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Sphingosine-1-phosphate receptor-3 signaling
up-regulates epidermal growth factor receptor and
enhances epidermal growth factor receptor-mediated
carcinogenic activities in cultured lung adenocarcinoma cells
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Abstract. Sphingosine-1-phosphate (S1P) regulates a wide array
of biological functions. However, the role of S1P signaling in
tumorigenesis remains to be elucidated. In this study, we show
that S1P receptor subtype 3 (S1P;) is markedly up-regulated in
a subset of lung adenocarcinoma cells compared to normal lung
epithelial cells. Specific knockdown of S1P; receptors inhibits
proliferation and anchorage-independent growth of lung adeno-
carcinoma cells. Mechanistically, we demonstrate that S1P;
signaling increases epidermal growth factor receptor (EGFR)
expression via the Rho kinase (ROCK) pathway in lung adeno-
carcinoma cells. Nuclear run-off analysis indicates that S1P/
S1P; signaling transcriptionally increases EGFR expression.
Knockdown of S1P; receptors diminishes the S1P-stimulated
EGFR expression in lung adenocarcinoma cells. Moreover,
S1P treatment greatly enhances EGF-stimulated colony forma-
tion, proliferation and invasion of lung adenocarcinoma cells.
Together, these results suggest that the enhanced S1P;-EGFR
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signaling axis may contribute to the tumorigenesis or progres-
sion of lung adenocarcinomas.

Introduction

Spingosine-1-phosphate (S1P), a serum-borne bioactive lipid
mediator, regulates an array of biological activities in various cell
types (1-4). Most, if not all, of S1P-regulated functions are medi-
ated by the S1P family of G protein-coupled receptors (GPCRs)
(5-7). There are five identified members of the S1P receptor
family: S1P,, S1P,, S1P;, S1P,, and S1P; (previous nomenclature:
EDG-1, -5, -3, -6, -8, respectively) (8). S1P receptor subtypes
couple to different G, polypeptides to regulate distinct signaling
pathways (9-11). The SIP receptor subtypes are expressed in
distinct combinations in different cell types to produce appro-
priate biological effects. For example, S1P, and S1P; receptors
are expressed in endothelial cells (12). The signaling pathways
regulated by the S1P, and S1P; receptors are required for the
chemotaxis of endothelial cells, adherens junction assembly,
endothelial morphogenesis, and angiogenic responses (5,12,13).
Moreover, the balance of S1P, and S1P, signaling contributes to
vascular integrity in vivo (14). Disturbance of this balance, i.e.,
by up-regulation of S1P, signaling, may have functional implica-
tions in vascular dysfunction, e.g., endothelial senescence and
atherosclerosis (15). However, the functional outcomes resulting
from the concerted effects of the signaling pathways mediated by
the distinct SI1P receptor subtypes are not fully understood and
await elucidation.

The involvement of sphingolipid signaling in the tumor
biology of various cancers has been extensively investigated.
Previously, it was shown that the activation of sphingosine
kinase-1 (SphK1) induced anchorage-independent growth of
fibroblasts in vitro and enhanced subcutaneous tumor growth
in a xenograft animal experiment (16). Increased cellular levels
of sphingosine kinase, a key enzyme for S1P biosynthesis, have
been shown to contribute to chemi- and radio-resistance of pros-
tate tumors (17-20). Further, the transactivation between S1P and
growth factor receptor signaling pathways has been functionally
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implied in the invasiveness and metastasis of tumors including
breast, glioma, and pancreas (21-24). Recently, an elegant
study showed that the S1P,-STAT3 signaling axis may play an
important role in the tumorigenesis of several tumor types (25).
These observations together suggest that sphingolipid signaling
may play an important role in the regulation of tumor initiation,
progression, and radio-/chemo-resistance.

