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Erythropoietin (Epo) stimulates a significant increase in the
intracellular calcium concentration ([Ca®*];) through activation
of the murine transient receptor potential channel TRPC2, but
TRPC2 is a pseudogene in humans. TRPC3 expression increases
on normal human erythroid progenitors during differentiation.
Here, we determined that erythropoietin regulates calcium
influx through TRPC3. Epo stimulation of HEK 293T cells
transfected with Epo receptor and TRPC3 resulted in a dose-de-
pendent increase in [Ca®"],, which required extracellular cal-
cium influx. Treatment with the phospholipase C (PLC) inhibi-
tor U-73122 or down-regulation of PLCy1 by RNA interference
inhibited the Epo-stimulated increase in [Ca®*]; in TRPC3-
transfected HEK 293T cells and in primary human erythroid
precursors, demonstrating a requirement for PLC. TRPC3 asso-
ciated with PLCy, and substitution of predicted PLCy Src
homology 2 binding sites (Y226F, Y555F, Y648F, and Y674F) on
TRPC3 reduced the interaction of TRPC3 with PLCy and inhib-
ited the rise in [Ca®*],. Substitution of Tyr>?® alone with pheny-
lalanine significantly reduced the Epo-stimulated increase in
[Ca®*], but not the association of PLCy with TRPC3. PLC acti-
vation results in production of inositol 1,4,5-trisphosphate
(IP;). To determine whether IP, is involved in Epo activation of
TRPC3, TRPC3 mutants were prepared with substitution or
deletion of COOH-terminal IP; receptor (IP;R) binding
domains. In cells expressing TRPC3 with mutant IP;R binding
sites and Epo receptor, interaction of IP;R with TRPC3 was
abolished, and Epo-modulated increase in [Ca®*]; was reduced.
Our data demonstrate that Epo modulates TRPC3 activation
through a PLCy-mediated process that requires interaction of
PLCyand IP,;R with TRPC3. They also show that TRPC3 Tyr>2¢
is critical in Epo-dependent activation of TRPC3. These data
demonstrate a redundancy of TRPC channel activation mecha-
nisms by widely different agonists.
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Erythropoietin (Epo)? is a glycoprotein that is required for
proliferation and differentiation of erythroid cells (1, 2). The
erythropoietin receptor (Epo-R) is a member of the cytokine
receptor superfamily, members of which share many signal
transduction pathways (3). Epo has been shown to stimulate a
dose-dependent increase in [Ca®"], that is mediated through a
voltage-independent ion channel (4-6). In electrophysiologi-
cal studies of normal human erythroid progenitor-derived cells,
Epo stimulation increased calcium channel mean open time
2.5-fold and open probability 10-fold (5). To identify specific
channels activated by erythropoietin, members of the transient
receptor potential (TRP) protein superfamily were studied,
because these channels have characteristics similar to those
observed in electrophysiological studies of human erythro-
blasts (5). We determined that TRPC2, TRPC3, and TRPC6 are
expressed on primary erythroid cells and that erythropoietin
stimulated calcium influx through murine TRPC2 but not
TRPC6 (7-9). Erythropoietin modulated calcium influx
through TRPC2 through signaling mechanisms dependent on
complex formation between TRPC2, Epo-R, phospholipase Cy
(PLCY), and the inositol 1,4,5-trisphosphate receptor (IP;R),
activation of PLCy, and interaction of TRPC2 with IP;R (10).
However, because TRPC2 is a pseudogene in humans (11), we
hypothesized that the function of TRPC2 is provided by a dif-
ferent calcium-permeable channel in human erythroid cells.

Calcium is a universal intracellular second messenger that
influences many cell functions and in erythroid cells has an
important role in colony growth and in terminal stages of dif-
ferentiation (6, 12—14). The erythropoietin receptor also has
been shown to activate Ca®>* influx in other cell types. In myo-
blasts, Epo stimulated expansion of the progenitor population
during differentiation and an increase in [Ca>"], dependent on
extracellular calcium influx (15). In neuronal cell lines, Epo
stimulated an increase in cell viability and an increase in **Ca*”"
uptake (16, 17). Determination of the mechanisms through
which the erythropoietin receptor modulates Ca>" influx is
important in understanding regulation of erythroid prolifera-
tion and differentiation as well as the role of Epo-R expression
in nonerythroid tissues and is likely to be applicable to other
cytokine receptor pathways.

2 The abbreviations used are: Epo, erythropoietin; Epo-R, Epo receptor; TRP,
transient receptor potential; PLCy, phospholipase Cvy; IP;, inositol 1,4,5-
trisphosphate; IP5R, IP3 receptor(s); SH2, Src homology 2; HEK, human
embryonic kidney; siRNA, small interfering RNA; HRP, horseradish peroxi-
dase; PBS, phosphate-buffered saline; CMV, cytomegalovirus.
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The TRP protein superfamily is a diverse group of voltage-
independent Ca®"-permeable cation channels expressed on
nonexcitable mammalian cells that are related to the archetypal
Drosophila TRP (18-21). The TRP superfamily has been
divided into six subfamilies. Many members of the TRPC sub-
family are activated after stimulation of receptors, and most of
these receptors activate different isoforms of PLC (20, 22) Acti-
vation of PLC results in hydrolysis of phosphatidylinositol
4,5-bisphosphate to inositol 1,4,5-trisphosphate (IP;) and dia-
cyclglycerol. Several mechanisms of TRPC regulation through
PLC-mediated pathways have been proposed. One mechanism
is through IP; interaction with its receptor (IP3R), resulting in
release of Ca®>" from the endoplasmic reticulum and depletion
of calcium from internal stores, triggering calcium entry across
the plasma membrane through TRPC (23). Alternatively, high
concentrations of IP; in the vicinity of IP;R, resulting from
close association of IP;R with PLC-coupled receptors, may
directly activate IP;R and the associated TRPC, whereas cal-
modulin binding inhibits TRPC activation (24). Epo stimula-
tion of its receptor induces activation of both PLCyl and
PLCy2 (25-27). Because the TRPC subfamily shares a number
of activation mechanisms and PLC+y has previously been shown
to be involved in modulation of cell surface expression of
TRPC3 (28), we explored whether Epo could modulate Ca*™"
influx in human erythroid cells through the TRPC family mem-
ber TRPC3. We determined that TRPC3 is expressed on pri-
mary human erythroblasts, that Epo modulates extracellular
calcium influx through TRPC3 in a dose-dependent manner,
and that PLC activation and interaction with TRPC3 are
required. TRPC3 with substitutions of predicted PLCy SH2
binding sites (Tyr**®, Tyr®®®, Tyr®*%, and Tyr®”*) showed
decreased association with PLCry. In contrast, substitution of
TRPC3 Tyr**® was sufficient to reduce Epo-modulated calcium
influx but not PLCy/TRPC3 interaction. Epo failed to stimulate
asignificant increase in [Ca® "], through TRPC3 with mutations
of IP;R binding sites, demonstrating that downstream of PLCry
activation, IP;R interaction with TRPC3 is required in Epo-
induced calcium influx.

