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Background: The identity of calcium channels in thyroid is not defined.
Results: TRPC2 functions as a major regulator of calcium homeostasis in rat thyroid cells. TRPC2 appears to be receptor-
regulated and participates in regulating ER calcium content.
Conclusion:We have defined a novel physiological role for TRPC2 channels.
Significance: TRPC2, by regulating STIM2, PKC expression, and SERCA activity, regulates calcium homeostasis in thyroid
cells.

Mammalian non-selective transient receptor potential cation
channels (TRPCs) are important in the regulation of cellular cal-
cium homeostasis. In thyroid cells, including rat thyroid FRTL-5
cells, calcium regulates a multitude of processes. RT-PCR screen-
ing of FRTL-5 cells revealed the presence of TRPC2 channels only.
Knockdown of TRPC2 using shRNA (shTRPC2) resulted in
decreased ATP-evoked calcium peak amplitude and inward cur-
rent. In calcium-free buffer, there was no difference in the ATP-
evoked calcium peak amplitude between control cells and
shTRPC2 cells. Store-operated calcium entry was indistinguish-
able between the two cell lines. Basal calcium entry was enhanced
in shTRPC2cells,whereas the level ofPKC�1andPKC�, the activ-
ity of sarco/endoplasmic reticulumCa2�-ATPase, and the calcium
content in the endoplasmic reticulum were decreased. Stromal
interaction molecule (STIM) 2, but not STIM1, was arranged in
puncta in resting shTRPC2cells butnot in control cells. Phosphor-
ylation site Orai1 S27A/S30A mutant and non-functional Orai1
R91W attenuated basal calcium entry in shTRPC2 cells. Knock-
down of PKC� with siRNA increased STIM2 punctum formation
and enhanced basal calcium entry but decreased sarco/endoplas-
mic reticulum Ca2�-ATPase activity in wild-type cells. Transfec-
tionof a truncated, non-conductingmutantofTRPC2evoked sim-
ilar results. Thus,TRPC2 functions as amajor regulator of calcium
homeostasis in rat thyroid cells.

In most if not all cells, calcium is the key regulator of a large
number of cellular processes such as proliferation, motility,
gene transcription, and apoptosis (1). To make such a broad
spectrum of different actions possible, the cells have evolved
multiple different mechanisms that regulate cellular calcium
levels. Calcium can be mobilized from intracellular compart-
ments by the activation of ryanodine receptors and inositol
1,4,5-trisphosphate (IP3)2 receptors. Calcium may enter the
cells through several different types of calcium channels
(both voltage-independent and -dependent channels), and
Ca2�ATPases in both the plasma membrane and intracellular
membranes regulate the transport of calcium out of the cell or
into intracellular compartments.
In thyroid cells, including rat thyroid FRTL-5 cells, several

investigations have shown that changes in intracellular calcium
regulate a multitude of central processes. These include the
regulation of iodide efflux (2–4) and the regulation of both
proliferation and synthesis of DNA (5, 6). Furthermore, the
TSH-evoked effects in thyroid cells may also be modified by
changes in intracellular calcium (2, 7). In addition, the regula-
tion of TSH receptor expression (8) as well as the expression
and dimerization of thyroglobulin (9, 10) is dependent on
changes in intracellular calcium.Many agonists (e.g.ATP,ADP,
UTP, and sphingosine 1-phosphate) and TSH evoke potent
changes in intracellular free calcium through activation of
G-protein-coupled receptors (11–16). Part of these changes in
intracellular free calcium occurs through IP3-evoked release of
calcium sequestered in the endoplasmic reticulum. The release
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of sequestered calcium then results in a profound entry of
extracellular calcium into the cytosol due to store-operated cal-
cium entry (SOCE) (17). Furthermore, receptor-operated cal-
cium entry pathways are also present as the FRTL-5 cells
express several P2X ionotropic receptors (6).
In the present study, we showed that FRTL-5 cells express

only the TRPC2 channel of the TRPC family of calcium chan-
nels. This channel has been shown previously to be of impor-
tance only in ZP3-evoked calcium entry into sperm in rodents
(18), pheromone-evoked signaling in the vomeronasal organ
(19, 20), and regulation of erythropoietin-evoked calcium
influx in erythroid cells (21). TRPC2 mediates both receptor-
operated calcium entry and SOCE (18, 21). As TRPC2 seems to
be of great importance in regulating the function of FRTL-5
cells (22), we investigated the effect of TRPC2 on calcium
homeostasis in FRTL-5 cells. We show that the ATP-evoked
entry of calcium is mediated, at least in part, by TRPC2. Fur-
thermore, TRPC2, via protein kinase C (PKC) and STIM2,
seems to have a role in regulating basal calcium levels and ER
calcium content in thyroid cells. Thus, we have defined a novel
physiological role for the TRPC2 channel.

EXPERIMENTAL PROCEDURES

Culture medium, serum, and hormones except bovine TSH
were purchased from Invitrogen and Sigma-Aldrich. Bovine
TSHwas obtained fromDr. A. F. Parlow and the National Hor-
mone and Pituitary Program (National Institutes of Health,
Bethesda,MD). Culture disheswere obtained fromFalcon Plas-
tics (Oxnard, CA). Fura-2/AM, penicillin/streptomycin, and
trypsin were from Invitrogen, and thapsigargin was from Enzo
Life Sciences (Farmingdale, NY). mCherry-STIM1, YFP-
STIM2, and TRPC2 plasmids were a kind gift fromDr. Richard
S. Lewis (Stanford University), Dr. Tobias Meyer (Stanford
University), and Dr. Catherine Dulac (Harvard University),
respectively. Orai1 R91W plasmid and Orai1 S27A/S30A plas-
mid were from Dr. Anjana Rao (Harvard University) and Dr.
Stefan Feske (New York University), respectively. The trun-
cated formofTRPC2 (TRPC2-DN)was obtained fromDr.Gen-
evieve Bart (University of Eastern Finland) (23). TRPC2DN is
C-terminally truncated after the fifth transmembrane segment,
lacks the pore region of the channel, and has a dominant nega-
tive effect (23). PKC�, -�I, -�II, -�, -�, -�, -�, and -� antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA). TRPC2
antibody was obtained from Novus Biologicals (Littleton, CO).
The secondary antibodies used were horseradish peroxidase-
conjugated anti-mouse and anti-rabbit antibodies from Sigma-
Aldrich. PKC classical (CSVEIWD) and PKC� (MRAAEDPM)
activator peptides coupled to a membrane-permeable peptide
(CYGRKKRRQRRR) (24, 25) were from KAI Pharmaceuticals
(South San Francisco, CA).
Cell Culture—Rat thyroid FRTL-5 cellswere grown inCoon’s

modified Ham’s F-12 medium supplemented with 5% calf
serum and six hormones (10�g/ml insulin, 5�g/ml transferrin,
10 nM hydrocortisone, 10 ng/ml tripeptide Gly-L-His-L-Lys, 0.3
milliunit/ml TSH, and 10 ng/ml somatostatin) in a water-satu-
rated atmosphere of 5% CO2 and 95% air at 37 °C. Themedium
for the TRPC knockdown cells and their controls contained
puromycin (1�g/ml). The cells were grown for 7–8 days, incor-

