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SYNOPSYS 

Repetitive hormone-induced changes in concentration of free cytoplasmic Ca2+ in 

hepatocytes require Ca2+ entry through receptor-activated and store-operated Ca2+ channels 

(SOCs). SOCs are activated by a decrease in Ca2+ concentration in the intracellular Ca2+ 

stores, but the molecular components and mechanisms are not well understood. Some studies 

with other cell types suggest that PLCγ is involved in the activation of receptor-activated 

Ca2+ channels and/or SOCs, independently of PLCγ-mediated generation of IP3. The nature 

of the Ca2+ channels regulated by PLC-γ has not been clearly defined. The aim of this study 

was to determine if PLCγ is required for the activation of SOCs in liver cells. Transfection of 

H4IIE cells derived from rat hepatocytes with siRNA targeted to PLC-γ1 caused a reduction 

(by ~70%) in the PLC-γ1 protein with maximal effect at 72 - 96 h. This was associated with 

a decrease (by ~60%) in the amplitude of the store-operated Ca2+ current (ISOC) developed in 

response to intracellular perfusion with either IP3 or thapsigargin. Knockdown of stromal 

interaction molecule (STIM1) by siRNA also resulted in a significant reduction (~80% at 72 

h post transfection) of the ISOC amplitude. Immunoprecipitation of PLC-γ1 and STIM1, 

however, suggested that under the experimental conditions these proteins do not interact 

with each other. It is concluded that the PLC-γ1 protein, independently of IP3 generation and 

independently of STIM1, is required to couple ER Ca2+ release to the activation of SOCs in 

the plasma membrane of H4IIE liver cells.  
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INTRODUCTION 

Store-operated Ca2+ channels (SOCs) and receptor-activated Ca2+ channels in the plasma 

membrane provide major routes for agonist initiated Ca2+ entry in hepatocytes and many 

other non-excitable cells [1]. The activation of SOCs is initiated when the concentration of 

Ca2+ in the intracellular Ca2+ stores falls below a certain level. Physiologically, release of 

Ca2+ from the stores and activation of SOCs occur in response to hormones binding to the 

cell surface receptors. This activates phospholipase C (PLC), which in turn generates inositol 

1,4,5-trisphosphate (IP3), a ligand for IP3 receptor Ca2+-release channels in the endoplasmic 

reticulum [1]. Recent observations suggest that the CRAC channel, which is the best 

characterised SOC, is composed, at least in part, of Orai1 (CRACM1) polypeptides that 

interact with stromal interaction molecule type 1 (STIM1), a polypeptide which is likely to 

sense the decrease in Ca2+ in the ER. It is not yet clear, however, if Orai1 and STIM1 

mediate store-operated Ca2+ entry in all cell types, and if they comprise the entire 

mechanism [2-4].    

Previous studies have led to the suggestion that the PLC-γ protein is required as a molecular 

component of agonist initiated Ca2+ entry mechanism, independent of its role in the 

generation of IP3 [5-7]. Using RNA interference it has been shown that depletion of either 

PLC-γ1 or PLC-γ2 in PC12 and A7r5 cells inhibited Ca2+ entry in response to agonists [5]. 

This Ca2+ entry could be restored by the expression of a lipase-inactive mutant of PLC-γ2, 

suggesting that PLC-γ might have a role unrelated to its production of IP3 in agonist initiated 

Ca2+ entry [5]. Store-operated Ca2+ entry activated using either ionomycin or thapsigargin to 

deplete Ca2+ in the ER was unaffected by the knockdown of PLC-γ in these cells.  In 

contrast, PLC-γ1 knockdown in keratinocytes using antisense cDNA did inhibit the 

activation of Ca2+ entry in response to depletion of Ca2+ stores with thapsigargin [7]. In both 

cases the type of the Ca2+ entry channel that has been affected by the knockdown of PLC-γ is 

not known, although evidence has been presented to indicate that PLC-γ1 interacts with 

several members of the TRP family, including TRPC3 [7, 8]. 

In primary hepatocytes, and cell lines derived from hepatocytes, the ISOC can be activated by 

the binding of hormones to G-protein or tyrosine kinase coupled receptors, or by depletion of 

intracellular Ca2+ stores by IP3 or thapsigargin [9]. The resulting current exhibits essentially 

the same properties as ICRAC studied in hematopoietic cells, and is unlikely to be mediated by 

any of the known members of the TRP family [10, 11]. It is currently not known if ICRAC in 

blood cells or ISOC in hepatocytes is regulated in any way by PLC-γ. In this work we used 

Biochemical Journal Immediate Publication. Published on 16 Apr 2007 as manuscript BJ20061762

© 2007 Biochemical Society



 

 

4

4

RNA interference to knockdown PLC-γ1, whole-cell patch clamping to measure ISOC, and 

FURA-2 to measure free cytoplasmic Ca2+ ([Ca2+]cyt) to investigate the role of PLC-γ1 in the 

mechanism by which ISOC is activated in the H4IIE rat hepatoma cell line derived from rat 

hepatocytes. The results show that a reduction of the expression of the PLC-γ1 is associated 

with a decrease in thapsigargin-induced Ca2+ entry and a reduction in the amplitude of ISOC, 

without affecting Ca2+ release from the stores. This reduction in ISOC amplitude was 

observed regardless of how the stores where depleted – by intercellular perfusion with 20 

