecules. A myosin light chain kinase inhibitor, ML-7
which can release the actomyosin contractility and intracellular tension also consistently
inhibited the response of TRPC6 to the OAG and PDGF stimulation (Fig. 4E–F) without
affecting the PDGF-induced Src and IP3 signaling pathways (Fig. 4F).

3.5. Intracellular tension affects TRPC6 dynamics
It is clear that the TRPC6 activity is regulated by intracellular tension. We hence
investigated how intracellular tension affected TRPC6 functions. Fluorescence recovery
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after photobleaching (FRAP) was applied to characterize the motion of TRPC6. A
previously developed diffusion analysis method based on finite element discretization was
also used to estimate the apparent diffusion coefficients of yellow fluorescent protein (YFP)
fused TRPC6 [31]. The TRPC6-YFP of a small region of MEFs was photobleached (Fig.
5A). The post-bleaching images were monitored and then normalized by the pre-bleaching
images to obtain concentration maps. Subsequently, the finite element analysis and linear
regression method were applied to estimate apparent diffusion coefficient (Fig. 5B). As
shown in Fig. 5C, the fluorescence intensity of the TRPC6-YFP partially recovered in 5 min
after photobleaching. The mean diffusion coefficient of TRPC6 was 1.03 μm2/sec which
was similar to the rafts marker ganglioside GM1 (1.05 μm2/sec), which was obtained using
the FITC-CTxB labeled ganglioside GM1. Release of intracellular tension by ML7
obviously decreased the TRPC6 diffusion coefficient to 0.585 μm2/sec as well as GM1
(0.605 μm2/sec) (Fig. 5D).These results suggest that the release of intracellular tension may
affect lipid raft/caveolae microdomains and hence regulate the TRPC6 function.

4. Discussion
In the current work, we have developed a FRET based TRPC6 reporter to visualize TRPC6
activity in live cells. With this reporter, PDGF is found to induce TRPC6 activation in a
PLC-dependent manner. This activation occurs mainly at the lipid raft/caveolae
microdomains of the plasma membrane, which is regulated by the intercellular tension.
Therefore, this reporter provides a powerful tool to study the underlying molecular
mechanisms that regulate TRPC6.

PDGF plays an important role in regulating the cellular activity of fibroblasts. One of the
early cellular events upon PDGF stimulation is a rapid, transient elevation in intracellular
Ca2+ level [47]. Inhibition of PDGF-induced Ca2+ elevation results in the inhibition of the
mitogenic response [35]. TRPC6 activity is involved in the intracellular Ca2+ regulation by
PDGF in glioma cells [10]. Using the TRPC6 FRET reporter, we provide direct evidence
that PDGF can activate TRPC6 to trigger Ca2+ influx across the plasma membrane via PLC
pathway in MEFs (Fig. 2B–C). Various and sometimes controversial regulatory mechanisms
of TRPC6 have also been reported in response to PDGF. For example, PDGF can up-
regulate TRPC6 expression to result in the stimulation of cell proliferation in pulmonary
vascular smooth muscle cell [48]. However, knocking down of TRPC6 expression has no
effect on the PDGF induced Ca2+ influx in vascular smooth muscle cells [49].

Fyn, a member of the Src family kinase, can interact with N-terminal cytoplasmic region of
TRPC6 and cause the tyrosine phosphorylation of TRPC6 to increase TRPC6 channel
activity in short terms [50]. On the other hand, TRPC6 channel activity can be negatively
regulated by the Thr69 phosphorylation of the N-terminal region [51]. The membrane
location of TRPC6 can also be affected by Gq protein-coupled receptor to regulate TRPC6
functions [41]. Our results clearly indicate that the PDGF-induced TRPC6 occurs at the lipid
rafts of the plasma membrane (Fig. 3), which is dependent on the PLC pathway (Fig. 2C).
These results are consistent with previous reports that TRPC6 was located in caveolin 1/2
rich membrane fraction in HEK293T cells [41] and MβCD can completely abolish the
TRPC6-mediated intracellular Ca2+ elevation induced by DAG-containing arachidonic acids
in HEK293T cells [52], although in human platelets, TRPC6 appears independent of lipid
rafts [42].

