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INTRODUCTION 

Project 1: Early genetic changes in liuman epithelial ovarian tumors 

Ovarian cancer is the fourth cause of death from all cancers among American women and ranks 
the highest among deaths from gynecologic maUgnancies. Although the cure rate with stage I ovarian 
cancer approaches 90%, two-third of patients are diagnosed with advanced intraperitoneal metastatic 
disease, with five year survival rate of 15 to 20%. Therefore, it is of paramount importance to identify a 
marker(s) for early diagnosis of the disease. However, it has been rare to identify Stage I disease and to 
see transition within a malignant tumor from benign to malignant epithelium which might help us to 
identify early genetic changes during ovarian cancer development. Recent histologic studies on 
prophylactic ovaries from high-risk individuals showed the presence of microscopic premahgnant and 
malignant epithelia suggesting that they may create an identifiable milieu from which common epithelial 
tumors of the ovary will mostly likely arise. Molecular genetic study on these microscopic maMgnant 
epithelia would provide us with early genetic events during ovarian cancer development. We therefore 
propose first, to perform LOH study on specific loci on chromosome Ip, 3p, 5q, 6q, 7q, 9p, lip, llq, 
12p, 12q, 14q, 17p, 17q, 22q and Xq by polymerase chain reaction (PCR) analysis of tandem repeat 
polymorphisms; second, to perform immunohistochemistry study on specific oncogene and tumor 
suppressor genes on paraffin sections prepared from ovaries with microscopic malignant serous lesions 
and to study specific oncogene activation and tumor suppressor gene inactivation by single strand 
polymorphism (SSCP) analysis and direct PCR sequencing on microdissected malignant serous 
epithelium obtained from paraffin-embedded ovaries; and third, to perform RNA fingerprinting on 
mRNA isolated from microdissected normal and malignant ovarian epithelial cells prepared from 
normal ovarian surface epithelium and early stage serous ovarian carcinoma and to identify 
differentially expressed genes in these early stage epithelial ovarian cancer cells. We believe that these 
studies should provide us with early genetic changes during ovarian cancer progression and serum 
markers which can be used for early diagnosis of the disease which will significantly improve the 
survival rate of the patient. 

Project 2: A Potential Serum Marker for Ovarian Cancer 

The poor prognosis of ovarian cancer is mainly due to the lack of sensitive tests for early 
detection of the disease, which is often asymptomatic. Studies have shown that ovarian cancer detected 
in early stage has a high five-year survival rate of exceeding 90%. Therefore, identification of molecular 
marker for early stage ovarian cancer detection is of paramount importance. This project is to study a 
cDNA sequence which we have recently identified by differential display. The encoded protein is highly 
homologous to trypsin and members of the kallikrein protease family. The novel protease, named as 
protease M, is highly expressed in many invasive epithehal ovarian cancer tissues and cell Unes, but not 
in normal ovarian cell cultures. Since the preliminary data showed that upregulation of protease M was 
also observed in stage I tumors and the protease was detectable in the conditioned media culturing the 
tumor cells, the proposed work is to evaluate the potential use of protease M as a serum marker for early 
detection of ovarian cancer and for monitoring treatment response of ovarian cancer patients, similar to 
the use of another kallikrein member, prostate-specific antigen (PSA), in the diagnosis and prognosis of 
prostate cancer. The three objectives of this project are: 1) to study the expression level of protease M in 
normal human ovaries and ovarian tumore of different stages and histological grades; 2) to characterize 
protease M and to identify the physiological substrates for protease M by an innovative cycUc peptide 
library screening method; 3) to develop a sensitive, specific, and reproducible method for measuring the 
circulating protease M in the sera of ovarian cancer patients. The results of this study will have a 
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significant impact upon developing a substantially more efficient early detection program with an 
increased probability of reducing mortality from ovarian cancer. The characterization of protease M 
protein and identification of physiological substrates for protease M may provide insights into the 
probable function of this novel protease in the pathogenesis of ovarian cancer. The identified optimal 
peptide substrates with high specificity and affinity for protease M will have significant value in the 
development of a carrier for targeted dehvery of cytotoxic agents to protease M-secreting ovarian cancer 
cells. 

Project 3: Hormones as etiological factore of ovarian carcinogenesis 

Ovarian cancer (OC) is the highest-ranking cause of death from gynecological cancers among 
American women. All cell types of the human ovary may undergo neoplastic transformation; the vast 
majority (80-90%) of malignant tumors are derived from the single layer of epithelial cells covering the 
ovarian surface. Although the etiology of OC is still unknown, several theories have been put forth to 
explain epidemiologic correlates. NuUiparity, lower number of pregnancies, never breast-feeding, and 
infertility are linked to increased incidence of ovarian cancer. Since these conditions may increase the 
number of ovulations in a woman's life-time, a unified hypothesis has been proposed to explain the 
interrelationships between OC and these contributory factors. It has been postulated that "incessant 
ovulation" leads to neoplastic transformation of HOSE cells. It is believed that following ovulation, 
ovarian epithelial cells undergo rapid proliferation to repair the ruptured epithelium. While the etiology 
of OC remains elusive, epidemiological observations have implicated ovarian steroids and/or 
gonadotropins, particularly when present at abnormal levels during and after menopause, as probable 
risk factors of OC. Understanding the role of hormones in ovarian carcinogenesis is of utmost 
importance to combat this deadly disease. 

Project 4: Development of a highly sensitive and specific method for the early detection and a 
strategy for the early intervention of ovarian cancer 

Ovarian carcinoma has the worst prognosis of any gynecological malignancy, due to the 
difficulty of early detection, the high metastatic potential of the tumor and the lack of highly effective 
treatment for metastatic disease. We have shown previously that lysophosphatidic acid (LPA) may 
represent a useful marker for the detection of ovarian cancer (5). The method used for LPA 
determination was a gas chromatographic method, which is cumbersome to perform. We have proposed 
to develop a mass spectrometry-based method to detect lysophospholipids in human body fluids (Task 
1). This method will then be used to analyze lysolipids in blood samples collected from patients with 
ovarian cancer, other diseases, or healthy controls to determine whether one or more of these Hpids may 
be useful for the detection of ovarian cancer (Task 1). In Task 2, we hypothesize that elevated levels of 
LPA in blood and ascites from patients with ovarian cancer are due to an abnormality of LPA 
production and/or degradation. We propose to study the enzymes controlUng levels of LPA in ovarian 
cancer cells and/or body fluids from patients with ovarian cancer. If an abnormal enzymatic activity 
associated with ovarian cancer is identified, it may represent a target for early intervention, since LPA is 
likely to be involved in ovarian tumor cell growth, angiogenesis, and metastasis. 



BODY 

Project 1: Early genetic changes in liuman epithelial ovarian tumors 

Task 1. Tissue collection, processing and microdissection (months 1-36): A total of 48 stage I epithelial 
ovarian carcinomas have been collected. Tissue collection will be continued in month 24-36. 

Task 2. To perform loss of heterozygosity (LOH) studies on specific loci on chromosome Ip, 3p, 5q, 6q, 
7q, 9p, lip, llq, 12p, 12q, 14q, 17p, 17q, 22q and Xq in microscopic stage I serous ovarian carcinomas 
by polymerase chain reaction (PCR) analysis of tandem repeat polymorphisms (months 1-36). 

a). Tissue sectioning, and DNA extraction (months 1-12): Tissue sectioning, microdissection, and DNA 
extraction have been completed. 

b). LOH study (months 3-36): 
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Figure 1. Frequency of loss of heterozygosity at each chromosome arm in 48 cases of stage I ovarian cancer 

Using a high-throughput PCR-based method combined with laser capture microdissection 
and whole genome amplification techniques, we perform allelotyping on DNA isolated from 48 stage I 
sporadic epithelial ovarian cancer including 15 serous, 9 mucinous, 12 endometrioid, and 12 clear cell 
carcinomas. Among them, four are microscopically detected tumors. A total of 240 fluorescent-labeled 
microsatellite markers spanning the whole genome were used. The frequency of loss of heterozygosity 
(LOH) for each chromosome marker in all 48 cases was calculated (Figure 1). Chromosomal arms 
showed over 50% LOH rate include Ip, 2q, 3p, 4q, 5q, 6p and 6q, 9q, 1 Iq, 12q, 13q, 14q, 15q, 17p and 
q, and 18q, Frequencies of LOH at specific loci were also determined and those over 30% were depicted 
in Table 1. These data indicate that high frequencies of LOH can be identified in multiple chromosomal 
arms in early stage ovarian cancer. Whether different subtypes of ovarian cancers have different allelic 
loss patterns is tmder investigation. 



Table 1. Chromosomal regions with incidence (>30%) of LOH in stage I ovarian cancer 

Ghromosomearm      Mar1<ere Regions LOHflnf. LOH% 
1p 
2q 
3p 
3p 
4q 
6q 
6p 
6q 
6q 
6q 
8p 
8p 
9p 
9q 
lip 
lip 
lip 
11q 
11q 
12q 
12q 
13p 
13q 
13q 
13q 
14q 
15q 
15q 
17p 
17p 
17p 
17p 
17p 
17p 
17p 
17p 
17p 
17q 
17q 
17q 
17q 
I7q 
17q 
17q 
17q 
20q 

D1S199 1p36.13 12/36 33 
D2S2382 2q34-35 12/35 34 
O3S1304 3p25.3-25.2 13/37 35 
D3S1300 3p21.1 17/39 44 
D4S426 4q35.2 12/34 35 
D5S433 5q22 13/38 34 
D6S1574 6p24 18/43 42 
D6S287 6q21 13/34 38 
D6S441 6q24 14/32 44 
D6S264 eq25.2 19/32 59 
D8S550 8p23.1 10/32 31 
D8S258 8p22 12/36 33 
D9S288 9p24.1 12/38 31 
D9S15S 9q34.3 9^7 33 
01184040 11p15 14/42 33 
D11S904 11p14.3 13/40 33 
13118905 11p12 13/37 35 
0118901 llql 3.3-14,2 10/30 33 
D1183120 11q24 10/26 38 
D12S351 12q21.32 12/34 35 
D12S1659 12q24.33 13/35 37 
D13S175 13p12-13q11 14/30 47 
D13S171 13q12.3 10/29 34 
D13S263 13q14.2 17/41 41 
D138265 13q31.1 13/34 38 
D14S275 14q11.2 11/31 35 
D15S128 15q11.2-12 13/38 34 
D15S117 t5q213 12/36 33 
D178849 17p13.3 17/34 50 
D178831 17p13.3 15/41 36 
D17S1828 17p13.1 19/45 42 
D17S1876 17p13,1 21/43 49 
D1781791 17p12 14/41 34 
D178799 17^12 19/38 60 
D17S921 17p12-q21.2 13/30 43 
017S1857 17p12-q21.2 17/38 45 
D1781824 17p12-q21.2 14/42 33 
D17S798 17q21.2 10^8 36 
D17S1795 17q21.3-22 13/40 32 
0178787 17q21.3-22 17/38 45 
0178944 17q22 12«7 44 
01781816 17q22-23 14/37 38 
D17S1862 17q24 21/45 47 
0178836 17q25 11/26 42 
D17S784 17qter 11/32 34 
D20S196 20q13.2-13.31 12/38 31 
0218266 21q223 12/33 36 



Task 4. To identify differentially expressed genes in microdissected normal ovarian surface epithelial 
cells and Stage I ovarian carcinoma cells by RNA fingerprinting technique (months 12-36). 

Perform RNA fingerprinting (months 12-24) 
Characterize differentially expressed sequences (months 16-30) (see attached manuscripts) 

1. Kim HK, Skates SJ, Uede T, Wong KK, Schorge JO, Feltmate CM, Berkowitz RS, Cramer DW, 
Mok SC. Osteopontin as a potential diagnostoc biomarker for ovarian cancer. JAMA 2002, 
287:1671-1679. 

2. Wong KK, Cheng RS, Berkowitz RS, Mok SC. Gene expression analysis of ovarian cancer cells by 
cDNA microarray. In Microarray and Cancer Research. Ed. J.A. Warrington, C.R. Todd, and D. 
Wong. Eaton Publishing, Westboro, MA 

Using the MICROMAX cDNA microarray system and RNA isolated from ovarian cancer cell 
lines and normal ovarian surface epithelial cells (HOSE), we identified a gene called osteopontin that 
exhibited an ovarian cancer-to-HOSE ratio of 184. For validation studies, real time quantitative PCR 
analysis and iirmiunohistochemistry were performed in normal and malignant ovarian epithelial cell 
lines and tissues. To evaluate the potential of osteopontin as a tumor marker, we examined the amount 
of osteopontin in plasma samples obtained from ovarian cancer cases and controls by an enzyme-linked 
immunosorbent assay (ELISA). Real time quantitative PCR analysis revealed significant 
overexpression of osteopontin mRNA in ovarian cancer compared to normal ovaries, 
Immunolocalization of osteopontin showed that cancer cases expressed higher levels of osteopontin than 
benign tumors and normal germinal epithelia cases (p=QSB3), and mucinous subtype of ovarian cancer 
expressed higher levels of osteopontin than the serous subtype. Osteopontin levels in plasma were 
significantly higher (p<0.0001) in 83 patients with epitheUal ovarian cancer (606.3 ng/ml) compared to 
207 normal controls (182.8 ng/ml), 36 patients with benign ovarian diseases (309.5 ng/ml), and 48 
patients with other gynecologic cancers (412.6 ng/ml). When a single cut off value of 274.5 ng/ml was 
used, osteopontin showed a sensitivity of 81.4% and a specificity of 88.6%. For the diagnosis of ovarian 
cancer, osteopontin in combination with CA 125 increased the sensitivity to 97.1% from 87.1% with CA 
125 alone ^=0.04). This study showed that osteopontin is an ovarian tumor marker with clinical 
usefulness. 

Project 2: A Potential Serum Marker for Ovarian Cancer 

Task 1:   Investigation of expression of protease M in cMnical samples: 

1. Collection of samples: months 1-30 

Samples are continuously collected by Dr. Samuel Mok and his associates. 

2. Gene expression study: months 6-36 

Table 2 summaries the updated expression data of protease M in ovarian tumor tissues according to 
different stages of the disease. For the RNA analysis, we have applied real-time quantitative RT-PCR to 
analyze the expression of protease M in ovarian tumors in comparison with the levels in normal ovarian 
epithelial primary cultures. Most of the tested tumor RNAs expressed high levels of protease M 
transcript. Furthermore, many of the early stage and low grade tumor samples showed up-regulation of 
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protease M expression, suggesting that high levels of protease M expression also occur in stage I tumors, 
especially for invasive epithelial ovarian cancers. Up-regulation of protease M may be an early event 
during ovarian carcinogenesis. The data for protein expression was obtained by Western blot analysis. 
We have developed some monoclonal antibodies and we are in the process of testing them (see Task 3). 
A good monoclonal antibody specific to protease M will be used in determining the protein levels in 
archival tissues by immunohistochemical staining. 

INVASIVE BORDERLINE 

RNA           PROTEIN RNA         PROTEIN 

Stage 1 8/9 (89%) 4/6 (67%) 3/4 (75%)          0/1 (0%) 

Stage 2 4/7 (57%) 0/1 (0%) 5/6 (83%)          2/2 (100%) 

Stages 29/33 (88%) 10/18 (56%) 2/2 (100%)        N.D. 

Stage 4 7/7 (100%) 1/1 (100%) N.D.                 N.D. 

Table 2. Protease M expression in different stages of epithelial ovarian tumom. 
Percentage of cases that show protease M RNA and/or protein expression are tabulated according to disease stages. N.D. 
not determined. 

Task 2:   Substrate screening: 

1. Enzymatic assays for protease M and other proteases: months 8-16 

We have to produce protease M recombinant protein for the enzymatic assays. In light of this, we have 
cloned the full-length protease M cDNA into the mammalian inducible expression vector 
pcDNA6/T0/myc (Invitrogen) in frame with the C-terminal hexahistidine (His) and myc tags and 
transfected into ovarian cancer cell line SKOV3, which has a deletion of the gene. Several resultant cell 
lines (SK-hK6) that can be induced in the presence of tetracycline to produce protease M recombinant 
protein were isolated (Figure 2A). The recombinant protein was also detectable in the conditioned 
medium. By making use of the C-terminal His-tag, the recombinant protein was purified to near 
homogeneity from the low-serum conditioned medium by one step ProBond™ nickel affinity 
chromatographic column (Invitrogen) shown in Figure 2B. Before elution, the pro-enzyme was 
activated by mild trypsin treatment. The column was then extensively washed to remove the trypsin, and 
the bound proteins were eluted with elution buffers containing increasing concentrations of imidazole. 
The elution products were concentrated by Centricon centrifugation (Millipore) and protein 
concentrations were determined. The elution products were tested for protease activity using a 
commercially available kit (Figure 2C). Measurable protease activity was detected with the 
recombinant protein purified from tetracycHne-induced conditioned medium. A control sample prepared 
from uninduced conditioned medium and was similarly treated with trypsin did not show any protease 
activity. 
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Fig. 2. Production of protease M recomblnant protein. 
A. Western blot analysis of SK-hK6 subclones. Shown are two clones that are inducible for the expression of protease M. 

Lanes 1 and 2 belong to one clone, and lanes 3 and 4 belong to the other clone. Lanes 1 and 3 were cell lysates extracted 
from cells treated with tetracycline, whereas lanes 2 and 4 were from uninduced cells. The protease M bands are marked 
by an arrow. 

B. A silver-stained SDS-PAGE gel of bound proteins eluted with different concentrations of imidazole: lane 1: 50 mM; 
lane 2: 200 mM; lane 3: 350 mM; and lane 4: 500 mM, The recombinant proteins are marked by an arrow. 

C. Proteolytic assay using an EnzChek™ Protease Assay Kit (Molecular Probes). Proteolytic activity of the recombinant 
protease M protein eluted with 350 mM imidazole released the highly fluorescent BODIPY PL dye-labeled peptides. 
The plot shown is arbituary fluorescence units versus eluant volumes (pi). 

We have also analyzed the recombinant protein by a biotinylated fluorophosphonate (FP-biotin) probe. The 
FP-biotin probe was developed by one of our collaborators, Dr. Benjamin Cravatt of the Scripps Research 
Institute (5). FP is a potent and specific inhibitor of serine hydrolases including serine proteases. The 
reactivity of FP with serine hydrolases requires that the enzymes be in a catalytically active state. Hence, a 
FP linked to a small molecule reporter group (biotin) can serve as a potent and selective probe for 
monitoring simultaneously the activities of multiple serine proteases. The preparations shown in Fig. 3A 
contained in addition to the protease M protein also some other contaminating proteins. Nevertheless, the 
impurities did not affect the enzyme activity shown in Fig. 3B. Pretreatment with 500 nM of trypsin over- 
digested the protein (Fig. 3A, lane 2). The same procedure applied to control medium did not result in any 
protein collection (Fig. 3A, lanes 3 and 4). The protein preparations were then incubated with FP-biotin 
probe for half an hour at 25 ''C. The reactions were then quenched by adding standard 2x SDS/PAGE 
loading buffer and run on a SDS/PAGE gel. The separated proteins were elelctroblotted onto a PVDF 
membrane, and treated with an avidin-horseradish peroxidase conjugate (Pierce) and detected by 
SuperSignal cehmiluminescence reagents (Pierce), 
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Fig. 3. Enzymatic activity assay using FP-biotin probe. 
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A. Purification of protease M recombinant protein from culture medium using nickel column chromatography and activation by 
trypsin treatment. Lane 1 and lane 2: preparations from spent medium with cells induced to secrete protease M, lanes 3 and 4: 
preparation from spent medium with cells without induction. Lanes 1 and 3; treatment with 50 nM of trypsin; lanes 2 and 4: 
treatment with 5(X) nM of trypsin. The protease M band was indicated by an arrow. 
B. FP-biotin reactions. Lanes 1 and 2: reactions with trypsin as controls. Lanes 3 and 4: reactions with preparation activated by 
50 nM trypsin treatment. Lanes 5 and 6: reactions with preparations treated with 500 nM of trypsin. Lanes 2, 4, and 6 were 
reactions with pretreatments with heating at 80°C. The protease M band was indicated by an arrow. 

As shown in Fig. 3B, minor treatment of protease M recombinant proenzyme with trypsin activated 
protease M activity towards the FP-biotin probe (lane 3). The activity was drastically reduced by preheating 
the sample at 80°C for 5 min (Fig. 3B, lane 4). The activity observed was from the protease M protein, and 
not from any residual trypsin from the proenzyme activation step (the protease M band can be distinguished 
from trypsin because of their size difference, as shown in Fig. 3B, lane 1 and lane 3). Overdigestion by 
trypsin (Fig. 3A, lane 2) resulted in little enzyme activity (Fig. 3B, lanes 5 and 6). 

2. Enzymatic assays in the presence of protease inhibitors: months 16 - 20 

In progress, 

3. Peptide library screening: months 14 - 24 

We have given our protein samples to our collaborator. Dr. Ben Turk of Beth Israel Deaconess Medical 
Center. We hope that we can have the results soon. 

4. Confirmation of the optimal peptide motifs by enzymatic assays: months 25 - 30 

Not started yet. 

Task 3: Detection of protease M in patient blood: 

1. Collection of samples and storage: months 1-24 

Samples are continuously collected by Drs. Samuel Mok and Dan Cramer, 

2. Development of detection methods: months 6-24 

We have prepared and purified protease M recombinant protein fused with maltose-binding protein (MBP). 
With the expertise help from Drs, Rebecca Hussey and Yunmei Wang of Dana-Farber/Harvard Cancer 
Center, we have immunized five BalB/C mice with purified protein preparations. Spleen cells harvested 
from a mouse were fused with the myeloma cell line NSl. About 1000 fusion clones were screened by 
enzyme-linked immunosorbent assay (ELISA) with MBP-PM fusion protein and MBP control, and by 
Western blot analysis with GST-PM E. coli lysates. About ten clones were identified that are specific to 
protease M protein and do not show cross-reaction to trypsin and other kallikrein proteins such as hKl and 
hK3. These monoclonal antibodies will be characterized, particularly for the use in immunohistochemical 
staining and serum screening, 

3. Assays on the blood samples: months 25 - 30 
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Not started yet. 

4. Data analysis: months 31-36 

Not started yet. 

Project 3: Hormones as etiological factors of ovarian carcinogenesis 

The first objective is to determine the efficacies of selected estrogens, to achieve this the HOSE 
cells will be treated with increasing concentrations of estrogen for five days. The cell proliferation will 
be measured by MTT assay. To study the synergistic effect of FSH and estrogens cells will be cultured 
in the absence or presence of FSH and HOSE cell proliferation will be studied. To ascertain whether 
their mitogenicities are mediated via estrogen receptors receptor blocker will be used. 

The second objective is to determine whether the 3 selected estrogens have direct oncogenic 
potentials and if they could be enhanced by FSH and blocked by the antiestrogen, ICI 182, 780. The 
HOSE cells will be plated and exposed to different doses of estrogen for two weeks. Soft agar assay will 
be used to study the transformation potential of estrogens. In a parallel experiment FSH will be added 
along with estrogen to study the synergistic effect on cell transformation. 

The third objective is to pick up a hormonal milieu that will produce the highest frequency of in 
vitro transformation. To ascertain whether progesterone and DHEA exert anti-tumorigenic action by 
blocking the estrogen and/or FSH-induced neoplastic transformation of HOSE cells, in vitro 
transformation assay will be used to assay the ability of progesterone and DHEA in inhibiting the 
estrogen-gonadotropin-induced transformation of HOSE cells. 

We have established an assay to evaluate the effect of various hormones on the growth of 
HOSE cells in vitro and demonstrated that estradiol significantly stimulated the HOSE cell 
proliferation. The HOSE primary (HOSE 639, HOSE 770, HOSE 783, HOSE 785) and 
immortalized (HOSE 642, HOSE 301, HOSE 306, HOSE 12-12) cell lines were cultured in 
Medium 199 (phenol red-free) MC DB 105 (1:1) supplemented with 1% L-glutamine, 10% fetal 
calf serum, penicillin (100 units/ml) and streptomycin (100 |Ag/ml), when reached 80% confluence 
were harvested and washed twice in PBS and then seeded at a density of 1000 cells/ well in 96-well 
plates. Cultures were maintained in above mentioned medium except fetal calf serum was stripped 
twice with charcoal (this is very important for removing all sex steroids). Forty-eight hours after 
cell plating, the medium will be replaced with the same medium containing various doses of (10""- 
10"* M) estradiol or estrone (E2, El, Sigma, St. Louis, MO). Steroids (El, and E2) were 
dissolved in absolute ethanol. The final concentration of ethanol in the medium was 0.1%. The 
control cells were exposed to equal concentrations of ethanol vehicle without test substance. The 
cells were treated for 5 days with hormones. In a parallel set of experiment primary and 
immortalized HOSE were cultured with various concentration of estradiol (10""- 10* M) and 10"* 
M follicle-stimulating hormone (FSH, Calbiochem, San Diego, CA) for 5 days. On day 6 of 
culture, cell proliferation was measured by a Boehringer Mannheim cell proliferation kit (MTT). 
After the incubation period, 10 jil of the MTT labeling reagent (final concentration 0.5 mg/ml) was 
added to each well and plates were incubated for four hour in a humidified atmosphere. Finally 100 
^1 of a solubilization solution was added to each well and plates were incubated overnight in 37''C. 
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Cell growth was measured based on the cellular conversion of a tetrazolium compound into a 
colored formazan product. The absorbance was measured at 570 nm in a spectrophotometer to 
determine the cell number in each well. Results are expressed by giving one arbitrary unit for the 
absorbance of cells in nontreated wells. Absorbance for wells not exposed to hormones was 
arbitrarily set as 1 and absorbance in hormone treated wells expressed as fold increase of the 
untreated controls. To study whether the proliferative effects of estradiol on HOSE cells are 
receptor mediated, the primary and immortalized cells were cultured with estradiol (10-* M) in the 
presence or absence of two doses (10 "^ and 10"' M) of pure antiestrogen ICI for five days. On day 
6 cells were counted. Arbitrary unit of one was assigned to number of cells in controls and fold 
increase in cell number was calculated in treated cells. 

Estradiol stimulated cell proliferation is inhibited by antiestrogen 

When increasing concentrations (10""-10"* M) of estrone (El) or estradiol (E2) were added 
to primary HOSE 639, HOSE 770, HOSE 783, HOSE 785 (Fig 1), and immortalized normal HOSE 
642, HOSE 301, HOSE 306, HOSE 12-12 (Fig 4), in culture, a dose dependent rise in cell 
proHferation was observed. About ten to fourteen fold increase was noted by 10* M El or E2 in 
HOSE 639, HOSE 770, HOSE 783, HOSE 785 cell 

B 
o. • HOSE 693 (primary cells) 

r^ 
+ + + 

B 
HOSE 7?0 (primary cells) 

El O E2« 
HOSE 783 (primary cdb) 

E2 
ICI      - 

El o E2» 

-^r t 
+ + + 

HOSETSSCprimiryeelh) 

t 
0 

12      - 
K!     - 

+ + + 

FIG 4 Effect of estradiol and estrone on cell proliferation in normal primary OSE cells. HOSE cells HOSE 693, 
HOSE 770 , HOSE 783 and HOSE 785 cells were cultured at the density of (A) 1000 cells/well in 96 well plate in 
medium 199:MCDB 105 supplemented with 10%FBS (heat inactivated charcoal striped FBS), 100 U/ml penicillin- 
streptomycin for MTT assay. After pre-incubation for 48 hours, the cells were treated with different concentrations (10' 

-10' M) of estradiol (solid circle) or estrone (open circle) for 5 days. The cell growth was assessed by MTT ^say as 
described in Material and Methods. Absorbance of wells not exposed to hormones was arbitrarily set as 1 and estradiol 
and estrone treated cell growth was expressed as fold increase of control.   (B) To confirm the specificity of estradiol 2 

13 



xlO ' cells per T-25 flask were cultured alone 0iatched bar) or co-treated with 10 "* M of estradiol (hatched diagonal) 
and two doses of ICI (10 '^ black, and 10"* M horizontal hatched) for 5 days. The control cells were treated with 
vehicle. After 5 days number of cells were counted. Treatment of cells with estradiol and estrone induced proliferation 
of cells in a dose-dependent manner. Co-treatment with ICI abolished the response of normal HOSE cells to estradiol. 
The data is shown as a mean of two experiments with triplicate samples and are represented as mean ± SD. 

lines compared to six fold increase in normal immortalized lines HOSE 642, HOSE 301, HOSE 306 
and HOSE 12-12 cell lines. El and E2 were equally effective in causing cell proliferation in all cell 
lines except HOSE 12-12 cell line where El showed a significant enhancement of cell proliferation 
compared to E2. The ICI considered as pure antiestrogen, functions specifically by binding to and 
inactivating the estrogen receptor. When primary and immortalized HOSE cells were incubated 
with 10"* M E2 A marked enhancement of cell proliferation was seen in all the cell lines with E2 
and when cells were cultured with E2 and two doses (10"^ and 10"* M) of ICI for 5 days, addition of 
ICI to cultures along with E2 markedly attenuated cell proliferation. Cell lines cultured with FSH 
and estradiol showed significant cell growth but no additive effect was seen in any cell line tested 
(results not shown). 

^ 

^ ^  -9 -^ 
(M) 

:i 
1 1 t 

m     -     + + 

HOSE 301 

^ 

-■ i 

E2     -      -H- ■ 
ICI  -      - —m 

(M) 

^ 

(M) 

^ 

S 
c J L 

L! 
1 

-   +++ 

B 

HOSE 12-12 

M 

E2       - 
la    - 

B 

+ + + 

FIG 5 Effect of estradiol and estrone on cell proliferation in normal OSE cell lines. HOSE cell lines HOSE, 642, HOSE 
301, HOSE 306 and HOSE 12-12 were cultured at the density of (A) 1000 cells/well in 96 well plate in medium 
199:MCDB 105 supplemented with 10%FBS (heat inactivated charcoal striped FBS), 100 U/ml penicillin-streptomycin 
for MTT assay. After pre-incubation for 48 hours, the cells were treated with different concentrations (10""-10"* M) of 
estradiol (solid triangle) or estrone (solid rectangular) for 5 days. The cell growth was assessed by MTT assay as 
described in Material and Methods. Absorbance of wells not exposed to hormones was arbitrarily set as 1 and estradiol 
and estrone treated cell growth was expressed as fold increase of control. (B) To confirm the specificity of estradiol 2 
xlO ^ cells per T-25 flask were cultured alone (hatched bar) or co-treated with 10 "* M of estradiol (hatched diagonal) 
and two doses of ICI (10 "' black, and lO'* M horizontal hatched) for 5 days. The control cells were treated with 
vehicle. After 5 days number of cells were counted. Treatment of cells with estradiol and estrone induced proliferation 
of cells in a dose-dependent manner. Co-treatment with ICI abolished the response of normal HOSE cells to estradiol. 
The data is shown m a mean of two experiments with triplicate samples and are represented as mean ± SD. 
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Estradiol stimulated cell proliferation is inhibited by antiestrogen 

When increasing concentrations (10""-10'* M) of estrone (El) or estradiol (E2) were added 
to primary HOSE 639, HOSE 770, HOSE 783, HOSE 785, and immortalized normal HOSE 642, 
HOSE 301, HOSE 306, HOSE 12-12, in culture, a dose dependent rise in cell proliferation was 
observed. About ten to fourteen fold increase was noted by 10"* M El or E2 in HOSE 639, HOSE 
770, HOSE 783, HOSE 785 cell lines compared to six fold increase in normal immortalized lines 
HOSE 642, HOSE 301, HOSE 306 and HOSE 12-12 cell lines. El and E2 were equally effective in 
causing cell proliferation in all cell lines except HOSE 12-12 cell line where El showed a 
significant enhancement of cell prohferation compared to E2. Cell lines cultured with FSH and 
estradiol showed significant cell growth but no additive effect was seen in any cell line tested. The 
ICI considered as pure antiestrogen, functions specifically by binding to and inactivating the 
estrogen receptor. When primary and immortahzed HOSE cells were incubated with 10"* M E2 A 
marked enhancement of cell proliferation was seen in all the cell lines with E2 and when cells were 
cultured with E2 and two doses (10~^ and 10"* M) of ICI for 5 days, addition of ICI to cultures along 
with E2 markedly attenuated cell proliferation. 

Project 4: Development of a highly sensitive and specific method for the early detection and a 
strategy for the early intervention of ovarian cancer 

Task 1. Develop a highly sensitive and specific method for the early detection of ovarian cancer. 
Months 1-36 

Task 2. Develop a strategy for the early intervention of ovarian cancer. Months 1-36 

Work accompUshed as proposed in Task 1 in the last year 
We have completed lipid analyses in 23 patients with ovarian cancer, 9 patients with breast cancer, and 
23 healthy controls. 
Summary Statistics 

Table 1 summarizes the various lipid markers assayed and compares levels obtained from 
ovarian cancer patients to levels in patients with breast cancer and healthy subjects using the Wilcoxon 
rank sum test. The markers that are statistically significantiy different between groups at the p<,01 
level are flagged in the last column. As can be seen from this table ovarian cancer patients and non- 
ovarian cancer patients differ with respect to all markers except SIP, LPAF, the saturated species of 
LPC (LPC 16:0 and LPC 18:0), and most of the LPC-based ratios. 

Correlations 

Table 3 summarizes qualitatively the correlations between the various species totals. Combining 
all patients, alkenyl LPA, alkyl LPA, and LPA are all positively correlated with each other, as are LPI 
and LPA and LPC and LPAF (Pearson correlations). 
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Discrimination 

Considering the markers listed in Table 3 separately, Table 5 summarizes the sensitivity and 
specificity at empirically defined "optimum" cut points (i.e. the cut points that maximize sensitivity and 
specificity) for those markers found to be statistically significantly different between the groups at 
p<.01. Cut points that result in >90% sensitivity and specificity, respectively, are highlighted in a bold, 
italic font. For ovarian cancer "regular" LPA and total LPA (all sources) appear to have good 
discriminatory power. For example, using a cutoff of 1.0 for total "regular" LPA results in 91% 
sensitivity (2 ovarian cancers are misclassified) and 100% specificity (no breast cancer patient or 
healthy control had a "regular" LPA >L0). Similar results are obtained with respect to the saturated 
portion of "regular" LPA using a cutoff of 0.77. It should be noted, however, that sensitivity and 
specificity are highly dependent on the cutoff chosen. For example, changing the cutoff for saturated 
LPA from 0.77 to 0.75 reduces the specificity from 100% to 94%. Using multivariable logistic 
regression models and discriminate analysis these markers can be combined in various ways to 
potentially improve upon the sensitivity and specificity. Figures 6 summarizes these results 
graphically. 
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Table 5. Cutpoints for Classifying Ovarian Cancer 

Cut Point Sensitivity Specificity 

18:0AlkenylLPA :M).03 61% 84% 
Total AlkenylLPA ^.035 65% 84% 

16J0 Alkyl LPA >0.04 65% 81% 
Total AlkylLPA >0.06 65% 81% 

Alkyl+AlkenylLPA >0.10 70% 81% 

16JOLPA >0.62 91% 97% 
18:0 LPA >0.20 91% 97% 
Total Saturated >0.77 91% 100% 

18:1 LPA >0.10 78% 100% 
18s2LPA >0.16 52% 94% 
20:4 LPA >0.11 70% 91% 
22:6 LPA >0.05 65% 100% 
Total Unsaturated >0.40 83% 97% 

Total "Reg." LPA >L0 91% 100% 
Unsat.:Sat. Ratio' <0.71 35% 81% 

LPA-AH Sources >L6 91% 97% 

16:0 LPI >0.11 78% 91% 
18:0 LPI >0.50 78% 91% 
Total Saturated >0.65 78% 94% 

Total LPI >1.0 70% 97% 

18:1 LPC <6.5 65% 72% 
18:2 LPC <12.0 100% 72% 
20:4 LPC <5.0 78% 72% 
Total Unsaturated <30.0 87% 72% 

Total LPC <75.0 78% 66% 

Unsat.:Sat. Ratio <0.85 87% 72% 
16:0 to 18:2 Ratio >2.7 87% 75% 
16:0 to 20:4 Ratio >4.0 77% 66% 
18:0 to 18:2 Ratio >1.37 70% 75% 
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Figure 6 Total "Regular" LPA 
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Work accomplished as proposed in Task 2 in the last year 
1. The first mammalian lysophospholipase D (lyso-PLD) has been identified recently by two 
Japanese groups (5,6). We have found that a lysoPLD-like activity is present in ascites from patients 
with ovarian cancer (Ref 4; appendices). 

2. We have found that when HEY cells were incubated in 6-well plates coated with BSA (as a control) 
or different extracellular matrix (ECM)s, laminin, but not any other ECMs, stimulated an approximately 
4-fold increase of LPA (Fig. 7A). To study the mechanisms of LPA produced by laminin, we tested a 
number of phospholipase inhibitors: HELSS (a iPLAj specific inhibitor, AACOCF3 (an iPLAj and 
CPLA2 inhibitor), 1-butanol (a PLD inhibitor), and OF 109203X (GFX; a PKC inhibitor). Both HELSS 
and AAOOCF3 but not 1-butanol and GFX, significantly inhibited the LPA production (Fig. 7B). These 
results suggest that an iPLAj, but not PLD, or a GFX-sensitive PKC, is involved in the laminin-induced 
LPA production. Importantly, we found that the Pi neutralizing antibody completely blocked the 
production of LPA (Fig. 7B), indicating that laminin-induced LPA production via activating a Pi 
integrin(s). 
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Fig. 7  Laminin-induced LPA production 
In HLI cells. A. 6-weU plates were coated 
with different ECMs (10 /<g/mL) and 

blocked with BSA (0.1%).   Starved HEY 
cells (5xl05-106/well) were incubated in 
these wells for 4 hr. Cell supernatant was 
collected. LPA extraction and analyses 
were performed as described previously^ 
(appendix 1). B. 6-well plates were Coated 
with laniinin and blocked with BSA. Starved 
HEY cells were treated with or without 
inhibitors or the neutralizing antibody against 
Pi integrin prior to incubation in the coated 
wells. LPA production (18:-1-LPA and total 
LPA) was presented as the mean ± S.D, of 
three independent experiments. 
*** = p<0.001 when compared with eontrols. 

KEY RESEARCH ACCOMPLISHMENTS 

We demonstrated that early stage ovarian cancers, including microscopic diseases, have allelic 
losses at multiple chromosomal sites. 
We identified osteopontin as a potential serum biomarker for ovarian cancer. 
Gene expression analysis of the tumor samples has demonstrated that protease M is highly 
expressed in ovarian tumors of various stages and subtypes but not in the normal ovarian epithelial 
cells. 
Protease M recombinant protein has been made and preliminary studies have shown that it exhibits 
protease activity. The activity to peptide library will be determined. 
Monoclonal antibodies specific to protease M have been estabhshed. These will be characterized 
for immunohistochemistry and serum screening purposes. 
We showed that a significant concentration dependent increase was seen in cell proliferation when 
estrone (El) or estradiol is added to primary or immortalized normal HOSE cells. 
We demonstrated that primary HOSE cells were more responsive to estrogens compared to 
immortalized normal HOSE cells. When they are grown in the presence of estradiol and FSH, they 
showed marked increase in cell proliferation. However, no additive effect of FSH was seen nay cell 
line tested. 
Addition of ICI to cell cultures attenuates estradiol induced cell proliferation. 
We showed that HOSE cells exposed to low concentrations (10-9-10-8 M) of DBS for 14 days 
acquiredd ability to grow on soft agar, and HOSE cells exposed to DBS and FSH form higher 
number of colonies on soft agar compared to FSH or DES alone. 
We have confirmed that LPA is a highly sensitive marker for detection of ovarian cancer. 
In addition, we have found that alkenyl-, acyl-LPAs, and lysophosphatidylinositol (LPT), may 
further increase the specificity and sensitivity of the LPA test. A US patent (#6,451,609) covering 
these findings has been issued. 
We have identified that iPLAj and lysoPLD may be important for LPA production form ovarian 
cancer cells. Further studies will reveal whether they are important target for the early prevention 
or the treatment of ovarian cancer. 
We have shown here for the first time that an ECM molecule is able to stimulate LPA production. 
This is also the first work to shown that HEY ovarian cancer cells are able to produce LPA when 
stimulated by a physiological stimulus. This LPA production is potentially related to tumor cell 
metastasis. We believe that these findings are highly novel and significant to ovarian cancer. 
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REPORTABLE OUTCOMES 

Project 1J Early genetic changes in human epithelial ovarian tumors 

Manuscript: 
1, Kim HK, Skates SJ, Uede T, Wong KK, Schorge JO, Feltmate CM, Berkowitz RS, Cramer DW, 

Mok SC.   Osteopontin as a potential diagnostoc biomarker for ovarian cancer. JAMA 2002, 
287:1671-1679. 

2, Wong KK, Cheng RS, Berkowitz RS, Mok SC. Gene expression analysis of ovarian cancer cells by 
cDNA microarray. In Microarray and Cancer Research, Ed. J.A. Wanington, C.R. Todd, and D. 
Wong, Eaton Pubhshing, Westboro, MA 

Funding applied for based on the work supported by this award: 
"Genetic alterations in early stage epithehal ovarian tumors " (4/1/03 -3/30/07) 
Principal Investigator: Samuel C. Mok 
Agent: NIH 
Type: R33 
To identify genetic changes in epithelial ovarian cancers. 

Project 2; A Potential Serum Marker for Ovarian Cancer 
In preparation 

Project 3: Hormones as etiological factons of ovarian carcinogenesis 

Manuscript: 
1. SyedV, LauKM, MokSC, HoSM. Profiling follicle stimulating hormone induced gene expression 

in  normal and malignant human ovarian surface epithelial cells (submitted). 

Abstract: 
1. Syed V, Lau KM, Ho SM. Follicle stimulating hormone associated gene expression profiling in 

normal and malignant human ovarian surface epithelial cells. Endocrinology Meeting , June 2002, 
San Francisco, USA 

Project 4; Development of a highly sensitive and specific method for the early detection and a 
strate^ for the early intervention of ovarian cancer 

Peer-reviewed publications 
1. Baudhuin LM, Kristina KL, Lu, J, and Xu Y. Activation induced by LPA and SIP requires both 

MEK and p38 MAP kinase and is cell-line specific, Mol Pharmacol 62,660-671, 2002. 
2. Lu J, Xiao Y, Baudhuin LM, Hong G, and Xu, Y, Role and SignaUng Pathways of Ether-linked 

Lysophosphatidic Acids in Ovarian Cancer Cells. J. LipidRes. 43,463-476, 2002, 
3. Zhu, K,, Baudhuin, L., Hong, G, WiUiams, F.S., Cristina, K.L„ Kabarowski, J.H.S,, Witte, O.N. and 

Xu, Y Sphingosylphosphorylcholine and lysophosphatidylcholine are ligands for the G protein 
coupled receptor, GRP4, /Bwl Chem. 276(44):41325-41335, 2001. 

Review papers 
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1. Xu Y. Sphingosylphosphorylcholine and lysophosphatidylcholine: G protein coupled 
receptors and receptor-mediated signal transduction. Biochem Biophy kcta, 1582, 81-88, 
2002. 

2. Xu Y, Xiao Y, Zhu K, Baudhuin LM, Lu J, Hong G, Kim K-s, Cristina KL, Song L, 
Williams FS, Elson P, and Belinson J. Unfolding the pathophysiological role of bioactive 
lysophospholipids. Current drug targets-immune, endocrine & metabolic disorders. In press 

3. Bauhuin L, Xiao Y, and Xu Y. SPC/LPC receptors Handbook of Cellular Signaling. In 
press. 

Ahstractn: 
1. Saubhik Sengupta, Yi-Jin Xiao, and Yan Xu Production of Lysophosphatidic Acid (LPA) by 

Laminin - Integrin Interaction is the key for Laminin induced Ovarian Cancer cell Migration. 
22°" Annual Research Day at the Cleveland Clinic Foundation. Oct. 17,2002. 

