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Received for publication, March 8, 2011, and in revised form, July 11,2011 Published, JBC Papers in Press, July 14,2011, DOI 10.1074/jbcM111.238360

Iwona Hirschler-Laszkiewicz*, Qin Tong*, Kathleen Waybill*, Kathleen Conrad*, Kerry Keefer*, Wenyi Zhang,

Shu-jen Chen*, Joseph Y. Cheung®, and Barbara A. Miller

From the Departments of *Pediatrics and "Biochemistry and Molecular Biology, Pennsylvania State University College of
Medicine, Hershey, Pennsylvania 17033 and the §’Department of Medicine, Jefferson Medical College,

Philadelphia, Pennsylvania 19107

Modulation of intracellular calcium ([Ca®*],) by erythropoie-
tin (Epo) is an important signaling pathway controlling
erythroid proliferation and differentiation. Transient receptor
potential (TRP) channels TRPC3 and homologous TRPC6 are
expressed on normal human erythroid precursors, but Epo stim-
ulates an increase in [Ca”"], through TRPC3 but not TRPCé6.
Here, the role of specific domains in the different responsive-
ness of TRPC3 and TRPC6 to erythropoietin was explored.
TRPC3 and TRPC6 TRP domains differ in seven amino acids.
Substitution of five amino acids (DDKPS) in the TRPC3 TRP
domain with those of TRPC6 (EERVN) abolished the Epo-stim-
ulated increase in [Ca®*],. Substitution of EERVN in TRPC6
TRP domain with DDKPS in TRPC3 did not confer Epo respon-
siveness. However, substitution of TRPC6 TRP with DDKPS
from TRPC3 TRP, as well as swapping the TRPC6 distal C ter-
minus (C2) with that of TRPC3, resulted in a chimeric TRPC6
channel with Epo responsiveness similar to TRPC3. Substitu-
tion of TRPC6 with TRPC3 TRP and the putative TRPC3 C-ter-
minal AMP-activated protein kinase (AMPK) binding site strad-
dling TRPC3 C1/C2 also resulted in TRPC6 activation. In
contrast, substitution of the TRPC3 C-terminal leucine zipper
motif or TRPC3 phosphorylation sites Ser-681, Ser-708, or Ser-
764 with TRPC6 sequence did not affect TRPC3 Epo responsive-
ness. TRPC3, but not TRPC6, and TRPC6 chimeras expressing
TRPC3 C2 showed significantly increased plasma membrane
insertion following Epo stimulation and substantial cytoskeletal
association. The TRPC3 TRP domain, distal C terminus (C2),
and AMPK binding site are critical elements that confer Epo
responsiveness. In particular, the TRPC3 C2 and AMPK site are
essential for association of TRPC3 with the cytoskeleton and
increased channel translocation to the cell surface in response to
Epo stimulation.
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The importance of erythropoietin (Epo)? in red blood cell
production is demonstrated by the severe anemia and subse-
quent death at 11-15 days of gestation following homozygous
deletion of the Epo or Epo receptor (Epo-R) genes in mice (1, 2).
Many signaling pathways have been elucidated through which
erythropoietin mediates its effects on erythroid proliferation
and differentiation, but much remains unknown (3-7). For
example, erythropoietin regulation of the intracellular calcium
concentration ([Ca**],) has been shown to be important in the
control of erythroid proliferation and differentiation (8 —16). How-
ever, only recently have specific ion channels, members of the
canonical transient receptor potential (TRPC) family, been identi-
fied in erythroid cells through which erythropoietin modulates
calcium influx (17-21). TRPC3 is expressed on normal human
erythroid progenitors and precursors and is regulated by erythro-
poietin (17). In contrast, the highly homologous TRPC6, also
expressed on human erythroid cells, is not gated by erythropoietin
and can inhibit calcium influx through TRPC3 (21).

The TRP superfamily of ion channels is a recently discovered
group of calcium-permeable cation channels expressed in non-
excitable cells. These channels mediate a broad range of phys-
iological processes (22—30). TRP channels function as homo-
tetramers or heterotetramers, with the pore formed by loops
between the fifth and sixth transmembrane domains. Interac-
tion of heteromeric monomers in the heterotetramer or homo-
meric channel isoforms in the homotetramer is a modality of
channel regulation (31-34). There is a growing number of dis-
eases in which TRP channel involvement is recognized (35).

The TRPC subfamily, including TRPC3 and TRPC6, has
important biological functions (36-43). TRPC3 activation
involves a number of signaling pathways. TRPC3, like many
other TRPC channels, associates with phospholipase Cry
(PLCvy) and the inositol 1,4,5-trisphosphate receptor, which
modulate its activation (17, 43). TRPC3 can also be activated by
phospholipase D (40). TRPC3 cell surface translocation is stimu-
lated by a number of agonists, including erythropoietin and vaso-
pressin (21, 36, 44). TRPC3 is of physiological importance in a
number of tissues, including brain (42), hematopoietic cells (17,
41), and heart (45, 46). TRPC3 and TRPC6 have significant

2The abbreviations used are: Epo, erythropoietin; Epo-R, erythropoietin
receptor; TRP, transient receptor potential; TRPC, canonical transient
receptor potential; PLC, phospholipase C.
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sequence homology. Both TRPC3 and TRPC6 can be activated by
VEGF (47, 48), promote cardiac hypertrophy (39, 49), and contrib-
ute to the progression of certain malignancies (50—-53). However,
their sequence is sufficiently different that a number of activation
pathways and agonist responses differ. For example, TRPC3 but
not TRPC6 is activated by erythropoietin to increase [Ca®*],. In
addition, TRPC3 expression increases during normal human pro-
genitor differentiation, but TRPC6 expression decreases. These
observations suggest that the ratio of TRPC3/TRPC6 expression
and activity differences are physiologically important (21).