µM IP3 or by SERCA inhibitor thapsigargin. Furthermore, we investigated requirement of 

STIM1 for the activation of the ISOC, and possible interaction between STIM1 and PLC-γ1 in 

H4IIE cells. While siRNA mediated knockdown of STIM1 resulted in almost complete 

ablation of the ISOC, immunoprecipitation experiments showed that STIM1 and PLC-γ1 are 

unlikely to interact with each other. It is concluded that PLC-γ1 is required in the process by 

which a decline in [Ca2+] in the ER leads to the activation of SOCs, but this role of PLC-γ1 

is not related to its enzymatic activity.    

 

METHODS 

 

Materials 

Double-stranded short interfering RNAs (siRNA) and HiPerFect were purchased from 

Qiagen (Doncaster, Vic, Australia).  DMEM, L-glutamine and MEM non-essential amino 

acids were from Invitrogen (Mount Waverley, Vic, Australia).  Fetal bovine serum (FBS) 

was from JRH Biosciences (Brooklyn, Vic, Australia).  Rabbit anti-PLC-γ1 antibody (sc-81), 

rabbit anti-PLC-γ2 antibodies (sc-407, sc-9015), mouse monoclonal anti-PLC-γ2 antibody 

(sc-5283), rabbit anti-GAPDH antibody (sc-25778) and goat anti-rabbit IgG-HRP-conjugate 

(sc-2004) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Donkey 

anti-mouse IgG-HRP-conjugate (610-703-124) was from Rockland (Gilbertsville, PA, 

USA). FITC-conjugated goat anti-rabbit IgG antibody (ab6717) was from Abcam 

(Cambridge, UK). 1,2-Dioctanoyl-sn-Glycero-3-[Phosphoinositol-4,5-Bisphosphate] Tri-

ammonium Salt  (diC8-PIP2) was purchased from Avanti Polar Lipids  (Alabaster, AL, 

USA). All other chemicals including nonidet P-40, deoxycholate, Tween-20, protease 

inhibitor cocktail and BCA protein assay kit were from Sigma (Castle Hill, NSW, Australia). 
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Cell culture 

H4IIE (ATCC CRL 1548) cells were cultured at 37oC in 5% (v/v) CO2 in air in DMEM 

supplemented with 100 µM MEM non-essential amino acids, 2 mM L-glutamine and 10% 

(v/v) FBS (complete DMEM).   

 

SiRNA design 

The 21-nt double-stranded PLCγ1-01 siRNA was designed using the algorithm developed by 

Reynolds et al. [12] and the specificity checked by BLAST search against the National 

Center for Biotechnology Information database.  The RNA sense sequence of rat PLCγ1-01 

siRNA was 5’-CCGAGAGGAUCGUAUAUCAdTdT-3’ (nucleotide positions 501-519 

relative to the start codon of rat PLCγ1, GenBank accession no. NM_013187), where dT is 

2’-deoxythymidine. The RNA sense sequence of rat STIM1-01 siRNA was 5’ 

GAAGCUGCGUGACGAGAUCdTdT-3’ (nucleotide positions 851-869 relative to the start 

codon of rat STIM1, GenBank accession no. XM_341896) and was the rat equivalent 

sequence of the human siRNA huSTIM1-1414 described in Roos et al. [13]. The RNA sense 

sequence of the negative control siRNA was 5’-UUCUCCGAACGUGUCACGUdTdT-3’. 

The negative or nonsilencing control siRNA had no significant sequence homology to any 

known rat gene. SiRNAs were resuspended and annealed according to the manufacturer’s 

instructions to a stock concentration of 20 µM.  Both unlabelled- and AlexaFluor-546- 

labelled negative control siRNA were synthesized. 

 

Transfection and Immunofluorescence Microscopy 

On the day prior to transfection, H4IIE cells were seeded at a 5-10% density on glass 

coverslips in 35 mm Petri dishes containing 1.5 ml of complete DMEM medium.  On the 

day of transfection, 92 µl of DMEM only (no FBS) medium, 8 µl of 20 µM siRNA and 15 µl 

of HiPerFect reagent were mixed and incubated at room temperature for 5 min.  

Subsequently, 500 µl of complete DMEM was added to make the final transfection medium, 

which was then added dropwise to the H4IIE cells, resulting in a final siRNA concentration 

of 75 nM.  The cells were incubated at 37˚C for 72-96 hours and then processed for 

immunofluorescence microscopy.  Coverslips with transfected H4IIE cells were washed 3 

times with PBS and then fixed in cold methanol at –20oC for 5 min.  Fixed cells were 

washed 3 times with PBS and blocked with 20% (v/v) FBS in PBS for 15 min at room 
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temperature.  The cells were then incubated with rabbit anti-PLC-γ1 (1:100 dilution in 

diluent (PBS containing 0.1% (v/v) Tween-20)) or mouse anti-Stim1 (1:100 dilution in 

diluent) for 3 hours and washed 3 times with diluent.  The cells were then incubated with 

FITC-conjugated goat anti-rabbit IgG (1:500 dilution in diluent) or AlexaFluor-488 -

conjugated goat anti-mouse IgG (1:2000 dilution in diluent) for 1 hour, washed 3 times with 

PBS and the coverslips mounted on slides in 50 % (v/v) glycerol in PBS (pH 8.4) or in 

ProLong Gold antifade, supplemented with 200 nM DAPI.   