2. Guiying Hong and Yan Xu OGRl overexpression modulates cell-cell and cell-matrix 
interactions and induce cell apoptosis. 22°" Annual Research Day at the Cleveland CUnic 
Foundation. Oct. 17,2002 

3. Yi-jin Xiao, Benjamin Schwartz, Donna Fife, April While, Alexander Kennedy, Jerome 
Belinson, and Yan Xu. Analyses of LPA in peritoneal washings enhances of the sensitivity and 
specificity of ovarian cancer early detection. 22°* Annual Research Day at the Cleveland Clinic 
Foundation. Oct. 17,2002 

4. Baudhuin LM and Xu Y. Activation of Akt by LPA and SIP is Dependent on the Activaties of 
both ERK and p38 MAP kinases in HEY Ovarian Cancer Cells. 18* UICC International Cancer 
Congress (6/30-7/7/02 Oslo, Norway). Int. J. Cancer Supplemnt 13, P 806,2002 

5. Xu Y and Baudhuin LM. Sphingosine-1-phosphate-mediated activation of Akt through Edg-3, 
but not Edg-1, requires the activation of platelet-derived growth factor receptor. AACR 93'" 
Annual meeting, plOU (April 6-10,2002, San Francisco, CA) 

6. Xu Y, Lu J, Xiao Y, Baudhuin LM, and Hong G. Role and SignaHng Pathways of Ether-linked 
Lysophosphatidic Acids in Ovarian Cancer Cells. AACR 93'" Annual meeting, p255 (April 6-10, 
2002, San Francisco, CA) 

1. "Role and signaMng pathways of lysophospholipids in cancer" (an invited talk at Mayo Clinic) 
(9/24/02) 

2. "Biomarker detection in breast cancer" Breast cancer conference. The Taussig Cancer Center, 
9/19/02. 

3. "Bioactive lysophospholipids, their receptors, and cancers" The Netherlands Cancer Institute, 
Amsterdam, Netherlands, (7/8/02). 

4. "Receptors for SPC and LPC" (an invited talk at the Annual Meeting GERU 2000) (4/18/01) 
Nantes, France. 

5. "Role of signaling pathways of lysophospholipids in cancer" (an invited talk in the Department 
of Pathology, Case Western Research University) (4/29/02). 

6. "Role of signaling pathways of lysophospholipids in cancer" (ICOS LLC; Alameda, CA; 
2/25/02). 

7. "Role of signaling pathways of lysophospholipids in cancer" (Department of Pharmacology, 
Case Western Reserve University; 2/21/02). 

8. "The potential pathological roles of LPA in ovarian cancer" (an invited talk at the 74* Annual 
Meeting of the Japanese Biochemical Society; 10/27/01). 

24 



9. "G protein coupled receptors for LPC and SPC" (a talk at the CCF Retreat; Maumee Bay, OH; 
9/11/01). 

10. "G protein coupled receptors for LPC and SPC" (Beijing University, Beijing, P.R. China; 
9/25/01). 

11. "Role of signaling pathways of lysophospholipids in cancer" (Institute of Animal, The Chinese 
Academy of Science; Beijing, P,R,China; 9/28/01). 

12. "Role of signaling pathways of lysophospholipids in cancer" (Beijing Normal University, 
P,R.China; 10/5/01). 

Patent 
Xu Y, Xiao Y US patent 6,451,609 9/17/2002; Method of Detecting Gynecological Carcinomas 

Degree obtained that is supported in part by tMs award 
Dr. Linnea Baudhuin has obtained her Ph.D. in May 2002 

Funding applied for based on the work supported by this award: 
"Novel lipid signaling pathways in ovarian cancer cells" 
Principal Investigator: Yan Xu 
Agent: To be submitted as a revision to NIH by 11/01/02 
Type: ROl 
Understand the signaling mechanisms of lipid molecules in ovarian cancer cells and identify novel 
targets to be used as potential therapeutics for the treatment of cancer. 

CONCLUSIONS 

Project 1: Early genetic changes in human epithelial ovarian tumors 

We showed that high frequencies of LOH can be identified in multiple chromosomal arms in 
early stage ovarian cancer. Whether different subtypes of ovarian cancers have different allelic loss 
patterns is under investigation. We also demonstrated that osteopontin in a candidate biomarker for 
ovarian cancer, which may have clinical usefulness. 

Project 2; A Potential Serum Marker for Ovarian Cancer 

Analysis of the tumor samples has demonstrated that protease M is highly expressed in ovarian 
tumors of various stages and subtypes but not in the normal ovarian epithelial cells. This is important for 
the development of screening tools for early detection of ovarian cancer. Characterization of protease M 
recombinant protein suggested that it exhibits protease activity. Generation of monoclonal antibodies to 
protease M will enhance the process of immunodetection of the proteins in archived materials and patient 
serum. 

Project 3: Hormones as etiological factors of ovarian carcinogenesis 

All the cell lines responded equally well to E2 and El except HOSE 12-12 cell line, where El 
was more effective than E2 in inducing cell proliferation. Furthermore, No synergism was observed 
when cultures were challenged simultaneously with FSH and E2, Furthermore, treatment of HOSE cells 
with FSH and estrogens enhance their colony formation potential on soft agar. 

25 



Project 4: Development of a highly sensitive and specific method for the early detection and a 
strategy for the early intervention of ovarian cancer 

We have made important accomplishment in developing a method of detecting and a strategy for 
the early intervention of ovarian cancer. The newly developed ESI-MS-based on method is highly 
sensitive, reproducible and quantitative. We confirmed that LPA levels are elevated in plasma from 
patients with ovarian cancer using the MS-based method. Data analyses are in progress to determine the 
specificity of the test. More clinical samples will be collected in the third year of the grant to further assess 
the sensitivity and specificity of the test. 

Using the MS method, we have found that a number of other lysophospholipids, including alkyl- 
LPA, alkenyl-LPA, LPI, SPC and LPC are also elevated in ascites from patients with ovarian cancer, 
compared with ascites from patients with non-mahgnant diseases (3). The diagnostic, prognostic, and 
clinic management signficance of these lipids is under investigation. 

Importantly, we have recently identified the first receptors for SPC and LPC (4-7). These 
discoveries provide an intriguing opportunity and a novel approach to study the roles of SPC and LPC in 
ovarian cancer. In addition, we have found lysophospholipase D (Lyso-PLD) activity in ovarian cancer 
ascites. To target these receptors and lyso-PLD as an early intervention strategy is under investigation. 

REFERENCES 

L Xu Y, Shen Z, Wiper DW, Wu M, Morton RE, Elson P, Kennedy AW, Belinson, J, Markman M, 
Casey G. Lysophosphatidic acid as a potential biomarker for ovarian and other gynecologic cancers. 
JAMA 280,719-723,1998. 

2. Xu Y, Xiao, Y, Baudhuin LM, Schwartz BM. The role and clinical applications of bioactive 
lysolipids in ovarian cancer. J. Soc. Gyn. Invest 8,1-13, 2001. 

3. Xu Y, Xiao Y, Zhu K, Baudhuin LM, Lu J, Hong G, Kim K-s, Cristina KL, Song L, Williams FS, 
Elson P, and Belinson J. Unfolding the pathophysiological role of bioactive lysophospholipids. 
Current drug targets-immune, endocrine & metabolic disorders. In press 

4. Bauhuin L, Xiao Y, and Xu Y. SPC/LPC receptora Handbook of Cellular SignaUng. In press. 
5. Umezu-Goto, M. et al. Autotaxin has lysophospholipase D activity leading to tumor cell growth and 

motility by lysophosphatidic acid production. J Cell Biol 158,227-33. (2002). 
6. Tokumura, A. et al. Identification of human plasma lysophospholipase D, a lysophosphatidic acid- 

producing enzyme, as autotaxin, a multifunctional phosphodiesterase. JBiol Chem 9,9 (2002). 

APPENDICES 

Journal articles: 
1. Kim HK, Skates SJ, Uede T, Wong KK, Schorge JO, Feltmate CM, Berkowitz RS, Cramer DW, 

Mok SC. Osteopontin as a potential diagnostoc biomarker for ovarian cancer. JAMA, 287, 1671- 
1679,2002. 

2. Wong KK, Cheng RS, Berkowitz RS, Mok SC. Gene expression analysis of ovarian cancer cells 
by cDNA microarray. In Microarray and Cancer Research. Ed. J.A. Warrington, C.R. Todd, and D. 
Wong. Eaton Publishing, Westboro, MA 
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3. Baudhuin LM, Kristina KL, Lu, J, and Xu Y. Activation induced by LPA and SIP requires both 
MEK and p38 MAP kinase and is cell-line specific. Mol Pharmacol 62, 660-671, 2002. 

4. Lu J, Xiao Y, Baudhuin LM, Hong G, and Xu, Y. Role and Signaling Pathways of Ether-linked 
Lysophosphatidic Acids in Ovarian Cancer Cells. /. LipidRes. 43,463-476,2002. 

5. Zhu, K., Baudhuin, L., Hong, G. Williams, F.S., Cristina, K.L., KabarowsM, J.H.S., Witte, O.N. 
and Xu, Y Sphingosylphosphorylcholine and lysophosphatidylcholine are ligands for the G protein 
coupled receptor, GRP4. J Biol Chem. 276(44):41325-41335,2001. 

6. Xu Y. Sphingosylphosphorylcholine and lysophosphatidylcholine: G protein coupled receptors and 
receptor-mediated signal transduction. Biochem Biophy Acta, 1582, 81-88,2002. 

Papers in print 
1. Xu Y, Xiao Y, Zhu K, Baudhuin LM, Lu J, Hong G, Kim K-s, Cristina KL, Song L, WiUiams FS, 

Elson P, and Belinson J. Unfolding the pathophysiological role of bioactive lysophospholipids. 
Current drug targets-immune, endocrine & metaboUc disorders. In press 

2. Bauhuin L, Xiao Y, and Xu Y. SPC/LPC receptors Handbook of Cellular SignaUng. In press. 

Abstracts: 
1. Saubhik Sengupta, Yi-Jin Xiao, and Yan Xu Production of Lysophosphatidic Acid (LPA) by 

Laminin - Integrin Interaction is the key for Laminin induced Ovarian Cancer cell Migration. 
22'"' Annual Research Day at the Cleveland Clinic Foundation. Oct. 17,2002. 

2. Guiying Hong and Yan Xu OGRl overexpression modulates cell-cell and cell-matrix interactions 
and induce cell apoptosis. 22°" Annual Research Day at the Cleveland Clinic Foundation, Oct. 
17,2002. 

3. Yi-jin Xiao, Benjamin Schwartz, Donna Fife, April While, Alexander Kennedy, Jerome Belinson, 
and Yan Xu. Analyses of LPA in peritoneal washings enhances of the sensitivity and specificity 
of ovarian cancer early detection. 22""* Annual Research Day at the Cleveland Clinic Foundation. 
Oct. 17, 2002. 

4. Baudhuin LM and Xu Y. Activation of Akt by LPA and SIP is Dependent on the Activaties of 
both ERK and p38 MAP kinases in HEY Ovarian Cancer Cells. 18* UICC International Cancer 
Congress (6/30-7/7/02 Oslo, Norway). Int. J. Cancer Supplemnt 13, P 806,2002 

5. Xu Y and Baudhuin LM. Sphingosine-1-phosphate-mediated activation of Akt through Edg-3, but 
not Edg-1, requires the activation of platelet-derived growth factor receptor. AACR 93"* Annual 
meeting, plOll (April 6-10,2002, San Francisco, CA). 

6. Xu Y, Lu J, Xiao Y, Baudhuin LM, and Hong G. Role and Signaling Pathways of Ether-linked 
Lysophosphatidic Acids in Ovarian Cancer Cells. AACR 93"" Annual meeting, p255 (April 6-10, 
2002, San Francisco, CA) 

Patent 
Xu Y, Xiao Y US patent 6,451,609 9/17/2002; Method of Detecting Gynecological Carcinomas 
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Gene Expression Analysis of Ovarian 
Cancer Cells by cDNA Microarrays 

Kwong-Kwok Wongi, Rita S. Cheng*, Ross S. Berkowite^ 
and Samuel C. Mok^ 
'Texas ChiHreris Cancer Center, Baylor College of Medicine, Houston, TX 
and ^Brigham and Women's Hospital, Harvard Medical School, Boston, 
MA, USA 

INTRODUCTION 

Ovarian cancer (OVCA) ranks closely behind pancreatic cancer as the fifth leading cause 
of death from cancer in US women and is the most lethal of the gynecologic cancers (1), 
Most cases are detected at late stages and are rarely curable. A majority of women with 
OVCA are diagnosed when they have distant disease, and their survival is aroimd 28% at 5 
years (22). On the other hand, 5 years survival for localized disease is about 95% (depend- 
ing on tumor grade), but only a minority of women are detected at this stage. This dismal 
prognosis has stimulated research on methods for early detection with the hope of improved 
survival, but such work has failed thus far to yield a satisfactory screening procedure. 

Currendy, clinical management of epithelial OVCAs relies in part on the stage and phe- 
notype or histopathology of the ovarian tumors and usually begins with surgical cytoreduc- 
tion followed by consolidative chemotherapy. Good responses to this general approach have 
not been completely achieved. Most tumors will either recur after definitive treatment or be 
chemoresistant from the outset. This is pardy due to our lack of understanding of the 
pathogenesis of OVCA. 

It is believed that the vast majority of OVCAs are carcinomas of the surface epithelial 
type. Based on the current knowledge on gene expression of a few differentially expressed 
genes and the loss of heterozygosity (LOH) in ovarian tumors with different histopathol- 
ogy, a working hypothesis for the pathogenetic pathways in ovarian carcinogenesis is pro- 
posed (Figure 1). However, there are still many unknown pathways connecting all these 
ovarian tumors with different histopatholo^. Because the biological behavior of the tumor 
cells may be a manifestation of genes expressed by these cells, gene expression analysis by 
cDNA microarray is a powerfiil tool to identify numerous differentially expressed genes. 
Further analysis of a large set of differentially expressed genes will contribute to our under- 
standing of the pathogenetic pathways in ovarian carcinogenesis. 

Mictoanays and Cancer Research 
Edited by JA. Warrington, C.R. Todd, and D. Wong 
©2002 Eaton Publishing, Westboro, MA 
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K.-K.Wongetal. 

cDNA MICROARRAY ANALYSIS 

Choice of Samples and the Identification of Differentially Expressed Genes 

Microarray technology has evolved as a major discovery tool to identify relevant bio- 
markers for various types of cancers (26,33,35,38) and has been applied for the molecular 
classification of tumors (8). The simultaneous comparison of the expression of thousands 
of genes in two different samples by microarray allows the identification of a large number 
of potential candidate genes for subsequent analysis and applications (24). However, one of 
the important factors for the successfixl discovery of relevant biomarkers relies on the choice 
of relevant samples for comparison. Since most OVCAs are derived from the ovarian sur- 
face epithelial cells, the use of surface epithelial cells will be most appropriate for the com- 
parison with cancer cells. 
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Figure 1. Working hypothesis for pathogenetic pathways in ovarian carcinogenesis. Gene mutational analyses include p53, 
PTEN, and K-ras. Loci on chromosome 1, 3,6, 7, II, 17, and X that demonstrated LOH are shown in italic. Overexpressed 
and down-regulated genes are indicated by A and T, respectively. HOSE, human ovarian surface epithelium; BOT, bor- 
derline ovarian tumor; and lEOC, invasive epithelial ovarian carcinoma. 
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Gene Expression Analysis of Ovarian Cancer Cells 

In our study, we compared the expression of 2400 genes between primary human ovarian 
surface epitheUal (HOSE) ceils and OVCA cells using the MICROMAX™ cDNA microar- 
ray system (NEN Life Science Products, Boston, MA, USA). Three primary HOSE cells 
from different individuals were pooled togedier as a normal sample. The use of pooled nor- 
mal samples has two advantages: (i) fluctuations in gene expression among normal HOSE 
cells due to the individual difFerence in age or physiological states may be minimized; and 
(it) sufficient amount of RNA for direct labeling can be obtained from the precious primary 
cell cultures. Similarly, three different cancer cell lines were pooled together as an OVCA 
sample for the analysis. The use of cancer cell lines has the advantage of being homogeneous. 
On the other hand, tumor tissue may be problematic because it is usually quite heteroge- 
neous. 

We have identified 47 genes overexpressed (Table 1 and Table 2) and 58 genes down-reg- 
ulated in OVCA cells (Table 3) from a single microarray experiment. However, the list of 
genes described here is different from two similar studies reported previously (25,34). Only 
a few differentially expressed genes were shared by these studies. The differences in the list of 
differentially expressed genes may be due to the use of different samples in the analysis. We 
compared the gene expression of primary normal ovarian surface epithelial cells and OVCA 
cell lines. In one of the previous studies, gene expression of normal ovary was compared with 
tumor tissues (34), while gene expression of low passage ovarian surface epithelial ceUs were 
compared with tumor tissues in another study (25). Apparendy, the choice of samples for 
analysis would account for the different set of genes identified. However, fiirdier analysis is 
needed to evaluate die clinical and biological significance of these differentially expressed 
genes. Ideally, laser captured microdissection of primary tumor tissue for comparison with 
microdissected ovarian surface epithelial cells should be used. Unfortunately, the insufficient 
amount of RNA that can be obtained from microdissected material poses a challenge for mi- 
croarray analysis. We hope a more sensitive and reliable method that only requires a few 
nanograms of total RNA for microarray analysis will be developed soon. 

Background Hybridization Signal and the Identification of WeaHy Expressed Genes 

We used the MICROMAX cDNA microarray system for our study because a much 
smaller amount of total RNA is needed. TSA™ signal ampHfication (NEN Life Science 
Products) in the MICROMAX cDNA microarray system reduces the amount of total RNA 
needed to a few micrograms, which is about 20 to 100 times less than the currendy used 
method (24), The detail of MICROMAX cDNA microarray system has been previously de- 
scribed (2,37). Gene expression from OVCA sample was detected as Cy3™ signal (Amer- 
sham Pharmacia Biotech, Piscataway, NJ, USA), while gene expression from HOSE sample 
was detected as Cy5™ signal (Amersham Pharmacia Biotech) (Figure 2). After completion 
of the recommended procedures, significant background signal was still observed in the Cy3 
signal that was derived from OVCA sample. A series of additional stringent posthybridiza- 
tion washes were able to reduce the background signal (Figure 2). The Cy3 to Cy5 ratios for 
each of the 2400 genes before and after the stringent posthybridization washes were plotted 
as two curves for comparison (Figure 3). The result indicated that while the Cy3 to Cy5 ra- 
tios for most of the genes increased slightly after stringent posthybridization washes, the ra- 
tios for some genes increased significandy. The number of genes widi signal to bacl^round 
ratios more than 3-fold has increased from 740 to 791. More importandy, after the strin- 
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Fable 1. Genes Overexpressed in OVCA Cells More than 10-Fold 

Accession (OVCA/ OVCA Signal 
No. Description HOSE) intensity 

M33011 Carcinoma-associated antigen 
GA733-2 

444 1249 

J04765 Osteopontin 184 11851 

L41351 Prostasin 170 3172 

L19783 GPI-H 88 916 

U96759 Von Hippel-Lindau binding protein 
(VBP-1) 

59 1377 

M57730 B61 49 5514 

L33930 CD24 signal transducer and 3' 
region 

47 26722 

D55672 linRNP D 44 950 

U97188 Putative RNA binding protein KOC 38 3599 

L19871 ATF3 37 3507 

J04991 p18 34 9914 

D00762 Proteasome subunit HC8 29 4703 

U17989 Nuclear autoantigen GS2NA 28 721 

U43148 Patched homolog (PTC) 28 4155 

AF010312 Pig7 (PIG7) 23 17379 

M80244 E16 21 4180 

X99802 ZYG homologue 21 2086 

U05598 Dihydrodiol dehydrogenase 18 21595 

L47647 Creatine kinase B 18 787 

M55284 Protein kinase C-L (PRKCL) 16 863 

X15722 Glutathione reductase 14 794 

S54005 Thymosinbeta-10 13 1476 

AB006965 Dnm1pA/ps1p-like protein 13 4183 

M83653 Cytoplasmic phosphotyrosyl 
protein phosphatase 

13 2156 

X12597 High mobility group-1 protein 
(HMG-1) 

12 2785 

M18112 Poly(ADP-ribose) polymerase 12 9277 

U56816 Kinase Myt1(Myt1) 11 1773 

X06233 Calcium-binding protein in 
macrophages (MRP-14) 

11 3007 

D85181 Fungal sterol-C5-desaturase 
homologue 

11 3571 

M31627 X box binding protein-1 (XBP-1) 10 12151 

Reproduced with permission from Reference 37. 
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Table 2. Weakly ^pressed Genes, Overexpressed in OVCA Cells More than 10-Fold Identified After 
Stringnt Washes 

Accession 
No. Description 

AF005654 Actln-blnding double-zinc- 
flnger protein (abLIM) 

LI 0844 Cellular growth-regulating protein 
;M88163 Global transcription activator 

homologous sequence 

U02882 Rolipram-sensltlve 3',5'-cycllc AMP 
phosphodlesterase 

X12517 U1 small nuclear RNP-speclflc 
C protein 

D29833 Salivary proline rich peptlde P-B 
AF020918 Glutathione transferase (GSTA4) 
J05262 Farnesyl pyrophosphate synthetase 
L08424 Achaete scute homologous protein 

(ASH1) 

M84526 Adipsin/complement factor D 
U35113 Metastasis-associated mta1 
D28468 DNA-binding protein TAXREB302 
AF012126 Zinc finger protein (ZNF198) 
AB000714 RVP1 

AF029750 Tapasin (NGS-17) 
X60489 Elongation factor-1 -beta 

L36645 Receptor protein-tyrosine kinase 
(HEK8) 

Genes were identified after stringent posthybridlzation wash. 

(OVCA/ 
HOSE) 

18770 

OVCA Signal 
intensity 

751 

33 725 
18 642 

27 636 

112 550 

10 492 
47 475 
95 469 
57 457 

65 441 
13 367 

268 357 
15 342 
11 314 

118 305 
10 282 
71 273 

gent posthybridlzation washes, we were able to detect the weakly expressed genes that are 
diflferentialiy overexpressed in OVCA cells (Table 2). Those genes correspond to the peaks 
in the curve of Figure 3. 

Genes Overexpressed in Ovarian Cancer Cells 

From the list of overexpressed genes, several putative mechanisms may be involved in the 
pathogenesis of OVCA: (i) inactivation of tumor suppressor; (it) altered expression of tran- 
scriptioii factors; (in) overexpression of oncogenes; (iv) overexpression of glycosylphos- 
phatidyHnositol (GPI) anchor-associated proteins; and (v) altered cell cycle control Ac- 
cording to this list of genes, VBPl interacts with the product of the von Hippel-Lindau 
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Fable 3. Genes Down-Regulated in OVCA Cells More than 10-Fold 

Accession (HOSE/ HOSE 
No. Description OVCA) Signal 

D45421 Phosphodiesterase 1 alpha oo 667 
M35410 Insulin-like growth factor binding 

protein 2 (IGFBP2) 
oo 1517 

X81334 Collagenase-3 protein oo 5146 
D13665 Osteoblast specific factor 2 (0SF-2p1) oo 24300 
J03040 SPARC/osteonectin oo 28711 

D86043 SHPS-1 681 9450 

U89942 Lysyl oxidase-related protein 
(WS9-14) 

454 25055 

M59807 NK4 118 22438 
Z74616 Prepro-alpha2(l) collagen 101 2281 
Z74615 Prepro-alphal (1) collagen 81 24323 

X06596 Complement component C1s 76 22672 
M95787 22 kDa smooth muscle protein (SM22) 71 31581 
X06256 Fibronectin receptor alpha subunit 66 27901 
M36981 Putative NDP-kinase (nm23-H2S) 60 15411 
AJ001838 Maleylacetoacetate isomerase 59 304 
X56160 Tenascin 42 36062 
D21254 OB-cadherin-1 40 20621 
Y07921 Serine protease 37 2247 
Y10032 Putative serine/threonine protein 

kinase 
36 8510 

X04526 Beta-subunit signal transducing 
proteins Gs/Gi (beta-G) 

36 13321 

L31409 Creatine transporter 35 8677 

X04701 Complement component C1 r 33 10299 
X13839 Vascular smooth muscle alpha-actin 32 27311 
X84908 Phosphorylase-kinase, beta subunit 30 11341 
L14595 Alanine/serine/cysteine/threonine 

transporter (ASCT1) 27 2234 
M97796 Helix-loop-helix protein (ld-2) 25 3187 
X04741 Protein gene product (PGP) 9.5 25 13138 
Y10055 Phosphoinositide 3-kinase 23 614 
X83535 Membrane-type matrix 

metalloproteinase 
20 6464 

U69546 RNA binding protein Etr-3 18 2714 
U16268 AMP deaminase isoform L, 

alternatively spliced (AMPD2) 
mRNA, exons 1B, 2, and 3 

18 3512 

S59749 5E10 antigen 18 1249 
U03057 Actin bundling protein (HSN) 17 9285 
J02854 20 kDa myosin light chain (MLC-2) 16 8323 

X16940 Enteric smooth muscle gamma-actin 16 18776 
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Table 3. (Continued) 

Accession (HOSE/ HOSE 
No. Description OVCA) Signal 

r XI3223 N-acetylglucosamlde-{beta 1-4)- 
galactosyltransferase 

16 3357 

M69181 Nonmuscle myosin heavy chain-B 
(MYH10) 

16 11126 

X06990 ICAM-1 16 25605 
;M13656 Plasma protease (C1) Inhibitor 15 1091 
X73608 Testican 15 2977 
M96803 General beta-spectrin (SPTBN1) 15 13359 

: D00632 Glutathlone peroxidase 15 4951 
X03445 Nuclear envelope protein lamin C 

precursor 
13 17451 

M)6419 Lysyl hydroxylase (PLOD) 13 9288 
M12125 Fibroblast muscle-type tropomyosin 12 34379 

: S45630 Alpha B-crystallin, Rosenthal fiber 
component 

12 1536 

AB005298 BAI2 11 3839 
L77864 Stat-like protein (Fe65) 11 1914 
AB007144 ZIP-kinase 11 4277 
M16538 Signal-transducing guanine 

nucleotlde-binding regulatory 
(G) protein beta subunit 

11 2793 

135545 Endothelial cell protein C/APC 
receptor (EPCR) 

11 1002 

i M75161 Granulin 11 13289 
X69910 p63 11 16460 
D12686 elF-4 gamma 11 21555 
L07594 Transforming growth factor-beta 

type III receptor (TGF-beta) 
11 672 

M33294 Tumor necrosis factor receptor 10 6592 
U18121 136 kDa double-stranded RN A 

binding protein pi 36 (K88dsRBP) 
10 1619 

M55618 Hexabrachion (HXB) 10 3866 

^, no detectat 5le Cy3 signal from OVCA cells 

gene and is expected to participate in pathways by inactivation of this tumor suppressor 
gene (4). RNA binding proteins, Koc and hnRNP D, may assume a role in the regulation of 
tumor ceil proUferation by interfering with transcriptional and/or posttranscriptional 
processes of tumor suppressor genes. However, the precise role of these RNA binding pro- 
teins in human tumor cells is unlmown and remains to be elucidated (19). ATF3 and XBP- 
1 are transcription factors that may play an important role in the regulation of gene expres- 
sion by cAMP-dependent intracelluiar signaling pathways (6) and essential for hepatocyte 
growth, respectively (21), Also related to gene transcription, HMG-I protein has been im- 
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plicated as a potential marker for thyroid carcinoma (5). pl8 and E16 are two oncogenes 
that have been found to be overexpressed in acute leukemia cells (16) and various human 
cancers (36), respectively. The GPI anchor, potentially capable of generating a number of 
second messengers, such as diacylglycerol, phosphatidic acid, and inositol phosphate glycan, 
has been postulated to be involved in signal transduction in various cell types, including T- 
cells (32). Genes encoding GPI-anchored proteins, GPI-H (10), B61 (27), and CD24 (23) 
were found to be overexpressed in OVCA cells (Table 1). Mytl activity is temporally regu- 
lated during the cell cycle and is suggested to play a role in mitotic control (18). CD24, a 
GPI-anchored protein, is also involved in cell cycle control. 

The differential expression of five interesting genes, GA733-2, osteopontin, koc, 
prostasin, and creatine kinase B, have previously been confirmed by real-time reverse tran- 
scription polymerase chain reaction (RT-PCR) (37). These five are either surface antigens 
or secreted proteins. Thus they may be potential serum markers. In fact, we have found that 
prostasin is significantly higher in the plasma from OVCA patient (data not shown). 
GA733-2 is known as epithelial cell surface antigen (EPG) or adenocarcinoma-associated 
antigen (KSA). These proteins may fiinction as growth factor receptors (29). Osteopontin is 
an acidic phosphorylated glycoprotein of about 40 kDa which is abundant in the mineral 

Before After ■ ■ 
H ■ 

OVCA (Cy3) 

HOSE (Cy5) 

Figure 2. Hybridization signal before and after stringent posthybridization washes. Cy3 signal is derived from OVCA ceils, 
and Cy5 signal is derived from normal ovarian surface epitiielial cells. (See color plate AlO.) 
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matrix of bones and possibly functions as a cell attachment factor involved in tumor inva- 
sion and metastasis (20). Prostasin is a serine proteinase expressed in prostate and prostate 
carcinoma (39). Creatine kinase has been shown to be at an elevated level in the blood of 
patients with renal cell carcinoma or small lung carcinoma (14,30). These overexpressed 
genes will be deserved of further analysis as potential use as diagnostic markers. 
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Genes Down-Regulated in Ovarian Cancer Cells 

More than 50 genes down-regulated in OVCA cells were identified in this study. In this 
list of genes (Table 3), SPARC/osteonectin has been previously identified by our laboratory 
as a down-regulated gene (17). SPARC is an extracellular matrix (ECM) protein with tu- 
mor-suppressing activity in human ovarian epithelial cells (17). Other ECM or ECM-re- 
lated proteins such as fibronectin, tenascin, OB-cadherin-1, HXB, matrix metallopro- 
teinase, and ICAM-1 were also found to be down-regulated. Tenascin has been suggested as 
a prognostic marker for colon cancer. Patients with more tenascin expression have better 
long-term survival than patients with no or weak expression (9). The disruption of the in- 
tegrity of ECM may be essential to tumor progression of OVCA. 

Several other genes involved in response to growth factors or mitogens were also down- 
regulated. These genes were Shps-1, phosphorylase-kinase, phosphoinositide 3-kinase, 
NDP-kinase, ZIP-kinase, signal transducing guanine nucleotide-binding regulatory pro- 
tein, IGFBP2, TGFp, and TNFa receptor. SHPS-1, a novel glycoprotein, binds the Sh2 
domain containing protein tyrosine phosphatase SHP-2 in response to mitogens and cell 
adhesion (7). Suppression of SHPS-1 expression by v-Src via the Ras-MAP kinase pathway 
has been shown to promote the oncogenic growth of cells (15). The NDP-kinase gene lo- 
cated on chromosome 17q has been proposed as a metastasis suppressor gene in a variety of 
tumor types (3). ZIP-kinase is a novel serine-threonine kinase and has been shown to me- 
diate apoptosis through its catalytic activities (11). Previous study suggests that TGPP re- 
ceptor complex and its downstream signaling intermediates constitute a tumor suppressor 
pathway (12). The stabilization of TNFa receptors on the surface of human colon carci- 
noma cells is necessary for TNFa-induced cell death (28). Besides these two major groups 
of genes, other genes encoding proteases and complement Cl components were also down- 
regulated. Some of these down-regulated genes, such as testican (13) and osteoblast specific 
factor 2 (31), have not yet been associated with carcinogenesis. 

CONCLUSIONS 

Using a commercial MICROMAX cDNA microarray, we were able to identify genes 
overexpressed or down-regulated in OVCA cells from a set of 2400 known human genes. 
Initial analysis of these differentially expressed genes has shed light on the possible mecha- 
nisms involved in the pathogenesis of OVCA. It is hoped that further analysis of these genes 
will contribute important information not only for a better understanding of the process of 
carcinogenesis, but also for assessing the biology and behavior of individual ovarian tumors, 
determining patient prognosis, and eventually influencing therapy. The use of microdis- 
sected primary tumor tissues for further confirmation of the differential expression will be 
needed in studies such as real-time RT-PCR analysis. 

The availability of a commercial microarray that contains a large set of human genes and 
expressed sequence tags (ESTs) will further facilitate the identification of more new and novel 
biomarkers. Currently, the GeneChip™ U95 Set (Affymetrix, Santa Clara, CA, USA) repre- 
sents more than 60 000 human genes and ESTs, while the cDNA microarray, GeneAlbum'™ 
Q£]y[TM 2.g (IncyteGenomics, San Francisco, CA, USA) contains more than 52000 differ- 
ent human genes today. These arrays are the two most complete in vitro resources available 
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for studying human gene expression. We expect that a large set of diflFerentially expressed 
genes identified from microarray analysis can be further exploited for molecular classification 
of various ovarian timior tissue samples, which will be a valuable tool to guide cUnical man- 
agement of the disease. 

REFERENCES 

1 American Cancer Society: Cancer Pacts & Pipins, 1999, American Cancer Society. 
2Adler K, Broadbent J, Garlick R, et al: MICROMAX™: a highly sensitive system for differential gene expression on mi- 

croarrays. In Schena M, editor: Microarray Biochip Technohgy, Natick, 2000, Eaton Publishing, p 221. 
a.Bodey B, Gro^r AM, Siepl SE, Kaiser HE: Nm23/nucleoside diphosphate (Ndp) kinase expression in human malig- 

nant melanomas—significance and implications in tumor biology; Antimmer Res 17:505, 1997. 
4.Brinke A, Green PM, Giannelli F; Characterization of the gene (VBPl) and transcript for the von Hippel-Lindau bind- 

ing protein and isolation of the highly conserved murine homologue. Gmomicsi5M5,1997. 
5.Chiappetta G, Tailini G, De Biasio MC, et al; Detection of high mobility group I HMGI(Y) protein in the diagnosis of 

thyroid tumors: HMGI(Y) expression represents a potential diagnostic indicator of carcinoma. Cancer Res 58:4193, 
1998. 

6.Chu HM, Tan Y, Kobierski LA, et al: Acdvating transcription factor-3 stimulates 3',5'-cyclic adenosine monophosphate- 
dependent gene expression. MolEndocrinol8:59,1994. 

7.Fujioka Y, Matozaki T, Noguchi T, et al: A novel membrane glycoprotein, Shps-1, that binds the Sh2-domain-contain- 
ing protein tyrosine phosphatase Shp-2 in response to mitogens and ceil adhesion. Mol CettBioll6-MS7,1996. 

S.GoIub TR, Slonim DK, Tamayo % et al: Molecular classificadon of cancer: class discovery and class prediction by gene 
expression monitoring. Sdence2%&33l, 1999. 

9.Iskaros BF, Tanaka KE, Hu XP, et al: Morphologic pattern of tenascin as a diagnostic biomarker in colon cancer. /&rr 
OncolGAm, 1997. 

lO.Kamitani T, Chang HM, Rollins C, et al: Correaion of the class H defect in glycosylphosphatidyhnositol anchor 
biosynthesis in Ltk-cells by a human cDNA clone. JBiol Chem 268:20733,1993. 

11 .Kawai T, Matsumoto M, Takeda K, Sanjo H, et al: ZIP kinase, a novel serine/threonine kinase which mediates apopto- 
$k. Mol CellBiol 18:1642,1998. 

12.Kim SJ, Im YH, Maifcowitz SD, Bang Yf: Molecular mechanisms of inacuvation of TGF-beta receptors during carcino- 
genesis. Cytokine Growth Factor Rev 11:159, 2000. 

13.1&>hfeldt E, Mauier P, Vaimahme C, Timpl R: Properties of the extracellular calcium binding module of the proteogly- 
cantestican. MBS£e«4l4:557,1997. 

l4.Kurtz Kf, Nleben RD: Serum creatine kinase BB isoenzyme as a diagnostic aid in occult small cell lung cancer. Cancer 
56:562,1985. 

15.Machida K, Matsuda S, Yamald K, et al; v-Src suppresses SHPS-1 expression via the Ras-MAP kinase pathway to pro- 
mote the oncogenic growth of cells. Oncogene 19:1710,2000. 

16.Melhem RF, ZhuXX, Hailat N, et al: Characterization of the gene for a proliferation-related phosphoprotein (onco- 
protein 18) expressed in high amounts in acute leukemia. JBiol Chem 266:17747,1991. 

17.Mok SC, ChanWY, Wong KK, et al; SPARC, an extracellular matrix protein with tumor-suppressing activity in human 
ovarian epithelial cells. OncogeneVtAWi'i, 1996. 

IS.Mueller PR, Coleman TR, Kumagai A, DunphyWG: Mytl: a membrane-associated inhibitory kinase that phosphory- 
lates Cdc2 on both threonine-14 and tyrosine-15. SciencetlQ-M, 1995. 

19.Mueller-Pillasch F, Lacher U, Wallrapp C, et al; Cloning of a gene highly overexpressed in cancer coding for a novel 
KH-domain containing protein. Oncogene 14:2729,1997. 

20.Oates AJ, Barraclough R, Rudland PS: The role of osteopontin in tumorigenesis and metastasis. Invasion Metastasis 
17:1,1997. 

21 .Reimold A, Etkin MA, Qauss I, et al; An essential role in liver development for transcription factor XBP-1. Genes Dev 
14:152,2000. 

22.Ries LAG, Kwaiy CL, Hank^ BE et al: SEER Cancer Statistics Review 1973-1995, Bediesda, 1998, National Cancer In- 
stitute. 

23.Samm3r M, Gulbins E, Hilbert K, et al: Mouse CD24 as a signaling molecule for integrin-mediated cell binding: fimc- 
rional and physical association with src-kinases. Biochem Biophys Res Comm 234:330,1997. 

24.Schena M, Shalon D, Davis RW, Brovm PO: Quantitative monitoring of gene expression patterns with a complemen- 
tary DMA microarray. Science27Q:4G7,1995. 

25.Schummer M, Ng WV, Bumgamer RE, et al: Comparative hybridization of an array of 21,500 ovarian cDNAs for the 
discovery of genes overexpressed in ovarian carcinomas. 6«ie 238:375,1999. 

26.Sgroi, DC, Teng S, Robinson G, et al: In vivo gene expression profile analysis of human breast cancer progression. Can- 
cer Res 59:5656, 1999. 

137 



K.-K.Wongetal. 

27.Shao H, Pandey A, O'Shea KS, et al: Characterization of B61, the Hgand for the Eck receptor protein-tyrosine kinase. / 
BiolChem 2706636, 1995. 

28.Smith MR, Kung H, Durum SK, et al: TIMP-3 induces cell death by stabilizing TNF-aipha receptors on the surface of 
human colon carcinoma cells. Cytokine9:770,1997. 

29.Szala S, Froehlich M, ScoUon M, et al: Molecular cloning of cDNA for the carcinoma-associated antigen GA733-2. Proc 
NatlAcadSci USA 87:3542,1990. 

30.Takashi M, Zhu Y, Hasegawa S, Kato K: Serum creatine kinase B subunit in patients with renal cell carcinoma. Urolint 
48:144, 1992. 

31.Takeshita S, Kikuno R, Tezuka K, Amann E: Osteoblast-spccific factor 2: cloning of a putative bone adhesion protein 
with homology with the insect protein fasciclin I. BiochemJ294:271, 1993. 

32.Thomas LJ, DeGasperi R, Sugiyama E, et al: Functional analysis of T-cell mutants defective in the biosynthesis of gly- 
cosylphosphatidylinositol anchor. Relative importance of glycosylphosphatidylinositol anchor versus N-linked glycosyla- 
tion in T-cell activation. /Biol Chem 266:23175, 1991. 

33.Villaiet DB, Wang T, Dillon D, et al: Identification of genes overexpressed in head and neck squamous cell carcinoma 
using a combination of complementary DNA subtraction and microarray analysis. Laryngoscope 110:374, 2000. 

34.Wang K, Can L, Jeffery E, et al: Monitoring gene expression profile changes in ovarian carcinomas using cDNA mi- 
croarray Gene229:\0\, 1999. 

35.Wang T, Hopkins D, Schmidt C, et al: Identification of genes differentially over-expressed in lung squamous cell carci- 
noma using combination of cDNA subtraction and microarray analysis. Oncogene 19:1519, 2000. 

36.WoIf DA, Wang S, Panzica MA, et al: Expression of a highly conserved oncofetal gene, TA1/E16, in human colon car- 
cinoma and other primary cancers: homology to Schistosoma mansoni amino acid permease and Caenorhabditis elegans 
gene products. Cancer Res 56:5Q\2, 1996. 

37.Wong KK, Cheng RS, Mok SC: Identification of differentially expressed genes from ovarian cancer cells by MICRO- 
MAX™ cDNA microarray system. BioTechniques 30:670, 2001. 

38.Xu J, Stoik JA, Zhang X, et al: Identification of differentially expressed genes in human prostate cancer using subtraction 
and microarray. Cancer Res 60:167, 2000. 

39.Yu pC, Chao L, Chao J: Molecular cloning, tissue-specific expression, and cellular localization of human prostasin 
mRNA./5w/a?m 270:13483, 1995. 

138 



OfflGINAL CONIBIBUnON 

Osteopontin as a Potential 
Diagnostic Biomarl<er for Ovarian Cancer 
Jae-Hoon Kim, MD 
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Context Development of new biomarkers for ovarian cancer Is needed for early de- 
tection and disease monitoring. Analyses Involving complementary DNA (cDNA) ml- 
croarray data can be used to identify up-regulated genes in cancer cells, whose prod- 
ucts may then be ftirther validated as potential biomarkere. 

Objective To describe validation studies of an up-regulated gene known as osteo- 
pontin, prewously identified using a cDNA microarray system. 

Design, Setting, and Participants Experimental and cross-sectiond studies were 
conducted invoMng ovarian cancer and healthy human ovarian surface epithelisJ cell 
lines and cultures, archival paraffin-embedded ovarian tissue collected between June 
1992 and June 2(K)1, and fresh tissue and preoperative plasma from 144 patients evalu- 
ated for a pelvic mass between June 1992 and June 2001 In gynecologic oncology 
services at 2 US academic institutions. Plasma samples from 107 women selected from 
an epidemiologic study of ovarian cancer initiated telween May 1992 and March 1997 
were used as healttiy controls. 

Main Outcome Measures Relative messenger RNA expression In cancsr cells and 
fresh ovarian tissue, measured by real-time polymerase chan reaction as 2"^*^ (a qu^- 
titative vdue representing the amount of osteopontin expression); osteopontin pro- 
duction, localized and scored In ovarian healthy and tumor ti'ssue with Immunohisto- 
chemical studies; and amount of osteopontin in patient vs control plasma, measured 
using an enzyme-linked immunoassay. 

Results The geometric mean for 2-^^ for osteopontin expression in 5 healthy 
ovarian epithelial cell cultures was 4.1 compared with 270,4 in 14 ovarian cmicer cell 
lines (P=.03). The geomeWc mean 2"**^ for osteopontin expression in tissue from 2 
healttiy ovarian epittielial samples was 9.0 comparwl witfi 164.0 in 27 microdissected 
ovarian tumor tissue samples (P=.06). immunolocalization of osteopontin showed 

Colleen M. Feltmate, MD         

Ross S. Berkowitz, MD  

Daniel W. Cramer, MD, ScD  

Samuel C. Mok, PhD     

OVAMAN CANCER HANKS AS 

the fifth leading cause of 
death from cancer and has 
the highest mortelity rate 

among the ^necologic maUgMncies in 
the United Stat^.^ Every year approxi- 
mately 25 000 ovarian cancer cases are 
newly diagnosed and approximately 
15000 deaths occur secondary to the 
malignancy.* This high case-fatality ra- 
tio reflects the fact that most ovarian 
cancer cases are detected at stage 111 or 
W, at which the 5-year survival rate is that tissue samples from 61 patients with invasive ovari^ cancer and 29 patienb 
below 30% compared with 95% with with borderline ovarian tumors expressed higher levels of osteopontin ttian tissue 
stage I.^ To improve survival, it would samples from 6 patienb with benipi tumore and samples of hedthy ovmian epithe- 
be desirable to develop tumor mark-    ""'" fr*"" ^ patients (P=.03). Osteopontin levels in plasma were signiflcantiy hi^er 

(P<.(X)1) in 51 patiente with epithelial ovarian cancer W6.5 ng/mL) rompared witii 
those of 107 hedthy controls (147.1 ng/mL), 46 patienb with benign ovarian disease 
(254.4 ng/mL), and 47 patienb with other ^necologic cancers (260.9 ng/mL). 

