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Abstract. Phospholipase D (PLD) catalyzes the hydrolysis of
phosphatidylcholine (PC) to generate phosphatidic acid
(PA) and choline. PA acts as a second messenger in cell
proliferation; therefore PLD is believed to play an important
role in carcinogenesis. PLD activity has been reported to be
elevated in human breast, gastric, renal cell and colorectal
carcinomas, compared with adjacent non-neoplastic tissues.
The activity of PLD was also correlated with nuclear grade
in breast cancer, tumor size in gastric carcinoma, and nodal
involvement and deeper invasion in colorectal carcinoma.
However, the number of cases in each study was small. The
aim of this study was to investigate the expression level of
PLD2 and its association with clinicopathological features in
human colorectal carcinoma. Ninety-seven colorectal
carcinomas were obtained from surgery. Expression level of
PLD2 was assessed by real-time PCR. The prognostic
relevance of PLD2 expression level in patients with colorectal
carcinoma was also analyzed by the survival analysis of
mortality follow-up data covering the period 2000-2004.
PLD expression level was varied from tumor to tumor.
Expression level of PLD was significantly correlated with
tumor size (P<0.05); it was independent of lymph node
metastasis, extent of invasion, pathological classification,
distant metastasis and Dukes' stage. PLD expression level
was also significantly correlated with survival of patients with
colorectal carcinoma (P<0.05). These findings suggested that
PLD2 plays an important role in progression of colorectal
carcinoma and that PLD2 could be a target for therapy in
colorectal carcinoma.
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Introduction

Phospholipase D (PLD) catalyzes the hydrolysis of phos-
phatidylcholine (PC) to generate phosphatidic acid (PA) and
choline. PLD has been implicated in membrane trafficking,
cytoskeletal reorganization, receptor endocytosis, exocytosis
and cell migration (1). A role for PLD in cell proliferation is
indicated from reports showing that PLD activity is elevated
in response to platelet-derived growth factor (PDGF) (2),
fibroblast growth factor (3,4), epidermal growth factor (EGF)
(5), insulin (6), insulin-like growth factor 1 (7), growth
hormone (8) and sphingosine 1-phosphate (9). PLD activity
is also elevated in cells transformed by a variety of trans-
forming oncogenes including v-Src (10), v-Ras (11), v-Fps
(12) and v-Raf (13). Therefore PLD is believed to play an
important role in carcinogenesis. In addition, PLD activity
was increased in multidrug resistant (MDR) breast cancer
cells (14) and PLD conferred rapamycin resistance in human
breast cancer cells (15). It has been reported that PLD
activity was elevated in human breast carcinoma (16,17),
gastric carcinoma (18), renal cancer (19) and colorectal
carcinoma (20). Moreover, the activity was correlated with
nuclear grade in breast cancer (16), tumor size in gastric
carcinoma (18), nodal involvement and deeper invasion in
colorectal carcinoma (20). However, the clinicopathologic
significance still remains unclear. Since, a large number of
clinical analysis for PLD2 expression level has not been
reported yet, the aim of this study is to investigate the
relationship between PLD2 expression level and clinico-
pathologic relevance and its prognostic value in human
colorectal carcinoma.

Materials and methods

Patients and tumor samples. We examined 97 patients (61
males and 36 females) whose tumors were completely removed
surgically in Department of Surgery of Fukushima Medical
University Hospital, Japan, between October 2000 through
April 2004. The patients in this study had no other cancers.
Tumor specimens were collected after obtaining informed
consent in accordance with the institutional guidelines.
Samples were immediately stored at -80°C and used for
RT-PCR of PLD2. The clinicopathologic characteristics of
97 patients with colorectal carcinomas investigated in this
study are summarized in Table I. The average age at surgery
was 66 years (range 43-84 years). Patients with Dukes' C
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Table I. Relationship of PLD2 expression detected by real-time
PCR and clinicopathological variables in patients with colo-
rectal carcinoma (n=97).

