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Over the past decade a variety of 3-dimensional
(3D) prostate cultures were developed as a result
of improved methods of cultivation [1]. One of

the most used methods was derived from the
advances in microgravity produced by NASA lab-
oratories to cultivate animal cells and especially
cancer cells in simulated microgravity for pro-
longed periods of time. Rotating wall vessels
(RWV) developed in these laboratories created a
tissue culture system that more faithfully modeled
solid tumors as self-assembly into multi-cellular
spheroids with highly organized in vitro struc-
tures with in vivo like fidelity [2].

*Correspondence to: Sanda CLEJAN, Ph.D.
Department of Pathology & Laboratory Medicine, 
Tulane University Health Science Center, 
1430 Tulane Ave., SL 79, New Orleans, LA 70112-2699, USA
Phone:  (504) 586-3865, Fax:  (504) 587-7389
E-mail:  sclejan@tulane.edu

Introduction

Abstract

The high aspect rotating-wall vessel (HARV) was designed to cultivate cells in an environment that simulate micro-
gravity. We studied previously the effects of HARV cultivation on DU-145 human prostate carcinoma cells. We
determined that HARV cultivation produced a less aggressive, slower growing, less proliferative, more differenti-
ated and less pliant cell than other cell cultivation methods. The result was a 3-dimensional (3D) growth model of
prostate cancer which mimics in vivo tissue growth. This work examines the signal transduction-second messenger
pathways existing temporarily in these HARV cells and correlates these features with the special properties in
growth and 3D spheroid formation. We found an initial very active ceramide, a diacylglycerol increase together with
increases in PI-PLC and PLA2 a central defect in PLD (no phosphatic acid or phosphatidylethanol at any time dur-
ing 15 days of HARV cultivation). There is a cross-talk between ceramide and PI3K pathways with activation of
PI3K, after 6 days of HARV growth concomitant with down-regulation of ceramide. At this time, there is also an
increase of cAMP (seen by increases in arachidonic acid). Taken together these results can explain the 3D organoid-
like growth. We therefore developed a model for growth in HARV prostate cancer cells which involve temporal
"switches" between second messengers, activation and cross-talk between multiplicity of signaling pathways and a
central defect in PLD pathways. Essential to the late slow growth, and 3D organotypic formation are the apoptotic,
anti-survival, anti-proliferation and differentiation pathways in the first days of HARV, with growth of "new" dif-
ferent types of prostate cancer cells which set-up for later "switch" in ceramide-PI3K to survival and proliferation.



Our laboratory previously showed that RWV
cultures of DU-145 human prostate carcinoma
cells, an androgen independent cell line, were more
placid in terms of cell cycle, more differentiated
and less pliant than transwell (T. Well) [3]. We then
demonstrated that changes in the extent of turbu-
lence and 3D growth contributed to differences in
culture performance due to cell-cell and cell-matrix
interactions as well as the development of rich
interstitial fluid containing growth factors and other
biological effectors. We characterized select regula-
tory and matrix proteins in the high aspect rotating-
wall vessel (HARV). For HARV cultures, 3D
growth and doubling times were three and 1.5
greater, respectively than for T. Well cultures. By
day 17, the ratio of staining intensity for the HARV
to that for the T. Well was 0.15 for the epidermal
growth factor (EGF), 0.52 for EGF receptor, 1.2 for
transforming growth factor (TGFβ), 0.52 for EGF
receptor, and 0.17 for TGF-β receptor, also 3.7 for
collagen and 2.4 for laminin. These differences
were mediated in part through EGF and TGF-β,
autocrine loops and cell-cell interactions [4].

Because many of the growth factors and adhe-
sion molecules are linked to intracellular signaling
pathways, particular types of growth factors help
create the local environmental that determine how a
cell will respond to additional signaling molecules
and agents [5]. Growth factors changes related to
signal transduction help analyze parameters such as
differentiation, growth, necrosis, apoptosis, and
metastasis [6]. In this paper, we decided to look at
some essential initial events in the HARV cells as
compared to T. Well, specifically generation of lipid
second messengers and the hydrolysis of phospho-
lipids by signaling phospholipases and sphin-
gomyelinases and the activation of membrane asso-
ciated protein kinases.

Materials and methods

Cultivation - DU-145 (ATCC HTB 81, Rockville, MD)
were propagated at 37°C, 95% relative humidity and 5%
C02 in GTSF-2 medium at pH 7.4 containing 7% fetal
bovine serum. Two chambers were used for cultivation:
a 50-ml RWV (Synthecon, Houston, TX) called the high
aspect rotating-wall vessel (HARV) which was com-
pletely filled with medium and has efficient 02/C02
exchange, and 4.7 cm2 Transwell-Clear 3450 porous

inserts within a six-well plate (Corning Costar,
Cambridge, MA). In the HARV, attachment-dependent
DU-145 cells were grown on Cytodex-3 beads (Sigma,
St. Louis, MO) at a seeding of five viable cells/bead.
The HARV was mixed at 15 rpm. For all chambers, cells
were fed to maintain the glucose concentration between
50 and 130 mg/dl, and pH between 7.0 and 7.4 [4].