EXPERIMENTAL PROCEDURES

Tissues and Cell Lines—Human embryonic kidney (HEK)
293T cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum. UT-7 cells were cultured in
minimal essential medium with 10% fetal calf serum and 0.5
units/ml erythropoietin (Amgen, Thousand Oaks, CA). TF-1
cells were cultured in RPMI 1640 medium with 10% fetal calf
serum with 5 units/ml Epo (Amgen) or 1-2 ng/ml granulocyte-
macrophage colony-stimulating factor (29). Peripheral blood
from volunteer donors was obtained under protocols approved
by the institution’s institutional review board. Human eryth-
roid precursors were obtained from cultures of peripheral
blood progenitors (BFU-E) using two methods. 1) Human BFU-
E-derived erythroblasts were harvested from methyl-cellulose
culture at days 10 and 14 as previously described (30). 2)
Human erythroid progenitors/precursors were cultured using a
two-phase liquid culture system (31, 32). Cells harvested at day
8 of Phase II were predominantly proerythroblasts and baso-
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philic normoblasts. CD34™" cells were purchased from AllCells,
LLC (Emeryville, CA).

Transfection of Human TRPC3 and Epo-R into HEK 293T
Cells—Human TRPC3 (gift of Dr. Lutz Birnbaumer) and
human TRPC3 with mutations of the PLCy SH2 or IP;R bind-
ing site were subcloned into pQBI50 (QBiogene, Carlsbad, CA)
or pcDNA 3.1/V5-His (Invitrogen). HEK 293T cells at 50 -70%
confluence were transfected with these vectors and/or pTracer-
CMYV expressing Epo-R using Lipofectamine Plus (Invitrogen)
or Lipofectamine 2000 in accordance with the manufacturer’s
recommended protocols. HEK 293T cells were routinely stud-
ied 48 h after transfection.

Measurement of [Ca®" ], with Digital Video Imaging—HEK
293T cells were transfected with empty pQBI50 vector, pQBI50
vector expressing wild type or mutant TRPC3, and pTracer-
CMYV expressing Epo-R. In some experiments, PLCy was
down-modulated with small interfering RNA (siRNA) (see
below). Successful transfection of individual HEK 293T cells
with pQBI50 vectors was verified by detection of BFP (excita-
tion, 380 nm; emission, 435 nm) and transfection of pTracer-
CMV by detection of green fluorescent protein (excitation, 478
nm; emission, 535 nm) with our fluorescence microscopy-cou-
pled digital video imaging system (5, 33). To study changes in
[Ca"], in transfected cells, we were not able to use Fura-2 as
the detection fluorophore, because its excitation and emission
wavelengths overlap with green fluorescent protein. Instead, we
used the fluorescent indicator Fura Red (excitation, 440 and
490 nm; emission, 600 nm long pass), a dual wavelength exci-
tation probe (34, 35). At 48 h post-transfection, HEK 293T cells
were loaded with 5 um Fura Red-AM (Molecular Probes, Inc.,
Eugene, OR) for 20 —25 min at 37 °C in the presence of Pluronic
F-127. The extracellular buffer routinely contained 0.68 mm
CaCl,. Experiments to look at the role of external calcium
depletion were performed with the addition of 2 mm EGTA to
the extracellular buffer. In some experiments, calcium (3 mm)
was added to the medium at 10 min. In other experiments, cells
were pretreated during Fura Red loading with active (U-73122,
5 uM; Sigma) or inactive (U-73343) PLCy inhibitors. HEK 293T
cells were then treated with 0—40 units/ml Epo. [Ca®"], was
measured in individual cells at base line and at 5-s to 2-min
intervals for 20 min by determining the fluorescence intensity
ratio R (F,40/F,00)- The constants Sg, and S, and the K, of Fura
Red were calibrated, and R ;, and R, were measured for Fura
Red as described previously (8). [Ca®>"], was calculated using
the formula, [Ca®"], = K,((R = R;)/ (Riax — R))(Sga/Spo)-

Primary human erythroblasts were removed from methyl-
cellulose culture of peripheral blood BFU-E at day 10, adhered
to fibronectin-coated glass coverslips, and loaded with Fura
Red for experiments to measure [Ca®"],.

Immunoblotting and Immunoprecipitation—For Western
blotting, whole cell lysates or immunoprecipitates were sep-
arated on 8% polyacrylamide gels, followed by transfer to
Hybond-C Extra membranes (Amersham Biosciences).
Western blotting was performed as previously described (8).
Blots were incubated with anti-V5-horseradish peroxidase
(HRP) (1:10,000; Invitrogen), anti-Epo-R (SC697; diluted
1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
anti-PLCrvy (1:1000; SC-81; Santa Cruz Biotechnology), anti-
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IP,R II (1:500; SC 7278; Santa Cruz Biotechnology), anti-
actin (1:10,000; Sigma), anti-tubulin (1:10,000; Sigma), or
anti-TRPC3 (1:400; Alomone Laboratories, Jerusalem,
Israel) antibodies. Blots were washed and incubated with the
appropriate HRP-conjugated antibodies (1:2000). ECL was
used for detection of signal.

To examine the interaction of TRPC3 with PLC, IP4R, or
Epo-R, immunoprecipitation was performed. Cells were
washed in ice-cold Hanks’ balanced salt solution and lysed in
buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1%
Triton X-100) supplemented with Complete protease inhib-
itor mixture (Roche Applied Science). To determine
whether TRPC3 associates with Epo-R, PLCv, or IP;R, HEK
293T cells were transfected with human TRPC3 (in
pcDNA3.1/V5-His), hEpo-R (in pcDNA3), rat PLCy1 (in
pcDNA3), rat IP4R type II (in pcDNA3, gift of G. Mignery)
(36), or combinations of these vectors. Protein lysates were
incubated with preimmune rabbit serum, anti-V5 (Invitro-
gen), anti-Epo-R, anti-PLCvy1, or anti-IP,R type Il antibodies
for 4—6 h at 4 °C. For immunoprecipitation of TRPC3 in
human primary cells, a rabbit polyclonal antibody was raised
to a human TRPC3 C-terminal peptide, as previously
described (37). Protein A/G PLUS-agarose beads (Santa
Cruz Biotechnology) were then added for 1-2 h at 4 °C with
mixing, and immunoprecipitates were washed three times.
Sample buffer (3X) was added to the pellets, and the samples
were heated at 60 °C for 30 min. Western blotting was per-
formed as described above, and blots were probed with anti-
V5-HRP or anti-Epo-R, anti-PLC+1, anti-IP;R type II, anti-
TRPC3, or anti-actin antibodies, followed by the appropriate
HRP-conjugated secondary antibodies and ECL.

Down-regulation of PLCy with RNA Interference—To reduce
endogenous expression of PLCvy, PLCvy1 siRNA reagent (SC-
29457; Santa Cruz Biotechnology) targeted to human PLC+y1
(38) was transfected into HEK 293T cells. Nonspecific control
siRNA reagent (SC-37007; Santa Cruz Biotechnology) was
transfected in control cells. siRNA reagents were transfected
using the manufacturer’s recommended protocol at a final con-
centration of 80 pmol/35-mm dish, with Lipofectamine 2000
used as the transfection reagent. Twenty-four hours later, cells
were transfected with Epo-R in pTracer-CMV and TRPC3 in
pQB150. At 48 h, down-regulation of PLCy was documented
with Western blotting, and cells were used in digital video
imaging studies of [Ca®"],.

