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Type III phosphatidylinositol (PtdIns) 4-kinases (PI4Ks) have been previously shown to support plasma membrane
phosphoinositide synthesis during phospholipase C activation and Ca2� signaling. Here, we use biochemical and
imaging tools to monitor phosphoinositide changes in the plasma membrane in combination with pharmacological and
genetic approaches to determine which of the type III PI4Ks (� or �) is responsible for supplying phosphoinositides
during agonist-induced Ca2� signaling. Using inhibitors that discriminate between the �- and �-isoforms of type III
PI4Ks, PI4KIII� was found indispensable for the production of phosphatidylinositol 4-phosphate (PtdIns4P), phospha-
tidylinositol 4,5-bisphosphate [PtdIns(4,5)P2], and Ca2� signaling in angiotensin II (AngII)-stimulated cells. Down-
regulation of either the type II or type III PI4K enzymes by small interfering RNA (siRNA) had small but significant
effects on basal PtdIns4P and PtdIns(4,5)P2 levels in 32P-labeled cells, but only PI4KIII� down-regulation caused a slight
impairment of PtdIns4P and PtdIns(4,5)P2 resynthesis in AngII-stimulated cells. None of the PI4K siRNA treatments had
a measurable effect on AngII-induced Ca2� signaling. These results indicate that a small fraction of the cellular PI4K
activity is sufficient to maintain plasma membrane phosphoinositide pools, and they demonstrate the value of the
pharmacological approach in revealing the pivotal role of PI4KIII� enzyme in maintaining plasma membrane phosphoi-
nositides.

INTRODUCTION

Activation of cell surface receptors by a variety of stimuli
initiates a cascade of molecular events ultimately eliciting a
response characteristic of the target cell. One of the most
studied and best-characterized signal transduction path-
ways is initiated by the phospholipase C-mediated break-
down of phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2]
to generate the Ca2�-mobilizing messenger inositol trisphos-
phate (InsP3) and the protein kinase C activator diacylglycerol

(Berridge and Irvine, 1984). It has long been recognized that
the sustained production of these messengers requires con-
tinuous phosphorylation of phosphatidylinositol (PtdIns) to
phosphatidylinositol 4-phosphate (PtdIns4P) and PtdIns(4,5)P2
by phosphoinositide (PI) 4-kinase (PI4K) and PIP 5-kinase
enzymes, due to the limited amount of PtdIns(4,5)P2
present in the plasma membrane (Creba et al., 1983). Sev-
eral isoforms within the PI 4-kinase and PIP 5-kinase
families have been described previously (Doughman et al.,
2003; Balla and Balla, 2006), and a recent study identified
a splice variant of PIP 5-kinase � as the enzyme respon-
sible for PtdIns4P to PtdIns(4,5)P2 conversion in agonist-
induced Ca2� signaling (Wang et al., 2004). In contrast, the
PI 4-kinase that generates PtdIns4P for this process so far
has eluded identification.

Four PI 4-kinase enzymes have been identified in mam-
malian cells that belong to either the type II or type III
families (Balla and Balla, 2006). Type II PI 4-kinase enzymes
(�- and �-forms) are small, 56-kDa proteins that are abun-
dant in almost all cellular membranes, and they are enriched
in plasma membrane preparations. They are kept in the
membrane by palmitoylation, and recent studies suggest
that these enzymes have a role in post-trans-Golgi network
trafficking (Wang et al., 2003, 2007) and the endocytic pro-
cessing of the epidermal growth factor receptors (Minogue
et al., 2006). Type III PI 4-kinases (�- and �-forms), in con-
trast, are soluble enzymes structurally related to PI 3-ki-
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nases, and they can be inhibited by higher concentrations of
PI 3-kinase inhibitors, such as wortmannin (Wm). We have
reported over 10 years ago that production of the agonist-
sensitive phosphoinositide pools required the activity of
Wm-sensitive type III PI 4-kinase enzymes (Nakanishi et al.,
1995). However, it is still not known which of the type III
enzymes participates in the formation of the agonist-regu-
lated PtdIns4P pools.

In the present study, we used both pharmacological and
genetic approaches to interfere with the activity of all of the PI
4-kinase enzymes, and we monitored phosphoinositide
changes both by conventional metabolic labeling of inositol
lipids and -phosphates and by using green fluorescent protein
(GFP)-tagged pleckstrin homology (PH) domains recognizing
PtdIns4P and PtdIns(4,5)P2. These results show that the PH
domain of the yeast OSH2 protein is a valuable tool to monitor
plasma membrane PtdIns4P pools and that PI 4-kinase III� is
required for sustained InsP3 production and Ca2� signaling.
Although this conclusion was supported by small interfering
RNA (siRNA)-mediated gene silencing of the individual PI4K
enzymes, the present studies also highlight the difficulties in
obtaining conclusive data with siRNA on enzymes whose
functions are near essential and emphasize the value of inhib-
itors to dissect the roles of these proteins in cellular signaling.

MATERIALS AND METHODS

Materials
Wortmannin and ionomycin were purchased from Calbiochem (San Diego,
CA). Phenylarsine oxide (PAO), �-mercaptoethanol, dithiothreitol, and poly-
lysine were obtained from Sigma-Aldrich (St. Louis, MO). Fura-2/acetoxym-
ethyl ester (AM) and Pluronic acid were from Invitrogen (Carlsbad, CA).
PIK93 was synthesized as described previously (Knight et al., 2006). Myo-
[3H]inositol (60 Ci/mmol) was purchased from GE Healthcare (Little Chal-
font, Buckinghamshire, United Kingdom) and ortho-[32P]phosphate (9000
Ci/mmol) was from General Electric (PerkinElmer Life and Analytical Sci-
ences, Boston, MA). The polyclonal antibody against PI4KIII� was purchased
from UBI (Lake Placid, NY), the polyclonal antibody against PI4KII� was a
kind gift from Dr. Pietro De Camilli (Yale School of Medicine, New Haven,
CT), and the anti PI4KIII� antibody was raised in New Zealand rabbits as
described previously (Balla et al., 2005).