Immunofluorescence was visualised using an Olympus BX50 microscope equipped with a 

U-MNIBA filter (excitation wavelength 470-490 nm, emission wavelength 515-550 nm), 

UplanApo 60x/0.90 or UplanFl 100x/1.30 oil immersion objectives, SPOT RT colour 

camera and Spot software version 4.0.1 (Diagnostic Instruments, Sterling Heights, MI, 

USA).   

 

Transfection for Western blotting 

H4IIE cells were seeded at ~15% density in 25 cm2 culture flasks in 3.5 ml of complete 

DMEM medium.  Subsequently, 77.3 µl of DMEM only (no FBS) medium, 22.7 µl of 20 

µM siRNA and 37.5 µl of HiPerFect reagent were mixed and incubated at room temperature 

for 5 min.  The transfection mixture was then added dropwise to the H4IIE cells, resulting in 

a final siRNA concentration of 125 nM.  The cells were incubated at 37˚C for 72-96 hours 

and then cell extracts were prepared.  

 

Preparation of cell extracts and protein quantification 

H4IIE cells cultured in 25 cm2 flasks were harvested at the indicated time points after 

transfection and the protein extracted according to a modification of the method described by 

Su et al. [14].  Briefly, adherent cells were rinsed with PBS, harvested with PBS 

supplemented with 1.8 mM EDTA and the cell pellets resuspended and lysed by vortexing in 

ice-cold 40 µl lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% nonidet P-

40, 0.25% sodium deoxycholate, 0.1% SDS, 0.1% protease inhibitor cocktail (Sigma)).  

After incubation for 10 min on ice, the lysates were centrifuged at 15,000 rpm 

(microcentrifuge) for 10 min and the supernatants retained.  The protein concentration was 

determined using the BCA protein assay. 
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Western blotting 

Protein samples (1 µg) were resolved by SDS-polyacrylamide gel electrophoresis (7.5% 

Tris-glycine gels) and transferred onto nitrocellulose membranes.  The membranes were 

incubated for 1-2 h at room temperature in blocking solution (Tris-buffered saline solution 

containing 0.1% (v/v) Tween-20 and 5% (w/v) non-fat milk powder).  The membranes were 

then probed with primary antibody (rabbit anti-PLCγ1; 1:400 dilution or rabbit anti-

GAPDH; 1:500 dilution) in blocking buffer at room temperature for 2 hours.  The 

membranes were then washed 3 times with Tris-buffered saline solution containing 0.1% 

(v/v) Tween-20, followed by incubation of the membranes with secondary antibody (goat-

anti-rabbit IgG-HRP-conjugate; 1:2000 dilution in blocking buffer) at room temperature for 

1 hour.  The membranes were then washed 3 times with Tris-buffered saline solution 

containing 0.1% (v/v) Tween-20 and bands were visualised by ECL and autoradiography 

film.  The autoradiographs were scanned using a GS-800 densitometer (Bio-Rad 

laboratories, Hercules, CA, USA) and the band intensities quantified using Quantity One 

software version 4.3.1 (Bio-Rad laboratories, Hercules, CA, USA).  Membranes to be re-

probed were stripped at 50oC for 30 min in stripping solution (100 mM 2-mercaptoethanol, 

62.5 mM Tris-HCl pH 6.8, 2% SDS) and then washed in Tris-buffered saline containing 

0.1% (v/v) Tween-20. 

 

Immunoprecipitation  

Near confluent H4IIE cells were harvested, washed, resuspended in either complete DMEM 

only or in complete DMEM supplemented with 1 µM thapsigargin and incubated at room 

temperature for 5 min.  Cell lysates were then prepared using either Ca2+-free (EGTA 

containing) lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EGTA, 1% (v/v) nonidet 

P-40, 0.25% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, 0.1% (v/v) protease inhibitor 

cocktail (Sigma)) or Ca2+-supplemented (5 mM free Ca2+) lysis buffer in which EGTA of the 

Ca2+-free lysis buffer was replaced with 5 mM CaCl2.  Cell lysates (100 µg aliquots) and 

each lysis buffer were mixed with either 1 µg of the precipitating antibody (anti-PLCγ1 or 

anti-Stim1) or PBS only (as a negative control) and incubated at 4oC on a shaking platform 

for 1 hour.  Protein A/G plus agarose (20 µl) was added, the mixtures were incubated at 4oC 

on a shaking platform for 2 hours and the immunoprecipitates were collected by 

centrifugation and washed 3 times with the corresponding cell lysis buffer.  The 
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immunoprecipitates were resolved by SDS-polyacrylamide gel electrophoresis, transferred to 

nitrocellulose and the proteins detected as described above in Western blotting methods.  For 

STIM1-immunoprecipitated cell extracts, the Western blot primary and secondary antibodies 

were rabbit anti-PLCγ1 (1:400 dilution) and goat anti-rabbit IgG-HRP-conjugate (1:2000 

dilution) respectively.  For PLCγ1-immunoprecipitated cell extracts, the Western blot 

primary and secondary antibodies were mouse anti-STIM1(1:200 dilution) and donkey anti-

mouse IgG-HRP-conjugate (1:1000 dilution) respectively. 

