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The ability of the Ras oncogene to transform normal cells has been
well established. One downstream effector of Ras is the lipid
hydrolyzing enzyme phospholipase D. Recent evidence has
emerged indicating a role for phospholipase D in cell proliferation,
membrane trafficking, and migration. To study the potential im-
portance of phospholipase D in the oncogenic ability of Ras, we
used Rat-2 fibroblasts with reduced phospholipase D1 activity
(Rat-2V25). Here, we show that H-Ras transformation of Rat-2
fibroblasts requires normal phospholipase D1 activity. WT Rat-2
fibroblasts transfected with the H-RasV12 oncogene grew colonies
in soft agar and tumors in nude mice. However, Rat-2V25 cells
when transfected with the H-RasV12 oncogene did not form colo-
nies in soft agar or produce tumors when xenografted onto nude
mice. Interestingly, in the presence of phosphatidic acid, the
product of phospholipase D, growth in soft agar and tumor
formation was restored. We also observed a dramatic increase in
the expression of phospholipase D1 in colorectal tumors when
compared with adjacent normal mucosa. Our studies identify
phospholipase D1 as a critical downstream mediator of H-Ras-
induced tumor formation.
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Phospholipase D (PLD) is a ubiquitous enzyme that catalyzes
the hydrolysis of phosphatidylcholine (PC) to phosphatidic

acid (PA) and choline (1, 2). Two mammalian isozymes (PLD1
and PLD2) have been identified, and they are differentially
regulated. PLD1 is activated by protein kinase C and small G
proteins of the Rho and ADP-ribosylation factor (Arf) families,
whereas PLD2 is not directly activated by these regulators and
has a different subcellular localization (1). The Src oncogene can
also activate PLD (3). However, the mechanism is indirect,
involving the activation of Ras and other small G proteins (Ral
and Arf) (1, 4–6). Although a great deal is known about the
regulation of PLD1, its exact cellular function remains unclear.
Recent evidence has supported a role for PLD in cell prolifer-
ation, survival signaling, apoptosis, and tumor progression (7, 8).

Mutations in the Ras oncogene are found in a variety of human
malignancies, including those of the lung, breast, and colon (9).
These mutations result in the constitutive activation of Ras and
lead to the deregulated activation of important classical down-
stream signaling pathways, including Raf�MEK�extracellular
signal-regulated kinase (10, 11) and PI3-kinase�Akt (12, 13). As
noted above, recent evidence indicates that Ras can also induce
the activation of Ral, and this small G-protein can synergize with
Arf to activate PLD (14).

Because mutations in Ras can lead to the activation of PLD
and Ras mutations occur in many cancers, this study was
designed to explore the role of PLD1 in Ras-induced cellular
transformation and tumor growth. The approach used a modi-
fied form of PLD1 that is catalytically inactive and inhibits the
activity of endogenous PLD (15). The deletion or addition of a
single amino acid at the C terminus of PLD1 renders it catalyt-
ically inactive (16). We therefore generated a PLD1 construct
that was made inactive by adding a V5 epitope tag added to the

C terminus. We then selected Rat-2 fibroblasts, which constitu-
tively express this construct (termed Rat-2V25 cells). In the
presence of lysophosphatidic acid or phorbol ester, these cells
show �50% reduction in the stimulation of PLD activity versus
WT Rat-2 cells (15). We used these cells to further evaluate the
role of PLD1 in the Ras-induced transformation of normal
fibroblasts.