The effect and mechanism by which mechanical forces are involved in the regulation of
TRPC6 activity remain unclear and controversial. Atheroprone shear stress increases TRPC6
expression in human umbilical vascular endothelial cells [53]. GsMTx-4, a specific peptide
inhibitor of mechanosensitive channels, prevents a membrane stretch activated non-selective
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cation conductance mediated by TRPC6. Stretch was further shown to directly activate
TRPC6 independent of PLC [14]. However, the protein expression level of TRPC6 in
African green monkey kidney (COS) or Chinese hamster ovary (CHO) cells did not affect
the mechano-sensitive current [15]. These results suggest that TRPC6 may not directly sense
and mediate the effect of mechanical tension, but may serve as a regulator to facilitate the
mechanotransduction. Indeed, chemical and mechanical stimulations have been shown to
synergistically activate TRPC6 via phospholipase C/diacylglycerol and phospholipase A2/
omega-hydroxylase/20-HETE pathways [13]. In our work, external mechanical loading such
as shear stress even with high magnitude (65 dyn/cm2) did not cause the TRPC6 response
(Fig. 4A–B). However, substrate rigidity is apparently involved in regulating the TRPC6
function in response to chemical stimuli. Culturing cells on a soft matrix surface with 600 Pa
Young's elastic modulus obviously reduced the response of TRPC6 induced by OAG and
PDGF (Fig. 4C–D). The application of ML7 to release intracellular tension further
confirmed the significant role of mechanical force in affecting TRPC6 functions (Fig. 4E–
F), possibly via the manipulation of lipid rafts structures. Indeed, ML7 had similar effect in
reducing the diffusion coefficients of both TRPC6 and lipid rafts marker ganglioside GM1
(Fig. 5D). Our results also showed that the cholesterol depletion by MβCD can inhibit the
PDGF-induced TRPC6 activation (Fig. 3B–C). The intracellular tension may hence act
upstream to modulate lipid rafts in controlling TRPC6 functions, possibly mediated by the
interaction between actin cytoskeleton and lipid rafts composition parts, e.g.
phosphoinositide lipids, PtdIns(4,5)P2, filamin A, and/or caveolin-1 [54, 55].

G protein coupled receptors (GPCRs) have been reported to be activatable by mechanical
force [56, 57], which then triggers Gαq-PLC pathway upstream to TRPC6 [58]. Our results
of TRPC6 inhibition by releasing intracellular tension under OAG stimulation suggest that
the effect of mechanical tension on TRPC6 can be independent of PLC pathway (Fig. 4C–
E), since OAG induced TRPC6 activation is not affected by the PLC inhibitor (Fig. 2D).
Therefore, intracellular tension may regulate TRPC6 activity mainly by affecting lipid rafts
microdomains without the involvement of GPCRs (Fig. 6).

It is clear that the TRPC6 activity is affected by the mechanical cues of surrounding
materials. In fact, mechanical microenvironment has been established to modulate the
biological properties of tumor cells. For example, culturing cancer cells on soft materials
reduce their growth rate, metabolism, and motility [59, 60]. Since high TRPC6 activity is
related to cancer growth [8–10], our finding should shed new lights on how the mechanical
cues of surrounding materials and tissue environment can modulate the sensing
responsibility of cancer cells toward chemical and biochemical stimulations.