DNA Constructs and Transfections
The OSH2–2x-GFP construct was generated by amplifying the PH domain
sequence of OSH2 (residues 256–424) from Saccharomyces cerevisiae cDNA
(American Type Culture Collection, Manassas, VA) by using two primer pairs
to obtain fragments flanked by XhoI/EcoRI and EcoRI/KpnI sites. These
fragments were then cloned in tandem between the XhoI/KpnI sites of the
pEGFP-C1 plasmid (Clontech, Mountain View, CA), with a linker (VNSKL) in
between them following the design of Roy and Levine (2004). The single PH
domain version of the PH domain also has been created as well as the cyan
and yellow fluorescent versions of the tandem construct. The PLC�1PH-GFP
construct (Várnai and Balla, 1998) and its color variants have been described
previously (Varnai et al., 2002). The OSH1-PH-GFP was kindly provided by Dr.
Mark Lemmon (University of Pennsylvania, Philadelphia, PA) (Yu et al., 2004),
and the type IV phosphoinositide 5-phosphatase was a kind gift of Dr. Philip
Majerus (Washington University, St. Louis, MO) (Kisseleva et al., 2000). The
constructs used for the rapamycin-inducible translocation of the type-IV phos-
phoinositide 5-phosphatase have been described recently (Varnai et al., 2006).

The human embryonic kidney (HEK)-293AT1 cells used for these studies
have been stably transfected with the hemagglutinin (HA)-AT1a and FLAG-
AT1a angiotensin receptors in two rounds of selection by using G-418 and
Zeocine (Zeo) (Invitrogen, Carlsbad, CA) for the two constructs, respectively.
These cells were kindly provided by Drs. Alberto Jesus Olivares-Reyes and
Kevin J. Catt (NICHD, NIH, Bethesda, MD). Cells were cultured in DMEM
with Pen/Strep (Invitrogen) and 10% fetal bovine serum (FBS), and they have
been subjected to a G-418/Zeo selection from time to time but not during
cultures for the experiments.

For RNA interference (RNAi)-mediated knockdown, the cells were cul-
tured either in 10-cm dishes (for suspension Ca2� measurements), 12-well
plates (for metabolic labeling studies), or 25-mm glass coverslips treated with
poly-lysine (for single-cell Ca2� or confocal studies). The duplexes used for
treatment have been described previously (Balla et al., 2005). Cells were
treated with 100 nM siRNA twice in consecutive days, and they were ana-
lyzed on the fourth day after the first treatment.

Analysis of Single Cells for Fluorescence Resonance
Energy Transfer (FRET), Cytoplasmic Ca2� Measurements,
and Confocal Microscopy
HEK-293AT1 cells were cultured on glass coverslips (3 � 105 cells/35-mm
dish) pretreated with poly-lysine and transfected with the various constructs
(0.5–2 �g DNA/dish) by using Lipofectamine 2000 (Invitrogen) for 24 h as
described previously (Varnai et al., 2005). For calcium measurements, cells
were loaded with 3 �M Fura-2/AM in medium 199/Earle’s balanced salt
solution containing 1.2 mM CaCl2, 3.6 mM KCl, 25 mM HEPES containing 1
mg/ml bovine serum albumin (BSA), 0.06% Pluronic acid, and 200 �M
sulfinpyrazone, for 45 min at room temperature. Calcium measurements were
performed at room temperature in a modified Krebs-Ringer buffer containing
120 mM NaCl, 4.7 mM KCl, 1.2 mM CaCl2, 0.7 mM MgSO4, 10 mM glucose,
and Na-HEPES 10 mM, pH 7.4. An Olympus IX70 inverted microscope
equipped with a Lamda-DG4 illuminator and a MicroMAX-1024BFT digital
camera and the appropriate filter sets was used for Ca2� analysis. The same
microscope equipped with a beam-splitter (Optical Insights, Photometrics,
Tucson, AZ) with a 505-nm dichroic mirror was used for FRET analysis with
435/25-nm excitation and 475/30- and 535/30-nm emission filters, respec-
tively. Images acquired simultaneously in the two emission wavelengths in
the two halves of the camera sensor chip were used to form the ratios. These
ratio values were then normalized, taking their control initial values as 100
and the minimum values obtained after ionomycin (or agonist treatment if the
latter was smaller) as zero.

Cells expressing the OSH2–2x-PH-GFP and PLC�1PH-monomeric red flu-
orescent protein (mRFP) constructs were studied in the same modified Krebs-
Ringer solution at 35°C by using a Zeiss 510Meta laser-scanning confocal
microscope (Carl Zeiss, Thornwood, NY) in multitrack mode, and pictures
were taken in time-series mode. Membrane localization was assessed by
forming membrane/cytosol intensity ratio values from line-intensity histo-
grams of cells in the whole series of images after acquisition. Data acquisitions
for Ca2� and FRET measurements and processing were performed by the
MetaFluor software (Molecular Devices, Sunnyvale, CA). Postacquisition data
analysis of the confocal images was performed with either the MetaView
(Carl Zeiss) or the MetaMorph (Molecular Devices) software.

Cytoplasmic Ca2� Measurements in Cell Suspensions
Cells grown on 10-cm culture plates were removed by mild trypsinization
and loaded with 0.5 �M Fura-2/AM in the same solution described above for
single Ca2� measurements. Cells were then washed with the same medium
without Fura-2/AM and stored at room temperature in the dark. Aliquots of
cells (�5 � 105 cells) were centrifuged rapidly before the measurements and
dispersed in 2.5 ml of the modified Krebs-Ringer buffer used for all other
analysis. Ca2� measurements were performed at 35°C in a PTI Deltascan
spectrofluorometer (Photon Technology International, Princeton, NJ).