In the present study, we observed that S1P; receptors are
markedly increased in a subset of cultured lung adenocarcinoma
cells. Knockdown of S1P; receptors reduced the prolifer-
ation and clonogenesis of lung adenocarcinoma cells in vitro.
Mechanistically, we report that S1P; signaling transcriptionally
activates the expression of epidermal growth factor receptor
(EGFR) via the Rho kinase (ROCK) pathway. Moreover,
activation of S1P-S1P; signaling greatly enhances carcinogenic
activities of EGF in stimulating proliferation, clonogenesis, and
invasion of lung adenocarcinoma cells. Collectively, these data
present a novel S1P-regulated feed-forward signaling pathway,
i.e., S1P; transcriptionally up-regulates EGFR expression,
which consequently augments EGFR-stimulated carcinogenic
responses. Therefore, our study suggests that the S1P;-EGFR
signaling axis may contribute to the tumorigenesis of lung tumors.

Materials and methods

Reagents. Sphingosine-1-phosphate purchased from Biomol
was dissolved in 4 mg/ml of fatty acid-free BSA (bovine serum
albumin, Sigma). VPC 23019 (Avanti) was solublized in ethanol
(20 mg/ml) and aliquoted. Aliquots were vacuumed dried and
stored at -20°C. When needed, aliquots were resuspended in
4% fatty acid-free BSA by sonication to make a stock solution
of 1 mg/ml. CAY10444 (Cayman Chemical) was dissolved
in dimethylformamide. Polyclonal anti-EGFR was purchased
from Cell Signaling Technology and anti-B-actin (H-300) was
from Santa Cruz Biotechnology. Peroxidase-conjugated sheep
anti-rabbit IgG and peroxidase-conjugated goat anti-mouse IgG
was from MP Biomedicals and Pierce Biotechnology, respec-
tively. Matrigel was from BD Biosciences. Other reagents, unless
specified, were purchased from Sigma.

Cell lines and growth conditions. Lewis Lung carcinoma cells
(LLC) and human A549 lung carcinoma cells were obtained
from Dr Bodduluri Haribabu (University of Louisville). Both
LLC and A549 were cultured and maintained in RPMI-1640
(Hyclone) supplemented with 10% fetal bovine serum (Hyclone),
penicillin (50 IU/ml) and streptomycin (50 mg/ml) (Cellgro).
Immortalized normal human lung epithelial cells (HBEC2-KT
and HBEC3-KT) and human lung adenocarcinoma cells (H23,
H1792, H1793) were cultured as we previous described (26).
Primary SAEC normal human small airway epithelial cells
were purchased from Clonetics and cultured in SAEC culture
medium (Clonetics Corp.). All of the cells listed above were
cultured in a humidified atmosphere of 37°C and 5% CO,.

RT-PCR and real-time PCR. Total RNA was isolated from
cultured cells, reverse-transcribed with an oligo-dT primer
(Promega), and PCR amplification of S1P receptor subtypes
as we previously described (15). For real-time PCR quantita-
tion, 50 ng of reverse-transcribed cDNAs were amplified with
the ABI 7500 system (Applied Biosystems) in the presence
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of TagMan DNA polymerase. The sense and anti-sense primers
used to detect the gene expression of S1P receptor subtypes
and GAPDH were purchased from Applied Biosystems. The
gPCR reaction was performed by using a universal PCR
Master Mix (Applied Biosystems) according to the manufac-
turer's instructions.

Western blot analysis. Cells treated with or without S1P were
collected with cell scrapers in ice-cold PBS followed by centrifu-
gation (250 g, 5 min). Cell extracts were prepared in TBST/
OG buffer (5), resolved on a 10% SDS-PAGE, and transferred
to nitrocellulose membranes. Subsequently, membranes were
blocked in 5% non-fat dry milk (Lab Scientific) in TBST (5),
washed and incubated with the indicated primary antibodies on
arotary shaker at 4°C overnight. Blots were then incubated with
HRP-conjugated second antibody for 1 h at room temperature,
incubated with enhanced chemiluminescence reagent (ECL)
(Amersham) for 1 min, and visualized by exposure to Kodak
X-OMAT film.

siRNA mediated gene silencing. To specifically knockdown the
S1P; receptor, cells were transfected with 1 ug of sShRNA vector
constructs (Origene) using Lipofectamine™ 2000 (Invitrogen)
according to manufacturer's instructions. The shRNA constructs
(8-GCTTC ATCGT CTTGG AGAAC CTGAT GGTT-3") used
to silence the S1P; receptor and the negative control ShRNA pRS
plasmid were purchased from Origene (Rockville, MD). Stable
S1P; knocked-down H1793 cells were isolated with puromycin
(1 ug/ ml) selection.