Conclusions Our findinp provide evidence for an association between levels of a 
biomarker, osteopontin, and ovarian cancer ^id suggest that future research assess- 
ing ib clinical usefulness would be worthwhile. 
JAMA:2m2;287:1671-1679 www.jama.eotn 

ers that could be tised to detect the early 
stages of the disease. 

The development of high-through- 
put complementary DNA (cDNA) 
microarray techniques offers great 
potential for identifying novel and spe- 
cific biomarkers for the early detec- 
tion of cancer.*"* Using these tech- 
niques, potential serum markere for 

several cancers have been identified.**    lines and healthy human ovarian sur-    AuihwAfflliationsand nn^md Disdosuresare listed 
at the end of Ws article. 
CoirespcMidingAuttKN-and R^rinls: Samuel CAAok, 
PhD, laboratoiy of C^ecdo^c Oncology, Division of 
C^iecologic Oncology, Department of Obstetrics, Gy- 
neootegy, and teprodudiw Rdogy, fti^iam and Wom- 
en's HoqMtol, BLI-447,221 Imgmod Ave, Boston, WIA 
02115 (e-mail: Km(*®rics.bv^.harvcKl.edu). 

In our study with the MICROMAX 
(PerkinElmer Life Sciences [previ- 
ously NEN life Sciences], Boston, Ma^) 
cDNA microarray system using RNA 
isolated from several ovarian cancer cell 

face epithelial (HOSE) cell cultures, we 
identified a spot with an ovarian cancer/ 
HOSE ratio of 184 that corresponded 
to a protein called osteopontin.* We pre- 
sent the experimentel and clinical stud- 
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ies addressing the potential clinical use- 
fulness of this marker. 

METHODS 
Cell Lines and Cultures 
All ovarian cancer cell line material was 
obtained either by scraping the sur- 
faces of healthy ovaries, recovery of ma- 
terial from ascites, or procurement of ex- 
planted tissue from solid tumors as 
described previously.'" Five healthy 
HOSE cell cultures used in this experi- 
ment were HOSE695, HOSE697, 
HOSE713, HOSE726, and HOSE730. 
Fourteen ovarian cancer cell lines were 
used: ALST, CA0V3, D0V13, 0VC:A3, 

OVCA420, OVCA429, OVCA432, 
OVCA433, OVCA633, and SK0V3 
originated from serous cystadenocarci- 
noma; RMUG-L and RMUG-S origi- 
nated from mucinous cystadenocarci- 
noma; and RMG-1 and ES-2 originated 
from clear-cell carcinoma. All cell cul- 
tures and cell lines were established in 
the Laboratory of Gynecologic Oncol- 
ogy, Brigham and Women's Hospital, 
Boston, Mass, except 0VCA3, SK0V3, 
RMUG-L, RMUG-S, RMG-1, and ES-2, 
which were purchased from the Ameri- 
can Type Culture Collection (Rock- 
ville, Md) and the Japanese Collection 
of Research Bioresources (Tokyo, Ja- 
pan), respectively. 

Biosamples 
All patient-derived specimens were col- 
lected and archived under protocols ap- 
proved by the institutional review boards 
(IRBs) of the parent institutions. Paraf- 
fin blocks (n=99) of ovarian cancer and 
healthy tissue from the Brigham and 
Women's Hospital pathology depart- 
ment archives were collected between 
June 1992 and June 2001, representing 
a cross-section of histologic types and 
grades seen at the institution. The blocks 
were collected under a separate "dis- 
carded material" IRB protocol allowing 
study of such material provided there 
was linkage only to diagnostic details 
such as tumor stage and grade. A sepa- 
rate bank of plasma and fresh frozen tis- 
sue, representing a different group of pa- 
tients and for which written informed 
consent was required, was obtained from 

144 women evaluated for a pelvic mass 
at the practices of 2 oncologists 0O.S. 
and R.S.B.) at the Brigham and Wom- 
en's Hospital between June 1992 and 
June 2001, and at the University of Texas 
Southwestern Medical Center, Dallas, 
between December 2000 and June 2001. 
The patients represent a cross-section of 
women seen in these practices and were 
selected from those women who con- 
sented to the protocol and had non- 
emergent surgery when technical sup- 
port to collect the specimens was 
available. The 144 case patients were di- 
vided into those with epithelial ovarian 
tumors (n=51), other gynecologic can- 
cers (n=47), and benign disease (n=46). 
All tumor tissue contained less than 20% 
healthy tissue and was collected from die 
primary ovarian sites and, if possible, 
metastatic sites. Control plasma speci- 
mens (n= 107) were derived from an 
IRB-approved epidemiologic study of 
ovarian cancer initiated between May 
1992 and March 1997. These controls 
were selected to match 5-year age groups 
in cases from 496 plasma specimens still 
available from an original total of 523 
from the epidemiologic study and in- 
volved women selected from the gen- 
eral population of Massachusetts and 
New Hampshire."'*^ A match for all 144 
case patients was not sought but the 
number of controls was chosen to be at 
least twice as large as the number of in- 
dividuals in the separate case groups. 

For fresh-frozen sections, fresh speci- 
mens were embedded in Tissue Tek 
OCT medium (Miles, Elkhart, Ind), 
snap-frozen in liquid nitrogen, and 
stored at -80°C until use. The archival 
tissues in paraffin blocks were re- 
trieved from padiology files in the Labo- 
ratory of Gynecologic Oncology at the 
Brigham and Women's Hospital. The 
plasma samples were centrifuged at 
2000g at 4°C for 15 minutes. The sepa- 
rated plasma was removed, aliquoted, 
and frozen at-80°C for future analysis. 

Laser Capture Microdissection 
Tissues stored in Tissue Tek OCT 
(Miles) medium at-80°C were sec- 
tioned at 7 pm in a cryostat (Leica, Al- 
lendale, NJ). Sections were mounted on 
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uncoated glass slides and immediately 
fixed in 70% and 50% ethanol for 30 
seconds in each, stained with hema- 
toxylin-eosin, dehydrated in alcohol so- 
lutions of increasing concentration, and 
cleared in xylene for 5 minutes in each. 
After being air-dried for 3 minutes, the 
sections were laser microdissected us- 
ing the PixCell II (Arctarus, Cahf). Tis- 
sue widi morphologically healthy ovar- 
ian epithelial cells and malignant 
epithelial ovarian cancer cells was pro- 
cured, representing 27 cases with ovar- 
ian cancer tissue and 2 cases with 
healthy ovarian tissue. These samples 
were selected from enrolled cases with 
sufficient material for study, represent- 
ing a range of histologic types. 

Real-Time Quantitative Reverse 
Transcription Polymerase 
Chain Reaction 
Real-time quantitative reverse tran- 
scription polymerase chain reaction 
(RT-PCR) was used for analysis of cell 
cultures and lines and microdissected 
fresh tissues. Total RNA extraction 
and cDNA synthesis were performed 
as described previously." For the 
quantitative RT-PCR studies, a total of 
2 |iL of cDNA was used in a 23-IJL 

PCR mix containing IX SYBR PCR 
buffer, 3 mM MgClj, 0.8 mM dNTP, 
and 0.025 U/]iL AmpliTaq Gold (PE 
Applied Biosystems, Foster City, 
Calif). Amplification was then per- 
formed in duplicate using primer sets, 
which we developed for osteopontin 
and were manufactured by and pur- 
chased from Sigma Genosys (Wood- 
land, Tex)  (forward primer: 
5'-AAGCGAGGAGTTGAATG 
GTGCAT-3'; reverse primer: 
5'-TGTGGGTTTCAGCACTCT- . 
GCTTCAT-3') and a housekeeping 
gene, glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), as a control 
in an ABl PRISM 5700 Sequence 
Detector (PE Applied Biosystems) 
with denaturation for 10 minutes at 
95°C followed by 40 PCR cycles of 
denaturation at 95°C for 15 seconds 
and annealing or extension at 60'C 
for 1 minute. The ABI5700 system 
software monitored the changes in fluo- !!^*^l! 
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rescence of SYBR Green I dye in every 
cycle. The threshold cycle (CT) value for 
each reaction, reflecting the amount of 
PCRneededtoidentifya tergetgene, and 
the relative level of osteopontin for each 
sample were calculated as described.'^" 
Briefly, GAPDH was used for the nor- 
malization of the quantity of RNA used. 
Its CT value was dien subtracted from 
that of the osteopontin gene to obtain a 
4CT value. The difference (AAQ) 
between the AQ values of the samples 
for the gene mrget and the ACx value of 
the cahbrator (HOSE697 for cell hues or 
741A for ti^ue) was determined. These 
cahbrators were cho^nbecause they had 
the lowest expr^sion values for cell lines 
and tissues, respectively. The relative 
quantitative value was expressed as 
2-Mcr^ representing the amount of osteo- 
pontin expression (normalized to a ref- 
erence [endogenous]), relative to the 
calibrators." Specimens were run in 
duplicate and the values averaged. To 
confirm the specificity of the PCR reac- 
tion, PCR products were electropho- 
resed on a 1.2% agarose gel. 

method, as described previously." Sec- tibody (100 pL of 2 n^niL) was added 
tions were incubated with primary and incubated for 30 minutes at 4°C. 
mouse monoclonal antibody directed After 9 washes, 100 pL of tetramethyl 
against osteopontin (2 pg/mL) for 60 benzidine buffer was added and the sig- 
minutes at 37°C (Immuno-Biological nal was allowed to develop for 30 min- 

Immunohistochemistiy 
The paraffin block specimeiK used in 
this experiment were derived firom ar- 
chived tissue (not representing samples 

Laboratories IIBL], Gumma, Japan). 
The control sections were treated in par- 
allel but incubated with normal mouse 
serum (as a negative control) instead 
of the primary antibody. All sections 
were incubated in a moist chamber. Sec- 
tions were then incubated with a bio- 
tinylated secondary antibody for 30 
minutes (Vector Laboratories, Burlin- 
game, Calif). After 30 minutes of in- 
cubation in avidin-biotin complex, the 
reaction product was visualized by 3,3- 
diaminobenzidine tetrahydrochloride 
(Vector Laboratories). Finally, sec- 
tions were dehydrated and cleared in 
ethanol and xylene and mounted in 
SP15-500 Permount (Fisher Scien- 
tific, Pittsburgh, Pa). Representative 
photomicrographs were recorded by a 
digital camera (Optronic, Goleta, Calif). 
Intensity of staining was quantified us- 
ing a semiquantitative scoring system 
as described." 

utes at room temperature. The reac- 
tion was stopped with 100 pL of 1 N 
suUuric acid. The absorbance at 450 imi 
was measured by an automatic ELISA 
reader (Biorad, Hercules, Calif). 

Results were converted from the 
mean absorbance of duphcate wells af- 
ter subtraction of background values. 
Recombinant human osteopontin pro- 
tein (IBL) was used as a standard. The 
standard curve was prepared simulta- 
neously with the measurement of test 
samples. Reagent blank, test sample 
blank, and internal controls of plasma 
samples were used to normalize osteo- 
pontin values obtained from each ex- 
periment. 

StatisHcal Analyns 
The relative measures of osteopontin 
expression, 2-^", as measured tising 
RT-PCR in cancer and healthy cells or 
cancer and healthy tissue were com- 
pared with unpaired t tests on log- 
transformed values. Immunochemis- 
try scores were compared using the 
nonparametrlc Kruskal-Wallis test for 

Emyme-Unked 
Immunosoibeirt Assay 
Levels ofosteopontin in plasma samples ^____^ ..„™,^ , 

from patients contributing fresh speci-    were measured with a sohd-phase sand- overall group differences. Osteopontta 
mens) and consisted of tissue fi-om 3    wich enzyme-linked immunosorbent has plasma levels diat range over mul- 

assay (ELISA) using a commercially tiple orders of magnitude; therefore, a 
available kit, which has interassay co- 

healthy ovaries, 6 benign ovarian tu- 
mors (1 serous, 4 mucinous, and 1 
mixed), 29 borderline ovarian cancers 
(13 serous, 14 mucinous, 1 clear ceU, 
and 1 mixed), and 61 invasive ovarian 
cancers (21 serous, 21 mucinous, 6 en- 
dometrioid, 8 clear cell, 2 undifferen- 
tiated, and 3 mixed). The archived par- 
affin blocks were derived from patients 
having surgery at the Brigham and 

efficient of variation varying fi-om 0.7% 
to 2.0% and intraassay coefficient of 
variation varying from 3.7% to 4.7% de- 
pending on the level of the marker 
(Code No. 17158, IBL). Microplates 
were first precoated with anti-human 
osteopontin rabbit IgG (100 pL of 20 
p^mL in 0.1-M carbonate buffer; pH, 

logarithmic transformation was used to 
change to an arithmetic scale. Simulta- 
neously, the transformed data com- 
pUed more accurately with the assump- 
tions of a Gaussian distribution for 
residuals in general Mnear models. Data 
were summarized with the number of 
observations, the geometric mean (P val- 
ues were applied appropriately to difr 

Plasma and standard osteopontin    for the geometric mean, and the range 

Women's Hospital. Blocks were se- 9.5) and blocked with 1% bovine se- ferences in the log [osteopontin] lev- 
lectedtorepresentacross-^ectionofhis- rum albumin and 0.05% Tween 20. els), the 95% confidence intervals (CIs) 
tologic types and grades, overselect-    "' ... 
ing for early-stage cases. There were 42 
blocks containing International Fed- 
eration of Gynecology and Obstetrics 
(FIGO) stage I/II tumor and 33 blocks 
with stage IMV tumor included in im- 
munohistochemical studies. 

Immunohistochemical studies were 
performed using the avidin-biotin 

samples were diluted with 1% bovine 
serum albumin and 0.05% Tween 20 in 
phosphate-buffered saline and incu- 
bated for 1 hour at 37°C. After 7 washes 
with 0.05% Tween 20 in phosphate 
buffer, horseradish peroxidase- 
labeled conjugated anti-human osteo- 
pontin (10A16) mouse monoclonal an- 

of the date. The general linear model was 
used to determine differences in means 
among groups (eg, diagnostic groups or 
within ovarian cancers for the histo- 
logic groups) and age was added to the 
model to adjust for any age effects on os- 
teopontin levels. The ELISA levels were 
compared using the Kruskal-Wallis test 
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or Mann-Whitney U test among groups. 
The level of critical significance was con- 
sidered to be P<.05. 

For reporting specificity and sensi- 
tivity estimates, there are a variety of 
arbitrary choices, including present- 

ing the full receiver operating charac- 
teristic curve, or fixing sensitivity at an 
arbitrary value and estimating the speci- 
ficity, or fixing specificity at an arbi- 
trary value and estimating sensitivity. 
The latter choice was made for this re- 

Figure 1. Relative Quantitation of Osteopontin in Healthy Ovarian Epithelial Cell Cultures 
and Malignant Ovarian Epithelial Cancer Cell Lines 
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Statistically significant differences were obtained between 5 healthy human ovarian surface epithelial (HOSE) cell 
cultures, 10 serous-type ovarian cancer cell lines, 2 mudnous-type ovarian cancer cell lines, and 2 dear cell-type 
ovarian cancer cell lines by unpaired t test (P= .03). Each value was expressed as the mean of duplicate. The ref- 
erent was HOSE697, considered to have a value of 1. 

port with a choice of specificity of 80%. ■ 
First, the nearest cutoff for osteopon- 
tin corresponding to this level of speci- 
ficity is determined, then the sensitiv- 
ity is estimated as the number of 
patients with disease for a given sub- 
group with osteopontin levels exceed- 
ing the cutoff divided by the number 
of patients with disease in the given 
subgroup. The actual specificity may 
vary slightly from the target value 
(80%=4/5) because the number of case 
patients is not (in this study) divisible 
by 5. All analyses were performed us- 
ing SPSS version 9.0 (SPSS Inc, Chi- 
cago, 111) and S-PLUS (Insightful Inc, 
Seattle, Wash). 

RESULTS 

To vahdate overexpression of osteo- 
pontin in ovarian cancer, real-time RT- 
PCR was applied to an expanded se- 
ries of ovarian epithelial cell cultures 
and cancer cell lines and tissues. Based 
on the AACT relative to the healthy cell 
culture, HOSE697, the relative expres- 
sion levels of osteopontin messenger 
RNA (mRNA) in other cell lines were 
calculated (FIGURE 1). The geometric 
means of healthy and cancer cell lines 
were 4.1 and 270.4 (P=.03). Except for 
CA0V3, OVCA3, OVCA429, and ES-2, 

Figure 2. Relative Quantitation of Osteopontin in Healthy Ovarian Epithelial Tissues and Malignant Ovarian Epithelial Cancer Tissues 
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Expression differences were obtained between samples of 2 healthy ovarian epithelial tissues, 17 serous-type ovarian cancer tissue?, 6 mucinous-type ovarian cancer 
tissues, and 4 endometrioid-type ovarian cancer tissues by unpaired t test (P= .06). Each value was expressed as the mean of duplicate. The referent was 741 A, con- 
sidered to have a value of 1. 
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the other 10 ovarian cancer cell Unes 
showed high levels of osteopontin ex- 
pression. There was no significant dif- 
ference in osteopontin expression 
among cell lines derived from differ- 
ent histologic subtjrpes (Figure 1). 

Osteopontin expression in microdis- 
sected ovarian cancer tissues was also 
examined using real-time RT-PCR with 
741A as the reference. Higher osteo- 
pontin expr^ion in the 27 ovarian can- 
cer tissues w^ observed compared with 
expression in the 2 samples of healthy 
ovarian surface epithelium. The geo- 
metric mean of the 2 groups vras 9.0 and 
164.0 with logarithmic transforma- 
tion, respectively. The statistical dif- 
ference was nonsignificant, perhaps due 
to the limited number of healthy 
samples examined (P= .06). There was 
no significant difference in osteopon- 
tin expression among tumors of differ- 
ent subtypes (FIGURE 2). 

Osteopontin protein levels in paraf- 
fin block sections of 3 healthy tissues, 
6 benign ovarian tumors, 29 border- 
line ovarian cancers, and 61 invasive 
ovarian cancers were assessed via im- 
munohistochemistry studies. Osteo- 
pontin immunoreactivity was not ob- 
served in epithelium and stroma of the 
healthy ovarian tissues (score 0). Most 
positive staining observed In cancer tis- 
sues was localized to the cellular mem- 
brane and cytoplasm, extracellular ma- 
trix component, or psammoma bodies 
with some variations by histologic sub- 
types. Serous types mainly showed Im- 
munoposltivity in psammoma bodies 
with occasional or focal cytoplasmic 
staining. Immunopositivity in mucl- 
nous type was localized to the cyto- 
plasmic, especlaly perlcytoptemic, re- 
gion. Abundantly stained extracellular 
materials suggested that osteopontin 
was secreted from mucinous ovarian 
cancer cells. Endometrioid and clear cell 
subtypes showed focal cytoplasmic lo- 
calization (FIGURE 3). 

The immunostaining scores in tissae 
sations from healthy ovary, benign ovar- 
ian tumor, Ixjiderline ovarian tumor, and 
Invasive ovarian cancer were 0.0 (95% 
CI, 0.0-0.0), 0.7 (95% Cl, 0.0-1.8), 2.2 
(95% CI, 1.5-2.9), and 2.1 (95% a, 1.7- 

2.6), respectively (TABLE 1). The differ- 
ence among diagnostic groujw was sta- 
tistically significant (P= .03) as well as the 
differences among histologic groups 
(P=.01) with mucinous cases having 
higher expression. Among the cancer 
(borderline and invasive) group, there 
was no significant difference in osteo- 
pontin immunoreactivity among differ- 
ent grades and stages. 

Finally, we examined osteopontin 
levels In plasma samples obtained 
firom 107 healthy controls, 46 patlenK 
with benign disease, 47 patients with 
gynecologic cancers other than ovar- 
ian cancers, and 51 patlente with ovar- 
ian cancer using ELISA. The mean 
ages for the groups by category were 
50.8 years for healthy, 54.6 years for 
benign disease, 50.9 years for other 

Figure 3. Immunoloc^lzaflon of Osteoponfln in Hedthy and Malignant Ovarian Tissues 

Osteoponfln expression is indicated by brown staining and was ImmunolooJized using an anti-osteopontin 
monoclonal antibody and m avidin-biotin peroxidase complex method with diaminobenzldine as the chro- 
mogen. The secfions were counterstained with hematoxylin. A, Heathy ovarian surface epittielial cells with no 
expression of osteopontin. B, EndomeWoid cystadenocarcinoma wift osteoponfin expression in cancer cells 
C, Boreleriine mucinous tumor with osteopontin expression In cell membrane and cytoplasmic area. D, Inva- 
sve mucinous cystadenocardnoma. E, Serous cystadenocarcinoma with osteopontin expression In psamomma 
body. F, Serous cystadenocwcinoma with osteopontin expression In cancer cells. 
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Table 1. Expression of 
in Immunohistochemica 

Osteopontin in 
1 Analyses* 

Relation to Histopathologic Characteristics 

No. of 
Patients 

Scores 

Characteristics 

1 
Geometric Mean 

(95% Confidence Interval) 

1 
P 

Range          Value 
All patients 99 2.0(1.7-2.4) 0-6 
Diagnostic category 

Healtiiy 3 0.0 (0.0-0.0) 0-0- 
0-2 
0-6 

Benign 6 0.7(0.0-1.8) 
Borderline 29 2.2(1.5-2.9) 

.03 

Invasive 61 2.1 (1.7-2.6) 0-6- 
Histology of cancer 

Serous 34 1.3(0.8-1.9) 0-4- 
Mucinous 35 3.0 (2.4-3.6) 0-6 

0-5 

0-6 

Endometrloid 5 2.2 (0.0-4.4) 
Clear cell 10 2.3(1.1-3.5) 

.01 

Undifferentiated 2 1.0(0.0-6.0) 0-2 
IVIixed 4 2.3(1.5-3.1) 2-3 J 

Tumor differentiationt 
Borderline 28 2.2(1.5-2.9) 0-6 n 

0-6 Well 11 2.6(1.2-4.1) 
Moderate 17 2.1 (1.2-3.0) 0-6 

.45 

Poor 19 1.5(0.9-2.2) 0-4 J 
FIGOstaget 

1 36 2.2(1.7-2.8) 0-6-| 
0-6 
0-6 

II 6 2.7 (0.0-5.3) 
III 30 2.0(1.3-2.6) 

.16 

IV 3 0.0 (0.0-0.0) 0-0 J 
•RGO indicates International Federation of Gynecology and Obstetrics, "nie scoring system used corresponded to the 

sum of both staining intensity (3+, strong positive stain in most ceils; 2+, moderate stain in celis; 1+, weal< stain in 
cells; 0, no evidence of stain) and percentage of positive ceils (3+, most of described cells stained' 2+ half of cells 
stained; 1+, few cells stained; 0, no ceils stained).'^ Differences between groups vrere evaluated by ttve sum of in- 
tensity and cell count scores in each. P values were for overall group differences 

tThere were 15 cases that could not be categorized. 

gynecologic cancers, and 55.4 years 
for ovarian cancer. Because the age 
difference between the ovarian cancer 
patients and healthy controls was mar- 
ginally significant (P=.04), P values 
for the differences among mean (loga- 
rithm) osteopontin levels are pre- 
sented from linear models that include 
a term for age. 

The mean osteopontin level for all of 
the patients was 230.9 ng/mL (95% CI, 
130.2-409.3 ng/mL) and in the catego- 
ries of healthy controls, benign dis- 
ease, other gynecologic cancers, and 
ovarian cancer, the mean levels were 
147.1 ng/mL (95% CI, 99.4-217.7 ng/ 
mL), 254.4 ng/mL (95% CI, 148.2- 
436.7 ng/mL), 260.9 ng/mL (95% CI, 
127.8-532.7 ng/mL), and 486.5 ng/mL 
(95% CI, 315.0-751.4 ng/mL), respec- 
tively (FIGURE 4). The difference in os- 
teopontin level between ovarian can- 
cer cases and healthy controls was 

statistically significant (P<.001) 
(TABLE 2). There were no significant 
differences among histologic types 
(P=.ll), different histologic grades 
(P=.26), and stages (P=.17) of ovar- 
ian cancer (Table 2). 

Using a cutoff value of 252 ng/mL, 
the specificity was 80.4% and the sen- 
sitivity point estimates for the detec- 
tion of early-stage (I/II) and late-stage 
(III/IV) ovarian cancer were 80.4% and 
85.4%, respectively. 

COiUAAENT 

Because of the tendency for ovarian can- 
cer to produce clinical symptoms at a 
late stage, there is a need for better early 
detection methods. Although a num- 
ber of tumor markers have been iden- 
tified and studied for ovarian can- 
cer,'^-^^ a useful screening marker for 
ovarian cancer has not been clearly 
established. The most widely re- 

searched marker, CA125, has shown 
some value in postmenopausal women 
in pilot screening studies but sensitiv- 
ity for early-stage disease before clini- 
cal detection remains questionable." 
Thus, a marker of advanced disease may 
not translate well to identification of 
early asymptomatic disease. 

One approach to meeting the need 
for new markers is the use of cDNA mi- 
croarray technology to identify up- 
regulating genes in ovarian cancer cells 
or tissues. Previously, we described the 
cDNA MICROMAX microarray sys- 
tem to identify up- or dovni-regulated 
genes in ovarian cancer using RNA 
pooled from several healthy HOSE cell 
cultures and ovarian cancer cell lines.* 
We described herein the additional 
studies necessary to establish the po- 
tential clinical relevance of one of the 
markers identified, osteopontin. 

Osteopontin is an acidic, calcium- 
binding glycophosphoprotein that is 
found in all body fluids and in the ex- 
tracellular matrix components.^'^^' The 
molecular weight is 44 kd to 66 kd, de- 
pending on species and cell types.""^' 
Osteopontin has been referred to as 
pp69,44-kd bone phosphoprotein, 2ar, 
Eta-1, transformation associated phos- 
phoprotein 1, and 2B7.^'*-^' It can func- 
tion both as a cell adhesion protein and 
as a cytokine for several integrins and 
CD44.30.31 Furthermore, it has been 
shown to be involved in inflamma- 
tion, especially in regulation of mac- 
rophages,^"' tumorigenesis,^'^*^' and 
dystrophic calcification.^'*'-'^ 

To further examine osteopontin's 
clinical potential, it was first necessary 
to show that osteopontin is expressed 
in individual cell lines and in actual 
cancer tissue. A technique involving 
real-time RT-PCR was used to mea- 
sure gene expression in cells or tissue. 
Our study demonstrated that osteo- 
pontin was expressed in a number of 
ovarian cancer cell lines different 
from the ones previously used in the 
microarray experiment.* We next 
used real-time RT-PCR with actual 
ovarian cancer tissue to demonstrate 
that expression was not an artifact 
associated with the culturing of ovar- 
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ian cancer cells in vitro. Real-time 
RT-PCR applied to microdissected 
ovarian cancer tissue also demon- 
strated increased osteopontin mRNA 
expression in the cancer tissue com- 
pared with healthy tissue, though the 
difference was not statistically signifi- 
cant. Another method for demonstrat- 
ing expression is to use immunoMsto- 
chemical studies to examine protein 
expression assessed through staining 
of tumor or healthy ovarian tissue. 
This technique offers the advantage of 
being able to use material archived in 
tumor blocks but does require the 
existence of an antibody to the over- 
expressed protein, which in this case 
was available. 

Our immunohistochemistry results 
su^ested that different histologic sub- 
types of ovarian cancer have different 
osteopontin expression patterns. In se- 
rous ovarian cancer, high levels of os- 
teopontin were localized to the 
psamomma bodies, which are lami- 
nated calcified concretions commonly 
found in serous cancers. Curiously, the 
cancer cells expressed low levels of os- 
teopontin protein, yet the real-time RT- 
PCR data on cell lines and microdis- 
sected tumors showed relatively high 
levek of osteopontin mRNA in the ma- 
jority of samples of serous cancer cells. 
The discrepancy between osteopontin 
mRNA and protein levels may be ex- 
plained by the fact that osteopontin 
protein may be actively secreted by se- 
rous epithdial cancer cells and, subse- 
quently, translocated to the psam- 
moma bodies resulting in calcium 
phosphate deposition. Recendy, osteo- 
pontin mRNA has also been detected 
in CD68 protein macrophages infiltrat- 
ing serous ovarian cancer tissues,* sug- 
gesting that tumor-infiltrating macro- 
phages may also secrete osteopontin 
and are involved in the generation of 
psammoma bodies in serous cancers. 
A recent study of osteopontin expres- 
sion in 16 serous borderline ovarian tu- 
mors and 14 serous invasive ovarian 
carcinomas showed a significantly 
higher level of expression in border- 
line tumors than carcinomas, suggest- 
ing that osteopontin may be impor- 
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tant for the pathogenesis of serous 
borderline tumors."" 

In contrast to serous-type ovarian 
cancer, higher osteopontin protein lev- 
els were detected in the cytoplasm of 
mucinous-type ovarian cancer cells, 
suggesting active osteopontin protein 
synthesis in these cells. Different os- 
teopontin expression patterns in dif- 
ferent histolopc subtypes of cancer have 
also been described in lung and esoph- 
ageal cancers.*^"* Osteopontin overex- 
pression has been demonstrated in im- 
munohistochemical studies of a number 
of other cancers including cancer of 
prostate, breast, and stomach.*'-*^ 

Clearly, any proposed tumor marker 
must be identifiable in blood or other 
readily acceded biolo^cal samples. Us- 
ing ELISA, we measured osteopontin 
levels in preoperative plasma from pa- 
tiente with epithelial ovarian cancer and 
plasma from healthy controls. Preop- 
erative osteopontin levels were signifi- 
cantly higher in women with ovarian 
cancer compared widi those in women 
not having ovarian cancer or those with 
benign pelvic disease. In addition, os- 
teopontin levels were significantly 

higher in patients with ovarian cancer 
than in patients with other types of ^- 
necologic cancere (cervix and endome- 
trium). We also observed no signifi- 
cant difference in osteopontin levels m 

n^re 4. Osteopontin Levels in Case 
Patiente VWthin 4 Diagnostic Categories 

I 
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assessed via ELISA among serous, mu- 
cinous, clear cell, and endometrioid 
types of ovarian cancer, suggesting that 
osteopontin may be useful in detect- 
ing most subtypes of ovarian cancer. We 
believe preoperative sensitivity esti- 
mates may be sufficiently high to en- 
courage pilot clinical screening stud- 
ies, which would include osteopontin 
in a panel of putative early detection 
markers to obtain estimates of screen- 
ing sensitivity and specificity. The cru- 
cial issue to be addressed is the sensi- 
tivity of a panel of biomarkers for 
detecting early-stage ovarian cancer or 
for screening subjects who would have 
been clinically detected in late-stage dis- 
ease. Sensitivity estimates based on pre- 
operative samples from chnically de- 
tected patients, either early- or late- 
stage disease, are no substitute for 
estimates obtained from prospectively 
conducted clinical trials and are at best 
a guide as to which markers to test in 
such a trial. 

In conclusion, this investigation has 
demonstrated the potential value of the 
cDNA microarray analysis in identify- 
ing overexpressed genes in ovarian can- 
cer and its subsequent link to a pro- 
tein measurable in plasma. The findings 
suggest evidence for an association be- 
tween plasma levels of osteopontin and 
ovarian cancer, pointing to a rationale 
for further research assessing poten- 
tial clinical usefulness. 
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ABSTRACT 
TTie signaling pathways that lysophosphatidic acid (LPA) and 
sphingoslne-1-phosphate (S1P) use to activate Akt in ovarian 
cancer cells are investigated here. We show for the first time, 
with the use of both phamiacological and genetic inhibitors, 
that the kinase activity and S473 phosphorylation of Akt in- 
duced by LPA and S1P requires both mitogen-activated protein 
(MAP) kinase kinase (MEI^ and p38 MAP kinase, and MEK is 
likely to be upstream of p38, in HEY ovarian cancer cells, TTie 
requirement for both MEK and p38 is cell type- and stimulus- 
specific, .toiong 12 cell lines that we tested, 11 respond to LPA 
and S1P and all of the responsive cell lines require p38 but only 
nine of them require MEK, .toiong different stimuli tested, plate- 
let-derived growth factor stimulates S473 phosphorylation of 
Akt in a MEK- and p38-dependent manner. However, epidemial 

growth factor, thrombin, and endothelin-1-stimulated Akt S473 
phosphorylation require p38 but not MEK, Insulin, on the other 
hand, stimulates Akt S473 phosphorylation independent of 
both MEK and p38 in HEY cells. T308 phosphorylation stimu- 
lated by LPA/S1P requires MEK but not p38 activation. MEK 
and p38 activation were sufficient for Akt S473 but not T308 
phosphorylation in HEY cells. In contrast to S1P and PDGF 
LPA requires Rho for Akt S473 phosphorylation, and Rho is 
upstream of phosphatidylinositol 3-kinase {PI3-I^. LPA/S1P- 
induced Akt activation may be involved in cell survival, because 
LPA and S1P treatment in HEY ovarian cancer cells results in a 
decrease In paclitaxel-induced caspase-3 activity in a PI3-K/ 
MEK/p38-dependent manner. 

LPA and SIP are bioactive lysolipids that exert many of 
their effects and signaling activities through G protein-cou- 
pled receptors (GPCRs) (Goetzl and An, 1998; Moolenaar, 
1999; Spiegel, 1999). We have reported previously that both 
LPA and SIP are important signaling molecules in ovarian 
cancer, regulating both growth and metastatic potentials of 
ovarian cancer cells (Xu et al., 1995a,b, 1998, 2001; Hong et 
aL, 1999; Schwartz et al., 2001). We have detected both of 
these lysoUpids in ascitic fluids in patients with ovarian 
cancer (Xiao et al,, 2000, 2001), Moreover, we have reported 
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and National Institutes of Health Grant R21-CA84038-01 (to YX). 

that LPA is elevated in the plasma of patients with ovarian 
cancer but not in that of patients with breast cancer or 
leukemia, indicating its potential as a marker for ovarian 
cancer (Xu et al., 1998), LPA has been reported to have a 
cytoprotective effect in HEY ovarian cancer cells exposed to 
cis-diamminedichloroplatinum (Prankel and Mills, 1996). 
Furthermore, under certain conditions in vitro, ovarian can- 
cer cells produce LPA (Shen et al., 1998; Eder et al., 2000), 
suggesting that LPA, and potentially SIP, flmction as auto- 
crine growth factors in ovarian cancer. 

LPA and/or SIP have been shown to activate extracellular 
signal regulated kinase (ERK) and PI3-K and/or Akt (PKB) 
via a PTX-sensitive pathway in a number of cell types (Marte 
and Downward, 1997; Weiner and Chun, 1999; Fang et al. 

ABBREVIATIONS: LPA, lysophosphatidic acid; SIP, sphingosine-1-phosphate; GPCR, G protein-coupled receptor; ERK. extracellular signal- 
regulated kinase; PI3-K, phosphatidylinositol 3-kinas6; PKB. protein kinase B; PTX, pertussis toxin; MAPK. mitogen-activated protein kinase- UEK 
mitogen-activated protein kinase kinase; MH2, mitogen-activated protein kinase-actlvated protein kinase-2; PDK, 3-phosphoinositide-dependent 
kinase; ILK, integnn-linked kinase; PIP3. phosphatidylinositol-3,4,5-trisphosphate; PDGF, platelet-derived growth factor EGF epidermal growth 
factor; Et-1. endothelin-1; PBS, phosphate-buffered saline; LY294002,2-(4-moipholinyl)-8-phenyl-4H-1-b6nzopyran-4-one- PD980S9 2'-amino- 
3'-m6thoxyflavone; SB203580,4-(4-fluorophenyl)-2-(4-methylsufflnylphenyl)-5-(4-pyrtdyD1 H-imldazole; FBS, fetal bovine seium- RT-PCR reverse 
transonptloon-polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; p-ERK phospho-specific extracellular slgnal- 
regulated kinase; p-p38, phospho-speciflc p38 mitogen-activated protein kinase. 



2000; Lee et al., 2000; Xu et al., 2001). A Gj-dependent ERK 
activation is essential for the mitogenic activity of LPA in 
fibroblasts (Van Corven et al,, 1993; Fang et al., 2000). PI3- 

'' I^Akt signaling is involved in cell survival in many cellular 
systems and cancers (Marte and Downward, 1997; Liu et al, 
1998; Yuan et al., 2000). The activation of Akt, an antiapop- 
totic protooncogene, is mediated by PI3-K, after receptor 
stimulation. PI3-K has also been shown to be the upstream 
activator of ERK and p38 MAPK (Krump et al., 1997; Lopez- 
Ilasaca et al., 1997). However, the potential interactions be- 
tween ERK/p38 and Akt activation have just begun to be 
revealed. 

Two different kinases, PDKl and PDK2, are responsible 
for the phosphorylation and activation of Akt at T308 and 
S473, respectively. PDKl has been cloned and sequenced 
(Alessi et al., 1997). The mechanism by which S473 under- 
goes phosphorylation remains obscure. It has been proposed 
that S473 can be both autophosphorylated and phosphory- 
lated by other kinases, such as PDKl and integrin-linked 
kinase-1 (ILKl), which may be promoted by interactions 
between PDKl and other kinases associated with Akt (re- 
viewed in Chan and TsicHis, 2001). In vitro phosphorylation 
of Akt at S473 by MAPK activated protein kinase-2 (MK2), a 
downstream target of p38, has been reported previously, 
although it is not involved in the in vivo S473 phosphoryla- 
tion induced by insulin (Alessi et al., 1996). Eecently, Rane et 
al. (2001) have shown that in neutrophils, p38, but not ERK 
activation is required for Akt S473 phosphorylation induced 
by fMLP, Pc-yR cross-linking, or phosphatidyUnositol-3,4,5- 
trisphosphate (PIP3), and MK2 fiinctions as PDK2 to phos- 
phorylate Akt at S473 in vivo (Rane et al,, 2001). Apparently, 
more than one molecular identity may ftmction as PDK2 to 
phosphoiylate Akt at S473, and this may be cell type- or 
stimulus-dependent. 

We describe herein a series of studies examining the sig- 
naling mechanisms of LPA- and SlP-induced activation of 
the PI3-K/Akt pathway in HEY ovarian cancer cells and a 
panel of other cell lines. In this study, we have focused on the 
signaling mechanisms of LPA/S IP-induced S473 phosphory- 
lation of Akt in HEY cells, which is essential for the full 
activation of Akt. We demonstrate here that p38 activation is 
required for most stimuli (LPA, SIP, PDGP, EGP, thrombin, 
and Et-1, but not insulin) to induce S473 phosphorylation of 
Akt in HEY cells. In addition, p38 is required for LPA/SIP- 
induced S473 phosphorylation of Akt in all irresponsive cell 
lines tested. On the other hand, of the stimuM tested, MEK is 
required for Akt S473 phosphorylation induced only by LPA, 
SIP, and PDGP, and also occurs in a cell Hne-specific man- 
ner. MEK-dependent Akt phosphorylation occurs in all six 
ovarian cancer cell lines tested, as well as HeLa cells, and 
T-47D and MDA-MB.231 breast cancer cells, but not in PC-3 
prostate cancer or GI-IOIA breast cancer cells. Moreover, Akt 
is phosphoiylated in a Rho-dependent manner by LPA but 
not SIP or FDGF, and Rho acts upstream of PI3-K, Our 
results show that LPA and SIP decrease paclitaxel-induced 
caspase-3 activity in HEY cells, which is mediated by the 
PI3-K/MEK/p38 pathway, suggesting that LPA/S IP-induced 
Akt activation is potentially involved in survival activities of 
these cells. Because LPA and SIP probably activate Akt 
through their Edg receptors, the expression patterns of these 
receptors in all cell lines used in this study have been exam- 
ined. 

MEK- and p38 MAPK-Dependent Activation of Alct by LPA and SIP      661 

Experimental Procedures 
Materials, Oleoyl-LPA and SIP were purchased from Avanti 

Polar Lipids (Birmingham, AL) or Toronto Research Chemicals (To- 
ronto, ON, Canada). LPA was dissolved in phosphate-buffered saline 
(PBS), and SIP was dissolved in Tris-saline (50 mM Tris, pH 9.5,145 
mM NaCl) to 4 and 2 mM stock solutions, respectively. LY294002, 
PD98059, and SB203580 were obtained from Biomol (Plymouth 
Meeting, PA), Wortmannin and paclitaxel were obtained from Sig- 
ma-Aldrich (St, Louis, MO), PTX was purchased from Invitrogen 
(Rockville, MD). PDGF-BB was a kind gift from the lab of Dr. Paul 
DiCorleto (Cleveland Clinic Foundation, Cleveland, OH) or was pur- 
chased from R&D Systems (Minneapolis, MN). Thrombin and EGP 
were obtained from Calbiochem (La JoUa, CA) and Et-1 was from 
Peninsula Laboratories, Inc. (San Carlos, CA). Anti-phospho-S473- 
Akt, anti-phospho-T308-Akt, anti-Akt, anti-phospho-ERK, anti- 
ERK, and anti-phospho-p38 antibodies were obtained from Cell Sig- 
naling Technology (Beverly, MA), Anti-MEK2, anti-MKK6, and anti- 
p38 antibodies were from StressGen (Victoria, BC, Canada). 

Cell Culture and Transfection. HEY, Ovca420, Ovca429, 
Ovca432, and Ovca433 ovarian cancer cells were from Dr, G, Mills or 
Dr, R, Bast, MD Anderson Cancer Center (Houston, TX). MDA-MB- 
231 and T-47D breast cancer cells were from American Type Culture 
Collection (Manassas, VA), GI-IOIA cells were from the Goodwin 
Institute for Cancer Research, Inc. (Plantation, PL). PC-3 cells were 
from Dr, Warren Heston (Cleveland Clinic Foundation). All of the 
above cell lines were maintained in RPMI 1640 medium containing 
10% fetal bovine serum (FBS) at 37''C with 6% CO2. A2780 cells (also 
from Dr. G. Mills) were maintained in DMEM/Ham's F12 medium 
(1:1) supplemented with 10% PBS. HeLa cells (from American Type 
Culture Collection) were maintained in DMEM medium containing 
10% FBS. MCFIOA immortalized breast cells were obtained from the 
Karmanos Cancer Institute (Detroit, Ml) and cultured as recom- 
mended by the provider. All cells were cultured in serum-free media 
for 24 to 48 h before lipid treatment. For transient transfections, cells 
were plated into 35-mm dishes and transfected with DMA using 
LipofecfcAMINE (Invitrogen) and Transfection Booster Reagents 
(Gene Therapy Systems, San Diego, CA) according to the manufac- 
turers' instructions. Transfected cells were used within 48 h after 
transfection. Transfection efficiency was detected by lacZ transfec- 
tion and p-galactosidase staining. Dominant negative and constitu- 
tively active MEK were from Dr. D. Templeton (Case Western Re- 
serve University, Cleveland, OH). Kinase inactive p38 and 
constitutively active MKK6 were from Dr. Bryan R,G, Williams 
(Cleveland Clinic Foundation). Dominant-negative and constitu- 
tively active Rho were from Dr. Wonter Moolenaar, (Netherlands 
Cancer Institute, Amsterdam, The Netherlands). The C3-exoenzyme 
construct and constitutively active PI3-K (pllO-« isoform) were pro- 
vided by Dr. Alan Wolfman (Cleveland Clinic Foundation). 

