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ABSTRACT

The hTRPC (human transient receptor potential canonical) family of non-
selective cation channels are proposed to mediate calcium influx across the plasma
membrane via PLC-coupled receptors. Heterologously expressed hTRPC3 and
hTRPC7 have been localised at the cell surface, however, a large intracellular
component has also been noted but not characterised. In this study we have
investigated the intracellular pool in COS-7 cells and have shown co-localisation with
markers for both the trans-Golgi network (TGN) and the cis-Golgi cisternae by
immunofluorescence microscopy. Addition of Brefeldin A to cells expressing
hTRPC3 or hTRPC7 resulted in the redistribution of the Golgi component to the
endoplasmic reticulum indicating this pool is present in both the Golgi stack and the
TGN. Expression of either TRPC3 or TRPC7, but not TRPCI1 or the cell surface
marker CDS, resulted in a 2-4 fold increase of secreted alkaline phosphatase in
the extracellular media. Based on these data, we propose that an additional function
of these members of the hTRPC family may be to enhance secretion either by
affecting transport through the Golgi stack or increasing fusion at the plasma

membrane.

Keywords: Transient receptor potential, cation channel trafficking, secretory

pathway, calcium
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INTRODUCTION

The transient receptor potential (TRP) protein superfamily consists of calcium
permeable non-selective cation channels first described in a Drosophila
phototransduction mutant associated with a defect in light induced calcium entry [1].
The number of mammalian homologues of Drosophila TRP (dTRP) that have been
identified over the past decade have expanded into a superfamily which has been
further divided into seven subfamilies (reviewed in [2]). Except for the lack of a
voltage sensor in S4, the structure all of the TRP channels resembles that of voltage-
gated ion channels; it includes six predicted transmembrane segments with N-terminal
and C-terminal cytoplasmic tails and a re-entrant pore loop between S5 and S6. In
addition, analogously to Kv channels, TRPs most likely form tetrameric structures.

In contrast to other ion channel families, the TRP family members are
predominantly grouped according to sequence homology and are diverse in terms of
modes of activation, ion selectivity, tissue distribution and function both between and
within each subfamily. TRPC or ‘classical’ (sometimes referred to as canonical) TRPs
are most closely related to dTRP and are also subdivided into a further 4 groups based
on sequence similarity: TRPCI1, and TRPC2 (a pseudogene in humans) in their own
categories, TRPC4 and TRPCS5 forming the third grouping and TRPC3, TRPC6 and
TRPC7 forming the fourth subfamily. All of the TRPC channels open in response to
activation of PLC which leads to the production of IP; and diacylglycerol (DAG).
The issue of whether (or which) TRPC family members are activated by IP; and
subsequent depletion of intracellular stores, or an increase in DAG remains
controversial [3]. Alternatively, or in combination with the mechanisms described
above, activation of calcium influx through TRP channels also occurs by insertion of
a vesicular pool into the plasma membrane [4-6].

Not only are there differences in tissue distribution, function and activation
within TRP families, it is also becoming clear that there are differences in the
subcellular distribution of these channels as well. Localization studies in conjunction
with electrophysiological experiments have demonstrated the presence of both
heterologously expressed and endogenous TRP proteins at the plasma as predicted by
a role in calcium influx [7]. However, it is apparent that large intracellular pools of
TRP proteins also exist. As would be predicted from the insertional activation model,

a number of studies report localisation of TRP channels including the C. elegans TRP,
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TRP-3 [8], TRPC3 [6], TRPVS5 amd TRPV6 [9], TRPCS5[5] and TRPV1 [10] to
vesicular pools which then fuse with the plasma membrane after stimulation.

More surprisingly, TRPs have recently been implicated in endosome/lysosome
function after the gene responsible for the neurogenetic disorder mucolipidosis type
IV was cloned and found to encode the group 2 TRP, TRPML (mucolipin-1).
TRPML and its homologue in C. elegans, CUP-5, have both been localised to late
endosomes/lysosomes and have been proposed to have a role either in lysosome
biogenesis [11] and/or regulation of lysosomal [12]. Another subcellular
compartment in which several types of calcium channels reside is the ER. Both
folding and assembly of channels occurs in this compartment and consequently it has
been difficult to establish whether TRP channels actually function in this organelle or
are merely being assembled and transported; a recent report suggests that the
cold/menthol-sensitive TRPMS channel is not only resident in the ER but has a role as
an ER calcium-release channel[13]. Three distinct locations, the ER, plasma
membrane and Golgi complex, have been reported for another group 2 TRP, TRPP2
(polycystin-2), mutations in which cause polycystic kidney disease (reviewed in[14]).
Thus, in addition to their function as calcium influx channels at the plasma
membrane, an increasing number of TRP channels have been demonstrated to act
intracellularly in a variety of different organelles.