Soft agar colony formation. Cells were collected and adjusted
to 1x10* cells and resuspended in 1 ml of RPMI-1640 (Hyclone)
containing 0.3% Noble agar (BD). Cell suspension was plated in
6-well plates (BD Falcon) above a 1 ml layer of solidified 0.6%
Noble agar in RPMI and allowed to set. The standard H1793
culture media (1 ml) (26) containing treatments was added
to the solidified cell/agar mixture and changed every 3 days.
Cultures were incubated in a humidified 37°C atmosphere
with 5% of CO,. Fourteen days later, cultures were fixed with
4% paraformaldehyde overnight. Colonies were then scored
through blinded study.

Cell proliferation assay. Cells (8x10°) were resuspended in
RPMI containing 0.01% FBS, supplemented with or without
treatments, and plated into each well of a 96-well plate (Corning).
Each treatment was performed in triplicates and cultured at
37°C, in 5% CO, incubator for 72 h. Subsequently, the medium
was removed and replaced with 100 gl of phenol-free RPMI
containing 10 ul of MTS/PMS (Promega) and further incubated
for 1.5 h at 37°C. The absorbance of the plate was read at 492 nm
with a plate reader (Tecan Genios Plus).

Tumor invasion assay in vitro. The invasion ability of cells was
determined by using Neuro Probe A-series 96-well chamber and
standard framed filters (8 ym pore size) following the manu-
facturer's instructions (Neruro Probe, Gaithersburg, MD). The
filters were coated with Matrigel™ (250 pg/ml, BD Bioscience)
at 37°C for 1 h and then air dried. Cells were washed 3 times
with plain medium and cultured in serum-free medium for 12 h.
Subsequently, cell suspensions (2x10° cells/ ml) were prepared
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Figure 1.Increased expression of S1P; in cultured human lung adenocarcinoma
cells. (A) Expression levels of S1P receptors in normal SAEC (primary culture
of normal human small airway epithelial cells) and A549 adenocarcinoma
cells (left panel), as well as LLC cells (right panel). -ve, PCR were performed
without cDNA template. Note that S1P; receptors are markedly increased in
cancerous lung cells, compared to normal lung epithelial cells. (B) Real-time
PCR quantitation of S1P; expression in 3 immortalized normal lung epithelial
and 9 lung adenocarcinoma cells lines. Note that S1P;is elevated, ranging
from 2-18 fold increases, in lung adenocarcinoma cells compared to immor-
talized normal lung epithelial cells. 3-KT, HBEC3-KT; 2-E, HBEC2-E; 2-KT,
HBEC2-KT. MCF human breast cancer cells were used as a positive control.
(C) RT-PCR analysis for the expression of SIP receptor subtypes in normal
lung epithelial and lung carcinoma cells. h3bB4, the constantly expressed
acidic ribosomal phosphoprotein PO was used as the loading control.

in plain RPMI-1640 medium and plated in the upper chambers.
Chemoattractants were added to the lower chambers. Cells were
allowed to invade through Matrigel plugs for 8 h at 37°C. Cells
on the upper surfaces of filters were removed with a cotton swab.
Filters were fixed with 4% paraformaldehyde and stained with
0.5% crystal violet for 30 min. After washes, crystal violet dye
was eluted with 10% acetic acid, and absorbance was measured
at 595 nm.