Nonradioactive Immunoprecipitation Akt Kinase Assay. 
The Akt kinase assay was performed with the Nonradioactive Akt 
Kinase Assay Kit (Cell Signaling Technology) according to the man- 
ufacturer's instructions. All reagents were provided with the kit. 
Briefly, cells were treated with LPA or SIP, rinsed with ice-cold PBS, 
and then lysed in cell lysis buffer. Immunoprecipitation was carried 
out using immobilized Akt IGl monoclonal antibody. The immuno- 
precipitate was then incubated with GSK-3 fusion protein and ATP 
in kinase buffer. Western analyses were used to determine the ex- 
tent of GSK-3 phosphorylation by active Akt using a phospho-GSK- 
3c^0 (Ser21») antibody. 

Western Blot Analysis. After treatment with LPA, SIP, or other 
stimuli, cells were rinsed with ice-cold PBS, and then lysed in SDS 
sample buffer. Samples were electrophoresed through 10 to 12% SDS 
polyacrylamide gels and then transferred to PVDF membranes<Bio- 
Rad, Hercules, CA), Immunoblot analyses were carried out using the 
appropriate antibodies. Specific proteins were detected with the en- 
hanced chemiluminescence system (Amersham Biosciences, Piscat- 
away, NJ), 
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Quantitative RT-PCR of LPA/SIP Receptor Expression. To- 
tal BNA was extracted from cells using the SV Total RNA Isolation 
System (Promega, Madison, WI). Total RNA (1-5 ^ig) was reverse 

♦ transcribed using Superscript II RT (Invitrogen). Derived cDNA (8 
ng) was »ised as a template for real-time quantitative SYBR Green I 
PCR. Primer sequences for SlPi (Edg-1), SIP^ (Edg-5), SlPg (Edg-3), 
LPAj (Edg-2), and LPA2 (Edg-4) were kindly provided by Dr. Ed 
Goetzl (UCSP) and are as follows: SlPj, 6'GCAGCAGCAAGATGC- 
GAAG and 5'CGATGAGTGATCCAGGCTTrT; SIP^, 5'GCGCCAT- 
TGTGGTGGAA and 5'GAGCCAGAGAGCAAGGTATTGG- SIP, 
5'CTGGTGACCATCGTGATCCTC and 5'ACGCTCACCACAAT' 
CACCAC; LPAi, 5'GCTGGTGATGGGACTTGGAAT and 5'CAAC- 
CCAGCAAAGAAGTCTGC; and LPAj. 5'ACGCTCAGCCTGGTCAA- 
GAC and 5'AACCATCCAGGAGCAGTACCAC. Primer sequences for 
SlPg (Edg-8) and LPA3 (Edg-7) were developed in our lab and are- 
SlPs, 6'CGCCTTCATCGTGCTAGAGA and 5'AGATCCGA- 
CAACGTGAGGCT; and LPA3, 5'TCCAACCTCATGGCCTTCC and 
5'GACCCACTTGTATGCGGAGAC. GAPDH was amplified in a sep- 
arate tube as a housekeeping gene with primers 5'GAAGGTGAAG- 
GTCGGAGT and 5'GAAGATGGTGATGGGATTTC. All SYBR Green 
I core reagents, including AmpliTaq Gold polymerase, were from 
Applied Biosystems (Poster City, CA). The thermal cycling condi- 
tions were SS-C for 10 min, followed by 40 cycles of 95°C for 15 s and 
60°C, 1 min. PCR reactions and product detection were carried out in 
an ABI Prism 7700 Sequence Detection System (Applied Biosys- 
tems). Amplified product was detected by measurement of the fluo- 
rescent dye, SYBR Green I, which was added to the initial reaction 
mixture and binds proportionally to double-stranded DNA. After 
completion of the PCR, a fixed threshold (DNA amount reflected by 
bound fluorescent dye) was selected based on the manufacturer's 
suggestion, and the number of cycles (the threshold cycle, or C^) 
required to amplify the target to reach this threshold was tised for 
calculations. The comparative C^ method (User Bulletin #2; Applied 
Biosystems) was used to determine relative amounts of each recep- 
tor. The comparative Cp method is similar to the standard curve 
method, except that it uses arithmetic formulas derived by Applied 
Biosystems to achieve the same results for relative quantitation. For 
this method to be valid, the efficiencies of the target (i.e., LPA/SIP 
receptor) and reference (i.e., GAPDH) must be approximately equal. 
We have validated the amplification efficiencies of each of our targets 
to meet this requirement. 

Measurement of Caspase-S Activity. Cells were seeded into 
96-well plates, grown to 80% confluence, and then cultured overnight 
in serum-free media. The foUovring day, cells were pretreated with or 
without various reagents, followed by exposure to paclitaxel for the 
indicated periods of time. Cells were then washed with PBS and 
lysed in caspase-3 assay kit cell lysis bufler (Calbiochem). Caspase-3 
activity was measured by cleavage of the fluorogenic substrate 
JV-acetyl-Asp-Glu-Val-Asp-amino-4-methylcoumarin with the 
Caspase-3 Assay Kit (Calbiochem). 

Results 
LPA and SIP Induced Akt Activation in HEY Ovar- 

ian Cancer Cells In a PIS-K-, MEK-, and p38-Depen. 
dent Manner. LPA and SIP are present in ovarian cancer 
ascites and are likely to be involved in proliferation and 
survival of ovarian tumor cells. We have shown that LPA and 
SIP stimulate ovarian cancer cell proliferation (Xu et al,, 
1995a; Hong et al., 1999), However, the effects and mecha- 
nisms of LFA/SlP-induced PK-K^Akt activation in ovarian 
cancer cells have not previously been reported. To investigate 
the effects of LPA and SIP on Akt activation in HEY ovarian 
cancer cells, we treated these cells with physiological concen- 
trations of LPA and SIP, and then measured the activity of 
Akt with an Akt kinase assay. LPA (10 01) and SIP (1 fM) 

induced activation of Akt compared with the untreated con- 
trol (Pig, 1). To determine the mechanism of LPA/SlP-in- 
duced Akt activation, and in particular, to test whether there 
is an interaction between a major cell proliferation signaling 
pathway (MEK/EEK) and a major cell survival pathway (PI3- 
K/Akt), we examined the sensitivity of Akt activation induced 
by LPA and SIP to three specific inhibitors of PI3-K, MEK, 
and p38 MAPK: LY294002, PD98059, and SB203580, respec- 
tively, Pretreatment of HEY cells with all three of these 
inhibitors abolished activation of Akt by LPA and SIP (Fig, 
1), suggesting a dependence on PI3-K, MEK, and p38 for 
LPA/SlP-induced Akt activation. 

Time- and Concentration-Dependent Akt S473 Phos- 
phorylation Induced by LPA and SIP. Akt activation is 
mediated through phosphorylation of S473 and T308. West- 
em blot analyses with Akt-S473-phospho-specific antibodies 
were used to measure LPA/S IP-induced S473 phosphoryla- 
tion of Akt. LPA and SIP induced a time-dependent Akt S473 
phosphorylation in HEY cells (Pig, 2, A and B), HEY cells 
displayed a low basal level of Akt S473 phosphoiylation, 
which was not increased over the time course (Pig, 2A). Both 
LPA and SIP induced a time- and concentration-dependent 
S473 phosphorylation of Akt, occurring as early as 5 min, 
with maximal stimulations of Akt S473 phosphorylation oc- 
curring at 20 min (Fig. 2B) and at 10 IJM for LPA and 1 ^M 
for SIP (Pig. 2C), Our results demonstrate that at concen- 
trations of LPA greater than 10 /iM, the Akt and ERK phos- 
phorylation levels are significantly decreased compared with 
10 iM LPA (Pig, 2C and data not shown). Furthermore, there 
is a correlation between the fold-change decrease in phos- 
phorylation of Akt and ERK (with LPA concentrations 
greater than 10 ^). LPA and SIP had relatively narrow 
optimal concentration ranges for Akt activation. We observed 
a similar phenomenon in LPA-induced thymidine incorpora- 
tion (Xu et al., 1995b), The relationship between these effects 
is currently under investigation. 

PIS-K and Gj-Dependent T308 and S473 Akt Phos- 
phorylation by LPA and SIP. Because phosphorylation of 
both T308 and S473 are necessary for the complete activation 
of Akt, we examined the abOity of LPA and SIP to stimulate 
Akt T308 phosphoiylation. Both LPA and SIP were able to 
induce an approximately 4- to 6-fold increase in Akt phos- 
phorylation at T308 in HEY cells (Fig. 3). To determine 
whether S473 and T308 phosphorylation of Akt by LPA and 
SIP were dependent on PI3-K activity, we examined the 
effect of the specific PK-K inhibitor, LY294002, on Akt phos- 
phorylation. LPA- and SlP-induced S473 and T308 phos- 
phorylation of Akt were completely aboHshed by pretreat- 
ment of cells with LY294002 (10 IJM) (Pig. 3). The 
dependence on PI3-K was further confirmed by pretreatment 

LY PD SB 

LPA (10 liM) 

S1P(1|iM) 

]-p-GSK-3a^ 

1 -Total Akt 

Pig. 1. LPA and SIP activate Akt in a PI3-K-, MEK-, and p38-dependent 
manner. Nonradioactive immunopredpitation Akt kinase assay of HEY 
cells pretreated with or without 10 iiM LY294002 (LY), 30 iM PD98059 
(PD), or 10 ixU SB203580 (SB) for 30 min, and then treated with LPA (10 
iM) or SIP (1 fiU) for 20 min. 
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with wortmannin (150 nM), a second, structurally different, 
specific inhibitor of PI3-K (Kg. 3). 

LPA and SIP elicit many of their cellular effects by binding 
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of p38. Phosphorylation of both S473 and T308 is essential 
for the fiill activation of Akt. However, Akt S473 and T308 
may be phosphorylated through different mechanisms. Be- 

to their cell membrane GPCRs and subsequently activating cause LPA/S IP-induced Akt enzymatic activation was MEK- 
?oSm'T% ^""^ ^' ^®®®' Moolenaar, 1999; Spiegel, and p38-dependent (Fig, 1), we determined whether phos- 
wm   lo determme which G protein was potentially in- phorylation of Akt S473 and T308 by LPA/SIP also were 
volved m LPA- and SlP-induced S473^and T308 phosphory- MEK- and p38-dependent. We used PD98059 and SB203580 
lation of Akt, we treated cells with PTX (100 n^ml) for 16 h 
before treatment with lipids. Western analyses showed that 
PTX pretreatment resulted in inhibition of approximately 
60% of LPA- and 80% of SlP-induced Akt S473 and complete 
inhibition of T308 phosphorylation (Pig. 3), indicating that 
both of these lipids activate Akt mainly via Gj/^-dependent 
signaling pathwayCs). 

LPA- and SlP-Induced Akt S473 and T308 Phosphor- 
ylation Are Dependent on MEK, but Only S473 Phos- 
phorylation Is pSS-Dependent, and MEK Is Upstream 

as specific inhibitors of MEK (the upstream kinase of ERK) 
and p38, respectively. To use the optimal concentration of 
these inhibitors, we performed titration analyses and ob- 
served that PD98059 at 3, 10, and 30 IJM had an inhibitory 
effect on LPA« IP-induced ERK and Akt phosphorylation of 
approximately 60, 90, and 100%, respectively. Sunilarly, 
SB203580 at 1, 3, and 10 ^M had an inhibitory effect on 
LPA/SlP-induced p38 and Akt phosphorylation of approxi- 
mately 60, 90, and 100%, respectively. PD98059 (30 /M) 
completely inhibited Akt S473 and T308 phosphorylation 

Control 

Time (min.)     5      10 20 

LPA(10|iM) S1P(1|xM) 

10      20 10     20 

-p-S473-Alct 

-Total Akt 
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Time (mIn. 
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Pig. 2. Tiine- and concentration-dependent 
S473 phosphorylation of Akt by LPA and SIP. 
Western analyses of HEY cell lysates probed 
with phospho-speciflc Akt S473 (p-S473-Akt) or 
Akt (total Akt) antibodies. A, cells were treated 
without lipid (Control) or with LPA (10 jtM) or 
SIP (1^) for 5,10, and 20 min. The Western 
analysis shown is a representative example of 
at least three independent experiments. B, cells 
were treated with LPA (10 (M) or SIP (1 jiM) 
for various time points as indicated, up to 60 
min. Results were plotted as the mean ± S.D. of 
three independent experiments. Fold-change in 
Akt phosphorylation is normalized to the levels 
of total Akt. C, cells were treated with LPA and 
SIP for 20 min at the indicated dosages. Results 
were plotted as the mean ± S.D. of three inde- 
pendent experiments. Fold change in Akt phos- 
phorylation is normalized to the levels of total 
Akt. ***. p <0.001; **, p <0.01 (Student's t- 
test). 
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induced by LPA and SIP (Pig. 4A, 1 and 2), suggesting that 
MEK, and potentially its downstream target, IRK, was in- 

^ volved in phosphorylation of Akt at both S473 and T308. 
' Interestingly, we found that although SB203580 (10 fiM) 

completely abolished Akt S473 phosphorylation induced by 
both LPA and SIP (Fig. 4A, 1), T308 phosphorylation was not 
altered by pretreatment with up to 30 ju,M SB203580 (Fig. 
4A, 2). These results suggest that p38 activation is required 
for LPA/SlP-induced Akt S473, but not T308, phosphoryla- 
tion. 

To confirm the eflfects of PD98059 and SB203580 on their 
targets, we used Western analyses with antibodies against 
phosphorylated EEK (ERK is the downstream target of 
MEK) and phosphorylated p38. Our results show that LPA 
and SIP activated ERK and p38 in HEY cells (Fig. 4A, 4 and 
5) with an optimal time of ERK and p38 activation by LPA/ 
SIP at 5 and 10 min, respectively, that was sustained for 60 
mm (data not shown). The ERK activation induced by LPA 
and SIP was abrogated (>90%) by pretreatment with 
PD98059 but not SB203580, although a general inhibition 
(<20%) of phosphorylated ERK by SB203580 in control and 
in LPA- and SlP-treated cells was observed (Fig. 4A, 4). p38 
activation, on the other hand, was completely inhibited by 
pretreatment with both PD98059 and SB203580 (Fig. 4A, 5), 
These results show that MEK, and probably ERK, activity 
was required for both Akt 8473 and T308 phosphorylation. In 
contrast, p38 activity was required for phosphorylation of 
Akt at S473 but not T308. In addition, MEK and ERK were 
likely to be upstream of p38 in activating Akt S473 phosphor- 
ylation. The activation of ERK alone, when p38 activation 
was blocked (i.e., in the presence of the p38 inhibitor, 
SB203580), was not sufficient to induce S473 phosphoryla- 
tion of Akt (Fig. 4A, 1 and 4). 

Although these inhibitors (PD98059 and SB203580) ex- 
hibit high specificity for their targets, it has been shown that 
at relatively high concentrations, these inhibitors may also 
inMbit other molecular targets. Thus, to further confirm that 
Akt S473 phosphorylation by LPA and SIP was dependent on 
MEK and p38 ilAPKs, and that MEK was upstream of p38, 
we transiently transfected HEY cells with dominant-nega- 
tive MEK (MEK/2A) and kinase-inactive p38 (p38/AGF). Al- 
though HEY cells are relatively difficult to transfect, we 
consistently obtained transfection efficiencies of greater than 
70%, as analyzed by lacZ transfection and p-galactosidase 
staining, when we used the Transfection Booster Reagents 
(Transfection Booster #3; Experimental Procedures). The 
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Pig. 3. PI3-K- and G,-dependent Akt S473 and T308 phosphorylation by 
LPA and SIP. HEY cells were pretreated with 10 iM LY294002 (LY) or 
150 nM wortmannin (Wort) for 30 min, or 100 n^ml PTX for 16 h before 
treatment with LPA (10 jiM) or SIP (1 ixM) for 20 min. Cell lysates were 
collected and analyzed for S473 and T308 phosphorylation of Akt, as well 
as total Akt, by Western blotting. The Western analysis shown is a 
representative example of at least three independent experiments. 

overexpression of genetically altered MEK or p38 was evi- 
denced by Western blot analysis (Pig. 4B, 7 and 8). Consis- 
tent with the results induced by pharmacological inhibitors 
(Fig. 4A, 1 and 2), Akt S473 and T308 phosphorylation in- 
duced by LPA and SIP was inhibited -70 to 80% by MEI^2A 
(Pig. 4B, 1 and 2), Transfection with p38/AGF resulted in 
decreased Akt S473 but not T308 phosphorylation (Fig. 4B, 1 
and 2). In addition, transfection with MEK/2A resulted in 
decreased ERK and p38 activation, whereas transfection 
with p38/AGF inhibited only p38 (-80%), not ERK (<15%), 
phosphorylation (Fig. 4B, 4 and 5). These results confirmed 
the data obtained from pharmacological inhibitors and indi- 
cate that 1) activation of both MEK and p38 MAPK are 
necessary for the S473 phosphorylation of Akt; 2) activation 
of MEK, but not p38 MAPK, is necessary for the T308 phos- 
phorylation of Akt; 3) MEK acted upstream of p38; and 4) 
ERK activation, in the presence of kinase inactive pS8, was 
not sufficient to activate Akt in HEY cells. Therefore, these 
data suggest that the action of MEK was mediated through 
p38 to ultimately lead to Akt S473 phosphorylation induced 
by LPA and SIP in HEY cells. 

To determine whether activated MEK and/or MKK6 (an 
upstream activator of p38) were sufficient to phosphorylate 
Akt at S473 and/or T308, we transfected HEY cells with 
constitutively active MEK (MEK/2E) and MKK6 (MKK6/2E). 
Interestingly, although both MEK/2E and MKK6/2E were 
sufficient to induce phosphorylation of Akt at S473, neither 
could stimulate T308 phosphorylation in the absence of stim- 
uli (Fig. 4C, 1 and 2), These data indicate that MEK is both 
necessary and sufficient for S473 phosphorylation and nec- 
essary but insufficient for T308 phosphorylation of Akt. 

Because our data indicated that MEK acted upstream of 
p38, we examined whether the activation of MEK was suffi- 
cient to activate p38 and whether MKK6 had any effect on 
p38 and ERK activation. Results show that in addition to 
Akt, MEK/2E was also sufficient for ERK and p38 activation 
(Fig. 4C, 4 and 5). On the other hand, MKK6/2E activated 
p38 (Fig. 4C, 5), but did not affect either the basal level or 
LPA/SlP-induced ERK phosphorylation (Fig. 40, 4). 
Whereas the potency of p38 activation by MEK/2E was sim- 
ilar to the levels induced by LPA and SIP, it was lower than 
that induced by MKK6/2E (compare lanes 4-6 with lanes 7-9 
in Pig, 40,5), These results further confirmed that MEK was 
upstream of p38 and MEK was capable of activating p38 in 
HEY cells, although not as strongly as constitutively active 
MKK6. 

We have shown that Akt 8473 and T308 phosphorylation 
induced by LPA and 8 IP were dependent on both Gj and 
PI3-K (Fig. 3). To determine whether ERK and p38 were 
downstream of Gj and PI3-K, we tested the effects of PTX and 
LY294002 on LPA- and SlP-induced ERK and p38 activa- 
tion. Inhibition of Gj or PI3-K with PTX or LY294002, respec- 
tively, inhibited LPA- and SlP-induced activation of ERK 
and p38 (Pig. 4D), suggesting that both Gj and PI3-K are 
upstream of ERK and p38. PI3-K-dependent ER»p38 acti- 
vation was further confirmed by overexpression of constitu- 
tively active PI3-K, which was sufficient for activation of 
EEK and p38 in HEY cells (Pig. 4E). Furthermore, treatment 
with both PD98059 and SB203580 could inhibit induction of 
phosphorylated Akt by constitutively active PI3-K (Pig. 4F), 
indicating that PI3-K is dependent on MEK and p38 for Akt 
S473 phosphorylation. This was confirmed by overexpression 
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Fig. 4. MEK- and p38 MAPK-dependent Akt S473 phosphorylation and MEK-dependent Akt T308 phosphorylation by LPA and SIP. Western analyses 
of HEY cell lysates probed with p-S473-Akt, p-T308-Akt, phospho-specific ERK (p-EBK), phospho-speciflc p38 (p-p38), total Akt, or total ERK 
antibodies. A, HEY cells were pretreated with 30 iM PD98059 (PD) or 10 ^M SB203580 (SB) for 30 min followed by treatment with LPA (10 uM) or 
?}^S} '^' **"■ ^^ "*" (p-ERK, p-p38) or 20 min (p-Akt). B, HEY ceUs were transiently transfected with control vector, dominant-negative MEK 
mWZA), or Mnase inactive p38 MAPK (p38/AGP), and then treated with LPA (10 ^M) or SIP (1 iM) for 10 min (p-ERK, p-p38) or 20 min (p-Akt). 
C, HEY cells were transiently transfected with control vector, constitutively active MEK (M1K/2E), or constitutively active MKK6 (MKKOTE) and 
then treated with LPA (10 iM) or SIP (1 jsM) for 10 min (p-ERK, p-p38) or 20 min (p-Akt), D, HEY cells were pretreated with 100 n^ml PTX or 10 
iM LY2fl4002 (LY) for 16 h or 30 min, respectively, followed by treatment with LPA (10 fiM) or SIP (1 jiM) for 10 min. E, HEY ceUs were transiently 
transfected with constitutively active PI8-K (CA PI3-K). F, HEY cells overexpressing CA PI3-K or vector control were treated with 30 iM PD98059 
(PD) or 10 fM SB203580 (SB) for 30 min. Each Western analysis shown is a representative example of at least three independent experiments. 
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of genetic inhibitors (MEK/2A and p38/AGF), which also 
resulted in a decrease in Akt phosphorylation by constitu- 

^ tively active PI3-K (data not shown). 
MEK-Dependent Akt S473 Phosphorylation Is Spe- 

cific to LPA, SIP, and PDGP, but Not Thrombin, EGP, 
Et-l, or Insulin. The kinase activity of Akt was >90% in- 
hibited by SB203580 (Pig. 1) and the phosphorylation of Akt 
S473, but not T308, was sensitive to both SB203580 and 
transfection with MEK/2A, suggesting that S473 phosphor- 
ylation was essential for the majority of the Akt kinase ac- 
tivity in this system. Therefore, we focused the rest of our 
studies on the mechanisms of Akt S473 phosphorylation in- 
duced by LPA and SIP. Akt can be activated by a variety of 
growth factors through their receptors, as well as via a num- 
ber of GPCR ligands. We sought to determine whether MEK- 
dependent S473 phosphorylation of Akt in HEY cells was 
specific to LPA and SIP. Treatment of HEY cells with PDGP 
(10 n^ml), thrombin (1 U/ml), EGP (10 n^ml), Et-l (100 
nM), or insulm (100 nM) for 5 min induced 8473 phosphor- 
ylation of Akt (Pig. 5A). The phosphorylation of Akt by all five 
of these stimuh was PI3-K-dependent as evidenced by pre- 
treatment with LY294002 (data not shown). Pretreatment of 
cells with SB203580 (3-10 nM) resulted in inhibition of Akt 
S473 phosphorylation induced by PDGF, EGP, thrombin, and 
Et-l, but not insulin, indicating that p38 activation is re- 
quired by most stimuh tested (Pig. 5A). In contrast, of these 
factors tested, only PDGP required activation of MEK for 
S473 phosphorylation of Akt as evidenced by the sensitivity 
of this activation to pretreatment with PD98059 (Fig. 5A), 
suggesting that MEK-dependent Akt S473 phosphorylation 
is stimulus-specific. This was further supported by transient 
transfection with MEE/2A, which resulted in decreased Akt 
S473 phosphorylation by PDGP but not Et-l, even though the 
latter also activated ERK, which was sensitive to the domi- 
nant inhibitory effect of MEI^2A (Pig. 5B). 
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Fig. 5. Stimulus-specific S473 phosphorylation of Akt. Western analyses 
of HEY cell lysates probed with p-S473-Akt, and then reprobed with 
p-BRK or total Akt antibodies. A, cells were pretreated with 30 ^M 
PD98059 (PD) or 10 jiM SB203580 (SB) for 30 min followed by treatment 
with thrombin (1 U/ml), EGP (10 n^ml), insulin (100 nM), Bt-1 (100 nM), 
or PDGP-BB (10 ng/ml) for 6 min. B, cells transiently transfected with 
MEI02A were treated with Et-l (100 nM) or PDGP-BB (10 ng^ml) for 5 
min. 

LPA, but Not SIP or PDGP, Requires Rho for S473 
Phosphorylation of Akt, and Rho Is Upstream of PI3-K, 
To test the potential involvement of Rho in Akt S473 phos- 
phorylation induced by LPA, SIP, and PDGF, we transiently 
transfected HEY cells with dominant negative Rho (Rho/ 
N19) or C3-exoenzyme. Interestingly, overexpression of Rho/ 
N19 or C3-exoenzyme resulted in decreased Akt S473 phos- 
phorylation by LPA, but not SIP (Pig. 6A, 1). Furthermore, 
LPA, but not SIP, required Rho for phosphorylation of ERK 
and p38 (Fig. 6A, 3 and 4), Similar to SIP, overexpression of 
Rho/N19 did not inhibit PDGF-induced Akt S473 phosphor- 
ylation (Pig, 6B). Transfection with constitutively active Rho 
(Rho/V14) demonstrated that Rho was sufficient for S473 
phosphorylation of Akt in HEY cells (Fig. 6C, 3rd column). 

To determine whether Rho acted upstream or downstream 
of PI3-K, HEY cells transfected with Rho/V14 were treated 
with LY294002. This treatment resulted in abolishment of 
S473 phosphorylation of Akt by Rho/V14 (Fig. 6C), suggest- 
ing that Rho is upstream of PI3K, This was farther confirmed 

Rho/Nl9 C3 

Ik (10 |iM) 

i1P(1nM) 

1 

2| 

3 

'»! 

H 

PDGF 

Rho/V14 

LY294002 

t                 "11                  1 
+    --+..     +     . 

-    +--     +     ..+ 

„ «,  -      _■.-_.  _| - p.S473-AM 

■— —           --Ai^         . - ^ . p-ERK 

■ - — —          -    —            ■ — I-P-P38 

Rho/N19 

- p-S473-Akt 

-Total Akt 

-     +     -     + 

~~         — 
«>*■•» -»| 

+    + 

+       •       4- 

^  - p-S473-Akt 

W—  -Total Akt 

Rho/N19 

CA P13-K 

+       -        + 

-•-«-* -P-S473.AM 

—'——'- -Total Akt 

Pig. 6. Rho-dependent S473 phosphorylation of Akt by LPA but not SIP 
or PDGP, Western analyses of HEY cell lysates probed with p-S473-Akt, 
p-ERK, p-p38, total Akt, or total ERK antibodies. Cells were transiently 
transfected with control vector, dominant-negative Rho (Rho/N19), or 
C3-exoenzyme (C3) (A, B), constitutively active Rho (Rho/V14) (C), or 
Rho/N19 and or constitutively active PI3-K (CA PI3-K) (D). A, transfected 
cells were treated with LPA (10 jiM) or SIP (1 jiM) for 10 min (p-ERK, 
p-p38) or 20 min (p-Akt). B, transfected cells were treated with PDGP (10 
n^ml) for 10 min. C, transfected cells were treated with LY294002 (10 
jtM) for 30 min after transfection. 
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by co-transfection of Rho/N19 and constitutively active 
PI3-K, in which Rho/N19 had no effect on the increased Akt 

^S473 phosphorylation by constitutively active PI3-K (Fig. 
6D). 

MEK/ERK-Dependent Akt S473 Phosphorylation Is 
Cell Line-Speciflc. In contrast to what we have observed in 
HEY cells with LPA and SIP, the S473 phosphorylation of 
Akt induced by fMLP, Pc-yR cross-linking, or PIP3 in human 
neutrophils was insensitive to pretreatment with PD98059 
(Pane et al., 2001), To determine whether this MEK-depen- 
dent S473 phosphorylation of Akt by LPA and SIP was 
cell-type-specific, we tested five other ovarian cancer cell 
lines (Ovca420, Ovca429, Ovca432, Ovca433, A2780), three 
breast cancer cell lines (MDA-MB-231, T-47D, and GI-IOIA), 
and HeLa (cervical cancer), PC-3 (prostate cancer), and 
MCPIOA (immortahzed breast epithelial) cells. In all cell 
lines tested, except the immortalized breast MCFIOA cell 
line (Fig. 7C), LPA and SIP induced a 1,7- to 10.1-fold in- 
crease in Akt S473 phosphorylation (Table 1), Whereas 
MCPIOA cells were the only cells in this study that did not 
respond to LPA/SIP for Akt phosphorylation, we have ob- 
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Pig. 7. The effect of LPA^IP on Akt S473 phosphorylation in Ovca420, 
GI-lOlA, and MCPIOA cells. Western analyses of cell lysates probed with 
p-S473-Akt, and then reprobed with p-lRK or total Akt antibodies. Cells 
were pretreated with 30 fM PD98069 (PD) or 10 /M SB203580 (SB) for 
30 min followed by treatment with LPA (10 |iM) or SIP (1 iM) for 20 min. 
A, O¥ca420 cells; B, GI-IOIA cells; C, MCFIOA cells. 

served that LPA and SIP can induce Akt activity in other 
noncancerous cell lines (specifically, Swiss 3T3 cells or mouse 
embryonic fibroblasts; unpublished observations). Thus, a 
simple, generalized conclusion pertaining to the efiects of 
LPA and SIP on Akt induction in cancerous versus noncan- 
cerous cells cannot be drawn through our Umited studies. 

Interestingly, we observed that Akt S473 phosphoiylation 
induced by LPA and SIP in all five ovarian cancer cell lines, 
in addition to HEY cells, was sensitive to pretreatment with 
both PD98059 and SB203580 (3-10 tM; >72% inhibition; 
Table 1). In addition, HeLa and T-47D cells were also sensi- 
tive to pretreatment with both inhibitors. Among the remain- 
ing cell lines, MCPIOA cells were nonresponsive to LPA and 
SIP (Pig. 7C), MDA-MB-231 cells were partially sensitive to 
both inhibitors and PC-3 and GI-IOIA cells were sensitive to 
only SB203580. These experiments have been repeated more 
than three times in each cell line and the results (average ± 
SD) are presented m Table 1. This data suggests that al- 
though p38 was required for LPA/S IP-induced S473 phos- 
phorylation of Akt in all 11 responsive cell lines tested, the 
MEK-dependent Akt phosphorylation induced by LPA and 
SIP is specific to certain cell lines. 

We tested the PD98059-insensitive cell lines to demon- 
strate that LPA and SIP could activate ERK in these cell 
lines, and the concentration of PD98059 used blocked ERK 
activation in these cells (Fig, 7, A and B, and other data not 
shown). Therefore, the insensitivity of LPA/S IP-induced Akt 
phosphorylation to PD98059 was not due to either the inabil- 
ity of LPA^IP to induce ERK activation or a variation in cell 
line sensitivity to PD98059. The results fi»m Ovca420 (Fig. 
7A) and GI-IOIA (Pig. 7B) are shown as representative re- 
sults fi-om cells that were PD98059-sensitive and -insensitive 
in LPA/SlP-induced Akt S473 phosphorylation, respectively. 
In both of these cell lines, LPA and SIP induced ERK acti- 
vation, which was blocked by PD98059 but not by SB203580 
(Kg. 7, A and B, middle). 

The LPA/SIP Receptors Potentially Involved in Me- 
diatlng the S473 Phosphorylation of Akt. Three [LPA^ 
(Edg-2), LPAa (Edg-4), and LPA3 (Edg-7)] and five [SIP^ 
(Edg-1), SIP2 (Edg-5), SIP3 (Edg-3), SIP4 (Edg-6), and SlPg 
(Edg-8)] GPCRs have been identified as receptors for LPA 
and SIP, respectively. To determine which of these receptors 
might be associated with the MEK-dependent Akt activation 
in different cell Mnes, we examined the expression of SlPi_3, 
SIP5, and LPAi_3 in aU cell Hnes used in this study with 
quantitative real time RT-PCR (Table 2), Because SIP4 is 
predominantly expressed in lymphocytes (Graler et al., 1998; 
Van Brooklyn et al., 2000), and all of our cell hnes are of 
epitheUal origin, the expression of this receptor was not 
determined in our studies. The comparative threshold cycle 
(CT) method (.Experimental Procedures) was used to calculate 
the relative expression of each receptor in different cell lines. 
We arbitrarily chose the expression level of LPAg in HEY 
cells (relative to GAPDH in these cells) as 1-fold. The expres- 
sion levels of all other receptors in HEY and all other cell 
lines (relative to GAPDH in the corresponding cell lines) are 
expressed as fold-change relative to tUs 1-fold expression of 
HEY LPA2 (Table 2), The LPA^IP receptor expression levels 
in HEY cells obtained through our studies are consistent in 
principle with the levels reported by Fischer et al, (2001), 
using a semiquantitative RT-PCR method (Fischer et al., 
2001). In our studies, we considered 1-fold expression to be 
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low, because LPAj was previously detected at a very low level 
in HEY cells using a semiquantitative RT-PCR method (Pi- 

^ scher et al., 2001). Thus, when the fold expression of the 
receptor was below 1.0 in our studies, we considered it to be 
very low or not expressed. 

All cell lines tested expressed at least one SIP and one LPA 
receptor (Table 2). For the SIP receptors, SIP^ was expressed 
in a number of cell lines, such as HEY, Ovca429, and 
Ovca433, but it had a lower or no expression in both MEK- 
dependent and -independent cell lines, such as A2780, HeLa, 
T-47D, GI-IOIA, and PC-3. SIP^ was expressed in the entire 
set of cell lines used in this study but had a relatively lower 
expression in HEY cells. SIP5 had very low or no expression 
in all of the cell lines, except Ovca420 and T-47D. Therefore, 
SlPi, SIP2, and SIP5 are unlikely to be the determining 
receptor or the only determining factors for the MEK-depen- 
dence of SIP in these cell lines. Interestingly, SIP3 was 
expressed in all of the cell lines used in these studies except 
GI-IOIA and PC-3, which were MEK-independent, Whether 
this was a simple correlation among the cell lines tested, or 
whether SIP3 represents a real molecular determinant for 
MEK-dependent Akt activation by SIP requires fiirther in- 
vestigation. 

For the LPA receptora (LPA^,^), LFAj was expressed in 
most of the cell Knes except HeLa, GI-IOIA, and MCP-lOA 
(Table 2). All cell lines tested expressed LPAj, although the 
expression level of LPAj was low in HEY cells. Most cell Unes 
expressed LPA3, except Ovca420 and T-47D. Furthermore, 
the level of expression of LPA3 was relatively lower in MGF- 
lOA cells. Apparently, a simple correlation between the ex- 
pression pattern of LPA receptors and the MEK-dependent 
Akt activation induced by LPA could not be made, suggesting 
that factors other than receptors for LPA may play a critical 
role in determining the signaling pathways leading to Akt 
activation. 

Caspase-3 Activity Induced by Paclitaxel in Hey 
Cells Was Inhibited by LPA and SIP. Akt has been de- 
scribed as a mediator of survival signals in many cell types 
(Marte and Downward, 1997), including ovarian cancer cells 
(Liu et al, 1998; Yuan et al,, 2000). Furthermore, LPA has 
been shown to prevent HEY cell death induced by cis-diam- 
minedichloroplatinum (Prankel and Mills, 1996). Because 

paclitaxel is a potent apoptotic inducer in many ovarian 
cancer cell Hnes, we investigated the potential for LPA and 
SIP to prevent paclitaxel-induced apoptosis in HEY cells and 
whether the efiect was related to the PI3-K signaling path- 
way. We used a caspase-3 activity assay as a sensitive mea- 
surement of the effect of paclitaxel on HEY cells. Caspase-3 
activity was measured in HEY cells treated for various times 
and concentrations of paclitaxel, and it was determined that 
optimal caspase-3 activity occurred after 24 h treatment with 
1 ^M paclitaxel (data not shown). Pretreatment of cells for 20 
min with LPA (10 ^M) and SIP (1 ^M) inhibited (>45%) 
caspase-3 activity induced by paclitaxel (Fig. 8). Pretreat- 
ment with LY294002, PD98059, and SB203580, followed by 
treatment with LPA and SIP, and then paclitaxel, reinstated 
caspase-3 activity (Pig. 8). These results suggest that the 
PI3-K/MEK/p38 signaling pathway mediates LPA/SlP-in- 
duced inhibition of caspase-3 activity, which is the same 
signalmg pathway leading to LPA/S IP-stimulated Akt S473 
phosphorylation in HEY cells. Therefore, Akt may mediate 
the LPA/SlP-induced caspase-3 inhibition in HEY ovarian 
cancer cells, A schematic of the pathways leading to Akt 
activation by LPA and SIP in HEY cells is shown in Figure 9. 

Discussion 
Although the signaling pathways of p38, MEK/EEK, and 

Akt activation induced by various stimuU, including LPA and 
SIP, have been studied in many cellular systems, a number 
of novel and important signaling mechanisms have been 
revealed through the current study. First, our work indicates 
for the first time that p38 is a relatively general requirement 
for the S473 phosphorylation of Akt, with the exception of 
insulin-induced Akt activation. The signaling mechanisms 
leading to p38 activation, however, seem to be highly cell 
line- and stimulus-specific. Second, we have observed LPA/ 
SlP-induced cross communication between the two major 
kinase cascades (MAPK and PI3-K/Akt) involved in cell pro- 
liferation and cell survival, respectively, in ovarian cancer 
cells. Finally, our study reveals a cell line- and stimulus- 
specific MEK-dependent Akt activation, and we have ex- 
plored the potential role of LPA and SIP receptors that 
confer a MEK-dependent Akt activation. 

TABLE! 

Summary of MEK/p38-dependent or -independent Akt S473 phosphorylation in cells 
Cells we^ pretreatjd with PD9M59 (30 ^I) or SB203580 (10 ^) for 30 min, then treated with LPA (10 ^U) or SIP (1 ^) for 20 min. Western analyses of cell lysates 
were probed with phospho-speeific Akt S473 or Akt antibodies. Pold^:hange in Akt phosphorylation is normalized to the levels of total Akt. 

Cell Type Celt Line 
Change in Akt S473 

Phosphorylation Inhibition I y PD98059 Inhibition by SB203580 

LPA SIP LPA SIP LPA SIP 

■fold % % 
Ovarian Cancer HEY 8.2 ± 0.9 10.1 ± 1.2 94 ±5 91 + 6 99 + 1 99 + 1 

Ovca420 3.9 ± 1.3 3.6 ± 1.4 78 + 10 79 + 8 83 + 10 88 + 8 
Ovca429 2.3 ± 0.7 2.4 ± 0.5 83 i 5 92 ±4 99 + 2 99 + 1 
Ovca432 3.9 ± 1.1 4.4 ± 0.8 80±8 88 + 3 80 + 9 94 + 8 
Ovca433 2.3 i 0.3 2.8 ± 0.7 77 ±5 86 + 4 92 + 5 97 + 4 
A2780 2.6 ± 0.2 3.7 ± 0.4 78 + 5 84 + 6 85 + 6 92 + 3 

Other HeLa 5.1 ± L4 6.4 ± 2.1 89 ±7 86 + 10 97 + 2 99 + 1 
MCPIOA 1.1 ± 0.2 0.9 ± 0.1 N.A. N.A. N.A. N.A. 
MDA-MB-231 3.3 ± 1.5 4.0 ± 1.1 20 ±6 27 + 6 40 + 3 39 + 6 
T-47D 5.2 ± 0.7 4.3 ± 0.9 92 + 5 90 + 3 97 + 2 95 + 4 
GI-lOlA 6.8 ± 2.4 5.8 ± 1.2 0±10 0 + 10 80 + 10 96 + 3 
PC-3 1,7 ± 0.3 1.7 ± 0.2 0 + 10 0 + 10 96 + 8 93 + 12 

NA., not applicable. 
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p38 Is a Relatively General Requirement for the S473 
Phosphorylation of Akt. Pull activation of Akt requires 
phosphorylation at both S473 and T308, which is usually 
regulated by different signaling mechanisms (Alessi et al., 
1997; PuUen et a!., 1998). T308 is phosphorylated by PDKl, 
which has been cloned and identified (Alessi et al., 1997), Our 
current understanding of the mechanism of S473 phosphor- 
ylation and the identification of PDK2 is still elusive and 
controversial. At least four different kinases have been sug- 
gested to be potential candidates of PDK2: Akt itself, PDKl, 
ILKl, and MK2 (Chan and Tsichlis, 2001). Because S473 can 
be phosphorylated when Akt is inactive, Akt autophosphor- 
ylation clearly cannot account for all of the S473 phosphory- 
lation induced under different conditions. Although it has 
been suggested that PDKl can acquire PDK2 activity, PDKl 
is not necessary for S473 phosphorylation, which can occur 
even in PDKl-knockout IS cells. In cells stimulated with 
insulin, ILK is activated and enhances S473 phosphorylation 
through a PI3-K-dependent mechanism. However, it is Hkely 
that ILK may contribute indirectly to S473 phosphorylation 

TABLE 2 

Relative quantitation of Bdg receptors in a variety of epithelial cells 
The relative expression of LPA^ in HEY cells was chosen as l-fold. The relative 
amounts of other receptors are expressed as a fold change compared with LPA, in 
HEY cells, ^ 

2-i4CT 

SIP Re ceptors LPA Receptors 

Cell Line SIP, SIP2 SIP3 SlPs LPAi 

2.2 

LPAj 

1.0 

LPA3 

HEY 4.2 1.1 3.0 0.3 7.6 
Ovca420 0.3 10.4 4.6 14.5 172.4 21.4 09, 
Ovca429 3.7 11.6 26.4 0.4 12.6 4.9 1,9 
Ovca432 1.1 8.3 46.9 0.2 15.9 6.1 13,0 
Ovca433 15.6 7.5 1.6 0.3 6.0 2.3 1.8 
A2780 0.8 18.5 21.6 0.6 6.2 3.9 7.6 
HeLa 0.0 4.6 6.0 0.4 0.0 1.4 9,H 
MCPIOA 0.2 1.6 1.5 0.1 0.7 10.7 08 
MDA-MB-231 0.1 4.3 2.1 0.1 83.9 5,8 1,9 
T-47D 0.0 7.8 11.4 7.9 37.3 28.4 0,1 
GI-IOIA 0.0 10.3 0.3 0.4 0.1 11.5 15.7 
PC-3 0.1 1.9 0.1 0.0 37.5 2.9 29.9 

Cj. = threshold cycle; A Cr = Cr for tai^et gene - Cr for GAPDH gene; A 4 Cr = 
a CT relative to ^Y LPAj (A Cf for target gene in test cell line - A Cf for LPAj in 
HEY cells); 2' "^ "^ = measurement of expression of target gene relative to LPA, in 
HEY cells. 

of Akt by providing an adaptor fiinction. The major obstacle 
for recognizing MK2 as one of the PDK2 candidates arises 
from the fact that MK2 is not involved in S473 phosphoryla- 
tion induced by insulin in HEK 293 cells (Alessi et al., 1996). 
However, the recent work by Rane et al. (2001) illustrates the 
possibility that MK2 functions as PDK2 under certain con- 
ditions. Our data seem to support works from both Alessi et 
al. (1996) and Rane et al. (2001) suggesting that at least two 
types of signaling pathways are involved in S473 phosphor- 
ylation. One type of signaling pathway, which does not re- 
quire MK2 and/or p38 for S473 phosphorylation, may be 
represented by cells that respond to insulin, insulin-like 
growth factor, heat shock, or hydrogen peroxide (Shaw et al., 
1998). Another signaling pathway, in which MK2 ftmctions 
as PDK2, may be represented by cells, such as neutrophils, 
stimulated by fMLP, Pc-yR cross-linking, PIP3 (Rane et al., 
2001), and other potential stimuh. 