Analysis of Myo-[3H]Inositol- or [32P]Phosphate-labeled
Lipids and 3H-labeled Inositol Phosphates
Cultured cells were labeled with myo-[3H]inositol (20 �Ci/ml) on 12-well
culture plates in inositol-free DMEM supplemented with 2% dialyzed FBS
and 1 mg/ml BSA for 24 h. For 32P-phopshate labeling, the cells were labeled
with 2 �Ci/ml o-[32P]phosphate for 3 h in phosphate-free DMEM supple-
mented with 1 mg/ml BSA. After myo-inositol labeling, the cells were washed
twice with a medium without inositol, and after a 10-min preincubation,
inhibitors were added for a further 10 min before stimulation with 100 nM
angiotensin II (AngII) for the indicated times. Reactions were terminated by
the addition of ice-cold perchloric acid (5% final concentration), and cells were
kept on ice for 30 min. After scraping, and freezing/thawing, the cells were
centrifuged, and the supernatant was processed for perchloric acid (PCA)
extraction and analysis by high-performance liquid chromatography as de-
scribed previously (Nakanishi et al., 1995). The cell pellet was also processed
to extract the phosphoinositides by an acidic chloroform/methanol extraction
followed by thin layer chromatography (TLC) analysis essentially as de-
scribed previously (Nakanishi et al., 1995). 32P-labeled cells were not washed
after the labeling period, but they were treated in the same medium with
inhibitors for 10 min followed by AngII (10�7 M) stimulation. Reactions were
terminated by PCA, and lipids were extracted and separated as with the
inositol-labeled cells.

RESULTS

Pharmacological Manipulations of Type III PI 4-Kinase
Activities Affect Agonist-regulated PtdIns4P Pools
High (micromolar) concentrations of Wm have been valu-
able tools to demonstrate a role of type III PI4Ks in InsP3/
Ca2� signaling. However, it is not possible to discriminate
between the �- and �-forms of these PI4Ks based on their
Wm sensitivities (Balla et al., 1997; Knight et al., 2006). There-
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fore, we took advantage of the recent characterization of
isoform-specific PI 3-kinase inhibitors that revealed one of
the inhibitors, PIK93, as being significantly more potent
against PI4KIII� than PI4KIII� (Knight et al., 2006). This
inhibitor inhibits PI 3-kinases and clearly discriminates be-
tween the two PI 4-kinase enzymes as assessed by an in vitro
PI kinase assay on the purified mammalian proteins (Knight
et al., 2006). Unfortunately, none of the tested inhibitors
showed the opposite selectivity, i.e., inhibition of PI4KIII�
more potently than the PI4KIII� enzyme. Phenylarsine oxide
(PAO), a sulfhydryl (SH)-reactive agent has been shown
earlier to inhibit PI4Ks (Wiedemann et al., 1996). PAO was
found to inhibit type III PI 4-kinases, whereas it is relatively
ineffective against the type II enzymes based on in vitro
kinase assays of the purified proteins (Balla et al., 2002;
Barylko et al., 2002). Among the type III enzymes, PI4KIII� is
significantly more sensitive to PAO than the type III� form
(Balla et al., 2002). This difference was also exploited to
discriminate between the two enzymes in their involvement
to generate the hormone-sensitive PtdIns4P pools. It is im-
portant to emphasize that PAO is a SH-reactive agent that
probably has many targets in a cell. However, in the present
study, the effects of PAO have only been tested on parameters
that immediately reflect PI 4-kinase functions (see below);
therefore, in this narrow context the effects of PAO on the
purified PI 4-kinases and PtdIns4P formation in the intact cell
can be correlated with somewhat higher confidence.

Several parameters were tested with these inhibitors in
HEK-293 cells stably expressing AT1a angiotensin receptors
(HEK-293-AT1). Cellular phosphoinositides were monitored
after [32P]phosphate or myo-[3H]inositol labeling, and InsP3
formation was followed from cells prelabeled with myo-
[3H]inositol. Finally, the effects of the inhibitors on AngII-
induced changes in cytoplasmic Ca2� concentration [Ca2�]i
were measured in cell suspensions with Fura-2. Figure 1
shows the effects of inhibitors on InsP3 levels analyzed from
myo-[3H]inositol-labeled cells and on Ca2� signaling. As
shown earlier in AngII-stimulated adrenal glomerulosa cells
(Nakanishi et al., 1995), 10 �M Wm pretreatment greatly
reduced the size of AngII-induced InsP3 elevation in HEK-
293-AT1 cells, and it eliminated its sustained increase. This
was also reflected in the cytoplasmic Ca2� changes that
became transient lacking the plateau phase of Ca2� rise in
Wm treated cells (Figure 1B). These effects of Wm were not
observed at lower concentrations (�300 nM) that already
inhibit PI 3-kinases (data not shown), and they were clearly
caused by the limited supply of PtdIns4P and PtdIns(4,5)P2,
consistent with the inhibition of a PI4K that helps replenish-
ing these pools during a sustained phospholipase C (PLC)
activation. This is demonstrated in Figure 2, where the
[32P]phosphate-labeled PtdIns4P and PtdIns(4,5)P2 were an-
alyzed in AngII-stimulated cells. Without the inhibitors,
AngII stimulation evokes a robust PLC activation, resulting
in the rapid depletion of PtdIns(4,5)P2 that slowly returns
toward prestimulatory levels. A similar change is observed
in PtdIns4P levels due to the conversion of this lipid to
PtdIns(4,5)P2 by the PIP 5-kinases and its relatively slower
synthesis by the PI4Ks. Pretreatment of the cells with 10 �M
Wm greatly reduced the 32P-labeled PtdIns4P and, hence,
the AngII-induced changes observed in HEK-293-AT1 cells
(Figure 1A), but it only slightly reduced basal PtdIns(4,5)P2
levels. However, this treatment significantly enhanced the
AngII-induced decrease in PtdIns(4,5)P2 and strongly inhib-
ited its resynthesis (Figure 2B).