Experimental design

In our characterization of HARV cultures of DU-145
cells, the T. Well insert served as control vessel. In T.
Well insert, DU-145 cells grew on a flat surface cov-
ered with a static layer of medium. This is the typical
mode of growth for prostatic cell cultures. As described
in our earlier publications HARV cultivation is charac-
terized by end-over-end mixing, bubble-free aeration
and solid-body rotation [2]. With these design features,
the total hydrodynamic forces acting on a unit area of
cell surface in the HARV are estimated to be only 0.2
dyne/cm2. For each time of culture (2-14 days), 3 HARV
chambers were used, each with the specific radioactive
material for the analysis of respectively DAG,
ceramide, PA, PEt, choline, AA and cAMP. Aliquots
were taken for protein or number of cells measurements
as described [2]. The chambers were then discarded and
new ones were prepared for longer time points. A pho-
tograph of HARV can be found in one of our earlier
publications [2].

Determination of diacylglycerol (DAG) levels –
Cellular lipids were extracted as described by Clejan [7].
To eliminate acyl migration of DAG we dried all lipid
samples under N2 in polypropylene vials (poly Q scintil-
lation vials or microfuge tubes; these vials do not release
plasticizers when exposed to chloroform/methanol). 1 ml
of chloroform was added to the bottom layer, and the
solution was then filtered through glass wool in a Pasteur
pipette. The collected eluate was evaporated under N2 at
room temperature redissolved in 0.5 ml chloroform, and
applied to a 0.5 ml silicic acid column. Neutral lipids
were eluted and chromatography was performed as
described previously [7]. The standard used was 1,2-
DAG (either dipalmitoyglycerol, dioleoyglycerol or 1-
stearoyl-2-arachidonyl-sn-glycerol gave the same stan-
dard curve, confirming that this quantitation does not
discriminate between lipids based on the number and/or
location of double bonds). The detector output was chan-
neled into an analog/digital converter and stored in a
computer. Integration of peaks was performed with a
CPLOT system.

Ceramide Analysis - Ceramide was quantified by
the DAG kinase assay as 32P-incorporated upon phos-
phorylation of ceramide to ceramide 1-phosphate by
DAG kinase as described previously [8]. During initial
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examination of measured ceramide levels we used both
DAG kinase assay and high pressure liquid chromato-
graphic analysis. These studies were in agreement with
the recent publication of Garzotto et al, [9] which
demonstrated a linear correlation between ceramide gene-
ration measured by high pressure liquid chromatography
and DAG kinase assay.

Thin-layer chromatography (TLC) of Phosphatidic
Acid (PA) was previously described [10].

HPLC of Phospholipids and PA – Were described
previously [11]. Quantitation of PA mass after HPLC
was done by a rapid, high sensitive (about 24 OD
units/mmol PA) method using complexation with the dye
VB. Recovery of added PA was 96%, better than that
with TLC methods.

Transphosphatidylation experiments for demonstra-
tion of PLD activation - To determine activity of PLD,
the transphosphatidylation reaction product, phos-
phatidylethanol (PEt), was measured. PLD catalyzes the
transphosphatidylation reaction in the presence of
ethanol preferentially to hydrolysis. Cells were prela-
beled with [3H]-myristic acid (1 µCi/ml) for 8 h, and
chased in isotope-free medium for 1 h. The lipids from
washed cell were extracted by a short-bed/continuous
development (SB/CD) TLC using a SB/CD chamber
(Regis Chemical Co., Morton Grove, IL) on unmodified
silica gel G plates. Cellular PA and PEt were resolved
using position 5 on the SB/CD chamber for 50 min. and
a solvent system of benzene:chloroform:pyridine:
formic acid (45:38:4:2.2, v/v) [11]. 

Extraction and Analysis of [3H] Choline Labeled
Cells - was described previously [10]. 

Radioreceptor assay for inositol trisphosphate (IP3) -
was described previously [10].

Analysis of Phosphoinositides - HARV and T. Well
cells were labeled with [3H] inositol (New England
Nuclear, 5-10 µCi/mL, 15 Ci/mM). After 24h of label-
ing, the cells were placed in a serum-free medium and
incubated for an additional 24h. The cells were then
harvested in 0.1% HCl in methanol and chloroform was
added to separate the phases. The aqueous phase was
dried by roto-evaporation and the lipids were deacylat-
ed with methylamine reagent (as described previously)
[11]. Unbound material was collected and dried by
roto-evaporation, resuspended in 10 mM (NH4)2HPO4
(pH 3.8), and analyzed by HPLC as described by Clejan
[5], with a Partisphere Sax column (Whatman) and a
gradient from 0 to 1.0M (NH4)2HPO4 (pH 3.8) over
120 min. Dual pumps were used to establish the gradi-
ent. A second gradient to increase separation of IP3 was
done as described [11]. Eluates from the HPLC column
flowed into a continuous flow scintillation detector, and
isotope detection data was transmitted to a Power
Macintosh 620 for further analysis.