Results

Elevated SIP; expression in a subset of cultured lung adeno-
carcinoma cells. Our interest in the role of S1P signaling in lung
cancer initially prompted us to screen for the expression of S1P
receptor subtypes in SAEC (primary culture of normal human
small airway epithelial cells), A549 (human lung adenocarci-
noma epithelial cells), and LLC (mouse Lewis lung carcinoma
cells) using RT-PCR. In both A549 and LLC cell lines, the
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Figure 2. Knockdown of S1P; diminishes lung adenocarcinoma cell prolifera-
tion and colony formation. (A) H1793 human lung adenocarcinoma cells were
stably transfected with si-S1P; or pRS control vector. The expression of S1P
receptor subtypes was measured by semi-qunatitative RT-PCR (upper panel)
and real-time PCR (lower panel). Note that S1P; receptors were profoundly
knocked-down in si-S1P; stably transfected cells. The knockdown is specific
since si-S1P; transfection had no effect on the expression of GAPDH (upper
panel) or S1P, , , 5 receptors (lower panel). Real-time PCR data (mean +
SD of triplicate determinations. “p<0.01, t-test) are shown by 22 values
(ACt = Ct of S1P receptor - Ct of GAPDH) to represent the relative abundance
of SIP receptor subtypes in H1793 cells. (B) Cell proliferation in control vector
(pRS) and si-S1P; transfected H1793 cells. Data represent mean + SD of four
determinants. The knockdown of S1P; receptors markedly reduced cell prolife-
ration. "p<0.05, t-test. (C) Colony formation assay. 100 (upper panels) and 500
(lower panels) cells were seeded for clonogenic assay. Numbers in parenthesis
are mean = SD of colony numbers (n=4; "p<0.05, t-test).
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Figure 3. SIP transcriptionally activates EGFR expression via ROCK pathway in lung adenocarcinoma cells. (A) HBEC2-KT and H1793 cells were stimulated
with or without SIP (300 nM) for 4 h. The expression of indicated genes was measured by real-time PCR. Note that S1P stimulation significantly induced EGFR
in H1793 cells, whereas S1P was unable to induce EGFR expression in HBEC2-KT cells. Data are mean + SD (n=3). CDHI, E-cadherin; TLR, toll-like receptor;
F2R, thrombin receptor. "p<0.01 (t-test). (B) Nuclear run-off analysis indicates that SIP activates EGFR transcription. Nuclei were isolated from H1793 with or
without S1P treatment (300 nM) for 4 h. Nuclear run-off assays were performed as we previously described (28). Upper panel, RT-PCR; lower panel, real-time
PCR (mean + SD, n=3). "p<0.05 (t-test). (C) H1793 were pre-treated for 1 h with or without pharmacological inhibitors of various signaling molecules, followed by
stimulating with S1P (200 nM) for 4 h. Inhibitors used are: SP600125 for JNK, SB203580 for p38 kinase, Bay 11-7085 for NFkB, LY294002 for PI3-kinase, and
Y-27632 for Rho kinase (ROCK). Data are mean + SD of triplicate determinations. “p<0.01, t-test.

expression of S1P; was higher than in SAEC cells (Fig. 1A).
Levels of S1P, were similar in all 3 cell lines. Levels of S1P,
were relatively low, while the expression of S1P, and S1P5 were
almost undetectable (data not shown).

To examine whether the increase in S1P; expression is not
only unique to A549 and LLC cells, we performed real-time
PCR analysis on a panel of immortalized normal human
bronchial epithelial cell lines (HBEC) (26,27) and lung adeno-
carcinoma cell lines (26). As seen in Fig. 1B, the S1P; mRNA
level remained relatively low amongst the three immortalized
normal lung epithelial cell lines, HBEC3-KT, HBEC2-E, and
HBEC2-KT. In contrast, S1IP; mRNA levels were elevated within
the majority of the lung adenocarcinoma cell lines, especially in
H1792 and H1793. A screening for mRNA levels of other S1P
receptor subtypes within these cell lines revealed that the expres-
sion level of SIP, , , s receptors remained similar to that of A549
and LLC with an elevation only in S1P; (Fig. 1C).

Knockdown of SIP; receptors diminishes clonogenesis and
proliferation of lung adenocarcinoma cells. To determine
whether S1P; signaling has a functional role in the develop-
ment of tumors, we knocked-down S1P; receptors in H1793
human lung adenocarcinoma cells using shRNA-mediated
gene silencing technique. As shown in Fig. 2A, transfection
of si-S1P; specifically knocked-down S1P; receptors, whereas
si-S1P; transfection did not alter the expression of other S1P
receptor subtypes. Knockdown of S1P; receptors significantly
reduced cell proliferation by ~30% at day 2 and ~40% at day 3
(p<0.05, t-test) (Fig. 2B). Moreover, ablation of S1P; receptors
also significantly inhibited H1793 colony formation in soft agar
(Fig. 20).