In this study, we present a detailed analysis of the subcellular localisation of
the intracellular pools of hTRPC1, 3 and 7 and propose a novel role for both hTRPC3

and hTRPC7 in enhancing constitutive secretion.
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MATERIALS AND METHODS
Antibodies and Reagents

The following antibodies were used in immunofluorescence microscopy at a
1:300 dilution unless otherwise specified: anti-Myc monoclonal antibody (9E10) ( a
kind gift from Prof. J.Paul Luzio, University of Cambridge), anti-Flag monoclonal
antibody M2 (Sigma, Poole, Dorset UK), rabbit polyclonal Gpp130 and mouse anti-
mannosidase II (Covance, UK), and sheep anti-human TGN46 (Serotec). Goat anti-
rabbit IgG-Alexa Fluor 594 and goat anti-mouse IgG-Alexa Fluor 488 were purchased
from Molecular Probes. Anti-myc monoclonal antibody, clone 4A6, was purchased
from Upstate UK and used at a dilution of 1:200 for immunoblotting. The polyclonal
rabbit anti-hTRPC7 antibody has been described previously [15]. Specific antibodies
were purified by affinity chromatography on Sepharose 4B coupled to the peptide,
concentrated and stored at -20°C prior to use. The antibody was used at a dilution of
1:100 for immunofluorescence and 1:1000 for immunoblotting. All other reagents
were obtained from Sigma unless otherwise specified.

Constructs

Myc-hTRPC3 in expression vector pcDNA3 and Flag-hTRPC1f in pcDNA3.1
were kind gifts from Dr. Craig Montell ; Johns Hopkins University, Baltimore, MD
[16]. The full length cDNA coding sequence for hTRPC7 (accession number
AJ272034) was subcloned from pCR-Blunt into the HindIII and Kpnl sites of the
pFLAG-CMYV vector (Sigma) to produce an N-terminal epitope-tagged version of the
polypeptide.

ApMep4-hTRPC3 was generated by the insertion of a 700 nt Kpnl/Xhol
fragment from the 5’ end of pcDNA3-hTRPC3 into the ApMep4 mammalian
expression vector [17]. The 3° Xhol fragment of hTRPC3 was then cloned into the
ApMep4 Xhol site. Products containing this insert in the correct orientation were
determined by restriction mapping and sequencing.

The pcDNA3-eGFPhTRPC3 vector was constructed by inserting a Kpn I
fragment containing eGFP into the Kpnl site of pcDNA3-hTRPC3 to create a cDNA
encoding an N-terminally eGFP-tagged hTRPC3.

Cells and Transfections

African Green Monkey kidney cells (COS-7) were grown in Dulbecco’s

modified Eagles medium (DMEM, Sigma) containing 10% (v/v) foetal calf serum and
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100 U/ml penicillin-streptomycin. Transfections were performed using Gene Juice
transfection reagent (Novagen, UK) using 1pg of construct DNA except for
cotransfections wherein 0.5 pg of each plasmid was used. Further manipulations of
the cells were carried out 24 hours post-transfection unless otherwise specified. For
the generation of stable cell lines, COS-7 cells were transfected with the inducible
expression vector ApMep4- hTRPC3 and stable cell lines isolated after selection in 50
ug/ml hygromycin B (Sigma) for approximately two weeks. Three clones were
chosen for further study based on differential levels of expression in uninduced versus
induced conditions. For inducible expression, 50 uM ZnCl, was added to the media
and cells incubated for a further 24-48 hours prior to processing for
immunocytochemistry or immunoblotting. The rat pituitary cell line, GH4C1, was a
kind gift of Professor Priscilla Dannies, Department of Pharmacology, Yale
University and was grown in a 1:1 mixture of DMEM and Ham's F-10 media
supplemented with 15% horse serum.