We found that the activation of p38 seems to be a relatively 
generic requirement for Akt phosphorylation at S473, in that 
all 11 cell lines and most stimuli that we tested were 
SB203580-sensitive (Table 1). On the other hand, T308 phos- 
phorylation induced under these conditions does not require 
p38 activation, suggesting that p38 is involved in the regu- 
lation of PDK2, but not PDKl, activity. We did not provide 
direct evidence in this study as to whether MK2 (or a differ- 
ent downstream target of p38) or p38 itself functions as 
PDK2 in these systems. However, a rather general require- 
ment of p38 for efficient S473 phosphorylation, and the spe- 
cific requirement of MEK/ERK signaling for efficient phos- 
phorylation of both S473 and T308 by LPA, SIP, and PDGP 
in a number of cells lines have revealed the important link 
between MAPK and PI3K-Akt signaUng pathways, 

T308 is directly phosphorylated by PDKl (Alessi et al., 
1997), Our work suggests that MEK may be involved, either 
directly or indirectly, in the regulation of the action of PDKl. 
Whereas the mechanism of the MEK requu-ement for T308 
phosphorylation remains to be investigated, a potential con- 
nection between MEK/ERK and PDKl has recently been 
implicated (Prodin et al., 2000). The 90-kDa ribosomal S6 
kinase-2 (RSK2), which is activated by ERK-type MAPKs, 
has been shown to be an activator of PDKl (Prodin et al., 
2000). Interaction with ERK-stimulated S386-phosphory- 

LPA SIP 

■CotUfoi 1 
DLPA(10|iM)| 
nSIP(HiM) J , 

Control PD 

Fig. 8. LPA and SIP reduced paclitaxel-induced caspase-3 activity. HEY 
cells were pretreated with 30 ;iM PD98059 (PD), 10 ^M SB203580 (SB), 
or 10 ^M LY294002 (LY) for 30 min, then treated with LPA (10 iM) or 
SIP (1 iiM) for 20 min, followed by exposure to paclitaxel (1 /M) for 24 h. 
Caspase-S activity was determined by cleavage of the fluorogenic sub- 
strate, JV-acetyl-Asp-Glu-Val-A8p-amino-4-methylcouinarin. ***, p 
<0.001 (Student's t-test). 

^Am-—w^—~— 
f ,     r'' n   Lvmon    P°^1    (m)-mi 

Fig. 9. Schematic of LPA/SlP-induced Akt activation in HEY ovarian 
cancer cells. Solid arrows indicate activation of signaling molecules but do 
not exclude mediation of this activation by additional effectors. A dashed 
arrow indicates that the relationship between the effector and activated 
molecule was not directly tested in this study. MK2 may function as 
PDK2 in our system, although this was not directly tested. *, dominant- 
negative and/or constitutively active alleles were used to study the in- 
volvement of that signaling molecule in this study. CS, C3-exoenzyme; 
LY, LY294002; PD. PD98059; PTX, pertussis toxin; SB, SB203580; WoH, 
wortmannin. 
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'lated RSK2 led to autophosphoiylation of PDKl and in- 
creased PDKl activity. However, the main regulators of 
PDKl are likely to be phosphatidylinositoK3,4)-biphosphate 

' and/or PIP3, and therefore MEK (or ERK) activation itself is 
insufficient to induce PDKl-mediated T308 phosphorylation 
of Akt. 

The Signaling Pathways That Regulate p38 Activity 
Seem to Be Highly Specific. For example, although PI3-K 
is required for Akt activation in both keratinocytes (Zhang et 
al., 2001) and HEY cells (Pig. 1), we show that PI3-K is both 
necessary and sufficient to induce ERK and p38 activation in 
HEY cells (Fig. 4), whereas in keratinocytes, p38 is activated 
by a PI3-K-independent pathway (Zhang et al., 2001). Thus, 
p38 activation can be PI3-K-dependent or -independent, de- 
pending on the system. Furthermore, our results show that 
MEK is an upstream activator of p38 in MEK-dependent 
(and hence, p38-dependent) cellular systems. In MEK-inde- 
pendent cellular systems, p38 is still required for Akt acti- 
vation. Thus, our results suggest that p38 can be activated by 
MEK-dependent or -independent pathways. The mechanisms 
regulating p38 activity in different systems require further 
investigation. 

^ MEK/ERK and p38 are generally activated in parallel, not 
linear, signaling pathways (Cano and Mahadevan, 1995). 
The potential for MEK to act upstream of p38 has only been 
documented in two previous publications. Constitutively ac- 
tive MEK stimulates p38 in PC-12 cells (Morooka and 
Nishida, 1998); and MEK is required for Has signaHng to the 
p38 pathway (Chen et al,, 2000). Furthermore, Chen et al. 
(2000) showed that MEK is necessary for, but MEI&2E is not 
capable of, p38 activation for Ras signaling in NIH3T3 cells. 
Here, we show that MEK is not only necessary for, but also 
capable of mducing p38 activation at levels comparable with 
those induced by LPA and SIP (Fig. 4C), suggesting that 
activation of p38 by LPA and SIP is mainly mediated 
through MEK activation. 

Cross Communication between the MAPK and PI3- 
KZAkt Cascades. Although simultaneous stimulation of the 
ERK and PI3-K/Akt pathways has been reported previously, 
the requirement of MEK/ERK for Akt activation was either 
not exammed or MEK/ERK and Akt were shown to be unre- 
lated to each other. One of the novel and important findings 
of our work presented here is that MEK is a necessary and 
sufficient activator of Akt, and MEK functions upstream of 
p38 m Gi/PI3-IKAkt signalmg in a cell- and stimulus-specific 
manner. In particular, all six ovarian cancer cell lines tested 
demonstrate MEKyERK-dependent Akt activation. These 
studies have revealed an integration of two unportant sig- 
nalmg pathways (MAPK and PI3-K/Akt) that govern two 
important tumorigenic processes (cell proUferation and sur- 
vival, respectively). This is of potential therapeutic impor- 
tance for ovarian cancer because both LPA and SIP 1) have 
been detected in ovarian cancer plasma and ascites (Xiao et 
al, 2000; Xiao et al, 2001), 2) protect ovarian cancer cells 
from paclitaxel-induced apoptosis in a manner dependent on 
the MAPK and PI3-K pathways (Pig. 8), 3) regulate pro- 
angiogenic factors in ovarian cancer (Hu et al,, 2001; 
Schwartz et al,, 2001) and 4) affect ovarian cancer cell pro- 
liferation, migration, and/or survival (Xu et al,, 1995a, 2001; 
Prankel and Mills, 1996; Hong et al, 1999; Lu et al, 2002), 

MEK-Dependent Akt Phosphorylation Is Cell Line- 
and Stimulus-Specific. Our study reveals a cell Une- and 

stimulus-specific MEK-dependent Akt activation. Interest- 
ingly, while this article was in preparation, a MEK-depen- 
dent Akt activation by ultraviolet B irradiation was reported 
by Nomura et al, (2001), Thus, our results are consistent with 
these recent findings. However, although Nomura et al., re- 
ported a MEK- and p38-dependent T308 phosphorylation of 
Akt by ultraviolet B radiation in mouse epidermal cells (No- 
mura et al., 2001), our results show for the first time that Akt 
T308 phosphorylation is dependent on MEK, but not p38, in 
HEY cells. Thus, similar to MEK-induced Akt S473 phos- 
phorylation, the requirement of p38 activity for Akt T308 
phosphorylation may be cell line- and/or stimulus-specific 
and remains to be further investigated. 

As an initial step to understanding the molecular basis for 
conferring the cell line-specificity of LPA/S IP-induced MEK- 
dependent or -uidependent Akt activation, we examined the 
expression of LPA/S IP receptors in the cell lines used in this 
study (Table 2). For the LPA receptors, a simple correlation 
between any of three identified LPA receptors (LPAi_3) with 
MEK-dependent or -independent cell lines was not revealed 
through our studies. These results suggest that although 
LPAi, LPAa, and/or LPAg may mediate LPA-induced Akt 
activation, at least one additional cellular factor is required 
to determine MEK dependence. In contrast, for SIP recep- 
tors, SlPs is potentially implicated as mediating MEK/p38- 
dependent Akt activation by SIP. SIP3 is expressed in all of 
the cells that required, either partially or completely, both 
MEK and p38 for SIP signaling to Akt, and it is not ex- 
pressed in the cells (PC-3 and GI-IOIA) that did not require 
MEK. In both PC-3 and GI-IOIA cells, SlPg is the only SIP 
receptor that is significantly expressed, indicating the possi- 
bility that a MEK-independent Akt stunulation by SIP is 
mediated through SlPg. These imphcations remain to be 
further investigated. 

In simimary, this study has provided novel aspects related 
to LPA- and SlP-induced ERK, p38, and Akt signaUng. In 
particular, these findings are of potential pathophysiological 
importance for understanding the overall mvolvement of the 
MAPK and PI3-IttAkt pathways in tumorigenesis, as well as 
for the development of novel therapies for ovarian cancer. 
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Abstract Natural^ occurring a%I- and alkenyl-l^ophos- 
phatidic acids (al-UPAs) are detected and elevated in ovarian 
cancer ascites compared with asdtes from non-malignant dis- 
eases. Here we describe the biological functions and signal, 
ing properties of these edier-linked LPAs in ovarian cancer 
cells. TTiey are elevated and stable in ovarian cancer ascit^, 
which represents an in vivo environment for ovarian cancer 
cells. They stimulated DNA ^nthesis and proliferation of 
ovarian cancer cells. In addition, tiiqr induced cell migration 
and die secretion of a pro-angiogenic factor, interieukin-^ 
(IL^), in ovarian cancer cells. The latter Wo processes are 
potentially related to tumor metastasis and angiogenesis, re- 
spectively. Al-LPAs induced diverse signaling pathways in 
ovarian cancer cells. Tljeir mitogenic activity depended on 
die activation of the Cj/a protein, phosphaddylinositoI-3 Id- 
nase (PI3K), and mitogen-activated protein (MAP) kinase 
kinase (MEK), but not p38 mitogen activated protein kinase 
(MAP kinase). S473 phosphorylation of protein kinase B 
(Akt) by these lipids required activation of the (^^ protein, 
PI3K, MEK, p38 MAP kinase, and Rho. However, T308 
phosphorylation of Akt stimulated by al-LP^ «Bd not «- 
qture activation of p38 MAP kinase. On the other hand, cell 
migration induced by al-LPAs depended on activities of the 
Gj/o protein, PBK, and Rho, but not MEK.11 These data 
suK*s* *** ether-linked LPAs may play an important role 
in ovarian cancer deiwlopment.—Lu, J., Yj. Xiao, L, M. 
Baudhuin, G, Hong, and Y. Xu. Role of ether-linked ^o- 
phosphatidic acids in ovarian cancer cells. /. Idpid Res, 
2002,43:463-476. 

Supplementary key wordb protein kinase B • mkogen activated pro- 
tein kinase • alkyUssophosphatidic add • alkenyl-LPA • ovarian cancer 

Lysophosphatidic acid (LPA) is a bioactive lysoHpid that 
is involved in a broad range of biological processes in a 
^riety of cellular systems (1, 2). LPA induces cell pro- 
liferation or differentiation, prevena apoptosis induced 
by stress or sdmuli, induces platelet a^pre^don and smooth 
muscle contraction, and stitnulates cell morphologic 
changes, cell adhesion, and cell migration (1-5). LPA has 
been shown to be involved in angiogenesis, wound heal- 
ing, and inflammatory processes (6-15). LPA exerts many 
of its effects by binding to G protein<oupled receptors 
(GPCRs), resulting in a cascade of intracellular signaling 

activadons (2,16). Three endothelial differentiations genes 
[endothelial differentiations gene (Edg) 2,4, and 7] have 
been identiHed as receptore for LPA (7,17-19). LPA stim- 
ulates Gj-mediated extracellular mitogen-regulated kinase 
(ERK) and phospharidylinositol 3-kinase (PI3K)-protein 
kinase B (Akt) activation, Gq-mediated phospholipase C 
(PLC) and protein kinase C (PKC) activation, and Gi2/,j- 
mediated Rho activation (1, 2). 

We have previously identified a growth-stimulating fac- 
tor, ovarian cancer actiTOting factor (OCAF), in ascites 
from patients with ovarian cancer. OCAF is composed of 
various species of LPAs (with different fetty acid side 
chains) (20). OCAF and ^thedc ISd-acyl-LPA stimulate 
growth of ovarian, breast, and Jurkat cells (21, 22). Acyl- 
LPA (18:1) also regulates other cellular activities. It enhances 
cell adhesion/attachment (23), stimulates interleukin-8 
(IL^) production from ovarian cancer cells (24), and syn- 
ergizes with other agents, such as thrombin agonise, nor- 
adrenaline, ADP, and arachidonic acid, to induce strong 
platelet a^regation (5). LPA has been shown to decrease 
wdiamminedichloroplatinum-induced cell death (25), 
prevent cell apoptosis (26), and induce urokinase secre- 
tion (27) and vascular endothelial growth fector expres- 
sion in human ovarian cancer cells (15). In addition, we 
have shown that acyl-LPAs are elected in plasma from pa- 
tients vrith ovarian cancer and may represent a useful 
marker for the early detection of ovarian cancer (28). 

^breviadons: Alu, protein kinase B; al-LPAs, ^M" and alkenyl-I^o- 
phs»phatidic adds; Edg, endothelial differeniiaUora gene; Ec£, en- 
hanced chemiluminescence; ERK, extracellular mit<^en-«gula(ed ki- 
nase; ESI-MS, elecatspray ionization mass spectrometfy; GPCR, C 
protein<oupled recepeon IW, interleukin-8; LEA, Ijsopluaplmidicacid: 
MAP kinase, mitogen acdiated protein kinase; MEK or MKK, MAP kinase 
kinase; MSMS, tandem maa spectrometiy; MRM, multiple reaction 
monitoring; MTT, 3-(43Jimeth^thiazoI-2-^)-23-diphenyltetiaa3lium 
bromide; OCAR ovarian cancer activating 6cton PBK, phraphatid^nos- 
itol SJdnase; PLC, phospholipase C; PU), phiapholipase D; PKC, protein 
kinase C; PTX, pertussis coxin; SIP, sphingosine-I-phosphate. 
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There are three subclasses of LPA: acf\-, alkyl-, and alkenyl- 
LPAs. The latter two subclasses of LPAs (al-LPAs) differ 
from acyl-LPA in that the fatty acid chain is linked to the 
glycerol backbone through an ether or a vinyl, rather than 
an ester bond. The majority of research work on LPA 
has been performed on acyl-LPAs (19, 29), although the 
effect of synthetic alkyl-LPA on platelet aggregation was 
reported decades ago (30). Most alkyl-LPA work was per- 
formed using synthetic alkyl-LPA (30, 31), and the 
naturally occurring al-LPAs have been reported only in re- 
cent years (12, 32-34). 

We have recently developed an electrospray ionization 
mass spectrometry (ESI-MS)-based method to analyze lyso- 
lipids in body fluids (35) and found that, in addiuon to 
acyl-LPAs, ascites from patients with ovarian cancer contain 
elevated al-LPAs (including 16:0-/18:0-alkyl-LPA and 16:0-/ 
18:0-alkenyl-LPA), when compared with ascites from pa- 
tients with benign diseases and endometrial cancer (35). 
These results implicate that al-LPAs may have potential 
pathophysiological roles in ovarian cancer. 

In the present study, we describe that al-LPAs were more 
stable than acyl-LPAs in ascites. These lipids stimulated DNA 
synthesis and proliferation of ovarian cancer cells through 
G,-, PI3K-, and mitogen activated protein (MAP) kinase ki- 
nase (MEK)-<lependent pathways. Al-LPAs and acyl-LPAs in- 
duced migration of ovarian cancer cells through collagen I- 
coated membranes and this acuvity required the acti\'ation 
of Gj, and was partially dependent on PI3K activity. In addi- 
tion, al-LPAs stimulated IL-8 production. Similar to acyl- 
LPAs as we observed recendy (unpublished observadons), 
al-LPAs activated Akt kinase and induced a Rho-, PI3K-, and 
MEK-dependent S473 phosphorylation of Akt. 

MATERIALS AND METHODS 

Chemicals 
LPAs (16:0, 18:0, and 18:1), lyso-platelet activating factor (lyso- 

PAF), and other lysophospholipids were purchased from Avanti 
Polar Lipids (Birmingham, AL). Lyso-plasmalogen phosphatidyl- 
ethanolamine (alkenyl-LPE) \vas obtained from Mau-eya, Inc. 
(Pleasant Cap, PA). LY294002. PD98059, and SB203580 were ob- 
tained from Biomol (Plymouth Meeting, PA). Wortmannin was 
obtained from Sigma (St. Louis, MO). Pertussis toxin (PTX) was 
purchased from Life Technologies, Inc. (Rockville, MD). Pre- 
coated silica gel 60 TLC plates were obtained from EM Science 
(Gibbstown, NJ). HPLC grade methanol (MeOH), chloroform, 
ammonium hydroxide, S-(4,5-dimethylthiazol-2-yI)-2,5-diphen- 
yltetrazolium bromide (MTT), and hydrochloric acid (HCI) 
were purchased from Sigma (St. Louis, MO) or Fisher Scientific 
(Pittsburgh, PA). ['H]thymidine was from NEN Life Science 
Products, Inc. (Boston, MA). And-phospho5473-Akt, and-phospho- 
T308-Akt, anti-phospho-ERK, and anti-ERK were obtained from 
Cell Signaling Technology (Beverly, MA). Anti-MEK2 and anti- 
p38 were from StressCen (Victoria, BC, Canada). 

Cell lines and cell culture 
HEY and SKOV3 cells were from Dr. C. Mills (The University of 

Texas M. D. Anderson Cancer Center, Houston, TX) and Ameri- 
can Type Culture Collection (Manassas, VA), respectively, and 
maintained in RPMI 1640 medium containing 10% FBS at 37°C 

with 5% COj. All celb were cultured in serum-free media for 18- 
24 h prior to lipid treatment except in the cell migration experi- 
ments. For transient transfections, cells were plated into 33 mm 
dishes and transfected wth DNA using LipofectAMlNE (Life Tech- 
nologies, Inc.) and Transfection Booster Reagents (Gene Therapy 
Systems, San Diego, CA) according to the manufacturers' instruc- 
tions. Dominant negative MEK was from Dr. D. Templeton, Case 
Western Reserve University. Kinase inactive p38 was from Dr. 
Bryan R.G. Williams, Cleveland Clinic Foundation. The C3-exoen- 
zyme construct was provided by Dr. Alan Wolfman, Cleveland 
Clinic Foundation. Dominant negative Akt was from Dr. Kumliang 
Cuom, University of Michigan. 

Nonradioactive immunoprecipitation Akt kinase assay 
The Akt kinase assay \vas performed Mth the Nonradioactive 

Akt Kinase Assay Kit (Cell Signaling Technology, Beverly, MA) 
according to the manufacturer's instructions. All reagents were 
provided with the kit. Briefly, cells were treated with al-LPAs, 
rinsed xvith ice<old phosphate-buffered saline, and then lysed in 
cell lysis buffer. Immunoprecipitation ivas carried out using im- 
mobilized Akt ICl monoclonal antibody. The immunoprecipi- 
tate was then incubated with GSK-3 fusion protein and ATP in 
kinase buffer. Western analysis was used to determine the extent 
of CSK-3 phosphorylation by active Akt using a phospho-GSK-3 
o/P (Ser21/9) antibody. 

Extraction and quandtadon of alkyl- 
and alkenyl-LPAs from ascites 

Extraction of alkyl- and alkenyl-LPAs from ascites was per- 
formed as described previously (35, 36). The stability of differ- 
ent LPA species was tested. Briefly, ascites samples were stored at 
4°C for different time periods and lipids in ascites were extracted 
with chloroform and methanol in the presence of HCI. The 
chloroform phase was dried and lipids were separated on TLC 
plates. Different LPA species were eluted from TLC plates with a 
mixture of methanol and chloroform (2:1, v/v). ESI-MS and tan- 
dem mass spectrometry (MS-MS) analyses for the quantitation of 
alkyl- and alkenyl-LPAs were performed using a Micromass (Juat- 
tro II Triple (Juadrupole Mass Spectrometer. All quantitative anal- 
yses were performed in the multiple reaction monitoring (MRM) 
mode as described previously (35). 

Preparation of alkyl- and alkenyl-LPAs 
Alkyl- and alkenyl-LPAs were prepared through hydrolysis of 

the corresponding lyso-PAF or lyso-plasmalogen phosphaddyteth- 
anolamine (alkenyl-LPE), respectively, by phospholipase D (PLD) 
(Calbiochem, Lajolla CA). Briefly, 1 mg of alkenyl-LPE or lyso- 
PAF was dispersed in 0.1 ml of 0.04 M Tris buffer, pH 8.0, contain- 
ing 0.05 M CaClj and 1% Triton-XlOO. After addiuon of die en- 
zyme (four units of PLD in 15 (il of 0.01 M Tris-HCl, pH 8.0), tije 
sample was mixed vigorously. The reaction vessel was sealed 
tightiy and the contents were rotated overnight at room tempera- 
ture. After the incubation period, the mixture was extracted with 
1.2 ml mixture of chloroform-MeOH-HCI (5:4:0.2, v/v/v). The 
chloroform layer was evaporated under a stream of nitrogen and 
the residue was dissolved in 50 p.1 chloroform-MeOH (1:2, v/v). 
The substrate and the product were separated on a TLC plate 
using a solvent system of chloroform-MeOH-NH40H (65:33:5.5, 
v/v/v) and the product was eluted from the plate by extracting 
with 2 ml of chloroform-methanol (1:2, v/v) twice and then dried 
under Nj. The lipid product was identified and quantified by ESI- 
MS and then dissolved in methanol to make a 1 mM solution. 

DNA synthesis and MTT assays 
HEY cells were plated in 96-well plates, serum-starved for 16- 

24 h, and treated for 24 h with different concentrations of al-LPAs 
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in F12-DMEM (1:1, v/v) medium supplemented with 0.1% fetty 
a^W-free BSA, insulin, ttansferrin, and selenium. For the DNA 
synthesis assays, the cells were incubated with 0.15 iiCi/well 
('H]thytnidine for die last 18 h. Cells were harvested onto filter 
papers presoaked in 1% polyethyleneimine using an automated 
cell harvester, HARVEST 96 (Perkin-Elmer-Wallac, Inc.). Incor- 
porated ['H]thymidine was counted in a 1450 Microbeta Ttilux 
Liquid Scintillation and Luminescence Counter (Perkin-EImer- 
Wallac. Inc.). For cell proliferadon, 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide (MTT) dye reduction assays 
were used. Twenty |i,l of MTT solution (5 mg/ml) was added to 
each well and incubated at 37''C for the last 6 h of lipid treat- 
ment. The reduced MTT crj^tals were dissolved in 100 jil/well 
of a mixture of DMSO and 95% edianol (1:1, v/v). The color de- 
veloped was read by a plate reader (SpectraMax 340, Molecular 
Devices Corp, Sunnyvale, CA) aiS95-653 nm. 

Western blotting 

HEV cells were plated in 6-well plates in RPMI 1640 widi 10% 
FBS, serum-starved overnight, and then treated with or without al- 
LPAs in serUm-free media for the indicated dmes. Cells were lysed 
on ice with Laemmli buffer containing 5% mercaptoethanol. The 
lysates were separated widt 12% SDS^olyacrylamide gels and 
transferred onto polyvinylidene difluoride membranes (Bio-Rad 
Laboratories, Hercules, CA). Antibodies against S473 phosphory- 
lated Akt, T308 phosphorylated Akt, or phosphorylated ERKI/2 
were used to probe the membrane and the enhanced chemilumi- 
nescence (ECL) system (Amersham Pharmacia Biotech Inc.. Pis- 
cataway, NJ) was used for detection. To normalize the amouna of 
protein loaded in each lane, the membranes were stripped and re- 
pitsbed vnth antibodies against total Akt or ERK. 

Cell migration assa^ 

Chemotaxis was performed in a mini-Boyden chamber 
(Neuro Probe, Inc., Cabin John, MD) using Nucleopore polycar- 
bonate Shea (8 |i.m pore size) coated wth a type-I collagen solu- 
tion (100 ng/ml) (VitrogenlOO, Colleen Ckirporaoon, Fre- 
mont, CA). Different concentrations of LPAs were added to the 
lower chamber. Checkerboard assa^ were performed as de- 
scribed by Okamoto et al. (37). HEV cells were starved for 3 h, 
tiypsinized and resuspended at a concentration of 2.5 X 10* 
cells/ml in serum-free medium. The cell suspension (50 jtl) was 
then placed in the upper chamber. After 4 h at 37"C, die cells 
that attached to the filters were fixed in 100% methanol and 
stained with Hematoxylin solution (Richard-Allan Scientific, 
Kalamazoo, MI), Celb that migrated to the lower phase of the 
membrane were counted under the microscope. 

IL^EUSA assays 

Cells %¥ere grown in 96-well plates, starved overnight, and 
treated %vith lipids for 6 h. The supematants were collected and 
stored at —SO'C. The IL-8 concentration vns measured using a 
quantitative sandwch enzyme-linked immunosorbent assay 
(ELISA) (R&D Systems, Minneapolis, MN) according to the 
manufacturer's protocol with minor modifications as described 
previously (24). All analyses were carried out in triplicate. Opti- 
cal densities were determined using a SpectraMax 340 plate 
reader (Molecular Devices, Sunnyvale, CA) at 650-490 nm. 

RESULTS 

AI-LPAs were more stable than atyl-LPAs in asdtes 
from patients wdi ovarian cancer 

We have previously compared the lysolipid content in 
15 pairs of ascites samples from patienB with ovarian can- 
cer and non-malignant diseases, and reported that al-LPAs 
were elevated In ovarian cancer ascites (35). Four al-LPA 
species were detected in ascites samples: 16:0- and 18:0- 
alkyl LPAs, and 16:0- and 18:0-alkenyl-LPAs. The distribu- 
tion of different al-LPA and acyl-LPA species In 15 ovarian 
cancer and 15 non-malignant ascites samples Is shown in 
Table 1. al-LPA species in ascites account for approxi- 
mately 12% of total LPAs (both al- and acyl-LPAs). We ob- 
served that al-LPAs were more stable In ascites stored at 4''C 
under sterile conditions (Kg. lA). The average half-lives of 
acyl-LPAs and al-LPAs In ascites stored at 4°C were approxi- 
mately 12 months and more than 2 years, respectively (re- 
sults obtained from five ascites samples) (Fig. IB). 

Al-LPAs stfaiulated DNA ^ndiesis and growth 
of HEY ovarian cancer cells 

To determine the potential pathophysiolopcal role of al- 
LPAs in ovarian cancer cells, we first examined the effects of 
al-LPAs on DNA ^thesis and proliferation In HiY amtmn 
cancer celb. Alkyl-LPA (16:0) and 16;0-/18:0-alkenyl-LPA 
(the tado of 16:0 to 18:0 was approximately 1:1) were syn- 
thesized as descrilsed In Materials and Methods, figure 2 
shows the spectra of ^theslzed 16:0./18:0-alkenyl- and 
16:0-alkyl-LPAs. Each preparation contained a small amount 
of impurides, which were mainly derived fi-om 16:0- and 

TABLE I. Statistical analysisofLPAsinlS pairs of ascites sampi es from patients with o^rian cancer or non-malignant diseases" 

AIM-UA Alken)«.PA 
Tool 

al-LPAj 

Acyl-UA 
TOBI 

acyl-UAs 18:0 18:0 16:0 18:0 16:0 18:2 18:1 18:0 
Total 
LPAs 

Ovarian cancer 

<tM liM ^M liAf ^LM ^\i 

Minimum 
Maximum 
Mean 
Median 

0.3540 
3.8929 
1.4800 
1.2620 

0.1046 
1.2483 
0.6371 
0.6577 

0.0943 
0.6663 
0.2906 
0.2651 

0.4688 
2.3318 
1.3036 
1.2278 

1.0217 
7.1772 
3.7113 
3.6384 

0.1498 
37.1935 
11.2207 
12.1470 

0.0780 
3.7894 
1.1806 
0.448S 

0.0017 
8.0704 
2.4424 
1,8458 

0.0048 
11.1937 
4.0650 
1.7882 

1.1002 
54.3211 
18.9087 
19.4320 

2.6949 
59.6573 
22.6134 
22.5316 

Benign disease 
Minimum 
Maximum 
Mean 
Median 

0.0000 
0.4450 
0.1430 
0.0928 

0.0000 
0.2541 
0.0997 
0.0820 

0.0000 
0.0S85 
0.0082 
0.0000 

0.0164 
0.4081 
0.1072 
0.0602 

0.0423 
1.1072 
0.3580 
0.2287 

0.2779 
5.1070 
1.8723 
1.3920 

0.0000 
0.9057 
0.3325 
0.3129 

0.0392 
0.9932 
0.3986 
0.3707 

0.0412 
0.6924 
0.2582 
0.2199 

0.3966 
6.9865 
2.8615 
2.3900 

0.4389 
7.5109 
3.1956 
2.3705 

•Sample collection, lipid extraction, and analyses were performed as described previously (35). 
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Fig. 1. Alkyl- and alkenyl-lysophosphatidic acids (al-LPAs) in ascites from ovarian cancer padents are more 
stable than acyl-LPAs. Al-LPAs and acyl-LPAs from ascites samples were extracted and analyzed as described 
in Materials and Methods. Five ascites samples from patients with ovarian cancer were stored at 4°C under 
sterile conditions. LPAs from 0.5 ml of ascites were analyzed at the time intervals as indicated. A: Electrospray 
ionizadon mass spectrometry (ESI-MS) spectra of LPAs from representadve ovarian cancer ascites samples 
analyzed at 0,6,12, and 18 months. B: The stability of LPAs in five ovarian cancer ascites samples. 
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18;0-acyl-LPAs. The relatively low amount (<10% and <5% 
in the alkyl-LPA and the alkenyl-UA preparations, respec- 
tively) of these impurities did not affect the activities tested 
in this study. Starved HEY cells were incubated with differ- 
ent concentrations of lipids (0.1-5.0 jiM within the concen- 
traaon range detected in ascit« from padene with ovarian 
cancer) for 24 h. The effects of lipids on DNA ^thesis were 
assessed by addition of pH]thymidine (0.15 liQ/well) and 
the effect of lipids on cell proliferation %sas me^ured by 
MTT dye induction. Philological concentrations of 16:0- 

alkyl-LPA (1-5 |iM) and 16:O/18:0-alkenyI-LPA (1-5 |j,M) 
increased pH]thymidine incorporation and MTT dye re- 
duction to approximately Mold (Fig. SAand B). 

Al-LPAs activated ERK and Akt 
We have shown in our recent stutUes that as^UA induces 

ERK, p38, and Akt activation in HEY cells (unpublished ob- 
servations). We sought tt> examine the activation of ERKand 
Akt induced by aHJPAs. Both alkyl- and alkenyl-LPAs acti- 
wated Akt as assessed by an Akt kinase assay (Fig. 4A). West- 

Wkyl-LPA 

0.1 1 

Upid(|lM) 

10 0.1 1 

UpldfpM) 
10 

Fig. S.   Al-LPAs sumulated DNA ^nthesb in HEVcells. A DNA synthesb was measured by using t»H]thyniidine incorpotadon as described 
if ""I^^ Medjods. Starved celU were treated wid. al-LPAs (1-5 m) for 24 h. B: 3-(4.5^imediyld,ia2ol-2-yl)-23^iphenyltetiazoIiui 
bromide (MTT) dye reducdon was used to measure cell proliferadon. Starved cells were treated widt al-LPAs (1-5 liM) for 24 h MTT soli 
don was added and incubated at 37°C for die last 6 h of lipid treatment. 

um 
u- 
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Fig. 4. Al-LPAs activated extracellular mitogen-regulated kinase (ERK) mitogen activated protein kinase (MAP kinase) and protein kinase 
B (Akt) in HEY and SK0V3 ovarian cancer cells. A: The kinase acdvity of Akt was performed with the Nonradioacdve Akt Kinase Assay Kit 
according to the manufacturer's instructions. Starved HEV cells were treated with 2 \xM al-LPAs for 30 min. B: Concentration-dependent Akt 
(30 min) and ERK (5 min) phosphoryladon by al-LPAs. HEY cells were scrum-starved for 18-24 h before stimulation wiUi lipids. C: The time 
courses of ERK and Akt phosphorylation sdmulated by alkyl-LPA (2 (tM) or alkenyl-LPA (2 |iM) for the indicated times in HEY cells. D: ERK 
and Akt phosphoryladon induced by al-LPAs in SKOV3 cells. Starved SKOV3 cells were treated with 2 (JLM al-LPAs for the indicated times. 
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em blot analyses of phosphorylated ERK and Akt (S473) 
were performed after HEY cells were treated wth alkyl- or 
alkenyl-LPAs. Both alkyl- and alkenyl-LR-y (2 jiM) in- 
duced a concentration- and dme-dependent activation of 
ERK and a transient increase in the S473 phosphorylation 
of Akt (Fig. 4B and C). The opdmal concentrations were 
5 (I.M and 1 (AM for al-LPAs to activate ERK and Akt, re- 
spectively (Fig. 4B). Concentrations higher than 5 pM 
were not tested, since they are out of the physiological 
concentration ranges of al-LPAs detected in ovarian can- 
cer ascites (Table I). The optimal times for induction of 
ERK and Akt phosphorylation by alkyl-LPA were 1-5 min 
and 30 min, respectively. Alkenyl-LPA induced maximal 
phosphorylation of both ERK and Akt at 30 min (Fig. 4C). 
Similarly, al-LPAs induced ERK and Akt phosphorylation 
in another ovarian cancer cell line, SKOV3 (Fig. 4D). 

Pertussis toxin (PTX, a %„ inhibitor; 100 ng/ml) par- 
tially, and two specific inhibitors of PI3K, LY294002 (10 
M.M) and wortmannin (100 nM), completely inhibited the 
activation of ERK and Akt induced by al-LPAs, su^esting 
that a PTX-sensidve G protein and PI3K are involved in 
phosphorylation of ERK and Akt (Fig. SAand B). 

Acyl-LPA-induced Akt activation is dependent on the 
activities of both MEKand p38, which b both cell line and 
stimulus specific (unpublished observations). In addition 
to our work, this MEK-dependent Akt activation/phos- 
phorylation has been shovm very recently in ultraviolet 
B- and serotonin-induced Akt activation (38,39). To inves- 
tigate whether al-LPAs activated the same signaling path- 
ways as acyl-LPAs in HEY cells, we tested the effects of a 
panel of pharmacological and genetic inhibitora on the 
Akt phosphorylation induced by al-LPAs, Similar to acyl- 
LPAs, Akt phosphorylation at S473 was sensitive to both 
PD98059 and SB203580 (the specific inhibitors for 
MEKl/2 and p38, respectively) (Fig. 5C), suggesting that' 
MEK, and potentially its downstream effector ERK, and 
pS8 were required for Akt phosphorylation at S473 by 
al-LPAs. This was further confirmed by transfecting HEY 
cells with dominant negative fonns of MEK and p38 
(MEK/2A and p38/ACF) (Fig. 5D). We have developed 
an efficient transfection method in HEY cells (unpub- 
lished observations). Using both LipofectAMINE and 
Transfection Booster Reagents #3 (from Gene Therapy 
System, Inc., San Diego, GA), the transfection efficiency 
was increased from 15 ± 4% to 77 ± 6% (unpublished ob- 
servations). Both these dominant negative forms of MAP 
kinases blocked Akt activation induced by al-LPAs, indicat- 
ing that both MEK and p38 activities are required for 
al-LPA-induced S473 phosphorylation of Akt in HEY cells. 

Since phosphorylation of both T308 and S473 are nec- 
essary for the full activation of Akt, we examined the abil- 
iq' of al-LPA to stimulate Akt T308 phosphorylation. Both 
alkyl- and alkenyl-LPAs (2 |j.M) were able to induce an ap- 
proximately S-fold increase in Akt phosphorylation at 
T308 in HEY cells (Fig. 5E). To determine whether phos- 
phorylation at T308 required p38 MAP kinase, we pre- 
treated cells with SB 203580 (0.5,2,5, and 10 jiM) followed 
by treatment with al-LPAs (Fig. 5E). Our results show diat 
0.5, 2.5, and 10 |AM of SB203580 inhibited approximately 

20%, 80%, and 100% phosphorylation atS473, respectively. 
However, even at 10 |iM, the phosphorylation of T308 was 
not affected by SB 203580, suggesting that p38 MAP ki- 
nase was not required for this phosphorylation. 

We have shown that acyl-LPA, but not a structurally simi- 
lar lipid, sphingosine-1-phosphate (SIP), induces Akt phos- 
phorylation via a Rho-dependent pathway (unpublished 
observations). We tested whether al-LPAs also require Rho 
for induction of S473 phosphorylation of Akt. Transient 
transfection of C3-exoenzyme, which blocks Rho activity, 
completely abolished al-LPA-induced S473 phosphoryla- 
tion (Fig. 5F). Together, these results suggest that al-LPAs 
stimulate the same or similar signaling pathways in HEY 
cells as acyl-LPAs, and they may activate the same or simi- 
lar receptors. 

Activation of MEK/ERK, but not Akt, was required 
for promoting DNA synthesis by al-LPAs in HEY cells 

To explore the potential signaling pattavays involved 
in al-LPA induced DNA synthesis, we tested the effect of 
PTX, L^94002, wortmannin, PD98059, and SB203580 
on [*H]thymidine incorporation induced by alkyl- and 
alkenyl-LPAs (Fig. 6A). PTX inhibited approximately 
70% and 45% of ['H]thymidine incorporation triggered 
by alkyl-LPA and alkenyl-LPA, respectively, suggesting 
that both PTX-sensitive and insensitive G proteins are in- 
volved in this activity. LY294002 (10 p,M), %vortmannin 
(100 nM), and PD98059 (30 ,i.M) completely blocked 
the al-LPA-sdmulated DNA synthesis, su^esdng that the 
activity of PI3K and MEK is essential for the process. In 
contrast, p38 activity was not required for DNA synthesis 
induced by al-LPAs, since ['H]thymidine incorporation 
was insensitive to the treatment of SB203380. This was 
further confirmed by transfection with MEK/2A and 
p38/AGF (Fig. 6B), Expression of MEK/2A completely 
inhibited al-LPA-induced DNA synthesis (Fig. 6B). In 
contrast, expression of p38/AGF did not affect the DNA 
synthesis induced by al-LPAs (Fig. 6B), indicating that 
p38 was not required for DNA synthesis induced by 
al-LPAs, Since S473 phosphorylation of Akt required p38 
activation (Fig. 5D), and p38 was not required for the 
DNA synthesis stimulated by al-LPAs, we predict that Akt 
activation was not required for al-LPA-induced DNA syn- 
thesis. To test this, we transfected the dominant negative 
(dn) form of Akt into HEY cells and found that dn-Akt 
did not affect ('H]thymidine incorporation induced by 
al-LPAs as we predicted (Fig. 6B). These data suggest 
that al-LPA-induced MEK activation can lead to a p38- 
and Akt-independent stimulation of DNA synthesis in 
HEY cells. 

Al-LPAs promoted ovarian cancer cell migration 
throu^ collagen I-coated membranes 

Cell migration is critically important for tumor me- 
tastasis. Acyl-LPA has been shown to Induce cell migra- 
tion of a number of cell types (fibroblasts, monocytes, 
T-lymphoma, hepatoma, and endothelial cells) (40-48). 
To test the effect of LPAs on ovarian cancer cell migra- 
tion, we conducted Boyden chamber analyses. We found 
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duced by al-LPAs was pertussis toxin (PTX)-sensinve. HEY cells were pretreated with PTX (100 ng/ml) for 16 h prior to stimuilation with lip- 
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phosphorylated Akt were detected by specific antibodies. F: S473 phosphorylation of Akt induced by al-LPAs was dependent on Rho activity. 
HEY cells were transiendy transfected with control vector, C3-exoenzyme (C3), and then treated with 2 )iM al-LPAs for 30 min. 

that both alkyl- and alkenyl-LPAs triggered cell migra- 
tion through collagen I in a concentration-dependent 
manner, and alkenyl-LPA vras more potent than alkyl- 

LPA (Fig. 7A). To determine whether the enhanced cell 
migration was due to chemokinesis (random motility) 
or chemotaxis (directional motility), checkerboard analy- 
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ses were performed essentially m described by Okamoto 
et at. (37). The number of cells that migrated to the lower 
phase of the membrane was reduced significandy as the 
concentration gradient of al-LPAs decreased (Table 2), in- 
dicating that al-LPAs mainly stimulated chemoaxis. 

We then compared the relative potencies of major 
LPA species present in ascites in sdmulation of cell mi- 
gration. We found that 16:0-acyl, 18:0-acyl, 18:l-acyl, 
16:0-alkyl, and l6:0/18:0-alkenyl LPAs all stimulated mi- 
gration of HEY ovarian cancer cells through collagen I- 
coated membranes (Fig. 7B). At 1 pM concentration, 
the relative potencies of these LPA species were 18:1- 
acyl-LPA > 16:0/18:0-alkenyl-LPA > 16:0-alkyl-LPA > 
16:0-acyl-LPA > 18:0-acyl-LPA (Fig. 7B). The cell migra- 
tion induced by al-LPAs ma sensitive to PTX pretreatment 
and CS exoen^me transfection, and partially blocked by 
LY294002 (Fig. 7C). Interestingly, transfection of MEK/ 

2A, which completely blocked al-LPA-induced Akt phos- 
phorylation (Fig. 5D, top), did not significantly affect 
cell migration induced by al-LPAs, su^esting that a dif- 
ferent downstream signaling molecule(s) of Gj, Rho, 
and/or PI3-K (other than MEK) was responsible for cell 
migration induced by al-LPAs. 

Al-IPAs tri^ered IL^ secretion from HEY cells 
We have recendy shown that 18:l-acyl-LPA induces in- 

creased IL-8 at both mRNA and protein levels in ovarian 
cancer cells, but not in immortalized ovarian epithelial 
cells (24). To determine whether al-LPAs also induce this 
activity, we examined IL^ secretion from HEY cells using 
an EUSA assay as previously described (24). Al-LPAs in- 
duced IhS secretion from owtrian cancer cells with simi- 
lar or higher potencies to that of 16:0- or 18:0-acyl-LPAs 
(Fig. 8). 
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Fig. 6. AI-LPA-mediated proliferation was PTX-sensitive and de- 
pendent on PI3K and ERK activation, but not p38 MAP kinase. A: 
HEY cells were treated with alkyl-, alkenyl-LPAs, or solvent (con- 
trol), and ['H]thymidine incorporation was conducted as de- 
scribed in Materials and Methods. PTX (100 ng/ml) was added to 
the culture 16 h prior to lipid (5 |iM) stimulation. HEY cells were 
stimulated with alkyl-LPA or alkenyl-LPA (5 (iM) in the presence of 
30 (iM PD 98059 (PD), 10 |i,M LY294002 (LY), 0.1 (iM wortmanin 
(WT), or 10 |xM SB 203580 (SB). The data sho^-n here represent 
the mean i SD of three independent experiments. B: HEY cells 
were transiendy transfected with control vector, dominant negative 
MEK (MEK/2A), kinase dead p38 (p38/AGF), or dominant nega- 
tive Akt (AKT/DN). After the starvation, the cells were incubated 
with 5 |iM al-LPAs for 24 h. Results are plotted as mean ± SD of 
three independent experiments. ***P< 0.001, •*/»< 0.01, *P< 
0.05 (Student's Mest). 

DISCUSSION 

We have previously reported that acyl-LPAs are growth 
stimulating factors for ovarian cancer and other tumor 
cells, which are present in ascites from patients with ova- 
rian cancer (21, 22). The major acyl-LPA species (approxi- 
mately 50% of all acyl-LPAs) in ovarian cancer ascites is 
16:0-acyl-LPA (20). However, it is not a potent growth stim- 
ulator of ovarian cancer cells (21, 22). LPA species with un- 

saturated fatty acids, such as 18:1- and 18:2-acyl LP.As, are 
more potent mitogens for ovarian cancer cells (20). We 
have recently detected elevated levels of al-LPAs in ovarian 
cancer ascites. 

In this work, we show several lines of e\idence to sug- 
gest that al-LPAs may play an important pathological role 
in ovarian cancer development. First, al-LP.-\s stimulated 
cell growth and DNA synthesis of HEY ovarian cancer 
cells (Fig. 3). Second, al-LPAs induced .\kt activation 
(Fig. 4A), which may be related to cell survival and 
chemoresistance. Third, al-LPAs induced cell migradon 
(Fig. 7A), which is one of the critical steps in tumor cell 
invasion and metastasis. Finally, al-LPAs stimulated the 
production of IL-8 with similar or higher potencies than 
16:0-and 18:0-acyl-LPAs (Fig. 8). In particular, physiolog- 
ical concentrations of al-LPAs were used in this study, 
and our results support the notion that these lipids may 
play important pathological roles in ovarian cancer devel- 
opment, although the role of al-LPAs in vivo remains to be 
further investigated. 

