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Upregulation of phospholipase D (PLD) is functionally linked with oncogenic signals and tumorigenesis.
Caffeic acid phenethyl ester (CAPE) is an active compound of propolis extract that exhibits anti-
proliferative, anti-inflammatory, anti-oxidant, and antineoplastic properties. In this study, we demon-
strated that CAPE suppressed the expression of PLD1 at the transcriptional level via inhibition of binding
of NFjB to PLD1 promoter. Moreover, CAPE, but not its analogs, bound to a Cys837 residue of PLD1 and
inhibited enzymatic activity of PLD. CAPE also decreased activation of matrix metalloproteinases-2
induced by phosphatidic acid, a product of PLD activity. Ultimately, CAPE-induced downregulation of
PLD1 suppressed invasion and proliferation of glioma cells. Taken together, the results of this study
indicate that CAPE might contribute to anti-neoplastic effect by targeting PLD1.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Gliomas are considered the most malignant form of brain
tumors, and are ranked among the most aggressive human cancers.
Gliomas are composed of a complex milieu of tumor cells that
interact in close proximity with the components of the tumor
microenvironment, including stromal cells and extracellular ma-
trix (ECM). Interactions between tumor cells and their microenvi-
ronment are critical to cancer cell proliferation and invasion into
the brain parenchyma [1]. Accumulating evidence indicates that
invasive glioma cells show resistance to apoptosis, which may con-
tribute to their resistance to chemotherapy and radiation [2].

Degradation of ECM results in the promotion of cancer cell
mobility, invasion, and metastasis, and this process is accom-
plished in part by tumor cell-secreted matrix metalloproteases
(MMPs) [3,4]. Glioma cells express different types of MMPs to suc-
cessfully cross brain structures [5].

Caffeic acid phenethyl ester (CAPE), an active component of
honeybee propolis extract, has been used as a traditional medicine
for many years. [6]. CAPE possesses several biological properties
including antioxidant, anti-inflammatory, antiviral, immune
stimulatory and anticancer activities. At the molecular level, CAPE
modulates the activities of MMP-2, MMP-9, focal adhesion kinase,
inducible nitric oxide synthase and cyclooxygenase-2, which all
play a role in tumorigenesis [7,8]. CAPE is a well-documented
inhibitor of NFjB, which may be an action mechanism for CAPE-
mediated anti-inflammatory and anti-tumor effects [9]. However,
molecular targets and structural analysis of CAPE via NFjB inhibi-
tion have yet to be investigated.

We recently reported that overexpression of phospholipase D
(PLD) promotes invasion by enhancing MMP-2 gene transcription
via NFjB-mediated signaling pathways in glioma cells [10]. PLD
catalyzes the hydrolysis of phosphatidylcholine to generate free
choline and phosphatidic acid (PA), a lipid mediator. Two mamma-
lian isozymes, PLD1 and PLD2, have been identified to date [11,12].

Abnormalities in the expression and activity of PLD have been
observed in many human cancers [13]; therefore, it has been sug-
gested that the elevated activity and expression of PLD are func-
tionally linked with invasion, a critical aspect of tumor biology.
Despite gathering evidence regarding the regulation of PLD activity
in cell function, little is known about regulatory mechanisms of
PLD expression. In this study, we investigated the effects of CAPE
on PLD1 expression and the underlying molecular mechanisms.
We found that CAPE downregulates the expression and activity
of PLD1 via inhibition of NFjB transactivation and direct binding
to PLD1, followed by suppression of invasion and proliferation of
glioma cells.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2013.09.105&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.09.105
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2. Materials and methods

2.1. Cell lines and materials

Human U87MG glioma cells were purchased from ATCC
(Manassas, VA) and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% heat-inactivated fetal bovine serum
containing 1% antibiotic–antimycotic (Gibco BRL, Grand Island,
NY) and 15 mmol/L HEPES (pH 7.4). Phosphatidic acid was pur-
chased from Sigma (Sigma, St. Louis, MO). CAPE was obtained from
Alexis (San Diego, CA). siRNAs for control and PLD1 were pur-
chased from Dharmacon Research Inc. (Lafayette, CO). The siRNA
sequence for human PLD1 (nucleotides 1571–1591) was as fol-
lows: 50-AAGGUGGGACGACAAUGAGCA-30.