Biotinylation of Cell Surface Proteins—HEK 293T cells trans-
fected for 48 h with wild type or mutant V5-tagged TRPC3 and
Epo-R were washed three times with ice-cold PBS (pH 8.0).
Cells were then incubated for 30 min at 4 °C with 1 mwm sulfo-
succinimidobiotin (Pierce) (39). The biotinylation reaction was
terminated by washing cells three times with PBS containing
100 mm glycine to quench and remove excess biotin. Cells were
then lysed, and immunoprecipitation was performed with
anti-V5 antibody as described previously (8). Western blotting
was performed with lysates or immunoprecipitation pellets,
and blots were probed with streptavidin-HRP or anti-V5-HRP
antibodies. ECL was used for detection of signal.
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FIGURE 1. Endogenous expression of TRPC3 in human hematopoietic
cells. Western blotting was performed on lysates from UT-7 and TF-1 Epo-
responsive cell lines, from CD34* cells and from day 10 and 14 BFU-E-derived
erythroblasts. Equivalent amounts of protein were loaded in each lane.
A, immunoblotting with anti-TRPC3 antibody demonstrated increased
expression of TRPC3 in primary human erythroid cells during erythroid differ-
entiation. Blots were probed with anti-actin antibody to compare loading of
lanes. Representative results of four experiments are shown. B, densitometry
was used to quantitate TRPC3 and actin bands from four experiments of
lysates from CD34 " cells and day 10 and 14 BFU-E-derived erythroblasts. The
TRPC3/actin ratio was calculated and normalized to CD34™ cells to allow
comparison between experiments, and the mean normalized ratio = S.E. was
determined. TRPC3 expression was significantly less in CD34 " cells than in
day 10 erythroblasts (p < 0.02). C, immunoblotting with anti-Epo-R antibody
demonstrated greatest Epo-R expression in day 10 primary erythroblasts.
Representative results of three experiments are shown.

RESULTS

Erythropoietin Stimulates Calcium Influx through TRPC3—
To examine whether human erythroid cells express TRPC3
channel protein, we performed Western blotting on lysates
from the human Epo-responsive cell lines UT-7 and TF-1. Pri-
mary human erythroid cells were also studied at different stages
of differentiation, including CD34" cells (immature hemato-
poietic progenitors), day 10 BFU-E-derived erythroblasts from
methyl-cellulose culture (primarily proerythroblasts and baso-
philic normoblasts), and day 14 BFU-E-derived erythroblasts
(polychromatic and orthochromatic normoblasts). Western
blotting demonstrated expression of TRPC3 in all hematopoi-
etic cells, which was also observed by reverse transcription-
PCR (not shown). An increase in expression of TRPC3 was seen
in primary cells during erythroid differentiation (Fig. 1A).
TRPC3 expression at different stages of normal human eryth-
roid differentiation (CD34™, day 10 and day 14 BFU-E-derived
erythroblasts) was quantitated with densitometry. These
results showed a significant increase in TRPC3 expression rel-
ative to actin in day 10 erythroblasts compared with CD34™"
cells (Fig. 1B; p < 0.02). Epo-R expression was also examined
and peaked in day 10 BFU-E-derived cells (Fig. 1C). The multi-

JOURNAL OF BIOLOGICAL CHEMISTRY 10387



Epo Regulates TRPC3 in Human Erythroid Cells

TABLE 1

Epo stimulation of [Ca?*];in HEK 293T cells transfected with Epo-R,
TRPC3, or TRPC6

Fura Red-loaded HEK 293T cells transfected with BFP-TRPC3 or BFP-TRPC6 and
Epo-R were treated with 40 units/ml Epo.[Ca®*], (mean = S.E.in nm) was measured
at base line, and the peak measurement was obtained after monitoring over 20 min
of Epo stimulation (40 units/ml). Percentage increase (% Inc) above base line
(mean * S.E.) = peak [Ca®"],/base-line [Ca®"], X 100%, minus 100% (base line). n,
number of individual cells studied.

[Ca*'];
Transfection Stimulation  Byge % Inc n
li Peak
ine
nm %
BFP-TRPC3 + Epo-R PBS 37+3 51*8 39*24* 8
BFP-TRPC3 Epo 332 60 +5 82 + 114 22
BFP-TRPC6 Epo 33+2 56*4 72*10° 31
Epo-R Epo 32*+2 65*4 107 =12 18
BFP-TRPC3 + Epo-R Epo 35+1 1163 242*+10 45
BFP-TRPC6 + Epo-R Epo 32+1 67 =3 125+ 14 41

“ A significant difference from Epo-stimulated cells expressing Epo-R and TRPC3
(p < 0.001).

ple bands observed for endogenous Epo-R probably represent
phosphorylated receptor in cells exposed to Epo (1, 2).

To investigate the ability of Epo to regulate [Ca>*]; through
TRPC channels expressed on human erythroid cells, HEK 293T
cells were transfected with Epo-R subcloned into pTracer-
CMYV and human TRPC3 or TRPC6 subcloned into pQB150.
pTracer-CMV contains a CMV promoter utilized to drive
expression of Epo-R and an SV40 promoter driving expression
of green fluorescent protein. The pQBI50 vector contains a
CMYV promoter to drive expression of BFP fused to TRPC3 or
TRPC6. Endogenous TRPC3 and TRPC6 are expressed at very
low levels in HEK 293T cells. Successful transfection of Epo-R
was verified by fluorescence microscopy in single cells by detec-
tion of green fluorescent protein, and successful transfection of
TRPC3 or TRPC6 was confirmed by detection of BEP in the
same cells. In HEK 293T cells cotransfected with Epo-R and
TRPC3, Epo stimulated a large and sustained increase in
[Ca®"], above base line (242 = 10%; Table 1), which peaked at
10-20 min. This was significantly greater than that observed in
cells transfected with Epo-R alone (107 *= 12%) or in cells
cotransfected with Epo-R and TRPC6 (125 *= 14%). The
increase in [Ca®"]; in cells expressing Epo-R alone is probably
due to Epo-R activation of endogenous channels, which include
low levels of TRPC3. The increase in [Ca®>*], in Epo-treated
cells cotransfected with Epo-R and TRPC6 was not statistically
different from that in cells expressing Epo-R alone, consistent
with previous studies (8). These results demonstrate that Epo-R
modulates [Ca**], through TRPC3 but not TRPC6.