S1P-SIP; signaling up-regulates EGFR in lung adenocarci-
noma cells. To investigate the mechanism of the S1P;-mediated
proliferation and clonogenesis in lung adenocarcinoma cells,
we compared the expression of genes between HBEC2-KT
lung epithelial cells and H1793 lung carcinoma cells, which
had the highest expression of S1P; receptors (Fig. 1B), in the
presence or absence of S1P stimulation. The genes examined
are known to be involved in inflammation, tumorigenesis,
adhesion, proliferation, vascular development, and extracellular
matrix modifications; normal cellular functions that are gener-
ally dysregulated within cancer. In our initial screening through
RT-PCR (data not shown) and qPCR (Fig. 3A), we observed
that there was a significant increase of epidermal growth
factor receptor (EGFR) expression (~3.5 fold; p<0.01, t-test) in
H1793 cells following S1P treatment for 4 h. In contrast, there
is no marked alteration of EGFR mRNA in HBEC2-KT cell
following S1P treatment (Fig. 3A). Next, we performed nuclear
run-off analysis (28) to examine whether the S1P-induced EGFR
up-regulation is controlled at the transcriptional level. As shown
in Fig. 3B, nuclei isolated from S1P-stimulated H1793 cells were
able to de novo synthesize the EGFR mRNA, whereas the newly
synthesized EGFR mRNA was undetected in nuclei isolated
from control serum-starved H1793 cells. This result suggests
that S1P treatment transcriptionally activates EGFR expression.

Subsequently, we employed pharmacological inhibitors to
investigate the signaling pathways involved in the S1P-mediated
EGFR up-regulation. Treatment with inhibitor of JNK, p38
kinase, NF«kB, or PL;-kinase did not significantly abrogate the
S1P-stimulated EGFR expression (Fig. 3C). In sharp contrast,
Rho kinase (ROCK) inhibitor, Y-27632, diminished ~92% of the
S1P-induced EGFR expression (p<0.01, t-test) (Fig. 3C), sugge-
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Figure 4. S1P-enhanced EGFR expression is mediated by S1P; receptors. (A) H1793 and HBEC2-KT cells were treated with SIP (300 nM) for various times. The
expression of EGFR was quantitated by real-time PCR analysis. Note that SIP induces EGFR expression in a time-dependent manner in H1793 cells, whereas
S1P was unable to enhance EGFR in HBEC2-KT cells. Data are mean + SD of triplicate determinations. “p<0.05, vs. control untreated cells, t-test. (B) H1793
cells were treated with indicated concentrations of S1P for 4 h. Note that SIP dose-dependently induced EGFR expression. “p<0.03, vs. control untreated cells,
t-test (n=3). (C) H1793 cells were treated with SIP (300 nM) for indicated times. EGFR polypeptides were detected by Western blotting with anti-EGFR. The
nitrocellulose membrane was reprobed with $-actin antibody to show the loading control. Lower panel, the intensity of immunoreactive EGFR band was quantified
by a densitometer, normalized to B-actin, and represent as fold increase (n=4). ‘p<0.05, vs. control untreated cells, t-test. (D) Treatment of VPC23019 inhibits
S1P-induced EGFR up-regulation. H1793 were stimulated with or without SIP (300 nM), in the presence or absence of VPC23019 (5 uM) for 4 h. "p<0.05 (t-test,
n=3). (E) Knockdown of S1P; abolishes S1P-induced EGFR expression. H1793 cells were stably transfected with si-S1P; or pRS control vector as described in the
Materials and methods section. Following S1P stimulation (300 nM, 4 h), the expression of EGFR (upper panel) and S1P; (lower panel) was measured by real-time
PCR. "p<0.05, vs. untreated cells, t-test (n=3). (F) S1P induced EGFR expression in four other lung carcinoma cell lines; however, SIP was unable to induce EGFR
in the normal HBEC3-KT lung epithelial cells. "p<0.01 (t-test, n=3).