porating two to three changes ofmediumwith the finalmedium
change 24 h before an experiment.
Generation of Stable TRPC2 Knockdown Cell Lines—FRTL-5

cells were plated on 12-well plates. The following day, transfec-
tions were carried out with FuGENE HD (Roche Applied Sci-
ence) and shRNA plasmids (SABiosciences, Frederick, MD)
according to the manufacturers’ instructions. 48 h post-trans-
fection, untransfected cells were killed with 1 �g/ml puromy-
cin. Puromycin was included in the growthmedium from there
on. The insert sequences used were GGAATCTCATTCGAT-
GCATAC for the negative control and TCGCCCAACTG-
GACTGAGATTGT for TRPC2 (22).
Measurement of [Ca2�]i—Cells were grown in 35-mm cell

culture dishes on polylysine-coated coverslips (diameter, 2.5
cm). After 2–4 days of culture, the cells were washed in HBSS
buffer (118 mMNaCl, 4.6 mM KCl, 1 mM CaCl2, 10 mM glucose,
and 20 mM HEPES, pH 7.4) and incubated with Fura-2/AM
(final concentration, 2 �M) for 30 min at 37 °C. After washing
the cells once, the coverslip was mounted on an Axiovert 35
invertedmicroscopewith a Fluor 40� objective. The excitation
filters were set at 340 and 380 nm. Excitation light was obtained
using an XBO 75W/2 xenon lamp. Emission was measured at
510 nm. The shutter was controlled by a Lambda 10-2 control
device (Sutter Instruments, Novato, CA). Fluorescence images
were collected with a SensiCam 12-bit charge-coupled device
camera (PCO/CD Imaging, Kelheim, Germany). Images were
taken every 3 s to avoid bleaching, and the images were pro-
cessed using Axon Imaging Workbench (6.0) software (Axon
Instruments, Foster City, CA). The results are given as the 340/
380 nm ratio. All the experiments were performed at 37 °C. The
data shown were calculated from the changes in [Ca2�]i from
all cells measured, i.e. both responding and non-responding
cells. When experiments were performed in calcium-free
buffer, the cells were perfused with calcium-free buffer (con-
taining 0.1 mM EGTA) for 1 min, then the measurement was
started, and after 1 min, the cells were stimulated. For experi-
ments on permeabilized cells, cells were loadedwith 3�MMag-
Fura/AM for 45 min at 37 °C and then washed with KCl rinse
buffer (125 mM KCl, 25 mM NaCl, 10 mM HEPES, and 0.2 mM

MgCl2, pH 7.25). Cells were then permeabilized with intracel-
lular buffer (KCl rinse buffer with 200 �M CaCl2 and 500 �M

EGTA, pH7.25) containing 10�g/ml digitonin.When�80% of
the cells were permeabilized, excess digitonin was rinsed away
by perfusion with intracellular buffer (26).
Electrophysiology—FRTL-5 cells were plated at low density

onto 13-mm coverslips kept in 24-well plates and grown in
Coon’s 6H medium as above for 2–6 days before the experi-
ments. Recordings were done at a room temperature of
23–25 °C in a recording chamber (volume, 200 �l) that was
continuously perfused (flow rate, 700 �l/min).
The extracellular solution contained 150 mM NaCl, 5.4 mM

CsCl, 3.0 mM CaCl2, and 5 mMHEPES. The pH was adjusted to
7.4 with NaOH. Patch pipettes (3–8 megaohms) were filled
with a solution containing 135 mM cesium methanesulfonate,
10 mM CsCl, 4.25 mM Na2ATP, 0.5 mM LiGTP, 125 �M EGTA,
10 mM HEPES, pH 7.20 with CsOH.

Whole-cell membrane currents (27) were recorded with an
EPC-9 amplifier and Pulse software (HEKA Elektronik, Lam-
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brecht,Germany). Currentswere allowed to stabilize for at least
5 min before the experiments were started. The voltage clamp
protocol used had three segments (step-ramp-step): a 50-ms
step to a holding voltage (Vh) of �90 mV was followed by an
ascending ramp of 200 ms in duration (�0.5 mV ms�1) after
which the end voltage of 10 mVwas maintained for 50 ms. The
protocol was applied at 2-s intervals, and the cells were held at
�10 mV between the stimulation. Whole-cell capacitance and
series resistance were at least 80% compensated for, and mem-
brane currents were sampled at 2 kHz and low pass-filtered
off-line at 1 kHz.
The application of ATP (50 �M) was used to evoke mem-

brane currents in the cells. Data analysis was done using Puls-
eFit (HEKA Elektronik) and Origin (OriginLab, Northampton,
MA) software. The first trace of each ATP experiment was sub-
tracted as a leak after which the current minimum at the begin-
ning of the ramp segment was detected. The liquid junction
potentials were estimated with JPCalc software (28). A liquid
junction potential of 15mVwas subtracted off-line to represent
reversal potential (ER) values. Statistical significance was tested
with a non-paired t test.
Qualitative RT-PCR—FRTL-5 cells were grown on 60-mm

plates. The plates were washed once with ice-cold PBS, and
RNA was isolated using the Aurum total RNA minikit (Bio-
Rad) according to themanufacturer’s instructions. RNAquality
and integrity were tested by absorbance spectrometry and by
agarose gel electrophoresis. RNA concentrations were deter-
mined using the RiboGreen RNA quantitation reagent (Molec-
ular Probes). Reverse transcriptase reactions were performed
on 0.25 �g of RNA using SuperScript III reverse transcriptase
(Applied Biosystems) and oligo(dT)15 primers (Promega) fol-
lowing the manufacturers’ instructions.
The TRPC primer sequences for RT-PCR were obtained

from the literature and are listed in supplemental Table 1. The
PCR was performed in 50-�l reactions (5 �l of cDNA; 1 �M

primers; a 200 nM concentration each of dATP, dCTP, dGTP,
and dCTP; 0.5 unit of DyNAzyme EXT DNA polymerase) on a
Mastercycler gradient thermal cycler (Eppendorf, Hamburg,
Germany) with the activation step at 94 °C for 5 min followed
by 30 cycles with strand separation at 94 °C for 30 s and anneal-
ing for 60 s followed by elongation at 72 °C for 60 s. Negative
controls in which reverse transcriptase was omitted from the
cDNA reaction were performed to rule out that the RNA sam-
ples were not contaminated with genomic DNA. The PCR
products was separated by gel electrophoresis and visualized
with ethidium bromide under UV light. A quantitative PCR
assay was performed to check the percentage of TRPC2 knock-
down (22).
Primer sequences forTRPC2 variants,melting temperatures,

and annealing temperatures are presented in supplemental
Table 2. Melting temperatures were calculated with the modi-
fied nearest neighbor method as instructed by the DyNAzyme
EXT data sheet. Gels were visualized and photographed with
the AlphaImager HP system (ProteinSimple, Santa Clara, CA).
PCR product bands were extracted from the gel with the

GeneJet gel extraction kit (Fermentas) according to the manu-
facturer’s instructions, and DNA preparations were further
purified by ethanol precipitation if necessary. Sequencing of