To examine erythropoietin regulation of [Ca®*], through
TRPC3 and TRPC6 (Table 1), an Epo concentration of 40
units/ml was utilized, which is on the plateau for the Epo-stim-
ulated rise in [Ca®"], in cells expressing TRPC2. To character-
ize the increase in [Ca®"], stimulated by Epo through TRPC3,
an Epo dose-response curve was generated using HEK 293T
cells heterologously expressing TRPC3 and Epo-R. At an Epo
concentration of 0.25 units/ml, the peak increase in [Ca®"],
above base line was significantly greater than that of cells
treated with diluent (PBS) (Fig. 24; p < 0.0001). The peak
increase in [Ca®"]; plateaued at an Epo dose of 10 units/ml or
greater (Fig. 2A). The time course of the rise in [Ca® "], was then
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FIGURE 2. Dose response and time course of [Ca®*]; after Epo stimulation
of HEK 293T cells transfected with TRPC3 and Epo-R. A, Epo dose response.
HEK 293T cells transfected with TRPC3 and Epo-R were stimulated with 0-40
units/ml Epo. [Ca®*]; was measured at 2-5-min intervals for 20 min. The peak
percentage increase of [Ca®"]; above base line was calculated for each cell.
Mean = S.E. of the peak percentage increase above base line at each Epo dose
is shown. 13-20 individual cells were studied at each dose in two experi-
ments. ¥, a significant increase in [Ca®"]; compared with cells treated for 20
min with PBS (p < 0.0001). B and C, time course. HEK 293T cells transfected
with TRPC3 and Epo-R were stimulated with 40 units/ml Epo. [Ca®"]; was
measured at 5-s intervals for the first 30 s, at 15-s intervals for the next 60 s,
and then at 2-min intervals for 20 min after simulation with Epo (B) or PBS (C).
Mean = S.E. [Ca®*]; (nm) of 20 (Epo) or 15 (PBS) cells measured at each time
point is shown. *, a significant increase in [Ca®"]; in Epo-treated cells com-
pared with those stimulated with PBS.

characterized in HEK 293T cells transfected with TRPC3 and
Epo-R and stimulated with 40 units/ml Epo or diluent (PBS).
[Ca®"], was measured at base line, at 5-s intervals for the first
30 s, at 15-s intervals for the next minute, and then at 2-min
intervals to 20 min to minimize photobleaching. [Ca®"],did not
significantly increase above base line for the first 90 s after Epo
stimulation. [Ca®*], became significantly greater in cells stim-
ulated with Epo compared with PBS starting at 8 min (Fig. 2B;
p < 0.0001).
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FIGURE 3. Requirement for external calcium in the Epo-stimulated cal-
ciumincrease in HEK 293T cells. Fura Red-loaded HEK 293T cells were trans-
fected with BFP-TRPC3 and Epo-R. A, cells were treated with 40 units/ml Epo
in the presence (0.68 mm) or absence (2 mm EGTA) of extracellular calcium.
B, cells were treated with or without 40 units/ml Epo in the presence of 2 mm
EGTA, and 3 mm CaCl, was added at 10 min. [Ca®"]; was measured at 2-5-min
intervals for 20 min, and the peak percentage increase of [Ca "], above base
line was calculated for each cell. Mean = S.E. of the peak percentage increase
in [Ca%*]; at different time points is shown. 21-38 individual cells were stud-
ied for each condition in two experiments. *, a significant increase in [Ca**];
compared with cells treated for 20 min with PBS (p < 0.0001).

The absence of a significant increase in [Ca®>"], during the
first minutes of Epo stimulation (Fig. 2B) suggested that the
increase in [Ca®*]; is not due to intracellular calcium release.
To examine whether the rise in [Ca®>*], in response to Epo orig-
inated primarily from external calcium influx or internal Ca®"
store release, HEK 293T cells transfected with Epo-R and
TRPC3 were stimulated by Epo in the presence of extracellular
calcium (0.68 mm) or its absence (2 mm EGTA). [Ca*"], was
measured over 20 min in Fura Red-loaded cells (Fig. 34). A
significant increase in [Ca®*]; in Epo-treated cells was not
observed in the absence of extracellular calcium, in contrast to
the significant increase observed in Epo-treated cells in the
presence of extracellular calcium (Fig. 34, p < 0.01). When
CaCl, (3 mm) was added at 10 min to cells treated with Epo at
time O in the presence of EGTA, there was a prompt and signif-
icant increase in [Ca®>"]; (p < 0.02) (Fig. 3B). The increase in
[Ca®*]; after the addition of CaCl, was significantly greater in
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FIGURE 4. U-73122 but not U-73343 inhibits the Epo-stimulated rise in
[Ca%*]; in primary human erythroblasts and HEK cells. A, day 10 BFU-E-
derived cells. BFU-E-derived erythroblasts were removed from methyl-cellu-
lose culture on day 10 and loaded with Fura Red. Where indicated, some cells
were pretreated with the active PLC inhibitor U-73122 or the inactive inhibi-
tor U-73343 during Fura Red loading. B, HEK 293T cells transfected with TRPC3
and Epo-R. Transfected HEK 293T cells were pretreated with the active PLC
inhibitor U-73122, the inactive inhibitor U-73343, or medium during Fura Red
loading. For all experimental groups, base-line [Ca® "], and the peak percent-
ageincrease in [Ca®"];above base line were calculated for each cell following
monitoring at 2-min intervals for 20 min with digital video imaging. Mean =
S.E. of the peak percentage increase for each experimental condition is
shown. 7-28 individual cells were studied for each condition in two experi-
ments. **, a significant difference in [Ca®"]; compared with cells treated with
Epo (p < 0.0001).

cells treated with Epo compared with cells not treated with Epo
(Fig. 3B, p < 0.0001). These results suggest that Epo activated
TRPC3, which remained open so that when extracellular free
calcium became available, [Ca® "], promptly increased.

The Epo-modulated Increase in [Ca’"], through TRPC3
Requires PLCvy Activation—Stimulation of primary human
BFU-E-derived erythroblasts with Epo results in a significant
increase in [Ca® "], (5, 40, 41). Epo stimulation of erythroid cells
also results in activation of PLC+y1 and -2 (25, 27, 42). To deter-
mine whether PLC is involved in the Epo-stimulated increase in
[Ca®*], in primary human erythroid cells, BFU-E-derived
erythroblasts were removed from methyl-cellulose culture at
day 10, pretreated with the active PLC inhibitor U-73122 or the
inactive analog U-73343, loaded with Fura Red, and stimulated
with Epo. Pretreatment with U-73122 but not U-73343 signifi-
cantly inhibited the increase in [Ca®*], observed in Epo-treated
cells, suggesting a role for PLC in Epo-stimulated Ca*>* influx in
primary erythroid cells (Fig. 44; p < 0.0001). To determine
specifically whether Epo-stimulated TRPC3 activation
required PLC activity, HEK 293T cells transfected with TRPC3
and Epo-R were pretreated with the active PLC inhibitor
U-73122 or the inactive analog U-73343 prior to Epo stimula-
tion. The active PLC inhibitor U-73122 significantly blocked
the Epo-stimulated increase in [Ca®**], modulated through
TRPC3 (Fig. 4B; p < 0.0001), whereas the inactive analog
U-73343 did not, suggesting that Epo regulation of TRPC3 is
PLC-dependent.

