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Abstract

Elevated expression of protein casein kinase Il (CKII)
stimulated basal phospholipase D (PLD) activity as
well as PMA-induced PLD activation in human U87
astroglioma cells. Moreover, CKll-selective inhibi-
tor, emodin and apigenin suppressed PMA-induced
PLD activation in a dose-dependent manner as well
as basal PLD activity, suggesting the involvement of
CKillin the activation of both PLD1 and PLD2. CKIll was
associated with PLD1 and PLD2 in co-transfection
experiments. Furthermore, CKIll induced serine/thre -
onine phosphorylation of PLD2 in vivo, and the
multiple regions of PLD2 were phosphorylated by
CKll in vitro kinase assay using glutathione S-trans -
ferase-PLD2 fusion protein fragments. Elevated
expression of CKIl or PLD increased cell proliferation

but pretreatment of cells with 1-butanol suppressed
CKIll-induced cell proliferation. These results sug-
gest that CKll is involved in proliferation of U87 cells
at least in part, through stimulation of PLD activity.

Keywords: casin kinase ll; cell proliferation; phos-
pholipase D; phosphorylation

Introduction

Protein kinase CKIl is a ubiquitous and highly con-
served Ser/Thr kinase, found in various subcellular
compartments in eukaryotes. It exists as a constituti-
vely active tetramer that contains two catalytic subu-
nits, o or o (37-44 kDa), and two regulatory  subu-
nits (24-28 kDa) (Allende and Allende, 1995; Pinna
and Meggio, 1997; Litchfield, 2002). The two catalytic
subunits are highly homologous, but the o subunit
has a unique required role in spermatogenesis (Xu
et al., 1999). CKIl phosphorylates serine or threonine
in acidic domains, with (S/T)XX(D/E) being the cano-
nical motif (Hrubey and Roach, 1990; Marin et al.,
1992). CKIl was postulated to contribute to tumorige-
nesis because its activity is enriched in many human
solid tumors, transformed cell lines, and rapidly pro-
liferating tissues (Ahmed, 1994; Daya-Makin et al.,
1994). Dysregulated expression of CKIl in cells can
be oncogenic, as transgenic expression of CKlla
can promote lymphoma (Seldin and Leder, 1995;
Kelliher et al, 1998; Landesman-Bollag et al., 1998)
and breast cancer (Landesman-Bollag et al, 2001).
In addition, it has been demonstrated that CKIl ca-
talyzes the phosphorylation of several oncogene pro-
ducts such as Myc, Myb, Jun, Fos, p53, and Rb
(Pinna, 1990; Issinger, 1993; Allende and Allende,
1995). These observations suggest that CKIl plays
a critical role in cell proliferation and oncogenesis.

Phospholipase D (PLD) catalyzes the hydrolysis
of phosphatidylcholine (PC), the major membrane
phospholipids, to form phosphatidic acid (PA) and
choline (Exton, 1998). PA can alter the activities
of many enzymes and proteins (Andresen et al.,
2002) and can be further metabolized to diacylg-
lycerol (DAG) and lysophosphatidic acid by PA
phosphohydrolase and phospholipase A2, respecti-
vely. Thus, PLD influences many important intracel-
lular events via producing these downstream pro-
ducts. PLD activity is regulated by many stimuli such
as cytokine, growth factors, hormones, neurotrans-
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mitters, and other molecules involved in extracellular
communication (Exton, 1998). PA is generally recog-
nized as the signaling product of PLD and functions
as an effector in multiple physiological process in-
cluding cell proliferation, differentiation, secretion,
and migration. In mammals, two isoforms of PLD,
PLD1 and PLD2, have been cloned and are being
characterized for regulation and cellular function
(Frohman and Morris, 1999). However, segregated
roles of the two PLD isoforms in cellular responses
are still poorly understood. Activation of PLD occurs
through interactions of the ARF and Rho families
as well as protein kinase C (PKC) (Frohman and
Morris, 1999). The relative contribution of these fac-
tors to PLD activation is highly dependent on the
cell type and signaling model examined. Consistent
with a complex set of regulatory requirements, PLD
appears to contain several different post-translational
modifications. We have reported that PLD can be
phosphorylated on tyrosine residues by c-Src and
the combination of H,O, and vanadate (Min et al.,
1998; Ahn et al, 2003; Kim et al, 2004b). In addition,
PLD1 is phosphorylated on serine and threonine re-
sidue by PKC (Min et al, 1998; Kim et al., 2000).
In the present study, we report that CKIl is involved
in PMA-induced PLD1 and PLD2 activation, pho-
sphorylates PLD2 and interacts with both PLD1 and
PLD2. Our results suggest that CKIl is involved in
proliferation of U87 cells at least in part, through
stimulation of PLD activity