2.2. Transient transfection and reporter gene assay

Cells were seeded in 24-well plates and transiently transfected
with 300 ng of promoter constructs and 30 ng of pRL-TK (internal
control). The activities of firefly and Renilla luciferase in the cellular
extracts were subsequently measured using a Dual-Luciferase
Assay kit (Promega, WI) according to the manufacturer’s instruc-
tions. Wild type PLD1 promoter (pGL4-PLD1-Luc) and NFjB bind-
ing site mutant of PLD1 promoter have been described elsewhere
[14]. pGL2–3X NFjB containing three tandem repeats of the
NFjB-binding motif was used for the NFjB transactivation assay.

2.3. Chromatin immunoprecipitation (ChIP) assay

A ChIP assay was performed as previously described [10], with
minor modifications. The PLD1 promoter region that contains
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Fig. 1. CAPE inhibits PLD1 expression by suppression of NFkB transactivation. (A) U87 ce
RNA was isolated and subjected to RT-PCR and the mRNA level of PLD1 was determined b
treated with CAPE (10 lM, 20 lM) for 24 h, after which the luciferase activity was meas
NFjB for 24 h and then treated with CAPE for 24 h, after which the luciferase acti
experiments.⁄P < 0.01 or ⁄⁄P < 0.005 versus control. (D) The U87 cells were cotransfected
expressed as the means ± SD of six independent experiments. ⁄P < 0.001 or ⁄⁄P < 0.05 versu
binding site mutant of pGL4-PLD1 and then treated with 20 lM of CAPE, after which
independent experiments. NS non-significant ⁄P < 0.001 or ⁄⁄P < 0.005 versus vehicle-trea
in glioma cells treated with vehicle or CAPE. Data are representative of three independe
putative NFjB binding sites was analyzed by PCR using the follow-
ing primers: for NFjB-A, 50-CCT TAT CTA TAA AGA GGG GAT GGC-
30 (forward) and 50-GTC GGG AGA AAG AGA CTG TGT TTG G-30

(reverse); for NFjB-B, 50-CAC ACA GAG CAG GCT GAA TTG-30

(forward) and 50-GCT CAG ATC ATC CGT CTT TAC C-30 (reverse).

2.4. Western blotting

Immunoblot analysis was performed as previously described
[15], and enhanced chemiluminescence was used for signal detec-
tion. Anti-a-tubulin and anti-MMP-2 antibody were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA). A polyclonal anti-PLD
antibody that recognizes both PLD1 and PLD2 was generated as
previously described [16].

2.5. PLD activity assay

PLD activity was assessed by measuring the formation of [3H]
phosphatidylbutanol, the product of PLD-mediated transphospha-
tidylation, in the presence of 1-butanol. Briefly, U87MG cells were
seeded and serum-starved in the presence of 3 lCi of [3H] myristic
acid/ml for 12 h, after which they were washed and pretreated
with CAPE for 20 min and 0.3% 1-butanol was added. After
10 min, the cells were treated with the drugs for 30 min. Extraction
and characterization of the lipids by thin-layer chromatography
were then performed as previously described [15].

2.6. In vitro PLD1 capture assay

Biotinylated-CAPE or CAPE analogues were incubated with cell
lysates or GST-PLD1 fragments. After 2 h, streptavidin beads
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(Pierce, Rockford, IL) were added and the samples were incubated
overnight at 4 �C. The beads were then washed and SDS Laemmli
buffer was added, followed by immunoblot with antibody to PLD.
2.7. Gelatin zymography

U87MG cells were seeded and refreshed with serum-free
DMEM, after which the activity of electrophoretically separated
gelatinolytic enzymes in the conditioned media was analyzed.
Briefly, equal amounts of conditioned media were mixed with 2�
zymogram buffer and then electrophoresed on SDS–PAGE gels con-
taining 1 mg/ml gelatin. Following electrophoresis, the gels were
washed with 2.5% Triton X-100 and incubated with developing
buffer, then stained with 2% Coomassie blue solution. Zones of
gelatinolytic activity were detected as clear bands on a dark
background.
2.8. Invasion assay

An invasion assay was conducted using Boyden chambers with
a polycarbonate nucleopore membrane (Corning, Corning, NY).
Cells were seeded onto the upper portion of a 24-well Matrigel
chamber in serum-free media, while the lower compartment con-
tained DMEM with 10% FBS. Cells that migrated to the lower sur-
face of the filter were fixed and stained with crystal violet, then
counted in five random fields per well, and the extent of invasion
was expressed as the average number of cells per microscopic field.
3. Results