The specific role of PLCvy in Epo activation of TRPC3 was
examined using RNA interference targeted to PLCy. HEK 293T
cells were transfected with siRNA targeted to PLCy or nonspe-
cific control siRNA as well as TRPC3 and Epo-R. The effective-
ness of siRNA interference in reducing PLC+y expression was
demonstrated by Western blotting. Transfection of HEK 293T
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Anti-PLCY Anti-TRPC3
-75
- -
— ——
-50
Anti-Epo-R Anti-Tubulin

FIGURE 5. Western blot of HEK 293T cells transfected with siRNA targeted
to PLCYy. Lysates were prepared from HEK 293T cells transfected (Tx'd) with or
without BFP-TRPC3 and Epo-R, and siRNA was targeted to PLCvy or control
siRNA. Blots were probed with anti-PLCvy, anti-TRPC3, anti-Epo-R, and anti-
tubulin antibodies, followed by ECL.

TABLE 2

Inhibition of Epo-stimulated [Ca®*]; increase through TRPC3 by
siRNA,; targeted to PLCy

HEK 293T cells were transfected with BEP-TRPC3 and Epo-R, with siRNA targeted
to PLCy or nonspecific control siRNA. Fura Red-loaded cells were treated with 40
units/ml Epo. [Ca®*], (mean = S.E. in nm) was measured at base line and by mon-
itoring over 20 min after Epo stimulation. Percentage increase above base line (%
Inc) (mean = S.E.) = peak [Ca®"],/base-line [Ca®*]; X 100%, minus 100% (base
line). , number of individual cells studied.

Ca2+ )
_ RNA Stimulation [ J % Inc n
interference Base line Peak
nm %
Control PBS 37 2 55+ 4 51 +10* 11
Epo 34*1 122 =4 267 =15 19
PLCy 1 PBS 34+ 3 57 5 68 *= 6 10
Epo 371 92+3 154 *7° 21

“ A significant difference from Epo-stimulated cells expressing nonspecific control
siRNA (p < 0.0001).

cells with siRNA directed to PLCy resulted in significant sup-
pression of endogenous PLCvy protein, compared with cells
transfected with control siRNA (Fig. 5), confirming previous
results (10, 38). Expression of TRPC3, Epo-R, and tubulin was
not affected in cells transfected with PLCy siRNA or control
siRNA, demonstrating the specificity of the siRNA directed to
PLC (Fig. 5). In these experiments, the higher molecular mass
of TRPC3 (~125 kDa) compared with endogenous TRPC3 is
secondary to linkage of TRPC3 to BFP. The functional conse-
quences of suppression of endogenous PLC+y expression on
Epo-induced [Ca®*], increase through TRPC3 were studied
using HEK 293T cells transfected with TRPC3, Epo-R, and
either siRNA targeted to PLCy or nonspecific siRNA. The Epo-
stimulated rise in [Ca®"], through TRPC3 was significantly
inhibited in cells in which PLC+y was suppressed (Table 2; p <
0.0001) but not in cells cotransfected with nonspecific siRNA.
These data demonstrate that PLCvy plays an important role in
the Epo-stimulated rise in [Ca®" ], through TRPC3.

Four binding sites for PLCy SH2 domains were predicted on
TRPC3 (Tyr**® in the N terminus, Tyr>>® and Tyr®*® in the
fourth and sixth transmembrane domains, and Tyr®”* in the C
terminus; available on the World Wide Web) (43). Two of these
are predicted with medium stringency (Tyr**® and Tyr°>°) and
two with low stringency (Tyr®*® and Tyr®”*). The ability of
TRPC3 to interact with PLCy was examined, first using HEK
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FIGURE 6. Association of TRPC3 and TRPC3-F4 with PLCyor Epo-R. A, PLCy
and V5-TRPC3 or V5-TRPC3-F4 were expressed in HEK 293T cells. Immunopre-
cipitation (/P) was performed on lysates with anti-PLCy or anti-V5 antibodies
or normal rabbit serum (NRS). Western blotting (WB) was performed after
immunoprecipitation with anti-PLCry or anti-V5 antibodies. Representative
results of five experiments are shown. B, immunoprecipitation was per-
formed on lysates from primary human erythroid cells at Phase Il day 8 of
liquid culture with anti-PLCy or anti-TRPC3 antibodies or normal rabbit
serum. Western blotting of eluates was performed with anti-PLCy or anti-
TRPC3 antibodies. C, Epo-R and V5-TRPC3 or V5-TRPC3-F4 were expressed in
HEK 293T cells. Immunoprecipitation was performed on lysates with anti-
Epo-R or anti-V5 antibodies or normal rabbit serum. Western blotting was
performed with anti-Epo-R or anti-V5 antibodies. Representative results of
three experiments are shown. Tx'd, transfected.

293T cells transfected with V5-tagged TRPC3 and PLCy.
Epo-R has been reported to interact directly with PLCy, and in
order to focus on the interaction of TRPC3 and PLCYy, Epo-R
was not coexpressed. Immunoprecipitation was performed on
lysates with anti-PLC+y and anti-V5 antibodies. Western blot-
ting of precipitates demonstrated that anti-V5 antibody immu-
noprecipitated V5-TRPC3 as well as PLC, and anti-PLCy anti-
bodies reciprocally immunoprecipitated V5-TRPC3 (Fig. 6A).
Immunoprecipitation with normal rabbit serum, used as a con-
trol for specificity, precipitated neither PLCy nor V5-TRPC3
(Fig. 6A). To study the physiological relevance of the associa-
tion of TRPC3 and PLCy, immunoprecipitation with anti-
PLCy antibody was performed on lysates from primary eryth-
roid cells collected at Phase II day 8 of liquid culture of human
peripheral blood mononuclear cells. Anti-PLCy antibody
immunoprecipitated both endogenous PLCy and TRPC3 (Fig.
6B). Anti-TRPC3 antibody (37) precipitated TRPC3 and PLCYy.

VOLUME 283-NUMBER 16+APRIL 18, 2008



IP:Anti-PLCY IP:Anti-V5
TRPC3 + +
Tx'd: TRPC3-F4 + +
Y TRPC3-Y226F -
PLCY + + +  + o+ o+
kDa
Anti-PLCY " ey ——~ - _|5
WB:
Anti-V5 . B - . . - 100

FIGURE 7. Interaction of TRPC3 with PLCy SH2 binding site substitutions
with PLCy. PLCy and V5-TRPC3, V5-TRPC3-F4, or V5-TRPC3-Y226F were
expressed in HEK 293T cells. Immunoprecipitation (/P) was performed on
lysates with anti-PLCy or anti-V5 antibodies, followed by Western blotting
(WB). Representative results of six experiments are shown. Tx'd, transfected.

In control studies with normal rabbit serum, neither PLC+y nor
TRPC3 precipitated (Fig. 6B).