Materials and Methods

Reagents

Glutathione-sepharose 4B was from Amersham Bio-
science Biotech. Anti-phospho-ser/thr antibody was
from Zymed. The antibody to CKll-a. was from Santa
Cruz. Emodin, apigenin and PMA were from Sigma.
Calphostin C was purchased from Biomol Research
Laboratories (Plymouth Meeting, PA). A polyclonal
antibody that recognizes both PLD1 and PLD2 was
generated as previously described (Min et al, 2001).
Phosphatidylbutanol (PtdButg standard was from
Avanti Polar Lipid. [9, 10-"H]lmyristate was pur-
chased from PerkinElmer Life Sciences. Silica gel
60 A thin layer chromatography plates were from
Whatman. Horseradish peroxidase-conjugated anti-
mouse IgG and anti-rabbit IgG were from Kirkegaard
& Perry Lab (Gaithersburg, MD). The ECL Western
blotting detection kit was from Amersham Bioscience.
Human CKIl was purified homogeniety via four chro-
matography steps using DEAE-cellulose, phospho-
cellulose, heparin-agarose, and gel filtration from the
lysates of E. Coli that expressed both o and B su-
bunits of CKII (Kim et al., 1998).

Cell culture and transfections

U87 MG human astroglioma was obtained from the
American Type Culture Collection (Rockville, MD).
The cells were maintained in DMEM (Life Technolo-
gies, Inc) supplemented with 10% (v/v) fetal bovine
serum under 5% CO,. U87 cells were transiently
transfected for 40 h with expression plasmid using
LipofectAMINE (Invitrogen) according to manufac-
turer’s instructions. U87 cells stably overexpressing
PLD isozyme were obtained by transfection, using
LipofectAMINE. Transfected cells were selected with
G418 (700 pg/ml) for 21 days at 37°C. At that time
antibiotics-resistant colonies were pooled and expan-
ded for further analysis under selective conditions.

PLD activity assay

PLD activity was assessed by measuring the forma-
tion of [*H] phosphatidylbutanol (PtdBut), the product
of PLD-mediated transphosphatidylation, in the pre-
sence of 1-butanol. After 20 h transfection with Lipo-
fectAMINE, U87 cells in 6-well plates were serum-
starved in the presence of 1 uCi/ml ["H]myristic acid.
After overnight starvation, the cells were washed
three times with 5 ml of phosphate-buffered saline
(PBS) and pre-equilibrated in serum-free DMEM for
1 h. For the final 10 min of preincubation, 0.3%
butan-1-ol was included. At the end of the prein-
cubation, cells were treated with agonists for the
indicated times. The extraction and characterization
of lipids by thin-layer chromatography were perfor-
med as previously described (Kim et al., 2004a).

Construction and preparation of GST fusion proteins

GST fusion proteins of PLD2 fragments were
constructed as described previously (Kim et al.,
2002). The PCR products were digested with the
restriction enzymes and inserted into pGEX-4T1
vector (Amersham Pharmacia Biotech). E. coli BL21
cells were transformed with the individual expression
vectors encoding the GST fusion protein, and after
harvesting the cells, GST fusion proteins of PLD2
fragments were purified as described previously (Kim
et al., 2002).