Materials and Methods
Materials. wt Rat-2 cells were obtained from the American Type
Culture Collection, and Rat-2V25 cells were generated as de-
scribed in ref. 15. FBS, DMEM (powder and liquid), Opti-MEM,
penicillin, streptomycin, and glutamine were from GIBCO (In-
vitrogen). SeaPlaque agarose was from BioWhittaker. FuGENE
6 was from Roche Applied Science (Indianapolis). Raf-1�Ras
binding domain of Raf agarose and hPLD2 antibodies were
obtained from Upstate Biotechnology (Charlottesville, VA).
1,2-Dilauroyl-glycero-3-phosphate (12:0 PA), 1,2-dipalmitoyl-
glycero-3-phosphate (16:0 PA), and 1,2-lauroyl-glycero-3-
phosphocholine lipids were from Avanti Polar Lipids. Polyvi-
nylidene dif luoride membranes were from Millipore.
Horseradish peroxidase-conjugated secondary antibodies were
from Vector Laboratories. The primary Pan-Ras antibody was
from Oncogene Research Products. Hygromycin B was from
Clontech. H-RasV12 and K-RasV12 were obtained from Guthrie
cDNA Resource Center. Hemagglutinin (HA) primary antibody
was from Santa Cruz Biotechnology. Antibodies to PLD1 were
raised in rabbits as described in ref. 17.

Cell Culture Conditions. Rat-2 cells were maintained in DMEM
with 4 mM L-glutamine supplemented with 10% FBS, 100
units�ml penicillin, and 100 �g�ml streptomycin at 37°C in a
humidified atmosphere of 5% CO2. Rat-2V25 cells were main-
tained in DMEM with 4 mM L-glutamine supplemented with
10% FBS, 100 units�ml penicillin, 100 �g�ml streptomycin, and
0.5 mg�ml geneticin at 37°C in a humidified atmosphere of
5% CO2.

SDS�PAGE and Western Blotting. SDS gel electrophoresis was
performed on 4–20% Tris�glycine-polyacrylamide gels at 100 V
for 2.5 h, and the proteins were transferred onto polyvinylidene
fluoride membranes by using a Novex wet transfer apparatus at
20 V for 2 h. The membranes were blocked overnight in 5%
nonfat dry milk. The blots were then incubated for 1 h in the
presence of the primary antibody, rinsed three times in Tris-
buffered saline containing Tween 20, and incubated with the
corresponding secondary antibody to horseradish peroxidase.

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: Ha, hemagglutinin; PA, phosphatidic acid; PC, phosphatidylcholine; PLD,
phospholipase D; Arf, ADP-ribosylation factor.

†To whom correspondence should be addressed. E-mail: greg.buchanan@vanderbilt.edu.

© 2005 by The National Academy of Sciences of the USA

1638–1642 � PNAS � February 1, 2005 � vol. 102 � no. 5 www.pnas.org�cgi�doi�10.1073�pnas.0406698102



Bands were visualized with the enhanced chemiluminescence kit
from Amersham Pharmacia Biotech.

Ras Activation Assay. Cells were seeded to 70–80% confluency in
six-well dishes and then transfected with H-RasV12 (Guthrie,
Sayre, PA) by using FuGENE 6 according to the manufacturer’s
protocol. The transfections were allowed to proceed for 24 h.
The cells were lysed in 0.6 ml of lysis buffer containing 25 mM
Hepes (pH 7.5), 10 mM MgCl, 150 mM NaCl, 1 mM EDTA, 10
�g�ml leupeptin, 10 �g�ml antipain, 1 mM sodium orthovana-
date, 25 mM �-glycerophosphate, 1% Nonidet P-40, and 10%
glycerol. Cells were then diluted to 1 �g��l with buffer. Then, 30
�l of Raf-1�Ras binding domain of Raf agarose beads were
added to the lysate and allowed to rock at 4°C for 30 min. The
beads were then washed three times with the lysis buffer and
resuspended in 1� Laemmli sample buffer and boiled for 5 min.
The relative amount of active Ras was determined by Western
analysis.

