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Platelet activating factor, an endogenous mediator of inflammation,
induces phenotypic transformation of rat embryo cells
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The ability of platelet activating factor (PAF), a potent
endogenous inflammatory agent, to induce phenotypic
transformation of primary rat embryo cells (RECs) was
investigated. RECs are composed predominantly of
fibroblasts, with some epithelial cells and a few neuronal and
muscle cells. A 1 h period of treatment with PAF
(1 x 10~ 8 - l x 10~6 M) increased the ability of RECs to (i)
form foci, (ii) reach a high saturation density in complete
medium, (iii) grow in low serum-containing medium and (iv)
exhibit anchorage-independent (AI) growth. Similar changes
were achieved with C-PAF (1 x 10" 1 0 - l x 10"8 M), an
active, non-metabolizable analog of PAF, but not by lyso-PAF
(1 x 10~ 1 0 - l x 10~6 M), a biologically inactive metabolite
of PAF. All of the PAF-induced phenotypic changes could
be inhibited by pretreatment with a PAF receptor antagonist,
CV3988 (1 x 10"6 M). Pretreatment of RECs with
genestein (1 /tg/ml) also completely inhibited all four measures
of PAF-induced REC transformation indicating that tyrosine
kinase activity may be required for the observed changes in
phenotype. Pretreatment with indomethacin (2 x 10~7 M)
blocked the PAF-induced increases in focus formation and
saturation density without affecting PAF-induced alterations
in growth in low serum or AI growth. This indicates that PAF
may exert some of its effects through a cyclooxygenase
product. Pretreatment with staurosporine (5 x 10~8 M)
failed to alter any of the PAF-induced effects, suggesting that
protein kinase C activity is not involved in REC transforma-
tion by PAF. Our results provide the first evidence that PAF,
released by activated phagocytes in and around areas of
inflammation, may contribute to the process of malignant
transformation.

Introduction
An association between chronic inflammation and increased
predisposition to development of human cancer has been known
for many years (1); specific examples have been found in cancer
of the lung (2), bowel (3) and skin (4,5). This enhancement is
presumed to be mediated by agents released by inflammatory cells
at sites of inflammation. In support of this assumption, in vitro
experiments have demonstrated that active oxygen species and
arachidonic acid metabolites can induce malignant transforma-
tions of murine fibroblasts (6,7) and epidermal cells (8).
However, numerous other factors are also likely present at sites

•Abbreviations: PAF, platelet activating factor; REC, rat embryo cell; DMEM,
Dulbecco modified minimal essential medium; FCS, fetal calf serum; BSA, bovine
serum albumin; DMSO, dimethyl sulfoxide; AI, anchorage-independent.

of inflammation including nitric oxide, interleukins, tumour
necrosis factor and platelet activating factor (PAF*). In this
report, we present evidence concerning the tumourigenic potential
of PAF, a mediator of inflammation synthesized and released
by activated phagocytic cells.

PAF (l-O-alkyl^-acetyl-glycero-S-phosphocholine) is a
biologically active ether lipid with potent pro-inflammatory and
hypertensive activities (for review see ref. 9). Its action is
presumed to be through specific cell-surface receptors that have
been identified in a wide variety of cell types and recently cloned
from guinea pig lung (10), human lymphocytes (11), and human
leukocytes (12). In vitro, PAF has been reported to induce cell
aggregation (13-16), degranulation (16), adherence of
phagocytic cells to endothelial cells (17—19), chemotaxis
(20—22), superoxide production (23), a rapid, transient calcium
influx (24), as well as arachidonate (25,26) and phosphoinositide
(27) turnover and activation of a variety of protein kinases
(28—30). In vivo exogenous administration or endogenous
overproduction of this phospholipid has been shown to mediate
the immediate hypersensitivity reactions characteristic of
asthmatic (31,32) and anaphylactic attacks (33,34) as well as the
delayed neuronal necrosis associated with ischemia-reperfusion
injury (35—37). Depending upon the physiological conditions,
endogenously produced PAF can act either as a normal signal
transduction molecule or as a pathophysiological agent (9), but
the possibility that the phospholipid may contribute to tumour
progression has not previously been investigated. We now provide
evidence incidating that a 1 h exposure to 0.01-1 /M PAF
induces, in primary rodent cells, in vitro phenotypic changes
commonly associated with malignant transformation. Some or
all of these PAF-mediated transformations can be prevented by
pretreatment with a PAF receptor antagonist, an inhibitor of
protein tyrosine kinases or a cyclooxygenase inhibitor.