Protein Extraction and Immunoblotting

Confluent cells were harvested by scraping on ice into lysis buffer consisting of 100
mM Tris HCI, pH 8.0, 1 mM MgCl, 0.1 mM PMSF and a protease inhibitor cocktail
(Roche, Complete Mini, EDTA-free) (Buffer A) and frozen at -80°C until use. Frozen
cells were thawed on ice, homogenized in a Dounce homogenizer and diluted in
0.25M sucrose, 10 mM Tris-HEPES, pH 7.4 containing protease inhibitors. The
suspension was centrifuged at-3,000 x g for 15 minutes, 4° C and the supernatant then
centrifuged at 50,000 x g for 30 minutes. The pellet was resuspended in Buffer A and
protein determinations conducted using the BioRad protein assay. 20ug of the crude
membrane pellet was resolved on an 8% SDS Tris-glycine gel and the gel transferred
to nitrocellulose. Monoclonal anti-myc 4A6 (Upstate, 1:1000) was used to detect
hTRPC3 in COS-hTRPC3-1 cells and polyclonal anti-TRPC?7 for detection in GH4C,
cells (1:1000), followed by anti-mouse IgG-HRP or anti-rabbit [gG-HRP (Amersham
Biosciences, LittleChalfont, Buckinghamsire, UK) respectively. Detection was
carried out with ECL™ Western Blotting Detection reagent (Amersham, U.K.).
Densitometry was conducted using the Epi Chemi II Darkroom and captured
luminescence imaged using LABWORKS software (UVP Lab Products, Cambridge,
U.K)).

SEAP Assays
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COS-7 cells and clonal COS-7 cells stably expressing N-terminal myc-tagged human
TRPC3, were transiently transfected with pSEAP2-Control mammalian expression
vector (BD Biosciences Clontech, Palo Alto, CA) using GeneJuice® Transfection
Reagent (Novagen, La Jolla, CA)for 24 hours followed by induction with 50 uM
ZnCl, for a further 24 hours. Samples of media were harvested at 48 and 72 hours
post-transfection, and the level of the heat-stable secreted placental alkaline
phosphatase in 15 ul aliquots was determined using BD Great EscAP¢™ SEAP
Chemiluminescent assay (BD Biosciences Clontech, Palo Alto, CA). Assays were
conducted in transparent 96-well flat-bottomed microtitre plates, and luminescence
was detected for 10 s integrals using a FARcyte™ plate luminometer (Amersham
Pharmacia Biotech, Little Chalfont, Bucks). COS-7 cells were also transiently co-
transfected with pSEAP2-Control mammalian expression vector and secondary
recombinant mammalian expression plasmids. Extracellular media was harvested and
assayed as described above. Immunofluorescence microscopy was performed on the
pSEAP2-Control transfected cells to ensure the transfection efficiency was constant
between the different sample groups.
Immunocytochemistry

Indirect immunofluorescence microscopy was performed as described
previously [18]. Briefly, cells were washed with PBS and fixed for 20 min at room
temperature using 2% (w/v) paraformaldehyde and permeablised for 5 min with
methanol at —20°C or 0.1% (v/v) Triton X-100 at room temperature, blocked with
10% (v/v) FCS in PBS for 20 min followed by addition of primary antibody at the
dilutions indicated above. After washing, secondary antibody was added and the cells
incubated 20 min followed by washing and mounting with Mowiol® (Calbiochem).
When required, cultured cells were incubated with 5 ug/ml Brefeldin A and incubated
for 2hrs at 37°C as previously described [18].
Imaging
Cells were visualised using either a Zeiss LSM 510 confocal microscope
(Oberkochen, Germany), with a plan-apochromat 63x, 1.4 oil immersion objective
lens or a Nikon TE2000 fluorescence microscope (Nikon, UK) equipped with a
Hammamatsu ER-ORCA CCD camera and a Sutter Lambda 10-2 controller and filter

wheel. In the latter case, images were captured using Perkin Elmer Ultraview
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software (Perkin Elmer UK). The final images were processed using Adobe
Photoshop 5.0 (Adobe Systems, Mountain View, CA).

Statistical analysis

Results are presented as means+S.E.M. with the number of experiments indicated in

the legend.
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RESULTS
Localisation of transiently expressed hTRPC1, hTRPC3and hTRPC?7 in COS-7
cells

A number of different approaches including immunocytochemistry have been
used to analyse the expression and distribution of TRPC proteins in various tissues as
well as heterologously expressing cell lines. Although expression at the plasma
membrane, in vesicles and in the ER have been documented for many of the TRP
family members, several reports allude to a large intracellular pool of hTRPC3 that
also appears to colocalise with the Golgi complex [19-21]; this observation, however,
has not been characterised further. In order to determine the exact localisation of the
intracellular pool of hTRPC3, we first investigated the localisation pattern of N-
terminally tagged constructs of " TRPC1, hTRPC3 and hTRPC7 in COS-7 cells. We
used this cell line since the flattened morphology and large size enables clear
identification of intracellular compartments and structures.

