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ABSTRACT The effects of growth factors have
been shown to depend on the position of a cell in the
cell cycle. However, the physiological basis for this
phenomenon remains unclear. Here we show that
the majority of both CEINGE clone3 (cl3) and
human embryonic kidney 293 cells, when arrested in
a quiescent phase (G,), responded to platelet-de-
rived growth factor BB (PDGF-BB) with non-oscilla-
tory Ca®* signals. Furthermore, the same type of
Ca*" response was also observed in CEINGE cl3
cells (and to a lesser extent in HEK 293 cells)
blocked at the G, /S boundary. In contrast, CEINGE
cl3 cells synchronized in early G, or released from
G, /S arrest responded in an oscillatory fashion. This
cell cycle-dependent modulation of Ca®>" signaling
was not observed on epidermal growth factor and
G-protein-coupled receptor stimulation and was not
due to differences in the expression of PDGF recep-
tors (PDGFRs) during the cell cycle. We demonstrate
that inhibition of sphingosine-kinase, which converts
sphingosine to sphingosine-1-phosphate, caused G,
as well as G,/S synchronized cells to restore the
oscillatory Ca** response to PDGF-BB. In addition,
we show that the synthesis of sphingosine and sphin-
gosine-1-phosphate is regulated by the cell cycle and
may underlie the differences in Ca®>* signaling after
PDGFR stimulation.—Fatatis, A., Miller, R. J. Cell
cycle control of PDGF-induced Ca®** signaling
through modulation of sphingolipid metabolism.
FASEB J. 13, 1291-1301 (1999)
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THE PROGRESSION OF a cell through the cell cycle is
regulated by several growth factors. After mitosis (G,
phase), the absence of these factors causes the exit of
cells from the cell cycle and their reversible arrest in
a state of quiescence, the G, phase (1, 2). Cells then
require growth factors to re-enter the cell cycle (3,
4). A crucial step during the course of the cell cycle
is the restriction point, located at the end of the G,
phase. This represents the last opportunity for a cell
to decide whether to enter the S phase or not, a
decision that depends on growth factor availability
(5, 6). After cells traverse the restriction point, they
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advance through the G,/S boundary and enter S
phase independently of proliferative signals (7, 8).

There has been great interest in trying to character-
ize the physiological basis for the different susceptibility
to growth factors observed during the course of the cell
cycle. Furthermore, an increasing amount of evidence
demonstrates that growth factors may exert opposite
effects on cellular fate, such as proliferation and pro-
grammed cell death (9-11). Stimulation of platelet-
derived growth factor receptors (PDGFRs)? increases
intracellular free Ca** ([Ca®*],) and activates at least
one sphingomyelinase, leading to the production of
ceramide, sphingosine (SPH), and sphingosine-1-phos-
phate (SPP) (12-15). Sphingolipids and their metabo-
lites represent an emerging class of bioactive com-
pounds that are involved in cellular growth and death
(16). Moreover, SPH and SPP can release Ca®>" from
intracellular stores independently from myoinositol-
1,4,5-trisphosphate (IP;) production (17, 18). Ca®*" isa
second messenger of critical importance during cell
cycle progression. Indeed, blocking Ca®" influx
through plasma membrane channels or mobilization
from intracellular stores stops cells from entering G,
and proceeding toward the G, /S transition (19-21). It
has been recently shown that different patterns of Ca**
signals may be responsible for transmitting distinct
messages to the nucleus (22). This prompted us to
investigate whether the characteristics of Ca®" signal-
ing after PDGFR stimulation were dependent on the
cell cycle.

Here we show that the kinetics of Ca®" responses
to platelet-derived growth factor BB (PDGF-BB) in
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CEINGE cl3 and HEK 293 cells are related to the cell
cycle. We also obtained evidence for a role for
sphingolipid metabolism in this phenomenon.

MATERIALS AND METHODS
Materials

The oligodendroglial cell line CEINGE cl3 was obtained as
described previously (23). The HEK 293 cell line was from
ATCC (Rockville, Md.) (CRL1573).