PCR products was performed by the Turku Centre for Biotech-
nology (BTK) sequencing service. For each PCRproduct, one of
its PCR primers was also used as a sequencing primer.
Western Blotting—The cells were washed three times with

ice-cold PBS and lysed in cell lysis buffer (10 mM Tris, pH 7.7,
150 mM NaCl, 7 mM EDTA, 0.5% Nonidet P-40, 0.2 mM phen-
ylmethylsulfonyl fluoride (PMSF), and 0.5% g/ml leupeptin),
the lysates were centrifuged at 13,000 rpm for 15 min at 4 °C,
and the supernatantswere collected. Protein concentrationwas
determined using the BCATM protein assay kit (Pierce). The
samples were then stored at�20 °C. Samples were subjected to
SDS-PAGE (10% polyacrylamide). The proteins were trans-
ferred onto nitrocellulose membrane (PerkinElmer Life Sci-
ences) by wet blotting. Western blot analysis was performed
using specific primary and secondary antibodies to the indi-
cated proteins. The proteinswere detected by enhanced chemi-
luminescence. Densitometric analysis was performed using
ImageJ software, and results were corrected for protein loading
by normalization for Hsc-70 expression. The normalized data
are shown in the figure legends.
Transfection with Small Interfering RNA (siRNA) and Plas-

mid Constructs—FRTL-5 (4,000,000 cells) were transfected
with 5 �M siRNA using electroporation with an exponential
protocol with a voltage of 300V and a capacitance of 975micro-
farads. The transfected cells were plated on 35-mm dishes and
used for calciummeasurement after 48 h. All siRNA constructs
were purchased from Ambion Inc. (Austin, TX). The TRPC2
cDNA was cut out from the pBluescript cloning vector with
BamHI and NcoI. After blunting the NcoI site, the fragment
was subcloned into pEGFP-C3 (Clontech) cut with BglII and
SmaI. By using the BamHI site, the initiator methionine was
deleted from the TRPC2 gene, and the fusion generated the
EGFP-TRPC2 construct. The truncated form of TRPC2 is
the N-terminal cytosolic domain with one transmembrane
domain, modulating channel trafficking to the cell membrane
or inhibiting the activation of native TRPC2 (29).
SERCA Activity Assay—For measuring the SERCA activity,

the cells were grown on 35-mm plates, harvested, and lysed
using lysis buffer (see above). The samples were centrifuged at
10,000 rpm for 15 min at 4 °C. The supernatant was discarded,
and the sediment was dissolved in HBSS buffer and sonicated,
and SERCA activity was measured according to the manufac-
turer’s instructions (Nanjing Jiancheng Bioengineering Inst.,
Nanjing City, China) (30). The kit measures inorganic phos-
phorus (Pi) content produced fromATPase activity in the sam-
ples when ATP is broken down to ADP and Pi. 1 �mol of Pi
produced by ATPase-catalyzed ATP decomposition/h/mg of
cell protein is considered as 1 ATPase activity unit (�mol of
Pi/mg of protein/h). The samples were analyzed at 590 nm
using a Viktor fluorescence analyzer (PerkinElmer Life Sci-
ences), and the colorimetric reading was normalized with the
respective total protein concentrations.
Confocal Microscopy and Image Analysis—The cells were

transfected as mentioned above with mCherry-STIM1 and
YFP-STIM2. The cells were plated onto polylysine-coated cov-
erslips. The cells were cultured for 48 hwith a change of culture
medium after 24 h. After stimulation with 0.1 mM EGTA for 10
min, the coverslips were washed three times with PBS, fixed
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using 4% paraformaldehyde, and mounted on a slide with
Mowiol. Fifteen confocal optical sections with optimized image
acquisition settings (Nyquist resolution; pinhole, 1 airy unit; no
saturation) were acquired of each sample. The cells imaged
were randomly selected from those with sufficient YFP or
mCherry expression but no extensive overexpression. All
images were acquired with exactly the same settings and in
one continuous session (to make sure that sample quality,
age, and imaging conditions were the same for each sample).
All images were taken of the cell membrane near the glass
surface at the level where the membrane first comes properly

into focus. Experiments were performed with AxioObserver
Z1 (63�/1.4 oil immersion objective) equipped with
LSM510 (Carl Zeiss Inc., Jena, Germany). Image analysis was
carried out using BioImageXD software (31). Hybrid median
filtering was first applied to remove noise, and then Otsu
thresholding was used to automatically detect meaningful
fluorescence signal. Isolated image areas only 1–2 voxels in
size were removed as noise, and the average intensity of the
remaining voxels was calculated. The hybrid median filtered
images were then thresholded again with a fixed value that
retained only the most prominent membrane patches.

FIGURE 1. Expression of the TRPC2 channel in FRTL-5 cells and knockdown of the channel using shRNA. A, RT-PCR screen of TRPC isoforms in FRTL-5
cells. � denotes the positive control RNA used for the primers. Rat testis RNA was used for all TRPCs except TRPC3 for which RNA from PC-12 cells was used.
FRTL-5 cell RNA is denoted by the letter F. � is a negative control with FRTL-5 cell RNA that has not been reverse transcribed. B and C, FRTL-5 cells express
TRPC2 splice variants F1MAE4 and Novel but not the full-length protein. Primers were designed to discriminate between the different TRPC2 splice
variants. For each primer pair, the expected product size, the variants detected by the primer pair, and the obtained PCR products are shown. The
templates are rat testis cDNA (T), FRTL-5 cDNA (F), and FRTL-5 RNA (�). D, Western blots showing the expression of TRPC2 in shC and shTRPC2 cells (shC,
1.0 � 0.20; shTRPC2 0.33 � 0.07; n � 3; p � 0.05). The number above the blot indicates the relative amount of protein. E, Western blot of HEK-293 cells
transfected with TRPC2 (HEK-TRPC2-GFP), mock-transfected HEK-293 cells (HEK-YFP), and wild-type FRTL-5 cells (FRTL-5-WT). The blot is representative
of three experiments with similar results.

TRPC2 Channels in FRTL-5 Cells

44348 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 53 • DECEMBER 28, 2012



Object separation was then used to separate patches touch-
ing each other, and after removing objects 1–2 voxels in size,
the number of patches was calculated. For every cell, the
result was divided by the number of voxels analyzed in the
first step (representing the amount of plasma membrane

analyzed). This was done to compensate for variations in cell
size. The final results were statistically analyzed with a two-
tailed heteroscedastic t test.
Statistics—The results are expressed as the mean � S.E. Sta-