3.1. CAPE downregulates PLD1 expression via inhibition of NFjB
transactivation in glioma cells

Since CAPE is known to inhibit NFjB activation [18] and PLD1
expression is upregulated via NFjB (11), we examined whether
CAPE regulates PLD1 expression in U87MG glioma cells. CAPE de-
creased the mRNA level of PLD1 in a dose-dependent manner
(Fig. 1A). CAPE also inhibited the promoter activity of PLD1
(Fig. 1B). To investigate whether NFjB is involved in CAPE-induced
PLD1 suppression, we examined its effects on NFjB transactivation
using a luciferase reporter gene containing a triple tandem repeat
of an NFjB-binding motif. CAPE decreased NFjB transactivation
(Fig. 1C). We further examined whether CAPE-induced inhibition
of NFjB transactivation is responsible for downregulation of
PLD1 and found that CAPE attenuated NFjB (p65)-dependent tran-
scriptional activation of PLD1 (Fig. 1D). We recently identified two
NFjB binding sites on the PLD1 promoter, NFjB-A; �1640/�1251
and NFjB-B; �210/+113 [11]. Mutagenesis of the NFjB binding
sites significantly inhibited PLD1 promoter activity (Fig. 1E). When
either NFjB binding site was mutated, CAPE still exerted an inhib-
itory effect on PLD1 promoter activity. However, when both NFjB
binding sites were mutated, CAPE showed no inhibitory effect on
PLD1 promoter activity (Fig. 1E). We further examined whether
CAPE suppresses binding of NFjB to the PLD1 promoter. As shown
in Fig. 1F, CHIP assay revealed that CAPE abolished the binding of
NFjB to the PLD1 promoter. Taken together, these results suggest
that CAPE downregulates PLD1 expression via suppression of NFjB
transactivation.
3.2. Both the catechol moiety and MRA are required for inhibitory
potency of PLD1 expression

CAPE decreased the protein level of PLD1 in a dose and time-
dependent manner in U87MG glioma cells (Fig. 2A). Downregula-
tion of PLD1 protein was detected after 12 h of CAPE treatment.
In glioma cells, PLD1 is a major isoform of PLD, and PLD2 could
not be detected by antibody to PLD, which recognizes both PLD1
and PLD2. We also found that CAPE significantly inhibited the
expression of PLD1 in various cancer cell lines including breast,
colon, and lung cancer cells (data not shown). To analyze the struc-
ture of CAPE needed to inhibit PLD1 expression, CAPE analogues
showing variation in the aromatic substituent or side chain,
namely dihydroxydihydrocinnamic acid phenethylester (DHHC)
and dimethoxycinnamic acid phenethyl ester (DMC), were pre-
pared (Fig. 2C). While CAPE has electrophiles, i.e., Michael reaction
acceptor (MRA) and catechol moiety, DMC (with MRA) and DHHC
(with catechol) each have only one electrophilic functional group.
The ability of the analogues to inhibit PLD1 expression was exam-
ined by transfecting glioma cells with PLD1-luciferase reporter
constructs and then treating them with the analogues. As shown
in Fig. 2D, the inhibitory potency of CAPE was greater than that
of DHHC and DMC. We further confirmed the effect of CAPE and
its analogues on the expression of PLD1 protein (Fig. 2E). When gli-
oma cells were treated for 24 h, CAPE showed the greatest inhibi-
tory effect on PLD protein level, while the potency of DHH and
DMC was lower than that of CAPE. Taken together, these results
suggest that both the catechol moiety and MRA are involved in
inhibition of PLD1 expression.
3.3. CAPE covalently binds to PLD1 and inhibits PLD1 activity

CAPE was recently reported to covalently bind to cysteine resi-
dues of Keap1 protein and release Nrf2 from Keap1 repression,



A

B

      0      12    24     36 
CAPE (h) 

PLD1   

α-tubulin 

    0        1        5       10    20   50
CAPE (μM) 

PLD1   

α-tubulin 

C

PLD1 

α-tubulin 

1.0         0.2         0.4        0.6 

CAPE DHH DMC 

D

vehicle CAPE DHH DMC

1.2

1.0

0.8

0.6

0.4

0.2

0

R
el

at
iv

e 
Lu

ci
fe

ra
se

 
Ac

tiv
ity

  (
fo

ld
)