PDGF-BB, PDGF-AA, epidermal growth factor (EGF), and
bradykinin (BK) were from Calbiochem-Novabiochem (San
Diego, Calif.). Hoechst 33342 and Fura-2/acetoxy-methyl-
ester (Fura-2/AM) were from Molecular Probes (Eugene,
Oreg.). DL-threo-dihydrosphingosine (DHS), N,N-dimethyl-
sphingosine (DMS), endothelin-1 (ET-1), adenosine 5'-
triphosphate (ATP), DL-sphingosine, bisindolylmaleimide I-
HCI, and poly-L-lysine were from Sigma (St. Louis, Mo.).
Aphidicolin and mimosine were from Biomol Research Lab-
oratories (Plymouth Meeting, Pa.) and lovastatin was kindly
provided by Alfred W. Alberts (Merck, Sharp & Dohme
Research Laboratories, Rahway, N.J.).

Cell culture and synchronization

Cells were grown in Dulbecco’s modified Eagle’s medium
(CEINGE cl3) or minimum essential medium (HEK 293)
(Life Sciences, Grand Island, N.Y.) containing 10% fetal
bovine serum (FBS, Hyclone, Logan Utah) and 50 pg/ml
gentamicin. G, synchronized CEINGE cl3 and HEK 293 cells
were obtained by removing serum from the culture medium
for 48 and 72 h, respectively (24).

Cells synchronized in early G, were obtained by supplying
cells in G, with culture medium containing 5% FBS and 10
uM lovastatin for 20 h. This drug reversibly inhibits the
synthesis of mevalonic acid, which is essential for isoprenyla-
tion of p21™, a small GTP binding protein crucial for G,/G,
transition (25).

Cells were reversibly synchronized in late G, by supplying
cells in G, for 20 h with culture medium containing 5% FBS
and 200 uM mimosine, a drug that can block cells at a point
that precedes the G,/S boundary of ~2 h (24). Synchroniza-
tion at the G,/S boundary was obtained using the reversible
inhibitor of the a-DNA polymerase aphidicolin, added at a 5
MM concentration to asynchronously growing cultures for
20 h (24).

A population enriched in S phase cells was obtained by
removing aphidicolin from cells blocked at the G,/S bound-
ary and supplying them with fresh culture medium contain-
ing 5% FBS (24). The percentage of cells entering the S
phase after G, /S release was monitored by immunocytochem-
istry using an antibody against 5-bromo-2’-deoxyuridine
(BrdU), a thymidine analog that is incorporated into the
nucleus of cells actively synthesizing DNA. Using this ap-
proach, the entry into S phase was observed as early as 30 min
after aphidicolin removal, with 36 * 3% and 48 * 6% of
BrdU-positive cells stained at the first and second hour,
respectively. The last time point has been used for all exper-
iments relative to the Ca®" response to PDGF-BB during the
S phase.

A population enriched in cells at the G,/M transition was
obtained by monitoring the expression of cyclin B1 after the
release from late G; block and during the progression
through the S phase.

Serum withdrawal as well as pharmacological cell cycle
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synchronization might cause variable degrees of apoptotic
death in different cell types. Therefore, the percentage of
apoptotic cells induced by different synchronizing treatments
was assessed by performing a cell viability test using Hoechst
33342 on a representative coverslip before each series of
experiments and proved to be negligible for both cell lines
used in this study.

Western blot analysis

Nuclear and cytoplasmic extracts for cyclin expression and
total cell lysates for PDGFR expression were obtained as
described (26, 27). The protein concentration in the clarified
lysate was determined by BCA protein assay (Pierce, Rock-
ford, I11.). Cell lysates containing equal amount of proteins
were resolved on a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (28) using 10% and 7.5% polyacrylamide gel
for cyclins and PDGFRs, respectively. The separated proteins
were electroblotted to Hybond-ECL nitrocellulose (Amer-
sham, Arlington Heights, Ill.) or immobilon-P PVDF mem-
brane (Millipore Corporation, Bedford, Mass.). Membranes
were then incubated for 1 h in phosphate-buffered saline
containing 4% dry milk powder, 1% bovine serum albumin
and 0.1% Tween-20. The antibodies for the immunoblotting
were used at the following dilutions: anti-cyclin A (Upstate,
Lake Placid, N.Y.) at 1:1000; anti-cyclin E, anti-cyclin B1, and
anti-cyclin D1 (Santa-Cruz Biotechnology, Santa Cruz, Calif.)
at 1:2000, 1:1000, and 1:100, respectively. Anti-B-PDGFR
(Santa Cruz Biotechnology) and anti-a-PDGFR (Upstate)
rabbit polyclonal antibodies were used at 1:1000 and 1:4000
dilution, respectively. Anti-rabbit and anti-mouse HRP-conju-
gated secondary antibodies (Promega, Madison, Wis.) were
used at 1:20.000 dilution. The binding of the antibodies to
the membrane was detected using the SuperSignal Ultra
(Pierce) or ECL (Amersham) chemiluminescent substrates.
Densitometric analysis was performed using the UN-SCAN-IT
software (Silk Scientific, Inc., Utah).