Materials and methods
Cells and culture conditions
Primary rat embryo cell (REC) cultures were prepared from day 14-16 Sprague
Dawley rat embryos (Charles River, Quebec). Freshly dissected embryos were
homogenized, incubated in 0.5% trypsin, S.3 mM EDTA and dissociated into
single cells. RECs were suspended in Dulbecco's minimal essential medium
(DMEM) (Gibco, Ontario) plus 10% fetal calf serum (FCS) (Flow Laboratories,
VA) (DMEM + 10% FCS), seeded at a density of - 6 x lQfylS cm diameter
tissue culture dish, and allowed to grow for 2 days at 37 °C in a 5%'CO2/95%
air atmosphere. While still sub-confluent, cells were trypsinized and either passaged
in fresh medium or stored at - 100°C. Samples of third passage cells were
determined to be mycoplasma-free, as judged by staining with a fluorescent dye,
Hoechst 332S8. The REC population was characterized immunohistochemically.
RECs were plated at a density of 1 x 103 on gelatin-coated 22 mm2 glass
coverslips, washed in PBS (154 mM NaCl, 10 mM sodium phosphate, pH 7.2),
fixed in cold 3.7% formaldehyde for 10 min, washed in PBS, exposed to 1%
normal goat serum in PBS for 30 min at 25°C and reacted at 37°C for 2 h with
monoclonal anti-vimentin (IgM: 1:100, Sigma, MO). Antibodies were diluted
in Ab buffer [154 mM NaCl, 100 mM sodium phosphate, pH 7.2, 3% bovine
serum albumin (BSA), 0.3% Triton X-100]. Samples were washed and
immunopositive cells were visualized with a Texas Red-conjugated total Ig goat
anti-mouse secondary antibody (Oncogene Science, NY). Sections were then
double-labelled with one of the following primary antibodies: monoclonal anti-
rat endothelhim (1:100, Serotec, Ontario), monoclonal ano-cytokeratin 8.13 (1:100,
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Sigma), rabbit anti-glial fibrillary acidic protein (1:100, Sigma), rabbit anti-
neurofilament 200 kD (1:100, Sigma) or rabbit and-desmin (1:50 Serotec). Samples
were washed in PBS and immunopositive cells visualized with a fluoroscein-
conjugated IgG-specific goat anti-mouse or goat anti-rabbit (1:100, Oncogene
Science) secondary antibody diluted in Ab buffer.

Treatment ofRECs with PAF and related compounds
Ampoules from frozen first passage cells were thawed and cultured for 5 — 7 days
in 10 cm diameter tissue culture dishes using DMEM + 10% FCS. Exponentially
growing cultures were trypsinized and 1 x 10s cells/6 cm tissue culture dish
were allowed to attach overnight. The cultures were washed twice with serum-
free DMEM and subjected to one of the following treatments for 1 h in DMEM
containing 0.2% bovine serum albumin: vehicle [0.1% dimethyl sulfoxide
(DMSO)], PAF (1 X 10" 1 2 - l x 10~6 M, Avanti Biochemicals, PA), C-PAF
(1 x 10~12—1 x 10" 8 M, Biomol Research, PA), tyso-PAF (1 x l < r ' ° -
1 x 10~6 M, Sigma) or PAF plus a specific PAF antagonist, CV3988 (1 x
10~6 M, Calbiochem, CA), a cyclooxygenase inhibitor, indomethacin (2 x
10"7 M, Sigma), a protein kinase C inhibitor, staurosporine (5 x 10"8 M, LC
Services, MA) or a tyrosine kinase inhibitor, genestein (1 /ig/ml, UBI, MA).
Where treatment with both PAF and a second compound is indicated, the antagonist
or inhibitor was added IS min prior to PAF and incubation was continued for
1 h following PAF addition. Cultures were then washed and incubated thereafter
in DMEM + 10% FCS.

Cytotoxicity

The cytotoxicity of each treatment was assessed by plating RECs at a density
of 200 cells/6 cm dish, treating for 1 h as described above, and allowing cultures
to grow in DMEM + 10% FCS for 10 days with twice weekly feedings. Cultures
were washed with PBS, fixed with methanol and stained with 0.1% methylene
blue in 50% ethanol. Colonies comprising >50 cells were scored.
Assays of cell transformation