Soft Agar Assay. Cells were seeded at 5 � 104 in 6-well dishes and
transfected with H-RasV12 by using FuGENE 6 according to the
manufacturer’s protocol. The transfected cells were incubated
for 48 h. Plates were then prepared by placing 1.5 ml of 2�
DMEM 10% FBS and 1.6% sterile SeaPlaque (1:1) mixture into
35-mm sterile dishes. Agar was allowed to form for 1 h at room
temperature. Transfected cells were then trypsinized and resus-
pended to a concentration of 5,000 cells per ml and mixed with
1.6% sterile Sea Plaque and 2� DMEM 10% FBS (2:1:1). One
milliliter of the cell suspension was added to the agar plates, and
then they were placed in a CO2 incubator for 24 h. Lipids were
dried under nitrogen, resuspended in DMEM, and added drop-
wise to the plates at a final concentration of 200 �M.

Xenograph Studies. Stable WT Rat-2 and Rat-2V25 cells express-
ing H-RasV12 or vector were generated by treatment with 0.2
mg�ml hygromycin B and 0.05 mg�ml hygromycin B, respec-
tively. A total of 5 � 106 cells were then sterilely injected
intradermally into nude mice. Tumors were allowed to grow for
10 days and then measured by using the equation [V � (LW2) �
0.5], where V equals volume, L equals length, and W equals
width.

Human Colorectal Tissue Analysis. Human colorectal carcinoma
specimens were obtained from surgical resections with approval
of the local Investigational Review Board. For each carcinoma
sample, adjacent normal mucosa was collected for comparison.
All samples were immediately frozen and stored in liquid
nitrogen until use.

Northern Analysis. mRNAs were isolated and subjected to human
PLD1 Northern analysis as described in refs. 18 and 19.

Measurement of PLD Activity. PLD activity was measured as
described in ref. 15. Briefly, cells were seeded to 50% confluency
in 6-well dishes and then transfected with rat brain PLD1 (15) or
vector control by using FuGENE 6 according to the manufac-
turer’s protocol. The transfections were allowed to proceed for
24 h after serum starvation in serum-free DMEM for 18 to 24 h
before the start of the assay. The cells were labeled with 1
�Ci�ml (1 Ci � 37 GBq) of [9,10-3H]myristic acid for the final
16 h of serum starvation. The cells were washed three times with
PBS and preincubated at 37°C in serum-free DMEM for 1 h. For
the final 10 min of preincubation, 0.3% butan-1-ol was included.
After treatment with 10 �g�ml lysophosphatidic acid for 5 min
or 100 nM phorbol 12-myristate 13-acetate for 15 min, the cells
were washed once with ice-cold PBS, and then ice-cold methanol
was added. Cells were scraped off the plates, and the lipids were
extracted and separated with methanol�chloroform�0.1 M HCl

(1:1:1). The lower phase was dried under N2, resuspended in
chloroform�methanol (2:1), and spotted on TLC plates of silica
gel 60A. The plates were developed in the upper phase of the
solvent system of ethyl acetate�isooctane�H2O�acetic acid
(55:25:50:10), and the radioactivity of the bands corresponding
to phosphatidylbutanol were measured.

Results and Discussion
Many immediate downstream effectors of Ras have been iden-
tified, including Raf, Ral-guanine nucleotide dissociation stim-
ulator, PI-3 kinase, and p120 GTPase-activating protein (20).
Recent evidence indicates that the Ras-induced activation of Ral
through the Ral guanine nucleotide dissociation stimulator
converges with Arf in the synergistic activation of PLD (14). We
therefore sought to determine what role PLD may play in the
ability of Ras to transform cells. We transfected the constitu-
tively active forms of H-Ras (H-RasV12) and K-Ras (K-RasV12)
tagged with HA into WT Rat-2 and Rat-2V25 (expressing
catalytically inactive V5-tagged PLD1) fibroblasts. Western
analysis confirmed the expression of both HA-tagged H-RasV12

and K-RasV12 and showed that the level of endogenous Ras was
extremely low (Fig. 1A). Only upon long exposure could WT Ras
be detected (data not shown). To determine whether the ex-
pressed RasV12 constructs were indeed functional, we evaluated
their activity in WT Rat-2 and Rat-2V25 fibroblasts. We incu-
bated cell lysates in the presence of the Ras binding domain of
Raf linked to agarose beads because only the active GTP bound
form of Ras will associate with the Ras binding domain of Raf
(21). These results indicate that H-Ras and K-Ras are equally
active in both WT Rat-2 cells and in Rat-2V25 cells deficient in
PLD1 activity (Fig. 1B).

