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as a cofactor. The former is activated by small GTP-
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We examined the PLD activities of human renal can-
ers and found that the PLD2 activity was greatly ele-
ated in almost all cases examined as compared with the
djacent normal region. Western blot analysis showed
he increased levels of PLD2 protein, but the PLD1 was
ot discernible. The oleate-dependent PLD activity was
ery low but appeared to increase in most cases. Inter-
stingly, the immunohistochemical observations indi-
ated the high expression of PLD2 in the nuclei of clear
arcinoma cells. This is the first demonstration which
uggests the possible involvement of PLD2 in tumori-
enesis of renal cancer. © 2000 Academic Press

Key Words: phospholipase D2; intranuclear expres-
ion; tumorigenesis; renal cancer.

Lipid signaling via various phospholipases plays im-
ortant roles in the regulation of cell responses to
xternal stimuli, including cell proliferation, transfor-
ation and apoptosis. Phospholipase D (PLD, EC

.1.4.4) has been implicated as a novel player in the
ransmembrane signaling in a variety of cell types (1,
). This enzyme hydrolyses phosphatidylcholine (PC)
o generate phosphatidic acid (PA) which is subse-
uently converted to lyso PA (LPA) by phospholipase
2 (PLA2) or to diacylglycerol by phosphatidate phos-
hohydrolase (PAP). Both PA and LPA are mitogenic
n several cell lines and are thought to be involved in
ell proliferation (3, 4). There are three types of PLD:
LD1, PLD2, and oleate-dependent PLD (putative
LDOA). PLD1 and PLD2 have been characterized at

he molecular level (5–7), whereas PLDOA (8) has not
een established yet. Both PLD1 and PLD2 activities
equire phosphatidylinositol 4,5-bisphosphate (PIP2)
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inding proteins such as Arf and Rho family proteins
nd also protein kinase Ca (PKCa), whereas the latter
s not activated by these factors and its activation

echanism remains to be defined. Unsaturated fatty
cids, especially oleate, is a stimulator for the PLDOA

ctivity (8–10), but PLDOA has not yet been character-
zed at the molecular level. Recently, it was reported
hat the PLDOA activity was elevated in human breast
ancer (11), human gastric carcinoma (12) and experi-
ental colon cancer (13). The ratio of its activity in

ancer and normal tissue was relevant to the nuclear
rade in human breast cancer (11) and to tumor size in
uman gastric carcinoma (12).
The present study was designed to gain insight into

he possible involvement of PLDs in tumorigenesis and
romotion, and we demonstrate here for the first time
hat the PLD2 activity is increased in human renal
ancer, and furthermore that PLD2 is highly expressed
n the nuclei as judged by immunohistochemical study.

ATERIALS AND METHODS

Samples and reagents. Surgical specimens of human renal can-
ers and adjacent normal tissues were stored immediately at 280°C
nd used for PLD assay and Western blot analysis. [2-Palmitoyl-
,10-3H]dipalmitoyl phosphatidylcholine [3H-DPPC] (37.5 Ci/mmol)
as obtained from New England Nuclear. PIP2 and phorbol myris-

ate acetate (PMA) were purchased from Sigma. PC, phosphati-
ylethanolamine (PE) and sodium oleate were from Funakoshi.
TPgS was from Boehringer Mannheim.

Measurement of PLD activity. For preparation of the membrane
raction, the specimens were washed twice with lysis buffer [5 mM

gCl2, 5 mM Tris HCl, pH 7.4, 5 mM EGTA, 1 mM EDTA, 0.5
M DTT, 30 mg/ml (L-3-trans-carboxyoxirane-2-carbonyl)-L-leucyl-

gmatine (E64), and 0.3 mM phenylmethylsulfonyl fluoride (PMSF)],
nd were then homogenized in lysis buffer. Homogenates were sub-
ect to centrifugation at 900g for 5 min, and the resulting super-
atant was further centrifuged at 100,000g for 30 min to obtain
he membrane fraction (14). The PLD activities in vitro (GTPgS-
ependent, GTPgS-independent, and oleate-dependent) were mea-
ured as previously described (8, 15, 16). Briefly, for the assay of
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TPgS-dependent and -independent PLD activities, substrates of
ixed lipid vesicles (PE/PIP2/eggPC, 160/14/10, mM) containing [3H]
PPC were added to homogenates and [3H] phosphatidylbutanol

[3H]PBut) formation was measured in the presence or absence of
TPgS (30 mM) and PMA (100 nM). For the assay at oleate-
ependent PLD (PLDOA) activity, substrates of egg PC vesicles con-
aining [3H] DPPC were added to membranes, and [3H]PBut forma-
ion was measured in the presence of sodium oleate.