Following treatment, cells were incubated undisturbed in DMEM + 1 0 % FCS
and assayed for changes in (i) doubling time, (ii) growth in low serum, (iii)
saturation density, Qv) focus formation and (v) anchorage-independent (AI) growth.
Doubling time was estimated over a 5 day period of exponential growth using
both [3H]thymidine (Dupont, ON) incorporation into DNA and cell counts. Cells
were pulsed with [metfty{-3H]thymidine (0.1 pCi/ml) for 24 h. Cultures were then
washed extensively with PBS. Cells were solubilized in 1 ml 0.5 N NaOH and
DNA was precipitated by acidification with 150 pi 5 N HC1 at 0°C for 30 min.
Samples were centrifuged in a microfuge and the precipitates were washed twice
with 0.5 ml of ice-cold 0.5 N HC1. Pellets were solubilized in 200 /il 0.2 N NaOH.
Aquasol (Dupont, ON) scintillation fluid (1 ml) was added and radioactivity
determined in a liquid scintillation counter. Cell counts were determined using
a Coulter counter. Growth in low serum was assessed by incubating cells in
DMEM + 0.5% FCS for up to 25 days following treatment and estimating growth
kinetics by counting cells at intervals. Doubling time was estimated over the first
10 days of growth in low serum-containing medium, using both cell counts and
[3H]thymidine incorporation into DNA as described above. Saturation density
was established by cell counts using a Coulter counter. Focus formation was
determined by allowing cultures to grow undisturbed following treatment for 21
days, with gentle medium replacement every 5 days. Cultures were then washed
with PBS, fixed with methanol and stained with 0.1% methylene blue in 50%
ethanol. Foci of piled cells (>60 pm diameter) were scored using an Olympus
inverted microscope. AI growth was estimated by suspending cells, 24 h after
treatment, in 2 ml 0.3% molten agarose (BRL, MD) containing DMEM + 10%
FCS at 37°C. This suspension was poured over a 3 mm layer of 0.6% agarose
containing DMEM + 10% FCS. The soft agarose layer was overlaid with 2 ml
DMEM + 10% FCS. The liquid layer was replaced every 5 days. AI colonies
( > 80 jim in diameter) were scored at 20, 40 and 60 days after plating, using
an inverted microscope. Several individual foci and AI colonies were isolated
and re-tested in the transformation assays without re-exposure to PAF. Some clones
were analysed by immunohistochemistry as described above.

Statistical analysis

Data were analyzed using one-way factorial ANOVA tests or unpaired Student's
r-tests, as applicable. Following detection of a statistically significant F value with
respect to the effect of a given series of treatments, post hoc Dunnett's tests were
used to identify which treatment condition differed statistically from control
(vehicle-treated or untreated RECs, depending on the experiment). P values of
< 0.05 were considered statistically significant differences (shown as •); P values
of <0.01 were considered highly statistically significant differences (shown as **).

Results
RECs are a population of cells; individual cell types were
identified and quantitated immunohistochemically. Fibroblasts,
endothelial cells and epithelial cells were identified using

monoclonal antibodies directed against vimentin, rat endothelium
and cytokeratin respectively. Muscle cells, glial cells and neurons
were identified using polyclonal antibodies directed against
desmin, glial fibrillary acid protein and neurofilament 200 kDa
respectively. All cells in the REC explants were immunoreactive
to anti-vimentin (data not shown), consistent with a predominance
of fibroblasts in the population. Since cell types other than
fibroblasts have also been shown to be vimentin-positive in vitro,
cultures were double-labelled with additional antibodies. The
majority (>85%) of cells were fibroblasts, i.e.they reacted only
with anti-vimentin. Approximately 15% of cells reacted with anti-
cytokeratin, indicating epithelial cells. Rarely (<0.1%), neuronal
and muscle cells were detected by double-labelling with anti-
vimentin and anti-neurofilament or anti-vimentin and anti-desmin
respectively.

Possible cytotoxic effects of the various agents used in these
experiments were examined, as described in Materials and
methods. No indication of cytotoxicity was seen after treatment
ofRECs with any of the following: vehicle, (0.1 % DMSO), PAF
(1 X 10~12—1 X 10~6 M), C-PAF (1 X 10~12—1 X 10"8M),
fyso-PAF(l X HT1 O-1 X 10"6 M), CV3988 (1 X 10"6 M),
indomethacin (2 X 10~7 M) or genestein (1 pg/ml). Cloning
efficiency was reduced by 30% when cells were treated with
staurosporine (5 x 10~8 M).

The effects of PAF, C-PAF and fyso-PAF on doubling time,
focus formation, saturation density, growth in low serum and
AI growth are presented in Table I. PAF had no effect on REC
doubling time in complete medium. Both PAF and vehicle-treated
REC cultures exhibited foci of transformed cells, that is, tightly
packed three-dimensional growths of piled cells, >60 /*m in
diameter, surrounded by a monolayer of contact-inhibited cells.
No attempt was made to categorize foci according to degrees
of transformation, although the morphology of foci derived from
PAF-treated cultures appeared to differ from that of foci arising
spontaneously in vehicle-treated cultures. PAF-induced foci were
more irregular in shape, denser (i.e. cells stained more intensely)
and exhibited a more disorderly pattern of growth than foci seen
in vehicle-treated cultures. In addition to altered morphology,
PAF induced a dose-dependent increase in the number of foci
observed (Table I). This enhancement was also seen following
treatment with C-PAF (at lower concentrations), but not by lyso-
PAF. The maximal increase in focus formation (~ 3-fold) was
observed in RECs following treatment with 1 x 10~8 M PAF.
At higher concentrations, scoring of individual foci was not
possible because a relatively uniform lawn of darkly staining cells
was seen. Since PAF induced a dose-dependent increase in
saturation density up to 3-fold increase compared to controls at
1 X 10~6 M PAF, it appears that this overgrowth interfered
with accurate quantification of discrete foci. Similarly, C-PAF
treatment significantly increased focus formation, with a maximal
increase observed at 1 X 10"10 M. As with PAF, individual
foci could not be distinguished at higher concentrations of C-PAF,
although the highest concentration of C-PAF tested for satura-
tion density was 1 X 10"10 M. Lyso-PAF had no statistically
significant effect on either the number of foci observed or
saturation density.