Immunocytochemistry and immunofluorescence

For the immunocytochemistry of BrdU incorporation, cells
were incubated for 30 min with 10 puM BrdU added to the
culture medium and fixed with 70% ethanol/50 mM glycine
buffer for 30 min at —20°C. Primary antibody directed against
BrdU, secondary alkaline-phosphatase-conjugated antibody,
and color substrate solutions were from BrdU labeling and
detection Kit II (Boehringer Mannheim, Indianapolis, Ind.),
and used according to the manufacturer’s instructions.

For the immunofluorescence of cyclin B,, cells were fixed
and permeabilized in cold methanol for 20 min, blocked in
5% normal donkey serum, and incubated with anti-cyclin B,
(Santa Cruz) 1:1000 in blocker for 1 h. The biotin-conjugated
secondary antibody (1:500 for 1 h) was followed by streptavi-
din-Cy3 at 1:3000 for 15 min. Coverslips were mounted with
glycerol/phosphate-buffered saline (9:1) containing 1,4
diazabicyclo[2.2.2]octane (2.5% W/V) as anti-fading agent.

Intracellullar Ca®>* measurement and videoimaging analysis
Cells were grown on 25 mm N° 1 glass coverslips coated with
poly-L-lysine (100 pg/ml). Cell loading with 2 uM Fura-2/
AM, single-cell videoimaging of as many as 20-30 cells/field,
and calibration of fluorescent signals were performed as
described previously (27).

Thin-layer chromatography (TLC) analysis of lipids
Labeling with [®H]serine (20 pCi/ml, Amersham), a precur-

sor of cellular sphingolipids, and harvesting of cells exposed
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to 10 ng/ml PDGF-BB for various time were performed as
reported (29). Lipid extraction was obtained using chloro-
form/methanol/concentrated HCI (100:200:1 v/v) and the
phases were separated as described (30, 31). The lipids, dried
under nitrogen, were analyzed by 2-dimensional thin-layer
chromatography performed on silica gel 60 G plates (Alltech,
Deerfield, I11.). The plates were developed using chloroform/
methanol/ammonium hydroxide (13:7:1) as solvent for the
first dimension and chloroform/methanol/water/acetic acid
(30:30:2:5) as solvent for the second dimension (31). Lipids
were located using iodine vapors and phospholipids were
visualized using molybdenum blue spray (Sigma). SPH
(Avanti Polar Lipids, Alabaster, Ala.) and SPP (Biomol) were
used as standards to identify the silica gel areas to scrape off
and count by liquid scintillation spectometry.

Statistical analysis

Data values are expressed as mean value *sE. Student’s ¢ test
or the Mann-Whitney nonparametric test were used and
statistical significance was defined as a Pvalue of 0.01 or less.

RESULTS AND DISCUSSION

We have previously shown that PDGF-BB induces
both non-oscillatory and oscillatory Ca?" responses
in CEINGE cl3 cells (46%£4% and 54*4%, respec-
tively, in 188 cells analyzed; see also 32) (Fig. 1).
These two types of Ca%" responses were evenly
distributed in asynchronously proliferating cell cul-
tures, but never observed in the same cell. We
therefore decided to investigate whether the type of

Ca®" signal observed in response to PDGF-BB was
related to the position of the cells in the cell cycle.

A first series of experiments was performed using
CEINGE cl3 cells synchronized in G, and early G,
phase. Cell synchronization was assessed by monitor-
ing the nuclear levels of cyclin D1, whose expression
is down-regulated in resting cells. Furthermore, the
percentage of cells incorporating BrdU was evalu-
ated (Fig. 24). When G, arrested CEINGE cl3 cells
were exposed to PDGF-BB, the majority of cells
showed non-oscillatory Ca** responses (92+3%, 107
cells analyzed in eight experiments). In contrast,
74 = 7% of cells blocked in early G, responded to
PDGF-BB in an oscillatory fashion (84 cells analyzed
in six experiments) (Fig. 2B).