Because TRPC3 and TRPC6 are involved in a number of
diverse physiological processes, the goal of this work was to
identify domains of functional importance. Individual domains
that differ between TRPC3 and TRPC6 were examined to
determine their role in the Epo-stimulated rise in [Ca**],. The
TRP domain of TRPC3 was required for channel response to
Epo, and substitution of five amino acids with those of TRPC6
abolished channel function. In contrast, the TRP domain of
TRPC3 alone was not sufficient to restore Epo responsiveness
to TRPC6. However, substitution of TRPC6 with both TRPC3
TRP and either the distal C terminus of TRPC3 (C2) or TRPC3
amino acids 741-748, the putative AMP-activated protein
kinase (AMPK) binding site that straddles C1 and C2, resulted
in a significant increase in [Ca®>"], in response to Epo. In con-
trast, TRPC3 leucine zipper motifs and specific phosphoryla-
tion sites were substituted with corresponding sequence from
TRPC6 without substantial loss of activity. TRPC3, TRPC6, and
all chimeras had substantial membrane localization. However,
anincrease in channel membrane insertion was observed after Epo
stimulation of cells expressing Epo-R and TRPC3 or TRPC6 chi-
meras containing the distal C terminus of TRPC3 or the AMPK
site but not wild type TRPC6. Cell fractionation also revealed that
only TRPC3, TRPC6 chimeras expressing the distal TRPC3 C ter-
minus, or the AMPK site showed substantial cytoskeletal associa-
tion. This suggests that both TRPC3 C2 and the AMPK site may
have a functional role in membrane insertion in response to Epo.
We conclude that the TRP domain, the distal C terminus, and the
AMPK site of TRPC3 are essential for channel responsiveness to
Epo. We hypothesize that the Epo-induced [Ca®*], increase is at
least partly mediated by translocation of TRPC3 channels to the
cell membrane via the cytoskeletal network.

EXPERIMENTAL PROCEDURES
Tissues and Cell Lines

Human embryonic kidney (HEK) 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
calf serum. In some experiments, cells were treated with 40
units/ml erythropoietin (Amgen, Thousand Oak, CA). UT-7/
Epo cells, an erythropoietin-dependent cell line derived from
the human leukemia cell line UT-7, were cultured in Iscove’s
modified Dulbecco’s medium with 10% fetal calf serum and 0.5
unit/ml Epo.

Transfection of Human TRPC3, Human TRPC6, and Epo-R into
HEK 293T Cells

Human TRPC3 and TRPC6 (both gifts of Dr. Lutz Birn-
baumer) were subcloned into pQBI50 (QBiogene, Carlsbad,
CA; BFP-TRPC3), pcDNA 3.1/V5-His TOPO (Invitrogen), or
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pCMV-Tag (Stratagene, La Jolla, CA). Chimeric channels were
constructed in which domains in the C terminus of TRPC3 and
TRPC6 were exchanged (Fig. 1). The construction of TRPC3-
C6C1 and TRPC3-C6C2 chimeras was described previously
(21). TRPC3-C6TRP, TRPC3-C6LZ, TRPC3 S681A, TRPC3
S708N, TRPC3 S764H, TRPC3-C6 802—-809, TRPC3-C6 802—
807, TRPC3-C6 804—809, TRPC6-C3TRP, TRPC6-C3TRP-
C3C2, TRPC6-C3LZ, and TRPC6-C3TRP-C3 741-748 substi-
tution mutants and chimeras were generated as described
below and cloned into vectors as noted. HEK 293T cells at
50-70% confluence were transfected with these vectors and/or
pTracer-CMV expressing Epo-R using Lipofectamine 2000
(Invitrogen) in accordance with the manufacturers’ recom-
mended protocols. Cells were routinely transfected with 1 ug of
each plasmid in 7.5 ml of Opti-MEM in a 100-mm dish. HEK
293T cells were routinely studied 24 —48 h after transfection.

Generation of Chimeras

TRPC6-C3C1 and TRPC6-C3C2—TRPC6-C3C1 included
TRPC6 amino acids 1-727 and 808-931 and TRPC3 amino
acids 671-746 (C3C1) (Fig. 1D). TRPC6-C3C2 included
TRPC6 amino acids 1-807, and TRPC3 included amino acids
747-848 (C3C2) (Fig. 1D). The 5’ (C1) and 3’ (C2) parts of C
termini were exchanged between TRPC3 and TRPC6 using a
megaprimer-mediated domain swapping PCR technique. For
FLAG-TRPC6-C3C1, a 255-bp megaprimer was amplified
using the FLAG-TRPC6-C3C chimera as a template and the
following primers: forward primer, 5'- TTAATTGCCATGAT-
CAATAGCTCATATCAAG-3'; reverse primer, 5'- AATTC-
CAAGTTTCTTCTTTGAGTTACCCATTC-3'. Normal type
indicates the sequence of primers derived from TRPC6, and
boldface type indicates the sequence derived from TRPC3. For
FLAG-TRPC6-C3C2, 733-bp megaprimer was amplified using
FLAG-TRPC3-C6C1 as a template and the following primers:
forward primer, 5'-AACAGTTCATTCCAGGAAATTG-3;
reverse primer, 5-TAATACGACTCACTATAGGGCG-3'
(binding to the T7 promoter in the pCMYV vector of the FLAG
construct). All chimeras were subcloned into vectors as noted,
and clones were verified by sequencing.

TRPC3-C6TRP, TRPC6-C3TRP, and TRPC6-C3TRP-C3C2
Chimeras—Substitution of TRP domains was performed with
PCR-based site-directed mutagenesis using the QuikChange
multisite-directed mutagenesis kit (Stratagene) according to
the manufacturer’s protocol. To construct V5-TRPC3-C6TRP,
V5-TRPC3 was used as a template with the PAGE-purified sin-
gle reversed primer 5'- TGGACTAGGAACTAGATTGAAA-
GGTACAGGTAATGTTCTTCCCTCCTCAAAATAGGAT-
AACCAAAGTTTTGAACGAG-3" (the six nucleotides
marked in boldface type introduced five amino acid changes in
the C3TRP domain; Figs. 1C and 2A). To construct FLAG-
TRPC6-C3TRP, FLAG-TRPC6 was used as a template with the
PAGE-purified single forward primer 5'- ACTCTGGTTTTC-
CTACTTTGATGATGGCAAAACACTTCCTCCACCCTT-
CAGTCTGGTGCCGA-3’ (the six nucleotides marked in bold-
face type introduced five amino acids changes in the C3TRP
domain; Figs. 1D and 2A4). Generation of the TRPC6-C3TRP-
C3C2 chimera was as described for the TRPC6-C3TRP chimera
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with the exception that TRPC6-C3C2 template was used
instead of the TRPC6 template.

TRPC3-C6LZ and TRPC6-C3LZ Chimeras—Leucine zipper
motif exchange chimeras were prepared by PCR-directed
mutagenesis. V5-TRPC3 was used as a template for TRPC3
chimera, and FLAG-TRPC6 was used as a template for TRPC6
chimeras. The following primers were used: for TRPC3-C6LZ,
forward primer (5'-CCTAGTCCAAAATCATTATTTTATC-
TCCTCTTGAAGATTGTTAACTTTCCCAAATGC-3") and
reverse primer (5'-GCATTTGGGAAAGTTAACAATCTTC-
AAGAGGAGATAAAATAATGATTTTGGACTAGG-3') (sub-
stituted nucleotides introduced the substitution of six amino
acids marked in boldface type in Fig. 2A); for TRPC6-C3LZ,
forward primer (5'-GGTGCCGAGTCCAAAGTCCTTTGT-
TTATTTCATAATGCGGCTTAAAAAATGG-3') and re-
verse primer (5'-CCATTTTTTAAGCCGCATTATGAAAT-
AAACAAAGGACTTTGGACTCGGCACC-3') (substituted
nucleotides introduced the substitution of the six amino acids
marked in boldface type in Fig. 2A).