sting that the S1P-induced EGFR expression is mediated by the = of S1P, and S1P; receptors (29,30). S1P, is barely detected in
ROCK signaling pathway. H1793 cells (Fig. 2A), indicating that the effect of VPC23019

In addition, S1P treatment time- and dose-dependently  on inhibition of the S1P-induced EGFR expression is mediated
induced EGFR expression in H1793 human lung adenocarci- by antagonizing S1P; receptors. Indeed, this notion was further
noma cells (Fig. 4A and B). In contrast, SIP did not up-regulate  supported by the observation that specific knockdown of S1P;
EGFR expression in HBEC2-KT immortalized normal lung  receptors by shRNA-mediated gene-silencing completely inhib-
epithelial cells (Fig. 4A). Similarly, S1P also increased EGFR ited the S1P-stimulated EGFR up-regulation in H1793 cells
polypeptides in H1793 cells in a time-dependent manner  (Fig. 4E). Furthermore, the SIP-mediated EGFR up-regulation
(Fig. 4C). The S1P-induced increase in EGFR was completely ~ was observed in four other human lung adenocarcinoma cell
abolished by VPC23019 (Fig. 4D), a competitive antagonist  lines: A549, H23, H1792, and H1650 (Fig. 4F). In contrast,



1624 HSU et al: S1P;-EGFR SIGNALING IN

LUNG ADENOCARCINOMA CELLS

A B
0.3 H1793 " 0.8- A549 *
s z 0.2 - c E 0.6
- Y o c
5% £8 04
1‘_°= ] 5= M
20 0.1 =0
[We] [y =] 4
S £8 02
0.0 - 0.0-

SR o 'cs’-:o(“M) s1tP: - 8 - o~ (M)
EGF: - - - -0 0? S (ng/ml) EGF: - - .9 ,(ng/ml)
64 * _— [ T 1
I 5

> 51 c 4+ *
£ __ * - | | x |
279 4. [ o (! 1
oD o 31
= T
» ® 3 .2 7
55 = 2-
® T 2 s
£8 @
» =17 217
0 035 -035 - 035uM) ol
2:;:: o 1 10 (ngim)  EGF: - <P N F SN (ng/mb
: S1P: - + N + (100 nM)
E
m m
o
g §
£ S
© o
k= S
2 <
o
S 2
g £,
£ o0 BE ot i rcotocd
EGF I)- -00501 100501 1 i D7 -l
51P(F;?|:|T)- 01 - - - 010101 ggx' oo . M

Figure 5. S1P treatment potentiates EGF on proliferation, anchorage-independent growth, and invasion of lung adenocarcinoma cells. H1793 (A) and A549 (B)
(8,000 cells in 200 pl) were resuspended in plain RPMI medium containing indicated concentrations of S1P and/or EGF for three days. Cell proliferation was
measured as described in the Materials and methods section. Note that neither SIP nor EGF stimulated cell proliferation in this concentration range, whereas S1P
plus EGF significantly stimulated cell proliferation (‘p<0.01, t-test). Data are mean + SD (n=3) of a representative experiment, which were repeated three times with

similar results. (C) Clonogenic assays were performed as described in Materials

and methods section. Note that treatment of S1P and EGF together significantly

induced colony formation compared to treatment of S1P alone (n=3; “p<0.03, t-test). Cell invasion was measured in H1793 (D) and A549 (E) cells treated with
indicated concentrations of S1P and/or EGF. Note that EGF-induced cell invasion was greatly enhanced in the presence of S1P (n=6; "p<0.05, t-test). (F) Invasive
capability of H1793 cells was measured in the indicated combinations of treatments. Note that Cay10444 (5 uM) completely inhibited, whereas gefitinib (0.5 yM)
reduced approximately 40% of the S1P (100 nM) and EGF (0.05 ng/ml)-induced H1793 invasion. Data are mean + SD (n=3) of a representative experiment, which

was repeated two times with similar results.