Activation of G-protein-coupled receptors
(GPCRs) for BK, ET-1, and ATP in asynchronous
CEINGE cl3 cells exclusively induced a non-
oscillatory Ca** response, as we previously reported
(32). Cell synchronization in early G, did not modify
the pattern of Ca*" signals induced by these agonists
(data not shown).

Drugs commonly used as synchronizing agents
may induce a certain degree of metabolic perturba-
tion in cells (33, 34). Consequently, it seemed im-
portant to verify that the changes in the types of
Ca®" signaling we observed were really connected to
the cell cycle and not attributable to the methods
used to synchronize the cells per se. We therefore
analyzed the changes in Ca®" signaling in response
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Figure 1. Typical non-oscillatory
(open circle) and oscillatory (filled
circle) Ca®* responses to 10 ng/ml
PDGF-BB (added at the arrow and
maintained for 5 min) in asynchro-
nously growing CEINGE cl3 cells.
The insert shows a cell oscillating
with a slower frequency.

(seconds)
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Figure 2. Correlation between cell cycle position and Ca**
response to PDGF-BB in G, and early G, synchronized
CEINGE cl3 cells. A) Percentage of proliferating cells in
asynchronously growing cultures and in cells synchronized in
G,, and early G, phase were 37 £ 2%, 6 * 2%, 8 = 3%,
respectively. Insert: cyclin D, was highly expressed in both
asynchronous and early G, synchronized cells, whereas G,
resting cells showed negligible expression of this cyclin. B)
Differences in the percentage of oscillatory and non-oscilla-
tory Ca®* responses to PDGF-BB observed in G, and early G,
synchronized cells compared to asynchronous cultures. C)
Time-dependent effect of serum removal from asynchronous
cells and serum readdition to G, quiescent cells on Ca®"
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to PDGF-BB at fixed time intervals during exit from
the cycle as well as during re-entry and progression
through G, phase in the absence of synchronizing
drugs. As shown in Fig. 2C, serum withdrawal pro-
duced a progressive disappearance of the oscillatory
Ca®" signaling in response to PDGF-BB. Although
after 12 h of serum removal the percentage of
oscillatory cells was still comparable to that observed
in asynchronous cultures, after 24 and 48 h Ca?*
oscillations were observed in only 31 * 6% and 8 *
3% of cells responsive to PDGF-BB, respectively. The
oscillatory Ca®" signaling in response to PDGF-BB
gradually reappeared when G, arrested cells were
induced to re-enter the cycle by serum addition, as
shown by the re-expression of cyclin D1 (see insert in
Fig. 2C). For instance, 2, 4, and 6 h after serum
addition, 17 = 8%, 29 = 11%, and 45 = 7 of
responding cells exhibited an oscillatory Ca** re-
sponse (20, 43, and 58 cells analyzed in three exper-
iments for each set of data). Finally, after 12 h, the
percentage of oscillatory Ca®*" responses to
PDGF-BB reached 57 * 7% (23 cells analyzed in
three experiments). The reappearance of oscillatory
Ca”" signaling in response to PDGF-BB during the
transition from G, to G, agreed with the results
obtained in cells pharmacologically synchronized in
early G, (Fig. 2B).

A second series of experiments was performed
with CEINGE cl3 cells pharmacologically synchro-
nized at the G;/S border as well as on cultures
enriched in cells in S phase. Cell synchronization was
evaluated by measuring the nuclear expression of
cyclin A and cyclin E, whose protein levels peak at
the G,/S border and are thought to be involved in
controlling DNA replication (35) (Fig. 34). Cultures
maximally enriched in cells in S phase (48+6% of
cells incorporating BrdU) were obtained at the sec-
ond hour after the release from the pharmacological
block at the G;/S border. Cells blocked at the G;/S
border responded to PDGF-BB mostly in a non-
oscillatory fashion, with a percentage of oscillatory
Ca”" responses of only 12 * 6% (53 cells analyzed in
five experiments). However, their entry into the S
phase was followed by a significant increase in the
percentage of oscillatory Ca** responses (48+10%;
43 cells analyzed in three experiments) (Fig. 3B).