Growth in low serum containing medium is one measure of
autonomous cell growth, i.e. the ability of cells to proliferate
with limiting amounts of exogenous growth factors. As shown
in Table I, PAF significantly reduced the doubling time of RECs
grown in DMEM + 0.5% FCS and increased the length of time
that RECs were able to sustain growth in low serum, as compared
to untreated RECs. Similar changes in low serum doubling time
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Table I. Transformation-associated properties

Properties

Doubling timeb

Cell count
Thymidine incorp.

Focus formation0

(colonies/plate)

Saturation
densities'1

(cell/plate)

Growth in low serume

Doubling time (h)
Days of growth

AI coloniesr

Doubling timeb

Cell count
Thymidine incorp.

Focus formation0

(colonies/plate)

Saturation
densities'1

(cells/plate)

Growth in low serume

Doubling time (h)
Days of growth

AI colonies'

Vehicle

33.5
33.5

50 ± 18.1
n = 5

1.1 x 10*
± 3 X 105

127.6 ± 4.9
6

0

C-PAF (M)

io-12

ND
ND

66.4 ± 10.9
n = 3

ND

ND

4

in PAF, C-PAF and fyra-PAF treated RECs

Treatment8

PAF(M)
io-1 2

37.2
30.1

63.4 ± 19.3
n = 5

8.8 x 10s

± 5 x IO4

ND

0

1 0 - io

29.8
49.1

95.5 ± 7.3*
n = 3

9.3 X IO5

± 2 x IO4

85.0 ± 0.3**
21

112**

10-i0

31.6
35.4

78.3 ± 25.9
n = 6

1.1 X 10*
± 9 xlO4

90.6 ± 1.3**
21

0

lO"8

ND
ND

OG

ND

ND

ND

io-8

32.4
35.5

135.9 ± 32.4*
« = 7

2.1 x 10*
± 1 x 105'*

83.8 ± 5.5**
21

24

Lyso-PAF (M)

io-'°

ND
ND

43 ± 4.0
n = 3

ND

ND

0

io-7

ND
ND

OG

ND

ND

43*

io-8

30.7
34.0

31 ± 2.0
n = 3

8.4 x 105

± 3 x IO4

135.6 ± 5.2
6

0

10"*

36.2
36.3

OG

3.8 X 10*
± 5 x 105-**

86.0 ± 0.3**
21

110**

10"*

ND
ND

23.8 ± 6.5
n = 5

ND

ND

0

aData represent the mean (± SEM) of n = 5 plates, unless otherwise indicated. "Indicates a result statistically significantly different from vehicle-treated
control data (ANOVA., post hoc Dunnett's r-test P < 0.05); "indicates a highly statistically significant difference (ANOVA, post hoc Dunnett's f-test
P < 0.01), as described in Materials and methods. ND, not determined.
•"Doubling time (h) was calculated during the first 5 days in culture in DMEM + 10% FCS, using cell counts (n = 3 plates) and [3H]thymidine incorporation
(n = 2 plates), as described in Materials and methods. Mean values are indicated.
Tori (>60 ftm in diameter) were counted 21 days after treatment, as described in Materials and methods, n, the number of plates is indicated. OG,
overgrowth of cells to a degree that individual foci could not be scored. PAF ANOVA: F = 2.7, d/ = 3,43, P < 0.05; PAF (10~8 M) versus Vehicle:
Dunnett t = 2.4; C-PAF ANOVA: F = 3.0, d/ = 2,15, P < 0.05; C-PAF (10-'°M) versus Vehicle: Dunnett t = 2.2.
dCells/6 cm diameter dish were counted 10 days after saturation had been reached in vehicle-treated cultures as described in Materials and methods. PAF
ANOVA: F = 8.7, Af = 4,19, P < 0.01; PAF (10"8 M) versus Vehicle: Dunnett t = 2.4; PAF (1(T* M) versus Vehicle: Dunnett f = 4.4.
'Following each treatment, medium was replaced with DMEM + 0.5% FCS. Doubling time was estimated during the first 10 days of culture as described
above and in Materials and methods. The number of days that cells were able to sustain growth in this medium is indicated; observations were carried out for
21 days. PAF ANOVA: F = 30.8, d / = 3,16, P < 0.01; PAF (10"10 M) versus Vehicle: Dunnett t = 7.0; PAF (10"8 M) versus Vehicle: Dunnett
t = 8.3; PAF (10"* M) versus Vehicle: Dunnett / = 7.9; C-PAF, Student's t = 8.7, d / = 8, P < 0.01.
fAI colonies (>80 pom in diameter) were counted 40 days following treatment. Values shown are the total number of AI colonies observed per 5 x IO5 cells
plates (7.5 x IO4 viable cells, based upon a cloning efficiency of 15%). PAF ANOVA; F = 12.4, Af = 5,24, P < 0.01; PAF (10"7 M) versus Vehicle:
Dunnett t = 2.5; PAF (10"* M) versus Vehicle: Dunnett / = 6.3; C-PAF ANOVA: F = 28.3, d / = 2,12, P < 0.01; C-PAF (10"12 M) versus Vehicle:
Dunnett / = 6.4; PAF (10"10 M) versus Vehicle: Dunnett t = 6.6.