To determine whether PLCy and TRPC3 interact through
PLCy SH2 binding sites on TRPC3, four tyrosines (Tyr>>¢,
Tyr®>®, Tyr®*®, and Tyr®”*) were mutated to phenylalanine
(TRPC3-F4). V5-TRPC3-F4 and PLCy were expressed in HEK
293T cells, and immunoprecipitation was performed with anti-
PLCy and anti-V5 antibodies. These experiments demon-
strated that the interaction of TRPC3 and PLCy was signifi-
cantly reduced with the TRPC3-F4 mutant (Figs. 6A and Fig. 7).
These data show that PLCy SH2 binding sites on TRPC3 are
important in TRPC3 and PLCvy interaction. We previously
showed that Epo-R associated with TRPC2 (10). To determine
whether Epo-R also interacts with TRPC3, HEK 293T cells were
transfected with Epo-R and V5-TRPC3 or V5-TRPC3-F4.
Immunoprecipitation was performed with anti-Epo-R or
anti-V5 antibodies or normal rabbit serum. Western blotting of
precipitates demonstrated that Epo-R and TRPC3 reciprocally
precipitate (Fig. 6C). Neither Epo-R nor TRPC3 precipitated
nonspecifically with normal rabbit serum. TRPC3-F4 also pre-
cipitated with Epo-R, demonstrating that elimination of
TRPC3 PLC+y SH2 binding sites affected TRPC3/PLCy interac-
tion but not the association of TRPC3 with Epo-R.

To determine whether interaction with PLCy is important in
Epo activation of TRPC3, HEK 293T cells were cotransfected
with Epo-R and BFP-TRPC3 or BFP-TRPC3-F4. In cells trans-
fected with Epo-R and TRPC3-F4, the increase in [Ca®*],
observed in response to Epo was significantly reduced (Table 3;
p <0.0001). The percentage increase in [Ca®>*], above base line
in cells expressing Epo-R and BFP-TRPC3-F4 was not different
from that observed in cells expressing Epo-R alone (Table 1).
Western blotting demonstrated that expression of BFP-TRPC3
and BFP-TRPC3-F4 was equivalent, and expression of Epo-R
was not affected, indicating that a decrease in TRPC3-F4 or
Epo-R expression was not responsible for the reduced rise in
[Ca®"], observed with the TRPC3-F4 mutant (results not
shown).

To identify the specific tyrosines required for Epo-modu-
lated calcium influx through TRPC3, individual substitutions of
TRPC3-F4 mutant tyrosines (TRPC3-Y674F, TRPC3-Y555F
Y648F, and TRPC3-Y226F) were prepared in pQBI50 vectors.
HEK 293T cells were cotransfected with Epo-R and BFP-
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TABLE 3

Inhibition of Epo-stimulated increase in [Ca?*]; through TRPC3-F4
HEK 293T cells were transfected with BEP-TRPC3, BFP-TRPC3-F4 (Y226F/Y555F/
Y648F/Y674F), BFP-TRPC3-Y674F, BFP-TRPC3-Y555F/Y648F, or BFP-TRPC3-
Y226F and Epo-R. Fura Red-loaded cells were treated with 40 units/ml Epo. [Ca**],
(mean * S.E. in nM) was measured at base line and by monitoring over 20 min after
Epo stimulation. Percentage increase (% Inc) above base line (mean * S.E.) = peak
[Ca®"],/base-line [Ca®"], X 100%, minus 100% (base line). #, number of individual
cells studied.

[Ca®"],
Transfection Stimulation  Bage Peak % Inc n
line €a
nm %

TRPC3 + Epo-R PBS 332 47*2 43 £ 5% 16
Epo 34+1 113 *+4“ 243 £15 23

TRPC3-F4 + Epo-R PBS 362 52*2 44 =5 16
Epo 361 75*3 108 £6% 27

TRPC3-Y674F + Epo-R PBS 301 43=*1 43 £ 6 6
Epo 311 105*+*2 238*10 9

TRPC3-Y555F Y648F + PBS 301 41=*2 373" 6

Epo-R

Epo 32*1 102*+*3 215*10 8

TRPC3-Y226F + Epo-R PBS 321 45=*3 41 6 6
Epo 34+t2 62*2 86 + 7% 9

“ A significant difference from Epo-stimulated cells expressing wild type TRPC3
(p < 0.0001).

TRPC3, BFP-TRPC3-Y674F, BFP-TRPC3-Y555F Y648F, or
BFP-TRPC3-Y226F. In cells transfected with Epo-R and BFP-
TRPC3-Y226F, the increase in [Ca®" ], observed in response to
Epo was significantly reduced (Table 3; p < 0.0001). In contrast,
the Epo-stimulated rise in [Ca®"], in cells expressing BFP-
TRPC3-Y674F or BFP-TRPC3-Y555F/Y648F was not different
from wild type BFP-TRPC3. We performed Western blotting
on cells transfected to express Epo-R and BFP-TRPC3, BFP-
TRPC3-Y674F, BFP-TRPC3-Y555F/Y648F, or BFP-TRPC3-
Y226F. Expression of all constructs was similar (not shown).

To determine if TRPC3 binding to PLCy was reduced in
TRPC3 with the single substitution of Y226F, HEK 293T cells
were transfected with V5-TRPC3, V5-TRPC3-F4, or
V5-TRPC3-Y226F and PLCy. Immunoprecipitation was per-
formed with anti-PLCvy and anti-V5 antibodies. These experi-
ments demonstrated that the interaction of TRPC3 and PLCry
was significantly reduced with V5-TRPC3-F4 but not with the
V5-TRPC3-Y226F mutant (Fig. 7). These data show that
TRPC3 Y226 is critical for TRPC3 activation by Epo but not for
TRPC3 and PLCYy interaction.

1P, Receptors Are Involved in Epo Activation of TRPC3—PLC
activation results in the production of IP,, and direct interac-
tion of TRPCs with IP;R is a common activation mechanism for
TRP channels (24, 44). TRPC3 has a conserved calmodulin/
IP,R binding domain (amino acids 761-795), which binds to all
IP,R (24). To examine the requirement for IP,R binding to
TRPC3 in Epo-modulated Ca®>" influx, we prepared 1) a dele-
tion mutant of the TRPC3 IP;R binding site from amino acids
761-795 (TRPC3-DEL) and 2) a substitution mutant of amino
acids 775-787, replacing the sequence YQQIMKRLIKRYV
with AQQIAARAAKAAA (TRPC3-SUB) (Fig. 8). To demon-
strate that IP,R binding to TRPC3 is abolished with these two
mutants, immunoprecipitation was performed on lysates from
HEK 293T cells transfected with V5-TRPC3, V5-TRPC3-DEL,
or V5-TRPC3-SUB and IP;R type II. Immunoprecipitation was
performed with antibodies to V5 or IP;R. Western blotting
demonstrated that in HEK cells transfected with wild type
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FIGURE 8. Schematic model of TRPC3 transmembrane domains and pro-
tein binding sites. Predicted transmembrane domains, calcium entry pore,

IP;R, and PLCy SH2 binding sites and deleted and substituted sites in TRPC3-
DEL and TRPC3-SUB are shown. aa, amino acids.
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FIGURE 9. Association of TRPC3 IP;R binding mutants with IP;R. IP5R type
Il and V5-TRPC3, V5-TRPC3-DEL, or V5-TRPC3-SUB were expressed in HEK
293T cells.Immunoprecipitation (IP) was performed on lysates with anti-V5 or
anti-IP;R antibodies or normal rabbit serum (NRS). Western blotting (WB) of
precipitated protein was performed with anti-IP5R or anti-V5 antibodies. Rep-
resentative results of three experiments are shown.