TRPC3 Phosphorylation Mutants—S681A, S708N, and
S764H were prepared with PCR-based site-directed mutagen-
esis using the QuikChange multisite-directed mutagenesis kit
(Stratagene) and PAGE-purified primers according to the man-
ufacturer’s protocol. The V5-TRPC3 was used as a template.
The following single, reversed primers were as follows: GCAA-
ACTTCCATTCTACATCAGCGTCATCCTCAATTTCTT-
GATA (two nucleotide changes substituting alanine for serine
681 are marked in boldface type); GATTTTGGACTAGGAA-
CTAGATTGAAAGGTGGAGGTAATGTTT (one nucleotide
change substituting asparagine for serine 708 is marked in bold-
face type); TGATTGAGAATGCTGTTAAAATGGTGTGAT-
TCAAAAACTCTTGA (two nucleotide changes substituting
histidine for serine 764 are marked in boldface type).

TRPC3-C6 802-809 Mutants—The TRPC3-C6 802-809
mutant was prepared using two-step PCR. In the first step, two
separated but overlapping fragments were amplified using
TRPC3 as a template; a fragment containing mutation 802— 809
was amplified with forward primer 5'-AACAAGATTAACG-
AAGAGAAGAAGTTAAACCTCTTCACTCAGTCT-3' and
reverse primer 5'-CATTCACATCTCAGCATGCTG-3’, and
another fragment was amplified using forward primer 5’-TCC-
ATGGAGGGAAGCCCATCC-3' and reverse primer 5'-CTT-
CTTCTCTTCGTTAATCTTGTCCATTTCTATATCCTT-
CTGAAG-3'. The sequence in boldface type represents the
802- 809 substitution (Fig. 2B). In the second step, both prod-
ucts were mixed. Forward primer for the second step fragment
and reverse primer for the first fragment were used to amplify
the final product. TRPC3-C6 802-807 and the TRPC3-C6
804 —809 chimeras were prepared with the QuikChange multi-
site-directed mutagenesis kit (Stratagene) using TRPC3-C6
802—-809 as a template. TRPC3-C6 802—807 used the primer
5'-AGTGAAGAGGTTTAACCTGGACTCTTCGTTAATCTT-
3’, and TRPC3-C6 804-809 used the primer 5-CTTCT-
CTTCGTTAATCATTCCCATTTCTATATCCTT-3'.

TRPC6-C3 741-748 Chimera—This chimera was prepared
using the QuikChange multisite-directed mutagenesis kit
(Stratagene), FLAG-TRPC6 as a template, and the following
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primer: 5'-GATGCAGAGATGGGCATGGGAAATTCAAA-
ATCGAGACTTGGAATTTTA-3’ (Fig. 2B).

Measurement of [Ca®* ], with Digital Video Imaging

HEK 293T cells were transfected with 1 ug/1.5 ml empty
pQBI50 vector; pQBI50 vector expressing wild type TRPC3,
TRPC6, and/or chimeric TRPC3/TRPC6 channels; and
pTracer-CMV expressing Epo-R in a 35-mm dish. pTracer-
CMV contains a CMV promoter, which drives expression of
Epo-R and an SV40 promoter, which drives expression of GFP.
The pQBI50 vector uses a CMV promoter to drive expression
of BFP fused to the indicated channel. Successful transfection of
individual HEK 293T cells with pQBI50 vectors was verified by
detection of BFP (excitation, 380 nm; emission, 435 nm) and trans-
fection of pTracer-CMV by detection of GFP (excitation, 478 nm;
emission, 535 nm) with our fluorescence microscopy-coupled dig-
ital video imaging system (8, 16, 18). To study changes in [Ca®" ], in
transfected cells, we used the fluorescent indicator Fura Red (exci-
tation, 440 and 490 nm; emission, 600 nm long pass), a dual wave-
length excitation probe (54, 55). 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. The extracellu-
lar buffer routinely contained 0.68 mm CaCl,. HEK 293T cells were
then treated with 0—40 units/ml recombinant Epo or vehicle
(PBS). [Ca*>"], was measured in individual cells at base line and at
1-5-min intervals for 20 min by determining the fluorescence
intensity ratio R (F/Fo0)-

Immunoblotting and Inmunoprecipitation

For Western blotting, whole cell lysates (100 ug/lane) or
immunoprecipitates were separated on 8 or 10% polyacryl-
amide gels, followed by transfer to Hybond-C Extra membranes
(Amersham Biosciences). Western blotting was performed as
described previously (19). Blots were incubated with anti-
TRPC3 (1:400; Alomone Laboratories, Jerusalem, Israel), anti-
TRPC3-C targeted to the human C-terminal sequence
RRRRLQDIEMGMGNSKSRLN (1:500 to 1:1000, Bethyl Labo-
ratories, Inc., Montgomery, TX) (33), anti-TRPC3-N targeted
to the murine N-terminal sequence LNGDLESAEPLERHGH-
KASL (1:1000; Bethyl Laboratories, Inc.) (56), anti-TRPC6
(1:250; Alomone Laboratories), anti-V5-HRP (1:10,000; Invit-
rogen), anti-FLAG (1:1000; Sigma), anti-PLC~y (SC-81, 1:1000;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-Epo-R
(SC-697; 1:1000; Santa Cruz Biotechnology, Inc.), anti-actin
(1:10,000; Sigma), anti-tubulin (1:10,000; Sigma), anti-GAPDH
(1:5000; Cell Signaling Technology, Inc., Boston, MA), anti-
Na*K™-ATPase (1:1000; Cell Signaling Technology, Inc.), anti-
lamin (1:1000; Cell Signaling Technology, Inc.), anti-vimentin
(1:1000; Cell Signaling Technology), or streptavidin-HRP
(Pierce) antibodies. Blots were washed and incubated with the
appropriate horseradish peroxidase (HRP)-conjugated anti-
bodies (1:2000). Enhanced chemiluminescence (ECL) was used
for the detection of signal.