and growth in DMEM + 0.5% fetal calf serum were observed
following treatment with C-PAF, but not with fyso-PAF.

AI growth represents the ability of cells to form colonies in
a semi-solid medium such as soft agarose. In our experiments,
colonies > 80 /un in diameter were scored at 20,40 and 60 days
after treatment. Only data from day 40 are presented in Table I.
Both PAF (1 X 10~8—1 X Kr* M) and C-PAF (1 X 10"10

M) induced a dose-dependent increase in AI growth. Lyso-PAF

had no effect. The growth rate of colonies appearing in PAF-
treated cultures was very slow. Small colonies (~ 50 /tin) could
be seen at day 20 after treatment. By day 40, the colonies were
> 80 /un in diameter. By day 60, colony size was not significantly
larger than at day 40, suggesting that the growth of the AI cells
had slowed or stopped. However, growth cessation was not due
to cell death since cloning efficiency of cells derived from days
40 and 60 colonies did not differ.
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150

100

O 50

CONTROL

Fig. 1. Effect of indomethacin (2 x 10~7 M), staurosporine (S X 10~8 M),
genestein (1 /ig/ml) and CV3988 (1 x 10~6 M) on PAF-induced increase in
focus formation. Asterisks indicate a statistically significant decrease
(P < O.OS) in the number of foci compared to PAF treatment alone.
ANOVA: F = 5.2, d/ = 4,29, P < 0.05.

6 10 16

TIME (DAYS)

20

Fig. 2. Effect of indomethacin (2 x 10~7 M), staurosporine (5 x 10~8 M)
and genestein (1 pg/ml) on PAF-induced increase in saturation density.
1, PAF treatment; 2, PAF + staurosporine; 3, PAF + indomethacin;
4, PAF + genestein; 5, vehicle. Indomethacin and genestein treatment
significantly decreased the PAF-induced enhancement in final saturation
density. PAF (1 X 10"6 M) ANOVA: F = 21.4, d / = 3,16, P < 0.01;
PAF (1 x 10"6 M) ANOVA: F = 7.1, d / = 3,16, P < 0.05.

In an attempt to determine the mechanism(s) underlying PAF-
mediated transformation of RECs, cells were treated with a
variety of pharmacological agents, in each case administered
15 min prior to PAF. The effects of these agents are depicted
in Figures 1 —4. PAF-induced increases in focus formation are
shown in Figure 1, saturation density in Figure 2, growth in low
serum in Figure 3 and AI growth in Figure 4. Administration
o f l x 1 0 ~ f M CV3988, a PAF receptor antagonist, prevented
PAF-induced increase in each of the four parameters of
transformation, suggesting that the PAF likely works through
its specific receptor. Indomethacin (2 X 10~7 M), an inhibitor
of the cyclooxygenase pathway of arachidonic acid metabolism,

300

•f 200

i 100

0
300

200

100

PAF (XIO* H)

PAF (X10* M)

S 10 15

TIME (DAYS)

20

Fig. 3. Effect of indomethacin (2 x 10"7 M), staurosporine (5 x 10~8 M),
genestein (1 fig/ml) and CV3988 (1 x 10~6 M) on PAF-induced increase in
growth in DMEM + 0.5% FCS. 1, PAF treatment; 2,
PAF + staurosporine; 3, PAF + indomethacin; 4, PAF + genestein; 5,
vehicle; 6, PAF + CV3988. Genestein and CV3988 treatment significantly
decreased the PAF-induced enhancement in growth in low serum containing
medium. PAF (1 x 10"6 M) ANOVA: F = 31.5, d / = 4,20, P < 0.01;
PAF (1 X 10"' M) ANOVA: F = 23.6, d / = 4,20, P < 0.01.