V5-TRPC3 and IP;R, TRPC3 and IP,;R precipitated reciprocally
(Fig. 9). In contrast, IP;R was not precipitated with anti-V5
antibody in cells expressing V5-TRPC3-DEL or V5-TRPC3-
SUB; nor was V5-TRPC3-DEL or V5-TRPC3-SUB precipitated
by IP;R antibody. The absence of precipitation with normal
rabbit serum demonstrated the specificity of results (Fig. 9).
These studies confirmed that direct association of IP;R with
TRPC3 was abolished in these two mutants.

To determine whether the association of IP,R with TRPC3 is
important in Epo-stimulated Ca>" influx through TRPC3, HEK
293T cells were transfected with Epo-R and BFP-TRPC3, BFP-
TRPC3-DEL, BFP-TRPC3-SUB, or empty pQBI50 vector. In
cells transfected with Epo-R and BFP-TRPC3-DEL, the mean
percentage increase in [Ca®"], above base line was 127 + 5%
after Epo stimulation, significantly less than in cells transfected
with Epo-R and wild type TRPC3 (percentage increase = 266 =
12%; Table 4; p < 0.0001). Similarly, the increase in [Ca®" ], seen
with BFP-TRPC3-SUB (150 = 6%) was also significantly less
than wild type TRPC3 (p < 0.0001). The [Ca®"], increase in
Epo-stimulated cells expressing Epo-R and BFP-TRPC3-DEL
or BFP-TRPC3-SUB was not significantly different from cells
expressing empty pQBI50 vector. These data demonstrate a
requirement for the TRPC3 IP,R binding domain in the Epo-
modulated increase in [Ca®>"],.

To confirm that mutation of TRPC3 IP;R binding sites did
not affect TRPC3 insertion into the plasma membrane, HEK
293T cells were transfected with wild type V5-TRPC3,
V5-TRPC3-DEL, or V5-TRPC3-SUB. Externalization of
TRPC3 was assessed by biotinylation of cell surface proteins.
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TABLE 4

Epo activation of TRPC3 IP;R binding mutants

HEK 293T cells were transfected with BEP-TRPC3, BFP-TRPC3-DEL, BFP-TRPC3-
SUB, or empty pQBI50 vector and Epo-R. Fura Red-loaded cells were treated with
40 units/ml Epo. [Ca®*]; (mean = S.E. in nm) was measured at base line and by
monitoring over 20 min of Epo stimulation. Percentage increase (% Inc) above base
line (mean =+ S.E.) = peak [Ca”*],/base-line [Ca®*], X 100%, minus 100% (base line).
n, number of individual cells studied.

[C32+]1
TRPC3 Stimulation Base % Inc n
li Peak
ine
nm %
Wild type PBS 40 £ 1 62+ 2 54 = 5 11
Epo 35+1 128*4 266+ 12 20
TRPC3-DEL Epo 38+1 86 +2 127 57 27
TRPC3-SUB Epo 33+1 83+3 150 *6“ 21
Empty vector Epo 33+2 77*5 136 = 15 15
IP: Anti-V5
MUTANT
Tx'd: TRPC3 WT F4 DEL SUB

kDa

Streptavidin® * & -100

WB:

Anti-V5 . .

FIGURE 10. Plasma membrane externalization of TRPC3 detected by cell
surface biotinylation. Cell surface biotinylation was performed with HEK
293T cells expressing V5-TRPC3, V5-TRPC3-DEL, V5-TRPC3-SUB, or
V5-TRPC3-F4 and Epo-R. Lysates were prepared, and immunoprecipitation
(IP) was performed with anti-V5 antibody. Western blotting (WB) was per-
formed on immunoprecipitation pellets with streptavidin-HRP to detect
biotinylation and anti-V5-HRP to detect total TRPC3. Representative results of
two experiments are shown. Tx'd, transfected.

No significant difference in the cell surface expression of TRPC3
was detectable with biotinylation of TRPC3 IP,R binding site
mutants (Fig. 10). The lower molecular weight of V5-TRPC3-DEL
isaresult of the deletion of 35 amino acids, and the reduced weight
of V5-TRPC3-SUB may result from differences in charge densities
in the substituted protein. Also, no difference in cell surface
expression of TRPC3-F4 was observed (Fig. 10).

DISCUSSION

Erythropoietin has been reported to stimulate an increase in
[Ca®"], in normal human erythroid cells through a voltage-
independent ion channel (4, 5). The identity of the Epo-regu-
lated channel in human erythroid cells was unknown. We pre-
viously showed by reverse transcription-PCR and Western
blotting that TRPC2 and TRPC6 are expressed in murine eryth-
roblasts and erythroleukemia cell lines and that Epo modulates
[Ca*"], through murine TRPC2 (7, 8). However, TRPC2 is a
pseudogene in humans (11). Here, we report the presence of
TRPC3 and TRPC6 in primary human erythroid cells and cell
lines by Western blotting and reverse transcription-PCR. The
major finding of this report is that the TRPC3 channel is regu-
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lated by Epo, through a mechanism requiring PLCy activation
and interaction of TRPC3 with PLCvy and IP;R.

The first finding is that TRPC3 is expressed on normal
human erythroid precursors and that the level of TRPC3
expression increases during erythroid differentiation. Using
HEK 293T cells heterologously expressing TRPC3, we demon-
strated that Epo stimulates a dose-dependent increase in
[Ca®"], with a time course similar to the rise in [Ca®"],
observed after Epo stimulation of cells expressing Epo-R and
murine TRPC2. This finding suggests that TRPC3 and TRPC2
have a redundant function in Epo signaling in mice and that in
human erythroid cells, TRPC3 is a channel through which Epo
regulates [Ca®>"],. The Epo-stimulated increase in [Ca®*],
through TRPC3 was slow but sustained. Quantitative fluores-
centimaging measures [Ca®"];, and the rate of the increase in
[Ca®>"], is dependent on a number of factors, including rates
of Ca*" influx, rates of Ca”>" efflux (by the plasma membrane
Ca’"-ATPase), rates of sequestration by intracellular
organelles (endoplasmic reticulum with the Ca®>*-ATPase and
mitochondria with the Ca®>* uniporter), and rates of Ca®>* leak
from intracellular organelles. The rates of [Ca>"], rise meas-
ured by digital video imaging are often slower and the ampli-
tudes smaller when compared with unidirectional Ca®* influx
measured with whole cell current patch clamp. The slow but
sustained rise in [Ca®"*], reported here is similar to that which
we observed in Epo-stimulated BFU-E-derived cells (41)
despite single channel measurements showing increased chan-
nel mean open times and open probability with Epo (5).