Analysis of molecular species of DAG, PA, and
Phospholipids - Extracts of DAG were incubated with 3,5-
dinitrobenzoyl chloride in dry pyridine at 60°C for 10 min,
and the mixture was extracted with n-hexane. Butylated
hydroxytoluene (10µg) was added to the 2-ml hexane
extracts for storage under N2 prior to HPLC. HPLC was
performed as described previously by Clejan [12]. Peaks
were identified when possible by reference to published
relative retention times [12] using a 16:0, 22:6 FA.
Phospholipids (PC, PE, and PI) were separated and puri-
fied as described previously [14]. PC, PE, PI were sepa-
rated into molecular species on a 4.6 X 250 mm
Ultrasphere ODS column (Altex Scientific, Inc., Berkley,
CA). PC, PE, and PI were eluted with 20 mM choline in
methanol:water:acetonitrile (90.5:7:2.5, v/v), at flow rate
of 2.0 ml/min. PC and PE were applied to the column in
50-100 µl of ethanol and PI in 10-20 µl of chloroform.
The recoveries of PI, PE and PC were 93.5 to 103%.
Likewise, the coefficient of variation of intra- and interas-
says was below 10% for PE, PC and PI. Within any class
of phospholipid, the order of elution of molecular species
was constant and entirely dependent on the composition
of the component fatty acids. That is, the relative reten-
tion time of any particular molecular species was the
same in all of the phospholipid classes studied [14].

Analysis of molecular species of ceramide and sphin-
gomyelin (SM) was described previously [13]. 

PI3-kinase methods were performed as described by
Susa et al [15]. For preparation of total cell extracts 0.5
mL of Nonidet P-40 extraction buffer (25 mM Tris, pH
7.4, 10% glycerol, 1% Nonidet P-40, 50mM NaF, 10 mM
sodium pyrophosphate, and protease inhibitors leupeptin
and pepstatin at 10 µg/mL and apoprotonin at 5 µg/mL)
were added to each plate. Cells were left on ice for 5 min.,
and vortexed for 10 min., spun in a microcentrifuge for 6
min. at 15,000 g, and the total cell extracts from the super-
natant aliquoted, frozen in liquid N2 and stored at -80°C.
Cell homogenates were spun in the microcentrifuge for 10
min. The reaction was started by addition of [γ-32P] adeno-
sine triphosphate (New England Nuclear) at a final con-
centration of 150 mM (4 mCi/nmol) in a total volume of
50 mL. Incubation was at 37°C for 20 min. Reactions
were stopped with 100 mL of 1 M HCl:methanol (1:1,
v/v), and phospholipids were extracted twice with the
same volume of chloroform. 32P-Labeled phosphatidyli-
nositol (PI) phosphates were resolved by thin-layer chro-
matography in a solvent system containing water:acetic
acid:n-propanol (34:1:65, v/v), detected by autoradiogra-
phy, and 32P incorporation was quantified by liquid scin-
tillation counting as described previously [5].

Western Blotting for p85 - Protein (60 mg) obtained
from HARV and T. Well was resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
(10% acrylamide 0.06% N, N-methylene-bis-acrylamide)
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and blotted to polyvinylidene difluoride Millipore mem-
brane using a Bio-Rad Mini Trans-Blot-transfer cell. The
membrane was blocked with 5% skimmed milk in TTBS
buffer (20 mM Tris, pH 7.4, 100 mM NaCl, and 0.05%
Tween-20), and incubated with anti-p85 rabbit antiserum
(Upstate Biotechnology, 1:1000 in 1% BSA, TTBS)
overnight at room temperature. The blot was washed three
times with TTBS and the p85 band was visualized by
incubation with I125-protein A (New England Nuclear) in
1% BSA, TTBS (130 nCi/mL) for 2h at room temperature
and autoradiography. p85 was quantitated by in situ den-
sitometry with a Phosphor Imager (Molecular Dynamics)
as described previously [5].

Arachidonic Acid (AA) Release - Cells were labeled
by pre-incubation with 1 µCi of the [14C] AA per 0.75 X
105 cells in GTSF medium for 24 h at 37°C. Cells were
washed three times with 20 ml 0.2% bovine serum albu-
min to remove free radioactivity. Following this, 2 ml of
GTSF was added to HARV and T. Well separate cell cul-
tures and incubated at 37°C. 50-µl aliquots of incubation
media were removed for time-course evaluation of
release of [14C] AA, and radioactivity was measured in
EcoLite Biodegradable scintillant (ICN, Irvine, CA). 

cAMP measurements – DU-145 cells from HARV and
T. Well were cultured to subconfluence in polylysine-
coated six-well culture plates. The attached cells were
washed and pre-incubated for 2h in a serum-free basal
medium (serum- and bicarbonate-free RPMI-1640 medi-
um containing 10 mM HEPES, pH 7.4; 0.3% BSA; 280
µg/ml bacitracin; and 10 µg/ml gentamicin), washed and
treated in the presence of 10 µM 3-isobutyl-1-methylxan-
thing for 10 min at 37°C. Each treatment was performed
in triplicate. At the end of the incubation, medium was
placed with 1 ml sodium acetate buffer (pH 4.8) and the
cells were frozen at -80°C, thawed, scraped and trans-
ferred to a 1.5 ml tube. The cell lysates were frozen again,
thawed, and centrifuged at 4°C to remove insoluble mate-
rials, and the supernatants were stored frozen until the
cAMP contents were analyzed by RIA. The cAMP RIA
used [125I] 2’ -Ο-monosuccinyl-cAMP tyrosylmethyl ester
as a tracer, and anti-cAMP rabbit serum was purchased
from Biomedical Technologies (Boston, MA). The lower
limit of detection for the assay was 0.08 pmol/ml, and the
intraassay coefficient of variation among controls was less
than 6%. Each was analyzed in duplicate, and all samples
from each experiment were analyzed in a single assay to
avoid interassay variations. 