As previously done for G,/G, transition, we de-
cided to analyze the Ca*" responses to PDGF-BB in
CEINGE clI3 cells at fixed time intervals after the
release from late G, block and during the progres-
sion through the G,/S border and S phase. When
cells blocked in late G, phase were exposed to
PDGF-BB, the Ca®" signaling observed was mostly

signaling induced by PDGF-BB. The re-entry in the cell cycle
of G, synchronized cells was confirmed by the re-expression
of cyclin D, (see insert).

FATATIS AND MILLER
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Figure 3. Correlation between cell cycle position and Ca®*
response to PDGF in G,/S and S phase-synchronized
CEINGE cl3 cells. A) Cells synchronized at the G,;/S border
showed high levels of cyclin A and cyclin E that were slightly
reduced by the passage into the S phase. B) Percentage of
oscillatory and non-oscillatory Ca** responses to PDGF-BB
observed in G,/S and S synchronized cells. C) Time-depen-
dent changes in the percentage of Ca®" responses to
PDGF-BB after release from the arrest in late G; phase
induced by mimosine.

oscillatory and comparable to that seen in early G,
cells (69+18%, 19 cells analyzed in three experi-
ments) (Fig. 3C). Cells were released from late G,
block by the addition of fresh serum-containing
medium and entered the S phase at the third hour,

ROLE OF CELL CYCLE IN PDGF SIGNALING

as assessed by BrdU staining (data not shown). At the
first and second hour postrelease, probably corre-
sponding to the G,/S transition, a significant reduc-
tion in the percentage of oscillatory Ca®* responses
was observed (20=16% and 19%+10%, respectively;
24 and 21 cells analyzed in three experiments for
each set of data) (Fig. 3C). This was in agreement
with the results obtained in cells pharmacologically
synchronized at the G,/S boundary (Fig. 3B). At the
third and fourth hour postrelease (a time interval
corresponding to the S phase), the percentage of
oscillatory Ca** responses increased (49=10% and
65+22%, respectively; 22 and 15 cells analyzed in
three experiments for each set of data). This was in
accord with the results obtained in cells released
from the pharmacological arrest in G,/S (Fig. 3B).

A third group of experiments was performed using
cultures enriched in CEINGE cl3 cells arrested at the
Go/M transition. This was achieved by monitoring
the cytoplasmic and nuclear expression of cyclin Bl
in cells released from the block in late G, phase
induced by mimosine. Cyclin B1 is first synthesized
during S phase, maximally expressed at the Go/M
transition, and then degraded during anaphase (36).
Western blot and densitometric analysis revealed
that cyclin Bl levels gradually increased starting from
the second hour after the release from late G, block.
The highest cytoplasmic levels were reached at the
fourth hour whereas the nuclear levels reached a
peak at the sixth and then declined at the tenth hour
(Fig. 44, B). The nuclear translocation of cyclin Bl
was also assessed by immunofluorescence performed
using an anti-cyclin Bl specific antibody on cells
arrested at late G, phase and at the sixth hour after
the release from the block (Fig. 4C, D). In the latter
cell population the percentage of oscillatory Ca**
responses to PDGF-BB was similar to that observed in
cells traversing the S phase (54*6%; 21 responsive
cells out of 84 total cells analyzed in three separate
experiments). These data therefore indicate that the
cell cycle does not exert any modulatory activity on
Ca®" signaling induced by PDGF-BB in cells at the
Go/M transition.

It seemed important to ascertain whether such a
cell cycle-dependent modulation of Ca*" responses
to PDGF-BB was exclusive to CEINGE cl3 cells or
whether it could also be observed in other cell types.
We therefore decided to apply the same experimen-
tal paradigm used for CEINGE cl13 cells to HEK 293
cells. In these cells, PDGF-BB induces membrane
ruffling and activation of the PTP2C protein phos-
phatase (37), but Ca®" signaling after PDGFR acti-
vation has never previously been characterized.
When asynchronously growing HEK 293 cells were
exposed to PDGF-BB, exclusively oscillatory Ca*"
signals were observed (79 cells analyzed in three
experiments; Fig. 54). However, synchronization in
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Figure 4. Analysis of cyclin Bl expression as an indication of
cell synchronization at the G,/M transition. A) Western blot
of the time-dependent expression of cyclin B, in the cyto-
plasm and nucleus of CEINGE cl3 cells after release from
arrest in late G, phase. B) Densitometric analysis, performed
on two separate experiments, shows that the highest levels of
cyclin Bl were observed earlier in the cytoplasmic extracts
compared to the nuclear extracts, indicating cytoplasmic
synthesis followed by nuclear translocation. C) Immunofluo-
rescence performed with an antibody against cyclin B1 shows
lack of nuclear staining in cells arrested in late G, phase,
whereas 6 h after the release from the block an evident
nuclear staining was observed in ~40-60% of the cell popu-
lation (D).