Variables PLD2 PLD2 Signifi-

high (%) low (%) cance

No. of patients
Gender NS
Male 33 (54.1) 28(459)
Female 1541.7) 21(58.3)

Tumor location NS
rt. 18 (563) 14 (43.8)

It. 30 (46.2) 35(53.8)

Histopathologic type NS
Well differentiated 31(51.7) 29 (48.3)
Moderately differentiated 15 (50.0) 15 (50.0)

Poorly differentiated 2(50.0) 2 (50.0)
Mucinous 0 (0.0) 2(100.0)
Squamous 0 (0.0) 1(100.0)

Depth of invasion NS
Mucosa/submucosa 3(37.5) 5(62.5)

Muscle layer 4(66.7) 2(33.3)
Subserosa/serosa 36 (46.2) 42 (53.8)
Invasion to adjacent 5(100.0) 0 (0.0)

Lymph node metastasis NS
Absent 24 (453) 29 (54.7)

Present 24 (54.5) 20(45.5)

Distant metastasis NS
Absent 38 (47.5) 42(52.5)
Present 10 (58.8) 7(41.2)

Dukes' stage NS
A 6(50.0) 6(50.0)

B 14 (41.2) 20 (58.8)
C 28 (549) 23(45.1)

P-values were obtained from the y? test (two-sided). NS, not
significant.

stage disease received postoperative therapy; however there
was no difference in outcome among the various treatment
modalities. Follow-up for the patients included in the survival
analysis was updated in December 2005 (median follow-up
was 18 months range 1-52 months). Fourteen patients had
died of colorectal carcinoma, 83 were alive. Tumors were
classified histopathologically according to the Japanese
Classification of colorectal carcinoma. All routine sections
were carefully investigated to identify venous or lymphatic
invasion. Histopathologic diagnosis was made routinely at
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Department of Pathology of Fukushima Medical University
Hospital. The largest diameter of the tumor was defined as
the tumor size. The extent of tumor invasion/metastasis was
based on the Astler and Coller modification of Dukes'
classification system. Dukes' A (A1+A2) cases were those in
which the growth was confined to the submucosa of the
colorectal wall. In Dukes' B (B1+B2) cases, the growth
spread by direct continuity into the extracolorectal tissues,
but the lymph nodes were free from metastasis. Dukes' C
(C1+C2) cases were those in which lymph node metastasis
was found.

RT-PCR analysis. Frozen block of the carcinoma tissues
were stained by hematoxylin and eosin to examine the
presence and proportion of carcinoma cells. The total RNA
was isolated from the sample containing more than 80% of
carcinoma cells with Trizol reagent (Invitrogen, Life
Technologies). However, if there were no or a few carcinoma
cells, the sample was excluded from this study. cDNA was
synthesized from 3 pg total RNA using random hexadeoxy-
nucleotide primers (Invitrogen, Life Technologies,
Gaithersburg, MD) in a 9.5-x1 solution containing reverse
transcriptase (Invitrogen, Life Technologies). cDNA was
diluted 4-fold in water and stored at -20°C until use. PCR
was performed with cDNA derived from 3 g RNA in a total
volume of 25 ul containing cDNA, dGTP, dATP and dCTP at
a concentration of 200 xM, 4 uM of each primer and 0.25 U of
ExTaq polymerase (Takara Shuzo, Otsu, Shiga). The PCR
primer sequences of hPLD2 and glyceroldehyde-3-
phosphate-dehydrogenase (G3PDH) (used as an internal
control) were as follows: hPLD2, forward primer nucleotides
5'-CGCATCCCCATTCCCACTAG 3' and reverse primer
nucleotides 5'-AGCAATTCAAGCCT GGT-3' corresponding
to 358-bp (residues 211-568); G3PDH, 5'-CCCCTGGCC
AAGGTCATCCATGACAACTTT-3' and reverse primer
nucleotides 5'-GGCCATGAGGTCCACCACCCTGTTGCT
GTA-3' corresponding to 513-bp (residues 515-1027). The
PCR amplification was performed for 35 cycles with a 1 min
denaturation step at 94°C, a 1-min annealing step at 55°C,
and a 1-min extension step at 72°C, followed by a 10-min
extension step at 72°C. PCR products were determined in 2%
agarose gels, and visualized by ethidium bromide staining.

Quantitative real-time PCR. For quantification, cDNA was
used as template in IQ™ SYBRR Green Supermix (Bio-Rad,
Hercules, CA). The constituents of each PCR (15 ul) were
1 ul cDNA, 0.8 gl primer (15 pmol/l each), 7.5 pl IQ™
SYBRR Green Supermix (Bio-Rad). Product amplification
was done up to 50 PCR cycles, after uracil removal (2 min
at 50°C) and polymerase activation (15 min at 95°C). Each
3-step PCR cycle comprised denaturing (30 sec at 94°C),
annealing (30 sec at 55°C) and extending (1 min at 72°C).