Results

We first analyzed the time course of activation of sec-
ond messenger DAG, which is the endogenous acti-
vator of PKC (Fig. 1A) DAG levels peaked in HARV

cultures at 2 days with a 360% increase as compared
to control levels. In contrast, DAG increase in T. Well
cultures was observed only at day 6 and 8, was more
gradual with a maximum of 300% increase compared
with control levels. Different curves for activation of
the second messenger ceramide were observed (Fig.
1B). In the three experiments, the levels of ceramide
varied from one experiment to the other, but the same
trend was observed independent of the very different
initial levels. Probably subtle changes in feeding
(e.g., glucose) and O2 account for this phenomenon.
T. Well cultures were having near constant levels of
ceramide with very gradual increases to day 4, and a
similar level (14.8 ng/mg protein) to HARV cultures
at day 12 of culture. HARV cultures showed
ceramide levels to increase from day 2 to day 6 with
a peak 165% higher than T. Well cells, and with a
sustained decrease from day 6 to day 12 to the levels
in T. Well cultures.

In this study, PA was measured by both TLC and
HPLC. PA levels were very low in all HARV timed
cultures. In contrast, T. Well cultures showed a
maximum PA at day 6, with a gradual decrease but
still increased levels above control, even at day 14.
In order to determine if PLD was responsible for
conversion of phospholipids to PA and DAG, the
transphosphatidylation reaction with ethanol and
measurements of [3H] PEt were performed (Fig.
2B). As expected from the results with PA, the
HARV cultured cells showed no PEt, whereas T.
Well cultured cells showed a maximum increase in
PEt at 6 and 8 days. The shape of the decreasing
curve in PEt (days 10-14) was similar to the PA
curve, suggesting PEt is generated at the expense of
PA and PLD is active in T. Well cultured cells, but
not in HARV cells. In T. Well cultured cells,
propanolol treatment enhanced the accumulation of
PA and inhibited the formation of DAG (results not
shown) in cultures at days 4 to 6, indicating also an
active PA-phosphohydrolase in these cells.

HARV cultured cells labeled with [3H] choline
confirmed no activity of PLD by showing no
increase in [3H] choline, only an increase in [3H]
phosphocholine (Table1). The increase in phospho-
choline followed the same temporal pathway as the
DAG. In contrast, T. Well cultured cells have first
increased [3H] choline at days 2, 4 and 6 and the
increase in phosphocholine at days 8 and 10, show-
ing the presence of both PLD and PLC. 
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In order to understand if early DAG increase in
HARV cultured cells was due at least in part to PI-
PLC, time dependent production of IP3 (1,4,5) was
measured by radio-receptor assay (Table 2). IP3
levels in HARV cultured cells rose rapidly at 2 days
and fell as rapidly to non-measurable levels. In con-
trast, T. Well cultured cells rose slightly at days 2 to
4, and gradually increased to day 10.

Typical elution profile of radio-labeled inositol
metabolites from anion exchange HPLC (Table 3)
showed effects for HARV cultured cells at the 2

days also, with increased IP3 (1,4,5) levels and PIP2
decrease, consistent with PI-PLC activity. The most
dramatic changes were apparent in PIP3 (3,4,5)
which were not detected at all at time 0-4 days of
culture, but increased slowly thereafter to day 12.
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Fig. 1   Time course of: A) DAG and B) ceramide for-
mation with HARV and T. Well          cells. Lipids
were extracted at indicated times. Three experiments
were performed in triplicate and the mean ± SD was
determined for DAG.  The best fit data as polynomial
third order was determined for ceramide. Fig. 2   Changes in lipid second messenger PA (A) and

formation of [3H] PEt in the presence of ethanol (B) with
HARV and T. Well         cells.  Cells were pre-
labeled with [3H] myristic acid as described in section 2
in the presence and absence of ethanol.  Lipids were
extracted and [3H] PA and [3H] PEt determined.  Three
separate experiments in triplicate and the mean ± SD was
determined.
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A very small trace of PIP3 (3,4,5) was seen con-
stantly in cultured T. Well cells (results not shown).
These elution profiles suggested a low PI3 kinase
activity in T. Well cultures and an increase in such
activity in HARV cultured cells only at 10 days of
culture. Since the analysis of levels of phospho-
inositides in cells require large amounts of radio
labels, and since the HPLC quantitation of the lipids
was variable between separate experiments, we
used a PI3 kinase assay which measured functional
kinase activity directly on cell extracts. 