CONTROL PAF10*M PAF

Fig. 4. Effect of indomethacin (2 x 10"7 M), staurosporine (5 x 10"8 M),
genestein (1 pg/ml) and CV3988 (1 x 10~6 M) on PAF-induced increase in
AI growth. Data represent number of AI colonies per 6 cm plate scored 40
days after treatment. Asterisks indicate a highly statistically significant
decrease (P < 0.01) in the number of foci compared to PAF treatment
alone. PAF (1 x 10"8 M) ANOVA: F < 1, d / = 4,20, P > 0.05. PAF
(1 x 10"6 M) ANOVA: F = 10.0, d / = 4,20, P < 0.01;

blocked PAF-induced changes in saturation density and focus
formation, but failed to alter PAF-induced growth in low serum
and AI growth. Staurosporine (S X 1(T8 M) failed to affect any
of the PAF-induced transformation measures. Interestingly,
genestein (1 /ig/ml), a tyrosine kinase inhibitor, prevented all of
the observed PAF-induced changes.

The stability of the PAF-induced phenotypes was determined
by re-testing (without re-exposure to PAF) clones isolated from
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Table n . Transformation-associated properties of untreated
(10~10 M)-induced AI clones

Parameters Untreated
RECs

RECS, PAF

Clones"

(10~8 M)-induced focus clones,

PAF (10~8 M)-induced focus clones
PF-81 PF-82

PAF (10"* M)-induced AI

PF-83

clones, andC-PAF

PF-84

Cell type" F/E

Doubling time (h)
Cell count
Thymidine incorp.

Focus formation0

(colonies/plate)

Saturation
densities'*
(cell/plate)

Growth in low serume

Doubling time (h)
Days of growth

AI colonies'

Cell typeb

Doubling time (h)
Cell count
Thymidine incorp.

Focus formation0

(colonies/plate)

Saturation
densities'1

(cells/plate)

Growth in low serume

Doubling time (h)
Days of growth

AI colonies'

31.4
31.4

50.6 ± 8.3

1.2 X 10*
± 3 x 105

142.0
6

0

± 10.8

PAF (10"* M)-induced
AI clones

PA-61

F

33.1
30.1

>500

3.9 x 10*
± 5 x 10s

115.6 ± 0.3
20

17*

PA-62

F

41.7
28.1

>500

2.2 X 10*
± 6 x 105

66.1 ± 0.9**
30

10*

"Details as described in the legend to Table I.
bCells were characterized bv immunohistochemical stainim

33.1
32.7

58.0 ± 9.8

8.8 X 105

± 5 x 10*

71.2 ± 0.5**
8

0

PA-63

F

35.4
37.9

88.4 ± 0.98

1.0 x 10*
± 1 x 105

147.4 ± 5.8
6

0

PA-64

F

37.7
38.6

515.4 :