These effects of Wm were not reproduced by 250 nM
PIK93, which inhibits PI4KIII� (and the PI 3-kinases) but not
PI4KIII� (Knight et al., 2006), and which was found as effec-

tive as 10 �M Wm in inhibiting the endoplasmic reticulum
(ER)-to-Golgi transport of ceramide, a process linked to
PI4KIII� function (Toth et al., 2006). PIK93 failed to affect
either the InsP3 and Ca2� changes or those of the 32P-labeled
phosphoinositides during AngII stimulation (Figures 1 and
2). The effect of PAO was tested at a concentration of 10 �M
(applied in the presence of 1 mM �-mercaptoethanol to
reduce its side effects). Although at this concentration PAO
only partially inhibits PI4KIII� (�80%), it was chosen be-
cause it does not yet inhibit PI4KIII� (Balla et al., 2002). As
shown in Figure 1, PAO partially mimicked the effects of
Wm on both the InsP3 and Ca2� responses, substantially
reducing the sustained phases of both signals. Also, after 10
�M PAO treatment the 32P-labeled phosphoinositides
showed changes similar to those observed with Wm treat-
ment (Figure 2). All of these data were consistent with the
limited supply of PtdIns4P in the presence of Wm or PAO
but not PIK93, implicating the PI4KIII� enzyme in the pro-

0 120 240 360 480 600
0

2500

5000

7500

10000

0 100 200 300 400 500
0

1

2

3

4

Time (sec)

Time (sec)

In
sP

3 
(c

pm
)

Ang II

Ang II

Fu
ra

-2
 ra

tio

A

B

PIK93

control

PAO + Mer

Wm

PIK93control

PAO + MerWm

Figure 1. Effects of PI4K inhibitors on the kinetics of InsP3 and
[Ca2�]i changes in HEK-293-AT1 cells stimulated with AngII. (A)
HEK-293-AT1 cells were labeled with myo-[3H]inositol for 24 h in
inositol-free medium as described under Materials and Methods.
After washing, AngII (10�7 M) was added to the cells for the
indicated times, and reactions were terminated by PCA. Labeled
inositol phosphates were extracted from the soluble fraction and
separated by high-performance liquid chromatography connected
to a scintillation flow detector as described previously (Nakanishi et
al., 1995). Data are shown are means � range of duplicate determi-
nations. The concentrations of the inhibitors added 10 min before
AngII were 250 nM PIK93, 10 �M PAO with 1 mM �-mercaptoetha-
nol (Mer), and 10 �M Wm. Two additional experiments were per-
formed with the 10-min time points with similar results. (B) HEK-
293-AT1 cells were loaded with Fura-2/AM, and their fluorescence
monitored in a fluorescent spectrophotometer as described under
Materials and Methods. AngII (10�7 M) was added at the indicated
time. Pretreatment with the inhibitors for 10 min was as described
in A. This result is a representative of three similar observations.
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cess, and the incomplete effects of PAO relative to Wm were
consistent with the incomplete inhibition of PI4KIII� at this
concentration of the inhibitor.

Analysis of PtdIns(4,5)P2 Changes in the Plasma
Membrane with the PLC�1PH Domain
These metabolic data provided information on the overall
inositide pools of the cells but only limited information on
the question of which membranes contributed to these
changes. In fact, when cells were labeled with myo-[3H]inosi-
tol, a smaller fraction of the inositides showed changes with
AngII and the inhibitors (data not shown), suggesting the
presence of additional metabolic pools that become labeled
with myo-[3H]inositol in 24 h but not with [32P]phosphate in
3 h. Therefore, further experiments were designed to monitor
the phosphoinositide changes in single cells by using PH do-
mains that recognize PtdIns4P and PtdIns(4,5)P2. PtdIns(4,5)P2
changes were followed in single cells by either confocal mi-
croscopy or by FRET analysis using yellow fluorescent protein
(YFP) and cyan fluorescent protein (CFP)-tagged versions of
the PLC� PH domain (van Der Wal et al., 2001).

Cells were stimulated with AngII for the indicated times
followed by the addition of high concentration (10 �M) of
ionomycin to activate PLC and to eliminate PLC�1PH-GFP
localization and FRET (Várnai and Balla, 1998; Balla et al.,

2005). Subsequent addition of 1,2-bis(2-aminophenoxy)ethane-
N,N,N�,N�-tetraacetic acid (BAPTA) (or EGTA) was used to
reverse the Ca2� change and allow the PtdIns(4,5)P2 pools to
recover. As shown in Figure 3, the PLC�1PH translocation was
rapid and complete after AngII treatment, and the FRET signal
rapidly returned close to the baseline in control cells (black
trace). Ionomycin treatment then caused the complete translo-
cation of the probe to the cytosol from which the cells recov-
ered slowly after Ca2� chelation. These changes were not af-
fected by preincubation of the cells with 250 nM PIK93 (Figure
3, red trace), consistent with the previous data with metabolic
labeling and suggesting that PI4KIII� plays no significant role
in this process. In contrast, 10 �M PAO (with 1 mM �-mercap-
toethanol) decreased the basal FRET by �40% and prevented
the relocalization of the probe after the AngII-induced com-
plete translocation (Figure 3, blue trace).

When the effects of Wm were tested in similar experi-
ments, we encountered several technical difficulties. First,
the inhibitory effects of Wm showed a strong light-induced
reversal in single-cell experiments. At shorter excitation
wavelengths, these effects were stronger, making it essen-
tially impossible to monitor the effect of Wm on single cell
Ca2� responses with Fura-2. (The photon flux density is
significantly lower during Ca2� measurements in cell sus-
pension; therefore, those measurements are less sensitive to
this effect). In addition, a significant drift was observed in
the FRET baseline during the 10 min Wm preincubation
period (without illumination). Although this was partially
eliminated rapidly after two to three light scans, it was
difficult to assess the basal FRET values after Wm treatment.
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followed by 10 �M inonomycin (Iono) and 5 mM BAPTA (or
EGTA). The dark bar represents the exposure of the cells to the high
(extracellular) Ca2� concentration after ionomycin treatment. The
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Similar changes were observed in two additional experiments.
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Therefore the data on the effects of Wm (still partially inhib-
itory) were not included in this analysis.