Directly assayed PI3 kinase activity (Fig. 3B)
showed exactly the same behavior as p85 protein

measured by immunoassay Western blot (Fig. 3A):
mostly constant levels in T. Well cultured cells
independent of time of culture in both PI3 kinase
and p85 protein, and low p85 to very low PI3 kinase
levels in the first days of culture (0-6 days) with a
burst of increase late (10-12 days). Thus, the
decrease or increase in p85 maybe precisely corre-
lated with PI3 kinase activity. 

In an attempt to better understand the temporal
increase in DAG in HARV and T. Well cultured
cells, and increases in PA in T. Well cultured cells
and the nature of the hydrolysis of phospholipids by
phospholipases, an analysis of molecular species of
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Culture Time PI3 Levels 

(days) (pmols/106 cells) 

 HARV T. Well 

0 18.4 + 2.6 14.6 + 3.2 

2 52.2 + 4.3 17.4 + 1.9 

4 18.0 + 3.0 20.2 + 2.6 

6 10.4 + 2.2 24.8 + 3.0 

8 -- 29.9 + 2.4 

10 -- 33.5 + 4.2 

12 -- 32.0 + 3.4 

14 -- 29.8 + 4.0 

Culture Time 
(days) 

[3H] Choline 
cpm/ 

[3H] Phosphocholine 
106 cells 

 H TW H TW 

0 1110 + 78 1096 + 112 684 + 92 592 + 11 

2 1096 + 82 6820 + 128 9384 + 68 638 + 122 

4 1140 + 112 7372 + 105 1070 + 112 700 + 139 

6 1044 + 98 8020 + 164 680 + 102 626 + 104 

8 1034 + 148 1130 + 98 708 + 86 5426 + 8 

10 1200 + 140 1162 + 82 690 + 90 6104 + 10 

12 1124 + 126 1204 + 108 684 + 88 1830 + 12 

14 1096 + 88 1188 + 78 650 + 114 696 + 13 

Table 1 Temporal effect of culture conditions on IP3 accumulation in HARV and T. Well grown cells.

Table 2 [3H] Choline and [3H] Phosphocholine release by HARV and T. Well grown cells.



PC, PE, PI and DAG (Table 4) or PA and phospho-
lipids (Table 5) were made by HPLC and TLC. We
identified only 7 species of DAG and PA, which
increased non-uniformly from a total of 18 molecu-
lar species existent in DU-145 cells. We found
decreases of more than 1% in molecular species of
phospholipids, mostly PI and PC, and to smaller
extent, PE. The DAG molecular species 16:0, 20:4;
16:0, 18:2; 18:1, 18:2; 18:0, 22:6 and 18:0, 20:4
which were increased in HARV cultured cells, cor-
responded mostly to decreases in PI. Only the 16:0,
18:2 pair showed a more pronounced increase in
PC. The source of fatty acid at the time of maxi-
mum increase in DAG in T. Well cultured cells

changed markedly with more increase in PC molec-
ular species than PI molecular species, and no
change in PE (Table 4). The increase in PA molecu-
lar species (Table 5), which was observed only in T.
Well cultured cells and not in HARV, showed fewer
changes in the number of molecular species (only 3)
and these changes correspond to more pronounced
decreases in PI than PC.
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Fig. 3   Effects of growth conditions on p85 protein (A)
and PI3K activity (B). HARV cells          and  T. Well
cells         .

Fig. 4   Time dependent release of [14C] AA (A) and
cAMP (B). HARV and T. Well          .
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As the total ceramide temporal release was very
different in HARV grown cells compared with T.
Well grown cells, and as there are different agents
to induce hydrolysis of sphingomyelin (SM) by a
sphingomyelinase (SMase) with the final effect of
induction of cell differentiation and/or apoptotic
death, an accurate and simultaneous determination
of molecular species of both SM and ceramide was
important. Table 4 shows the major FA composition
first and the long chain base composition second.
Only three different molecular species were show-
ing major changes with an increase in ceramide and
proportional decreases in SM with temporal change

at 2 and 6 days of HARV culture. The first chain in
these changed FA is saturated (16:0 or 18:0) and
unusually one monounsaturated long chain (24:1).
The only sphingoid base presented in all 3 molecu-
lar species is C 18-sphinganine (18:1) base.

Activation of PLA2 and AA release and metabo-
lism are important mechanisms of signaling in pro-
static adenocarcinomas. DU-145 prostate epithelial
cells from HARV cultures (Fig. 4A) showed a grad-
ual increase in the rate of release of [14C] AA at 2-
10 days of culture and a subsequent sustained high-
er release over the 10-14 days of culture. In con-
trast, the T. Well grown cells had a biphasic increase
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Table 3 Typical elution profile from anion-exchange HPLC analysis of deacylated and deglycerated [3H] Inositol-
labeled lipids of HARV cultured cells.