*

Fig. 2. Catechol moiety and MRA are involved in inhibitory potency of PLD1 expression. (A) U87 cells were treated with the indicated concentrations of CAPE for 24 h or
20 lM CAPE for the indicated times and the cell lysates were subjected to Western blot using anti-PLD antibody. Data are representative of three independent experiments.
(B) The chemical structure of CAPE analogues. (C) U87 cells were treated with 20 lM of CAPE for 24 h and the cell lysates were subjected to Western blot. (D) U87 cells were
transfected with pGL4-PLD1 and then treated with the drugs for 24 h, after which the luciferase activity was measured. ⁄P < 0.05 versus non-treatment.
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which was followed by activation of the Nrf2 pathway [17]. Thus,
we examined whether CAPE was able to bind to PLD1. To accom-
plish this, caffeic acid was conjugated with biotin to generate bio-
tin-tagged caffeic acid (BTCA). The lysates from U87MG glioma
cells were then treated with BTCA, after which they were precipi-
tated by BTCA-bound proteins using streptavidin beads. Next,
immobilized proteins on the beads were subjected to Western blot
analysis. As shown in Fig. 3A, PLD1 was detected in the precipi-
tated proteins, suggesting that CAPE covalently binds to PLD1. To
confirm CAPE binding to PLD1, the same experiment was per-
formed following pretreatment with excess CAPE. As shown in
Fig. 3A, pretreatment with CAPE dramatically suppressed precipi-
tation of PLD1, indicating that CAPE prevented binding of BTCA
to PLD1. We next attempted to identify the region of PLD1 interact-
ing with CAPE. To accomplish this, various glutathione-S-transfer-
ase (GST)-fused PLD1 fragments were incubated with BTCA and
then precipitated with streptavidin beads. BTCA was found to bind
to F6 fragment of PLD1 (amino acids 826–927) (Fig. 3B). Since elec-
trophiles bind to thiol(s) and CAPE has electrophilic groups (MRA),
we investigated which cysteine residue(s) of PLD1 are involved in
binding with CAPE. We found two putative cysteine residues (837
and 921 amino acids) present in the F6 fragment of PLD1 and con-
ducted site-directed mutagenesis of the residues. As shown Fig. 3C,
wild-type GST-PLD1-F6 and mutant GST-PLD1-F6 (C921A) inter-
acted with BTCA, whereas GST-PLD1-F6 (C837A) containing a
mutation of cysteine 837 into alanine did not, suggesting that
Cys837 of PLD1 is a critical residue for binding to CAPE.

We further examined whether binding of CAPE to PLD1 affects
PLD activity. We found that BTCA, but not biotin-tagged DHHC
and DMC, bound to PLD1 (Fig. 3D). Moreover, treatment with CAPE
for 1 h inhibited phorbol myristate acetate (PMA)-induced PLD
activation, whereas other analogues did not affect the enzymatic
activity of PLD (Fig. 3E). Taken together, these results suggest that
CAPE covalently binds to a cysteine residue of PLD1 and inhibits
PLD activity rapidly.

3.4. CAPE-induced PLD1 downregulation suppresses invasion and
proliferation of glioma cells

PLD is known to upregulate MMP-2 and induce invasion of gli-
oma cells [10]; therefore, we examined whether CAPE inhibits
MMP-2 activation. To accomplish this, U87MG cells were treated
with CAPE and conditioned medium was analyzed by zymography
to measure the activity of secreted MMP-2. CAPE inhibited MMP-2
activity in a dose-dependent manner (Fig. 4A). Moreover, MMP-2
activation by PA, a product of PLD activity, was suppressed by CAPE
in a dose-dependent manner (Fig. 4B). We also found that CAPE
inhibited the expression of MMP-2 in glioma cells (Fig. 4C). Addi-
tionally, an MMP-2 promoter assay revealed that CAPE signifi-
cantly suppressed both basal and PLD1-induced MMP2
expression (Fig. 4D). Furthermore, CAPE and PLD1 depletion inhib-
ited invasion of the glioma cells (Fig. 4E and F). Treatment of PLD1-
depleted cells with CAPE did not significantly affect invasion when
compared with treatment of PLD1-depleted cells. Taken together,
these findings suggest that CAPE-induced suppression of MMP-2
and invasion were mediated by downregulation of PLD1 by CAPE
in glioma cells. We also found that PLD1 depletion decreases the
viability of glioma cells, but that treatment of PLD1-depleted cells
with CAPE had no effect on the viability of glioma cells when com-
pared with that of PLD1-depleted cells. These results suggest that
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Fig. 3. CAPE inhibits PLD1 activity via interaction with PLD1. (A) BTCA was
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streptavidin beads were added. The bound complex was analyzed by Western blot.
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for 1 h, after which PLD activity was measured. ⁄P < 0.001 versus non-treatment;
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CAPE suppresses proliferation of glioma cells via downregulation
of PLD1 expression.