Evaluation of the OSH2 PH Domain as a Probe of
Plasma Membrane PtdIns4P Levels
None of the type III PI4K enzymes can be detected by
immunofluorescence at the plasma membrane; yet, PtdIns4P
has to be present in the plasma membrane to be converted to
PtdIns(4,5)P2. To obtain information on the activity rather
than the steady-state cellular distribution of the PI4K en-
zymes, it was highly desirable to use reporter probes that
monitor PtdIns4P production in single cells. PH domain-
GFP chimeras with high in vitro PtdIns4P binding specific-
ities, such as the four phosphate adaptor protein (FAPP)1 or
oxysterol binding protein (OSBP) PH domains have been
used for this purpose, but these probes mostly report on
PtdIns4P formed in the Golgi as they also require Arf1-GTP
for their Golgi recruitment (Levine and Munro, 2002; Godi et
al., 2004; Balla et al., 2005). Although both of these PH
domains can detect PtdIns4P formation in the plasma mem-
brane under special circumstances (Balla et al., 2005), they
are not optimal for monitoring PtdIns4P in the plasma mem-
brane. It has recently been shown by two independent stud-
ies that the PH domain of the yeast oxysterol binding protein
homologue, OSH2 recognizes PtdIns4P in the plasma mem-
brane, in spite of its limited specificity to bind PtdIns4P in
vitro (Roy and Levine, 2004; Yu et al., 2004). Therefore, first,
we wanted to determine whether the OSH2 PH domain
could, in fact, be used to follow PtdIns4P changes in the
plasma membrane of mammalian cells.

Expression of the single PH domain of OSH2 fused to GFP
showed clear plasma membrane localization and a strong
nuclear staining as described previously (Roy and Levine,
2004; Yu et al., 2004). Using two PH domains in tandem
fused to GFP (GFP-OSH2-PH2x) greatly reduced the nuclear
localization of the construct and clearly labeled the plasma
membrane (Figure 4A). Importantly, unlike in yeast cells,
neither the tandem nor the single OSH2 PH domain deco-
rated the Golgi membrane in COS-7 or HEK-293 cells (Fig-
ure 4A). In contrast, the yeast OSH1 PH domain labeled both
the plasma membrane (at high expression levels) and the
Golgi (Figure 4A). Because the OSH2 PH domain has limited
in vitro specificity to PtdIns4P (Yu et al., 2004), we were
concerned that it may be recruited to the plasma membrane
by PtdIns(4,5)P2. The specificity question was examined
with our recently developed method of acute depletion of
PtdIns(4,5)P2 in the plasma membrane. This approach is
based on a drug induced plasma membrane recruitment of
a truncated type-IV phosphoinositide 5-phosphatase (5-
ptase) that was rendered cytoplasmic by mutations in its
localization sequences (Varnai et al., 2006). Recruitment of
this cytoplasmic 5-ptase to the plasma membrane rapidly
eliminated PtdIns(4,5)P2 as monitored by PLC�1PH-GFP lo-
calization (Figure 4B), without elimination of the GFP-
OSH2-PH2x localization (Figure 4C). This question was fur-
ther analyzed in total internal reflection fluorescence
experiments where the release of the PH domain from the
membrane can be better quantified. These experiments
showed no effect of the phosphatase recruitment on GFP-
OSH2-PH2x localization while eliminating PLC�1PH-GFP
localization in COS-7 cells (Korzeniowski and Balla, unpub-
lished observations).

In a separate set of studies performed in COS-7 cells, the
wild-type 5-ptase enzyme was expressed together with the
mRFP-fused PLC�1PH domain and the GFP-OSH2-PH2x
construct. This triple transfection yielded many cells in
which the plasma membrane localization of the PLC�1PH-
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Figure 4. Localization of OSH1- and OSH2-PH domain-GFP fu-
sion proteins in HEK-293-AT1 cells. (A) The PH domains of the
yeast oxysterol-binding protein homologues OSH2 and OSH1 were
fused to GFP as described under Materials and Methods. These con-
structs were transfected into HEK-293-AT1 cells and examined 24 h
after transfection with live cell confocal microscopy. Note that the
OSH2-PH domain binds to the plasma membrane and strongly
accumulates in the nucleus but does not bind to the Golgi. A tandem
PH domain of the OSH2 protein shows smaller signal in the nucleus
and a strong plasma membrane binding. The OSH1-PH domain
binds both the plasma membrane and the Golgi. (B) Elimination of
the plasma membrane localization of PLC�1PH-GFP [monitoring
PtdIns(4,5)P2] by plasma membrane recruitment of a phosphoino-
sitide 5-phosphatase. HEK-293-AT1 cells were transfected with a
truncated type-IV phosphoinositide 5-phosphatase fused to mRFP
and FKBP12, a plasma membrane-targeted FRB-CFP construct and
the PLC�1PH-YFP reporter described in Varnai et al. (2006). Addi-
tion of rapamycin for 3 min recruits the otherwise cytoplasmic
5-ptase construct to the plasma membrane (left) with a concomitant
elimination of PtdIns(4,5)P2 and loss of PLC�1PH-YFP localization
(middle). (C) The same manipulations do not eliminate the plasma
membrane localization of the OSH2-PH2x-GFP, suggesting that this
construct is not kept at the membrane by PtdIns(4,5)P2.

Regulation of Hormone-sensitive Phosphoinositide Pools

Vol. 19, February 2008 715



mRFP construct was eliminated indicating the depletion of
PtdIns(4,5)P2.; yet, the localization of the OSH2-PH2x was
still preserved (Figure 5A). These studies also confirmed that
the OSH2-PH2x was not recruited to the membrane by
PtdIns(4,5)P2. When such cells were treated with 10 �M Wm,
the localization of OSH2-PH2x was rapidly eliminated (Figure
5A). Lower concentrations of Wm specific for PI 3-kinases had
no such effect (data not shown), indicating that the plasma
membrane pool of PtdIns4P monitored by OSH2-PH2x re-
quires the activity of type III PI 4-kinases. Notably, Wm exerted
a much slower effect on OSH2-PH2x localization in cells not
expressing the 5-phosphatase (Figure 5B; see below) indicating
that the dephosphorylation of PtdIns(4,5)P2 probably contrib-
utes to maintaining PtdIns4P levels in the membrane for a
period of time when PI4K is inhibited.