We transiently transfected COS-7 cells with a full-length construct of h-TRPC3
containing an N-terminal myc epitope (Myc-hTRPC3) [16]. As shown in Figure 1A
(middle image), over-expressed Myc-hTRPC3 is concentrated in a perinuclear
location as well as in punctate structures throughout the periphery and at the plasma
membrane. A similar distribution was seen for FLAG-hTRPC7 (Figure 1A, last
image), however a more distinctive plasma membrane localisation was also observed.
In contrast to the results obtained with hTRPC3 and hTRPC7, our results indicate that
FLAG-hTRPC1p[16, 22] localises predominantly to the endoplasmic reticulum (ER)
in COS-7 cells (Figure 1A, first image).

In order to determine whether the large intracellular pool of hTRPC3 is merely
due to overexpression and consequent saturation within the exocytic pathway
resulting in the Golgi-like distribution, COS-7 cells were stably transfected with Myc-
hTRPC3 under the regulation of the inducible metallothionein promoter contained in
the expression vector ApMEP4 (COS-hTRPC3-1). Even under uninduced conditions
some expression was detected by both immunofluorescence and immunoblotting
(Figure 1B and C). However, at these low levels of expression the distribution of
hTRPC3 in these cells is similar to that after transient transfection with little or no
detectable signal apparent at the plasma membrane and the majority of signal

appearing intracellularly (Figure 1B). With increasing expression levels, the
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concentration in the perinuclear area and in punctate structures increases without a
concomitant increase at the cell surface. These data suggest that the perinuclear
localisation is not simply due to overexpression resulting in an increased
concentration in the secretory pathway.

In order to confirm the distribution data described above we also conducted co-
transfection experiments with hTRPC1f and hTRPC3. Based on previous
immunoprecipitation data [23], hTRPC1 and hTRPC3 would not be expected to
interact and indeed the localisation of hTRPC1 did not appear to alter upon co-
transfection with hTRPC3 [7]; the intracellular distribution of h"TRPC3, however, was
not investigated in these experiments. In contrast, recent reports based on
immunoprecipitation data suggest TRPC1 and TRPC3 will heteromultimerize [24].
Results presented in Figure 2A demonstrate that COS-7 cells co-transfected with
hTRPCI1 and hTRPC3 exhibited expression patterns for both proteins that resembled
the pattern in singly-transfected cells. Minimal colocalization was apparent and the

intracellular pool of hTRPC3 remained unaffected.

The intracellular pool of hTRPC3and hTRPC?7 localise to both the trans-Golgi
network (TGN) and the the Golgi stack

One model for TRP activation includes an insertion into the plasma membrane
from an intracellular pool. There 1s a growing body of evidence to support this model
(reviewed in [25]; however, although there is evidence for rapid insertion of TRPCs
from a sub-plasmalemmal pool using TIRF microscopy [5], the possibility of
contributions by other intracellular pools to this process has not been investigated.
Recycling from the TGN through the plasma membrane has been well characterised
for a number of proteins including TGN38 [26], and furin [27]. Precedence for
transport of receptors from the TGN to the cell surface upon stimulation has also been
demonstrated for two members of the tumour necrosis factor receptor family, TNFR1
and Fas [28]. It was therefore of interest to determine whether the perinuclear
localisation of hTRPC3 and hTRPC?7 corresponded to the TGN using double-
immunofluorescence labelling of transiently transfected COS-7 cells with a marker
for the TGN, TGN46 [29]. For comparison, cells were also transfected with
hTRPCI1p and processed for IF using a monoclonal anti-FLAG antibody and sheep
anti-TGN46. Limited if any co-localisation was detected for hTRPC1 and TGN46

10
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(Figure 2B, top panel), however a high degree of colocalisation was seen between
both hTRPC3 and hTRPC7 and TGN46 in the perinuclear region (Figure 2B, middle
and lower panel). This data along with the co-transfection experiment supports the
conclusion that these TRPC3/7 and TRPCI1 isoforms reside in separate intracellular
compartments.

Although the majority of the intracellular pool of hTRPC3 and hTRPC7 co-
localised with TGN46, the co-localization was not complete. The possibility that
some of the hTRPC3 concentrates in the Golgi stack was approached initially by
conducting double labelling with hTRPC3 and a marker for the ¢is Golgi, Gpp130
[30]. As for TGN46, there was also extensive co-localization of hTRPC3 (Figure 3,
top panel) with Gpp130. This approach, however, does not provide definitive means
for the dissection of the TGN from the Golgi stack. Brefeldin A (BFA) is a fungal
metabolite which inhibits ADF-ribosylation factors and consequently coat formation;
the consequence of this inhibition is the disassembly and redistribution of the Golgi
complex. In contrast to the TGN which collapses to a small dot around the
microtubule organizing centre (MTOC), BFA causes the Golgi stack to be
redistributed into the ER in COS-7 cells [18]. Surprisingly, after BFA treatment,
hTRPC3 and hTRPC?7 clearly redistribute with Gpp130 into the ER (Figure 3 panel 2
& 4) whereas TGN46 appeared in the classic ‘BFA dot’ (Figure 3, panel 3). This
indicates that hTRPC3 localises not only to the TGN but also to the Golgi stack.