Culture Time 
(days) 

IP2 PIP2 IP3 (1,3,4) 
cpm 

IP3 (1,4,5) PIP3 (3,4,5) 

0 506 1860 1200 984 639 

2 492 960 1508 4128 474 

4 510 986 1636 1062 396 

6 484 890 1222 966 636 

8 463 928 1193 960 2480 

10 477 938 1162 976 3726 

12 492 910 1175 943 4543 

14 500 922 1100 950 2430 

Molecular Species Mole % Change 

 HARV/2 days T. Well/10 days 

 DAG PC PI PE DAG PC PI PE 

16:0, 20:4 +2.2 -1.0 -1.8  +3.1 -2.4 -- -1.0 

16:0, 18:2 +2.4 -3.6 -3.0  +1.0 -1.6 -- -- 

18:1, 18:2 +2.4 -- -3.8  -- -- -- -- 

18:0, 22:6 +2.2 -- 1.8  +2.6 -- -2.0 -- 

18:0, 20:4 +3.4 -1.5 -4.6 -1.2 +3.0 -2.6 -- -0.8 

18:0, 18:1 -- -- -- -- +1.6 -1.3 -- -- 

Table 4 Changes in the molecular species of DAG and phospholipids in HARV and T. Well cultured cells, at the
maximum increase in total DAG (2 and 10 days respectively).



in the rate of release peaking at 2 days, followed by
re-uptake of radioactivity at 4-6 days and a smaller
peak at 12 days. As the DU-145 prostate carcinoma
cells express, focal neuroendocrine differentiation
which is partially mediated through cAMP activa-
tion of signaling mechanisms, we measured cAMP
in both HARV and T. Well grown cultures. Fig. 4B
shows a continuous increase in the cAMP generat-
ed by HARV grown cells with the maximum at day
12, whereas T. Well grown cells showed a 90%
increase of cAMP at day 6, and a sharp decrease
thereafter.

Discussion

We have developed two cell models of prostate can-
cer with which to compare and investigate the
molecular basis of highly organized 3D-structure,
self-aggregation, cell proliferation and differentiat-
ed function [2]. Both models are cultures of DU-
145 human prostate carcinoma cells: one is grown
as tissue-like spheroids; the other, as a cellular
bilayer. The spheroids behave as well-differentiated

solid tumors, while the bilayer behaves as an
aggressive invading tumor margin. The spheroids
are more differentiated, are slower growing, have
greater cytoskeletal and extracellular organization,
and have far different staining intensities for
autocrine growth factors and their receptors [4].

In this study, we are using the spheroid/bilayer
system to investigate during physiological stimula-
tion, the signal transduction associated with the
lipid second messengers AA, DAG, PA, ceramide
and phospholipase A2 (PLA2), phospholipase C
(PLC), phospholipase D(PLD), PI3 kinase (PI3K),
SMase and cAMP. Our aim was to determine the
early signal transduction pathways without supple-
mentation of the culture medium with additional
hormones or growth factors. This was based on our
previous studies which implied at least EGF and
TGF-β autocrine growth factor regulation mediated
HARV-induce changes [4]. The expression of TGF
receptor and ligand in both HARV and T. Well, the
increased activity of TGF in HARV and EGF in T.
Well culture, made us try to map the early signal
transduction pathways without additional supple-
mentation of what the fetal calf serum contained.
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Molecular Species Mole % Change 

 2 days 6 days 

 SM CER SM CER 

16:0, 18:1 -1.6 +0.6 -2.5 +5.2 

18:0, 18:1 -3.8 +4.0 -3.0 +5.4 

24:1, 18:1 -2.6 +3.3 -4.0 +2.8 

Table 6 Changes in the molecular species of ceramide and sphingomyelin in HARV at 2 and 6 days of culture.

Molecular Species Mole % Change 

 PA PI PC 

18:0, 20:4 +3.0 -2.5 -1.1 

18:0, 18:1 +2.8 -3.0   -- 

18:1, 20:4 +4.2 -2.6 -1.8 

Table 5 Changes in the molecular species of PA and phospholipids in T. Wells cultured cells at maximum increase
in total PA



We also correlated the different signal transduction
pathways with the temporal increase or decrease in
growth, proliferation, invasiveness, differentiation
(morphologic and neuroendocrine), apoptosis and
necrosis. 

We found a multiplicity of pathways involved, a
highly redundant system of cell regulation, charac-
teristic cross-talk between different second messen-
gers which shedded light on the 3D-structure of
spheroids.

The increase in DAG, which occurs within the
first 2 days of HARV culture (Fig. 1A), was coinci-
dent within an increase in IP3 production (Table 1).
Examination of HARV individual molecular
species of DAG and phospholipids revealed a selec-
tive increase in PI-derived DAG (Table 4) and very
little increase in PC-derived DAG. The reverse is
true for T. Well cultured cells at maximum increase
in DAG (8 and 10 days), where most DAG was
derived from PC than PI molecular species. Thus,
PI is a major source of DAG in HARV, and PI3
increase showed an active PI-PLC in HARV culture
immediately after initiation of HARV culture. Some
but more limited PLC hydrolysis is produced from
PC as shown by the decrease in PC molecular
species and also in an increase of phosphocholine at
2 days of culture (Table 2). In T. Well cultures, most
the of the increase in DAG (days 8 and 10) is due to
hydrolysis of PC by PLC, although some PI-PLC
activity is available to the cells, shown by some
small increase in IP3 and decrease in 1 molecular
species of PC [Table 4]. Therefore, the preferential
pathway involves PI-PLC in HARV, but PC-PLC in
T. Well culture. Examination of the temporal effects
of culture conditions on both PA levels and PEt after
transphosphatidylation [Figs. 2A and B] showed, at
no time during culture, any increase in HARV ,
either in PA or PEt. Thus, no activation of PLD was
seen. The production of PEt in T. Wells cultured
cells corresponding to increase in PA at 6 and 8
days suggest an activation of PLD, albeit later in
these cells. Thus, in HARV cultured cells, a defect
in central signal transduction pathways were traced
to a defect in an upstream target-PLD. Also, in T.
Well cultured cells DAG produced at day 10 was
due to a PLD - PA phosphohydrolase pathway as
confirmed by the measurement of PA and DAG in
the presence of propanolol an inhibitor of PA phos-
phohydrolase. Therefore, in T. Well cells most PA