Immunoprecipitation

Cells were washed twice with ice-cold phosphate-
buffered saline and then lysed in the extraction buffer
(20 mM Hepes, pH 7.2, 1% Triton X-100, 1% sodium
deoxycholate, 0.2% SDS, 200 mM NaCl, 1 mM
Nas;VOs;, 1 mM NaF, 10% glycerol, 10 pg/ml leupeptin,
10 pg/ml aprotinin, 1 mM phenymethylsulfony! fluo-
ride). The resulting cell lysates was spun at 15,000
X g in a Eppendorf microcentrifuge for 10 min at
4°C to pellet the unbroken cells. The supernatant
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Figure. 1 CKIl is involved in PMA-induced PLD activation. (A) U87 cells were transiently transfected with CKll-o or B, labeled with [PH]myristic
acid, and treated with 100 nM PMA for 1 h. * P < 0.05 compared to cells transfected with vector and treated with PMA. U87 cells overexpressing
PLD1 (B) and PLD2 (C) were labeled with [*H]myristic acid, preincubated with the indicated concentrations of emodin, apigenin, or calphostin
C and stimulated with PMA for 1h. (D) U87 cells over-expressing PLD1 (P1), PLD2 (P2) or vector were treated with or without emodin
(E, 100 uM) and calphostin C (C, 100 uM). PLD expression was analyzed by Western blot using antibody to PLD which recognizes both
PLD1 and PLD2. (E) U87 cells were incubated with or without emodin (100 uM) and apigenin (100 uM). The radioactivity incorporated
into phosphatidylbutanol was measured as described in Materials and Methods. Results are means + S.D of three independent experiments.

was then precleared for 30 min with preimmune IgG Equal protein aliquots of precleared cell lysates (1
and protein A sepharose at 4°C with rocking. Protein mg) were incubated with the indicated antibodies
concentrations were determined using Bradford me- and 40 pl of a 1:1 slurry of protein A sepharose
thod with bovine serum albumin as a standard (4). beads for 4 h at 4°C. The immune complexes were



58 Exp. Mol. Med. Vol. 38(1), 55-62, 2006

collected by centrifugation and washed five times
with a buffer (20 mM Tris, pH 7.5, 1 mM EDTA,
1 mM EGTA, 150 mM NaCl, 2 mM NazVOi, 10%
glycerol and 1% Nonidet P-40) and resuspended
in sample buffer. Immune complexes were boiled
in SDS-sample buffer.

Western blotting

Proteins samples were analyzed by SDS-polyacryla-
mide gel electrophoresis and were transferred to
a nitrocellulose membrane. The blots were then
blocked with 5% non-fat milk and incubated with
appropriate primary antibodies followed by incubation
with horseradish peroxidase-conjugated secondary
antibody. Immunoreactive bands were detected using
enhanced chemiluminescence.

In vito kinase assay

Kinase assays were performed using 250 ng of
GST-PLD2 fragments as substrate. GST-PLD2 frag-
ment were incubated with 500 ng of purified CKIl
in 30 pl of kinase buffer (20 mM Tris-HCI, pH 7.4,
20 uM ATP, and 5 mM MnCl; containing 10 uCi
[y-2P]ATP) at 37°C for 10 min. Kinase reactions
were terminated by addition of SDS-PAGE loading
buffer with p-mercaptoethanol, boiled for 5 min, se-
parated by SDS-PAGE, and exposed to film.

Cell proliferation assay

Cells in 96-well plates were seeded in DMEM sup-
plemented with 10% fetal bovine serum and incu-
bated with emodin or apigenin at 37°C for 24 h.
Afterwards, cells were incubated for 2 h with CellTiter
96 Aqueous (MTS) solution, absorbance of coloured
MTS products in the supernatant was determined
on ELISA reader at 495 nm.

Results and Discussion

CKil is involved in PMA-induced PLD activation

Many substrates of CKIl are involved in signal trans-
duction pathways (Blanquet, 2000). In most cases,
phosphorylation of these substrates occurs following
their interaction with the kinase. However, despite
some advances, the significance of these events
remains to be clarified or is still quite enigmatic.
It has been suggested that CKII might have poten-
tially important roles in neuronal function such as
neuronal differentiation and proliferation (Blanquet,
2000). It was demonstrated that PKC stimulation via
phorbol ester treatment increases CKII activity
(Sanghera et al, 1992; Silva-Neto et al, 2002). PKC
is also known to stimulate PLD activity (Frohman