G, phase of HEK 293 caused the appearance of
non-oscillatory Ca®*t responses to PDGF-BB (Fig.
5B). As observed in CEINGE cl3 cells, the decrease in
oscillatory Ca%* responses was time dependent but
required a prolonged period of serum withdrawal.
For instance, although 48 h after serum removal no
changes in the percentage of oscillatory Ca%* re-
sponses were observed, after 60 h oscillatory Ca%*
responses to the growth factor were 51 * 2%. Finally,
after 4 days of starvation, only 26 = 7% of HEK 293
cells responded in an oscillatory fashion (Fig. 5C; 60,
43, and 53 cells analyzed in three separate experi-
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ments for each data point). Synchronization in G, of
HEK 293 cells was confirmed by the progressive
decrease in the percentage of cells stained for BrdU
and by the reduction of cyclin DI expression (data
not shown). As shown for CEINGE cl3 cells, quies-
cent HEK 293 cells could be induced to re-enter the
cell cycle by serum readdition. Indeed, this caused a
rapid restoration of the oscillatory Ca** responses
(Fig. 5C). Synchronization of HEK 293 cells at the
G,/S border was also able to induce the appearance
of non-oscillatory Ca®* responses in 20 = 8% of cells
(56 cells analyzed in three experiments).

To understand whether the control of Ca®" signal-
ing operated by the cell cycle was limited to PDGFRs,
we decided to test a different growth factor such as
EGF (50 ng/ml). CEINGE cl3 cells are unresponsive
to EGF, whereas in HEK 293 cells this growth factor
induces stimulation of adenylyl cyclase (38), mito-
gen-activated tyrosine kinases, and trans-activation of
Elk-1 (39).

When asynchronously growing HEK 293 cells were
exposed to EGF, both oscillatory and non-oscillatory
Ca*™" responses were observed (61219% of oscilla-
tory responses; 75 cells analyzed in three experi-
ments) (Fig. 5D). However, cell synchronization in
G, was unable to modify the relative percentage of
occurrence of these two types of Ca®" response
(68=10% of oscillatory responses observed in 31
cells analyzed in two experiments).

These results demonstrate that in the two cell lines
we tested, there is a correlation between the position
of a cell in the cell cycle and the type of Ca**
signaling produced by PDGF-BB. They also indicate
that Ca®" responses induced by GPCRs and by the
EGF receptor are not influenced by the same mech-
anism.

Recent studies have shown that in BALB/c-3T3
fibroblasts, expression of the (3 isoform of PDGFR is
up-regulated when cells undergo growth arrest on
serum deprivation (40), whereas terminal differenti-
ation of 3T3-L1 fibroblasts induces a down-regula-
tion of both a- and B-PDGFRs (41). In the light of
these results, it has been proposed that changes in
PDGFR levels may provide a mechanism for regulat-
ing cell responsiveness to this growth factor during
the cell cycle (41). Since CEINGE cl3 cells express
both a- and B-PDGFRs (27), we investigated whether
cell cycle-dependent changes in the expression of
these two receptors could account for the differences
in the Ca*" response to PDGF-BB we observed.
Western blot analysis performed using cells synchro-
nized in Gy, G, and at G,;/S boundary showed that
the protein levels of both a- and B-PDGFR did not
change significantly in all phases of the cell cycle
examined (Fig. 6A). This idea was also confirmed by
the fact that similar patterns of a and {3 receptor
expression were observed in cells responding with