1.3 X
± 1 X

92.6 ±
30

10*

B as described in Materials i

52.8
50.2

108 ± 6.3**

8.0 X 105

± 2 X105

120.8
8

0

± 30.9**

10*
10*

: 2.8**

± 4.1*

PA-65

F

37.1
38.1

465.2 ± 48.2**

1.0 X 10*
± 2 X 10*

48.5 ± 0.0**
20

11*

ind methods. F. fibroblasts: E

58.3
60.1

53.7

7.2 :
± 3

69.4
30

8*

. eoitl

± 2.6

< 105

x 10*

± 2.6**

C-PAF (10" l 0

AI clones

CP-101

F

44.7
46.5

ND

1.6 x 10*
± 9 x 10*

83.9 ± 2.5**
30

13*

40.5
41.2

69.4 ± 11.4

6.7 X105

± 4 x 10*

158.4 ± 0.6
30

0

M)-induced

CP-102

F

29.2
25.1

ND

1.4 X 10*
± 7 x 10*

71.6 ± 1.7**
30

7*

lelial cells. F/E. mixed Dooulation
(85% fibroblasts/15% epithelial cells/rare <0 .1% muscle and neuronal cells).
cFoci (>60 ion in diameter) were counted 21 days after plating, as described in Materials and methods. PAF focus clones ANOVA: F = 8.1, d/ = 4,20,
P < 0.01; PF82 versus Control: Dunnett's t = 4.9; PAF AI clones ANOVA: F = 71.3, d / = 3,16, P < 0.01; PA64 versus Control: Dunnett's I = 11.4;
PA65 versus Control: Dunnett's t = 10.1.
dPAF AI clones ANOVA: F = 10.0, d/ = 5,24, P < 0.01; PA61 versus Control: Dunnett's t = 5.4; PA62 versus Control: Dunnett's / = 2.1.
eGrowth was observed over a 30 day period. PAF focus clones ANOVA: F = 58.5, d/ = 4,20, P < 0.01; PF81 versus Control: Dunnett's t = 9.4; PF82
versus Control: Dunnett's t = 2.8; PF83 versus Control. Dunnett's t = 9.7; PF84 versus control: Dunnett's t = 2.2; PAF AI clones: F = 77.2, d/ = 5,24.
P < 0.01; PA61 versus Control: Dunnett's / = 4.0; PA62 versus Control: Dunnett's t = 11.7; PA64 versus Control: Dunnett's t = 7.6; PA65 versus
Control: Dunnett's ; = 14.4. C-PAF AI clones ANOVA: F = 33.7, d / = 2,12, P < 0.01; CP101 versus Control: Dunnett's t = 6.3; CP102 versus Control:
Dunnett's t = 7.7.
fPAF focus clones ANOVA: F = 51.2, d / = 4,19, P < 0.01; PF83 versus Control: Dunnett's t = 11.7; PAF AI clones: F = 5.0, d / = 5,24, P < 0.01;
PA61 versus Control: Dunnett's t = 4.9; PA62 versus Control: Dunnett's t = 2.9; PA64 versus Control: Dunnett's r = 3.1; PA65 versus Control: Dunnett's
t = 2.9; C-PAF AI clones ANOVA: F = 16.9, d / = 2,12, P < 0.01; CP101 versus Control: Dunnett's t = 5.8; CP102 versus Control: Dunnett's t = 3.0.

4 foci, 5 AI colonies and 2 C-PAF-induced AI colonies. Table
II summarizes the results obtained in the four transformation
assays. Cell types in these clones were identified
immunohistochemically; two were epithelial in origin, all others
were fibroblast. The doubling times in DMEM + 10% FCS of
the majority of clones was comparable to untreated RECs, except
for PF-82, PF-83, PF-84 and CP-101. Most of the PAF- and

C-PAF-treated AI clones exhibited significantly altered growth
in low serum and were able to maintain growth in low serum
throughout the 30 days of testing. Saturation density of induced
clones was comparable to untreated cultures in all but two cases
(PA-61 and PA-62), which exhibited a significantly increased
saturation density. Only PAF-treated AI clones demonstrated an
increased ability to form foci compared to untreated RECs. PA-61
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and PA-62 exhibited a very high capacity for focus formation
such that accurate quantification was not possible, although
discrete foci could still be identified. Finally, all PAF- and
C-PAF-induced AI colonies and 1 PAF-induced focus clone
(PF-83) demonstrated a weak but statistically significant AI
phenotype, compared to untreated RECs.

Discussion

Although a correlation between chronic inflammation and
predisposition to cancer in humans has been recognized for many
years, mechanisms underlying this correlation have yet to be
elucidated. The inflammatory milieu is considered to be very
complex. In this report, we have studied the potential of PAF,
a known endogenous inflammatory agent, to affect carcinogenic
processes. Our results provide the first evidence, using
concentrations of PAF that may well be found in vivo at sites
of inflammation, that this agent may contribute to the multi-step
process of malignant transformation. Characteristic phenotypic
traits of transformed cells cultured in vitro include altered
morphology, growth factor independence, increased saturation
density, focus formation and AI growth (for a review, see ref.
38). These in vitro phenotypic traits, most notably AI growth,
are believed to correlate with in vivo tumorigenicity. Treatment
of RECs with PAF for 1 h in medium lacking serum induced
an increase in their ability to (i) form foci, (ii) reach a high
saturation density, (iii) sustain growth under low serum conditions
and (iv) acquire the property of AI growth. In all assays, maximal
effects were observed at 1 x 10~6 M PAF with the exception
of focus formation, which could only be accurately quantified
at a treatment dose of 1 x 10~8 M PAF. At 1 x 10~6 M
PAF, individual foci could not be distinguished from the dense
background of cells. It is noteworthy that 1 X 10~6 M PAF
increased saturation density by ~ 3-fold compared to vehicle-
treated cells. In addition to increasing focus formation and
saturation density, PAF also reduced doubling time of REC in
low serum-containing medium by up to 1.5-fold (PAF
1 x 10~6 M) and increased the length of time cells were able
to sustain growth in low serum from 6 to > 30 days. The most
striking phenotypic change induced by PAF was a dose-dependent
increase in AI growth, since no AI colonies were ever observed
in untreated or vehicle-treated RECs. Our results clearly indicate
that PAF can induce, in early passage rat embryo fibroblast and
epithelial cells, phenotypic alterations characteristic of
malignancy.