Endogenous TRPC?7 localises to the Golgi complex in a rat pituitary cell line,
GH,C,

A key question concerning possible effects of overexpression in transfected
cells on subcellular distribution prompted us to examine various cell lines to see if we
could detect endogenous protein using immunofluorescence microscopy.
Unfortunately, none of the cell lines tested gave an unequivocal signal with either a
commercially available or our own polyclonal anti-hTRPC3 antibody. However, as
TRPC7 appears to have a similar distribution to TRPC3 and TRPC7 mRNA levels
have been reported be highest in pituitary [31], we used a polyclonal anti-TRPC7
antibody raised to the extreme C-terminus [15] to assess distribution in a rat pituitary
cell line, GH4C,. Consistent with the perinuclear concentration in COS-7 cells
expressing FLAG-hTRPC?7, the endogenous protein was detected in a Golgi-like area

close to the nucleus (Figure 4A). Double-labelling experiments with the cis-Golgi
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marker o-mannosidase II, indicate a high degree of colocalisation although not
complete overlap. Immunoblotting of whole cell lysate revealed a positive signal at
approximately 100kD corresponding to the same band detected in HEK293 cells
overexpressing hTRPC7 which is not detected in untransfected cells (Figure 4B).
This supports the finding that the signal detected by immunofluroescence was indeed

TRPC7.

Expression of either hTRPC3 or hTRPC?7, but not hTRPC1, enhances constitutive
secretion

As a central organelle of the secretory pathway, one of the major functions of
the Golgi complex is in sorting and modifying proteins destined for either the plasma
membrane, endosomal compartments or specialized secretory granules. These
processes are dependent on both the formation of vesicles and the fusion of these
vesicles with a target membrane. Several studies implicate a role for lumenal calcium
in organellar fusion events, particularly endosome/lysosome fusion [32]. We therefore
reasoned that one possible consequence of having a calcium channel in the Golgi
complex might be to increase vesicle fusion and therefore constitutive secretion. In
order to test this hypothesis, COS-7 control or COS-hTRPC3-1 cells were transfected
with a plasmid encoding a secreted form of alkaline phosphatase (SEAP) [33]. The
newly synthesised enzyme is translocated into the lumen of the ER, transported
constitutively through the Golgi complex and then targeted for secretion at the plasma
membrane. The amount of alkaline phosphatase present in the cell culture medium of
untransfected control, untransfected control under inducing conditions (50 uM
ZnCl,), uninduced or induced COS-hTRPC3 was measured 48 hours after
transfection. As indicated in Figure 1C, hTRPC3 is expressed at low levels in this
cell line even in the absence of induction. The 2-fold increase in secretion of the
enzyme over control even in uninduced cells suggests that the presence of hTRPC3
has a significant effect on transport through the secretory pathway. A 3-fold increase
was observed after induction of COS-hTRPC3 cells compared to control cells treated
with 50 uM ZnCl,; there was also a significant increase when compared to uninduced
cells (Figure 5A).

To examine whether this was specific for " TRPC3, we conducted similar

experiments using hTRPC1, hTRPC7 and a resident cell surface protein that normally
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traffics to the plasma membrane through the Golgi complex, CD8. In the absence of
stable cell lines expressing these proteins it was necessary to carry out these studies
on transiently transfected cells. In our hands, co-transfections often result in cells not
only co-expressing but also expressing either one or the other protein. Hence, for all
experiments, the number of cells expressing both the protein of interest and SEAP
was determined by immunofluorescence to ensure comparable levels of both co-
transfected and singly transfected cells (data not shown). Expression of each
construct was compared to the expression of eGFP-N1 to control for effects of
transfection alone. As can be seen in Figure 5B, expression of neither CDS§ nor
hTRPC1 had significant effects on the amount of SEAP in the medium; however, the
expression of both hTRPC3 and its closely related family member, hTRPC7 increased
constitutive secretion by at least 2.5 fold, and almost 3.5 fold in the case of hTRPC3.
These findings suggest that not only are hTRPC3 and hTRPC7 expressed in the Golgi
complex but they also have a significant effect on a major function of this organelle,

constitutive secretion.
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DISCUSSION