The mechanisms through which Epo regulates [Ca
through TRPC3 were explored in this study. We examined the
importance of PLC activation in Epo-stimulated calcium influx
through TRPC3 using three independent approaches: disrup-
tion of PLC activity with inhibitors, reduction in PLCvy expres-
sion levels with siRNA, and interference with PLC+y binding to
TRPC3. All three fundamentally different approaches resulted
in significant inhibition of the rise in [Ca®"], following Epo
stimulation. Thus, the second major finding of this report is
that PLCvy activity is essential in Epo-stimulated TRPC3 activa-
tion and that TRPC3 PLCy SH2 binding sites are important.
Although the lack of complete inhibition of the rise in [Ca®"],
by PLCvy-targeted siRNA probably resulted from incomplete
suppression of PLCvy expression (Fig. 5), we cannot eliminate
the possibility that other PLC members also expressed on pri-
mary erythroid cells and inhibited by U-73122, such as PLCf3
family members (45), have a role. The lack of complete elimi-
nation of TRPC3 and PLCvy binding with the TRPC3-F4 mutant
is consistent with previous observations that other PLCvy bind-
ing sites exist on TRPC3 (28).

An important finding is that we identified Tyr**® as an essen-
tial tyrosine required in Epo-dependent calcium influx through
TRPC3. Previous studies with the muscarinic M5 acetylcholine
receptor and the type la vasopression receptor (46) have also
identified Tyr*?® as a critical tyrosine in TRPC3 agonist-de-
pendent activation. Although the function of Tyr**® in TRPC3
activation by Epo is not known, our biotinylation experiments
confirmed that Tyr**® is not required for TRPC3 cell surface
externalization. We hypothesize that Epo stimulation results in
phosphorylation of Tyr**® and potentially other tyrosine resi-

2+]'
i
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dues on TRPC3. The mechanism of TRPC3 phosphorylation by
Epo and its functional significance in channel gating are cur-
rently under investigation.

PLCy activation results in production of diacylglycerol and
IP,. TRPC3 can be directly activated by diacylglycerol (47-49)
or by several mechanisms involving IP, including calcium store
depletion (50-52) or a change in the conformational coupling
between the TRPC channel and IP,R after IP, binding (53, 54).
We previously have shown that calcium store release does not
appear to play a key role in modulation of [Ca®>"], following Epo
activation of TRPC2 (10). As observed with TRPC2, the Epo-
stimulated rise in [Ca®>"]; in cells expressing TRPC3 did not
become significant until after 2 min of Epo stimulation, and the
sustained increase in [Ca®>*], was dependent on extracellular
calcium entry. Although we could not rule out a local increase
of Ca>* from calcium store release that was effectively buffered,
our experiments strongly suggest that the plateau increase in
[Ca®"], observed after Epo stimulation was mediated primarily
through Ca®" influx.

Epo modulates TRPC2 opening through a mechanism
requiring PLCvy activation and involving a signaling complex,
including Epo-R, TRPC2, PLCYy, and IP,R (10). We confirm
here that TRPC3 interacts with IP,R and that this interaction is
required in Epo modulation, because when IP;R binding sites
on TRPC3 are mutated or deleted, Ca®" influx in response to
Epo is significantly reduced. Our laboratory (4) and others (55)
were unable to detect a global rise in IP; in human erythroid
cells in response to erythropoietin stimulation. However, since
IP,R and PLCyboth directly interact with TRPC3, a small local-
ized increase in IP, could be produced near the cell membrane
that activates IP;R and TRPC3 but would be difficult to detect
using currently available biochemical techniques. A number of
mechanisms have been proposed through which IP,R may acti-
vate TRPC3, including displacement of inhibitory calmodulin
from a common binding domain (24, 56) as well as through
interaction with the scaffold protein Homer 1 (53). Our exper-
iments do not rule out a role for diacylglycerol in Epo activation
of TRPC3; for other receptors, whether diacyclglycerol- or IP,R-
dependent pathways are utilized is dependent on a number of
factors, including the level of TRPC3 expression, the cell type,
and the presence of interacting proteins (54, 57).

We previously showed that coexpression of TRPC6 with
TRPC2 and Epo-R inhibited the increase in [Ca>"], observed
after Epo stimulation of TRPC2 and that TRPC2 and TRPC6
coassociate (9). Here, we confirm that TRPC6 does not respond
to Epo stimulation, unlike the homologous TRPC3. Since both
TRPC3 and TRPC6 are expressed on normal human erythroid
precursors and TRPC3 and TRPC6 are reported to form het-
erotetramers (37, 58), we hypothesize that another pathway of
TRPC3 regulation is the ability of TRPC6 to inhibit TRPC3
activation by Epo when these channels are coexpressed endog-
enously. Experiments are currently under way to identify the
sequence differences between TRPC3 and TRPC6 that explain
the different responses and to understand the downstream
mechanisms that result in the activation of TRPC3 but not
TRPC6 by Epo. Of note, three of the four TRPC3 PLCy SH2
binding sites were preserved on TRPC6, but the equivalent
amino acid to TRPC3 Tyr®”* on TRPC6 is substituted with phe-
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nylalanine (Phe”®*). However, this is unlikely to explain the
functional differences between TRPC3 and TRPCS6, since the
mutant channel TRPC3 Y674F showed an Epo-dependent
rise in [Ca®"*], that was similar to that observed with wild
type TRPC3.

Here, we demonstrate that Epo-R modulates TRPC3 activa-
tion through PLCry utilizing a mechanism requiring complex
formation between TRPC3, PLC, and Epo-R and TRPC3 and
IP;R. Based on data presented here, we hypothesize that Epo
stimulation results in activation of PLCy, which interacts with
TRPC3 at multiple sites, including PLCy SH2 binding domains.
Localized production of IP; binds to IP;R, which associates
with TRPC3, leading to a change in the conformation of
TRPC3, contributing to channel pore opening. Activation of
both TRPC2 and TRPC3 by Epo is an example of several TRP
channels sharing similar function and activation by the same
agonist, raising questions about how the specificity of response
may be regulated. Similarly, Tyr*?® is involved in TRPC3 gating
following activation of receptors including Epo-R, the musca-
rinic M5 acetylcholine receptor, and the type 1a vasopression
receptor. Some of the specificity of regulation may derive from
differences in expression of specific agonist receptors and
channels in different cell types and tissues. In human erythroid
cells, TRPC3 is the only TRPC expressed that has been shown
to be Epo-responsive, and expression of TRPC3 increases dur-
ing differentiation of primary erythroid cells. No other agonist
receptors are thus far known to be expressed that activate
TRPC3. It has recently been demonstrated that epidermal
growth factor regulates TRPC3 trafficking to the plasma mem-
brane and that the mechanism may involve prevention of rein-
ternalization of constitutively cycling channels (59), raising the
possibility that Epo may also regulate TRPC3 channel cycling in
and out of the plasma membrane. Identification of the mecha-
nisms regulating TRPC3 activation, membrane expression, and
physiological function in erythroid cells will further elucidate
novel signaling pathways of erythropoietin and may lead to the
identification of new approaches for therapeutic intervention
in diseases involving abnormal erythropoiesis.
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