FATATIS AND MILLER
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Figure 5. Ca®" signaling induced by PDGF-BB in HEK 293 cells. A) Typical oscillatory Ca®" response to PDGF-BB observed in
all the asynchronous HEK 293 cells studied and B) non-oscillatory Ca®>* response observed in quiescent HEK 293 cells exposed
to PDGF-BB. C) Time-dependent changes in the occurrence of oscillatory Ca®* responses to PDGF-BB induced by serum
removal and readdition. D) Ca®>" responses induced in HEK 293 cells by EGF exposure. Perfusion with the agonists started at
the arrow and lasted for 5 min.

opposite kinetics to PDGF-BB, such as G, and G,/S must be due to stimulation of a-PDGFR, which binds
synchronized cells (Fig. 65). the growth factor with an affinity equivalent to that

HEK 293 cells lack B-PDFGR (39); therefore, the of the B subunit (12). The expression levels of
Ca®" signaling induced by PDGF-BB in these cells  a-PDGFR in asynchronously growing and G, syn-
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Figure 6. Western blot (A) and densitometric (B) analysis of
a-and B-PDGFR expression in CEINGE cl3 cells synchronized
in different positions of the cell cycle. Proteins obtained from
PC12 cells and NIH 3T3 fibroblasts were also included in the
gel as a negative and a positive control for PDGFR expression,
respectively. Data are from three separate experiments.

chronized HEK 293 cells did not show significant
differences (data not shown), suggesting that
a-PDGFR is subjected to the same modulation by the
cell cycle as the 3 isoform.

These results therefore indicated that the target(s)
involved in the cell cycle control of PDGF Ca%"
signaling was located downstream of the plasma
membrane receptor.

It is known that PDGF induces an increase in
cellular levels of SPH and activation of sphingosine
kinase, the enzyme responsible for the conversion of
SPH in SPP (29). These two sphingolipids, among
other cellular effects, mobilize Ca®" from thapsigar-
gin-sensitive intracellular pools without interacting
with the IP4 binding site of the IPs receptor (42, 43).

We have previously shown that in asynchronously
growing CEINGE cl3 cells, exposure to PDGF-BB in
the presence of DHS, a potent inhibitor of sphin-
gosine kinase (44), produced an increase in the
percentage of oscillatory Ca®" responses. Further-
more, the addition of 10 uM exogenous SPH, which
can be taken up by intact cells (31), induced a Ca®*
response with similar oscillatory kinetics and delay to
that induced by PDGF-BB itself (32). This led to the
hypothesis that SPH and SPP were responsible for
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the oscillatory and non-oscillatory Ca** response,
respectively.

We therefore considered the possibility that sphin-
gosine kinase activity, and thus the intracellular
levels of SPH and SPP, were regulated in a cell cycle
specific fashion, thereby determining the type of
Ca®" signaling induced by PDGF in a particular
phase of the cell cycle.

The ability of DHS to block the sphingosine kinase
was investigated in CEINGE cl3 cells by TLC analysis.
As shown in Fig. 74, though DHS was unable to
affect the production of SPH or SPP per se under
basal conditions, it significantly increased the levels
of SPH and reduced the levels of SPP when these
cells were stimulated with PDGF-BB.

Preincubation with 10 uM DHS induced a signifi-
cant increase in oscillatory Ca®" responses to
PDGF-BB both in G, (50%£7%; 75 cells analyzed in
four experiments) and G,/S synchronized CEINGE
cl3 cells (47£11%; 64 cells analyzed in five experi-
ments) (Fig. 7B).

In parallel experiments, we replaced PDGF-BB with
exogenous SPH in the presence of DHS. Under these
conditions, oscillatory Ca** responses were observed in
59 * 5% of G, and 89 *£ 7% of G,/S synchronized
CEINGE cl3 cells, respectively (17 and 31 cells analyzed
in two separate experiments for each set of data) (Fig.
7B). DHS alone was without effect on intracellular
Ca®*, as described previously (32).

Similarly, 78 * 7% of G, arrested HEK 293 cells
responded to PDGF-BB in an oscillatory manner
when the production of SPP was inhibited compared
with 26 = 10% of cells not treated with DHS (41 cells
analyzed in two experiments, data not shown).

Thus, both in G, and G, /S synchronized cells, the
ability to respond with Ca** oscillations to PDGF-BB
could be restored when SPH levels were increased.