S1P did not induce EGFR in HBEC3-KT, another immortal-
ized normal bronchial epithelial cell line (Fig. 4F). Together,
these data identify a novel signaling cascade in which S1P/
S1P;, signaling transcriptionally up-regulates EGFR via ROCK
pathway in lung adenocarcinoma cells.

SIP potentiates EGF effects on proliferation, clonogenesis, and
invasion of lung adenocarcinoma cells. We next determined the
functional consequences of the S1P;-mediated EGFR up-regula-
tion in lung adenocarcinoma cells. Treatment of SIP (0.1-1 uM)
or EGF (0.05-0.5 ng/ml) alone had no effect on H1793 cell
proliferation (Fig. 5A). However, co-treatment of H1793 cells

with SIP (0.1 uM) and EGF (0.05 ng/ml) significantly stimu-
lated the proliferation (1.9+0.3-fold increase, p<0.01, t-test). The
fact that co-treatment of S1P and EGF significantly stimulates
proliferation was also observed in A549 (Fig. 5B) and H1650
lung adenocarcinoma cells (data not shown). Similarly, there
was no marked increase in colony numbers when H1793 cells
were treated with EGF alone (0-10 ng/ml) for 14 days in soft
agar (Fig. 5C). However, S1P dose-dependently enhanced the
clonogenic capability of H1793 cells. Importantly, there are
significantly more colonies in H1793 cells co-treated with S1P
and EGF (10 ng/ml), compared to cells treated with SIP alone
(Fig. 5C).
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In contrast to the lack of effect of EGF alone on H1793 cell
proliferation and clonogenesis, EGF dose-dependently increased
the invasiveness of H1793 cells (Fig. 5D). However, S1P signifi-
cantly enhanced EGF-stimulated cell invasion (Fig. 5D). For
example, although 0.05 ng/ml of EGF did not significantly
enhance the invasiveness of H1793 (1.3+0.1 vs. 1.0+0.1, EGF vs.
control, p=0.18, t-test, n=6), co-treatment of H793 cells with S1P
(100 nM) and EGF (0.05 ng/ml) significantly enhanced inva-
siveness (2.6+0.1 vs. 2.1+0.1, SIP+EGF vs. S1P; p<0.05, t-test,
n=6). Also, co-treatment of S1P (100 nM) and EGF (0.05 ng/ml)
significantly induced cell invasion in A549 (Fig. 5E) and H1650
lung carcinoma cells (data not shown), whereas S1P (100 nM)
and EGF (0.05 ng/ml) had no effect (Fig. SE). Furthermore,
treatment of S1P significantly enhanced EGF (0.05-1 ng/ml)
effects on A549 invasion (Fig. 5E). These data support the
notion that S1P; signaling transcriptionally up-regulates EGFR
expression, and thus enhances the effects of EGF on cell prolif-
eration, clonogenesis, and invasiveness.

Next, we utilized pharmacological antagonist/inhibitors
to further examine the role of the SIP,-EGFR axis in H1793
invasiveness. As shown in Fig. 5F, the stimulation of H1793
cell invasion by co-treatment with S1P (100 nM) and EGF
(0.05 ng/ml) was completely inhibited by Cayl0444, a S1P,
specific antagonist (31-33), or by Cayl0444 plus gefitinib, an
EGFR inhibitor. However, there was only an approximate 40%
reduction of S1P and EGF stimulated invasion when H1793
cells were treated with getfitnib alone (Fig. 5F). This result
suggests that S1P; signaling activates both EGFR-dependent
and EGFR-independent pathways, and both of these pathways
are required for H1793 invasiveness. This observation further
supports our notion that EGFR activation is downstream of the
S1P; signaling axis. Collectively, these data indicate that S1P;-
EGFR signaling plays an important role in the proliferation,
anchorage-independent growth, and invasion of lung adenocar-
cinoma cells.