 

Measurements of [Ca2+]cyt using Fura-2   

To estimate [Ca2+]cyt H4IIE cells grown on glass coverslips were loaded at room temperature 

for 30 min with 5 µM Fura-2 AM in Krebs-Ringer-HEPES buffer (KRH) containing 0.02% 

(v/v) pluronic acid.  The KRH solution contained (mM): NaCl, 136; KCl, 4.7; CaCl2, 1.3; 

MgCl2, 1.25; glucose, 10; and HEPES, 10; adjusted to pH 7.4 with NaOH. After 30 min of 

de-esterification period, the fluorescence emission of Fura-2 was imaged at 340 and 380 nm 

by selecting regions of interest (ROI) under 40X objective of a Nikon TE300 

epifluorescence microscope in conjunction with a Sutter DG-4/OF wavelength switcher, 

Omega XF04 filter set for fura-2, Photonic Science ISIS-3 ICCD camera and UIC Metafluor 

software, as described previously [15]. Values of fluorescence ratio  were converted to 

values of [Ca2+]cyt using an in situ calibration method and a Kd value of 224 for the Ca2+-

Fura-2 complex [16].  For determination of the initial rate of increase in [Ca2+]cyt, data were 

standardised by assigning the baseline fluorescence observed before [Ca2+]cyt re-addition a 

value of 1, in order to compare [Ca2+]cyt values from different cells.  Initial rates were 

determined by fitting linear regression functions to the standardised [Ca2+]cyt data, for 

changes starting immediately after [Ca2+]ext re-addition.  [Ca2+]cyt plateau was determined by 

difference of maximum [Ca2+]cyt levels after [Ca2+]ext re-addition minus the ones before 

[Ca2+]ext re-addition. 

 

Patch Clamping 

Whole-cell patch clamping was performed at room temperature using a computer-based 

patch-clamp amplifier (EPC-9, HEKA Electronics, Germany) and PULSE software (HEKA 

Electronics).  The bath solution contained (mM):  NaCl, 140; CsCl, 4; CaCl2, 10; MgCl2, 2; 

glucose 10; and HEPES, 10; adjusted to pH 7.4 with NaOH.  The internal solution contained 

(mM):  Cs glutamate, 130; CaCl2 5; MgCl2 5; MgATP 1; EGTA, 10; and HEPES, 10; 

adjusted to pH 7.2 with NaOH. The calculated internal free Ca2+ concentration was about 
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100 nM (EQCAL, Biosoft, Cambridge, UK). Depletion of the intracellular Ca2+ stores was 

achieved by addition of either 20 µM InsP3 (Amersham) or 2 µM thapsigargin (Sigma) to the 

internal solution.  Patch pipettes were pulled from borosilicate glass and fire-polished; 

pipette resistance ranged between 2 and 4 MΩ. Series resistance, for which no compensation 

was made, did not exceed 10 MΩ.  In order to monitor the development of ISOC, voltage 

ramps between -138 and +102 mV were applied every 2 s, starting immediately after 

achieving the whole-cell configuration. Acquired currents were filtered at 2.7 kHz and 

sampled at 10 kHz.  All voltages shown have been corrected for the liquid junction potential 

of -18 mV between the bath and electrode solutions (estimated by JPCalc [17]).  The holding 

potential was -18 mV throughout.  Cell capacitance was compensated automatically by the 

EPC9 amplifier.   

 

Data analysis 

Curve fitting and linear regression analysis were performed with GraphPad Prism 4. Data are 

presented as mean ± S.E.M. Statistical significance was assessed using Student’s t test. 

Differences between means were considered significant at p < 0.05. 

 

RESULTS 

 

Activation of ISOC in H4IIE cells is inhibited by U73122  

We have previously shown that depletion of intracellular Ca2+ stores in H4IIE liver cells and 

hepatocytes activates ISOC with characteristics similar to that of ICRAC described in 

hematopoietic cell lines [10, 11]. To investigate a possible role of PLC in the mechanism of 

ISOC activation, H4IIE cells were preincubated with U73122, a widely used PLC inhibitor (2 

µM in the bath for 5 min). In these cells IP3 (20 µM applied through the patch pipette) failed 

to activate any current (Fig. 1A). Application of U73122 to the bath after ISOC had fully 

developed had little effect on current amplitude, suggesting that U73122 did not directly 

block the current but had likely affected the mechanism of ISOC activation. Similar results 

were obtained using thapsigargin (1µM) to activate ISOC (not shown). U73343, an inactive 

analogue of U73122, had no effect on the development of ISOC in H4IIE cells (not shown).       