Evaluation of PCR product detected by quantitative real-time
PCR. PCR products of each gene examined were synthesized
using RNA from placenta described as above. PCR products
were electrophoresed on 2% agarose gels and isolated using
RECOCHIP (Takara Shuzo, Otsu, Shiga). After ethanol
precipitation, PCR products were diluted with distilled water
and quantified with SmartSpec™ 3000 (Bio-Rad, Hercules,
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Figure 1. Evaluation of PCR product detected by real-time PCR. (A) Procedure of real-time PCR. (B) Scheme of real-time PCR. (C) Evaluation of PCR product

using plasmid with a target of PCR product.

CA). PCR products solution was diluted to 0.3 pmol/l, 2 ul
of which was ligated using TOPO® TA cloning kit Dual
Promoter (with pCR II-TOPO) (Invitrogen Corp., Carlsbad,
CA) by the manufacturer's protocol. Plasmid was transformed
into competent cells using TOPO® TA cloning kit Dual
Promoter (with pCR II-TOPO). Each transformed plasmid was
isolated using Plasmid Mini Kit (Qiagen, Hilden, Germany)
by the manufacturer's protocol, and the purified plasmids
were diluted at a concentration of 1, 0.1 and 0.01 ng/ul for
the standard curve of quantitative real-time PCR, respectively.
Finally, the amount of PCR products detected by real-time
PCR was described as relative concentration of PLD2
divided by that of G3PDH as a reference of each amount of
PCR products using plasmid cosntaining each PCR product
(Fig. 1).

Statistical analysis. Demographic and clinicopathologic
characteristics were compared with the use of the %2, Student's
t-tests and Spearman's test. The relationship between tumor
size and each gene expression was also analyzed by box plot
analysis. All P-values presented were two-sided.

Results

Relationship between clinicopathologic findings and PLD?2
expression. PLD2 expression in human colorectal carcinoma
was determined by RT-PCR (Fig. 2A). The classification of
PLD2 expression level was classified into PLD2 high and
PLD2 low by the median value detected by real-time PCR.
PLD2 expression level was varied from tumor to tumor
(Fig. 2B). Table I summarizes the relationship between

PLD2
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Figure 2. Expression of PLD2 in human colorectal carcinoma. (A)
Expression of mRNA of PLD2 and mRNA of G3PDH in colorectal carcinoma
tissues detected by RT-PCR. (B) Distribution of expression of PLD2/G3PDH
(mRNA of PLD2/mRNA of G3PDH). White bars, no recurrence; black bars,
recurrence of patients.

clinicopathologic features and PLD2 expression level in
colorectal carcinomas. However, no significant association
was found between PLD2 expression level and age, gender,
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Figure 3. The relationship of tumor size and expression of PLD2 in human colorectal carcinoma. (A) Analysis of variance between tumor size and PLD2 in
colorectal carcinoma. Y, tumor size; X, expression of PLD2/G3PDH (mRNA of PLD2/mRNA of G3PDH), R, regression coefficient between X and Y.
Two-sided P-values were obtained by Spearman's test and linear regression analysis. (B and C) In each panel, the box corresponds to the interquartile ranges,
with the lower boundary of the box representing the 25th percentile and the upper boundary representing the 75th percentile. The line inside the box represent
the mean value. The vertical line represent the Sth and 95th percentiles and the open ovals present the outliers. P-values were calculated by Student's t-test (two-

sided).
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Figure 4. Kaplan-Meier survival curves of patients with colorectal carcinoma.
Comparison of survival curves for patients whose tumors expressed highly
PLD2 with those patients whose tumors expressed lowly PLD2. Curves
present the results for all patients. Significance between two curves was
conducted by log-rank test.

tumor location, histological type, extent of depth, lymph
node metastasis, distant metastasis, recurrence, and Dukes'
stage (Table I).

Dependency of PLD2 expression on tumor size. Fig. 3A
shows the relationship between tumor size and PLD2
expression in colorectal carcinoma. PLD2 expression level
was correlated with tumor size (P<0.05). Fig. 3B shows that
the average size (+ standard deviation) of tumor in PLD2
high expression carcinoma (59.6+£29.1 mm) was larger than
that in PLD2 low expression carcinoma (47.7+18.6 mm)
(P<0.05). PLD2 expression level in large carcinoma (>50 mm)
was significantly higher than that in small carcinoma
(=50 mm) (P<0.05) (Fig. 3C).