The ability of an oncogene to induce the growth of colonies
in soft agar is a classical in vitro experiment to determine its
transforming potential. We observed, as expected, that the

Fig. 1. Evaluation of H-RasV12 and K-RasV12 transformation in WT Rat-2 and
Rat-2V25 fibroblasts. (A) Protein expression levels of HA-tagged H-RasV12,
HA-tagged K-RasV12, and total Ras in WT Rat-2 and Rat-2V25 cells. (B) Ras
activation assay in WT Rat-2 and Rat-2V25 cells expressing H-RasV12 or K-RasV12

(C) Growth of H-RasV12- or K-RasV12-transformed cells in soft agar. These results
are representative of three independent experiments.
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expression of H-RasV12 or K-RasV12 in WT Rat-2 fibroblasts
induced the growth of colonies in soft agar (Fig. 1C). However,
neither the expression of H-RasV12 nor K-RasV12 in Rat-2V25
fibroblasts produced colonies in soft agar. This observation is of
interest because the exact role of PLD downstream of K-Ras
activation is not clearly understood. Xu et al. (14) have shown
that PLD activity is elevated in H-Ras transformed fibroblasts
but not in K-Ras transformed cells. However, other studies have
demonstrated that K-Ras-transformed cells induce PLD activa-
tion (22, 23). Our current data indicate that PLD1 activity is a
required and necessary step in both the H-Ras- and K-Ras-
induced transformation of normal fibroblasts.

To determine whether the inhibition of transformation in
Rat-2V25 cells is due to the reduced activity of PLD1 and not to
impaired Ras signaling, we examined the effect of reintroduction
of PLD1 on the ability of H-RasV12 to induce colony formation
in soft agar. We transiently transfected Rat-2V25 cells with
either PLD1 or vector control before growth in soft agar. The
expression of PLD1 restored the ability of H-RasV12 to induce
colony formation (Fig. 2 A–C). It also restored the level of PLD
activity to nearly that of WT Rat-2 cells (Fig. 2D). We also
examined what effect the product of PLD, PA, would have on the
ability of H-RasV12 to induce transformation. We cultured
Rat-2V25 cells in the presence of a cell permeable form of PA
(12:0 PA, 200 �M), which induced the production of colonies of
a similar rate as WT Rat-2 fibroblasts (Fig. 2E). Furthermore,
the addition of 12:0 PA did not increase the rate or size of colony
formation in H-RasV12 transformed WT Rat-2 fibroblasts (data
not shown). The 16-carbon form of PA (16:0 PA, 200 �M), which
is not readily taken up by cells, did not induce the growth of
Rat-2V25 cells in soft agar (Fig. 2F ). The formation of PA itself
has been shown to induce cell proliferation and migration;
however, PA can be metabolized into diacylglycerol (DAG).
DAG is an activator of the conventional PKC isoforms that have
been shown to play a role in Ras transformation (24). In the
presence of 1-oleoyl-2-acetyl-glycerol (200 �M), a cell perme-
able analog of DAG, the H-RasV12-induced transformation of
Rat-2V25 cells was restored, although to a lesser extent than with
the addition of PA (Fig. 2G). The addition of PC (12:0 PC, 200
�M), the substrate of PLD, did not restore the ability of
H-RasV12 to induce colony formation (Fig. 2H). Together these
data indicate that the inability of H-RasV12 to transform Rat-
2V25 fibroblasts is not due to aberrant Ras signaling, but is due
to the specific loss of PLD1 activity.