Biochemical Journal Immediate Publication. Published on 16 Apr 2007 as manuscript BJ20061762

© 2007 Biochemical Society



 

 

10

10

 

H4IIE cells express only one isoform of PLC-γ 

The results above implied that PLC is required for activation of ISOC in liver cells. It has been 

suggested previously that different isoforms of PLC-γ might be involved in regulation of 

SOCE in different cell types. Using protein extracts from H4IIE cells and Western blotting it 

was found that H4IIE cells express PLCγ1 with an approximate molecular mass of 150 kDa 

(not shown). Another isoform, PLCγ2, could not be detected in H4IIE cells by Western blot 

analysis using three different anti-PLCγ2 antibodies, whereas each of these antibodies 

detected PLCγ2 in MCF-7 cells (data not shown). 

 

Reduction of PLC-γ1 expression by RNA interference 

To investigate the role of PLCγ1 in the activation of the ISOC, RNA interference (reviewed in 

[18]) was used to specifically silence PLCγ1 expression.  H4IIE cells were transfected with 

PLC-γ1-01 siRNA and the reduction in PLCγ1 expression assessed by Western blotting and 

immunofluorescence. H4IIE cells transfected with siRNA targeted against PLC-γ1 showed a 

substantial decrease in PLC-γ1-specific immunofluorescence at 48 h post transfection with 

maximum reduction at 72-96 h post transfection (Fig. 2A).  The reduction in the PLC-γ1 

protein levels in transfected cells was confirmed by Western blotting (Fig. 2B). 

Densitometry analysis showed 60% to 70% knockdown of PLC-γ1 at 72-96 h post 

transfection (64±4%; n=4).  

As we could not achieve a complete knockdown of PLC-γ1, negative control siRNA labelled 

with Alexa Fluor-546 was used to ascertain the level of transfection with siRNA. In most 

experiments 70 to 80% of H4IIE cells had detectable levels of fluorescent siRNA at 72-96 h 

post transfection, suggesting that the maximal achievable level of transfection of H4IIE cells 

is about 80%. Co-transfection of AlexaFluor-546 labelled negative control siRNA and PLC-

γ1-01 siRNA showed that the knock down of PLC-γ1 in individual cells correlated with the 

presence of the fluorescent siRNA in these cells (Fig. 3).     

 

Decrease in PLCγ1 expression is associated with decreased ISOC and Ca2+ entry  

In H4IIE cells transfected with negative control siRNA, intracellular perfusion with 20 µM 

IP3 activated ISOC with an average maximal amplitude of –3.3±0.21 pA/pF at –100 mV 

(n=23)(Fig 4A, B). The amplitude and the time course of development of ISOC in cells 
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transfected with control siRNA were not different from those in non-transfected cells and 

cells treated only with the transfection reagent (Fig. 4B). Since the magnitude and time 

course of development of ISOC recorded from cells transfected with control siRNA for 72 and 

96 h were the same, these results were pooled and used as a control for both time points. 

Only cells containing fluorescently labelled siRNA were used for patch clamping. 

Transfection with siRNA against PLC-γ1 reduced the average maximal amplitude of ISOC 

measured at –100 mV to –2.3±0.31 pA/pF (n=15) and –1.46±0.24 pA/pF (n=13) at 72 h and 

96 h post transfection, respectively (Fig 4A, B). In addition, at 96 h post transfection time 

required for ISOC to develop to half maximal amplitude increased from 14±2 s in control cells 

to 26±3 s in cells transfected with siRNA against PLC-γ1. Similarly, when thapsigargin was 

used to activate ISOC, the average maximal amplitude of the current was reduced from –

2.5±0.21 pA/pF (n=17) in cells transfected with control siRNA to –0.7±0.31 pA/pF (n=8) in 

cells transfected for 96 h with siRNA targeted against PLC-γ1 (Fig 4C).  

The results obtained in patch clamping experiments were confirmed by using Fura2 to 

measure changes in [Ca2+]cyt.  In the absence of extracellular Ca2+, the amounts of Ca2+ 

released from intracellular stores by thapsigargin in cells transfected with control siRNA and 

PLC-γ1-01 siRNA were similar (Fig 5A). However, upon re-addition of Ca2+ to the bath, the 

initial rate of the increase in [Ca2+]cyt and the maximum value of [Ca2+]cyt were substantially 

reduced in cells transfected with PLC-γ1-01 siRNA, compared with cells transfected with 

control siRNA, indicating a reduction in Ca2+ entry (Fig 5).   

 

Effect of PIP2 and DAG on ISOC 

One consequence of the knockdown of PLC-γ1 could be an increase in the concentration of 

PIP2, the substrate for PLC-γ in the plasma membrane. PIP2 is known to regulate the activity 

of a wide range of plasma membrane channels [19], but its effects on ISOC in liver cells have 

not previously been investigated. To establish if the decrease in amplitude of ISOC in cells 

lacking PLC-γ1 could have resulted from an increase in the concentration of PIP2, we 

performed patch clamping of cells pre-incubated with exogenous diC8PIP2, a synthetic PIP2 