Western blot analysis. Membrane protein samples were sepa-
ated by SDS–PAGE on 6% gels, and transferred onto nitrocellulose
embranes. After blockage of nonspecific binding sites for 1 h by 5%
onfat milk in TPBS (PBS and 0.1% Tween 20), the nitrocellulose
embranes were reacted overnight at 4°C with the rabbit polyclonal

ntibodies against the carboxyl-terminal 15 residues of human
LD1a (Ab-224) and the peptide corresponding to human PLD2
esidues 523–534 (Ab-58) (6, 17). The membrane was then washed
hree times with TPBS and further incubated with alkaline
hosphatase-conjugated anti-rabbit antibody (New England Biolabs)
t room temperature. The immunoblot was visualized by the en-
anced chemiluminescence detection kit (New England Biolabs). To
ssess the specificity of the anti-PLD2 antibody (Ab-58), PLD2-
verexpressed COS-7 cell lysates were subject to Western blotting
ith anti-PLD2 antibody (Ab-58) preincubated with the peptide
hich was used to raise the antibody. After this treatment, the dense
and corresponding to PLD2 was no longer discernible (Fig. 1).

Immunohistochemistry. The 4-mm sections from paraffin-embedded
issues were mounted on poly-L-lysine-coated slides. After pretreat-
ent of the sections, they were incubated with rabbit poly-

lonal anti-PLD2 antibody diluted at 1:200 in a moist chamber
vernight at 4°C. After washing in 0.01 M PBS, the sections were
ncubated for 30 min at room temperature with biotinylated goat
nti-rabbit immunoglobulin antibody. Then, peroxidase-conjugated
treptavidin (Vector Laboratories) was applied. After washing out
he excess complex, the localization of immunoreactive complexes
as visualized after incubation of the sections for 5–10 min in 50 mM
ris–HCl (pH 7.6) containing 0.02% (w/v) 3,39-diaminobenzidine tet-
ahydrochloride and 0.03% (v/v) hydrogen peroxide. To confirm the
ignal, anti-PLD2 antibody (Ab-58) was preincubated with the pep-
ide corresponding to human PLD2 residues 523–534. Normal rabbit
reimmune serum was applied onto slides in each staining as a
egative control. Counter staining was performed with hematoxylin.

FIG. 1. Western blot analysis of mPLD2-overexpressed COS-7
ells. Cell lysates were subject to Western blotting with anti-PLD2
ntibody (Ab-58) preincubated with or without the peptide of PLD2
esidues 523–534.
141
ESULTS AND DISCUSSION

We examined which type of PLD activity was present
n normal renal tissue. There was no significant
TPgS-dependent/PIP2-dependent activity (PLD1) (data
ot shown). Moreover, expression of PLD1 was not
etectable by Western blot analysis using anti-PLD1
ntibody. In contrast, GTPgS-independent/PIP2-de-
endent activity (referred to as PLD2 thereafter) was
xceedingly high. Western blotting with anti-PLD2 an-
ibody (Ab-58) exhibited the major dense band of
LD2. The PLD2 activity was increased with a maxi-
um at 1 mg protein (Fig. 2). The oleate-dependent

PLD) (PLDOA) activity was very low but showed a
ose-dependent increase up to 50 mg. Thus, we used 1
g and 50 mg membrane protein to measure the PLD2
nd PLDOA activities, respectively. The activities of
LD2 and PLDOA and the clinicopathologic features are

FIG. 3. Western blot analysis of the expression of PLD2 in hu-
an renal normal and tumor tissues. The results of the representa-

ive cases 1, 4, 5, and 10 are shown. Fifty micrograms of membrane
rotein was electrophoresed on a 6% SDS–polyacrylamide gel. T,
umor tissues from the patients. N, adjacent normal renal tissues
rom the same patient.