tistical analysis was made using Student’s t test. When three or

FIGURE 2. ATP-evoked calcium entry is decreased in shTRPC2 cells. A, panel a, representative traces of shC, shTRPC2, shC-YFP, shTRPC2-YFP, and
shTRPC2-rescue cells stimulated with 10 �M ATP in a calcium-containing buffer. Panel b, bar diagram showing the basal Fura-2 ratio before stimulating
with 10 �M ATP. Panel c, bar diagram showing the ATP-evoked calcium peak amplitude after adding 10 �M ATP. The bars give the mean � S.E. (error bars)
of at least 45 cells in each group (***, p � 0.001; **, p � 0.01; *, p � 0.05; NS, not significant). B, concentration-response curve for ATP-evoked calcium
peak amplitude in [Ca2�]i in a calcium-containing buffer in shC cells and shTRPC2 cells. The bars give the mean � S.E. (error bars) of at least 60 cells in
each group. A significant (***, p � 0.001) difference was observed between the shC cells and the shTRPC2 cells. C, panel a, representative traces of
wild-type FRTL-5 cells transfected with YFP or a non-conducting mutant of TRPC2 (TRPC2-DN) and stimulated with 10 �M ATP in a calcium-containing
buffer. Panel b, bar diagram showing the basal Fura-2 ratio before stimulating with 10 �M ATP. Panel c, bar diagram showing the calcium peak amplitude
after adding 10 �M ATP. The bars give the mean � S.E. (error bars) of at least 35 cells in each group (**, p � 0.01). All the data shown were calculated from
the changes in [Ca2�]i from all cells measured, i.e. both responding and non-responding cells. D, ATP (50 �M)-evoked membrane currents are suppressed
in shTRPC2 cells (red; n � 8) compared with shC cells (blue; n � 10). The ATP responses of shTRPC2 cells appeared as brief transients that recovered
quickly. The responses in shC cells were more sustained and showed only partial recovery. The time window used for statistical analysis is delineated
with a gray line. In the insets, the current (I)-voltage (V) characteristics of membrane currents of shC cells (left) and shTRPC2 cells (right) are shown in the
absence (black) and presence of ATP (blue and red) (**, p � 0.01). Perfusion with ATP evoked clear responses in seven of eight shC cells and six of 10
shTRPC2 cells. F, farad.
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moremeanswere tested, one-way analysis of variance and Bon-
ferroni’s post hoc test were used. A p value below 0.05 was
considered statistically significant.

RESULTS

Expression of the TRPC2 Channel in FRTL-5 Cells—RT-
PCR screening of TRPCs showed that only TRPC2 was
expressed in FRTL-5 cells (Fig. 1A). There are five TRPC2
splice variants listed in the Ensembl Genome Browser data-

base: full-length TRPC2, Novel, E9PTB1, F1LS15, and
F1MAE4. We designed PCR primers to determine which of
these variants are expressed in FRTL-5 cells. The areas of
mRNA detected by each primer pair are presented in supple-
mental Fig. 1A.
Based on the PCR products (Fig. 1, B and C), FRTL-5 cells

express only variants F1MAE4 and Novel. Primer pairs 5 � 6
and 8 � 10 did not give the expected products, indicating that
full-length TRPC2, E9PTB1, and F1LS15 are not expressed.
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The bands of expected size given by primer pairs 1 � 2 and 3 �
4 and by primer pairs 5 � 7 and 8 � 9 can be explained by
expression of F1MAE4 andNovel, respectively. Sequencingwas
used to confirm that the FRTL-5 PCR products were derived
from TRPC2 variants.
We next made a stable TRPC2 knockdown cell line

(shTRPC2) using the shRNA technique (22). As measured on
the mRNA level with quantitative real time PCR, the knock-
down was 90 (22) and 66% (shC, 1.0 � 0.20; shTRPC2; 0.33 �
0.07; n � 3; p � 0.05) on the protein level (Fig. 1D). To study
the specificity of the antibody used, we transfected TRPC2 to
HEK-293 cells (which do not endogenously express TRPC2).
As can be seen in Fig. 1E, the antibody detected TRPC2 in
TRPC2-transfected cells but not in mock-transfected con-
trol cells.
ATP-evoked Calcium Entry Is Decreased in TRPC2 Knock-

down Cells—ATP is a well known agonist evoking calcium sig-
naling in FRTL-5 cells (7, 13, 32), but it is unclear which chan-
nels are responsible for ATP-evoked calcium entry. TRPC2
channels are activated by ATP-evoked stimulation (18). When
shC and shTRPC2 cells were stimulatedwithATP in a calcium-
containing buffer, there was a marked reduction in the ATP-
evoked calcium peak amplitude (i.e. �F340/F380) in shTRPC2
cells compared with shC cells (Fig. 2A). This reduction was
evident at all concentrations of ATP used (Fig. 2B). Impor-
tantly, transient transfection of TRPC2 in shTRPC2 (shTRPC2-
rescue) rescued the ATP-evoked calcium peak amplitude (Fig.
2A). Knockdown of TRPC2 did not affect basal calcium levels in
FRTL-5 cells (Fig. 2A). Transfection of a truncated, non-con-
ducting mutant of TRPC2 (TRPC2-DN) in wild-type FRTL-5
cells also attenuated the ATP-evoked calcium peak amplitude
(Fig. 2C). Patch clamp experiments also revealed a pronounced
reduction in the ATP-evoked inward current in shTRPC2 cells
compared with shC cells (Fig. 2D). The inward calcium peak
amplitude of the ATP-evoked currents at �90 mV was signifi-
cantly smaller in shTRPC2 cells (�2.4 � 0.4 A farad�1; n � 10)
compared with shC cells (�13.6 � 1.4 A farad�1; n � 8; p �
0.001). Thus, a decreased expression of TRPC2 in FRTL-5 cells
potently hampered ATP-evoked calcium entry.
Knockdown of TRPC2Affects the ERCalciumContent butNot

Store-operated Calcium Entry in shTRPC2 Cells—In a calcium-
free buffer, we did not observe any differences in the ATP-
evoked calcium peak amplitude between shTRPC2 cells and
shC cells (Fig. 3A). There was no difference in any given con-

centration of ATP (Fig. 3B). However, a careful analysis of the
ATP-evoked calcium peak amplitude in a calcium-free buffer
showed that the areas under the ATP curve (i.e. calcium
released from the ER) were slightly, but significantly, smaller in
shTRPC2 cells compared with shC cells (Fig. 3A, panel d). This
suggested that the calcium content in the ER was smaller in
shTRPC2 cells compared with shC cells. To investigate this
possibility further, we stimulated cells in a calcium-free buffer
with 2 �M ionomycin, a potent, highly selective calcium iono-
phore (33). As can be seen in Fig. 3C, the release of calcium from
the ER in shTRPC2 cells was significantly smaller compared
with the release seen in shC cells. In addition, in permeabilized
cells inwhich the ERwas loadedwithMag-Fura, the ER calcium
level as well as the amount of calcium released by ionomycin
was significantly smaller in shTRPC2 cells compared with shC
cells (Fig. 3D).
Thapsigargin (Tg) is a potent endoplasmic reticulum Ca2�-

ATPase inhibitor, depleting intracellular calcium stores and
evoking substantial SOCE in FRTL-5 cells (17). Knockdown of
TRPC2 channels did not attenuate the calcium peak amplitude
evoked by 1 �M Tg (Fig. 3E). In shTRPC2 cells, the effect of
readdition of calcium to cells treated with Tg in a calcium-free
buffer did not in any way differ from that seen in shC cells,
suggesting that TRPC2mainly functions as a receptor-operated
calcium channel in FRTL-5 cells (Fig. 3E). However, when the
area under the curve for the Tg-evoked calcium response was
measured, we observed that the response was significantly
smaller in shTRPC2 cells compared with shC cells (Fig. 2E,
panel c). Taken together, our results show that the calcium
content in the ER was smaller in shTRPC2 cells compared with
shC cells.
Knockdown of TRPC2 Increased Basal Calcium Entry and