4. Discussion

Here, we demonstrate that CAPE downregulates PLD1 expres-
sion at the transcriptional level and suppresses invasion and prolif-
eration of glioma cells. Moreover, the covalent binding of CAPE to
PLD1 is responsible for inhibition of PLD activity. CAPE is a poly-
phenolic natural product that activates the NFjB pathway [12].
We recently reported that mitogenic signals induce PLD1 expres-
sion by increasing the binding of NFjB to the PLD1 promoter in co-
lon cancer and breast cancer cells [14,18]. CAPE suppressed PLD1
expression via inhibition of binding of NFjB to PLD1 promoter.
Structural analysis showed that both electrophiles in CAPE, Mi-
chael reaction acceptor (MRA) and catechol moiety, are involved
in the downregulation of PLD1 expression. These two functional
moieties are required for NFjB transactivation, and the potency
of DHHC and DMC in NFkB transactivation was lower than that
of CAPE [19]. CAPE analogues with a catechol moiety (DHHC) or
MRA (DMC) showed lower potency for suppression of PLD1 expres-
sion than CAPE. Although DMC and DHHC inhibits expression of
PLD1, the inhibitory potency of the drugs was lower than that of
CAPE, probably due to differences in NFjB transactivation. It is
likely that inhibition of PLD1 activity occurs via direct binding of
CAPE to PLD1, probably between the catechol moiety in CAPE
and cysteine 837 in PLD1. This is supported by our findings demon-
strating that (1) biotin-tagged caffeic acid, but not its analogues,
precipitate with PLD1 from cell lysates, (2) the precipitation was
abolished by pretreatment with CAPE, and (3) biotin-tagged
dihydroxydihydrocinnamic acid (with catechol) and dimethoxy-
cinnamic acid (with MRA) was not precipitated with PLD1. More-
over, the binding of CAPE to PLD1 for a short-term period (1 h)
led to decreased PLD activity, but its analogues did not affect PLD
activity. Elevated expression and activity of PLD is linked to
anchorage-independent growth, tumor cell invasion, and forma-
tion of metastasis [20–23]. Despite the importance of PLD in cell
proliferation and tumorigenesis, little is known about the mole-
cules regulating expression and activity of PLD. We recently iden-
tified natural products that inhibit expression and activity of PLD,
such as quercetin [24] and triptolide [25]. We also observed that
rebamipide, a gastroprotective drug that is clinically used for the
treatment of gastric ulcers and gastritis, suppresses the expression
and activity of PLD1 in gastric cancer [26]. These compounds will
be useful for investigation of PLD-mediated pathophysiology,
including cancer. Invasion is a major property of various malignant
tumors, which are associated with poor prognosis. Glioblastomas
are characterized by aggressive invasion. Activation of MMPs in
tumor invasion and metastasis has been reported to occur via deg-
radation of the matrix surrounding the tumors, followed by tumor
cells invading blood vessels and spreading to distant organs [27].
The expression and activity of MMP-2 were found to be increased
in malignant tumors and involved in the development of glioblas-
tomas. We reported that PLD is required for NFjB activation, which
induces the activation and expression of MMP-2 and promotes
invasion of glioma cells [10]. CAPE inhibited PA or PLD1-mediated
MMP upregulation, probably via suppression of NFjB transactiva-
tion. Although CAPE decreased invasion and proliferation of glioma
cells, it did not affect them in PLD1-depleted cells, suggesting that
it inhibits invasion and proliferation of glioma cells through sup-
pression of PLD1 expression. CAPE-induced PLD1 targeting might
constitute a new mechanism that contributes to the anticancer
properties of CAPE.
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Fig. 4. CAPE-induced PLD1 downregulation suppresses invasion and proliferation of glioma cells. (A) U87 cells were incubated in serum-free media for 24 h and then treated
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versus control. (F) The cells were transfected with PLD1 siRNA for 24 h and treated with 20 lM of CAPE for 24 h, after which the cell viability was measured. Each value
represents the mean ± SD of four independent experiments. ⁄P < 0.05 versus control.
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