and Morris, 1999). Recently, it has been reported
that CKIl interacts with PLD1 (Ganley et al., 2001).
Thus, we investigated whether CKIl affects agonist-
induced PLD activation in human U87 astroglioma
cells. CKll-a. or B subunit was transiently transfected
in U87 astroglioma cells, and the cells were stimu-
lated with or without 4p-phorbol 12-myristate 13-
acetate (PMA). Interestingly, both CKIll-a and f su-
bunit stimulated basal PLD activity as well as PMA-
induced PLD activation (Figure 1A). To confirm that
CKIl is involved in PMA-induced PLD activation, we
used CKIll-specific inhibitiors, emodin and apigenin.
Moreover, we used U87 cells expressing PLD1 and
PLD2 to examine which isozyme of PLD activity is
affected by CKIl. As shown in Figure 1B and C,
These inhibitor suppressed in a dose-dependent
manner PMA-induced PLD activation and showed
similar potency in inhibiting PLD activity. Calphostin
C, PKC inhibitor as a positive control, inhibited ac-
tivation of PLD by PMA. Emodin and apigenin sup-
pressed PLD1 or PLD2 activity as well as basal
PLD activity (Figure 1D, E) and. These drugs did
not affect the expression of PLD isozymes. These
results suggest that CKIl is involved in PMA-induced
PLD1 or PLD2 activation as well as basal PLD activity.

CKIl interacts with PLD1 and PLD2

Little is known about CKII regulation except for the
well-characterized multiple dimerization combina-
tions between the two catalytic subunits (a0 and o)
and the regulatory subunit (B) that maximizes its
kinase activity (Allende and Allende, 1998). However,
recent studies indicate that CKIl may form hetero-
complexes with unrelated kinases and potentially
modify its function (Bren et al, 2000). Atypical PKC
directly interact with CKII, and hence potentially
regulates its activity (Bren et al., 2000). To examine
whether the interaction of CKIl with PLD is involved
in PLD activation by CKIl, we tried to perform co-
transfection experiments in U87 cells using its ex-
pression vector. After transfection, cell lysates were
prepared and subjected to immunoprecipitation using
an antibody directed against PLD or CKIl-a, and
monitored by successive immunoblotting for CKll-a
or PLD. The data presented in Figure 2 show that
anti-PLD antibody and anti-CKll-a. antibody, but not
non-immune IgG (NG), immunoprecipitates CKll-a,
and PLD, respectively. These results suggest that
CKIl-a associates with both PLD1 and PLD2.

CKIl phosphorylates PLD2

It has been reported that CKIl phosphorylates PLD1
and this phosphorylation event does not influence
PLD1-mediated hydrolysis of phosphatidylcholine in
vitro (Ganley et al., 2001). In this study, we found
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Figure 2. CKIl associates with PLD isozymes. U87 cells were co-transfected with PLD1 or PLD2 and CKll-c.. Cell lysates were immunoprecipitated
with non-immune 1gG (NG), anti-PLD or anti-CKll-o. antibodies and immune complexes were subjected to immunoblotting using anti-CKll-o
or anti-PLD antibodies, respectively. Expression of PLDs and CKIl-a. were determined by immunoblotting. Data are representative of three

experiments.
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Figure 3. PLD2 is phosphorylated by CKll-a. in co-transfection
experiments. U87 cells were transiently transfected with only PLD2
or CKIl and PLD2, and the cell lysates were immunoprecipitated
with anti-phospho-Ser/Thr antibody. The immune complexes were
analyzed by immunoblotting using anti-PLD antibody. PLD expression
were determined by immunoblotting using anti-PLD antibody.

that inhibitors of CKIl suppressed PMA-induced
PLD1 and PLD2 activation in vivo as shown in Figure
1B and C. These results suggest that regulation
of PLD activity by CKIl in vitro can be different from
that of in vivo. Next, we tried to examine whether
CKIll can phosphorylate PLD2. Transfection with only
PLD2 expression vector or co-transfection with CKII-
o and PLD2 cDNA was performed in U87 cells,
and the lysates were immunoprecipitaed with anti-
phospho-serine/threonine antibody, and analyzed by
immunoblotting using anti-PLD antibody. As shown
in Figure 3, anti-phospho-serine/threonine antibody