[20, 21]. When applied to the bath solution for 10-20 min, diC8PIP2 did not cause a 

significant change in the amplitude of ISOC (–3.9±0.6 pA/pF, n=9, compared to –3.3±0.21 

pA/pF, n=23; p=0.23) activated by intracellular perfusion with IP3. Application of diC8PIP2 

to the culture medium for 12-24 h resulted in a significant increase (~50%, p<0.001) of the 

amplitude of the ISOC (–5.0±0.7 pA/pF, n=5) (Fig 6).           
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The knockdown of PLC-γ1 could also result in a decrease in the concentration of DAG, a 

product of PLC activity in the plasma membrane. Ca2+ entry activated by DAG has been 

shown to contribute to receptor activated Ca2+ entry in some cell types [22, 23]. To 

investigate the role of DAG in the observed decrease in ISOC caused by knockdown of PLC-

γ1, the effect of a DAG analogue, 1-oleoyl-2-acetyl-sn-glycerol (OAG), on the activation of 

ISOC was investigated. Neither acute application of 100 µM OAG to the bath solution after 

ISOC had fully developed, nor prolonged incubation (up to 1 h) of H4IIE cells with 100 µM 

OAG had any effect on the ISOC amplitude (not shown). 

 

Activation of ISOC is inhibited by RNA interference of STIM1 

To investigate further the mechanism of PLC-γ1 involvement in regulation of the ISOC in 

H4IIE cells, we explored a possibility that PLC-γ1 interacts with STIM1, a protein required 

for activation of ICRAC in hematopoietic cells [2, 3]. Western blotting indicated that H4IIE 

cells express STIM1 with an approximate molecular mass of 85 kDa (not shown).  H4IIE 

cells did not appear to express the STIM2 isoform, as no 105 kDa band was observed, 

although the anti-STIM1 antibody employed is known to cross-react with STIM2 [24]. To 

investigate the role of STIM1 in ISOC activation, H4IIE cells were transfected with STIM1-

01 siRNA and the reduction in STIM1 expression was assessed by immunofluorescence 

microscopy.  Maximal reduction in expression was observed at 72-96 hours after 

transfection (Fig 7). SiRNA mediated knockdown of STIM1 reduced average maximal 

amplitude of the ISOC from –3.3 ± 0.22 pA/pF (n=23) to –1.25 ± 0.34 pA/pF (n=13) and –

0.62 ± 0.17 pA/pF (n=25) at 48 h and 72h post transfection respectively (Fig 8). These 

results confirmed that STIM1 is required for activation of ISOC in liver cells. The possible 

interaction between endogenous PLC-γ1 and STIM1 in H4IIE cells was investigated by 

immunoprecipitation immunoblot. As the interaction between PLC-γ1 and STIM1 could be 

transient and occur only during activation of the SOCE pathway, or could be Ca2+ 

dependent, the experiment was conducted on thapsigargin-treated and untreated cells as well 

as in the presence and absence of Ca2+ (Figure 9). No interaction between endogenous PLC-

γ1 and STIM1 in H4IIE cells was observed in either thapsigargin-treated or untreated cells in 

the presence (Figure 9) or absence (data not shown) of free Ca2+.  
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DISCUSSION  

Several studies have previously reported that PLC-γ regulates Ca2+ entry in different cell 

types. As all these studies used fluorescent Ca2+ probes to measure Ca2+ entry, the types of 

channel that are regulated by PLC-γ could not be easily established. Nevertheless, using over 

expression and/or ablation of expression it was concluded that the likely targets for PLC-γ 

regulation are different members of TRP family [25]. Demonstration of direct interaction of 

PLCγ with TRPC1, TRPC2, TRPC3 and TRPM7 supported this notion (for review see [25]). 

In this work we demonstrate for the first time that ablation of the expression of PLCγ1 

causes a substantial decrease in Ca2+ entry through SOCs in rat liver cells, which have 

characteristics similar to those of CRAC channels present in hematopoietic cell lines [10, 

11]. Accumulated evidence suggests that CRAC channels expressed in hematopoietic cells 

lines are not encoded by any known member of TRP family. Moreover, it has recently been 

clearly demonstrated that the likely molecular component of the pore-forming subunit of 

CRAC channel is the Orai1/CRACM1 protein [3, 4, 13, 26]. Considering that the properties 

of ISOC in liver cells are very similar to those of ICRAC it is also very likely that Orai1, or a 

highly homologous protein, forms a part of the SOC in liver cells.   

 Thus the present results indicate a role for PLCγ1 in the mechanism by which a SOC, 

similar or identical to CRAC channel, is activated. Since a saturating concentration of IP3 

(20 µM) was used to activate ISOC in the patch clamping experiments, it is unlikely any 

reduction in the cytoplasmic concentration of endogenous IP3 due to ablation of PLCγ1 

could explain the observed inhibition of ISOC. The possibility of indirect regulation of ISOC by 

PLCγ1 through a decrease in the concentration of DAG as a consequence of ablation of 