Despite an increasing number of studies focusing on hTRPC3 function and
localisation, an in-depth analysis of its subcellular distribution has not previously been
conducted. The initial hypothesis that TRPCs function as store-operated calcium
channels predicts a plasma membrane localisation for the TRPC family. However a
large intracellular pool of hTRPC3 is apparent in many immunofluorescence
micrographs [19-21, 34]. Most dramatically, in immunofluorescence studies on the
expression of TRPC isoforms in mouse skeletal muscle fibers, endogenous TRPC1,4
and 6 were clearly localised to the plasma membrane, however TRPC3 in particular
was found almost exclusively intracellularly in perinuclear structures reminiscent of
the Golgi [21]. We have characterised the distribution of hTRPC3 using double-label
immunofluorescence microscopy in COS-7 cells and demonstrate that: 1) a major
pool of hTRPC3 colocalises with markers for both the TGN and the Golgi stack, 2) it
differs from hTRPC1 which is also found predominantly intracellularly but remains
associated with the ER, and 3) a large proportion of the perinuclear pool redistributes
after Brefeldin A treatment suggesting it localises throughout the Golgi stack. A
similar distribution pattern is observed for h\TRPC7; considering the close sequence
homology of these subfamily members and their ability to interact as demonstrated by
co-immunoprecipitation experiments this is not surprising [23, 35]. Although
previous studies include evidence for TRPC1 on the plasma membrane, our results
show a completely intracellular distribution which is consistent with results from
subcellular fractionation of endogenous TRPC1 in platelets [36]and sperm [19] and
overexpressed TRPC1 in HEK293 cells [7]. Potential ER exit motifs are present
within the amino acid sequence of TRPC3/7 but are lacking in TRPCI1. Putative
ER retention signals are also present in TRPC1; these are now being investigated

to determine whether the difference in trafficking between these subfamily

members is due to specific targeting signals.

The best characterised trafficking routes for proteins recycling through the
plasma membrane back to an intracellular store is to and from the TGN or from the
TGN through the plasma membrane to recycling endosomes or specialised pools such
as for the glucose transporter, GLUT4, or neurotransmitters. Hence, our first
hypothesis as to a possible function for the TGN/Golgi-localised pool of hTRPC3 was
as a 'readily releasable' storage pool. A number of studies have recently demonstrated

translocation of a variety of TRP family members from an intracellular pool to the
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plasma membrane including a C. elegans TRPC homolog, TRP-3 [8], TRPV1 [10],
TRPC3 [37] and TRPCS [5]. Most of these studies postulate that the translocation
occurs from a vesicular pool close to the plasma membrane. Our finding that the
majority of the intracellular pool was localised in a perinuclear localisation
overlapping the Golgi stack was therefore surprising. An intriguing possibility,
however, is that the translocatable pool is at least partially Golgi-derived. Singh et al
(2004) clearly demonstrate a decrease in the agonist stimulated plasma membrane
localisation of TRPC3 after treatment of cells for 30-60 minutes with Brefeldin A, a
compound which disrupts the Golgi stack and intra-Golgi transport but does not
inhibit post-Golgi transport to the cell surface [38]. Since the pool of TRPC3 that was
being translocated was reported to be a subplasmalemmal vesicular pool, BFA should
not have inhibited this translocation step but it would inhibit translocation from the
Golgi stack. Precedence for transport occurring along this trafficking route in
response to external stimuli comes from studies on the stimulation of Fas from the
Golgi to the cell surface which occurs upon stimulation by p53 [39]. Although this
could be one possibility for our finding that a large pool of TRPC3 resides in the
Golgi stack, it raised the question as to whether TRPC3 may have functions in the
Golgi in addition to, or instead of, acting as a calcium entry channel at the plasma
membrane.