Ovarian tumor cells inherently possess a strong meta- 
static potential to the peritoneum, which is the major 
cause of death in ovarian cancer patients (49). Preferen- 
tial adhesion of ovarian epithelial carcinoma cells to mi- 
grate through collagen I (vs. collagen IV, fibronectin, 
laminin, and vdtronectin), has been demonstrated, and 
the ovarian carcinoma micro-environment is rich in col- 
lagen I (49). We show here that different LPA species pro- 
mote cell migradon through collagen I-coated mem- 
branes and that this activity is potentially important in 
ovarian cancer pathology. 

IL-8 is a pro-inflammatory and pro-angiogenic factor 
and may be involved in ovarian tumor development (50, 
51). Angiogenesis is a critical factor for tumor develop- 
ment, which induces the transition from a limited to a 
rapid tumor growth via neovascularization (52). High ex- 
pression of IL-8 mRNA has been detected in clinical speci- 
mens of late-stage ovarian carcinomas (53, 54). Ascites/ 
cyst fluid and/or plasma of patients with ovarian cancer 
contain significantiy higher levels of IL-8 compared with 
patients with benign gynecologfical disorders (55, 56). We 
have shown that al-LPAs are elevated in malignant ascites 
(35). Our results shown here suggest that al-LPAs present 
in ascites may regulate IL-8 production in \ivo. 

The results shovm here suggest that the biological activ- 
ities and/or signaling properties of LPA species are not 
only dependent on the composition of the fatty acid side 
chain, but also the chemical linkage between the aliphatic 
chain and the glycerol backbone. Although 16:0-and 18:0- 
acyl-LPAs are not effective in growth stimulation in ova- 
rian cancer cells (20), 16:0-alkyl- and 16:0/18:0-alkenyl- 
LPAs stimulated growth and DNA synthesis of HEY ova- 
rian cancer cells. In addition, 16:0- and 18:0-al-LPAs were 
more potent than 16:0- and 18:0-acyl-LPAs in stimulating 
cell migration and ILr8 production. Interestingly, various 
synthetic ether-linked lysophosphatidylcholine compounds 
inhibit growth of many malignant cells, and clinical trials 
evaluating their antineoplastic potential have been con- 
ducted (57, 58). More recently, synthetic alkyl-LPA deriva- 
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TABLE 2.   Checkerboard analysis of HEY cells" 
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Fig, 7. Al-LPA stimulated HEV cell migrauon. A: &I1 mobility was 
measured in a modified Boyden chamber assay as described in Ma- 
teriab and Methods. Alkyl- or alkenyl-LPA {0-3 |iM) was added to 
the lower chamber. Celb migrated to the lower phase of the mem- 

• Different concentradons of alkyl-LPA or alkenvl-LPA were added 
to die upper and/or lower chamber, and HEY cells in the upper cham- 
ber were allowed to migrate for 4 h at %TC 

lives have been tested for their anti-proliferative activities 
(58). Together with the observations present here, these 
data suggest that a free phosphate group at the sn-% posi- 
tion is important for the mitogenic activity of lysolipid(s), 

Acyl-LPAs containing unsaturated fattj- acids, such as 
18:1- and 18:2-acyl-LPAs, are more potent in stimulation 
of growth (20), IL-8 secretion, and cell migration. These 
data suggest that 18:1- and 18:2-acyl LPAs, which compose 
appro.ximately 17% (Table 1) of total acyl-LPAs in ascites 
(20, 35) and al-LPAs, which compose approximately 12% 
of all LPA species, may account for the major portion of 
biological activities of LPAs in ovarian cancer ascites. The 
pathophysiological importance of al-LPAs is further sup- 
ported by our observation that these LPA species are more 
stable than acyl-LPAs at 4°C (Fig. 1). The instability of 
LPAs at 4°C may reflect LPA-degrading reactions by en- 
dogenous enzymes (at a slower reaction when compared 
with phpiological conditions at 37°C). However, since the 
ascites samples were stored under sterile conditions, exog- 
enous LPA-degrading en^mes from bacteria and/or 
other sources were unlikely. The two major pathways to 
degrade LPA are deacylation by lyso-phospholipase Aj 
(PLAi) and dephosphorylation by phosphatases (LPPs) 
(59, 60). Though dephosphorylation of al-LPAs and acyl- 

brane were counted after starved cells were seeded in the upper 
chamber for 4 h. B: TTie relative potencies of different LPA species 
in sdrauladng cell migration. Different LPA species (1 jiM) were 
added to the lower chamber of die migranon chamber, and starved 
cells were added to the upper chamber. Migrauon was allowed for 4 
h at 37°C. C: AI-LPA-stimulated migration was PTX- and Rho- 
sensitive and PISK^lependent. HEY cells were pretreated widj PTX 
(100 ng^ml) for 16 h, or transiendy transfected widi C3-exoen^me 
(C3, a Rho inhibitor), or dominant negative MEK (MEK/2A). HEY 
cells in the absence (control) or presence of L'K94002 (10 jiM, 
LY), as well as PTX pretreated cells or transfected cells, were loaded 
into die upper chambers and the lipids (1 |AM) were added to the 
lower chamber. The migration was conducted for 4 h. The cell 
number on the lower face of the membrane was counted. The re- 
sults are presented as die mean * SD of three independent esperi- 
raenB.»»i>< 0.001 (Student's West). 
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Fig. 8. Stimulation of lL-8 secretion by LPAs in HEY cells. Cells 
were starved from serum for 18-24 h and treated for 6 h with 
varying doses of LPAs. The supernatants were then removed and 
stored in a freezer at -80°C until ELISA (Materials and Meth- 
ods) was performed. 

LPAs by LPPs may be similarly effective, ether-linked al-LPAs 
are not degradable by PLAi_ which may account for the 
relatively higher stability of al-LPAs. 

We show here that different biological effects induced 
by al-LPAs require different signaling pathways. PI3K ac- 
tivity is required for cell proliferation, cell migration, and 
Akt acdvarion/phosphorylation. MEK is required for cell 
proliferation and S473 phosphorylation of Akt, but not for 
cell migradon. S473 phosphorylarion of Akt, but not cell 
proliferarion, is dependent on p38 MAP kinase activity. 
These data suggest that MEK activauon can lead to a p38- 
dependent Akt phosphorylation, and a p38-independent 
sdmulation of DNA synthesis. These signaling properties 
provide important informadon on strategies to antago- 
nize the cellular effects of al-LPAs. Interestingly, we have 
found that S473, but not T308, phosphorylarion induced 
by al-LPAs is sensitive to SB 203580, suggesting that p38 
MAP kinase is required for S473, but not T308, phosphor- 
ylation. The involvement of p38 in Akt phosphorylation 
and activation has been reported in a few recent works (38, 
39, 61). In fibroblasts, phosphorylation at both Akt S473 
and T308 induced by formyl-methionyl-leucyl-phenylala- 
nine is sensitive to SB 203580, and S473 phosphorylation is 
more sensitive than T308 to SB 203580. In mouse epider- 
mal J6 cells, UVB-induced T308 phosphorylation is more 
sensitive than S473 to SB 203580. Togetiier, these and our 
results suggest that the dependence of T308 phosphoryla- 
tion on p38 is likely to be stimulus- or cell t\pe-specific. 

The work here shovw that al-LPAs appear to stimulate 
the same or similar signaling pathways as acyl-LPAs, al- 
though they differ in concentration and time point for of>- 
timal stimulations. In particular, we have shown recently 
that acyl-LPA stimulated a rather unique Rho- and MEK- 
dependent Akt phosphorylation. This signaling pathway is 
not shared by many other stimuli that we have tested, in- 
cluding SIP, thrombin, endothelin-1, PDGF, insulin, and 
ECF (unpublished observations). These data suggest that 
the effects of al-LPAs may be mediated by acyl-LPA recep- 
tors (Edg receptors). In fact, both Edg4 and Edg7 have 

been shown to respond to alkyl- and/or alkenyl-LPAs (62- 
64). We have found that HEY cells express Edg2 and 7, 
and SK0V3 cells express Edg2, 4, and 7 (unpublished ob- 
servations). Since subtype-selective receptor antagonists 
are not yet available, the direct assignment of the endoge- 
nous receptors mediating the effects induced by al-LPAs 
in HEY cells remains to be determined.Dfl 
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Sphlngos^Iphosphotylcholme (SPC) and lysophos- 
phatidylcholine (IPC) are bioactlve lipid molecules In- 
volved in numeFoiu biological processes. We have i«- 
cently identified ovarian cancer G protein-coupled 
receptor 1 (06R1) as a specific and high affinity recep- 
tor for SPC, and G2A sm a receptor with high affinity for 
LPC, but low affinity for SPC. Among G protein-coupled 
receptors, GPR4 shares highest sequence homology 
with OGBl (51%). In this work, we have identified GPR4 
as not only another high affinity i^ceptor for SPC, but 
also a receptor for LPC, albeit of lower affinity. Both 
SPC and LPC induce increases in intracellular calcium 
concentration In GPR4., but not vector-transfected 
MCFIOA cells. These effects are Insensitive to treatment 
with BN52(»1, WEB-2170, and WEB-a^ (specific platelet 
activating factor (PAF) receptor antap>nlsts), su^^stlng 
fluit th^ are not mediated fhrou^ an endi^^nous PAF 
rrceptor. ^?C and LK3 bind to GPR4 in GP^-tramfected 
CHO cells with KJSPC = m mi, and KJLPC = 169 ma, 
respectively. Competitive binding is ellcnted only by SFK3 
and LPC. Both SPC and U^ activate GPR4-dependent 
activation of serum response element reporter and re- 
ceptor intemallzation. Swiss OTS cells expressing GPR4 
respond to both SPC and LPC, but not sphingosine 
1-phosphate (SIP), PAF, psychosine (Psy), glucosyl-pi'l- 
sphingosine (Glu-Sph), galactosyl-pi'1-ceramlde (Gal- 
Cer), or lacto^l-pi'l-ceramlde (Lac-Cer) to activate ex- 
tracellular signal-regulated kinase mitogen-activated 
protein kinase in a concentration- and time-dependent 
manner. SPC and IPC stimulate DNA synthesis in 
GPR4-e2Kpressing Svrtss 813 cells. Both extracellular sig- 
nal-regulated kinase activation and DNA synthesis stim- 
ulated by SPC and LPC are pertussis toxin-sensitive, 
suggesting the involvement of a Gj-heterotrimeric G 
protein. In addition, GPR4 expression confers chemo- 
tactic responses to both SPC and IPC In Swiss 3T3 cells. 
Taken together, our data indicate that GPR4 is a recep- 
tor with high afflboity to SIH3 and low affinity to LPC, 
and that multiple cellular junctions can be transduced 
via tills receptor. 
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** PeUow of the Leukemia and Lymphoma Society of America. 
tt To whom correspondence should be addressed. Tel.: 216-444-1168; 

Pax: 216-445-6269; E-mail: xuy®:cf.org xuy®ccf.org. 

SPC^ JB a bioactive lipid molecule involved in numerous 
biological processes, where it acts as a signaling molecule (1). 
We have recently identified a G protein-coupled receptor, 
OGRl, as the first specific Mgh affinity receptor for SPC (2). 
OGRl shares homology with several other G protein-coupled 
receptors, including GPB4, G2A, T cell death-associated G pro- 
tein-coupled receptor 8 (TDAG8), and the platelet activating 
fector (PAP) receptor (3-8,10), We have postulated that these 
receptoiB belong to a subfamily and their Ugands may be lyso- 
lipi«fa containing the phosphoryldioline moiety shared by SPC 
and PAP (2). Other than SPC and PAF, there are two naturally 
occurring phosphorylcholine-containing l^olipids: LPC and 
lyso-PAP. LPC is an important lipid mediator involved in many 
cellular processes. In particular, LPC is beheved to play an 
important role in atherosclerosis and inflammatory diseases by 
altering various fimctions of a variety of cell types, including 
endothelial cells, smooth muscle cells, monocytes, macro- 
phages, and T cells (11-13). However, the reported signaling 
mechanisnm of LPC are variable and the initial interaction of 
LPC with cell membranes is poorly understood. We have re- 
cently identified G2A as the first receptor for LPC (14). G2A is 
also a low affinity receptor for SPC. 

In the present study, we sought to identify the ligand(s) for 
GPE4. We tested SPC, LPC, PAF, lyso-PAF, and psychosine 
(Psy; a recently identified glycosphingoKpid ligand of TIJAG8 
(15)) as potential Ugands for GPR4. GPR4 exhibits the highest 
homology with OGRl (51% identity and 64% simOarity in 
amino acid sequence) (2). Similarly to OGRl, GPR4 responded 
to SPC, but also responded to LPC, mediating an increase in 
intracellular calcium concentration, SRE activation, receptor 
intemalization, ERK activation, and stimulation of cell migra- 
tion. LPC boimd to GPR4, albeit with lower affinity compared 
with SPC, and competed with SPC for specific binding to GPR4. 
GPR4 did not bind or respond to PAP, lyso-PAF, Psy, Glu-Sph, 
Gal-Cer, or Lac-Cer. Our resulte indicate that SPC is a high 
affinity and LPC is a lower affinity ligand for GPR4, and its 
activation by SPC and LPC mediates biological fimctions. 

*The abbreviations used are: SPC, sphingosylphosphorylcholine; 
BRK, extracellular signal-regulated kinase; CHO, Chinese hamster 
ovary; Glu-Spb, glucosyl-pi'1-sphingosine; Gal-Ger, galactosyl-^l'l-ce- 
ramide; Lac-Cer, lactosyl-pi'1-ceramide; LPA, lysophosphatidic add; 
LPC, lysophosphatidylchoKne; OGBl, ovarian cancer G protein-coupled 
receptor 1; PAP, platelet activating factor; Psy, psychosine; SIP, sphin- 
gosine 1-phosphate; SRE, serum response element; TDA(38, T cell 
death-associated gene 8; PBS, fetal bovine serum; DMEM, Dulbecco's 
modified Eagle's mediimi; GAPDH, glyceraldehyde-3-phosphate dehy- 
drogenase; PTX, pertussis toxin; PBS, phosphate-buffered saline; KB, 
polymerase chain reaction; HA, hemagglutinin; Git, green fluorescent 
protein; BSA, bovine serum albumin; MAP, mitogen-activated protein; 
[Ca^*]j, intracellular calcium. 
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EXPERIMENTAL PROCEDURES 

Materials—LPCB (14:0, 16:0, 18:0, and 18:1), lysophosphatidylinosi- 
tol (from liver, 80% 18:0), 18:1-LPA, 16:0-PAF, 16:0-lyso-PAF, psycho- 
sine, glucosyl-pi'1-sphingosine, galactosyI-l'l-C8-ceramide, and lacto- 
syl-^l'l-C8-ceramide were from Avanti Polar Lipids, Inc. (Alabaster, 
AL). Sphingomyelin (bovine brain, mainly 18:0), C6-ceramide, sphingo- 
sine 1-phosphate (SIP), and SPC vifere from Toronto Research Chemi- 
cals (Toronto, ON) or Matreya, Inc. (Pleasant Gap, PA). D-Erythro- and 
L-threo-SPC were from Matreya, Inc. (Pleasant Gap, PA). pcDNAl-C3 
(encoding the C3-exoenzyme) was a kind gift from Dr. A. Wolfinan, 
Cleveland CUnic Foundation. The PAF receptor antagonist, BN52021, 
was from Biomol (Plymouth Meeting, PA). WEB-2170 and WEB-2086 
were from Boehringer Ingelheim (Ridgefield, CT). PH]SPC or PH]18: 
0-LPC were custom synthesized by Amersham Pharmacia Biotech, 
Buckinghamshire, United Kingdom (68 Ci/mmol, 1 mCi/ml for PH]SPC 
and 102 Ci/mmol, 1 mCi/ml for PH]18:0-LPC). PH)16:0-LPC (60 Ci/ 
mmol) was purchased from American Radiolabeled Chemicals, Inc. (St 
Louis, MO). 

Cell Culture—MCFIOA cells (passage 34) were purchased from the 
Barbara Ann Karmanos Cancer Institute (Detroit, MI) and cultured as 
recommended by the provider. Experiments were performed using 
MCFlOA cells from passage 40-46. Other cells were obtained from 
ATCC and were cultured either in RPMI1640 with 10% FBS or DMEM 
with 5% FBS (CHO and Swiss 3T3 cells). 

Human RNA Master Blot Probed with GPiJ4—Human RNA Master 
Blot (CLONTECH, Palo Alto, CA) was probed with radiolabeled full- 
length GPR4. Briefly, the full-length GPR4 was gel purified and 25 ng 
was used for the synthesis of a StripAble DNA a-'^P-labeled probe 
(Ambion, Austin, TX), as per the manufacturer's instructions. The ra- 
diolabeled probe (20 ng, 20 X 10° cpm) was hybridized to the Master 
Blot in ExpressHyb hybridization solution (CLONTECH) overnight 
with continuous agitation at 65 °C. The following day, the Master Blot 
was washed following the manufacturer's instructions and exposed to a 
PhosphoScreen (Molecular Dynamics, Sunnjrvale, CA). 

Real-time Quantitative PCR of GPR4—Total RNA was extracted 
from cells using the SV Total RNA Isolation System (Promega, Madi- 
son, WI). One to 5 ;xg of total RNA were reverse transcribed using 
Superscript II RT (Life Technologies, Inc., Rockville, MD). Eight nano- 
grams of derived cDNA were used as a template for real-time quanti- 
tative SYBR Green I PCR. Primers for human GPR4 (GenBank'^ 
accession number U21051) were 5'-TAATGCTAGCGGCAACCACACG- 
TGGGAG and 5'-TCCAGTTGTCGTGGTGCAG, yielding a 230-base 
pair product. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was amplified in a separfite tube as a housekeeping gene with primers 
5'-GAAGGTGAAGGTCGGAGT and 5'-GAAGATGGTGATGGGATTTC, 
yielding a 226-base pair product. Primers for mouse GPR4 were 5'- 
CTACCTGGCTGTGGCTCAT and 5'-CAAAGACGCGGTATAGATTCA, 
yielding a 222-base pair product. Mouse GAPDH was amplified with 
primers 5'-TGATGGGTGTGAACCAAGACA and 5'-CCAGTGGATCA- 
GGGATGAT. All SYBR Green I core reagents, including AmpliTaq Gold 
DNA polymerase, were from PE AppUed Biosystems (Foster City, CA). 
The thermal cycling conditions were 95 °C for 10 min, followed by 40 
cycles of 95 °C, 15 s, and 60 °C, 1 min. PCR reactions and product 
detection were carried out in an ABI Prism 7700 Sequence Detection 
System (PE Applied Biosystems). The amplified product was detected 
by measurement of SYBR Green I, which was added to the initial 
reaction mixture. The threshold cycle (CT) values obtained through the 
experiments indicate the fractional cycle numbers at which the amount 
of amplified target reach a fixed threshold. The CT values of both target 
and internal reference (GAPDH) were measured from the same 
samples, and the expression of the target gene relative to that of 
GAPDH was calculated using the comparative CT method. This method 
normalizes the expression levels and allows calculation of the relative 
efficiency of the target and reference amplification. 

Cloning—A GPR4 PCR fragment (nucleotides number 1175-1535) 
(4) was obtained by PCR amplification using cDNA from HEY ovarian 
cancer cells as the template. This PCR fragment was used to screen a 
human genomic library (CLONTECH, Palo Alto, CA) to obtain the 
full-length clone of GPR4. GPR4 was subsequently cloned into mam- 
mahan expression vectors using PCR ampUfications with the high 
fidelity Advantage cDNA polymerase (CLONTECH). The PCR reac- 
tions were conducted for fewer than 20 cycles and the sequence of the 
products was confirmed by sequencing. The primers, 5'-CAGGAAT- 
TCTCGGCAACCACACGTGGGAGG and 5'-CGCTCTAGAGCCACTC- 
GGGGTTCATTGTG, were used to generate fiiU-length GPR4, which 
was digested with EcoRl and Xbal and cloned into the pBs3HA vector 
(pBluescript IIKS* vector with three HA tags inserted; a kind gift from 

Dr. J. DiDonato, Cleveland Clinic Foundation). The resulting 3HA;G- 
PR4 was subsequently cloned into the mammalian expression vector 
pIRES-hygro (CLONTECH) to generate pIREShyg-GPR4, using primer 
5'-CAGATGCATAAACGCTCAACTTTGG and the T7 primer (inserted 
into the Nsil and Notl sites of pIRES-hygro). pGPR4-GFP was genera- 
ted using the T3 primer and 5'-GTCGGTACCTGTGCTGGCGGCAGC- 
ATC (stop codon was deleted and the resulting GPR4 was cloned into 
Hindin and Kpnl sites of pEGFP-Nl; CLONTECH). pSRE-Luc was 
purchased from Stratagene (La Jolla, CA). MCFIOA cells were tran- 
siently transfected with pGPR4-GFP and used for calcium assays. CHO 
cells were transfected with pIREShyg-GPR4 (LipofectAMINE reagent; 
Life Technologies, Rockville, MD) and stable clones were selected with 
200 /xg/ml hygromycin in DMEM/F-12 plus 5% FBS. HEK293 cells were 
transfected with pGPR4-GFP and stable clones were selected with 400 
Mg/ml G418 in RPMI 1640 plus 10% FBS. Swiss 3T3 cells expressing 
GPR4 were derived by infection with retroviruses encoding receptor 
(MSCV GPR4 ires-GFP) followed by fluorescence-activated cell sorter 
sorting of GFP positive cells (16). 

Calcium Assays—-Measurement of [Ca^*];, was performed as de- 
scribed previously (2). Briefly, pGPR4-GFP-transfected MCFIOA cells 
were grown in specialized glass-bottom dishes (Bioptech, Inc., Butler, 
PA) and loaded with fura-2 in HEPES-bufiered saline. Using a dual- 
wavelength spectrofluorometer (RFK-6002, Photon Technology Int., S. 
Brunswick, NJ) coupled to an inverted fluorescence microscope (Olym- 
pus, IX-70, Lake Success, NY), GFP-positive cells were identified using 
an excitation wavelength of 488 nm, a dichroic 505 nm long-pass filter, 
and an emitter filter at band pass of 535 nm (Chroma Technology, 
Brattleboro, VT). Measurements of [Ca°*]( were performed on individ- 
ual GPR4-GFP positive cells at excitation wavelengths of 340 and 380 
lun and an emission wavelength of 510 nm. Conversion of the 340/380 
ratio value into [Ca^"^],- in nanomolar was estimated by comparing the 
cellular fluorescence ratio with ratios acquired using fura-2 (free acid) 
in buffers containing known Ca''* concentrations. [Ca"*]; was then 
calculated as described by Grynkiewicz et al. (17). All calcium assays 
were performed in the presence of 1 mM EGTA in the assay buffers. 
Therefore, intracellular calcium release, not calcium influx, was 
analyzed. 

/ntema/izafton—pGPR4-GFP stably expressing HEK293 cells were 
cultured in 6-cm tissue culture dishes in RPMI 1640 with 10% FBS. 
After 16-24 h serum starvation, cells were treated with different lipids 
at 37 °C for 2 h. Cells were washed with cold PBS and fixed with 4% 
paraformaldehyde in PBS. The subcellular localization of GPR4-GFP 
protein was visualized under a Leica TV confocal fluorescence micro- 
scope with a X63 oil immersion lens (Wetzler, Heidelberg, Germany). 
The excitation and emission wavelengths were 488 and 515-540 nm, 
respectively. 

Binding Assays—CHO cells were chosen for GPR4 binding assays, 
because HEK293 cells express relatively high levels of endogenous 
GPR4. CHO cells stably transfected with empty vector or GPR4 were 
serum starved for 20 h, then collected after exposure to 2 mM EDTA in 
PBS. The pelleted cells were stored at - 80 °C until use. Binding assays 
were performed essentially as described previously (2), except binding 
was performed at 4 "C. Briefly, frozen cells (10° cells/ml) were homog- 
enized in a binding buffer (2). Assays were performed in 96-well plates 
in triplicate with 100 /xl of cell homogenate (equivalent to 10° cells/well). 
Different amounts of PHISPC or PH]16:0-LPC were added to the cell 
homogenates in 50 /il of binding buffer, in the presence or absence of 
cold SPC or 16:0-LPC, or other competitors. The plates were incubated 
at 4 "C for 120 min, unless otherwise indicated. Cell-bound PHJSPC or 
PHILPC was collected onto a filter (Printed Filtermat A, Wallac, Gaith- 
ersburg, MD) using an automated cell harvester (HARVESTER 96, 
Tomtec, Orange, CT). Specific binding was calculated by subtraction of 
nonspecific binding (binding detected in the presence of 100-fold excess 
unlabeled SPC or 16:0-LPC) from the total binding. 

Reporter (SRE) Assays—The SRE reporter system (pSRE-Luc) was a 
gift from Dr. Songzhu An (University of Cahfomia, San Francisco), or 
purchased from Stratagene (La Jolla, CA). Both systems gave identical 
results. HEK293 and HEK293-GPR4 cells were cultured in RPMI 1640 
with 10% FBS in 10-cm dishes to -85% confluence. To the cells in each 
dish, pSRE-Luc (10 /ig) was transfected in the presence of 60 ju.1 of 
LipofectAMINE reagent. Cells were seeded in 96-well plates 16 h after i 
transfection, incubated for another 24 h in RPMI 1640 with 10% FBS, 
and starved in serum-free medium for 16 h. SPC (dissolved in PBS to 10 
mM) and other lipids (LPCs were dissolved in 70% ethanol, other lipids 
dissolved in PBS, 70-95% ethanol or 100% MeOH) were diluted in 
serum-free RPMI 1640 and added to the cells, followed by a 10-h 
incubation. Luciferase activity was measured in Microlite'™ 1 plates 
(Thermo Labsystems, Helsinki, Finland) using 60 ij.1 of cell lysate and 
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FIG. 1. GPB4 expression in different human tissues. The human ENA Master Blot (CLONTBCH) was probed with ^*P-labeled GPB4 
("Experimental Procedures'). 

20 III of ludferase substrate. PTX (100 n^nl) was added during the 
16-h serum stairvation period and pcDNAl-C3 (encoding the C3-exoen- 
zyme, 2 iig) was co-transfeeted with pSHE-Luc (10 ftg). 

ERKActivation Assoys—Swiss 3T3 cells were infected with MSCV 
GPR4-ires-GPP or MSCV ires.GPP, and subsequently cells sorted by 
fluorescence-activated ceO sorter for positive expression of GFP as 
described previously (16). Cells were plated in 6-well plates in DMEM 
containing 5% FBS, serum-starved overnight, and then treated Hpids 
in DMEM for the indicated times. Cells were lysed on ice in MPA 
buffer containing 50 mM Tris-HCl, pH 7.6, 1% Nonidet P-40, 0.5% 
deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EGTA, 25 mM sodium 
fluoride, 1 mM sodium orthovanadate, and 1 X protease inhibitors 
(Sigma P8340). Lysates containing equal amounts of protein were 
separated on 10% SDS-polyaerylamide gels and transferred onto ni- 
trocellulose membranes. Antibodies against phosphorylated ERKl/2 
(Cell Signalling Technologies, Beverly, MA) were used to probe the 
membrane and the ECL system (Amersham Pharmacia Biotech) was 
used for detection. To normalize the amounts of protein loaded in 
each lane, membranes were stripped and re-probed with antibodies 
against total ERK (CeU Signaling Technologies). In some experi- 
ments, cells were pretreated with 100 n^ml PTX for 12-16 h prior to 
SPC and LPC stimulation. 

DNASyitthesis Assay—The effect of SPC and LPC on DNA synthesis 
was measvu*d using PH]thymidine incorporation. Briefly, GPR4-ires- 
GFP- and GEP-Swiss 3T3 cells were plated in 96-weU plates, serum- 
starved for 24 h, and treated with SIHD, LPC, or other lipids in serum- 
free DMEM for 24 h. Cells were incubated with 0.75 /iCi/ml 
PH]thymidine in serum-free DMEM for tiie tot 18 h. Cells were har- 
vested onto filter papers presoaked in 1% polyethylenimine using the 
automated cell harvester HARVEST 96. Incorporated PHJthymidine 
was counted in a 1450 Microbeta Trilus Liquid Scintination and Lumi- 
nescence Counter (PerWnElmer life Sciences). 

Cell Migration Assay—(3hemotaxis was measured in a modified Boy- 
den chamber amay. Briefly, different hpids were added to the lower 
chambers. GPR4-ires-GEP- and GEP-Swiss 3T3 cells were senun 
starved for 4 h, tiypsinized, and seeded in the upper chambers of 
Boyden Transwell plates (Coming Inc., Coming, NY). The chambers 
were incubated for 6- 8 h. The number of cells that migrated to the lower 
iace of the membrane was counted in 4 random fields. Data are repre- 
sented as the average ± S.D. of three independent experiments. For the 
chemoMnetic assay, flie same concentrations of hpids were added to 
both the upper and lower chambere. For Rho inhibition studies, 03- 
exoenxyme was transien% transfected into Swtes 3T3 cells and cell 
migration assa^ were performed 48 h later. 

RESULTO 

Human RNA Master Blot Probed with GPfl4—GPR4 has 
been shown to be expressed in many hiiman tissues (18). For a 

wider analysis of GPR4 expression in human tissues, we 
probed the Human RNA Master Blot (CLONTECH) containing 
RNAs from 50 different human tissues with the Ml-length 
human GPR4 clone labeled with pP]dCTP ("Experimental 
Procedures"). GPR4 showed the highest expression in ovaiy, 
Uver, lung, kidney, lymph node, and subthalamic nucleus (Fig. 
1). Other areas of the brain had a lower expression of GPR4, as 
did the aorta, placenta, bone marrow, skeletal muscle, spinal 
cord, prostate, small intestine, and some fetal tissues. GPR4 
was also expressed at a detectable level in appendix, tracheaj 
testis, spleen, thymus, pituitary gland, adrenal gland, thyroid 
gland, and heart, but not in other tissues including some areas 
of the brain, colon, bladder, uterus, stomach, pancreas, salivary 
gland, mammary gland, peripheral blood leukocytes, fetal 
brain, and fetal heart (Fig. 1). 

Both SPC- and 16:0-LPC-induced Transient Increases in In- 
tracellular Calcium Concentration ([Ca'V^ in OPR4-trans- 
fected MCFIOA Cells—We have shown that OGRl is a high 
affinity receptor for SPC (2). To test whether GPR4, which 
shares 51% sequence homology with OGRl, is also a receptor 
for SPC, MCPIOA cells were transiently transfected with 
pGPR4-GPP. MCPIOA cells were chosen because these cells do 
not respond to either SPC or 16:0-LPC in calcium assays and 
they express very low levels of endogenous GPR4 among many 
human cell lines tested (Fig. 2). 

The GFP receptor fusion was used to identify positively 
transfected cells, and single-cell calciiim Msays were per- 
formed as described in our previous studies (2). SPC (1 fiw) 
stimulated an increase in [Ca*"^]j in GPR4-, but not vector- 
transfected MCFIOA cells (Fig. M, first and second panels), 
suggesting that GPR4 is a receptor for SPC. This is further 
confirmed by the stereoselectivity of GPR4 favoring D-erythro- 
SPC (the bioactive form of SPC) versus L-threo-SPC (Pig. 3A, 
third panel). Interestingly, unlike OGRl, which is specific for 
SPC as its ligand (2), GPR4-transfected cells were stimulated 
to produce increased [Ca^*], by an additional phosphorylcho- 
line-containing lysoUpid, 16:0-LPC (Pig. M, fourth panel). To 
assess the affinities and potencies of SPC and 16:0-LPC, con- 
centrations of each were varied and calcium mobilization was 
measured (Fig. 3B). SPC appeared to have a higher efficiency 
(ECgo = 105 UM) than LPC (ECgo = 1.1 mX although the 
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FIG. 2. Expression of GPR4 in hu- 
man cell lines. Real-time quantitative 
PCR was utilized to determine relative 
expression levels of GPR4 expressed in 
cells, as described under "Experimental 
Procedures." All PCR reactions were per- 
formed in triplicate. The comparative Cj. 
method was used to calculate the relative 
expression levels of GPR4 in different cell 
lines as described under "Experimental 
Procedures." HEY, OCCl, NIH:0vca3, 
SK0V3, Ovca429, Ovca432, and Ovca433 
are ovarian cancer cells. MCF7 is a breast 
cancer cell line. MCFIOA is an immortal- 
ized breast cell line. HeLa is a cervical cell 
line. All cell lines shown, except Swiss 
3T3, are human cell lines. 
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[Ca^"^]; responses to LPC in GPR4-transfected cells were higher 
than those of SPC at greater concentrations of LPC (up to 10 
tm) (Fig. 3B). 

LPC has been shown to activate cellular responses in a PAF 
receptor-dependent manner (19-21). However, LPC'and SPC 
were not able to induce an increase in calcium through the 
endogenous PAF receptor in psirental cells (Fig. SA, upper 
panel). Therefore, it is imlikely that the increase in calcium 
induced by LPC was mediated by a PAF receptor. Nevertheless, 
to confirm that LPC ttnd/or SPC did not activate the endoge- 
nous PAF receptor in GPR4-transfected cells, three specific 
PAF receptor antagonists, BN52021, WEB-2170, and WEB- 
2086, were used. Both BN52021 (200 /AM) and WEB-2086 (2 /AM) 

completely aibolished the calcium signal induced by PAF (100 
nM) (Fig. 3, C and D). However, the cellular calcium response to 
LPC or SPC was not affected, indicating that calcium increases 
induced by SPC and LPC were not mediated through an en- 
dogenous PAF receptor. Another PAF antagonist, WEB-2170 (2 
/AM), also completely blocked the action of PAF, but did not 
affect the increase in calcium induced by either LPC or SPC 
(data not shown). In addition, LPC and SPC showed not only 
homologous, but also heterologous, desensitization to each 
other (Fig. 3E), suggesting that these two lipids activated the 
same receptor. 

To determine which G protein is involved in the increased 
103."% response to SPC and LPC in GPR4-transfected cells, 
the sensitivity of this activity to PTX was tested. The increase 
in [Ca^^li response to both SPC and LPC, as well as to stimu- 
lation of endogenous LPA receptor(s), but not PAF or ATP 
receptors, was completely abolished by PTX (100 ng/ml, 16 h 
pretreatment) (Fig. 3F), suggesting the involvement of a Gj 
pathway. 

In plasma, LPC is mainly present in albumin- and lipopro- 
tein-boimd forms (22). To determine whether BSA-boimd SPC 
and LPC are able to induce increases in [Ca^"'']^, we preincu- 
bated SPC (1 /IM) and LPC (1 /AM) with a molar excess of BSA 
(0.5% fatty acid-fi-ee BSA (Sigma)), for a lipid:BSA molar ratio 
of ~1:75. At this molar ratio, BSA blocked more than 50 and 
95% of the increases in [Ca'^^]; induced by SPC and LPC, 
respectively (Fig. 3G). These results suggest that albumin- 
bound LPC may not be able to activate this receptor, and 
support the concept of multiple LPC compartmentalization (e.g. 
bound and free) (23). 

Recently, Im et al. (15) have identified Psy as a ligand for 
TDAGS. TDAG8 shares -38% homology with OGRl, GPR4, 
and G2A (15). To determine whether Psy is a ligand for GPR4, 

and to delineate the structural specificity of ligands for GPR4, 
we tested the effect of Psy, Glu-Sph, Gal-Cer, and Lac-Cer to 
increase [Ca^*], in MCFIOA cells. We found that at 1 /XM, Psy, 
Glu-Sph, and Lac-Cer did not stimulate increases in [Ca^"*"]; in 
either MCFIOA parental or GPR4-expressing cells (Fig. 3H). 
Gal-Cer (1 fiM) induced the same level of increased [Ca^"*"]^, in 
both parental and GPR4-expressing MCFIOA cells (Fig. 3H). 
These data suggest that these glycosphingolipids are unlikely 
to be ligands of GPR4. 

SPC and LPC Bind to GPR4—To characterize the binding of 
SPC and LPC to GPR4, we conducted radioligand binding 
assays, using a method similar to that developed for OGRl as 
described previously (2). Cell homogenates were used for bind- 
ing assays. Binding was conducted at 4 °C for 120 min or as 
indicated. pH]SPC and [^H]16:0-LPC specifically bound to cell 
homogenates from GPR4-transfected CHO cells in a time-de- 
pendent manner and reached equilibrium after 60 min incuba- 
tion at 4 °C (Fig. 4, A and B). Both CHO cells and CHO cells 
transfected with empty vector displayed low background bind- 
ing of SPC and LPC (Fig. 4, A and B). SPC and 16:0-LPC 
bindings were saturable and Scatchard analyzes indicated dis- 
sociation constants (Kj) of 36 nM for SPC and 159 nM for LPC. 
The maximum binding capacities for SPC and 16:0-LPC were 
996 fmol/10^ cells for SPC and 1,528 finol/10^ cells for 16:0-LPC 
(Fig. 4, C and D). SPC (p < 0.001) and various LPC species 
(16:0,18:0, and 18:1; p values 0.001-0.01), but not LPA (18:1), 
lysophosphatidyhnositol (18:0), SIP, sphingomyelin (18:0), 16: 
0-PAF, or 16:0-lyso-PAF (p values >0.05), successfully com- 
peted for binding (Fig. 4, E and F). Binding assays using 
pH]18:0-LPC gave similar results (data not shown). We also 
tested the four glycosphingolipids, Psy, Glu-Sph, Gal-Cer, and 
Lac-Cer, for their abiUty to compete for the binding of pH]SPC 
and PH]16:0-LPC to GPR4. None of these glycosphingolipids 
competed successfully (data not shown). Thus, GPR4 was able 
to specifically bind both SPC and LPC (16:0, 18:0, and 18:1), 
with a higher afBnity for SPC than LPC. 

Internalization ofGPR4 Induced by SPC and LPC—G pro- 
tein-coupled receptors undergo agonist-dependent desensiti- 
zation and internalization (24-26). When HEK293 cells were 
transfected with the pEGFP-Nl vector, GFP protein was 
expressed in the cytosol of the cells (2). The GPR4-GFP fusion 
protein, on the other hand, was expressed only on the plasma 
membrane (Fig. 5A). One micromolar concentration of SPC 
and 16:0-LPC, but not 16:0-PAF, induced internalization of 
GPR4 at 37 °C (Fig. 5, B, C, and F). The PAF receptor-specific 
antagonist BN52021 did not block the internalization of 
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PIG. 3. SPC- and LPC-induced transient increases in [Ca*+], In GPB4-traiwfected MCPIOA 

and LPC to induce an increase m [Ca^+J,. SPC (1 ^) and LPC (1 MM) were incubated with 0.5% fetty acid-free BSA for 30 min at room temperature 
and the mxtuTM were used to stimulate MCPIOA cells traasfected with pGPR4-GPP. H, Gal-Cer (1 MM)-stimulated increase in [Ca^*]. in parental 
and ptTPB4-GPP expTMsmg MCPIOA ceUs. Al calcium measurements were performed in EGTA-containing, caldum-free buffer. The data are 
representative of at least five independent experiments. 

GPR4 induced by either SPC or 16:0-LPC (Kg. 5, D and E). 
Similarly, WEB-2170 and W1B.2086 did not affect the inter- 
nalization of GPR4 induced by either SPC or 16:0-LPC (data 
not shown). 

LPC and SPC Activated the SEE Reporter System in 
HEK293 Cells—The serum-response element (SRE) reporter 
system is a sensitive assay for receptors of lipid factors (27, 
28). Using the luciferase assay, vector-transfected HEK293 
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FIG. 4. Binding of SPC and 16:0-LPC to GPR4. A and B, time dependence of specific PH]SPC and PHJLPC binding. Cell homogenatea (100 
^il, equivalent to 10^ cells) fi-om vector or GPR4 stably transfected CHO cells were incubated with PH]SPC (1 nin) or PH]16:0-LPC (1 nm) for the 
indicated times. Specific binding is shown. C and D, saturation isotherm of specific binding of PH]SPC and PH] 16:0-LPC to GPR4-transfected CHO 
cells. Cell homogenates (100 ju,l) were incubated with the indicated concentrations of PHJSPC or PH]16:0-LPC in the presence or absence of 
unlabeled SJPC (100-fold excess) or imlabeled 16:0-LPC (100-fold excess). Specific binding is presented. E and F, structural specificity of binding 
of PHISPC and PH]16:0-LPC to GPR4. GPR4-transfected CHO cells were incubated with PHJSPC (1 nM) or PH]16:0-LPC (1 UM) in the presence 
or absence of 100 nM of different unlabeled lipids. Total binding is presented. All binding experiments were performed in triplicate in 96-well plates. 
Data are mean ± S.D. from three independent experiments. *,p< 0.05; **,p < 0.01; ***,p < 0.001; as compared with the control (Student's t test). 

FIG. 5. Intemalization of GPR4 in- 
duced by SPC and LPC. A, HEK293 
cells stably expressing pGPB4-GFP. B, 
pGPR4-GFP stably expressing cells were 
treated with SPC (1 fm) at 37 °C for 2 h. 
C, pGPR4-GFP-expressing cells were 
treated with 16:0-LPC (1 /XM) at 37 °C for 
2 h. D and E,asJnB and C, except cells 
were pretreated with BN52021 (200 HM) 
for 5 min. F, pGPR4-GFP-expressing cells 
were treated with PAF (1 /iM). All exper- 
iments were repeated at least three times. 
Representative data are shown. 

cells transfected with the SRE reporter system responded to 
SPC (1 /XM), but not 16:0-LPC, with <1.5-fold activation (Fig. 
6A). Activation was increased 3.1- and 4-fold, respectively, in 
response to 16:0-LPC (1 /XM) and SPC (1 /AM) in GPR4-trans- 
fected HEK293 cells that were also transfected with the SRE 
reported system (Fig. 6B). These increases were statistically 
significant (p < 0.001) when compared with the responses in 
vector-transfected cells (Fig. 6A). In contrast, although LPA 

and SIP induced significant transcriptional activation of 
SRE in vector-transfected HEK293 cells, this activation was 
not altered by GPR4 transfection. In addition, we tested other 
phosphorylcholine-containing lipids, including 16:0-PAF, 16: 
0-lyso-PAF, and 18:0-sphingomyelin, and found that none of 
them induced significant transcriptional activation of SRE 
(Fig. 6A). 

The SRE transcriptional activity in response to SPC, but not 



FIG. 6. SPC and IPC activate SRE 
in a OPR4-dependent manner. A, the 
SEE-luciferase responses to different lip- 
ids in vector- and GPE4-transfected 
HEK293 cells. ISa-LPA, 16:0-LPC, SPC, 
SIP, l&O-sphingomyelin, 16:0-PAP, and 
16:0-lyso-PAP (1 pm each) were used. The 
experiments were conducted as described 
under "Elxpermiental Procedures' and 
"Methods." B, concentration-dependent 
SRE-luciferase activity induced by SPC 
and 16:0-LPC in vector- and GPR4-trans- 
fected ceDs. C, inhibition of SPC- and 16: 
0-LPC-induced SRE activity by PTX and 
CS-exoenzyme. AD experiments were per- 
formed in quadruplicate and were re- 
peated at least three times. Representa- 
tive data are shown. Con.: control; *, p < 
0.05; **,p < 0.001; as compared with the 
control. #, p < 0.001 when compared with 
SPC- or 16:0-LPC induced activity in vec- 
tor-transfected cells. The Student's t test 
was performed using the GraphPad In- 
stat software (San Diego, CA). p < 0.05 
was considered to be statistically 
significant. 
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FIG. 7. Activation of ERK MAP kinase by SPC and LPC in GFP- 
and GPR4-ires-6FP-expressing Swiss 3T3 cells. ERK MAP kinase 
assays were performed as described under "Experimental Procedures." 
A, structural specificity of Upid-induced ERK activation via GPR4 in 
Swiss 3T3 cells. Cells were treated with 1 iiM Psy, Gal-Sph, Lac-Cer), 
sphingosine 1-phosphate {SIP), 16:0-LPC, SPC, and 16:0-PAF for 5 
min. B, concentration dependence of ERK activation stimulated by SPC 
and 16:0-LPC. Cells were treated with 1,10,100, and 1000 nM 16:0-LPC 
or SPC for 5 min. C, time dependence of ERK activation stimulated by 
SPC and 16:0-LPC. Cells were treated with SPC (100 nM) or LPC (100 
nM) for the indicated time. D, GPR4-ires-GFP- and OGRl-ires-GFP- 
Swiss 3T3 cells were untreated or treated with 16:0-LPC (100 nM) or 
SPC (100 nM) for 5 min in the absence or presence of PTX (100 ng/ml, 16 h 
pretreatment). 