may be generated through PLDs through an active
PA-phosphohydrolase and active PLD. In T. Well
cells, PLD is demonstrated also by the increase in
choline, especially at day 6 of culture. Also through
an increase in phospholine (day 10) and the changes
in molecular species of PC, a PC-PLC is active
albeit later than in T. Well cell cultures. Moreover,
IP3 [Table 3] increase in T. Well cells demonstrates
also an active PI-PLC, at least later (days 8-10). So,
the picture in T. Well grown cells shows: 1) a mul-
tiplicity of pathways; 2) increased cross-talk
between DAG and PA, PI-PLC and PC-PLC and
PC-PLD. The mechanism of inhibition of some of
these pathways, especially PLD in HARV cells may
be due to the presence of a dominant inhibitor of
PLD and/or HARV grown cells may be missing the
ADP ribosilation factor [8]. More probable our
results confirm the presence of such an inhibitor in
HARV [11]. Indeed the activation of ceramide is
very different in HARV than in T. Well [Fig. 1B].
The increase in ceramide compared to T. Well is
seen at initiation of the culture and continues with a
peak to 6 days. Only on day 12, does HARV have
the same low ceramide level as T. Well grown cells,
but then the ceramide increased again in HARV.
Thus, in HARV ceramide produced a growth arrest
effect and mediated apoptosis early, and then later
induced differentiation. The cross-talk between
ceramide pathway and DAG cycle increased the
complexity of signaling pathways leading to late
proliferation and additional sites of regulation.
Changes in the molecular species of ceramide in
HARV at different ages of culture are in themselves
interesting with a preponderance of monounsaturat-
ed 18:1 species (sphinganine) present in the sphin-
goid base, and only three FA long chain (16:0, 18:0
and 24:1) present. The most peculiar feature is the
relative high proposition of 24:1, 18:1 pair, which
increase in ceramide and decrease in sphingomyelin
in DU-145 HARV-grown cells and increase with
age of the culture also in DMSO treated neuroblas-
toma NIE-115 cells [16]. Also, in this cell model
18:0, 18:1 ceramide molecular species increased
with morphological differentiation.

PI3K has emerged as a critical signaling mole-
cule that regulates multiple cellular processes
including survival and proliferation in numerous
systems. PI3K is composed of regulatory p85 sub-
unit and a catalytic p110 subunit that as an active
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complex phosphorylate the 3-ring position of PI-
4,5-bisphosphate to generate PI-3,4,5-triphosphate
(PIP3) [17]. Downstream targets activated subse-
quent to PIP3 include PKC isoforms, JNK, Ras,
p70 S6 kinase, Rac, and PKB/Akt of which
PKB/Akt has been implicated as an intermediate
in PI3K generated survival signals. Known activa-
tors of PI3K, including the peptide hormones
PDGF, NGF, and IGF-1 as well as PMA act as sur-
vival factors suppressing apoptosis induced by a
number of agents [18-21]. Additionally, transfec-
tion of cells with constitutively active PI3K or Akt
results in inhibition of apoptosis induced by c-
Myc, UV radiation, TGF-β as well as Fas [15-21].
PI3K activation of Akt/PKB and subsequent phos-
phorylation of Bad suggests one mechanism by
which PI3K signaling acts to suppress apoptosis
[22-24]. However, others [25] have demonstrated
PKB/Akt survival signaling can occur independ-
ently of Bad phosphorylation, suggesting that the
PI3K survival signal may target multiple compo-
nents of the apoptotic cascade. Recently, ceramide
has been shown to suppress Akt/PKB and its sur-
vival signaling suggesting cross-talk between
these two pathways [17, 26-28]. Based upon this
information, we examined both the ability of a
PI3K signal to suppress apoptosis as well as the
coordinate cross-regulation between the PI3K and
ceramide pathways in HARV. Such cross-talk
between PI3K and sphingomyelinase pathways as
a mechanism for cell survival/death decision was
demonstrated by us in a breast cancer cell line
MCF-7 [6]. We detected first in HARV grown
cells, a decrease in PIP3 [2-4 days] with a gradual
increase (days 6-10) [Table 3]. This was con-
firmed by both measurements of PI3K and p85
(Fig. 3A and B). This behavior of PI3K thus acti-
vates survival signaling intermediates in HARV at
a very specific time of growth. The importance of
ceramide as an early intermediate for cell death
signaling and the suppression of ceramide genera-
tion by PI3K regulation was previously demon-
strated in other cell types [5, 6, 16, 29]. We sug-
gest that molecular suppression of the PI3K cas-
cade occurs in HARV grown-cells in early phases
(2, 4, 6 days) either through direct regulation of
the duration of SMase activation or at levels