The PH Domain of OSH2 Follows Agonist-induced
Changes of PtdIns4P Levels
Next, we determined whether GFP-OSH2-PH2x localization
is affected by agonist-induced PLC activation. HEK-293-AT1

cells were cotransfected with the PLC�1PH-mRFP and GFP-
OSH2-PH2x for simultaneous monitoring of PtdIns(4,5)P2
and PtdIns4P. As shown in Figure 6, both constructs showed
a rapid and transient translocation from the plasma mem-
brane to the cytosol after AngII addition, but with notable
kinetic differences. The translocation of the GFP-OSH2-PH2x
occurred with a clearly measurable (�5-s) delay compared
with that of PLC�1PH-mRFP. The kinetics of changes in
GFP-OSH2-PH2x localization after AngII addition was in-
distinguishable regardless whether cells were preincubated
with 10 mM Li� or not (data not shown). Because Ins(1,4)P2
levels accumulate to very high levels and remain elevated
in Li�-treated cells (e.g., Balla et al., 1988) due to the
inhibition of the phosphatase that dephosphorylates
Ins(1,4)P2 (Majerus et al., 1999), these findings suggest that
the AngII-induced translocation of the GFP-OSH2-PH2x
protein from the membrane is caused by the changes in
membrane PtdIns4P levels rather than increases in Ins(1,4)P2
levels in the cytosol. The slight delay in the response of
GFP-OSH2-PH2x compared with that of PLC�1PH-mRFP
may reflect the slower (probably Ca2�-dependent) activa-
tion of the PLC isoform that hydrolyzes PtdIns4P, or a slight
delay in the conversion of PtdIns4P to PtdIns(4,5)P2, but the
contribution of the rapid Ins(1,4,5)P3 increase to PLC�1PH-
mRFP translocation can also be responsible for its faster
kinetics. Nevertheless, these data together were consistent
with the conclusion that the GFP-OSH2-PH2x reporter can
monitor plasma membrane PtdIns4P changes during agonist
activation.

Pharmacological Manipulations of the Membrane
Localization of OSH2–2x-PH
In response to the PI 4-kinase inhibitors, the GFP-OSH2-
PH2x domain showed changes in good agreement with the
[32P]phosphate and myo-[3H]inositol labeling results: the lo-
calization of the GFP-OSH2-PH2x was monitored as a
change in the membrane to cytosol ratio of fluorescence. (We
also attempted to use FRET for analysis of OSH2-PH2x.
However, the FRET signal was significantly smaller than
with the PLC�1PH domain, which may reflect a lower abun-
dance of PtdIns4P in the membrane or a lower density of the
lipid in the membrane microdomains where it is found). The
membrane-bound fluorescence of GFP-OSH2-PH2x already
started to decrease during the 10-min Wm (10 �M) preincu-
bation, and �70–80% of the membrane localization was
eliminated by the end of this period. Lower concentrations
of Wm (300 nM) did not show this effect (Figure 7A). Sub-
sequent addition of AngII rapidly eliminated the remaining
localization and no relocalization of the probe was observed
throughout the 10-min stimulation (Figure 8A). It is impor-
tant to note that the effects of Wm became almost undetect-
able when prolonged rapid sampling of the confocal pic-
tures was used to follow localization of the PH domains.
This was again attributed to the photolability of Wm inhi-
bition discussed above and also observed in Warashina
(1999). Ten micromolar PAO (with 1 mM �-mercaptoetha-
nol) had a similar inhibitory effect on the basal localization,
although this treatment did not evoke the same decrease as
Wm did before AngII addition (Figure 7B). The effect of PAO
was completely reversed by simultaneous addition of 1 mM
dithiothreitol (DTT) (Figure 7B). PAO also prevented the
relocalization of the GFP-OSH2-PH2x during AngII stimu-
lation (Figure 8B). In contrast, PIK93 (250 nM) had no effect
on either the basal localization of the GFP-OSH2-PH2x
probe (Figure 7C) nor did it affect the response to AngII
stimulation (Figure 8A).
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Figure 5. Localization of OSH2-PH2x-GFP to the plasma mem-
brane is wortmannin sensitive. (A) COS-7 cells were transfected
with OSH2-PH2x-GFP together with PLC�1PH-mRFP and the wild-
type type IV phosphoinositide 5-phosphatase for 24 h. Cells were
selected so that the PLC�1PH-mRFP showed no localization, indi-
cating the lack of PtdIns(4,5)P2 as a result of phosphatase expres-
sion. These cells still showed plasma membrane localization of
OSH2-PH2x-GFP, indicating that the construct is kept in the mem-
brane not by PtdIns(4,5)P2. Addition of 10 �M Wm to such cells
caused a rapid translocation of the OSH2-PH2x-GFP domain con-
struct from the membrane to the cytosol. (B) Release of the OSH2-
PH2x-GFP construct from the membrane after Wm treatment is
significantly slower in control cells where PtdIns(4,5)P2 is present in
the membrane.
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Effects of RNAi-mediated Knockdown on
Phosphoinositides and Ca2� Signaling
The results of the pharmacological analysis pointed to
PI4KIII� as the enzyme important in the maintenance of the
agonist-sensitive phosphoinositide pools of the plasma
membrane. We wanted to confirm these data with RNAi-
mediated gene silencing. All PI4Ks were individually
knocked down, and the basal and AngII-induced changes in
32P-labeled phosphoinositides and cytoplasmic Ca2� were
determined. These experiments showed that knockdown of
either PI4Ks (confirmed in each experiments by Western blot
analysis) (Figure 9A) resulted in no appreciable change in
the Ca2� response of the cells in response to AngII regard-
less of whether these measurements were performed in cells
suspension or in single attached cells (data not shown).
32P-labeling of cells depleted in the respective PI4Ks showed
variations due to the loss of cells in the PI4K down-regulated
groups (Figure 9B). To normalize for this difference, in each
experiments the ratio of PtdIns4P and PtdIns(4,5)P2 to the
PtdIns/phosphatidic acid (PtdA) spots from unstimulated
cells were calculated and compared between the control
siRNA or PI4K siRNA-treated groups. After such correc-
tions, the labeling of both PtdIns4P and PtdIns(4,5)P2
showed an �25% decrease upon depletion of either of
PI4KII�, PI4KIII�, or PI4KIII�. This difference was statisti-
cally significant (p � 0.05) for all enzyme knockdowns in

PtdIns4P but only for PI4KII� in PtdIns(4,5)P2 (Figure 9C).
To assess PtdIns4P and PtdIns(4,5)P2 synthesis during stim-
ulation, the level of these lipids were measured after 10 min
of AngII exposure, because by this time impaired resynthe-
sis of these lipids was expected to be detectable (see Figure
2 for full kinetics). In these experiments, we also included
treatment with 250 nM PIK93 before AngII treatment for
each group to determine whether compensatory changes in
PI4KIII� (although not apparent by Western analysis) could
mask the effects of PI4KII� or PI4KIII� knockdown. Because
there was absolutely no difference between the PIK93-
AngII–treated group and those only treated with AngII
alone (data not shown), these measurements have been
combined for statistical analysis.