Discussion

Inthis study, we found that S1P; receptors are markedly increased
in a panel of human lung adenocarcinoma cells and a mouse
lung tumor cell line (LLC) comparing to the normal (SAEC,
Fig. 1A) or immortalized (Fig. 1B) human lung epithelial cell
lines. A recent study suggests that there is no general expression
pattern of S1P receptors among colon, breast, melanoma, and
lung tumors, based on screening representative cultured tumor
cell lines (34). In contrast, our observation implies that increased
S1P; expression may be pathophysiologically and functionally
relevant in association with lung tumors. Importantly, specific
inhibition of S1P; axis by shRNA-mediated gene knock-down
technique reduced tumor cell proliferation and clonogenesis
of human lung adenocarcinoma cells. These data suggest that
the S1P;-mediated signaling may play an important role in the
tumorigenesis of lung carcinomas.

Studies of sphingolipid singaling in tumor progression and
prevention have mainly focused on the ceramide-sphingosine-
sphingosine-1-phosphate rheostat and sphingosine kinases (35).
Ceramide and sphingosine induce cell apopotosis whereas S1P
promotes cell proliferation and survival. Increased sphingo-
sine kinase 1 activity with elevated S1P production has been
observed in several types of cancer cells (20-23). However,
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mounting evidence suggests that the function of sphingosine
kinase-S1P in cancer is complex and is influenced by cell type,
receptor expression, subcellular localization of sphingosine
kinase-S1P and environmental context. The observations made
in this study further advance our knowledge of the contribution
of receptor levels to cancer cell biology and indicate that S1P;
receptor-mediated signaling may contribute to lung carcino-
genesis.

Furthermore, we found that S1P significantly induced EGFR
expression in lung adenocarcinoma cells, but not in normal
lung epithelial cells. The S1P-mediated EGFR up-regulation
was observed both at the mRNA and protein levels and was
demonstrated to be specifically mediated by S1P; receptors.
Amplification or mutation of EGFR contributes to lung tumori-
genesis (36,37). The observed increase in EGFR mediated by
S1P; receptors thus provides a mechanistic insight of the role of
S1P; signaling in lung tumors. Evidence for cross-transactivation
between S1P receptor subtypes and EGFR has been reported. For
example, S1P, via S1P, receptors, induces the secretion of EGF
which subsequently activated EGFR in gastric cancer cells (38).
Also, S1P, through S1P;, transactivates EGFR in MCF-7 breast
cancer cells (39). However, these studies demonstrated an auto-
crine/paracrine mechanism, in which S1P transactivates EGFR
via increasing EGF secretion. In contrast, our study showed that
S1P; signaling directly transcriptionally up-regulates EGFR
expression via ROCK pathway. Although a previous report
showed that S1P induced EGFR expression in smooth muscle
cells (40), the involved receptors and detailed mechanisms were
not characterized.

In summary, we demonstrated that S1P; receptors are signif-
icantly up-regulated in a subset of lung adenocarcinoma cells.
Several lines of evidence were presented to support a functional
role of the S1P-mediated EGFR up-regulation in the carcinogen-
esis of lung tumor. Individually, S1P (ranging from 0.1-1 xM)
and EGF (ranging from 0.05-0.5 ng/ml) had no effect on the
proliferation of H1793 lung carcinoma cells (Fig. 5A). However,
co-treatment with EGF plus S1P significantly stimulated H1793
cell proliferation. Similar results were observed in A549 and
H1650 human lung carcinoma cells. These observations strongly
argue that the observed EGFR increase in the presence of S1P
treatment is functional, thus enabling EGF to stimulate cell
proliferation. This notion is further supported by the fact that
EGF stimulated clonogenesis and the invasive ability of lung
cancer cells was significantly enhanced by S1P. Lastly, the S1P;-
selective antagonist completely inhibited, whereas the EGFR
inhibitor only partially inhibited, the SIP and EGF stimulated
cancer cell invasion (Fig. 5F). These results suggest that S1P;
receptors function as an upstream activator of EGFR activation,
i.e., by increasing EGFR expression. Collectively, these data
indicate that the S1P;-EGFR signaling axis is important in the
proliferation, colony formation, and invasion of lung cancer
cells. Therefore, targeting the S1P; receptor might provide a
novel therapeutic utility in the treatment of cancer.
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