FIG. 2. Activities of membrane-associated PLD2 and PLDOA in
ormal renal tissues. The activities were measured at indicated
mounts of membrane protein as described under Materials and
ethods.



summarized in Table 1. Histologically, all renal tumors
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ere clear cell carcinomas. The range of nuclear grade
as from 1 to 2. Cases 2 and 7 showed metastasis in
one, brain, and/or lung. None had received radiation
r chemotherapy prior to resection. The mean PLD2
nd PLDOA activities in renal cancer were 2395.9 6
25.7 (SD) and 17.36 6 6.2 (SD) pmol/min/mg protein,
hereas those in adjacent normal parts were 1159.0 6
35.5 (SD) and 9.5 6 3.6 (SD) pmol/min/mg protein,
espectively. It was also observed that in all cases
xamined the PLD2 activities were much higher than
hose from the normal parts. Western blot analysis
howed that the levels of PLD2 expression in the rep-
esentative cases of 1, 5, 6, and 10 were distinctly
ncreased in tumors compared with their neighbouring
ormal tissues (Fig. 3). The expression levels well cor-
elated with PLD2 activities. These findings lead us to
uggest that PLD2 would be involved in tumorigenesis,
ut its underlying mechanism remains to be disclosed.
A, the immediate product by PLD activation, has
een shown to enhance DNA synthesis in A432 carci-
oma cells (18). Also LPA enhances proliferation of
C3 human prostate cancer cells (19).
The immunohistochemical examination of case 1

howed that marginal amounts of the immunoreactive
omplex with anti-PLD2 antibody were detectable in
he borders between cells and cytoplasm in some nor-
al epithelial cells (Fig. 4A). In sharp contrast, large

mounts of the immunoreactive complex were found in
he nuclei of clear cells, and some were discernible at
he plasma membrane and in cytoplasm (Fig. 4B). Sim-
lar observations were also obtained in the case 10
data not shown). When the anti-PLD2 antibody (Ab-
8) was preincubated with the peptide corresponding
o human PLD2 residues 523–534 which was used to
aise the antibody, the immunoreactive complexes
ere no longer discernible (Fig. 4C). There has been

ubstantial evidence which suggests that lipid signal-
ng in the nucleus may play an important role in nu-
lear responses such as gene transcription and DNA
eplication. Almost all of phospholipases are present in
he nucleus, i.e., phospholipase C, A2, D, and sphingo-
yelinase (20). However, their precise functions have

een poorly understood. One of the focal points for the
ntranuclear lipid signaling is the production of diacyl-
ycerol (DG) which is implicated in the activation of
rotein kinase C. Besides the phophoinositide hydroly-
is by PLC, nuclear DG can also be generated from PC
ia PLD. Several studies reported the presence of the
LD activity in the nuclei (21, 22) and showed that the
G levels in the nuclei were increased during cell
roliferation (22). We have previously shown that the
uclear PLD activity increased in the S-phase of the
egenerating rat liver (23).
In summary, the increased activity and expression of

LD2 in human renal cancer cells and also its intranu-
FIG. 4. Immunohistochemical staining of a human renal cancer
pecimen (case 1) with anti-PLD2 antibody. (A) Noncancerous renal
issue reacted with anti-PLD2 antibody. Note that faint PLD2 specific
taining is detectable at the plasma membranes of epithelial cells of a
ubulus. Arrowheads indicate the PLD2-staining region in the tubular
ells. 31000. (B) Clear cell carcinoma specimen stained with anti-PLD2
ntibody. It is evident that the clear cells are more intensely stained not
nly at the plasma membrane and in cytoplasm but also in nuclei
ompared with normal epithelial cells. 31000. The negative control that
as reacted with a rabbit preimmune serum did not show significant

taining. (C) The immunoreactive staining of PLD2 completely disap-
ears by the preincubation of the antibody with PLD2 peptide. 31000.
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lear localization suggest the possible implication of
LD2 in tumorigenesis and promotion.
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pathologic Features in the Patients of Renal Cancer

PLD2 activity
(pmol/mg/min)

Oleate-dependent PLD
activity (pmol/mg/min)

Normal Tumor T/N Normal Tumor T/N

665.2 2955.5 4.4 3.9 17.2 4.4
1368.1 N.E. — 9.9 N.E. —
822.3 1595.8 1.9 9.4 15.8 1.7

1533.7 2393.3 1.6 11.8 16.8 1.4
1472.4 2944.6 2.0 15.3 29.9 2.0
1083.8 2592.6 2.4 10.5 9.5 0.9
1193.2 2062.1 1.7 5.8 21.1 3.6
1117.8 2252.5 2.0 3.6 9.8 2.7
1477.0 3190.9 2.2 12.4 20.9 1.7
1065.0 1575.6 1.5 12.9 15.4 1.2

tumor staging was performed according to the 1997 TNM criteria
ico

cal
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