As shown in Figure 9C, by 10 min of AngII treatment,
PtdIns(4,5)P2 and PtdIns4P levels returned to �60–70% of their
prestimulatory values (also see Figure 2) in control cells1. How-
ever, in cells depleted in PI4KIII�, this value was significantly

1 Because AngII treatment increases the labeling of PtdIns/PtdA,
and the knockdown of the individual enzymes could also affect this
response, the correction for cell loss due to knockdown of the
enzymes was based on the PtdIns/PtdA values obtained in the
unstimulated cells also for the in AngII-stimulated samples. We
assumed that AngII treatment does not cause cell loss.
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Figure 6. Angiotensin II-induced changes in
membrane phosphoinositides simultaneously
monitored by OSH2-PH2x-GFP and PLC�1PH-
mRFP. HEK-293 cells stably transfected with
the AT1a angiotensin receptors were cotrans-
fected with the PLC�1PH-mRFP and OSH2-
PH2x-GFP constructs for 24 h. Live cells were
examined in a confocal microscope at 35°C
during stimulation with AngII (10�7 M), and
pictures were taken every 5 s. Note the faster
response observed with the PLC�1PH-mRFP.
Quantification of membrane/cytosolic fluo-
rescence intensities as function of time calcu-
lated from line-intensity histograms from five
to seven cells obtained in two separate exper-
iments (means � SEM).
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(p � 0.05) lower (�50%) for both lipids, the difference being
more pronounced in PtdIns(4,5)P2, which could be measured
with better accuracy. These differences were relatively minor
and required a fine balance between siRNA treatment that still

preserved enough cells for analysis yet showed sufficient
knockdown to capture even these small changes.

In cells labeled with myo-[3H]inositol, the picture was
further complicated because we observed an increased la-
beling of PtdIns4P and PtdIns(4,5)P2 (and the inositol phos-
phates) in cells in which PI4KIII� was depleted. This para-
doxical change was attributed to a significant decrease in the
free inositol level of PI4KIII� knockdown cells and hence an
increased specific activity of the labeled inositol pool (data
not shown). The reason for the consistent decrease in the
level of inositol in cells depleted in PI4KIII� is not known,
and it is currently under further investigation.

DISCUSSION

In the present study, we asked the question of which of the
PI4K enzymes is important for the generation of the plasma
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Figure 7. Effects of PI4K inhibitors on the membrane localization
of the OSH2-PH2x-GFP. HEK-293 cells stably transfected with the
AT1a angiotensin receptors were cotransfected with the OSH2-
PH2x-GFP constructs for 24 h. Live cells were examined in a confocal
microscope at 35°C. Calculation of membrane/cytosolic fluores-
cence intensities as function of time was performed from line-
intensity histograms from images taken at every minute during a
10-min incubation with the inhibitors. The concentrations of the
inhibitors were 250 nM PIK93, 10 �M PAO with 1 mM Mer, 10 �M
PAO with 1 mM DTT, and 10 �M or 300 nM Wm. Means � SEM
from three to 25 cells from two to four separate experiments are
shown.
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Figure 8. Effects of AngII on the membrane localization of the
OSH2-PH2x-GFP after treatment with PI4K inhibitors. HEK-293
cells stably transfected with the AT1a angiotensin receptors were
cotransfected with the OSH2-PH2x-GFP constructs for 24 h. Live
cells were examined in a confocal microscope at 35°C. Calculation of
membrane/cytosolic fluorescence intensities as function of time was
performed from line-intensity histograms from images taken at the
indicated times after AngII addition. The concentrations of the
inhibitors applied for 10 min before AngII were 250 nM PIK93, 10
�M PAO with 1 mM Mer, and 10 �M Wm. Means � SEM from three
to 25 cells from two to four separate experiments are shown. The
initial ratio values of Wm-treated cells are higher in these experi-
ments than those shown in Figure 7 at the end of Wm treatment,
because cells with still measurable OSH2-PH2x-GFP localization
after Wm treatment were selected for this analysis.
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membrane pool of PtdIns4P, the precursor of PtdIns(4,5)P2
during PLC activation in agonist-stimulated cells. This ques-
tion has not been thoroughly addressed before for lack of
appropriate tools to investigate it properly. In a previous
study, we showed that Wm-sensitive type III PI4Ks are
required for the maintenance of agonist-sensitive phospho-
inositide pools and hence Ins(1,4,5)P3 and calcium signaling
(Nakanishi et al., 1995). These studies have been confirmed
in other laboratories using different cell lines and different
Ca2�-mobilizing receptors and agonists (Willars et al., 1998),
but the identity of the enzyme(s) responsible for supplying
PtdIns4P for the plasma membrane so far has eluded iden-
tification. The recent discovery of a PI 3-kinase inhibitor that
discriminates between the type III PI4Ks has proven to be an
invaluable tool to reinvestigate this question. Based on stud-