To examine the association of TRPC3 with Epo-R or PLC,
HEK 293T cells were transfected with TRPC3 or TRPC3-
C6TRP in pcDNA3.1/V5-His TOPO or in pCMV-tag and in
human Epo-R (in pcDNA3) or rat PLCvy1 (in pcDNA3). Cells
were washed in ice-cold Hanks’ balanced salt solution and lysed
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FIGURE 1. Schema of TRPC3/TRPC6 chimera. A, domains and motifs in the TRPC3 C terminus. B, representation ofthe pro><|ma| (C1) and distal (C2) C termini
of TRPC3 and TRPC6. C, schematic models of TRPC3 chimeras: TRPC3-C6C1, TRPC3-C6C2, and TRPC3-C6TRP. D, schematic models of TRPC6 chimeras: TRPC6-
C3C1, TRPC6-C3C2, TRPC6-C3TRP, and TRPC6-C3TRP-C3C2. For B-D, the origin of the TRP domain is shown by the color of the oval. The amino acid (AA) number
at the beginning and at the end of the C1 and C2 domains contributed by TRPC3 (top) or TRPC6 (bottom) is indicated. FLAG-tagged chimeras expressed FLAG
at the N terminus, and V5-tagged chimeras expressed V5 at the C terminus of the channel.

in buffer (50 mm Tris, pH 7.5, 150 mm NaCl, 1 mm EDTA, 1%
Triton X-100) supplemented with Complete protease inhibitor
mixture (Roche Applied Science) and phosphatase inhibitor 2
(Sigma). Protein lysates (1 mg/0.5 ml) were incubated with pro-
tein A-Sepharose (50 ul of 50%) for 1 h at 4 °C. Precleared
lysates were collected and incubated with preimmune rabbit
serum (4 pg/500 wl) or anti-V5 (Invitrogen), anti-Epo-R, or
anti-PLC+y1 antibodies at 4 ug/500 ul and Protein G-Sepharose
(50 g of 50% in 500 wl) or anti-FLAG-agarose (40 ug of 50% in
500 wl; Sigma) for 2 h at 4 °C. Immunoprecipitates were washed
three times. FLAG immunoprecipitates were eluted using
FLAG peptide (Sigma). Sample buffer (2X) was added to the
pellets or eluates. The samples were heated at 60 °C for 30 min.
Western blotting was performed as described above, and blots
were probed with anti-V5-HRP, or anti-FLAG, anti-Epo-R,
anti-PLCvy1, or anti-actin antibodies, followed by the appropri-
ate HRP-conjugated secondary antibodies and ECL.

Cell Surface Localization and Cell Fractionation

To determine the cell surface localization of TRPCS3,
TRPC6, and chimeras, cell surface biotinylation was per-
formed, followed by immunoprecipitation and Western
blotting as described previously (21). To investigate the dif-
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ferences in protein localization and protein-protein interac-
tion in different cell compartments, cell fractionation was
performed on either transfected HEK 293T cells or UT-7/
Epo cells using the Qiagen cell fractionation kit according to
the manufacturer’s protocol. Proteins obtained from differ-
ent cell fractions were concentrated using Pall Life Sciences
(Ann Arbor, MI) Nanosep 10K Omega centrifugal devices,
and Western blotting was performed by loading equivalent
amounts of protein in each lane for each fraction. To confirm
results, HEK 293T cells were also fractionated with 0.5%
Triton X-100 extraction modified from a previously pub-
lished method with 1% Triton (57).

RESULTS

TRPC3 C Terminus Is Required for Epo Activation—W e pre-
viously demonstrated that the TRPC3 C terminus contains
domains critical for TRPC3 channel activation by Epo (17, 21).
When the proximal TRPC3 C terminus, C3C1, was substituted
with the sequences of C6C1 (TRPC3-C6C1; Fig. 1C), the Epo-
stimulated increase in [Ca®>*],, expressed as F,,,/F,o,, observed
in cells expressing Epo-R and wild type TRPC3 was abolished
(supplemental Fig. 1A4). Substitution of the distal TRPC3 C ter-
minus, C3C2, with the sequences of C6C2, TRPC3-C6C2, mod-
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FIGURE 2. TRP domains, leucine zipper motifs, and AMPK binding site in
TRPC3 and TRPC6. A, amino acid compositions of TRP domains and leucine
zipper motifs of TRPC3 and TRPC6 are shown. Letters in boldface type indicate
exchanged amino acids in the chimeras. For TRP domain exchange, the bold-
face sequences in the TRP domain of TRPC6 were exchanged with those of
TRPC3 to create TRPC3-C6TRP. The boldface amino acids of TRPC3 TRP were
exchanged with those of TRPC6 to create TRPC6-C3TRP. For leucine zipper
exchange, the boldface sequences in the leucine zipper of TRPC6 were
exchanged with those of TRPC3 to create TRPC3-C6LZ. The boldface amino
acids of TRPC3 were exchanged with those of TRPC6 leucine zipper to create
TRPC6-C3LZ. B, exchange of TRPC3 741-748 and TRPC6 802-809 is shown.
Amino acids contributed by TRPC3 (top) or TRPC6 (bottom) are indicated, and
localization to the C1 or C2 part of the C terminus is shown.

estly but significantly reduced the Epo-stimulated increase in
F,40/Fi90 compared with TRPC3 (supplemental Fig. 1B). By
contrast, substitution of neither the C1 nor C2 domains of
TRPC6 with TRPC3 sequences (TRPC6-C3C1 and TRPC6-
C3C2; Fig. 1D) reconstituted channel activation by Epo (sup-
plemental Fig. 1). These data suggest that both the proximal
(C3C1) and distal (C3C2) C-terminal segments of TRPC3 con-
tain elements that are necessary but not sufficient for channel
activation by Epo.

The TRPC3 TRP Domain Is Essential for Epo Activation— The
role of specific domains in the C1 region in TRPC3 activation by
Epo was next examined, initially focusing on the TRP domain
and leucine zipper motifs (Fig. 2A4). Substitution of five amino
acids in the TRP domain of TRPC3 (DDKPS) with those of
TRPC6 (EERVN) (TRPC3-C6TRP) significantly reduced the
response of TRPC3 to Epo stimulation (Fig. 3). However, sub-
stitution of the TRP domain of TRPC6 with that of TRPC3
(TRPC6-C3TRP) did not confer Epo responsiveness to the chi-
meric TRPC6 channel (Fig. 3). These data demonstrate that the
C3TRP domain is essential but not sufficient for channel acti-
vation by Epo.