LPC, in parental HEK293 cells (Fig. 6, A and B), can be ex- 
plained by the endogenous expression of GPR4 in HEK 293 
cells and the relatively lower affinity of GPR4 for LPC com- 
pared with SPC. GPR4 transfection enhanced the activation of 
SRE reporter by both SPC and LPC (Fig. 6, A and B). EC50 
values for the activation of SRE were 63 nM for SPC and 160 nM 
for 16:0-LPC. The differences in EC50 values obtained using 
SRE activation from those using the calcium assay (105 nM and 
1.1 jLiM for SPC and LPC, respectively) are possibly derived 
from different coupling efficiencies of distinct signaling path- 
ways and/or different cellular environments. 

To determine which G protein and other signaling inter- 
mediates might be involved in the activation of SRE by SPC 
and 16:0-LPC, we pretreated cells with PTX (100 ng/ml) for 
16 h, or co-transfected the specific Rho inhibitor C3-exoen- 
zyme (1.5 /u,g of pcDNA3-C3), with the reporter system. Both 
PTX and C3-exoenzyme partially inhibited SRE-reporter ac- 
tivation (Fig. BC). When the two inhibitors were added to- 
gether, SRE-repbrter activation in response to either SPC or 
16:0-LPC was almost completely blocked, suggesting that Gj 
and Rho signaling pathways were involved in SRE activation 
through GPR4. 

iSPC and LPC Activated ERK MAP Kinase in a GPR4-de- 
pendent Manner—MAP kinases are key signaling intermedi- 

SPC(//M) 

£5 

16K>-LI>C(/iM) 

FIG. 8. DNA synthesis stimulated b»y SPC and 16:0-LPC in 
GPR4 overexpressing cell& DNA synthesis was measured by 
pH]thymidine incorporation as described under "Experimental Proce- 
dures" in both GFP- and GPR4-ires-GFP-Swiss 3T3 cells. PTX was 
added to selected groups at 100 ng/ml for 16 h prior to lipid treatment. 
The data shown represent the mean ± S.D. from three independent 
experiments. 

ates of DNA synthesis and cell proliferation. To determine 
whether GPR4 mediates ERK MAP kinase activation in re- 
sponse to SPC and LPC, we conducted Western blot analyzes of 
GPR4-ires-GFP-Swiss 3T3 and GFP-Swiss 3T3 cells treated 
with SPC, 16:0-LPC, and a number of other lipids. The parental 
and GFP-infected Swiss 3T3 cells showed a basal level of ERK 
activation, as detected by anti-phospho-ERK antibody (Fig. 
7A). SPC (100 UM) increased this level of activation (Fig. 7A). In 
GPR4-ires-GFP-infected Swiss 3T3 cells, both SPC (100 nM) 
and LPC (100 nM) enhanced ERK activation, and SPC was 
more potent than LPC (Fig. 7A). A number of other lipids, 
including SIP, Lac-Cer, and PAF, also activated ERK in Swiss 
3T3 cells, but activation was independent of GPR4 expression 
(Fig. 7A). 

Lipid stock solutions, dissolved in ethanol or MeOH, were 
S:10 mM. Because the highest final concentration of lipids 
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FIG, 9. SPC and LPC stinitilate cell migration in GPB4 overex- 
pressing Swiss 3T8 ceUs. Cell migration was measured in a modified 
Boyden chamber aamj as dMcribed under "Ixperimental Procedures." 
The ceD numbere on the lower faces of the membranes were determined 
and ar« presented as the mean ± S.D. of three independent experi- 
ments. **,p < 0.01; ***,p < 0.001, compared with the control. Student's 
t tMt was iserfonned using the GraphPad Instat software (San Diego, 
CA). p < 0.05 was considered to be statistically significant. 

used in this study was 10 fjm, the solvent content was <0.1% 
in any experiment. We routinely performed solvent controls 
and found that at final solvent concentrations of <0.1%, 

70-100% ethanol, and 100% methanol did not alter any pa- 
rameters tested. 

The higher potency of SPC over LPC was further reflected in 
the concentration- and time-dependent lEK activation (Fig. 7, 
B and C). ERK activation induced by SPC compared with that 
by IPC was evident at a lower concentration (—10 nM versus 
100 UM), at earlier time points (1 min verstis 5 min), and was 
maintained for a longer time. These resulta strengthen the 
notion that both SPC and LPC are ligands for GPR4, but SPC 
has a higher affinity than LPC for GPE4. 

In GPR4-infected Swiss 3T3 cells, SPC-induced ERK activa- 
tion was sensitive to PTX, suggesting involvement of Gj signal- 
ing (Pig, ID). This is in contrMt to our previous studies where 

. SPC induced EEK activation via a PTX-insensitive pathway in 
OGRl-transfected HEK293 cells (2). To determme whether this 
difference was due to receptor subtype or different cell lines 
used, we tested the PTX sensitivity of SPC-induced ERK acti- 
vation in OGRl-infected Swiss 3T3 cells. Our residts showed 
that in Swiss 3T3 cells, SPC-induced ERK activation via OGRl 
■was PlX-insensitive (Fig, ID). Thus, although GPR4 and 
OGRl are highly homologous, the same high affinity Hgand 
(SPC) induces activation of ERK through a different G protein 
pathway for each receptor. 

SPC Stimulated DNA Synthesis in GPR4-infected Swiss 3T3 
Cells—To determine whether SPC and LPC affect DNA syn- 
thesis in a GPR4-dependent fashion, we measured pH]thymi- 
dine incorporation into GPR4-ires-GPP-Swiss 3T3 and GPP- 
Swiss 3T3 cells. SPC stimidated DNA synthesis in both 
parental and GFP-infected cells (~6,3-fold increase with 3 fiM 
SPC). These results are qualitatively consistent with observa- 
tions by Desai et al. (29), This stimulation was further en- 
hanced by the expression of GPR4 (1.8- 2-fold increase over 
GFP-infected Swiss 3T3 cells; Pig. 8A), In both GFP- and 
OPR4-GFP expressing cells, DNA synthesis stimulated by SPC 
was inhibited by PTX (Pig. 8A), suggesting Gj signaling was 
required for this activity. GPP-expressing cells did not respond 
significantiy to 16:0-LPC, whereas pH]thymidine incorpora- 
tion incrcMod 1.6-fold in GPR4-infected Swiss 3T3 cells in 
response to 3 ^ 16:0-LPC (Pig. 8B). Higher concentration of 
Hpids did not ftirther incre^e pH]thymidine incorporation 
stimulated by SPC or LPC (data not shown). 

SPC and LPC Induced Cell Migration in a GPR4-dependent 
Manner—As a major component of oxidized low-density li- 
poprotein, LPC has been proposed to play a role in atheroscle- 
rotic lesion development (30, 31). One of the roles of LPC 
potentially related to atherosclerosis is as a chemoattractant 
for monotytes, T lymphocytes, and smooth muscle cells (32-^4). 
We iMed Swiss 3T3 cells infected with GFP or GPR4-ires-GFP 
as a model system to compare the effects of SPC and 16:0-LPC 
on cell migration, GPR4 overexpression in Swiss 3T3 fibro- 
blaste increased cell migration in response to SPC (100 nM; 
lower chamber only) and 16:0-LPC (100 nM; lower chamber 
only) 2.0- and 1.7-fold, respectively, over that observed in GPP- 
Swiss 3T3 ceUs (Pig. 9A). Other Hpids (18:1-LPA, SIP, or 16:0- 
PAP) did not alter cell migration in GPR4- versus vector-trans- 
fected cells (Fig. 9A), Cell migration stimulated by both SPC 
and LPC was inhibited by C3-exoenzyme expression, suggest- 
ing that Rho is involved in this process. 

Concentration response studies (Fig, 9B) indicate that SPC 
and LPC were effective at inducing cell migration in the 1-100 
nM concentration range. To determine whether this effect was 
chemotactic or chemokinetic, we measured cells that migrated 
from the upper to the lower chambers in Boyden chamber 
assays, conducted with hpids (at 100 nM) in both upper and 
lower chambers. SPC or 16:0-LPC did not significantly change 
cell motility when compared with controls (without Upid in 
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either chamber) in either GFP or GFP-GPR4 expressing Swiss 
3T3 cells (Fig. 9C). SIP slightly inhibited, PAF shghtly en- 
hanced, and LPA did not show a significant effect on cell 
migration in treated versus untreated GFP or GFP-GPR4 ex- 
pressing cells (Fig. 9C). These results suggest that the effect of 
SPG and 16:0-LPC on cell migration was chemotactic, not che- 
mokinetic, and that the chemotactic effect was mediated 
through GPR4. 

DISCUSSION 

GPR4 shares ~50% homology with OGRl. We therefore 
speculated that these two receptors may have overlapping 
ligand specificity. Indeed, the results presented here show 
that GPR4 is a second high affinity receptor for SPC. OGRl 
and GPR4 may play both overlapping and distinct physiolog- 
ical and pathological roles. We have shown that OGRl and 
GPR4 bind SPC with similar affinities (33 and 36 nM, respec- 
tively) and both receptors mediate SPC-induced increases in 
intracellular calcium and ERK activation. However, GPR4- 
and OGRl-mediated ERK activation is PTX-sensitive and 
-insensitive, respectively (Fig. 7A), suggesting that GPR4 and 
OGRl couple to different G proteins to activate ERK. More 
importantly, these differential couplings appear to lead to 
differential effects on cell proliferation. Whereas OGRl me- 
diates PTX-insensitive growth inhibition by SPC in a number 
of cells tested (2), GPR4 mediates PTX-sensitive DNA syn- 
thesis by SPC in Swiss 3T3 cells. Together, these data sug- 
gested that the endogenous receptor(s) for SPC in Swiss 3T3 
cells was GPR4-like, rather than OGRl-like, because paren- 
tal Swiss 3T3 cells respond to SPC to activate ERK and 
increase DNA synthesis through a PTX-sensitive pathway 
(Fig. 8A). The expression of GPR4 in these cells has been 
confirmed by quantitative PCR analysis (Fig. 2). 

GPR4 and OGRl have different tissue distributions, .which 
may be related to their physiological and pathological roles. 
Both OGRl and GPR4 are highly expressed in the lung. How- 
ever, OGRl is expressed at high levels in the placenta, spleen, 
testis, small intestine, and peripheral leukocj^es (8, 18), 
whereas GPR4 is not expressed, or is expressed at relatively 
low levels, in these tissues. Whereas GPR4 is expressed at high 
levels, in the liver, kidney, and ovary (Fig. 1), OGRl is not 
expressed in these tissues (8, 18). The physiological and path- 
ological roles of these receptors remain to be further 
investigated. 

Another significant finding from this study is the identifica- 
tion of GPR4 as the second G protein-coupled receptor for LPC 
(the first LPC receptor, G2A, was recently described (14)). 
GPR4 binds to LPC (in addition to SPC), but not PAF or 
lyso-PAF, to mediate an increase in intracellular calcium, re- 
ceptor intemalization, SRE activation, MAP kinase activation, 
DNA synthesis, and cell migration. Although effects of LPC on 
transmembrane signal transduction have been widely re- 
ported, a specific receptor recognizing LPC had not been iden- 
tified previously (32). LPC lyses cells at high concentrations 
(>30 /AM) (35) and many of the cellular effects previously re- 
ported for LPC were observed at high concentrations. There- 
fore, it is possible that some of the LPC effects in vivo are not 
receptor mediated. On the other hand, evidence has been ac- 
cumulating to support the notion that, at low concentrations, 
LPC acts through membrane receptors: (a) at relatively low 
concentrations (£10 /XM), LPC exerts cell-specific effects; (6) 
LPC increases intracellular Ca^"^ concentration in association 
with production of inositol phosphates; and (c) these actions of 
LPC are markedly inhibited by treatment of the cells with PTX 
and U73122 (36). Some LPC effects are beUeved to be mediated 
through the PAF receptor in various cell tj^jes, reflected by 
their partial sensitivity to PAF receptor antagonists (WEB- 

2170, WEB-2086, and CV-6209) (21,22,37,38). We have sh,own 
in the present study, however, that intracellular calcium in- 
crease and receptor intemalization induced by LPC are de- 
pendent on the expression of GPR4 and are insensitive to the 
PAF receptor antagonists, BN52021, WEB-2071, and WfiB- 
2086. These results clearly show that LPC does not activate 
these signaling pathways through PAF receptors. We have 
identified G2A as the first LPC receptor (14). The expression of 
G2A is restricted to Ijnmphoid tissues (7), whereas GPR4 is 
more ubiquitously expressed (Fig. 1). This, together with the 
different affinities of these two receptors for LPC, may reflect 
distinct physiological functions for G2A and GPR4. 

Physiological concentrations of LPC in body fluids, including 
blood and ascites, are very high (5-180 /AM), when compared 
with other signaling Upid molecules, such as LPA, SIP and 
SPC (22, 36, 40, 41).^ All receptors would be saturated, down- 
regulated, and/or desensitized at these concentrations of LPC if 
it were all in a form available to its receptors. However, differ- 
ent concentrations of LPC present in various cellular and tis- 
sue systems (i.e. different LPC compartments) may regulate 
cellular functions differentially (23). LPC in plasma is present 
mainly in albumin- and lipoprotein-bound forms (22). These 
forms may be active in some nonreceptor-mediated functions of 
LPC, such as delivery of fatty acids and choline (22), but may be 
in a form unavailable for receptor activation. It has been shown 
that some of the effects of LPC are decreased in the presence of 
albumin (42). Thus, the functionally available concentration of 
LPC in vivo, and the activation of LPC receptors may be con- 
trolled by the lower concentrations of free LPC. Although this 
issue remains to be further addressed, our results shown in 
Fig. 3G appear to support this notion. The presence of a 75-fold 
molar excess of BSA greatly diminished the ability of LPC to 
elicit an increase in [Ca^"^]; through the GPR4 receptor. Per- 
haps physiologically relevant concentrations of LPC in vivo 
that pertain to LPCs interactions with GPR4 will be better 
understood when estimates of unbound LPC concentrations in 
specific tissues can be reliably made. In vivo the molar ratio of 
albumin (—3-5% in plasma) to LPC can theoretically be 3—100- 
fold in plasma. In extravascular sites where albumin concen- 
tration is less than in plasma, the ratio of albumin to LPC can 
be lower. 

TDAG8, which shares -38% homology with OGRl and 
GPR4, has recently been shown to be a Psy receptor (15). 
Treatment of cultured cells expressing this receptor with Psy or 
structurally related glycosphingolipids results in the formation 
of globoid, multinuclear cells (15). We have tested the effect of 
Psy and related glycosphingolipids in calcium mobilization, 
competition of ligand binding, and MAP kinase activation as- 
says and found no evidence that these lipids interact with 
GPR4. The questions of whether Psy is also a ligand for GPR4 
and whether TDAG8 is a lysophospholipid receptor require 
further investigation. 

It appears that ligands of GPR4-induced cell shape changes 
(Fig. 5), suggesting that SPC and LPC may affect the cellular 
c3rtoskeleton. Both LPA and SIP are able to affect cytoskeleton 
through Rho (39, 43). SPC and LPC are also able to activate 
Rho, as evidenced by C3-exoenz5Tne sensitivity of SRE reporter 
activity (Fig. 6) and cell migration (Fig. 9) induced by SPC/LPC. 
It remains to be determined whether the cell shape change 
induced by SPC/LPC is a Rho-mediated effect and which cellu- 
lar proteins are involved in this processes. 

Different cell Unes (MCFIOA, HEK293, CHO, and Swiss 3T3 
cells) were used in our studies. As shown in Fig. 2, MCFIOA 
cells expressed the lowest level of endogenous GPR4 among cell 

' Y.-J. Xiao and Y. Xu, unpublished results. 
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lines tested. This cell line does not respond to either SPC or 
LPC in calcium assays (2). Therefore, calcium assays described 
here were performed in these cells. Because the transfection 
efficiency of MCPIOA cells is very low (2), we were unable to 
estabHsh stably expressing lines for conducting other assays. 
Despite their relatively high level of GPR4 expression, HEK293 
cells were chosen for the intemalization and SEE reporter 
assays, mainly because they are human in origin, and also 
yielded a high transfection efficiency (Pig. 1). The intemaliza- 
tion assays utihzed transfected receptor-GPP fusion proteins 
and the transcriptional responses in SBE reporter assays were 
compared with those in parental or vector-transfected cells. 
Therefore, tiie effects of the exogenous GPR4 receptor were 
readily separable from those of the endogenous receptor(s). 
CHO cells were chosen for binding assays, because they exhibit 
low responses to SPG and LPC in calcium assays and are 
readily transfected. We detected SPC- and LPC-induced MAP 
kinase activation through GPR4 in Swiss 3T3, but not HBK293 
and CHO cells (Pig. 7 and data not shown). Hence, Swiss ST3 
cells were chosen for MAP kinase activation and mitogenic 
studies. It is well known that receptor-mediated signaling 
transduction is dependent on multiple cellular factors. The 
molecular basis for the difierential activation of GPR4 in dif- 
ferent cells remains to be flirther explored. 

In summary, our results indicate that SPC is a high afBnity, 
and LPC a lower affinity, Mgand for GPR4. This_ conclusion is 
directly derived from the results of Hgand binding Msays (K^ 
values of 36 versus 159 nM for SPG and 16:0-LPG, respectively). 
This is also supported by results from assays of different sig- 
naUng pathways activated by SPC and LPC, including in- 
creases in calcium, transcriptional activation of SEE, ERK 
activation, and stimulation of DNA synthesis and cell migra- 
tion. In recent decades, many reports have described a signif- 
icant elevation of LPG levels in cells and tissues in different 
diseases (9, 32, 41). Nimierous lines of evidence suggest that 
LPG, which is a major hpid component of oxidized low density 
Upoprotein, and which accumulates in atherosclerotic lesions 
(11), plays pathological roles in the development of atheroscle- 
rosis and other chronic inflammatory diseases (11, 12). LPG 
also plays other important biological roles. Por example, LPC 
fimctions as a fatty acid and choline carrier and deHvers fatty 
acids more specifically to brain than other tissues (22). The 
identification of GPR4 as a receptor for LPC and SPC solidifies 
the ^signment of a new lysophosphoUpid receptor subfamily 
(OGRl, GPR4, and G2A). Further studies should address pos- 
sible functional redundancy among these receptors and add 
important information to our understanding of inflammatory 
diseases. 
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Abstract 

In recent years, certain lysophospholipids (lyso-PLs) have been recognized as important c«ll signaling molecules. Among them, two 
phosphoiylcholine-containing lyso-PLs, sphingosylphosphoiylcholine (SPC) and lysophosphatidylchohne (LPC), have been shown to be 
involved in many cellular processes mA are produced raider physiological and pathological conditions. Although signaling properties of SPC 
and LPC have been studied in a variety of cellular systems, specific cell membrane receptors for SPC and LPC have not been identified 
previously. Recently, ovarian cancer G protein-coupled receptor 1 (OGR1, also known as GPR68), G protein-coupled recq)tor 4 (GPR4), and 
G2A have been identified as receptore for SPC and LPC. The signaling md ligand-binding properties of fliese receptors aie reviewed here. 
These discoveries provide an intriguing opportunity and a novel approach in studying the pathophysiological roles of SPC and LPC and their 
receptors. © 2002 Elsevier Science B.V. All rights reserved. 

Keywords: G protein-coupled receptor, Sphingosylphosphorylcholine; Lysophosphatidylcholine; Ovarian cancer G protein-coupled receptor 1; G2A; O protein- 
coupled receptor 4 

1. Introduction 

In recent years, certain lysophospholipids (lyso-PLs) 
have been recognized as important cell signaling molecules 
[1,2]. Among them, two phosphorylcholine-contoining 
lyso-PLs, sphingosylphosphotylcholine (SPC) and lyso- 
phosphatidylcholine (LPC), both produced under physio- 

Abbreviations: BSA, bovine serum albumin; ERK, extracellular signal- 
regulated kinase; Gal-Cer, galactosyl-pl,l'-centtnide; Qlu-Sph, ghicosyl- 
pl.r-sphingosine; GPCRs, O protein-coupled receptore; IP3, inositol 
triphosphate; Lac-Cer, lactosyl-pi.l'-ceiamide; LPA, lysophosphatidic 
acid; LPI, lysophosphatidylinositol; lyso-PLs, lysc^hospholipids; MAP 
kinase, mitogen-activated protein kinase; OGRl, ovarian cancer G-ptt>tein- 
coupled recqjtor 1; PAF, platelet-activating fector, PCR, polymerase chain 
reaction; PKC, protein kiuMe C; PMA, phorbol-12-myristate-13-acetate; 
PTX, pertossis toxin; SIP, sphingosine-l-phosphate; SM, spUngomyelin; 
SRE, serum response element; SRF, serum response fector, TDAG8, T cell 
death-associated gene 8 
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logical and pathological conditions, have been shown to be 
involved in many cellular processes, SPC induces both cell 
proliferation and growfli inhibition. It has been implicated 
in a number of biological processes, including smooth 
mxKcle contraction, wound healing, and angiogenesis [3- 
10]. LPC is a major plasma lipid component and transports 
fatty acids and choline to tissues [11]. It plays an important 
role in atherosclerosis and inflammatory dise^es [12-14]. 
SPC and LPC are produced under physiological and 
pathological conditions. Although signaling properties of 
SPC and LPC have been studied in a variety of cellular 
systenm, specific cell membrane receptois for SPC and 
LPC had not been identified previously. 

Four G protein-coupled receptoK (GPCRs), ovarian 
cancer G protein-coupled receptor 1 (OGRl, also known 
m GPR68), G protein-coupled receptor 4 (GPR4), G2A, 
and T cell death-associated gene 8 (TDAGS), belong to a 
new subfamily of GPCRs (we designate them as the 
"OGRl subfamily") that share 36-51% sequence identity 
to each other and approximately 30% sequence homology 
with the platelet-activating factor (PAF) receptor [15-20]. 
We have recently identified the legends for OGRl, G2A, 
and GPR4 as SPC and/or LPC [21-23]. These discoveries 

1388-1981/02^ - see ftont matter © 2002 Elsevier Science B.V. All rights reserved. 
PH: 81388-1981(02)00140-3 
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provide an intriguing opportunity and a novel approach to 
studying the pathophysiological roles of SPC and LPC and 
their receptors. 

2. Identification of receptors for SPC and LPC 

In an attempt to identify receptor for lyso-PLs, we 
employed a polymerase chain reaction (PCR)-based cloning 
strategy. We designed degenerated PCR primers based on 
the sequences of receptors for PAF and thrombin. PAF is 
structurally related to lyso-PLs. Thrombm activates similar 
or identical signaling pathways to those induced by certain 
lyso-PLs, such as lysophosphatidic acid (LPA). Using this 
approach, we identified a GPCR clone from HEY (an 
ovarian cancer cell line) cells, which we term OGRl. An 
et al. [18] previously cloned a similar or identical GPCR 
termed GPR12A (two amino acids are different in the 
derived protein sequences from the two clones) by a PCR 
strategy using degenerate primers designed from sequences 
conserved among receptors for inflammatory mediators. The 
Hgand for this receptor was unknown previously, and it 
shares little sequence homology with identified LPA and 
sphingosine-1-phosphate (SIP) receptors (LPAi_3 and 
SlPi_5). 

OGRl shares approximately 30% sequence homology 
with the PAF receptor. We tested two structurally similar 
lyso-PLs, SPC and LPC, to determme if they might be 
ligands for OGRl. MCFIOA, an immortalized breast cell 
line, does not express OGRl, as analyzed using poly-A 
mRNA Northem blot, RNase protection and quantitative 
PCR analyses [21]. In addition, these cells do not respond to 
either SPC or LPC (up to 10 jiM of lipids) to increase in 
[Ca^^]i. Using this cell line overexpressing OGRl, we 
observed OGRl-meidiated calcium mobilization induced 
by SPC. This was the first evidence that OGRl is a receptor 
for SPC. Additional pharmacological and functional assays, 
including ligand binding, receptor intemalization, mitogen- 
activated protein (MAP) kinase activation, serum response 
element (SRE) reporter activities, cell proliferation, and cell 
migration, were performed to establish the receptor-ligand 
relationship and characterize the signaling properties of 
these receptors [21]. 

After identification of SPC as a high-affinity Ugand for 
OGRl, we postiilated that SPC and/or LPC could be ligands 
for G2A and GPR4. Indeed, our studies indicate that G2A 
and GPR4 are receptors for both SPC and LPC [22,23]. 
Interestingly, these receptors display differential affinities 
towards SPC and LPC (summarized below). TDAG8 also 
shares 36-40% sequence homology with OGRl, G2A and 
GPR4. Im et al. [24] have recently identified the glyco- 
sphingolipid, psychosine (galactosyl-pi-l'-sphingosine), as 
a ligand for TDAG8. Whether additional lipids may also act 
as Ugands for TDAG8 remains to be further investigated. 
This review will focus on OGRl, G2A, and GPR4 as SPC/ 
LPC receptors. The signaling properties of SPC and LPC 

mediated through OGRl, G2A, and GPR4 are summarized 
in a comparative fashion below. 

3. Intracellular calcium release induced by SPC and 
LPC via OGRl subfamily receptors 

Ligand-induced increases in [Ca^*]j, (in particular, 
[Ca^*]i release from intracellular stores) are characteristic 
of many GPCRs. Calcium release from mtracellular stores 
usually requires generation of inositol triphosphate (IP3), 
although IPa-independent calcium mobilization also exists. 
IP3 is produced by phospholipase C (PLC), which is 
activated by GPCRs through either Gj/o or Gq/n proteins. 
As summarized in Table 1 below, OGRl, GPR4, and G2A 
induce transient elevations in [Ca^^];, with differential EC50 
values for SPC and/or LPC. 

SPL/LPL-induced calcium release (assays were con- 
ducted in the presence of EGTA to eliminate extracellular 
calcium) mediated by all three receptors in MCFIOA cells is 
pertussis toxin (PTX)-sensitive, suggesting that a Gj/o type 
of G protein is involved. PAF and adenosine triphosphate 
stunulate calcium release in MCFIOA cells through PTX- 
insensitive G proteins, mdicating that the coupling to Gj/o is 
not a result of impaired of Gq signaling in these cells. It is 
well known that G protein coupling can be cell-type depend- 
ent, but it remains to be determined whether this is the case 
for Gj/o-dependent calcium signaling mediated through the 
OGRl subfamily receptors. 

An interesting feature of calcium signaling mediated by 
the OGRl subfamily is the sensitivity of OGRl receptors to 
pretreatment with phorbol-12-myristate-13-acetate (PMA). 
Although the underlying mechanisms of this sensitivity 
have not been directly studied, it is speculated that protein 
kinase C (PKC) activity, which is induced by PMA treat- 
ment, is involved in receptor phosphotylation and down- 
regulation. The role of PKC in phosphorylation and 
modulation of GPCRs has been extensively documented 
[25,26]. There are several putative PKC phosphotylation 
sites in OGRl, G2A, and GPR4 [15]. 

Table 1 
Characteristics of increases in [Ca^*], induced by SPC and/or LPC via 
OGRl subfamily receptors and PAFR in MCFIOA cells 

OGRl G2A GPR4 PAF 

Ligand SPC LPC, SPC SPC, LPC PAF 
EC50 35 nM 100 nM (LPC), 105 nM (SPC), 0.3 nM 

400 nM (SPC) 1.1 nM (LPC) [69] 
G protein Gi Gi Gi Gq 
PAFR Insensitive Insensitive Insensitive Sensitive 

antagonists 
PMA Sensitive Sensitive Sensitive Insensitive 
Reference [21] [22] [23] [69,70] 

PAFR: PAF receptor. 
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4. Ligand-binding properti^ of OGRl subfani% 
receptors 

To characterize the binding properties of SPC and LPC to 
OGRl subfemily receptore, we have developed a radioligand 
binding assay for SPC and LPC. Table 2 summarizes the 
binding properties ftom three of the OGRl subfamily recep- 
tots. Although OGRl is a specific and high-affinity receptor 
for SPC, GPR4 and G2A are receptors for both SPC and LPC. 
Interestingly, each of these receptors shows a distinctive 
pattern of preference to the two ligands. GPR4 has a higher 
afl5nityforSPC(^d=35.9nM)morethanLPC(^d=159nM), 
and G2A has a higher affinity for LPC (Kd=64.8 nM) more 
than SPC (Ki=229 nM). To detennine Ihe ligand specificity 
of these receptors, many stracturally related lipid molecules 
were tested for their abiUty to compete with [^H]SPC and 
pH]16:0-LPC. These lipids mclude LPA, SIP, lysophospha- 
tidylinositol (LPI), PAF, lyso-PAF, sphingomyelin (SM), 
ceramide, psychosine, glucosyl-pi,l'-sphingosine (Glu- 
Sph), galactosyl-pi,l'-ceraniide (Gal-Cer), and lactosyl- 
pl,l'-ceramide (Lac-Cer). None of these Upisk were able to 
compete with the bmding of f H]SPC and pH]16:0-LPC, 
indicating that OGRl, G2A, and GPR4 are receptors specific 
for SPC and/or LPC. The binding properties of these recep- 
tore remain to be fiulher characterized using more pharmaco- 
logical approaches, including displacement experiments. 

5. MAP Idnase activation and the mitogenic effecte 
mediated through OGRl 

OGRl, G2A, and GPR4 display distinct patterns of extra- 
cellular sigMl-regulated kiiwse (ERK) activation (Table 3). 
SPC induces ERK activation via bofli OGRl and GPR4 in 
Swiss 3T3 cells [23], However, ERK activation mediated by 
GPR4 is PTX-sensitive, where^ that mediated by OGRl is 
PTX-insemitive, suggesting that GPR4 and OGRl couple to 
different G proteins to activate ERK, More importantly, these 
differential couplings appear to lead to differential effects on 
cell proliferation. Where^ OGRl mediates PTX-insensitive 
growth inhibition by SPC in a number of cells tested [21], 
GPR4 mediates PTX-sensitive DNA synfliesis by SPC in 
Swiss 3T3 cells [23]. 

SPC is a potent mitogen for a number of nonmaUgnant cell 
types, including Swiss and other 3T3 fibrobtete [4,27], kera- 

Table 3 
MAP kinase activation via OGRl subftmily teceptore 

OGRl 02A GPR4 

SPC ++ + +++ ' 
LPC — +++ + 
PTX sensitivity No Yes YM 
U73122 sensitivity Yes n,d. n.d. 
Cell line responsible Swiss 3T3, 

HEK293 
Swiss 
CHO 

3T3. Swiss 3T3 

Reference [21] [22] [23] 

+, ++, +++: positive responses, with +++ as flie teMvely strongest 
response; —: no response; n.d.: not detennined. 

tinocytes [7], and resting spleen cells in vitro [28], as well as 
for many cell lypes involved in woimd healing, including 
fibroblasts, endothelial cells and cells around sebaceous 
glands, and hair follicles in vivo [9], SPC also stimidates 
hypertrophic growth of cardiac myocytes and ['H]thymidine 
incorporation in resting, but not Con-A-activated, spleno- 
cytes [28,29], On the other hand, we and otheis have shown 
that SPC is a potent growth mhibitor for a number of ma- 
lignant cells, including Jurkat leukemia [30], ovarian, bre^t 
[6], and pancreatic cancer cells [5], The mechanisms under- 
lying this differential growth regulation were not revealed 
previously. The identification and characterization of the two 
high-affinity receptors for SPC, OGRl, and GPR4 may 
provide intriguing insights on how these effects are regulated. 

Our data suggest that OGRl mediates the growlh inhib- 
itory effect and GPR4 mediates the growth stimulatory effect 
of SPC [21,23], HEK293 cells express endogenous GPR4, 
but not OGRl, and they respond to SPC with growth 
stimidation [21], However, when OGRl is overexpressed in 
HEK293 cells, SPC induces inhibition of cell growth [21], 
Overexpression of OGRl also confers a growth inhibitory 
effect of SPC in HeLa and Swiss 3T3 cells [21,23], As shown 
by Desai and Spiegel [27], SPC stimulates DNA synthesis in 
Swiss 3T3 cells. We have detected relatively high levels of 
expression of endogenous GPR4 in these cells [23], How- 
ever, when htiman OGRl is overexpressed in 3T3 cells, it 
converts the growth stimulatory effect of SPC to a growth 
inhibitory effect (our unpublished results). In contrast, when 
human GPR4 is overexpressed in these cells, it enhances the 
growth stimulatory effect of SPC [23], Two ovarian cmicer 
cell lines, HEY and OCCl, as well as Jurkat, and the breast 
cancer cell line, MCF7, express endogenous OGRl, and they 
respond to SPC with growth inhibition. Interestingly, these 

Table 2 
Ligand-binding properties of OGRl subftmily receptors 

OGRl 02A GPR4 

SPC 

LPC 

Reference 

^d=33.3 nM 
5max= 1107 flnol/lO' cells (HEK293) 
Competitore: SPC 
No binding 

[21] 

i^=228.9 nM 
JmaK= 1840 finoVlO' cells (HEK293) 
Competitore: SPC, LPC 
^d=64.8nM 
5„„= 1503 flnol/lO' ceUs {HEK293) 
Competitora: SPC, LPC 
[22] 

Ki=35.9 nM 
Bmax = 996 flnol/lO' celb (CHO) 
Competitors: SPC, LPC 
Xa= 159.1 nM 
B„„= 1528 inol/lO' cells (CHO) 
Competitois: SPC, LPC 
[23] 
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cells also express endogenous GPR4 [23]. It is possible that 
either OGRl plays a dominant role or the balance between 
these two receptors is responsible for determining the growth 
response to SPC, which needs to be further addressed. The 
growth inhibitory and stimulatory effects of SPC mediated by 
OGRl are PTX-insensitive and those mediated by GPR4 are 
PTX-sensitive, suggesting that different G proteins are 
mvolved in the differential growth effects of SPC. This work 
has formed a basis for fiirther exploration of the mechanisms 
of SPC- and LPC-regulated DNA synthesis and cell prolif- 
eration in different cellular systems. 

6. Rb&-dependent activities of SPC and LPC 

Rho-dependent activities induced by SPC and LPC 
through their receptors include induction of transcriptional 
activity through SRE, actin rearrangement, and cell migration 
[23,31]. SPC and 16:0-LPC induce a concentration-depend- 
ent activation of SRE in GPR4-transfected HEK293 cells 
[23]. Both PTX and C3-exoenzyme (a specific inhibitor of 
Rho) partially inhibit SRE-reporter activation. When the two 
inhibitors are added together, SRE-reporter activation in 
response to either SPC or 16:0-LPC is ahnost completely 
blocked, suggesting that Gj and Rho signaling pathways are 
involved in SRE activation through GPR4. SPC, but not LPC, 
also induces transcription activation of SRE via OGRl 
(impublished results). 

G2A activates Rho via G^u, leading to actin rearrange- 
ment and serum response factor-dependent transcription 
activation [32]. SPC- and LPC-induced cell migration (che- 
motaxis) via GPR4 is sensitive to C3-exoen2yme [23]. LPC 
also induces cell migration m a G2A-dependent manner in 
Juricat T cells [22]. As a major component of oxidized low- 
density lipoprotein, LPC has been proposed to play a role in 
atherosclerotic lesion development [12,31]. One of the 
major effects of. LPC on cells involved in atherosclerosis 
and other chronic inflammatory diseases is chemoattraction 
of T cells and macrophages [33,34]. The role of LPC 
receptors (GPR4 and G2A) in cell migration under patho- 
physiological conditions remains to be determined. 

7. LPC compartmentation and nonreceptor-mediated 
effects of LPC 

Unlike other lipid signaling molecules, such as LPA, SIP, 
and SPC, the physiological concentrations of LPC in body 
fluids, including blood and ascites, are very high (5-180 nM) 
[11,35-37] (our unpublished results). In addition, LPC may 
lyse cells at high concentrations (>30 jiM) [38] due to its 
detergent like properties. Although numerous lines of evi- 
dence have been accumulated against a simple nonspecific 
membrane-damaging effect of LPC, and transmembrane 
signal transduction induced by LPC has been studied in many 
cellular systems, it was thought that a specific membrane 

LPC may not exist [33,39]. In fact, if all of the LPC was all in 
an active form that could to interact with its receptors, all LPC 
receptors would be saturated and/or downregulated. 

This puzzle may be addressed in several ways. In their 
recent "Perspective" article, Carson and Lo [40] have linked 
the concept of LPC compartmentalization to the LPC recep- 
tor. Different concentrations of LPC present in various 
cellular and tissue systems (i.e., different LPC compartmen- 
tations) may regulate cellular functions differentially. In 
addition, LPC in plasma is present mainly in albumin- and 
Upoprotein-bound forms [11]. These forms may be active in 
some nonreceptor-mediated functions of LPC, such as deliv- 
ery of fatty acids and cholines [11], but may be in an 
unavailable form for receptor activation. It has been shown 
that serum proteins neutralize the toxic effects of LPC [41]. 
We have shown that in the presence of molar excesses of 
bovine serum albumin (BSA), the ability of LPC to elicit an 
increase in [Ca^^]i through its receptor, GPR4, was greatly 
diminished [23]. Thus, the functionally available concentra- 
tions of LPC in vivo and the activation of LPC receptors may 
be controlled by a balance between different forms of LPC, 
including the free form, the albumin-bound form, other lipo- 
protein-bound forms and/or potentially unidentified forms. 
Receptor expression regulated by physiological and patho- 
logical conditions would also play an important role in 
controlling LPC-induced effects. A wide variety of signals, 
including DNA-damaging reagents and stress, activate G2A 
expression [20]. 

In most previous biological and signaling studies of LPC, 
>10 nM of LPC was iised. IQ addition, various forms of 
LPC have been used, including LPC without carriers and 
BSA-bound and lipoprotein-associated LPC. Characteriza- 
tion of OGRl subfamily receptors suggests that these 
receptors respond to LPC and SPC in the range of 1 nM 
to 10 \iM, and lipids at >10 nM appear to have declining 
activities (impublished results). In addition, when BSA is 
present at molar excess, LPC and SPC seem to have 
diminished abilities to activate receptor-mediated effects 
[23]. Whether the effects of LPC elicited at high concen- 
trations (>30 nM) and/or in the bound forms are mediated 
through receptors remains to be further investigated. 

The biological effects and the signaling properties of LPC 
have been most extensively studied in vitro in cells related to 
atherosclerosis, including endothelial cells, smooth muscle 
cells, monocytes, and lymphocytes (see review articles in 
Refs. [12,33,39]). LPC activates PLC [35] and PKC [33], 
induces increases in [Ca^^]i [35,42], and activates or inhibits 
MAP kinase [43,44]. LPC has been demonstrated to be 
atherogenic. However, antiatherogenic actions of LPC have 
also been reported [39]. It will be important to determine 
whether this "dual" function of LPC is related to (a) 
receptor-mediated vs. nonreceptor-mediated effects, (b) 
LPC and receptor compartmentalization, and/or (c) LPC 
effects mediated via different types of proteins/receptors. 
The endogenous expression of G2A and GPR4 in these cell 
types remains to be determined. Nevertheless, the identifica- 
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tion of G-protein-coupled receptors for LPC has brought a 
new opportunity to study these effecte and signaling path- 
ways of LPC in the context of its receptors. 

8. The possibilities that otlier receptora flinction as 
receptors for LPC and SPC and other lipid molecules 
fnncflon as ligands for OGRl subfanuly receptors 

LPC has been shown to activate cellular responses in a PAF 
receptor-dependent manner [42,45,46]. However, our studies 
have shown that LPC and SPC are not able to induce an 
increase in calcium through the endogenous PAF receptor in 
parental MCFIOA cells [21 -23], Therefore, it is unUkely that 
the increase in calcium induced by LPC was mediated by the 
PAF receptor. This is ftuther confirmed by using three PAF- 
receptor-specific antagonists: BN52021, WEB-2170, and 
WEB-2086 [21-23]. Similarly, SPC- and LPC-induced 
receptor intemalization is insensitive to PAF-receptor antag- 
oniste [21-23]. However, the possibility that LPC and SPC 
activate recqjtors other than OGRl, G2A, and GPR4 does 
exist. In feet, SPC h^ been shown to be a low-aflBnity hgand 
for SlPi, SIP2, and SIP3, which are high-affinity receptors 
for SIP, as Msessed by ftmctional studies and/or ligand- 
binding analyses [47,48]. However, high concentrations of 
SPC are required to activate SIP receptors. Moreover, contra- 
dictory observations have been reported to suggest that these 
receptors do not bind SPC and are not activated by SPC 
[49,50]. Similarly, activation of the PAF receptor by LPC 
requhes high concentrations of LPC (5-25 pM). Whether the 
PAF receptor represents a low-affinity receptor for LPC 
remains to be fiirther investigated. The potential of TDAG8 
as areceptor for SPC and/or LPC, in addition to psychosine, is 
appealing. It is also possible that these phospholipid receptors 
interact with each other (engaged in cross-talk) in certain 
cellular systems. The apparent involvement of other low aflR- 
nify receptors, such as SIP orPAF receptors, in SPC andLPC 
signaling, may not be due to direct binding and activation. 

TDAG8 has recently been shown to be a psychosine re- 
ceptor [24]. Treatment of cultured cells expressing this recep- 
tor witii psychosine or structurally related glycosphingolipids 
resulte in the formation of globoid, multinuclear cells [24]. 
Our studies which show a negative response to psychosine in 
calcium mobilization, ligand binding, and MAP kin^e acti- 
vation assays, using < 1 jiM psychosine suggest that psy- 
chosine is unlikely to be a high-affinity ligand for OGRl, 
G2A, and GPR.4 [23]. The question of whether psychosine is 
a low-affinity ligand for OGRl, G2A, or GPR4 remains to be 
answered. 

9. The occurrence of SPC and LPC in biological fluids 
and tissues 

An imbalance in sphingolipid metabolism underlies a 
number of human diseases, as recently reviewed by Prieschl 

and Baurmuker [51]. Increased levels of SPC have been 
found in patients with Niemarm-Pick disease, resulting from 
a deficiency of sphingomyelinase activity [52-54]. The 
potential pathological role of SPC in this disease has been 
suggested by ite deleterious effect on mitochondrial fimction 
and calcium uptake [54]. Abnormally high levels of SPC 
have also been reported in the epidermis of patiente with 
atopic dermatitis, due to abnormal expression of an SM 
deacylase, which generates SPC firom SM [55]. The patho- 
logical effect of SPC in skin diseases has been suggested by 
its role in inflammatory processes of the epidermis through 
upregulation of intercellular adhesion molecule-1 and tumor 
necrosis factor-a [55,56]. 

The levels of LPC are elevated in many diseases related 
to inflammation [33,57]. More recenfly, elevated LPC levels 
(in particular, the ratios of pahnitoyl-LPC to Unoleoyl-LPC) 
have been reported in ovarian cancer [37] and multiple 
myeloma [58]. 1 

We have recently reported the detection of 20-200 nM 
SPC and 22-45 yM of LPC in ascitic fluids from patients 
with ovarian cancer [59]. Importantly, the levels of SPC 
were significantly (j>=0.0011) higher in ovarian cancer 
Mcites than in ascites samples from patients with nonmalig- 
nant diseases, such as liver cirrhosis [59,60], suggesting that 
SPC may be involved in ovarian cancer development. Total 
LPC levels, on the other hand, were less significantly 
different in the two groups of patients (ovarian cancer vs. 
normialignant liver diseases). LPC h^ been shown to be 
involved in many inflammatory diseases, and inflammation 
is involved in both ovarian cancer and liver cirrhosis. 
Therefore, it may be physiologically relevant that ascitic 
LPC levels were similar flxjm both groups. 