ies using 32P-labeled phosphoinositides and myo-[3H]inosi-
tol-labeled inositol phosphates and cytoplasmic Ca2� mea-
surements, we were able to show that the effects of Wm are
reproduced by inhibitors of PI4KIII� but not PI4KIII�. It was
also important to demonstrate that the PtdIns4P pool that is
affected by the PI4KIII� enzyme is in fact in the plasma
membrane. This question was especially relevant, because
none of the type III PI4Ks can be found in detectable
amounts in the plasma membrane by immunofluorescence
analysis of COS-7 or HEK-293 cells. Based on enzymatic
characterization of the plasma membrane-associated PI4K
activity performed two decades ago, it was concluded that
the smaller and wortmannin-insensitive type II PI4Ks are
present in the plasma membrane. This is supported by more
recent immunocytochemical analysis that finds only the type
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Figure 9. Effects of knockdown of the individual PI
4-kinases on [32P]phosphate labeling of phosphoinositi-
des and their response to AngII stimulation in HEK-293-
AT1 cells. HEK-293 cells stably transfected with the
AT1a receptors were treated with siRNA for 3 d as
described under Materials and Methods. The extent of
knockdown was determined by Western blot analysis
(A). On the fourth day, cells were labeled with
[32P]phosphate for 3 h in phosphate-free medium. Cells
were then either treated with AngII (10�7 M) or saline
and incubated for an additional 10 min. Reactions were
terminated by PCA, and lipids were extracted from the
cell pellets, separated by TLC, and analyzed by a Phos-
phorImager (B). Due to cell loss in the PI4K-depleted
cells, the individual PtdIns4P and PtdIns(4,5)P2 spots
were normalized to the PtdA/PtdIns values measured
in unstimulated samples of the respective groups. These
ratios were then compared between the PI4K down-
regulated or control siRNA-treated cells in each of the
three experiments performed in duplicates (C). In each
experiments, the effect of 250 nM PIK93 was also deter-
mined in the AngII group. Because PIK93-treated cells
showed no difference compared with those treated with
AngII only, these values were pooled in the statistical
analysis. Means � SEM are shown, and the p values
obtained in one-sample t tests compared with control
siRNA-treated cells are shown above the bars.
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II enzymes partially in the plasma membrane. Of the type III
enzymes, PI4KIII� is found in the Golgi, and PI4KIII� in the
ER/Golgi compartment (see Balla and Balla, 2006 for cita-
tion of the original studies). So, it was of particular interest
that the PH domain of the OSH2 protein, one of the yeast
homologues of oxysterol binding proteins, is capable of
reporting on changes in the plasma membrane that are
consistent with changes of PtdIns4P levels (see also Yeung et
al., 2006).

These studies using PH domains of PLC�1 and OSH2-
PH2x to monitor PtdIns(4,5)P2 and PtdIns4P, respectively,
confirmed the conclusions of the labeling and Ca2� experi-
ments that PI4KIII� is the enzyme necessary for the main-
tenance of the plasma membrane pool of these lipids. The
exact mechanism how this is achieved by the enzyme that is
primarily ER/Golgi localized remains to be answered, but
its is quite possible that a small fraction of the enzyme is in
fact found at the plasma membrane regulated by a unique
mechanism, whereas the larger fraction of the protein has
additional functions in the ER/Golgi compartments. It is
interesting to note that in S. cerevisiae the Stt4p PI4K, a
homologue of PI4KIII�, was reported to generate the plasma
membrane PtdIns4P pool, but unlike in mammalian cells,
the yeast enzyme is primarily found in the plasma mem-
brane or a tightly associated compartment (Audhya and
Emr, 2002). Paradoxically, there are well-documented ER
and vacuolar functions of Stt4p in yeast; yet, the protein has
not been detected in those locations (Trotter et al., 1998;
Audhya et al., 2000).

RNAi-mediated depletion of the individual PI4Ks has
produced only small effects on 32P-labeled PtdIns4P and
PtdIns(4,5)P2 but confirming the identity of the PI4KIII�
enzyme as one responsible for PtdIns4P and PtdIns(4,5)P2
production at the plasma membrane during AngII stimula-
tion. Although the levels of the enzymes can be knocked
down to 15–30% of their original values, this level of knock-
down produced only small effects in the labeled lipids and
none on AngII-induced Ca2� signaling. This probably re-
flects the fact that small amounts of these enzymes are
sufficient to support the production of this signaling pool of
the lipids and cells with more severe knockdown could
simply be eliminated or developed adaptive mechanisms to
cope with the lack of the protein. This highlights the diffi-
culties with knockdown studies of enzymes of crucial im-
portance and the value of inhibitors that can be tested in
short-term experiments.

In recent studies, we were able to show the role of PI4Ks
in other aspects of cellular PtdIns4P production where the
knockdown data gave as clear results as the pharmacologi-
cal approach. These included the recruitment of the FAPP1PH
domain to the Golgi being mediated by both the PI4KIII�
and PI4KII� enzymes (Balla et al., 2005), and the role of
PI4KIII� in the ER-to-Golgi transport of ceramide (Toth et
al., 2006). In fact, in the former study we found that PI4KIII�
knockdown was able to decrease the plasma membrane
recruitment of the FAPP1PH domain during recovery from
a large Ca2�-mediated PLC activation (Balla et al., 2005).
These studies collectively suggest that PI4Ks probably have
multiple functions within the cells that are affected at differ-
ent level of enzyme depletion.

Last, the experiments using the FAPP1PH, OSBP-PH, and
OSH2-PH domains highlight the values and the limitations
of PH domain reporters. They clearly demonstrate that spe-
cific pools of PtdIns4P are detected by the individual probes
and that one reporter may not detect PtdIns4P in all loca-
tions within the cells. The FAPP1 and OSBP PH domains
detect primarily the Golgi pool, although under special cir-

cumstances such as during recovery from massive Ca2�

induced PLC activation they can also detect PtdIns4P in the
plasma membrane (Balla et al., 2005). In contrast, the OSH2–
2x-PH-GFP reporter detects PtdIns4P in the plasma mem-
brane but not in the Golgi compartment in mammalian cells.
Only the yeast OSH1-PH decorates both the Golgi and the
plasma membrane. Importantly, the plasma membrane lo-
calization of all of the PtdIns4P reporters depends on the
activity of Wm-sensitive, type III PI4Ks, and based on the
current studies, specifically of the PI4KIII� enzyme.

In summary, the present results establish PI4KIII� as an
important component of the generation of the plasma mem-
brane pool of phosphoinositides. This conclusion is based on
pharmacological studies and confirmed by RNAi-mediated
gene silencing, although the latter could not decrease the
enzyme levels sufficiently to appreciably impair Ca2� sig-
naling. These results also establish the OSH2-PH2x domain
as a useful reporter to follow PtdIns4P changes in the
plasma membrane. Further studies are in progress to iden-
tify the mechanism by which the apparently ER/Golgi lo-
calized PI4KIII� can affect the supply of plasma membrane
PtdIns4P.
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