Decreased SERCA Activity in shTRPC2 Cells—In unstimulated
shTRPC2 cells, we observed that readdition of calcium (final
concentration, 1 mM) to these cells in a calcium-free buffer
evoked an enhanced increase in [Ca2�]i compared with shC
cells (Fig. 4A). To further confirm our observation, the experi-
ment was carried out by removing and readding calcium and
measuring the increase in [Ca2�]i in shC and shTRPC2 cells.
Also in this experimental design, the increase in [Ca2�]i was
enhanced in shTRPC2 cells compared with shC cells (supple-
mental Fig. 1C). The difference in the increase in [Ca2�]i was
attenuated in rescue experiments where TRPC2 was trans-
fected to shTRPC2 cells (Fig. 4B) and was mimicked by trans-

FIGURE 3. Effect of knockdown of TRPC2 on ER calcium content and store-operated calcium entry. A, panel a, representative trace of shC and shTRPC2 cells
stimulated with 10 �M ATP in a calcium-free buffer. The cells were incubated in calcium-free buffer for 2 min before stimulating with ATP. Panel b, bar diagram
showing the basal Fura-2 ratio before stimulating with 10 �M ATP. Panel c, bar diagram showing the ATP-evoked calcium peak amplitude after adding 10 �M

ATP. Panel d, bar diagram showing the area under the ATP-evoked calcium peak amplitude (time, 0 –200 s) for experiments shown in panel a (129.6 � 3.88 and
104.6 � 2.2 arbitrary units in shC and shTRPC2, respectively; ***, p � 0.0001). The bars give the mean � S.E. (error bars) of at least 45 cells in each group. B,
concentration-response curve for ATP-evoked calcium peak amplitude in a calcium-free buffer in shC cells and shTRPC2 cells. The bars give the mean � S.E.
(error bars) of at least 60 cells in each group. No significant difference was observed in any concentration. C, panel a, representative traces of shC and shTRPC2
cells stimulated with 2 �M ionomycin in a calcium-free buffer. Panel b, bar diagram showing the basal Fura-2 ratio before adding 2 �M ionomycin. Panel c, bar
diagram showing the calcium peak amplitude after adding ionomycin. Each bar gives the mean � S.E. (error bar) of at least 55 cells in each group (***, p � 0.001).
D, panel a, effect of 2 �M ionomycin on ER calcium content in permeabilized shC and shTRPC2 cells loaded with Mag-Fura. The traces shown are mean traces
of all measurements. Panel b, bar diagram showing the basal ER Fura-2 ratio before adding ionomycin. Panel c, bar diagram showing the decrease in ER calcium
content after adding 2 �M ionomycin. Each bar gives the mean � S.E. (error bar) of at least 60 cells in each group (***, p � 0.001). E, panel a, representative traces
showing Tg (final concentration, 1 �M)-evoked changes in shC and shTRPC2 cells in calcium-free buffer and the effect of readdition of calcium (final concen-
tration, 1 mM). Panel b, bar diagram showing the summary of experiments in a. Each bar gives the mean � S.E. (error bar) of at least 110 cells in each group. Panel
c, bar diagram showing the area under the Tg curve (time, 0 – 400 s) for experiments shown in A (115.4 � 1.89 and 92.8 � 2.03 arbitrary units in shC and shTRPC2,
respectively; p � 0.0001). All the data shown were calculated from the changes in [Ca2�]i from all cells measured, i.e. both responding and non-responding cells.
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fecting wild-type FRTL-5 cell with the non-conducting
TRPC2-DNmutant (Fig. 4C). The decreased content of calcium
in theER (see Fig. 2,A–E) could be due to decreased SERCAactiv-
ity (34, 35); thus, SERCA activity was measured (30). The results
showedadecreasedactivityofSERCAinshTRPC2cells compared
with shC cells (Fig. 4D). In TRPC2-DN cells, the activity was also
significantly decreased compared with control FRTL-5-YFP cells

(Fig. 4D). Thus, the decreased ER calcium content and concomi-
tant enhancedbasal calciumentry in shTRPC2cellswereprobably
due to decreased SERCA activity.
Pretreatment with PKC Inhibitor GF109203X Increased Basal

Calcium Influx and OAG-induced Increase in shC Cells—
PKC is a potent regulator/inhibitor of calcium entry in FRTL-5
cells (17) and may also regulate calcium entry and the calcium

FIGURE 4. Effect of knockdown of TRPC2 on basal calcium entry and SERCA activity. A, panel a, representative traces of shC and shTRPC2 cells stimulated
with 1 mM Ca2� in a calcium-free buffer. Panel b, bar diagram showing the basal Fura-2 ratio before adding 1 mM Ca2�. Panel c, bar diagram showing the increase
in [Ca2�]i after adding 1 mM Ca2�. Each bar gives the mean � S.E. (error bar) of at least 65 cells in each group (***, p � 0.001). B, panel a, re-expression of TRPC2
in shTRPC2 cells (shTRPC2-rescue) abolishes the difference in basal calcium entry between shTRPC2 and shC cells. Panel b, bar diagram showing the basal
Fura-2 ratio before adding 1 mM Ca2�. Panel c, bar diagram showing the increase in [Ca2�]i after adding 1 mM Ca2�. Each bar gives the mean � S.E. (error bar)
of at least 39 cells in each group (***, p � 0.001). C, panel a, representative traces showing addition of calcium (final concentration, 1 mM) to wild-type FRTL-5
cells transfected with YFP or a non-conducting mutant of TRPC2 (TRPC2-DN) in a calcium-free buffer. Panel b, bar diagram showing the basal Fura-2 ratio before
adding 1 mM Ca2�. Panel c, bar diagram showing the increase in [Ca2�]i after adding 1 mM Ca2�. The bars give the mean � S.E. (error bars) of at least 48 cells in
each group (*, p � 0.05). All the data shown were calculated from the changes in [Ca2�]i from all cells measured, i.e. both responding and non-responding cells.
D, comparison of SERCA activity in shC and shTRPC2 cells and wild-type FRTL-5 cells transfected with YFP or TRPC2-DN. Each bar gives the mean � S.E. (error
bar) of four separate measurements (**, p � 0.01; ***, p � 0.001).
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content in the ER of several cell types. To test a possible role of
PKC, we treated the cells with the PKC inhibitor GF109203X (1
�M for 2min). GF109203X did not affect the increase in [Ca2�]i
when calcium was readded to shTRPC2 cells in a calcium-free
buffer, but the increase in [Ca2�]i in shC cells was enhanced
to the same levels as in shTRPC2 cells (Fig. 5A). To check
whether a receptor-operated channel is involved in FRTL-5
cells, the calcium peak amplitude increase was measured in
cells pretreated with 1 �M GF109203X and 50 �M OAG (an
analog of DAG) (supplemental Fig. 1C). The response was
also studied in the wild-type FRTL-5 cells in which the addi-
tion of 100 �M OAG (in the presence of 1 �M GF109203X)
evoked a rapid and substantial increase in [Ca2�]i (supple-
mental Fig. 1D). Furthermore, 50 �M OAG enhanced the
peak amplitude in basal calcium influx in the presence of 1
�M GF109203X in shC cells but not in shTRPC2 cells (Fig.
5B). These results point to a role of PKC in calcium regula-
tion and are further proof of the existence of TRPC2 chan-
nels in FRTL-5 cells.
Decreased Expression of PKC�I and PKC� in shTRPC2 Cells—