Substitution of the leucine zipper motif of TRPC3 with that
of TRPC6 (TRPC3-C6LZ; Fig. 24) did not alter the Epo-stimu-
lated rise in [Ca®*], through TRPC3 (supplemental Fig. 2). The
reciprocal substitution (TRPC6-C3LZ) minimally increased
the response of TRPC6. These data demonstrate that the
TRPC3 leucine zipper motif has a minimal role in Epo-R-in-
duced [Ca®"], increase.
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FIGURE 3. Role of TRP domains in regulation of TRPC3 and TRPC6 by Epo-R.
HEK 293T cells were transfected with BFP-TRPC3, BFP-TRPC6, BFP-TRPC3-C6TRP,
or BFP-TRPC6-C3TRP chimeras and Epo-R. Fura Red-loaded cells were treated
with 40 units/ml Epo. To quantitate [Ca® "], F0/F 00 Was measured at base line
and by monitoring over 20 min after Epo stimulation. Shown is the percentage
increase in Fuuo/Fieo above base line (mean = S.E. (error bars) percentage
increase) = peak F,0/F 450 divided by base line F,,/F 450 X 100% — 100% (base
line). The numbers of individual cells studied were as follows: BFP-TRPC3 (PBS 17,
Epo 21), BFP-TRPC6 (PBS 17, Epo 22), BFP-TRPC3-C6TRP (PBS 16, Epo 22), or BFP-
TRPC6-C3TRP (PBS 18, Epo 21). The Epo-stimulated increase in cells expressing
TRPC6 and Epo-R is not statistically different from cells expressing Epo-R alone
and is thought to be secondary to Epo-R activation of low levels of endogenous
channels (17). %, significantly greater percentage increase in F40/F 4o, cOmpared
with Epo-stimulated cells expressing wild type TRPC6 (p < 0.001). **, significantly
less percentage increase in Fuu0/F400 compared with Epo-stimulated cells
expressing wild type TRPC3 (p < 0.001).

C3TRP and C3C2 Domains Are Sufficient to Reconstitute
TRPC6 Response to Epo Activation—When cells were trans-
fected with TRPC6-C3TRP-C3C2 (Fig. 1D), the Epo-stimu-
lated [Ca®"], increase was significantly higher than in cells
transfected with either wild type TRPC6, TRPC6-C3TRP, or
TRPC6-C3C2 chimeras and approached the response of wild
type TRPC3 (Fig. 4). These data suggest that TRPC3-C2 con-
tains domains that interact with C3TRP to form an Epo-re-
sponsive channel.

TRPC3 Amino Acids 741-748 Are Involved in Epo Activation—
Three potential sites of serine phosphorylation of TRPC3 were
identified and mutated; serine 681 (predicted casein kinase site;
World Wide Web motif search) was mutated to alanine
(S681A), serine 708 (predicted GSK site) was mutated to aspar-
agine (S708N), and serine 764 (predicted PDKI1 site) was
mutated to histidine (S764H). Cells expressing these TRPC3
single substitution mutants had a response to Epo activation
similar to that of wild type TRPC3 (data not shown).

The predicted binding site for AMPK in TRPC3 lies in a
region spanning residues 740 —754, with serine 747 as a poten-
tial phosphorylation site. When eight amino acids (residues
741-748) in TRPC3 were substituted with the corresponding
amino acids in TRPC6 (TRPC3-C6 802— 809; Fig. 2B), there was
significant reduction in the rise in [Ca®"], after Epo activation
(Fig. 4). Constructs consisting of TRPC3-C6 802—-807 (52 = 1%
increase in F,,,/F 4, above base line) and TRPC3-C6 804 — 809
(47 £ 1% increase) also showed significantly less rise in F,,,/
F,50 after Epo stimulation compared with TRPC3 (56 * 0.5%
increase). A chimera consisting of TRPC6-C3TRP-C3 741-748
containing both C3TRP and C3 741-748 resulted in Epo-in-
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FIGURE 4. Role of the distal C terminus of TRPC3 and TRPC6 in regulation
by Epo-R. HEK 293T cells were transfected with BFP-TRPC3, BFP-TRPC6, BFP-
TRPC6-C3TRP, BFP-TRPC6-C3C2, BFP-TRPC6-C3TRP-C3C2, BFP-TRPC3-C6
802-809, or BFP-TRPC6-C3TRP-C3 741-748 chimeras and Epo-R. Fura Red-
loaded cells were treated with 40 units/ml Epo. To quantitate [Ca®*1;, Fy40/F 00
was measured at base line and by monitoring over 20 min after Epo stimula-
tion. Shown is the percentage increase in F,,o/F 4o, above base line (mean =
S.E. (error bars) percentage increase) = peak F,,0/F49, divided by base line
Faa0/Fas0 X 100% — 100% (base line). The numbers of individual cells studied
were as follows: BFP-TRPC3 (PBS 56, Epo 102), BFP-TRPC6 (PBS 57, Epo 103), BFP-
TRPC6-C3TRP (PBS 20, Epo 34), BFP-TRPC6-C3C2 (PBS 20, Epo 35), BFP-TRPC6-
C3TRP-C3C2 (PBS 30, Epo 64), BFP-TRPC3-C6 802-809 (PBS 26, Epo 49), or BFP-
TRPC6-C3TRP-C3 741-748 (PBS 12, Epo 30). *, significantly greater percentage
increase in F,40/F490 compared with Epo-stimulated cells expressing wild type
TRPC6 (p < 0.001). **, significantly less percentage increase in F,,o/F49, cOM-
pared with Epo-stimulated cells expressing wild type TRPC3 (p < 0.001).

duced increases in F,,y/F,o, that were similar to those of
TRPC6-C3TRP-C3C2. This important observation indicates
that both the TRPC3 TRP domain and AMPK binding site,
which spans both TRPC3 C1 and C2 domains, are involved in
conferring Epo-responsiveness.

The TRP Domain Does Not Regulate TRPC3 Channel Associ-
ation with Epo-R—The role of the TRP domain in interaction of
TRPC3 or TRPC6 with Epo-R was examined next. Reciprocal
immunoprecipitation with anti-V5 (six experiments), anti-
FLAG (seven experiments), or anti-Epo-R was performed.
There was no statistically significant difference in the associa-
tion of Epo-R with V5-TRPC3 compared with V5-TRPC3-
C6TRP (Fig. 5A). Results were similar when we compared the
association of FLAG-tagged TRPC3 with Epo-R with that of
FLAG-TRPC3-C6TRP (Fig. 6A). We previously observed that
FLAG-TRPC3 interacted significantly better with Epo-R than
did FLAG-TRPC6 (21). These data show that although the
TRPC3 TRP domain is of key importance in channel gating, it is
not a critical domain in terms of protein-protein interaction
between TRPC3 and Epo-R.