occurring subsequent to the generation of
ceramide. PGF-induced ceramide levels is sugges-
tive of additional signaling pathway in addition to
PI3 kinase-like PI-PLC, but no PLD. Thus, these
results suggest that the regulation of ceramide
levels within HARV-cells may be dependent both
on activation of cell stress and apoptotic inducers,
as well as through survival factors activating neg-
ative regulatory pathways that keep ceramide
levels in check. We propose that ceramide acting
as a cellular stress response intermediate alone, is
insufficient to induce apoptosis in HARV.

This is consistent with the suggestion that PGF-
induced apoptosis occurs primarily through a
TNFR1-TRADD-Fas-associated death domain-cas-
pase activation [6]. However with the suppression
of PI3K, the prolonged and enhanced ceramide sig-
nal is capable of functioning to promote apoptosis.
In contrast, overactivation of the PI3K pathway
suppressed the ceramide signal thereby facilitating
cell survival. It is therefore interesting to speculate
that it is the relative balance between these two
early lipid signaling pathways that in part deter-
mines the outcome of cell survival/death decisions
and ultimately 3D growth in HARV.

Given the convincing role of ceramide in numer-
ous cellular processes as a stress signal mediator
and the role of PI3K in cell survival and prolifera-
tion decisions we propose a more universal role for
these two signals as a part of the cellular machinery
which regulates early lipid signaling events, the
output of which determines the fate of the cell, and
in HARV cells, the fate and extent of 3D growth. 

The study of AA and cAMP in HARV-compared
with T. Well-grown cells (Fig. 4A, B) add an addi-
tional level of cross-talk probably responsible for
the fine-tuning of 3D growth. Ecosanoids, a pletho-
ra of chemically different metabolites arising from
the oxidation of AA, constitute an important family
of regulators of signal transduction in HARV. A role
for activation of PLA2 and AA release in tumor
growth invasiveness, and metastasis have been sug-
gested [30] as well as a role for AA metabolites in
endothelial cell and smooth muscle cell regulation
of vascular growth. It is tempting to speculate that
the characteristic pattern of AA stimulation in
HARV cells late in the process, after earlier apopto-
sis and reverse differentiation and increase 3D
growth later corresponding to the highest increase
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in AA, stimulates prostate tumor invasiveness,
albeit late in the process. Accumulating evidence
suggest that cAMP in prostate cancer regulates the
neuroendocrine differentiation [31], induce G1 syn-
chronization, growth arrest and loss of clonogenic-
ity, indicating terminal differentiation [32]. Our
data of the temporal relation in HARV with increase
in cAMP to 6 maximum 8 days, thus will indicate at
this time plasticity in the lineage commitment and
neuronal morphology. 

Conclusions

The signal transduction model found herein begins
to describe the dynamics of 3D growth in HARV
under microgravity condition for DU-145 prostate
cancer cultures. The features most important: a) ini-
tial slow growth, b) 3D organization, c) differenti-
ated function of like intact tissue are all determined
by the temporal events initiated immediately after
the first hours of HARV cultures. Due to increased
cell-cell and cell-matrix interactions as well as the
development of a rich interstitial fluid containing
growth factors (especially TGF and EGF) in the
first two days, a “switch” between signal transduc-
tion pathways is happening. First, our results indi-
cate inactivation of PLD while activating PI-PLC,
PLA2 and SMase pathways. The ceramide increase
and the ceramide/DAG signals point out to apopto-
sis in these cancer cells, increase differentiation sig-
nals or what can be defined as reverse transforma-
tion in the first 6 days of growth. Due to PLA2 acti-
vation, and thus activation of prostaglandins and
eicosanoids (pro-inflammatory mediators), “new”
DU-145 cancer cells with different features are
growing. The cross-talk between PI3K and SMase
pathways is also very important for initial decrease
survival and proliferation (with low PI3K to day 6)
and PI3K activation after day 6 and thus increase
proliferation and survival of “new” DU-145 cells
with differentiated function. Even after day 6, the
complete central defect in PLD implied that some
pathways of growth are not available for HARV
cells. These “new” DU-145 cells will have an
increase in cAMP which restore integrity of a few
regulatory pathways and select specific regulatory
and matrix proteins to grow. Then, we find down-
regulation and then up-regulation of the expression

or function of adhesion molecules for 3D growth
and formation of an extensive, complex basement
membrane extracellular matrix. Therefore, it
appears a 3D organotypic structure in HARV cul-
tures under microgravity conditions arises only
after: 1) temporal “switches” between second mes-
sengers and 2) extensive cross-talk between a mul-
tiplicity of activated signaling pathways . 

This model of signal transduction found for
HARV DU-145 prostate cancer of how are the
molecular signals integrated among growth factors,
extracellular matrices and intracellular receptors
has to be examined in other spheroid/grown cancer
and non-cancer systems, to confirm a more general-
ized model of signal transduction in different sphe-
roid cultures.
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