Previous studies (36) have revealed the expression of PKC iso-
forms �, �I, �II, �, �, �, �, and � in FRTL-5 cells. In shTRPC2
cells, the expression of PKC�I and PKC� was decreased com-
pared with control cells (Fig. 6A and supplemental Fig. 4, A and
B). Pretreatment of wild-type FRTL-5 cells with a 5�M concen-
tration of a PKC� activator (MRAAEDPM-CYGRKKRRQRRR)
for 2 h attenuated the increase in [Ca2�]i evoked by readdition

of calcium in a calcium-free buffer (Fig. 6B). A PKC� and -�
(classical; CSVEIWD-CYGRKKRRQRRR) activator did not
reduce the increase in [Ca2�]i (Fig. 6C), but the area under the
curve for the calcium response was slightly, but significantly,
smaller in magnitude compared with control cells (107 � 3.7
and 95 � 3.2 arbitrary units in control and PKC classical acti-
vator-treated cells, respectively; p � 0.01). PKC�1 and PKC�
were also down-regulated in TRPC2-DN cells when compared
with FRTL-5-YFP cells (Fig. 6,D andE). Hence, TRPC2 appears
to regulate PKC� and PKC�1 expression, and PKC� in turn
seems to have a role in regulating basal calcium entry in FRTL-5
cells.
The STIM2 Protein Is Constitutively Translocated into

Puncta in TRPC2KnockdownCells—It has been shown that the
STIM proteins may regulate both basal calcium entry and cal-
cium entry after calcium depletion of the ER (37). Thus, we
overexpressed mCherry-tagged STIM1 or YFP-tagged STIM2
in our cells. Image analysis using the BioImageXD software (31)
indicated that in unstimulated cells STIM2 showed an
enhanced punctum formation in shTRPC cells compared with
shC cells (Fig. 7, A–D). After a 10-min incubation in calcium-
free buffer containing 0.1 mM EGTA, strong STIM2 puncta
were evident in both shTRPC2 and shC cells. However, in
mCherry-STIM1-expressing cells, we did not see any difference
in the puncta formed in either shC or shTRPC2 cells even after
a 10-min incubation in 0.1 mM EGTA buffer (Fig. 7, E–H). To
ensure that the mCherry-STIM1 protein was functional, we

FIGURE 5. Importance of PKC in regulating basal calcium entry in shC and shTRPC2 cells. A, panel a, representative traces showing that pretreatment with
GF109203X (GFX; 1 �M for 2 min) enhances calcium entry in shC cells to the same level as in shTRPC2 cells. Panel b, bar diagram showing the basal Fura-2 ratio
before adding 1 mM Ca2�. Panel c, bar diagram showing the increase in [Ca2�]i after adding 1 mM Ca2�. Each bar gives the mean � S.E. (error bar) of at least 65
cells in each group (*, p � 0.05). B, panel a, representative traces showing that pretreatment with GF109203X (1 �M for 2 min) enhances 50 �M OAG-induced
calcium entry in shC cells but not in shTRPC2 cells. Panel b, bar diagram showing the basal Fura-2 ratio before adding 1 mM Ca2�. Panel c, bar diagram showing
the increase in [Ca2�]i after adding 1 mM Ca2�. Each bar gives the mean � S.E. (error bar) of at least 70 cells in each group (*, p � 0.05). All the data shown were
calculated from the changes in [Ca2�]i from all cells measured, i.e. both responding and non-responding cells.
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treated the cells with Tg (1 �M for 10 min), and in these exper-
iments, puncta were formed in both shC and shTRPC2 cells
(supplemental Fig. 2, A and B). Additional images showing the
STIM2-YFP expression in shC and shTRPC2 cells after 10-min
incubation in 0.1 mM EGTA is also shown (supplemental Fig. 3,
A and B).
Knockdown of PKC� Enhanced Basal Calcium Entry, STIM2

Translocation to the PlasmaMembrane, andDecreased SERCA
Activity—To confirm a role for PKC� or PKC�I in regulating
the basal calciumentry, we down-regulated these PKC isoforms
with siRNA in wild-type FRTL-5 cells (Fig. 8A). When either

PKC�I (siPKC�1) or PKC� (siPKC�) was down-regulated and
calcium was readded to these cells in calcium-free buffer, the
increase in [Ca2�]i was enhanced compared with control (siC)
cells (Fig. 8B). In unstimulated cells overexpressing YFP-
tagged STIM2, an enhanced punctum formation was
observed in siPKC�, but not in siPKC�, cells compared with
siC cells (Fig. 8, C and D). Furthermore, the SERCA activity
was attenuated in siPKC� cells when compared with siC
cells, whereas siRNA knockdown of PKC�1 did not reduce
the SERCA activity (Fig. 8E). Taken together, the results sug-
gest that TRPC2 is of importance not only in regulating ago-

FIGURE 6. PKC� regulates basal calcium entry. A, expression of different PKC isoforms in shC and shTRPC2 cells. Please note the decreased expression
of PKC�1 (shC, 1.0 � 0.01; shTRPC2, 0.4 � 0.08; n � 4; p � 0.001) and PKC� (shC, 1.0 � 0.04; shTRPC2, 0.4 � 0.01; n � 4; p � 0.001) in shTRPC2 cells.
Representative blots of at least three separate experiments are shown. The number above the blot indicates the relative amount of protein. NS denotes
no significant change. B, panel a, representative traces of readdition of calcium (final concentration, 1 mM) to wild-type FRTL-5 cells pretreated with 5 �M

PKC� activator peptide for 2 h. Panel b, bar diagram showing the basal Fura-2 ratio before adding 1 mM Ca2�. Panel c, bar diagram showing the increase
in [Ca2�]i after adding 1 mM Ca2�. Each bar gives the mean � S.E. (error bar) of at least 42 cells in each group (***, p � 0.001). C, panel a, representative
traces of addition of calcium to wild-type FRTL-5 cells pretreated with a 5 �M concentration of a peptide activator of classical PKC isoforms for 2 h. Panel
b, bar diagram showing the basal Fura-2 ratio before adding 1 mM Ca2�. Panel c, bar diagram showing the increase in [Ca2�]i after adding 1 mM Ca2�.
Each bar gives the mean � S.E. (error bar) of at least 50 cells in each group. All the data shown were calculated from the changes in [Ca2�]i from all cells
measured, i.e. both responding and non-responding cells. D and E, expression of PKC�1 (YFP, 1.0 � 0.12; TRPC2-DN, 0.6 � 0.04; n � 4; p � 0.05) and PKC�
(YFP, 1.0 � 0.08; TRPC2-DN, 0.7 � 0.03; n � 4; p � 0.05) in FRTL-5-YFP cells and TRPC2-DN cells. The number above the blot indicates the relative amount
of protein.
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nist-evoked calcium entry in FRTL-5 cells but also in regu-
lating, possibly through PKC�, SERCA activity and calcium
content in the ER and as a result of this STIM2 translocation
into membrane puncta and basal calcium entry.
Knockdown of STIM1 and STIM2 Attenuated Basal Calcium