immunoprecipitated PLD2 in the cells co-transfected
with both expression vectors, but not in the cells
transfected with only PLD2, suggesting that PLD2
is phosphorylated by CKII. In addition, we analyzed
the phosphorylation site(s) of PLD2 by CKIl. To iden-
tify the PLD2 sequence phosphorylatd by CKIl, we
constructed the GST fusion proteins shown in Figure
4A. In vitro kinase assays using purified GST-PLD2
fragments and CKIl holoenzyme were performed.
GST-PLD2 fragments were incubated with CKII
holoenzyme in kinase buffer containing [y->*P]ATP.
The reactions were separated by SDS-PAGE, and
autoradiography was performed. Multiple regions of
PLD2 were phosphorylated in vitro by CKIl (Figure
4B). To examine whether GST-PLD2 fragment is
specifically phosphorylated by CKIl, GST-PLD2 F5
fragment was used for in vitro kinase assay in the
presence or absence of apigenin. As shown in Figure
4C, apigenin inhibited CKIl-induced phosphorylation
of PLD2 fragment, suggesting the phosphorylation
of PLD2 by CKII. These results suggest that PLD2
is phosphorylated by CKIl in vivo and in vitro. Future
studies are needed to identify the amino acid
residues and roles of PLD2 phosphorylated by CKII.

CKIl inhibitors suppress proliferation of U87
astroglioma cells

It has been reported that CKIl activity increases when
quiescent cells are stimulated to proliferate (Issinger,
1993; Allende and Allende, 1995; Pinna and Meggio,
1997). Studies performed using selective inhibitors
also illustrate that CKII is required during various
stages of cell cycle progression (Ford et al., 2000).
Moreover, CKIl activity levels are elevated in a num-
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Figure 4. Multiple regions of PLD2 are phosphorylated by CKIl in vitro kinase assay. (A) Primary structure and individual domains of PLD2.
Boxes indicate regions of highly conserved sequences in PLD isozymes (top). PX, phox domain; PH, pleckstrin homology domain; CR
[, Il, 1, IV, conserved region I, Il, lll, IV; CT, carboxyl terminus. Purified GST-fusion proteins containing different regions of PLD2 were
subjected to SDS-PAGE followed by Coomassie Brilliant Blue staining (bottom). (B) GST-PLD2 fragments were incubated with CKIl holoenzyme
in kinase buffer containing [y-szP]ATP at 37°C for 10 min. (C) GST-PLD2 F5 fragment was incubated with or without apigenin in the presence
of CKIl holoenzyme in kinase buffer. The kinase reactions were terminated by addition of SDS loading with 3-mercaptoethanol buffer, boiled
for 5 min, and separated by SDS-PAGE. The gels were dried and exposed to film to visualize all bands.

ber of tumors and leukemic cells. Collectively, these
studies implicates CKIl as an important component
of signaling pathways involved in cell cycle prog-
ression and transformation. PLD also has emerged
as a critical regulator of cell proliferation and survival,
and prevents apoptosis (Foster, 2003). It is therefore
possible that the interaction of CKIl with PLD, and
activation of PLD by CKII may impact cell functions.
Thus, we tried to examine the possibility that blocking
of PLD activity by CKII inhibitors might be involved
in the suppression of cell proliferation. To assess
the effect of CKIll on proliferation of U87 astroglioma
cells, we used the CellTiter 96 Aqueous proliferation
assay that is based on metabolic conversion of a
tetrazolium compound, MTS, to a coloured product
by living cells. The absorbance intensity of the MTS
product is directly proportional to the number of viable
cells in culture. As shown in Figure 5, transfection
of CKIl or PLD2 significantly increased absorbance,
but treatment of CKII inhibitors (emodin, apigenin)
and 1-butanol which block PA production by PLD,
decreased absorbance compared with that of control
cells. In addition, 1-butanol suppressed CKIll-induced
cell proliferation. These results suggest that CKII
is involved in proliferation of U87 cells at least in
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Figure 5. CKIl is involved in proliferation of U87 cells in part, through
stimulation of PLD activity. U87 cells were transfected with PLD2
or CKll-o. and treated with or without 1-butanol (0.3%), emodin (50
uM) for 24 h. The number of viable cells was determined by the
CellTiter Aqueous (MTS) reagent. Differences in absorbance at 495
nm were plotted as relative changes in the number of live cells.
*P < 0.05 compared to CKIl cells. Results are means + S.D of
three independent experiments.
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