Substitution of the TRP Domain Significantly Decreased
TRPC3 Channel Interaction with PLCy—Previously, PLCy was
also found to interact strongly with TRPC3 but much less with
TRPC6 (21). The reduced interaction was hypothesized to play
a role in the failure of TRPC6 to respond to Epo. As shown in
Figs. 5 and 6, V5-TRPC3-C6TRP and FLAG-TRPC3-C6TRP,
which respond poorly to Epo, showed statistically less associa-
tion with PLC+y than V5-TRPC3 (Fig. 5B) or FLAG-TRPC3 (Fig.
6B), suggesting a role for the TRP domain in PLCYy interaction
with TRPC3.

SEPTEMBER 2, 2011« VOLUME 286 +NUMBER 35

TRPC3 TRP Domain Determines Epo Responsiveness

A. Lysate IP:NS Anti-V5 NS Anti- Epo-R

»

o
Tx'd: Epo-R + _wtC3 C6TRP wtC3 CGTRP wtC csTRP f:
>
2100 90!
Anti-V5 g %0
WB: S
& o
Anti-Epo-R 83
m s ho-' ’
3 d
I 4‘3'0 oésg
of
4"'0
B. . X o 18
Lysate IP:NS Anti-V5 NS Anti-PLCy 52 —
C3- C3- =
A~
Tx'd: PLCy + wtC3 C6TRP_ wiC3  C6TRP__ wiC3 _C6TRP = 8
e el ————— kDa = 3z |
Ml s
§ 1 g9
Anti-V5 00 g g
WB g =
Antl-PLCy E2
v
]|
&
<&

FIGURE 5. Interaction of V5-TRPC3 and V5-TRPC3-C6TRP with Epo-R and
PLC7y. A, HEK 293T cells were transfected (Tx'd) with Epo-R and V5-TRPC3 or
V5-TRPC3-C6TRP. Lysates were immunoprecipitated (/P) with anti-V5, anti-
Epo-R antibodies, or normal rabbit serum (NS). Western blots (WB) of lysates
and immunoprecipitates were probed with anti-V5-HRP or anti-Epo-R and
appropriate secondary antibodies. Western blotting of lysates demonstrated
equivalent input from each construct. A representative result of six experi-
ments is shown. Band intensities in A were quantitated with densitometry,
and the mean = S.E. (error bars) ratio of Epo-R/channel, normalized to wild
type TRPC3, from six experiments is shown. There was no significant differ-
ence in interaction of Epo-R with TRPC3 compared with TRPC3-C6TRP. B, HEK
293T cells were transfected with PLCy and V5-TRPC3 or V5-TRPC3-C6TRP.
Lysates were immunoprecipitated with anti-V5, anti-PLCy antibodies, or nor-
mal rabbit serum (NS). Western blots of lysates and immunoprecipitates were
probed with anti-V5-HRP or anti-PLCyand appropriate secondary antibodies.
A representative result of four experiments is shown. Band intensities in B
were quantitated with densitometry, and mean = S.E. ratio of PLC-y/channel,
normalized to TRPC3, from four experiments is shown. ¥, significant differ-
ence in the ratio compared with V5-TRPC3 (p < 0.05).

TRPC3C2 Domain and AMPK Binding Site Are Involved in
Epo-induced TRPC3 Channel Translocation—Using biotinyla-
tion, we first confirmed that channel chimeras (TRPC3,
TRPC3-C6TRP, TRPC6, TRPC6-C3TRP, TRPC6-C3C2,
TRPC6-C3TRP-C3C2, and TRPC6-C3TRP-C3 741-748) were
present at the cell surface of transfected HEK 293T cells (Fig. 7,
Epo time 0). We next examined changes in cell surface expres-
sion after stimulation with Epo. Cell surface localization of
TRPC3, TRPC3-C6TRP, TRPC6-C3C2, TRPC6-C3TRP-
C3C2, and TRPC6-C3TRP-C3 741-748 increased significantly
after Epo stimulation, whereas that of TRPC6 and TRPC6-
C3TRP did not (Fig. 7). The enhanced membrane expression of
TRPC3-C6TRP in response to Epo suggests that the C3TRP
domain is not critical in Epo-stimulated cell surface mobiliza-
tion. In contrast, membrane insertion of chimeric TRPC6-
C3C2 and TRPC6-C3 741-748 channels increased in response
to Epo, suggesting that the distal C-terminal C3C2 domain and,
specifically, amino acids spanning the C1/C2 AMPK site have a
role in Epo-stimulated cell surface localization.

TRPC3C2 Domain and AMPK Binding Site Are Critical in
TRPC3 Channel Association with the Cytoskeleton—Epo-in-
duced translocation of TRPC3 channels may involve the cyto-
skeletal network. To test this hypothesis, we performed subcel-
lular fractionation to determine subcellular localization of
TRPC3, TRPC6, and chimeric channels. As expected, TRPC3,
TRPC6, and channel chimeras were present in the membrane
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but not in the cytosolic or nuclear compartments (Fig. 84).
TRPC3 and TRPC3-C6TRP but not TRPC6 were also abundant
in the cytoskeleton fraction. Association of TRPC6-C3TRP-
C3C2 with the cytoskeleton was significantly greater than that
of TRPC6. This finding suggested that domains in the TRPC3
C3C2 terminus are important in regulating cytoskeletal local-
ization. Endogenous PLCvy was found primarily in the cytosol,
with minor membrane expression. Epo-R was found in the cell
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FIGURE 6. Interaction of FLAG-TRPC3 and FLAG-TRPC3-C6TRP with Epo-R
and PLCy. A, HEK 293T cells were transfected (Tx'd) with Epo-R and FLAG-
TRPC3 or FLAG-TRPC3-C6TRP. Lysates were immunoprecipitated (/P) with
anti-FLAG-agarose. Western blots (WB) of lysates and immunoprecipitates
were probed with anti-FLAG or anti-Epo-R and appropriate secondary anti-
bodies. A representative result of seven experiments is shown. B, HEK 293T
cells were transfected with PLCy and FLAG-TRPC3 or FLAG-TRPC3-C6TRP.
Lysates were immunoprecipitated with anti-FLAG-agarose. Western blots of
lysates and immunoprecipitates were probed with anti-FLAG or anti-PLCy
and appropriate secondary antibodies. A representative result of three exper-
iments is shown. Cand D, intensity of bands was quantitated with densitom-
etry, and the mean = S.E. (error bars) ratio of Epo-R/channel (C) or PLCy/
channel (D), normalized to FLAG-TRPC3, for seven or three experiments,
respectively, is shown. *, significant difference in the ratio compared with
TRPC3 (p < 0.05).

membrane but also showed significant cytoskeletal association.
The quality of subcellular fractionation was confirmed by prob-
ing each fraction with antibodies specific for proteins in that
compartment, including anti-GAPDH (cytosol), anti-Na*K™-
ATPase (membrane), anti-lamin (nucleus, cytoskeleton), and
anti-vimentin (cytoskeleton) antibodies (Fig. 8B).