5. Conclusion
In this study, we have designed and characterized a specific TRPC6 FRET reporter to detect
Ca2+ influx mediated by TRPC6. Using this reporter, we found that PDGF can activate
TRPC6 via PLC pathway. This activation was dependent on lipid raft/caveolae
microdomains. Mechanical microenvironment also played a role in regulating TRPC6
function: culturing cells on soft substrate attenuated the activation of TRPC6 by releasing
the intracellular tension and altering lipid rafts properties. These findings suggest a new
mechanism of how cells perceive the mechanical cues of the surrounding materials and
transmit them into membrane molecular activities. The TRPC6 reporter can also provide a
powerful tool to study TRPC6 functions in live cells with high spatiotemporal resolutions.
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Fig. 1. The characterization of the TRPC6 FRET reporter
(A) The domain structure of the TRPC6 FRET reporter. This reporter includes a full length
human TRPC6 with a cameleon Ca2+ reporter D3cpv at its C terminus. Cyan column and
arrow presents ECFP and its emission; yellow column and arrow presents cpVenus and its
emission, respectively. (B) and (D) FRET/CFP ratio images of HEK293T cells before (left)
and after (right) 10 min stimulation by 100 μM OAG. HEK293T cells were transfected with
(B) the wild type and mutant TRPC6 reporter or (D) the cameleon D3cpv reporter, wild type
or mutant TRPC6 expression construct with D3cpv reporter as indicated. In all the panels,
the color scale bars represent the FRET/CFP emission ratio, with cold and hot colors
representing low and high activities of reporter, respectively. (C) and (E) Representative
time courses of normalized FRET/CFP emission ratio of (C) TRPC6 reporter (black dots)
and its mutant (white dots) or (E) D3cpv reporter (D3cpv plus empty vector, triangle; D3cpv
plus wild type TRPC6, black dots; and D3cpv plus mutant TRPC6, white dots) before and
after OAG stimulation, including cells from (B) or (D), respectively. 100 μM OAG was
added at time 0 as indicated. The time courses represent the means±SD of each time point
from multi-samples by setting the average FRET/CFP ratio of time points before stimulation
to 1.0; “n” represents the cell number in each group. Size scale bar, 20 μm.
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Fig. 2. PDGF activates TRPC6 via the PLC pathway in MEFs
(A) and (B) Representative time courses of normalized FRET/CFP emission ratio of TRPC6
reporter (black dots) and its mutant (white dots) upon (A) 300 μM OAG or (B) 10 ng/ml
PDGF stimulation. (C) Responses of TRPC6, KRas-Src or D3cpv reporter to 10 ng/ml
PDGF stimulation in MEFs with (solid bars) or without (open bars) 2 μM U73122
pretreatment for 5 min. MEFs transfected with the TRPC6 reporter were pretreated with 1
μM TG for 1 hr before imaging to deplete the calcium storage ofintracellular organelles.
MEFs transfected with D3cpv were maintained in Ca2+ free HBSS buffer during imaging to
eliminate the calcium influx across the plasma membrane. (D) Responses of TRPC6 reporter
to 300 μM OAG stimulation in MEFs with or without 2μM U73122 pretreatment for 5 min.
The data represents the means±SD from multi-samples. “n” represents the cell number in
each group. * indicates the significant difference between indicated groups (P < 0.01).
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Fig. 3. The activation of TRPC6 depends on lipid rafts and caveolae
(A) Responses of Lyn-D3cpv and KRas-D3cpv reporters upon 100 μM OAG or 10 nM ATP
stimulation as indicated. Lyn-D3cpv or KRas-D3cpv reporter was transfected into
HEK293T cells with (OAG stimulation) or without the co-transfection of wild type TRPC6
(ATP stimulation) as indicated. (B) and (D) Response of TRPC6 reporter to 100 μM OAG
stimulation in HEK239T cells (B) with 10 μM MβCD pretreatment or (D) with the
expression of dominate negative Caveolin-1 (Cav 1 S80E). MbCD was added into medium 1
hr before stimulation with OAG. (C) and (E) Responses of TRPC6, KRas-Src or D3cpv
reporter to 10 ng/ml PDGF stimulation in MEFs (C) with 10 μM MβCD pretreatment or (E)
with the expression of Cav1 S80E. MEFs transfected with TRPC6 reporter were pretreated
with 1 μM TG for 1 hr before imaging. MEFs transfected with the D3cpv reporter were
maintained in Ca2+ free HBSS buffer during imaging. (F) Confocal images of FITC-CTxB
labeled ganglioside GM1 and TRPC6-mCherry in MEFs. “n” represents the cell number in
each group. * indicates the significant difference between indicated groups (P < 0.01). Scale
bar, 25 μm.
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Fig. 4. Substrate rigidity and intercellular tension affect TRPC6 activity
(A) and (B) Representative time courses of normalized FRET/CFP emission ratio of TRPC6
reporter inresponse to 65 dyn/cm2 shear stress stimulation (time 0) in HEK293T cells (A) or
BAECs (B). (C) and (E) Response of TRPC6 reporter to 300 μM OAG stimulation in MEFs
(C) cultured on rigid surface (glass) or soft substrate (gel with 600 pa stiffness) or (E) with 5
μM ML-7 pretreatment for 1hr. (D) and (F) Responses of TRPC6, KRas-Src, or D3cpv
reporter to 10 ng/ml PDGF stimulation in MEFs (D) cultured on rigid surface (glass) or soft
substrate (gel with 600 pa stiffness) or (F) with 5 μM ML-7 pretreatment for 1 hr. MEFs
transfected with TRPC6 reporter were pretreated with 1 μM TG for 1 hr before imaging.
MEFs transfected with D3cpv were maintained in Ca2+ free HBSS buffer during imaging.
“n” represents the cell number in each group. * indicates the significant difference between
indicated groups (P < 0.01).
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Fig. 5. Reduced intracellular tension decreases the diffusion coefficients of TRPC6 and
ganglioside GM1
(A) The fluorescence intensity image of a cell expressing TRPC6-YFP before
photobleaching (left), and at 0 and 2 min after photobleaching (middle and right),
respectively. Yellow broken cycle highlights the region of interest for photobleaching. (B)
Left: the concentration map after photobleaching (0 min), computed by normalizing the
fluorescence intensity with the images before photobleaching. Right: the concentration map
overlaid with a triangular mesh generated in the mobile region. (C) The time course of
fluorescence recovery in the photobleached area as marked in (A). (D) The estimated
diffusion coefficients of TRPC6 and ganglioside GM1 in MEFs transfected with TRPC6-
YFP or stained with FITC-CTxB. MEFs were also treated with or without 5 μM ML-7 for 1
hr before FRAP assay. “n” represents the cell number in each group. * indicates the
significant difference between indicated groups (P < 0.05). Scale bar, 20 μm.
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Fig. 6. A proposed signaling network depicting the PDGF induced TRPC6 activation at the
plasma membrane
PDGF receptors dimerize upon binding to PDGF and cause the activation of receptor kinase
activity. The activated PDGF receptors induce the activation of downstream Src, and PLC
which generates IP3 and DAG. IP3 activates the IP3 receptor at ER while DAG can activate
TRPC6 at the plasma membrane, specifically on the lipid rafts to induce the Ca2+ influx
across the plasma membrane. Intercellular tension generated by the actomyosin contractility
can affect the interaction between actin cytoskeleton and membrane lipid raft/caveolae
microdomains to regulate the structure and function of lipid rafts, which eventually
determines the TRPC6 response to PDGF-induced signaling.
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