A putative inhibitory activity of sphingosine kinase
antagonists on protein kinase C (PKC) has been
reported (45). However, incubation of G, synchro-
nized CEINGE cl3 cells for 30 min with the specific
inhibitor of PKC bisindolylmaleimide I-HCl (200
nM) (46) was unable to reproduce the increase in
the percentage of oscillatory Ca®" responses to
PDGF-BB observed when cells were treated with DHS
(18 cells studied in 3 separate experiments). An
effect similar to that caused by DHS was also pro-
duced by 10 puM DMS, another inhibitor of sphin-
gosine kinase, which at this concentration is ineffec-
tive on PKC (47). These results suggest that the
modulatory role of SPH and SPP on PDGF-BB-
induced Ca®" signaling is independent to PKC inhi-
bition.

A clear correlation between the cell cycle and
production of SPH and SPP induced by PDGF-BB
was established by measuring the levels of these two
sphingolipids in G, and early G; synchronized
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Figure 7. Analysis of sphingolipid production in CEINGE cl3 cells. A) Production of SPH and SPP measured by TLC in G,
quiescent cells exposed for 6 min to PDGF-BB or incubated for 15 min with 10 uM DHS alone or before and during PDGF-BB
exposure. B) Percentage of oscillatory Ca®* responses induced by PDGF-BB or by exogenous SPH (10 uM) on inhibition of
sphingosine kinase by DHS in G, and G,/S synchronized cells. C) Time-dependent production of SPH and SPP induced by
PDGF-BB in G, and early G, synchronized cells. Data are means = SE of three independent experiments and are expressed as
percentage of SPH and SPP production relative to the untreated cells. D) SPH/SPP ratios calculated for each time interval
considered in G, and early G, synchronized cells exposed to PDGF-BB. Data are the average of SPH/SPP ratios (means * SE)

calculated for each single experiment performed.

CEINGE clI3 cells, which (as shown above) re-
sponded with opposite Ca%* signals to the growth
factor stimulation (Fig. 2C).

Indeed, in G, synchronized cells, exposure to
PDGF-BB produced higher levels of SPP and lower
levels of SPH compared with cells synchronized in
early G, (Fig. 7C). Thus, opposite SPH/SPP ratios
were observed in G, and in early G, synchronized
cells (Fig. 7D), suggesting that the relative rather
than absolute levels of the two sphingolipids appear
to be critical in the modulation of Ca*" signaling
induced by PDGF-BB.

The onset of changes in SPH/SPP ratios was
observed at 3 min in G, synchronized and at 6 min in
early G, synchronized cells after PDGF-BB exposure.

ROLE OF CELL CYCLE IN PDGF SIGNALING

This correlates with the time delays preceding the
appearance of non-oscillatory and oscillatory Ca%*
responses (1707 and 28520 s, respectively in 188
cells examined; see also ref 32).

In conclusion, this study provides the first evi-
dence for a cell cycle-dependent control of the Ca%*
signaling and the production of SPH and SPP in-
duced by PDGF-BB. It also strongly suggests that
these two sphingolipids determine the type of Ca%"
signals transduced in response to this growth factor.
The intracellular target(s) for the Ca®*t mobilizing
action of SPH and SPP has not been identified yet.
Modulation or binding to distinct subtypes of IPg
receptors that have different Ca%* releasing proper-
ties (48) or interaction with additional signaling
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pathways could explain the differences in the kinet-
ics of the Ca®" responses induced by these two
sphingolipids.

It has been shown that PDGF-BB activates sphin-
gomyelinase, ceramidase, and sphingosine kinase,
whereas EGF has no effect on sphingolipid metabo-
lism (15, 49). GPCRs have been shown to activate
sphingosine kinase. However, this appears to be a
receptor-specific phenomenon, also dependent on
the cell type (50, 51). Indeed, the lack of activation
of the sphingolipid pathway in CEINGE cl3 and HEK
293 cells by EGF receptors and the GPCRs tested
could explain why Ca%" responses induced by these
receptors were not modulated by the cell cycle.

It is interesting that in the cells we tested, it seems
that distinct Ca®* signals are required in specific
phases of the cell cycle. It is widely recognized that
the activity of several intracellular targets can be
modulated by both the frequency and amplitude of
Ca®™" signals (52-54) and that sphingolipids are
involved in cell proliferation (29) and programmed
cell death (55). Therefore, differences in PDGF-
induced signaling during cell cycle progression
could participate in regulating the occurrence
and/or progression of these events.
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