A variety of Ca®"-dependent functions occur within the Golgi which include post-
translational modifications of secretory proteins [40], formation of COPI coats on
Golgi-ER transport vesicles [41] and both anterograde and retrograde vesicular
transport through and to the Golgi complex [42, 43]. In addition to having a role in
coat formation, release of lumenal calcium from vesicles has also been suggested to
play a role in vesicle fusion as shown for insulin containing secretory granules with
the plasma membrane [44]. Thus, we hypothesised that an alternative function for
TRPC3 could be mediating vesicle fusion, either between the ER and the cis-Golgi,
transport from the trans-Golgi/TGN and/or increasing fusion at the plasma membrane.
Indeed, TRPC3 has already been shown to interact by yeast two hybrid with VAMP2,
NSF and a—SNAP [6] which normally reside in vesicles and play a role in vesicle
fusion.  TRPM7 has also recently been localised to synaptic vesicle membranes where
it forms complexes with SNAREs and their associated proteins, e.g. snapin, as well as

the scaffolding protein synapsin. Synapsin has been postulated to anchor vesicles in a
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DISCUSSION

Despite an increasing number of studies focusing on hTRPC3 function and
localisation, an in-depth analysis of its subcellular distribution has not previously been
conducted. The initial hypothesis that TRPCs function as store-operated calcium
channels predicts a plasma membrane localisation for the TRPC family. However a
large intracellular pool of hTRPC3 is apparent in many immunofluorescence
micrographs [19-21, 34]. Most dramatically, in immunofluorescence studies on the
expression of TRPC isoforms in mouse skeletal muscle fibers, endogenous TRPC1,4
and 6 were clearly localised to the plasma membrane, however TRPC3 in particular
was found almost exclusively intracellularly in perinuclear structures reminiscent of
the Golgi [21]. We have characterised the distribution of hTRPC3 using double-label
immunofluorescence microscopy in COS-7 cells and demonstrate that: 1) a major
pool of hTRPC3 colocalises with markers for both the TGN and the Golgi stack, 2) it
differs from hTRPC1 which is also found predominantly intracellularly but remains
associated with the ER, and 3) a large proportion of the perinuclear pool redistributes
after Brefeldin A treatment suggesting it localises throughout the Golgi stack. A
similar distribution pattern is observed for h\TRPC7; considering the close sequence
homology of these subfamily members and their ability to interact as demonstrated by
co-immunoprecipitation experiments this is not surprising [23, 35]. Although
previous studies include evidence for TRPC1 on the plasma membrane, our results
show a completely intracellular distribution which is consistent with results from
subcellular fractionation of endogenous TRPC1 in platelets [36]and sperm [19] and
overexpressed TRPC1 in HEK293 cells [7]. Potential ER exit motifs are present
within the amino acid sequence of TRPC3/7 but are lacking in TRPCI1. Putative
ER retention signals are also present in TRPC1; these are now being investigated

to determine whether the difference in trafficking between these subfamily

members is due to specific targeting signals.

The best characterised trafficking routes for proteins recycling through the
plasma membrane back to an intracellular store is to and from the TGN or from the
TGN through the plasma membrane to recycling endosomes or specialised pools such
as for the glucose transporter, GLUT4, or neurotransmitters. Hence, our first
hypothesis as to a possible function for the TGN/Golgi-localised pool of hTRPC3 was
as a 'readily releasable' storage pool. A number of studies have recently demonstrated

translocation of a variety of TRP family members from an intracellular pool to the
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effective than EGTA at inhibiting many of the organellar fusion and transport events
within the cell most likely due to a much faster on rate for calcium binding, it has
been proposed that calcium transients or gradients are more important than steady
state calcium levels. This would also suggest the necessity for either a vesicular or
organellar calcium release channel which could mediate rapid but localised increases
in calcium; TRPC3 could fulfil this function. Since a number of agents which affect
the ability of TRPC3 to mediate calcium entry at the plasma membrane are also
integral to the Golgi complex, e.g. DAG, PLCy, and PLD, an intriguing possibility is
that these agents may affect channel function at both locations. It has recently been
shown that diacylgycerol levels in the Golgi are critical for Golgi secretory function
[47]. DAG also activates mitochondrial cationic channels and elicits release of
sequestered calcium in this organelle [48] so it is possible that this may also occur in
the Golgi mediated via TRP channels. Indeed, release of Golgi calcium in response to
menthol, an activator of TRPMS, has recently been reported but surprisingly this
response could also be elicited in cells without endogenous TRPMS suggesting that
other TRP channels may be responsible for this release from Golgi stores [49].