Entry in shTRPC2 Cells—STIM and Orai1 are the key regula-
tors of SOCE (38, 39). Hence, we measured the expression of
STIM1, STIM2, and Orai1 in shC and shTRPC2 cells. We did

not find any significant differences in the expression of these
proteins between the cells (Fig. 9, A–C). To study the role of
STIM proteins in basal calcium entry, the expression of
STIM1 and STIM2 was knocked down using siRNA (Fig. 9,D
and E). siRNA knockdown of either STIM1 or STIM2
resulted in a significant decrease in basal calcium entry in
shTRPC2 cells but not in shC cells (Fig. 9, F and G). To study
the role of Orai1 in basal calcium entry, we used two

FIGURE 7. TRPC2 knockdown enhances STIM2 punctum formation. A, sample images showing confocal images of an shC and an shTRPC2 cell overexpress-
ing YFP-STIM2 in a calcium-containing buffer prior to any treatment. B, as in A, but the cells were treated with 0.1 mM EGTA for 10 min. To improve the
visualization, the original confocal sections were processed with a linear intensity transfer function (the same for every image). No color look-up table was
utilized. The result of the segmentation used for intensity calculations is shown in green, and the result of the segmentation used for patch number calculations
is shown with a different arbitrary color assigned for each patch. Scale bar, 10 �m. C, bar diagram showing the statistical analysis using the BioImageXD software
of the average intensity of patches of YFP-STIM2 in shC and shTRPC2 cells. D, bar diagram showing the average number of patches of YFP-STIM2 in shC and
shTRPC2 cells. E, sample images showing confocal images of an shC and an shTRPC2 cell overexpressing mCherry-STIM1 in a calcium-containing buffer prior
to any treatment. F, as in E, but the cells were treated with 0.1 mM EGTA for 10 min. G, bar diagram showing the statistical analysis using the BioImageXD
software of the average intensity of patches of mCherry-STIM1 in shC and shTRPC2 cells. H, bar diagram showing the average number of patches of mCherry-
STIM1 in shC and shTRPC2 cells. Each bar gives the mean � S.E. (error bar) of at least 15 images (***, p � 0.001).
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mutants, a non-functional Orai1 R91W mutant (36) and an
Orai1 S27A/S30A mutant (36) in which the PKC binding
sites are mutated. Expression of either mutant resulted in
decreased calcium entry in shTRPC2 cells (Fig. 9H). Thus,
our results suggest that the increase in basal calcium entry in
shTRPC2 cells is due to enhanced Orai1-STIM interactions.

DISCUSSION

In the present report we show, for the first time, that TRPC2
is a major regulator of calcium signaling in rat thyroid FRTL-5
cells. We show that the ATP-evoked calcium entry is mediated
by TRPC2 at least in part. Furthermore, TRPC2 participates in
regulating basal calcium entry in the cells probably by regulat-
ing the calcium content in the ER. We also show that the func-

tional TRPC2 channel in FRTL-5 cells is a short TRPC2 splice
variant. Our observations suggest that TRPC2 plays a more
important role in regulating physiological events than previ-
ously believed.
Sequence databases contain several predicted sequences for

rat TRPC2 splice variants, but to our knowledge, there are no
published data on the function of the different TRPC2 variant
proteins. We found that FRTL-5 cells express the short TRPC2
variants named F1MAE4 and Novel, and according to our
results, F1MAE4 is a functional calcium channel whose knock-
down has clear effects on calcium signaling.We did not address
the function of the Novel variant in this study. It may work
similarly to the mouse TRPC2 variant smTRPC2, which has
been shown to modulate activity of other mouse TRPC2 vari-

FIGURE 8. Effects of knockdown of PKC� on basal calcium entry, STIM2 translocation, and SERCA activity in wild-type FRTL-5 cells. A, Western blot
analysis of expression of PKC�1 (siC, 1.0 � 0.09; siPKC�1, 0.6 � 0.01; n � 3; p � 0.05) and PKC� (siC, 1.0 � 0.17; siPKC�, 0.6 � 0.08; n � 4; p � 0.05) in siRNA
knockdown cells. The number above the blot indicates the relative amount of protein. B, panel a, representative traces of addition of 1 mM calcium to siC,
siPKC�1, and siPKC� cells in a calcium-free buffer. Panel b, bar diagram showing the basal Fura-2 ratio before adding 1 mM Ca2�. Panel c, bar diagram showing
the increase in [Ca2�]i after adding 1 mM Ca2�. Each bar gives the mean � S.E. (error bar) of at least 39 cells in each group. All the data shown were calculated
from the changes in [Ca2�]i from all cells measured, i.e. both responding and non-responding cells. C, bar diagram showing the statistic analysis using the
BioImageXD software of the average intensity of patches of GFP-STIM2 in siC, siPKC�1, and siPKC� cells. D, bar diagram showing the average number of patches
of GFP-STIM2 in siC, siPKC�, and siPKC� cells. Each bar gives the mean � S.E. (error bar) of at least 15 images. E, SERCA activity of siC, siPKC�1, and siPKC� cells.
Each bar gives the mean � S.E. (error bar) of four experiments (*, p � 0.05; **, p � 0.01; ***, p � 0.001; NS denotes no significance).
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ants (29). Like smTRPC2, Novel also represents a short N-ter-
minal sequence of the predicted full-length TRPC2 and due to
minimal transmembrane structure is perhaps unlikely to form a
functional channel.
The regulation of TRPCs may occur via two major pathways

(40–42). One pathway is activated by depletion of calcium

stores in the endoplasmic reticulum as a result of receptor-
evoked activation of phospholipase C, the production of DAG
and IP3, and the IP3-evoked release of calcium from ER calcium
stores. This results in translocation of STIM1 to puncta in the
plasma membrane, complex formation with the Orai1 protein,
and calcium entry (43). In some reports, TRPCs, in particular
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TRPC1 and -3, are part of this complex (40, 44, 45). The cou-
pling of the adaptor protein Homer1 and IP3 receptors with
TRPCs may also participate in this regulation (46). Other stud-
ies have not observed an involvement of TRPCs (47). The other
pathway is the result of receptor-mediated activation of TRPCs
mediated by DAG (48). For TRPC2, this has been shown in
neurons from the vomeronasal organ where a DAG-induced
inward current was severely reduced in TRPC2 knock-out neu-
rons (19). In sperm, which endogenously express TRPC2, an
antibody againstTRPC2decreased both thapsigargin- and zona
pellucida 3-induced calcium entry (18). Furthermore, inward
currents were increased in HEK-293 cells transiently express-
ing TRPC2 after stimulation of purinergic receptors with ATP
(18). Thus, TRPC2 can mediate both receptor-operated cal-
cium entry and SOCE, and themode of activation of theTRPC2
channel seems to be cell-specific, requiring different partners
for signaling to proceed in different cells (21, 49–51). In our
cells, the activation of TRPC2 seems to be exclusively receptor-
mediated as the ATP-evoked calcium entry was attenuated in
shTRPC2 cells, whereas the Tg-evoked SOCE was of the same
magnitude in shC cells and shTRPC2 cells. In line with this,
calcium entry was enhanced by the DAG analog OAG.
TRPC2 can bind to the IP3 receptor either directly (19,