PLCγ1 is also unlikely, since the application of 100 µM OAG had no effect on ISOC. The fact 

that a similar reduction of the amplitude of ISOC in PLCγ1 knockdown cells was detected 

when the current was activated by thapsigargin instead of IP3, and that no change was 

observed in the ability of thapsigargin to induce the release of Ca2+ from intracellular stores, 

suggests that the effect of PLCγ1 knockdown on ISOC is not due to alterations in either 

passive Ca2+ leak from the ER or Ca2+ release through IP3 receptors. Furthermore, the effects 

of ablation of PLCγ1 are unlikely to be due to a subsequent accumulation of PIP2 in the 

plasma membrane. If this were the case, addition of exogenous synthetic PIP2 would be 

expected to inhibit the current (cf PLCγ1 ablation) but it actually augmented ISOC. Overall 

these results suggest that the role of PLCγ1 in the mechanism of activation of the SOCs does 

not involve its catalytic activity.  
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The conclusion that PLCγ1 has a role in the activation of SOCs in H4IIE liver cells unrelated 

to its catalytic activity is similar to conclusions reached in several other studies.  These 

include experiments in PC12 and A7r5 cells which employed siRNA targeted against PLCγ1 

and transient transfection with a lipase-inactive mutant of PLCγ2 [5], and experiments 

employing the PLC inhibitor U73122 in hepatocytes [27], keratinocytes [7], DT40-B 

lymphocytes, and RBL cells [6].  In the last mentioned study, it was shown that U73122 

inhibits the activation of CRAC channels, while not affecting the channel directly, and that 

this role of PLC is unrelated to IP3 and to IP3 receptors [6] (cf the present results). Taken 

together, these results indicate that the PLCγ protein is required for the activation of SOCs in 

many different cell types. 

Functional effects of PLCγ independent of its catalytic activity suggest that this enzyme may 

also act as a molecular scaffold [28]. PLCγ polypeptides include several protein-protein 

interaction domains including N-terminal pleckstrin homology (PH) domain, two Src 

homology2 (SH2) domains and one Src homology3 (SH3) domain, and a C-terminal C2 

domain [25, 29]. Evidence that the SH3 domain, which is involved in the interaction of 

PLCγ with the actin cytoskeleton [30], is required for agonist and thapsigargin activated Ca2+ 

entry in PC12 and HEK293 T3-65 cells was obtained using a mutant in which the SH3 

domain was deleted [5]. Moreover, there is evidence to indicate that PLCγ1 can interact with 

various Ca2+-permeable channels including TRPC1 [7], TRPC2 [31], TRPC3 [5], and 

TRPM7 [32]. Interestingly, TRPC1 channels that have been shown to interact with PLC-γ1 

also interact with STIM1 protein that plays a role of Ca2+ sensor in the activation of CRAC 

channels [33, 34].  

Activation of CRAC channels depends on a precise spatial organisation between STIM1 and 

CRACM1/Orai1 proteins and may depend on numerous factors that are currently not known 

[2]. The mechanism by which PLC-γ1 regulates SOCs in H4IIE cells could involve the 

interaction of PLC-γ1 with one or more of the proteins involved directly in the activation 

pathway itself, such as STIM1 and CRACM1/Orai1. A drastic reduction of the ISOC 

amplitude by the siRNA mediated knockdown of STIM1 in H4IIE cells suggested that in 

these cells STIM1 also plays a role of the ER Ca2+ sensor similar to the role it plays in T-

lymphocytes [13]. However, immunoprecipitation experiments did not show a direct 

interaction between STIM1 and PLC-γ1. Therefore, it is unlikely that PLC-γ1 is required for 

the activation of the ISOC due to its interaction with STIM1. The possibility that PLC-γ1 

interacts with Orai1 in H4IIE cells still remains and will be investigated in a separate study. 
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Alternatively, PLC-γ may regulate SOCs indirectly by interacting with actin cytoskeleton 

involved in formation and maintenance of regions of the putative junctional ER in close 

proximity to the plasma membrane where interaction between STIM1 and CRACM1/Orai1 

occurs [2].   

It can be concluded from the present study that PLCγ1 is required for the activation of SOCs, 

which are similar or identical to CRAC channels. However, the precise role of PLC-γ in the 

mechanism of activation of the SOCs remains to be established.  
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FIGURE LEGENDS 

 

Figure 1. Effect of the PLC inhibitor U73122 on the ISOC in H4IIE cells  

A. Pre-incubation of H4IIE cells with 2 µM of U73122 for 2-5 min inhibited activation of 

ISOC by intracellular perfusion with 20 µM IP3 (filled symbols, n=6). For comparison, 

activation of ISOC by IP3 is shown in untreated cells (clear symbols, n=4).  B. Application of 

U73122 to the bath after the ISOC had fully developed had no effect on its amplitude. Each 

point represents the amplitude of ISOC at –118 mV taken from voltage ramps from –138 to 

102 mV, applied every 2 seconds. 

 

Figure 2.  Knockdown of PLC-γ1 in H4IIE cells by a specific siRNA 

A. Immunofluorescence microscopy of PLC-γ1 (green) in cells transfected for 96 h with 

negative control siRNA (first row) and PLC-γ1-01 siRNA (second row). Second column 

shows staining of the cells nuclei with DAPI (blue), and third column shows merged images. 

Results are representative of 4 individual experiments. Bar = 20 µm. B. Reduction of the 

PLC-γ1 protein as determined by Western blotting. Expression of GAPDH served as a 

loading control.  Molecular weight markers are indicated on the left. Results are 

representative of 4 individual experiments. 