Chimeric channels were then used to study the roles of TRP
and C3C2 domains in cytoskeletal association. Associations of
FLAG-TRPC3 and FLAG-TRPC3-C6TRP with the cytoskeletal
fraction were similar (Fig. 94, n = 9). Associations of FLAG-
TRPC6 and FLAG-TRPC6-C3TRP were also not statistically
different (Fig. 94, n = 7), demonstrating that the TRPC3 TRP
domain does not play a key role. FLAG-TRPC6-C3C2 and
FLAG-TRPC6-C3TRP-C3C2 had similar cytoskeletal associa-
tion (n = 3), which was significantly greater than that of FLAG-
TRPC6 (p < 0.01, n = 3) or FLAG-TRPC6-C3TRP (p < 0.02,
n = 3; p <0.05,n = 7 respectively). This demonstrates a role for
the C3C2 domain, although FLAG-TRPC3 had significantly
greater cytoskeletal association than either FLAG-TRPCo6-
C3C2 (p < 0.004, n = 3) or FLAG-TRPC6-C3TRP-C3C2 (p <
0.0001, n = 8). Cytoskeletal association of FLAG-TRPC6-
C3TRP C3 741-748 was similar to that of FLAG-TRPC6-C3C2
and FLAG-TRPC6-C3TRP-C3C2. To confirm these results,
lysates from cells transfected with different TRPC3/TRPC6
chimeras were also fractionated into different subcellular com-
partments with Triton X-100. Three experiments confirmed
results observed with the Qiagen cell fractionation kit (Fig. 9B).
This suggests that the AMPK binding motif including the Ser-
747 phosphorylation site may be a key domain in facilitating
C3C2 cytoskeletal association.

To confirm that endogenous TRPC3 also associated with the
cytoskeleton, subcellular association of endogenous TRPC3
and TRPC6 was examined in Epo-responsive UT-7 cells (Fig.
9C). TRPC3 was found in the membrane fraction but was
strongly expressed in the cytoskeleton. By contrast, TRPC6 was
detected primarily in the membrane fraction. Increased cyto-
skeletal association of endogenous TRPC3 compared with
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FIGURE 7. Plasma membrane insertion of TRPC3/TRPC6 chimeras detected with cell surface biotinylation. HEK 293T cells transfected (Tx'd) with Epo-R
and V5-TRPC3, V5-TRPC3-C6TRP, V5-TRPC6, V5-TRPC6-C3TRP, V5-TRPC6-C3C2, V5-TRPC6-C3TRP-C3C2, or V5-TRPC6-C3TRP-C3 741-748 were stimulated with
0-40 units/ml Epo for 0-5 min. Biotinylation of cell surface proteins was performed, and V5-tagged proteins were immunoprecipitated (/P) from lysates with
anti-V5 antibody. Western blots (WB) of immunoprecipitates were probed with streptavidin-HRP to detect biotinylated protein and then stripped and rep-
robed with anti-V5-HRP to detect total protein. Representative results of Western blots from three experiments are shown. Biotinylated and total protein bands
were quantitated with densitometry, and the ratio was normalized to time 0. The mean = S.E. (error bars) values of the biotinylated/total protein ratios from
three experiments after 5 min of stimulation are shown. *, significant difference in the ratio compared with time 0 (p < 0.05).
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FIGURE 8. Subcellular localization of TRPC3, TRPC6, TRPC3/TRPC6 chime-
ras, PLCy, and Epo-R. A, proteins from HEK 293T cells transfected with FLAG-
TRPC3, FLAG-TRPC3-C6TRP, FLAG-TRPC6, FLAG-TRPC6-C3TRP-C3C2, and
Epo-R were fractionated, purified, and analyzed by Western blotting (WB).
Transfected FLAG-tagged constructs were detected by probing with anti-
FLAG antibody. Transfected Epo-R was detected with anti-Epo-R antibody,
and endogenous PLCy was detected with anti-PLCy antibody. Results from
four fractionation experiments using FLAG-tagged constructs and two exper-
iments using V5-tagged constructs were similar, and representative results
with FLAG constructs are shown. B, representative results showing quality of
fractionation by probing Western blots with anti-GAPDH, anti-Na*K™"-
ATPase, anti-lamin, and anti-vimentin (markers for cytosol, membrane,
nuclear, and cytoskeletal fractions, respectively).

TRPC6 in Epo-responsive cells is consistent with our hypothe-
sis that the cytoskeletal network is intimately involved in Epo-
induced translocation of TRPC channels to the cell surface.

DISCUSSION

TRPC3 and TRPC6 are highly homologous TRPC channels,
which are activated by some of the same growth factors (47, 48)
and share a number of functions (49 —52). However, TRPC3 is
activated by Epo, whereas TRPC6 is not (21). Here, the domains
that differ between these two channels were examined to iden-
tify sites involved in specificity of channel activation and cell
surface localization. These studies identified domains, includ-
ing the TRP domain, and sequences in the distal C terminus,
including an AMPK binding site, that are critical for the selec-
tive activation of TRPC3 by Epo and involved in channel sub-
cellular localization.