The PAF effects we have observed are likely to be receptor-
mediated since the effects follow the known potency of closely
related compounds, C-PAF and fyso-PAF, which were more
potent or inactive respectively. C-PAF increased three of the four
phenotypic properties tested at doses two orders of magnitude
below that seen with PAF. This 'shift to the left' in the
dose-response curve is consistent with the fact that C-PAF is
non-metabolizable and hence capable of stimulating cells for a
longer period of time than the natural ligand (39). However, it
has a lower affinity for the PAF receptor than PAF itself and
does not produce the same magnitude of response as the natural
ligand in other assays (39); this may explain the reduced response
in our assays, compared to PAF. Conversely, no phenotypic
changes were observed after treatment with fyso-PAF, which is
also inactive in other assays. Furthermore, a specific PAF
receptor antagonist, CV3988, attenuated all of the PAF-induced
effects. Taken together, these observations provide strong
evidence that PAF-mediated phenotypic alterations of RECs are
likely to be receptor-mediated.
1294

The biological effects of PAF have been studied in
inflammatory and other cell types. PAF can activate
phospholipase A2, releasing arachidonic acid from the plasma
membrane, which is then metabolized by the lipoxygenase
pathway in granulocytes (40). PAF has also been shown to
activate protein kinase C (28,29) and to induce tyrosine
phosphorylation of a number of proteins in rat Kupffer cells and
human granulocytes (29,30). Although these effects have yet to
be demonstrated in fibroblasts and epithelial cells, murine
fibroblasts are known to respond to PAF by exhibiting calcium
transients (24) and increasing interleukin-6 production (41).
Murine epithelial cells respond to PAF by permitting blastocyst
implantation (42) while a human epidermoid carcinoma cell line
has been shown to increase c-fos and TPA-Inducible Sequence
(TIS-1) mRNA expression (43). The possibility that PAF might
cause the phenotypic alterations we have observed via the
cyclooxygenase pathway of archidonic acid metabolism, protein
kinase C activation, or alterations in tyrosine kinase activity was
investigated by treating RECs with indomethacin, staurosporine
or genestein respectively. Indomethacin blocks the synthesis of
cyclooxygenase metabolites (e.g. prostaglandins) of arachidonic
acid. A lipoxygenase pathway metabolite, 5-hydroxyeicosa-
tetranoic acid, has been demonstrated to cause clastogenic effects
in murine fibroblasts and epithelial cells, contributing to malignant
transformation (44). No highly specific lipoxygenase inhibitors
are available and therefore none were tested. In the present study,
indomethacin inhibited PAF-induced increases in saturation
density and focus formation but failed to alter PAF-induced
growth in low serum or AI growth, suggesting that PAF acts
through multiple pathways and that the anchorage-dependent
phenotypes (focus formation and saturation density) may depend
upon the PAF-induced synthesis of cyclooxygenase metabolites.
Staurosporine, a protein kinase C inhibitor, was ineffective in
altering any PAF-induced effect, providing evidence that a protein
kinase C pathway is not involved. Most notably, a marked
decrease in all of the PAF-induced phenotypic alterations was
seen following pretreatment of RECs with genestein, a putative
tyrosine kinase inhibitor. This observation suggests that stimula-
tion of PAF receptor by its ligand leads to a protein tyrosine
phosphorylation event that is important in PAF-mediated trans-
formation of RECs.

The altered phenotypic properties induced in RECs by the 1 h
treatment with PAF were not genetically stable. When PAF-
transformed foci were isolated and re-assayed (in the absence
of further PAF treatment), the clones demonstrated neither
increased focus forming ability nor increased saturation density
compared to control cells, and exhibited only a modest increase
in growth in low serum and occasional AI growth. PAF-
transformed AI colonies, however, retained more transformed
properties upon re-testing, such as markedly enhanced focus
formation and growth in low serum; to a lesser degree, they also
exhibited AI growth. It appears that some relatively stable
epigenetic event has occurred as the result of PAF treatment.
When second generation AI colonies (derived from the original
PAF-induced AI clones) were re-tested for phenotypic trans-
formation, they exhibited a substantial increase in all the
phenotypic properties tested, including AI growth (data not
shown). Our results demonstrate that exposure to PAF is able
to induce malignant transformation-like changes in RECs and thus
is a potentially important endogenous factor in the process of
tumourigenesis. The reason(s) for the apparent lack of stability
of these changes remains uncertain.

In summary, the present study provides the first evidence that
administration of die endogenous inflammatory agent, PAF,
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causes malignant transformation of rodent cells in culture.
Inhibition of these phenotypic changes by genestein is evidence
that protein tyrosine phosphorylation may be important in this
process. Differential inhibition of two of the four measures of
transformation by indomethacin is evidence that cyclooxygenase
products play a role in the development of the 'anchorage-
dependent' phenotypes. Our findings suggest that PAF, released
by activated phagocytic cells in and around areas of chronic
inflammation, may be an important contributor to tumour pro-
gression.
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