TRPC3/7 could be ideal candidates.
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FIGURE LEGENDS

Figure 1. Expression of FLAG-hTRPC1, Myc-hTRPC3 and FLAG-hTRPC7 in COS-
7 cells. A) COS-7 cells transiently expressing FLAG-hTRPC1, Myc-hTRPC3 or
FLAG-hTRPC7 were processed for immunofluorescence microscopy using antibodies
to the epitope tags. B) A clonal cell line expressing myc-hTRPC3 downstream of the
metallothionein promoter (COS-hTRPC3-1) was grown for 48 hours either in the
absence (uninduced) or presence of 10 uM or 50 uM ZnCl, to induce increasing
levels of expression. Cells were fixed and processed for immunofluorescence
microscopy using a monoclonal antibody to the myc epitope tag. C) Untransfected
COS-7 and COS-hTRPC3-1 cells were treated as in (B) and processed for
immunoblotting. The immunoblot obtained using a monoclonal anti-myc antibody is
shown on the left. The filled arrow indicates the position of hTRPC3 which is absent
in the untransfected cells. The dashed arrow indicates the position of a cross-reacting
band which appears in the untransfected cells. Increases in expression levels were

quantitated and are expressed as arbitraty units in the right hand panel. Bars, 10 um.

Figure 2. (A) Co-expression of TRPC1 and TRPC3 do not alter their subcellular
distribution. COS-7 cells were co-transfected with both Flag-hTRPC1 and Myc-
hTRPC3 constructs. Distribution of the tagged proteins was determined using a
monoclonal anti-Flag antibody and a rabbit polyclonal antiserum to TRPC3. Co-
expression of the two constructs did not result in redistribution of either isoform. (B)
hTRPC3 and hTRPC?7, but not hTRPC1 colocalise with TGN46. Double-label
immunofluorescence studies were performed on COS-7cells transiently transfected
with hTRPCI (top panel) using a monoclonal antibody to the FLAG epitope tag and a
sheep polyclonal antibody to a marker of the trans-Golgi network (TGN), TGN46.
Minimal overlap is seen as represented by a lack of yellow in the merged image.
Cells transiently expressing hTRPC3 (middle panel) and hTRPC7 (bottom panel)
were processed for immunofluorescence microscopy using a mouse anti-myc epitope
antibody 9E10/(hTRPC3) or monoclonal anti-FLAG (hTRPC7) and sheep anti-
TGN46 (middle panels). Overlap between hTRPC3 and both TGN46 and Gpp130 is

seen in yellow in the merged images. Bar, 10 pm
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Figure 3. hTRPC3 and hTRPC7 localise to the Golgi stack. COS cells transiently
transfected with Myc-hTRPC3 or FLAG-hTRPC7 were treated with (bottom 3 panels,
'‘Brefeldin A') or without (top panel, 'control’) 5 pug/ml BFA for 2 hours, fixed and
processed for immunofluorescence microscopy using monoclonal antibodies to either
the myc- or FLAG-epitopes respectively and either rabbit anti-Gpp130 or sheep anti-
TGN46 as indicated. Overlap between the redistributed Myc-hTRPC3 and Gpp130 is
shown in yellow in the merged image. Bar, 10 pm

Figure 4. Endogenous TRPC7 colocalises with a marker for the cis-Golgi,
mannosidase II, in a rat pituitary cell line GH4C,. A) GH4C, cells were fixed and
processed for immunocytochemistry using a polyclonal rabbit anti-hTRPC7 antibody
detected by a goat anti-rabbit Alexa 488 (green) and a monoclonal anti-mannosidase
IT antibody detected by a goat anti-mouse Alexa 594 (red). Overlap is depicted by
yellow (merge). B) Immunoblot demonstrating the specificity of the polyclonal rabbit
antisera raised to TRPC7. Whole cell lysate from either untransfected (negative
control) or h\TRPC7-transfected HEK (positive control) and GH4C, cells were
subjected to SDS-PAGE and then immunoblotted using the affinity-purified anti-
TRPCT7 antiserum. A band of approximately 100kD is detected in both the hTRPC7
transfected HEK cells and the GH4C; cells but is absent in the untransfected controls.
Bar, 10 um

Figure 5. hTRPC3 and hTRPC7, but not hTRPC1, increase constitutive secretion.
A) Control untransfected and COS-hTRPC3-1 cells were transfected with a construct
which expresses a soluble secreted form of alkaline phosphatase. At 24 hours post-
transfection they were cultured in the presence or absence of 50uM ZnCl, for a
further 48 hours and assayed in triplicate for SEAP activity. The data are presented as
a percentage of enzyme activity (luminescence) in cells expressing SEAP alone. The
results are means +/-S.E.M. for three independent experiments. B) COS-7 cells were
co-transfected with the SEAP vector and EGFP-N1, CD8, FLAG-hTRPC1, eEGFP-
TRPC3 or FLAG-hTRPC7 and grown 48 hours prior to assaying for SEAP activity.
Values are presented as a percentage of the total enzyme activity (luminescence) in
the cells expressing eGFP. The results are means +/-S.E.M. for three independent

experinents.
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