 

Figure 3. Immunofluorescence microscopy analysis of siRNA transfection efficiency  

H4IIE cells were co-transfected with 38 nM unlabelled PLC-γ1-01 siRNA and 38 nM 

AlexaFluor-546- labelled negative control siRNA. At 96 hours after transfection, cells were 

fixed, immunostained with anti-PLC-γ1 antibody followed by FITC-conjugated secondary 

antibody and the cell nuclei were counterstained with DAPI (blue).  H4IIE cells co-

transfected with PLC-γ1-01 siRNA (unlabelled) and AlexaFluor-546- labelled negative 

control siRNA (red signal) show reduced PLC-γ1 expression (green signal) compared to 

neighbouring non-transfected cells.  Bar = 20 µm. 

 

Figure 4. Effect of PLC-γ1 knockdown on ISOC in H4IIE cells 

A. Development of ISOC in response to intracellular IP3 in H4IIE cells treated with either 

control siRNA or PLC-γ1-01 siRNA for 72 and 96 h. B. Scatter plot of the data presented in 

panel A and the data obtained on non-transfected cells and cells treated with transfection 

reagent only at 90 s after establishing whole cell. The P values are relative to the Control 
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(cells transfected with control siRNA). C. Activation of ISOC by intracellular application of 

thapsigargin in H4IIE cells treated with either control siRNA or PLC-γ1-01 siRNA for 96 h.    

 

Figure 5. Effect of PLC-γ1 knockdown on thapsigargin induced Ca2+ entry in H4IIE 

cells 

A. Reduction of thapsigargin induced Ca2+ entry in H4IIE cells treated with PLC-γ1-01 

siRNA (clear symbols) compared to cells treated with control siRNA (filled symbols), at 96 

h post-transfection.  The results shown are those obtained for 1 experiment (means + SEM of 

15 – 20 cells) which is representative of 4 experiments which gave similar results.  B. 

Reduction of the initial rate and the peak concentration of thapsigargin induced Ca2+ entry by 

PLC-γ1 knockdown in 4 separate experiments (96 h post-transfection).   The results are the 

means + SEM of those obtained for 4 experiments. 

 

Figure 6. Dependence of the ISOC in H4IIE cells on PIP2 

Development of the ISOC in H4IIE cells transfected with control siRNA for 72-96 h and 

treated with 10 µM PIP2 for either 20 min or overnight. Each point represents the amplitude 

of ISOC at –118 mV taken from voltage ramps from –138 to 102 mV, applied every 2 

seconds.   

 

Figure 7.  Knockdown of STIM1 in H4IIE cells by a specific siRNA 

A. Immunofluorescence microscopy of STIM1 (green) in cells transfected for 96 h with 

negative control siRNA (first row) and STIM1-01 siRNA (second row). Second column 

shows staining of the cells nuclei with DAPI (blue), and third column shows merged images. 

Results are representative of 3 individual experiments. Bar = 20 µm.  

 

Figure 8. Effect of STIM1 knockdown on ISOC in H4IIE cells 

Development of ISOC in response to intracellular IP3 in H4IIE cells treated with either control 

siRNA or STIM1-01 siRNA for 48 and 72 h. Each point represents the amplitude of ISOC at –

118 mV taken from voltage ramps from –138 to 102 mV, applied every 2 seconds. 

 

Figure 9. Immunoprecipitaion of STIM1 and PLC-γ1  

A. Cell lysates (100 µg) or lysis buffer only (LB) were immunoprecipitated (IP) with anti-

STIM1 antibody (+) (or PBS as a negative control (-)) and the immunoprecipitates were 
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analysed by immunoblotting (IB) with anti-PLCγ1 antibody. H4IIE cells were either 

untreated (-TG) or treated (+TG) with 1 µM thapsigargin and cell lysates were prepared 

using Ca2+-supplemented (5 mM free Ca2+) lysis buffer.  Positive controls included non-

immunoprecipitated lysates (10 µg) from cells untreated (C1) or treated (C2) with 1 µM 

thapsigargin.  No Stim1-immunoprecipitated 150 kDa PLCγ1 band was observed in either 

the thapsigargin -untreated or –treated cell lysates.  Molecular weight markers (M) are 

indicated. These results are representative of 2 independent experiments. 

B. Cell lysates (100 µg) or lysis buffer only (LB) were immunoprecipitated (IP) with anti-

PLC-γ1 antibody (+) (or PBS (-)) and the immunoprecipitates were analysed by 

immunoblotting (IB) with anti-Stim1 antibody. No PLCγ1-immunoprecipitated 85 kDa 

Stim1 band was observed in either the thapsigargin -untreated or –treated cell lysates. These 

results are representative of 2 independent experiments. The ~75 kDa band present in the 

IP(+) samples, including the lysis buffer only sample, is most likely nondenatured anti-

PLCγ1 immunoprecipitating antibody. 

The faint ~95 kDa band present in both IP(-) and IP(+) samples, including the lysis buffer 

only samples, is most likely an artefact due to the Protein A/G Plus agarose beads. 
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Figure 6. 
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Figure 9. 
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