Previously, the proximal part of the TRPC3 carboxyl domain
(C3C1) was found to be critical for activation by Epo (21). Here,
C3C1 was confirmed to be important for TRPC3 gating by Epo.
Substitution of C3C1 with C6C1 sequence eliminated the Epo-
stimulated rise in [Ca®>"],. However, C3C1 was not sufficient,
because little increase in [Ca®>*], was observed after Epo stim-
ulation of the TRPC6-C3C1 chimera. Domains in C3C1 that are
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required for the response to Epo were examined. The first
important finding of this work is that the TRP domain is critical
for activation of the TRPC3 channel by Epo. Substitution of five
amino acids in the TRP domain of TRPC3 with those of TRPC6
significantly reduced the Epo-stimulated [Ca®"]; increase,
whereas reciprocal substitution of leucine zipper motifs had
minimal effect on the Epo-stimulated rise in [Ca®*]; through
TRPC3 or TRPC6. Substitution of the TRP domain of TRPC6
with that of TRPC3 did not result in an increase in [Ca®"], after
Epo stimulation, demonstrating that the C3TRP domain is
essential but not sufficient for activation by Epo. The important
role of the TRP domain in activation of other TRP channels has
previously been demonstrated (58 — 60). The TRP domain plays
an important role in TRPMS8 channel activation by affecting
sensitivity to agonists menthol and icilin (60). Mutations in the
TRP domain were hypothesized to mediate their effect through
either disruption of ligand binding to the channel or effects on
the ability to translate ligand binding into conformational
changes that cause channel opening. TRP domains have been
found to interact with modulators of channel function. For
example, the TRPC1 TRP domain binds Homer, an adapter
protein that regulates its activation (61). Sequences in the TRP
domains of TRPMS8, TRPM5, and TRPV5 are sites of phospha-
tidylinositol 4,5-bisphosphate interaction involved in sensitiv-
ity to and regulation by phosphatidylinositol 4,5-bisphosphate
(62). Sequences in the TRPV1 TRP domain are involved in volt-
age-, capsaicin-, and heat-dependent channel activation (63).
Our data show that although the TRPC3 TRP domain is not
critical for protein-protein interaction between TRPC3 and
Epo-R, it is essential for mediating Epo-induced Ca** influx
through TRPC3. Furthermore, immunoprecipitation studies
suggested that the TRP domain may be involved in PLCy bind-
ing, but sites of TRPC3 binding to PLC+y have been controver-
sial, and this was not pursued here (17, 64, 65).

The second important finding of this work is the identifica-
tion of domains in the distal TRPC3 C terminus that are
involved in TRPC3 activation by Epo. The TRPC6-C3TRP-
C3C2 chimera responds to Epo with an increase in [Ca®*],
which approached that of wild type TRPC3. The critical roles of
both the TRPC3 TRP domains and the C terminus in TRPC3
activation by Epo are consistent with the central localization of
these two regions in a recently proposed three-dimensional
model of TRPC3 (66). One site of potential importance located
in the TRPC3 distal C terminus is the conserved CRIB (calmod-
ulin/IP3R binding) domain (17). Affinities of the TRPC3 and
TRPC6 CRIB domains differ 3-fold and could have an impact
on channel function (67). Another site of potential importance
is the AMPK binding site at 740 —754 and the phosphorylation
site at TRPC3 Ser-747. Disruption of either the putative AMPK
binding site at TRPC3 741-746 (TRPC3-C6 802—-807) or 741—
748 (TRPC3-C6 802-809), substitution of serine 747 (TRPC3
C6C2), or both (TRPC3-C6 802-809) significantly reduced
TRPC3 activity. Replacement of this site in TRPC6 with TRPC3
sequence, in conjunction with substituting the C3 TRP domain
(TRPC6-C3TRP-C3 741-748), conferred Epo responsiveness
to the chimeric TRPC6 channel (Fig. 4). Recently, AMPK was
implicated in regulation of oxidative stress and life span in
erythrocytes (68). These data suggest that AMPK and TRPC3
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FIGURE 9. Membrane and cytoskeletal association of TRPC3, TRPC6, and TRPC3/TRPC6 chimeras. Proteins from transfected HEK 293T cells (A-C) or
UT-7/Epo cells (C) were fractionated, purified, and analyzed by Western blotting (WB). Transfected FLAG-tagged constructs were detected by probing with
anti-FLAG antibody. Quality of fractionation was confirmed by probing Western blots with anti-Na“K"-ATPase (membrane), anti-vimentin (cytoskeletal
fraction), and anti-GAPDH (cytosol marker) antibodies. Equivalent input from lysates was confirmed by probing with anti-actin. A, fractionation with the Qiagen
cell fractionation kit. Membrane and cytoskeletal association of TRPC3/6 channels and chimeras. Three to nine experiments (depending on the FLAG-tagged
construct) were performed, and representative results are shown. B, fractionation using the 0.5% Triton X-100 extraction method. Representative results of
three experiments are shown. C, subcellular fractionation of endogenous TRPC3 and TRPC6 in UT-7/Epo cells with the Qiagen fractionation kit. For all
preparations, 100 ug/lane was loaded except for the cytoskeletal fraction of transfected cells, where 50 ng was loaded per lane. Endogenous TRPC3 was
detected using anti-TRPC3-C antibody. Endogenous TRPC6 was detected using Alomone anti-TRPC6 antibody. Transfected HEK 293T cells were used as
controls. Representative results of four experiments are shown. lys, whole cell lysate; M, membrane fraction; Csk, cytoskeletal fraction. *, bands that did not
disappear with peptide blocking, indicating that they are nonspecific.

could be part of the same signaling pathway involved in eryth-  respects. The first is that increased Ca®" influx after Epo stim-
rocyte survival. ulation is at least partly mediated by increased density of

The mechanisms by which Epo induced [Ca®*], increase ~TRPC3 channels on the cell membrane. The second is that the
partly involve increased membrane insertion of Epo responsive  same channel domains (C3C2 and AMPK binding site) are
TRPC3 channels, as indicated by surface biotinylation experi- responsible for Epo-induced [Ca®"], rise, channel transloca-
ments before and 5 min after the addition of Epo (Fig. 7). Of tion, and cytoskeletal association. Selected TRP channels have
particular relevance is that chimeric TRPC6 channels (TRPC6-  previously been shown to associate with the cytoskeleton,
C3TRP-C3C2 and TRPC6-C3TRP-C3 741-748) that exhibited  either directly or via scaffold proteins (69, 70), and this associ-
Epo responsiveness in terms of [Ca®"]; increase also increased  ation has been reported to regulate channel accumulation in
membrane insertion. This observation is important in two the plasma membrane (69, 71). For example, direct interaction
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between TRPC4 and the spectrin cytoskeleton is required for
EGF-induced TRPC4 membrane insertion and involved in
TRPC4 interaction (71). TRPC3 has been shown to assemble in
a multimolecular complex in caveolae, and localization of the
complex and subsequent movement to the plasma membrane
are influenced by the status of the cytoskeleton (72).

In summary, domains of TRPC3 that are different from those
present in TRPC6 are functionally important in its response to
Epo. These include the TRPC3 TRP domain, which is required
for channel gating in response to Epo and involved in PLCy
interaction, and an AMPK binding and phosphorylation site in
TRPC3C2, which together with TRPC3 C3TRP is sufficient for
TRPC6 channel activation by Epo. Both TRPC3C2 and the
AMPK site are involved in increased channel insertion into the
cell surface in response to Epo and association of the channel
with cytoskeletal elements. Finally, substitution of TRPC6
sequence with as few as five amino acids in the TRP domain
(DDKPS) and eight amino acids in the C terminus (GMGNSKSR)
of TRPC3 can result in a functional channel.
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