The introduction of the H-RasV12 oncogene cannot only
stimulate growth in semisolid media but can also induce tumor
formation in immunodeficient mice (25). Therefore, we deter-
mined what effect the loss of PLD1 function may have on the
ability of H-Ras to induce tumor growth. We transfected Rat-
2V25 and WT Rat-2 fibroblasts with the H-RasV12 oncogene and
injected them into the dorsal f lank of nude mice. Within 7–10
days large tumors were visible in mice injected with WT Rat-2
cells expressing H-RasV12 (Fig. 3A). Interestingly, Rat-2V25 cells
(with reduced PLD1 activity) transfected with H-RasV12 did not
produce any tumors (Fig. 3B). We maintained these mice beyond
45 days without any tumor development. Furthermore, we also
observed what effect PA may have on the production of tumors
in vivo. We continuously administered PA (12:0 PA) through the
use of a microosmotic pump inserted s.c. at a dose of 5.25
nmol�h. The infusion of PA increased tumor growth when mice
were injected with WT Rat-2 fibroblasts transfected with H-
RasV12 (Fig. 3 C and F ). Interestingly, PA-treated mice injected
with Rat-2V25 cells transfected with H-RasV12 (Fig. 3 D and F )
grew tumors at the same rate and size as control mice with WT
Rat-2 cells (Fig. 3 C and F ). Rat-2V25 cells transfected with
empty vector did not form tumors in nude mice in the presence
of PA, indicating that the growth of xenografts observed depends
on H-RasV12 and the activation of PLD1 and is not induced by

PA alone (Fig. 3E). When compared with mice not treated with
PA, the infusion of PA induced an increase in tumor growth in
mice injected with H-RasV12 transfected WT Rat-2 cells,
whereas the infusion of PC had no effect on growth (Fig. 3F ).
Furthermore, in the presence of PA, mice injected with Rat-
2V25 cells transformed with H-RasV12 showed a similar rate of
tumor growth as mice injected with WT Rat-2 cells transformed
with H-RasV12. Together, these data indicate a role for PLD1 in
the transforming ability of H-Ras in vivo.

As mentioned earlier, mutations in the Ras oncogene occur in
many cancers and have been shown to play a role in the initiation
of tumor development. For example, the initiation of colon
cancer can occur through a defined pathway. As colonic tissue
progresses from hyperplasia through adenocarcinoma to carci-
noma, consistent alterations of signaling pathways emerge. This
alteration first involves deregulation of the APC��-catenin
pathway, followed by mutations in the Ras oncogene, eventually

Fig. 2. The reintroduction of PLD1 or its lipid product (PA) can restore
H-RasV12-induced transformation of Rat-2V25 fibroblasts in soft agar. (A)
Growth of WT Rat-2 H-RasV12-transformed cells in soft agar. Growth of Rat-
2V25 H-RasV12-transformed cells (B) transfected with PLD1 (C), in the presence
of 200 �M 12:0 PA (E), 200 �M 16:0 PA (F), 200 �M 1-oleoyl-2-acetyl-glycerol
(G), or 200 �M PC (H). (D) PLD activation on WT Rat-2, Rat-2V25, and Rat-2V25
cells transfected with PLD1. The results are representative of three indepen-
dent experiments performed in triplicate. Numbers at lower right are the
number of colonies per field � SEM.