52–54) or through Homer1 (46, 55). In mouse erythroblasts,
TRPC2, phospholipase C, and IP3 receptors form a functional
complex that regulates erythropoietin-evoked calcium release
from the ER (21). In our cells, TRPC2 is apparently not involved
in the receptor-evoked release of calcium from the ER as we did
not observe any differences in the ATP-evoked calcium peak
amplitude increase in calcium between shC and shTRPC2 cells
when stimulated with ATP in a calcium-free buffer. However, a
careful analysis showed that in calcium-free buffer the area
under the curve of both the ATP-evoked and Tg-evoked cal-
cium release was slightly, but significantly, smaller in shTRPC2
cells compared with shC cells. Readdition of calcium to cells in
a calcium-free buffer resulted in an enhanced increase in cyto-
solic calcium in shTRPC2 cells compared with shC cells. This
suggests that TRPC2 may participate in regulating ER calcium
content. This is in line with the observed constitutive activity of
TRPC2 in our cells (22).
Recent investigations have suggested that ER calcium sensor

STIM2 is the master regulator of basal calcium entry, whereas
STIM1 is of importance in SOCE. In a recent publication,
Brandman et al. (56) showed that a small decrease in the cal-
cium content of the ER resulted in a substantial translocation of
STIM2 to puncta. In these experiments, no effect was seen on
the translocation of STIM1.We observed a significant increase

in STIM2 puncta in shTRPC2 cells and suggest that this is due
to the decreased calcium content in the ER. We did not detect
any significant difference in STIM1 localization between
shTRPC2 cells and control cells. However, knockdownof either
STIM1 or STIM2 with siRNA potently attenuated calcium
entry in shTRPC2 cells but not in shC cells. The results suggest
that STIM1 may also participate in regulating calcium entry
(and store refilling) in shTRPC2 cells. ERK1/2 phosphorylation
is dramatically increased in shTRPC2 cells (22). As STIM1 also
can be found in the plasma membrane (57, 58) and as ERK1/2
phosphorylation of STIM1 is necessary for calcium entry (59),
the enhanced ERK1/2 phosphorylationmay explain our results.
Presently no information regarding ERK1/2 and phosphoryla-
tion of STIM2 is available, but considering the very close
homology between STIM1 and STIM2, we cannot exclude that
ERK1/2 also affects STIM2, enhancing calcium uptake. Inter-
estingly, PKC seems to have a crucial role in the translocation of
STIM2 as knockdown of PKC� resulted in an enhanced trans-
location of STIM2 into puncta.
PKC is a regulator of calcium entry in several cell types,

including FRTL-5 cells (17). Themechanism is still unclear, but
recent studies have shown that at least PKC�I phosphorylates
Orai1, attenuating SOCE (36). In shTRPC2 cells, the expression
of PKC�I and PKC� was decreased. We do not know by what
mechanismTRPC2 knockdownmay decrease the expression of
PKC�1 and PKC�, but by knockdown of PKC�1 and PKC� in
native FRTL-5 cells, basal calcium entry was enhanced. As
expected, when the cells were transfected with a non-conduct-
ingOrai1mutant, the difference in calcium entry was abolished
between shTRPC2 cells and shC cells. Interestingly, a similar
result was obtained when the cells were transfected with an
Orai1 mutant in which the PKC phosphorylation sites were
mutated. Presently, we do not have an explanation for this sur-
prising finding as the mutant significantly increased SOCE in a
recent report (36).
However, the above results do not fully explain why the ER

calcium load was smaller in shTRPC2 cells. In addition to reg-
ulating Orai1 and STIM phosphorylation (at least indirectly),
PKC may also regulate SERCA function. Indeed, the SERCA
activity in shTRPC2 cells was clearly decreased. Furthermore,
expression of a truncated TRPC2 or down-regulation of PKC�
with siRNA also attenuated SERCA activity. Although the
mechanism by which PKC� may regulate SERCA function is
unclear in our cells, the decreased SERCA activity probably
explains the smaller ER calcium content in shTRPC2 cells. This
in turn induced STIM2punctum formation and increased basal
calcium entry.

FIGURE 9. siRNA knockdown of STIM1 and STIM2 and transfection with mutant Orai1 decrease basal calcium influx in shTRPC2 cells. A, B, and C, Western
blot analysis shows no significant difference in the expression of STIM1 (shC, 1.0 � 0.08; shTRPC2, 1.3 � 0.01; n � 3), STIM2 (shC, 1.0 � 0.19; shTRPC2, 1.1 � 0.24;
n � 3), and Orai1 (shC, 1.0 � 0.07; shTRPC2, 0.9 � 0.24; n � 4), respectively, in shC and shTRPC2 cells. NS denotes no significance. D, Western blots showing
knockdown of STIM1 using siRNA (shC-siC, 1.0 � 0.29; shC-STIM1, 0.2 � 0.03; n � 3; p � 0.05; shTRPC2-siC, 1.0 � 0.20; shTRPC2-siSTIM1, 0.1 � 0.03; n � 3; p �
0.05). E, Western blots showing knockdown of STIM2 using siRNA (shC-siC, 1.0 � 0.37; shC-siSTIM2; 0.2 � 0.03; n � 5; p � 0.05; shTRPC2-siC, 1.0 � 0.16;
shTRPC2-siSTIM2, 0.3 � 0.09; n � 5; p � 0.001). The number above the blot indicates the relative amount of protein. F, panel a, representative traces of addition
of 1 mM calcium to shC-siC, shC-STIM1, shTRPC2-siC, and shTRPC2-siSTIM1 cells. Panel b, bar diagram showing the increase in [Ca2�]i after adding 1 mM Ca2�.
Each bar gives the mean � S.E. (error bar) of at least 40 cells in each group. G, panel a, representative traces of addition of 1 mM calcium to shC-siC, shC-STIM2,
shTRPC2-siC, and shTRPC2-siSTIM2 cells. Panel b, bar diagram showing the increase in [Ca2�]i after adding 1 mM Ca2�. Each bar gives the mean � S.E. (error bar)
of at least 40 cells in each group. H, transfection with the Orai1 R91W or the Orai1 S27A/S30A mutant abolished the difference in basal calcium entry between
shC and shTRPC2 cells. Calcium (final concentration, 1 mM) was readded to cells in a calcium-free buffer, and the increase in [Ca2�]i was measured. The bars give
the mean � S.E. (error bars) of at least 30 cells (NS, not significant; *, p � 0.05; **, p � 0.01; ***, p � 0.001). All the data shown were calculated from the changes
in [Ca2�]i from all cells measured, i.e. both responding and non-responding cells.
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In conclusion, we have shown that rat thyroid FRTL-5 cells
express only the TRPC2 channel of the TRPC family of ion
channels. In these cells, TRPC2 functions as a receptor-oper-
ated calcium channel. In addition, our data suggest that TRPC2
participates in regulating basal calcium entry. We propose that
in addition to its receptor-operated mode of action TRPC2 can
participate in the regulation of ER calcium content bymodulat-
ing PKC expression and SERCA activity. Our results suggest
that TRPC2 is a master regulator of cellular calcium homeosta-
sis in rat thyroid cells and thus reveal a novel function for the
channel.
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