Prognostic relevance of PLD2 expression. Kaplan-Meier
estimate of overall survival are plotted in Fig. 4. The patients
with PLD2 high expression carcinoma had significantly
poorer survival than those with PLD2 low expression
carcinoma (P<0.05).

Discussion

The observation that PLD2 expression and activity is elevated
in several types of human solid carcinomas including breast
carcinoma (16,17), gastric carcinoma (18), renal carcinoma
(19) and colorectal carcinoma (20) using small number of
tumors, has now been confirmed and extended in 97 colorectal
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nstrated that PLD expression level is significantly
correlated with tumor size (Fig. 3), and that Kaplan-Meier
curve analysis reveals that the prognosis of the patients with
high PLD-tumor is significantly poorer rather than that with
PLD2 negative-tumor (Fig. 4).

Generally, immunohistochemical analysis of target
molecules lack quantification, and results depend on techniques
of laboratories, including tissue fixation, antibodies and
procedures. Therefore, to observe the gene expression level
more precisely and objectively, we developed the modified
real-time PCR using the plasmid including each PCR product
as a control for the quantification (Fig. 1). If the same Taq
polymerase, cDNA produced by the same kit and the same
PCR machine were used with plasmid containing PCR
product as a control, similar results cloud be obtained in any
laboratory. Therefore, we tried to find the clinicopathologic
findings of PLD2 expression level in 97 colorectal
carcinomas using modified real-time PCR in the present
study.

The ability of PLD to prevent apoptosis in cells with
elevated tyrosine kinase activity (21) and cooperate with
tyrosine kinases to transform cells (22,23) could make PLD a
good candidate as oncogene in certain types of carcinomas.
For example, tyrosine kinases, such as the EGF receptor,
Her2/Neu, and c-Src (24), are frequently elevated in breast
carcinoma. Consistent with this possibility, elevated expression
of PLD and elevated PLD activity was reported in breast
carcinoma tissues (16,17). PLD activity has also been reported
to be elevated in gastric (18) and renal carcinoma (19) and a
polymorphism of the PLD2 gene was reported to be
associated with the prevalence of colorectal carcinoma (25).
However, the number of examined cases was <22 cases in all
the reports described above (16-20). Therefore, we analyzed
PLD2 expression level using 97 colorectal carcinoma tissues.
In the present study, expression level of PLD2 varied from
tumor to tumor (Fig. 2). Further, PLD2 expression levels
detected by real-time PCR were significantly correlated with
tumor size (Fig. 3). PI3K 1 recruits and activates Akt via
phosphorylation by PDK1. Akt then phosphorylates and
inactivates several substrate proteins that negatively regulate
cell proliferation or stimulate apoptosis including GSK38,
BAD, forkhead family transcription factors (FKHR), and
MDM?2 (26). Recently, Foster and co-workers demonstrated
that an alternative survival signal that is dependent on PLD
and mTOR, is active in a breast cancer cell line where the
PI3K survival pathway is not active (27). Akt also activates
mTOR indirectly, which indicates that there is overlap in the
two pathways. The PLD/mTOR pathway involves the
generation of PA, which leads to the activation of mTOR.
mTOR then phosphorylates several substrate proteins that
regulate protein synthesis. It has been proposed that regulators
of protein synthesis provide survival signals (28). With these
findings and our present data, PLD2 may contribute to the
progression of colorectal carcinoma in clinic.

Although multivariate survival analysis for PLD2 expres-
sion level was not an independent prognostic factor (data not
shown), the present data also suggested that PLD2 expression
level detected by real-time PCR could be a prognostic
indicator in human colorectal carcinoma (Fig. 4), since only
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the 10 cases with colorectal carcinoma have died of disease.
To confirm the prognostic significance, the analysis of PLD2
expression in larger number of cases is required.

In conclusion, we demonstrated that PLD2 expression
level detected by real-time PCR may be a prognostic indicator
in colorectal carcinoma. Of especial interest was the finding
that expression of PLD2 was dependent on tumor size. Drugs
targeting PLD2 might be useful in combination with other
chemotherapeutic agents for the improvement of patients
with colorectal carcinoma.
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