1640 � www.pnas.org�cgi�doi�10.1073�pnas.0406698102 Buchanan et al.



resulting in the loss of p53 function (26). Because the prevalence
of Ras mutations in colorectal cancer is high (from 20% to 60%;
refs. 27 and 28), we investigated the expression of PLD1 in
colorectal carcinomas. Colorectal tumors paired with the cor-
responding adjacent normal mucosa were submitted to Northern
and Western analysis. We observed an increase in PLD1 mRNA
in the colorectal tumors versus the adjacent normal mucosa (Fig.
4A). Furthermore, we observed a dramatic coregulated increase
of PLD1 and PLD2 protein expression in five of six colorectal

tumor tissues when compared with normal adjacent mucosa
(Fig. 4B). These data are consistent with recent findings that
demonstrate that PLD activity is up-regulated in breast, renal,
colorectal, and gastric cancers (29–32). Mutations in Ras sig-
naling accompanied by an increase in PLD expression indicate
that PLD may serve an important role in the Ras-induced
colorectal carcinogenesis. Although we have shown the impor-
tance of PLD1 in Ras transformation, we cannot exclude any
possible effects of PLD2 because both isoforms are overex-
pressed in colorectal cancer, and we could detect low levels of
PLD2 in Rat-2 fibroblasts (data not shown).

Our data indicate the requirement of PLD1 activity in the
ability of H-Ras and K-Ras to induce transformation in vitro
and in vivo. The activation of PLD1 by Ras has been estab-
lished in many cell systems. Ras activates RalA through the
direct activation of Ral-guanine nucleotide dissociation stim-
ulator (33). The activation of RalA and Arf (Arf6) converge
in the synergistic activation of PLD1 (14). The activation of
PLD has also been shown to play an important role in
Ras-mediated signaling through the generation of PA (6).
Another important event in Ras-induced transformation is the
activation of the Raf�MEK�mitogen-activated protein kinase
(MAPK) pathway. This pathway is also critical to Ras signal-
ing. A requirement of PA has been shown for the recruitment
of Raf-kinase to the membrane where Ras-induced activation
of Raf occurs (34). The endocytosis of signaling receptors

Fig. 3. Xenograft growth of H-RasV12-transformed WT Rat-2 and Rat-2V25 fibroblasts. (A and B) Xenograft growth of WT Rat-2 (A) and Rat-2V25 (B) cells
transformed with H-RasV12 on day 10. (C–E) Effect of PA on xenograft growth of H-RasV12-transformed WT Rat-2 cells (C), H-RasV12-transformed Rat-2V25 cells
(D), and vector-transfected Rat-2V25 cells (E). (F) Summary graph of tumor size from H-RasV12-transformed cells (*, P � 0.05). Data represents the average � SEM
of three independent experiments.

Fig. 4. Comparison of PLD1 expression between colorectal carcinomas and
adjacent normal mucosa. (A) Northern analysis of hPLD1 mRNA. (B) Western
analysis of hPLD1 and hPLD2 protein expression.
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resulting in signaling endosomes is also required for the
activation of MAPK by MEK, both important downstream
mediators of Ras (35). The formation of signaling endosomes
has been reported to depend on the production of PA through
the activation of PLD1 (36). Furthermore, the activation of
Ras as well as the production of PA has been shown to activate
the mammalian target of rapamycin (mTOR) (37–40). mTOR
is an important kinase that can induce both an increase in cell
growth and cell division (41), thus indicating an important role
for PLD1 in Ras-induced transformation.

Interestingly, recent work has implicated PLD in other onco-
gene-induced transformation and growth. The over-expression
of PLD2 with c-Src or PLD1 with the epidermal growth factor
receptor transforms Rat 3Y1 fibroblasts (42), and the over-

expression of PLD1 or PLD2 with c-Src enhances cell prolifer-
ation (43). PLD2 may also play a role in v-Src-mediated forma-
tion of cell protrusions that are involved in the invasive
properties of v-Src-transformed cells (44). Here we report
evidence that clearly demonstrates a direct requirement of PLD1
and its enzymatic product, PA, downstream of the Ras pathway
leading to oncogenesis. Furthermore, the up-regulation of PLD1
in colorectal tumors coupled with a prevalence of Ras activation
in colorectal carcinomas indicate PLD1 as an attractive antitu-
mor target.
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