LPA is a growth factor for ovarian cancer ceUs, but it also 
regulates their other fimctioris [6,61-63]. Interestingly, 
ascites from patients vdth ovarian cancer contains a secreted 
lysophospholipase D-like activity, which converte LPC to 
LPA. When cell-free ovarian cancer ascites were incubated 
at 37 °C, the levels of LPC were decre^ed and the levels of 
LPA were increased within 24-72 h. This activity is 
sensitive to EDTA and EGTA freatment, suggesting flie 
involvement of a calcium-dependent en^matic activity -vim 
involved (our impublished observations). 

The levels and the biological activities of lyso-PLs are 
confroUed by many factors, including enzymatic activities 
(for both production and degradation/convereion), cellular 
compartmentalization, and ^sociation with different pro- 
teins. Enzymatic activities are regulated by nwny extracel- 
lular stimuli. The metaboUc pathways of glycerol-based 
phospholipids and sphingolipids are interlocked [64]. Phos- 
phatidylcholine is the donor for the phosphorylcholine 
group in sphingomyelin synthesized from ceramide by 
sphmgomyelinase [64]. The production and regulation of 
levels of SPC and LPC under physiological and patholog- 
ical conditions remain to be fiirther addressed in order to 
understand their pathophysiological roles. In addition, these 
investigations will provide an important basis for develop- 
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ing methods to control the levels of these lipids and to 
prevent their pathological functions in diseases. 

10. Potential physiological roles of SPC/LPC receptors 

Our understanding of the physiological roles of the 
OGRl subfamily receptors is still preliminary, and the 
complexity of the potential roles of these receptors has 
already emerged. This complexity may be related to poten- 
tial receptor redundancy in tissues, high concentrations of 
LPC in serum and plasma, and LPC compartmentalization. 
This review sunmiarizes our knowledge to date and notes 
certain perspectives to be addressed m future studies. 

The role of G2A in immunology has been revealed by in 
vitro studies [20,31,65] and, more importantly, studies in 
G2A-deficient mice [66]. G2A is expressed predominantly 
in lymphoid tissues [20,65]. G2A-knockout mice develop 
secondary lymphoid enlargement associated with abnormal 
expansion of both T and B lymphocytes. With age, these 
animals develop a late-onset autoimmune syndrome, suggest- 
ing that G2A functions as an immunosuppressor gene [66]. 

The potential role of G2A in tumor development appears 
to be complex. It suppresses the transformation potential of 
B lymphocytes (which expresses endogenous G2A) induced 
by BCR-ABL and other oncogenes [20]. In fibroblasts, G2A 
induces morphological transformation of NIH 3T3 fibro- 
blasts, yet inhibits BCR-ABL-induced transformation of 
Rat-1 fibroblasts to become anchorage independent [20,31]. 
Zohn et al. [65] have suggested that G2A functions as an 
oncogenic receptor, based on their observation that G2A 
overexpression m NIH 3T3 cells induces a fiill range of 
phenotypes characteristic of oncogenic transformation. How- 
ever, without actually showing the data on progressive tumor 
formation, whether the effects of G2 A overexpression is more 
a morphological transformation or a true tumorigenic effect 
remains to be fiarther addressed. 

The tissue distributions of OGRl subfamily genes are 
summarized in Table 4, based on published data fi-om a 
number of laboratories and our own results. All four genes 
are expressed in more than one lymphoid tissue. GPR4 
showed the highest expression in ovary, liver, lung, kidney, 
lymph node, and subthalamic nucleus, but not in other 
tissues, including some areas of the brain, colon, bladder, 
uterus, stomach, pancreas, salivary gland, mammary gland, 
peripheral blood leukocytes, fetal brain, and fetal heart 
[18,23] OGRl is expressed at high levels in the placenta, 
spleen, testis, small intestine, and peripheral leukocytes, but 
is not expressed in the liver, kidney, or ovary [15,18]. As 
two high-afBnity receptors for SPC, OGRl and GPR4 may 
play both overlapping and distinct physiological and patho- 
logical roles. G2A and TDAG8 are expressed predomi- 
nantly in lymphoid tissues. 

OGRl subfamily receptors may belong to a subfamily of 
receptors that respond to stress and/or death-related signals. 
For example, the bovine homolog of OGRl, bRGR, is 

Table 4 
Gene expression of OGRl and related receptors in human tissues 

OGRl GPR4 G2A TDAG8 

Heart + ++ + __ 
Brain ++ + (subthalamic 

nucleus) 
— 

Placenta +++ - 
Lung ++++ + ++ 
Liver - + 
Skeletal muscle - — 
Kidney +/- ++ 
Pancreas - - — 
Spleen -H-++ ++ +++ +++ 
Thymus + + •t-H- ++ 
PBL ++ - ++++ 
Lymph node +++ +++ 
Bone marrow + + 
Prostate + ++ _ 
Testis +++ ++ + 
Ovary - +++ - 
Small intestine -H- + + 
Colon - + - 
The relative expression levels of OGRl and related genes in different 
human tissues are expressed by " +" (positive expression), and " — " 
(negative expression), and the number of " + " is correlated with the 
relative expression levels. Data from Refs. [15,17,18,20,24]. PBL: peri- 
pheral blood lymphocytes. 

upregulated diiring amino acid depletion [67]. These recep- 
tors may also induce cell death and/or apoptosis themselves. 
We have observed that overexpression of OGRl in HEK 
293 cells induces apoptosis (unpublished data). G2A is a 
DNA damage- and stress-inducible GPCR, which blocks 
cells in the G2/M phase of the cell cycle [20]. TDAG8 was 
isolated as an upregulated gene during activation-induced 
apoptosis m T cells [16,17]. Interestingly, three of these 
genes (OGRl, TDAG8, and G2A) are located on chromo- 
some 14q31-32, a region which is known to be associated 
with ovarian cancer predisposition and progression through 
loss of heterozygosity [68], and where abnormalities are 
fi-equently found in human T cell leukemias and lymphomas 
[17,20]. 

The potential role of OGRl as a tumor suppressor is 
suggested by a number of observations. Although OGRl 
was originally cloned fi-om ovarian cancer cells, we later 
found that OGRl is expressed in only 2 of 10 ovarian 
cancer cell lines and 2 of 7 ovarian tumor tissue samples 
tested using RNase protection analysis. More importantly, 
one of the ovarian tissue samples appeared to express a 
mutant form of OGRl, since the protected fi-agment was 
about 30 nucleotides shorter than that fi-om wild-type OGRl 
(tmpublished results). OGRl mediates growth inhibition 
mduced by SPC, as described above. These data, together 
with OGRl's genomic location (chromosome 14q31-32, a 
location potentially involved with ovarian cancer predispo- 
sition [68] and abnormalities in T cell leukemias and lym- 
phomas [31]), suggest that OGRl may function as a tumor 
suppressor. 
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11. Future directions 

Determination of the pathophysiological functions of 
SPC, LPC, and their receptors is of primary importance. 
These factors are likely to be involved in many important 
biological systenw and processes, such ^ brain biology, car- 
diovMcular systems, immunology, inflammation, and cancer. 

The signaling mechankms (in particular, receptor-medi- 
ated signal transduction of SPC and LPC) have not been 
studied extensively, compared to studies on LFA and SIP, 
which are prototypes of lipid signaling molecules. The 
identification of LPC/SPC receptors has clearly formed a 
basis for the future understanding of the role and signaling 
mechanisms of these lipids in biological systems. 
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Abstract: Lysophospholipids (LPLs), including glycerol- and sphingoid-based lipids, stimulate cell 

signaling and potentially play important pathophysiological roles in humans and other animals. 

These LPLs include lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), 

lysophosphatidylserine (LPS), sphinogosine-1-phosphate (SIP), and sphingosylphosphorylcholine 

(SPC). Analyses of LPLs in human body fluids from subjects with different pathophysiological 

conditions reveal not only the relevance of LPLs in human diseases, but also their potential 

application as biomarkers and/or therapeutic target. In recent years, the identification and/or 

characterization of the plasma membrane receptors for LPLs and enzymes regulating the metabolism 

of LPLs have greatly facilitated our understanding of their role and signaling properties. In vitro and 

in vivo functional and signaling studies have revealed the broad and potent biological effects of 

LPLs and the mechanisms of LPL actions in different cellular systems. Development of specific 

antagonists for each of the LPL receptors will provide powerful tools for dissecting signaling 

pathways mediated by receptor subtypes. More importantly, these antagonists may serve as 

therapeutics for relevant diseases. Genetic depletion of LPL receptors in mice has provided and will 

continue to provide critical information on the pathophysiological roles of LPL receptors. It is 

important to further evaluate the significance of targeting these bioactive LPL receptors, their 

downstream signaling molecules, and/or metabolic enzymes in the treatment of cancers and other 

diseases. 

Key words: lysophospholipids (lyso-PLs), lysophosphatidic acid (LPA), spingosine-1-phosphate 

(SIP), sphingosylphosphorylcholine (SPC), lysophosphatidylinositol (LPI), lysophosphatidylcholine 

(LPC), ovarian cancer, G protein coupled receptors (GPCRs) 



For several decades, LPLs were known as precursors/intermediates of lipid biosynthesis, 

and/or components of the plasma membrane. Although the effects of LPA on blood pressure and 

platelet aggregation has long been recognized [1,2], the evidence for LPA as a first messenger and 

its signaling properties were only clearly demonstrated in the late 1980s and early 1990s [3-6]. 

During the same period, SIP was also recognized as a cell-signaling molecule [7,8]. These 

pioneering publications have led to a rapid growth in the field, which is reflected in part by the 

steadily increasing numbers of publications related to bioactive LPLs [9], 

The cellular responses to LPA are very broad, ranging from chemotaxis in Dityostelium 

amoebae, cell differentiation, proliferation, apoptotic protection in many cell types, platelet 

aggregation, smooth muscle contraction, to tumor cell invasion [10]. Other LPLs also have broad 

cellular effects. However, the degree to which these tested effects are pathophysiologicUy relevant 

is unclear. 

Unfolding the pathophysiological roles of LPLs has taken several directions in the past few 

years: 1) the determination of lipid content under different pathophysiological conditions and the 

potential correlation between the levels of LPLs and their functions; 2) the identification of 

enzymes/proteins involved in the metaboMsm and transport of LPLs; 3) signaling and functional 

studies under pathophysiologically relevant conditions; 4) the development of specific antagonists to 

block the biological effecte and signaling pathways of LPLs; and 5) the determination of LPL 

receptor functions through genetic manipulation. Several reviews have addressed the recent 

progress of many of these aspects [11-28]. The entire issue of Biochim. Biophy. Acta, 1582 (2002) 

is devoted to address the role and signaling of LPLs in a variety of cellular systems, including 



neurological, cardiovascular, angiogenic, inflammatoray, immunological, and oncogenic systems. 

This review discusses some aspects related to the first three identified areas Usted above. 

LIPID ANALYSES AND THE PATHOPHYSIOGICAL RELEVANCE 

To address the pathophysiological relevance of LPLs, it is critically important to obtain 

information on physiological levels of these LPLs in animal tissues and cellular systems under 

investigation. However, most LPLs are poor in UV/visible absorbance and therefore normal 

UV/visible detectors are incapable of detecting these LPLs. Classical gas chromatography requires 

esterization of fatty acids derived from LPLs, which is time consuming, and inaccuracies can be 

easily introduced into the measurement. In addition, a number of LPLs, such as lysosphingolipids 

and ether-linked glycolysophospholipids, do not contain esterifiable fatty acid. Moreover, LPLs 

compose less than 5% of total phospholipids. In particular, LPA and SIP, the two most potent 

signaling LPLs, are present in body fluids and cellular systems in the nM to low nM range, and thus 

it is difficult to detect their levels accurately. 

A number of biological methods to analyze LPA and/or SIP have been developed recently 

[26,29-36], These methods are dependent on either a biological activity of the lipid, or an enzymatic 

activity converting the lipid to a photometrically/radioactively detectable substance. While these 

methods are usually convenient to conduct, they may suffer from a number of shortcomings. First, 

they may not be sensitive enough to detect a pM range of lipids, which is essential for identifying 

low levels of LPLs in small volumes of body fluids or cell culture supematants. Second, these 

methods cannot detect different molecular species of LPLs, such as LPAs with varying fatty acid 

side chains. Third, the results may be influenced by endogenous factors, which affect either the 

biological activity of the lipid or the enzymatic activity converting the lipid. Finally, the activity of 



batch-to-batch preparations of the converting enzyme may vary. An ideal method to detect lipids is 

antibody-based. However, LPLs are generally not antigenic and it is very difficult to raise specific 

antibodies against these lipids. Although a few such antibodies have been developed or detected in 

human/animal serum [37-42], the clinical and research utilities of these antibodies remain to be seen. 

Methods of LPL analyses using mass spectrometry have been developed in the past a few 

yeare [43-52], In particular, we have developed a highly sensitive, reproducible, and quantitative 

method to analyze all major LPLs simultaneously [53,54]. Using this mass spectrometry-based 

method, we have shown that a variety of LPLs are present in human body fluids [53,54]. Some of 

these LPLs, and in particular, the different molecular species of LPA, are elevated in patients with 

ovarian cancer [53-55], Our preliminary results show that LPA levels are not elevated in plasma 

from patients with leukemias; or breast, prostate, and renal cancers, indicating that the elevation of 

particular LPLs is cancer type- and disease-specific [55](Xiao and Xu, unpublished results). 

Elevated LPA levels have also been reported in renal dialysis patients and patients with 

multiple myeloma [56, 57], Elevated levels and altered fatty acid composition of plasma LPC have 

been reported in ovarian cancer patients [57]. Increased levels of LPA may also be associated with 

other non-malignant pathological conditions. Our preliminary results also suggest that LPA levels 

were elevated from patients with type 11 diabetes, compared to healthy controls (3.2±0,2 versus 0.6 

±0.4 ^M; n=6 in each group). After a program that reduced energy uptake, which lowered blood 

glucose levels by 33%, the mean LPA level was significantly reduced by 37% (Annamaria B 

Manodori, Yi-jin Xiao, and Yan Xu, unpublished results). Table I summarizes different LPL 

contents in plasma and ascites from patients with ovarian cancer, non-malignant diseases or healthy 

female controls. 



Several general notions may be derived from the data shown in Table 1 and other published 

data. First, although there is a relatively wide range of individual variations in levels and molecular 

species within any poup of human subjects, elevated LPLs are significantly associated with certain 

human diseases. Second, levels of most negatively charged LPLs, including different molecular 

species of LPA and LPI, are higher in ovarian cancer ascites, compared to those in plasma from the 

same patients, suggesting that these elevated LPLs are locally produced by tumor cells and/or 

produced in a tumor cell-regulated fashion. In contrast, the blood levels of LPC, SPC, and 

sphingomyelin are similar or higher than those of ascites, suggesting that the main source(s) of blood 

LPC and SPC may not be tumor related. This is consistent with our knowledge about the production 

of LPC, which takes place mainly in the liver [59]. Third, both LPA and SIP have been shown to be 

produced by activated platelets [60-64]. Contribution of platelet-derived LPA in total blood LPA 

levels is consistent with observations that serum (where platelets are activated) levels of LPA are 

higher than that in plasma (where platelets are not activated and most of them are removed by 

centrifugation) from same subjects [65]. However, we did not observe higher SIP levels in serum 

versus plasma (our unpubHshed data). These results suggest that other source(s) may contribute to 

SIP production and/or degradation in blood. Fourth, comparisons among molecular species of LPA, 

LPI, and LPC in ascites versus blood suggests that while the predominant species of LPC and LPI 

are similar in both ascites and plasma, there are differences with respect to LPA both in terms of the 

predominant molecular species present and the distribution of species. 16:0-LPC was the 

predominant LPC species in both ascites and plasma, 16:0 or 18:0-LPI was the predominant LPI 

species in both fluids. In contrast, while 16:0 or 18:0-LPA was the predominant LPA species in the 

plasma of most ovarian cancer patients, approximately 50% patients had other LPA species as the 

predominant species in their ascitic fluids (our unpubHshed results).   We noted that LPS, which 



appears to have specific effects on mast cells, T cells and neural cells [66-68] was not detected in 

blood or ascites samples from healthy controls (both male and female) and patients with ovarian, 

breast, or prostate cancer. 

Recently, work by Baker et al did not observe differences between LPA levels in plasma 

from patients with ovarian cancer and controls [69], The basis of the discrepancies between studies 

needs to be further investigated. The realization has come forth that a number of issues need to be 

more carefully addressed in LPL analyses. Unlike protein/peptide markers, LPLs are metabolites. 

The levels of these lipids may change during sample collection and processing. Thus, particular 

cautions are required during sample collection and processing. The use of proper glass/plastic ware 

for processing LPLs is critical. The most commonly used plastic ware may bind >90% of LPA and 

other negatively charged LPLs (our unpublished results). Thus, glass and siliconized plastic ware 

are highly recommended for lipid processing. In order to effectively compare results from different 

studies, "standard" collection and analytical methodologies for LPLs need to be developed or 

accepted. Development of a high throughput method for lipid analysis is essential for its clinical 

applications. Recently developed chip-based mass spectrometry methods, such as surface-enhanced 

laser desorption and ionization (SELDI), are highly appealing. 

LPL METABOLISM AND TRANSPORT 

Our understanding of LPL synthesis and the mechanisms of extracellular LPL generation are 

still limited. In particular, there is little information on how intracellularly syntiiesized LPA and SIP 

are released from cells. A number of recent review papers have described the synthesis and release 

of LPA and SIP, and enzymes involved in metaboHsm of LPA and SIP [21-24]. 

l^i^W 



G protein coupled receptors (GPCRs) for LPLs [70,71] can transport their ligand when they 

are activated and internalized. In addition, a number of LPA transporters or binding proteins have 

been identified [12,21], The yeast oligomycin resistance gene, a member of the ATP binding 

cassette family of proteins is involved in transporting SIP [72], The cystic fibrosis transmembrane 

regulator (CFTR) is involved in the uptake of SIP and LPA, but not sphingosine, C(16)-ceramide, 

sphingomyelin, SPC, phosphatidylcholine, LPC, or phosphatidic acid [72], Whether these or 

additional transporters are directly involved in LPA and SIP release remains to be determined. 

Interestingly, more data have been accumulating to show that both LPA and SIP can be 

produced directly extracellularly, LPA can be produced by secretory phospholipase 2 (sPLA2) [73], 

Ancellin et al, have shown recently that sphingosine kinase-1, the enzyme that catalyzes the 

formation of SIP, can be constitutively exported by endothelial cells and thus SIP can be 

synthesized extracellularly [74], 

Perhaps the most exciting development in LPL synthesis is the recent identification of the 

first mammalian lysophospholipase D (lyso-PLD) [75-77], Although Tokumura and his co-worker 

observed the lysoPLD activity in plasma as early as 1986 [78-81], this enzyme has only recently 

been identified. Quite surprisingly, the mammalian lysoPLD is a previously known protein, 

autotaxin, which is a cell motility-stimulating ecto-phosphodiesterase. Importantly, the soluble form 

of this lysoPLD, a proteolytic cleavage product of the membrane bound enzyme, is active and 

capable of producing extracellular LPA firom LPC [75-77]. 

Under physiological conditions, LPC is mainly secreted by the liver and circulated at high 

concentrations in plasma (12-166 fiM; Table 1), The concentrations of LPA in plasma from healthy 

subjects are much lower, when compared to LPC (Table 1 and [63]), suggesting that the conversion 

of LPC to LPA must be tightly controlled.   The regulatory mechanisms of lysoPLD, at either 



expression or activity level, are unknown. How much of this lysoPLD activity accounts for the 

amount of the LPA present in plasma remains to be determined. We have observed that when 

ascites from patients with ovarian cancer were incubated at 37°C, LPA levels were increased, and 

LPC levels were decreased, suggesting a lysoPLD activity is present in human ovarian cancer ascites 

(our unpublished results). It will be highly interesting to determine whether lysoPLD is the major 

enzyme responsible for the elevated LPA levels observed in ovarian cancer ascites. Furthermore, 

since LPC is significantly mvolved in atherosclerosis, it will be intriguing to determine whether 

there is a relationship between lysoPLD activity and heart disease. 

SIGNALING AND FUNCTIONAL STUDIES UNDER PATHOPHYSIOLOGICAL 

RELEVANT CONDITIONS 

Elevated LPA levels in blood and ascites of patients with ovarian cancer suggest that LPA 

plays a role in ovarian cancer initiation and/or development. The cellular effects of LPA in ovarian 

cancer cells have been recently reviewed [25,26,82], To understand the potential role of LPLs 

present in ascites on ovarian cancer cell proliferation, we tested the effects of LPLs detected in 

ovarian cancer ascites in a panel of human cancer cell lines, including 6 ovarian cancer cell lines 

(HEY, OCCl, SK0V3, ovca420, ovca429, and ovca432), five breast cancer cell lines (MCF7, 

T47D, MDA-MB-231, MDA-MD-435, and MDA-MB-453), and four prostate cancer cell Hues (PC- 

3, LnCap, PC2-4, and DU145). In addition, we have included in our studies two non-malignant cell 

lines: MCFIOA, an immortalized breast cell line [83], and an immortalized human microvascular 

endothelial cell line HMEC-1 [84]. The results from Swiss 3T3 cells are also included for 

comparison (Table 2).  The concentration of all lipids used ranged from 0.1 jiM to 10 fiM.  All 



results in Table 2 are presented as % of thymidine incorporation compared with controls in the same 

cell line, 

LPA (including ether-linked LPAs) 

In general, physiological concentrations of LPA (1-10 ^M) are growth stimulatory in 

malignant cells. Among three types of cancer cells (ovarian, breast, and prostate), ovarian cancer 

cells appear to be more responsive to the proliferative effect of LPA, although the selection of cell 

lines tested may have biased the resuhs observed. In contrast, LPA does not induce DNA synthesis 

in the two non-malignant human cell Unes (MCFlOa and HMEC). In fact, the proHferation of 

HMEC cells were approximately 50% inhibited by LPA (1-10 ^M), assessed by the MTT dye 

reduction assays (our unpublished results). Normal ovarian surface epithelial cells do not respond to 

LPA [26,85], These results suggest that some, but not all, cancer cells, have acquired an increased 

responsiveness to LPA. LPA also protects cells from apoptosis [86,87], and modulates cell adhesion 

and migration [88-91]. LPA induces pro-angiogenic factors, such as interleukin-8 and vascular 

endothehal growth factor (VEGF) in ovarian cancer cells [85,91]. 

Different molecular species of LPA have different biological effects. 18:1-LPA is much 

more mitogenic than 16:0- and 18:0-LPAs in ovarian cancer cells [26,93,94], Physiological 

concentrations of alkyl- and alkenyl-LPAs stimulate both DNA synthesis (measured by 

['H]thymidine incorporation) and cell proliferation (measured by MTT assays and cell count) [90], 

Acyl- and ether-linked LPAs induce cell migration [90,95], Interestingly, while the LPA-induced 

endothelial cell migration is mainly through chemokinetics, the ether-linked LPA-induced ovarian 

cancer cell migration is mainly chemotactic [90,95]. 
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The signaling properties of LPLs were mainly studied in model cellular systems, such as 

fibroblasts [3,7,8,25], The cellular responses and signaling mechanisms of LPA and SIP and their 

receptors have been recently reviewed [12-20,27,18]. We have recently reviewed the newly 

identified receptors for LPC and SPC [71]. 

For ovarian cancer cells, an upregulated PI3K-Akt signaling pathway is critically important 

in cancer development [26]. Using a Genechip technology, we identified Akt2 as one of the genes 

upregulated (3.5 to 4-fold) by both LPA (10 iM) and SIP (1 fM) in HEY ovarian cancer cells (our 

unpublished results). Mechanistic studies conducted in ovarian cancer cells revealed that PI3K is an 

upstream activator of both MAP kinase and Akt signaling pathways. The kinase activity and S473 

phosphorylation of Akt induced by LPA (both acyl-LPAs and ether-linked LPAs) and SIP requires 

both mitogen-activated protein kinase kinase (MEK) and p38 MAP kinase, and MEK is likely to be 

upstream of p38, in HEY ovarian cancer cells. The requirement for both MEK and p38 is cell type- 

and stimulus-specific. Of importance, these studies have revealed that LPA and SIP induce 

interactions between a major cell proliferation signaling pathway (MEK/ERK) and a major cell 

survival pathway (PI3-K/Akt) in ovarian cancer cells. LPA/SIP-induced Akt activation may be 

involved in cell survival, since LPA and SIP treatment in HEY ovarian cancer cells results in a 

decrease in paclitaxel-induced caspase-3 activity in a PI3-K/MEK/p38-dependent manner [86,87]. 

SIP 

We found recently that SIP was significantly increased in the blood of patients with ovarian 

cancer, when compared with patients with benign gynecological diseases (unpublished results). 

SIP (1 nM) activates ERK and Akt in ovarian cancer cells. Pretreatment of SIP (1 juM) reverses the 

apoptotic effect induced by palitaxel [87]. SIP also induces the secretion of IL-8, a pre-angiogenic 
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factor [85]. In addition, SIP modulates adhesion and migration of ovarian cancer cells [91] (our 

unpublished data) 

SIP stimulates DNA synthesis in many cellular systems [96], with the exception of some 

breast cancer cell lines (Table 2)[97]. It will be interesting to see whether the inhibitory effect in 

breast cancer cells is due to: I) a relatively high expression of SlPj, which mediates the anti- 

proUferative effect [96]; 2) a rapid conversion of SIP to sphingosine (which is growth-inhibitory) in 

these cells; and/or 3) the negative effect of SIP on cell attachment. SIP (1-20 nM) inhibits 

adhesion, and consequently inhibits cell proliferation in certain cell types [91]. 

Physiological concentrations of SIP (< 1 nM) were not effective in DNA synthesis in most 

of the cell lines tested (Table 2). Therefore, the physiological relevance of the effect of SIP on 

thymidine incorporation remains to be carefully examined. Moreover, receptors S1P,.3 (Edgl,3,5), 

receptors for SIP, have been shown to be down-regulated, while LPA2 (Edg4) and LPA3 (Edg7), 

receptors for LPA, are elevated in ovarian cancer cells [26]. Thus, the role of SIP in ovarian cancer 

remains to be further explored. 

LPI 

The biological role of LPI has been reviewed recently [98]. LPI, but not LPA, stimulates 

insulin release in pancreatic islets [99]. LPI, but not LPC or LPE, has been shown to stimulate cell 

proliferation in differentiated and in K-ras transformed thyroid cells [100]. Elevated levels and 

mitogenic activity of LPI have been reported in k-ras-transformed epithelial cells and H-Ras- 

transformed fibroblasts [100], However, as shown in Table 2, LPI (at physiologically relevant 

concentrations) inhibited mitogenesis in all 6 ovarian cancer cells tested, despite the fact that it was 

elevated in both ascites and plasma from patients with ovarian cancer. One of the explanations for 
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these observations is that the inhibitory effect of LPI is neutralized by albumin and/or other binding 

proteins in ascites. The effects of albumin and gelsolin on LPA activity have been discussed in a 

recent review by Goetzl [12]. We tested the effect of bovine serum albumin (BSA) on thymidine 

incorporation induced by LPLs. We found that 0,1% BSA (approximately 15 ^M) minimally 

affected (<20%) LPA- and S IP-regulated pH]thymidine incorporation in all 16 cell lines tested. In 

contrast, BSA blocked 80-100%, 70-90%, and 50-80% of the effects of LPC, LPI and SPC, 

respectively, regardless the effect was stimulatory or inhibitory (our unpublished results). LPI and 

LPC are present at high concentrations in ascites, where tumor cells grow. However, the presence of 

high concentrations of proteins, and albumin in particular, is likely to protect cells from the 

damaging effect of these lipids. 

Several issues related to LPI remain to be investigated: 1) the pathophysiological role of LPI; 

2) whether the cellular effects of LPI are mediated through cell membrane receptor(s); 3) the source 

and production of LPI; and 4) the main physical form (free or bound) of LPI in body fluids. 

LPC 

LPC is an important cellular component of oxidized low-density lipoprotein (ox-LDL), Its 

potential role in atherosclerosis and other inflammatory diseases have been reviewed recently [101- 

103]. The role of LPC in cancer is unclear. Elevated LPC has been detected in plasma from patients 

with ovarian cancer and endometriosis [58,104]. Although our studies show that the LPC levels in 

ascites from patients with ovarian cancer are significantly higher (p=0.0025) than levels from 

patients with benign diseases (mainly liver cirrhosis), the levels of LPC in ascites from individuals of 

either group are overlap significantly [54]. The mitogenic effect of LPC (measured by thymidine 

incorporation) is highly dependent on the cell type tested, the concentration range of LPC used, and 
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the molecular species of LPC investigated. In light of the recent identification of lyso-PLD [75-77], 

it will be highly interesting to determine whether converting LPC to LPA is one of the mechanisms 

involved in the cellular response to LPC for proUferation. 

Many previous studies on LPC used concentrations of LPC ranging from 1 to 100 ^M. 

Although up to 170 iM of LPC were detected in plasma of individuals (Table 1), the majority of 

LPC is in a bound form. Unlike LPA and SIP, which are active in the albumin-bound form for 

many of their biological effects and signaling capacities, the biological effects and signaling 

properties of LPC, LPI, and SPC may be strongly influenced by their physical forms (free versus 

bound) (see above). Due to the detergent nature of LPC, and a potential contaminant in some of the 

commercial LPC preparations[98], the effects of LPC, when used at high concentrations (>10 /iM) 

and tested in the absence of a carrier protein(s), need to be viewed with a caution. When tested in a 

serum-free medium, LPC was mitogenic at low concentrations (< 1 /iM), and inhibitory at higher 

concentrations (3-10 iiM) in a number of ovarian cancer cells. Whether any of these effects is 

mediated by recently identified LPC receptors remain to be tested [71,106,107], Both of the 

stimulatory and the inhibitory effects of LPC can largely be reversed by BSA (see above). These 

observations are consistent with earlier reports about the neutralizing effect of serum proteins on 

LPC [108]. Human ovarian cancer ascites contains high concentrations of proteins (30-100 mg/ml). 

In particular, albumin concentrations are very high. Thus, the pathophysiological effect of LPC in 

ovarian cancer and other diseases need to be assessed under conditions that mimic in vivo situations. 

SPC 

SPC is an important bioactive molecule [109]. It has been shown to be involved in many 

cellular processes,  such as proliferation or growth inhibition  [90,110-114],  smooth muscle 
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contraction and wound healing [115,116], SPC stimulates wound healing in mice[116] and induces 

neurite outgrowth [117]. SPC activates a variety of signaling pathways, such as protein 

phosphorylation [118], MAPK [119], PKC [119,120], and calcium release or flux [93,121-124]. It 

also stimulates activator protein-1 (AP-1) binding [125] and induces intercellular adhesion molecule- 

1 (I-CAM-1) [126] and IL-6 expression [127]. 

SPC (1-10 ^M) is mitogenically inhibitory in most cancer cell lines tested and the inhibitory 

effect appear to be more pronounced in ovarian cancer cells, when compared to breast and prostate 

cancer cells (Table 2), However, it stimulates both DNA synthesis and/or cell proliferation in a 

number of non-malignant cell types [1111,112,114,116,128,129], including the immortalized 

HMEC-1 cells (our unpublished results; Table 2). We have identified G protein coupled receptors 

for SPC and suggested the opposing effects of SPC on cell proliferation in different cell types may 

be regulated by different SPC receptors [71,106, 107,130], In HEY cells, we found that 

overexpression of SPC receptors, OGRl and GPR4, sentitized cellular response to low 

concentrations of SPC and LPC (unpublished data). These concepts need to be further confirmed 

by broad-spectrum studies in a variety of cellular systems. SPC may induce cell death through both 

apoptosis and necrosis (our unpublished results), SPC, as well as LPI, can also induce strong 

cellular morphological changes in many cell types (our unpublished observations). 

The concentrations of SPC detected in blood and ascites (Table 1) are below 500 nM, 

Therefore, the pathological relevance of the effects of SPC (1-10 ;tM) need to be fiirther addressed. 

We have found that low concentrations of SPC and SIP (20-200 nM) synergize with LPA to 

stimulate the secretion of the proangiogenic factor, interleukin-S, from ovarian cancer cells [85], In 

addition, increased levels of SPC have been found in patients with Niemann-Pick disease, resulting 

from a deficiency of sphingomyelinase activity [125,131,132], Abnormally high levels of SPC have 
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also been reported in the epidermis of patients with atopic dermatitis, resulting from the abnormal 

expression of a sphingomyelin deacylase, which generates SPC from sphingomyelin [126,133]. 

FUTURE PERSPECTIVE 

LPLs are actively involved in many cellular processes. Our understanding of the functions of 

LPLs in these processes and LPL signaling mechanisms will be facilitated by studies related to LPL 

receptors and their downstream signaling pathways. Unidentified receptors for these LPLs may 

exist. Using pathophysiological relevant cellular/animal systems and concentrations of LPLs are of 

paramount importance. Specific antagonists for each LPL receptor under development will be 

powerful tools not only for basic research, but also for potential therapeutic usages. Development of 

highly reliable and high-throughput analytic method(s) for LPLs is critically important for basic and 

translational research. Identification of enzymes controlling abnormal LPL levels in diseases will be 

an initial step towards the development of novel therapeutics for the treatment. 
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ABBREVIATIONS 

Akt     = Protein Kinase B 

BSA   = bovine seram albumin 

CFTR = Cystic Fibrosis Transmembrane Regulator 

EGF   = Epidermal Growth Factor 

ERK   = Extracellular signal-Regulated Kinase 

GPCR = G Protein-Coupled Receptor 

LPA    = Lysophosphatidic Acid 

LPC    = Lysophosphatidylcholine 

LPI     = Lysophosphatidylinositol 

LPS     = Lysophosphatidylserine 

MAPK= Mitogen-Activated Protein Kinase 

MEK  = MAPK Kinase 

PI3K   = Phosphatidylinositol 3-Kinase 

PLD    = Phoapholipase D 

SIP     = Sphingosine-1-Phosphate 

SELDI = Surface-enhanced laser desorption and ionization 

SPC    = Sphingosylphosphorylcholine 
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Table 1. Concentrations of LPLs in human body fluids 

Plasma (n=68) Ascites (n=44) 

Ovarian cancer 
(n=39) 

Healthy control 
(n=29) 

Ovarian cancer 
(n=29) 

Chronic hepatitis 
(n=15) 

Ether-Unked 
LPAs 

0.32 MM (0.01- 
5.29) 

0.05 ^M (0.02- 
1.13) 

2.93 ^M(0.10- 
7.38) 

0.23 ^M(0.04- 
1.11) 

Acyl-LPAs 3.01 ^M (0.69- 
12.38) 

0.41 ^M (0.06- 
0.83) 

23.34/iM (0.50- 
58.55) 

2.39 ^M (0.40- 
6.70) 

LPIs 1.61 nM (0.00- 
17.74) 

0.61 nM (0.06- 
1.37) 

17.17 nM (0.46- 
68.60) 

0.71 ^M (0.00- 
2.61) 

LPCs 44.85 pM (1.68- 
127.62) 

42.45 ^M (12.26- 
166.49) 

35.03 ^M (3.37- 
69.13) 

28.81 nM (4.66- 
52.20) 

SIP 107.8 nM (0.0- 
1932.0) 

58.3 nM (0.0- 
129.0) 

51.4 nM (0.0- 
5898.6) 

11.1 nM (0.0- 
100.9) 

SPC 8.4 nM (0.0- 
457.7) 4.6 nM (0.0-73.0) 38.9 nM (3.8-191.1) 15.0 nM (10.3- 

44.8) 

The concentrations are presented as median (range) in jiM or nM as indicated in each cell 

Ether-linked LPAs include 16:0-,18:0-alkyl-LPAs and 16:0-, 18:0-alkenyl-LPAs 

Acyl-LPAs include 16:0-, 18:0-, 18:1,18:2,20:4-, and 22:-6-LPAs 

LPIs include 16:0-, 18:0-, and 20:4-LPIs 

LPCs include 16:0-, 18:0-, 18:1-, 20:0-. 20:4-, and 22:6-LPCs 



Table 2, The effect of LPLs on pH]thymidine incorporation in cell lines 

LPA 
(%) 

SIP 
(%) 

LPI 
(%) 

SPC 
(%) 

LPC (%) 
14:0 16:0 18J0 18:1 

Ovarian 120-600 100-250 12-80 5-110 NE 50-150 40-160 10-180 
Breast 80-200 30-150 5-200 5-150 NE 20-120 40-150 40-300 
Prostate 100-250 100-250 40-150 50-200 NE 10-150 80-160 30-240 

Non- 
Malignant 

NE 100-150 10-80 10-300 NE 20-80 40-160 80-140 

3T3 100-850 100-250 ND 150-250 NE 3-100 3-80 78-150 

Tiie effects of LPLs are presented as % of pH]thymidine incorporation of control cells (when cells 

were treated with the solvent only). 

Ovarian cancer cell lines: HEY, OCCl, ovca420, ovca429, ovca432, and SKOV3 

Breast cancer cells: MCF7, MDA-MB-231, MDA-MB-435, MDA-MB-453, and T47D 

Prostate cancer cell lines: PC-3, PC2-4, DU145, and LnCAP 

Non-malignant cell lines: MCFIOA and HMEC-1 

NE: no effect 

ND: not determined 

LPCs and LPA (18:1-LPA) were from Avanti Polar Lipids (Birmingham, AL); LPI as obtained from 

Sigma (St. Louis, MO). The ['H]thymidine incorporation was performed as described previously[86, 

100]. Briefly, cells were 50-70% confluent before starvation from serum for 24h. Cells were treated 

with lipids (0.1,0.3,1, 3, and 10 juM) for 24h, and 0.15 ^Ci of [^H]thymidine was added to each well 

for the last 16 h. 
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I, Introduction 

Lysophospholipids (LPLs) as signaling molecules, and in particular, extracellular 

signaling molecules, have been recognized and studied in the past decade. Among LPLs, the biological 

effects and signaling mechanisms of lysophosphatidic acid (LPA), sphingosine-1-phosphate (SIP), and 

their receptors (LPA1.3 and SIP1.5) have been studied most extensively (1-4). The signalmg mechanisms 

of their corresponding choline derivatives, lysophosphatidylcholine (LPC) and 

sphingosylphosphorylcholine (SPC), on the other hand, have been examined to a much lower extent, 

although their extracellular existence and evidence of their signaling properties have long been 

recognized. 

Addition of a positively charged choline group to the negatively charged phosphate group 

provides LPC and SPC with zwitterionic and detergent-like properties. In fact, LPC is cell lytic at 

concentrations >30 (iM when bovine serum albumin (BSA) is absent (5), Moreover, the specific 

receptore for LPC and SPC were not previously identified. Thus, controversy has arisen as to whether 

LPC, and possibly SPC, act as specific signaling molecules or molecules modulating cellular functions 

nonspecifically, and whether their actions are receptor-mediated. This situation has been changed recently 

with the identification of three G protein-coupled receptors (GPCRs): OGRl, GPR4, and G2A, as 

receptors for LPC and SPC (6-8). These discoveries provide an intriguing and novel opportunity to 

studying the pathophysiological and fiinctional roles of SPC, LPC, and their receptors. 

II, Physiological and pathological fimetions of LPC and SPC 

The potential physiological and pathological functions of LPC and SPC have been recently 

reviewed (9,10), While LPA, SIP, LPC, and SPC may share similar, overlapping, or opposing effects m 

some cellular systems, each of these lipids may also have its own unique functions. For example, all four 

of these LPLs have been shown to play some role in wound healing and some inflammatory processes 

(11-15). LPA and its receptors are involved in nervous system development and SIP has been impHcated 

in cardiovascular development (12,16,17), On the other hand, LPC and SPC are implicated more 



specifically in diseases involving immunological and inflammatory processes, such as atherosclerosis and 

systemic lupus erythematosus (18-21). 

The metabolic pathways involved in synthesis and release of LPC and SPC are closely related to 

those of LPA, and potentially SIP, A lysophospholipase-D (lysoPLD) activity, which directly converts 

LPC to LPA, has been reported previously (22,23), We have recently observed that when sterile, cell-free 

ovarian cancer ascites samples, but not non-malignant ascites, were incubated at 37°C, LPA levels were 

increased over time (Fig, 1 A), The LPA production was completely abolished when EDTA or EGTA was 

added to the ascites, mdicating that the LPA production in ovarian cancer ascites was likely due to a 

soluble enzymatic activity that requires bivalent metal ions and calcium. Interestingly, during the same 

time course, LPC levels were decreased (Fig. IB), suggesting a lysoPLD-like activity may be responsible 

for LPA production in ovarian cancer ascites. Furthermore, SPC is a substrate for bacterial PLD 

(unpublished observations), and thus, SPC may be converted to SIP in mammalian cells in vivo, although 

such an endogenous activity has not been identified. These data support the notion that the physiological 

roles of LPLs may be closely related and intertwined, and thus, may play a more complex role in vivo 

than what is observed in vivo when a single LPL is tested. 

Ill, Identification of receptore for SPC and LPC 

The identification of receptors for SPC and LPC fii^t began with the cloning of OGRl firom the 

HEY ovarian cancer cell line, using a PCR-based cloning strategy with primers based on the sequences of 

receptore for platelet-activating factor (PAF) and thrombin (24), OGRl shares approximately 30% 

sequence homology with the PAF receptor, which indicated that the ligand for OGRl may be also a lipid 

molecule, and may also contain a choline poup. Functional analyses were performed, which provided 

evidence for OGRl as the first high affinity receptor identified for SPC (6), Similar studies were 

performed to determine that SPC and/or LPC were ligands for GPR4 and G2A (7, 8). OGRl, GPR4, and 

G2A have no or very low affinity to LPA, SIP, PAF, lyso-PAF, lysophosphatidylinositol (LPI), PAF, 

sphingomyelin, ceramide, psychosine, glucosyl-Pl,r-sphingosine (Glu-Sph), galactosyl-pi,r-ceramide 



(Gal-Cer), and lactosyl-pi,l'-ceramide (Lac-Cer) (6-8). TDAG8, a fourth related receptor that is 36% 

homologous to OGRl, has been recently identified as a receptor for a glycosphingolipid, psychosine 

(galactosyl-Pl.l'-sphingosine) (25). Due to the relative high homologies of these receptors, the potentials 

exist for TDAG8 to also be a LPC/SPC receptor and/or for OGRl, GPR4, and G2A to be receptors for 

psychosine. 

Although LPA/SIP and SPC/LPC subfamily receptors are GPCRs for structurally-related 

lysolipids, the two receptor subfamilies share little sequence homology and may prefer different G protein 

coupling in certain signaling pathways. Evidence supports that three major G protein families (Gj, G, and 

G12/13) are coupled to these receptors. Compared to the majority of GPCRs, which employ G, as a 

mediator for calcium mobilization, SPC- and LPC-induced calcium release from intercellular stores are 

mediated through Gj in MCFIOA cells, although other cell lines remained to be tested. Furthermore, 

while ERK activation via GPCRs is mainly mediated through Gj, SPC-induced PI3K and ERK activation 

via OGRl appear to be mediated by a PTX-insensitive G protein (6 and unpublished 

observations). Nonetheless, these differences are not restricted to LPC/SPC receptore. Gj-mediated 

calcium release and G,-mediated PI3K and ERK activation have been reported previously (26-29). 

We note that the kd values for LPC/SPC ligand binding are about one to two ordere of magnitude 

higher than those for LPA/SIP receptors. Likewise, the serum and plasma concentrations of LPC are 

usually one to two orders of magnitude higher than those of LPA, Thus, the kd values of their receptors 

may reflect a physiological adaptation to their concentrations. At the normal physiological concentrations 

of LPC (5-180 jiM), if all of the LPC were in an active form, then its receptore would be saturated, down- 

regulated, and/or desensitized. However, in vivo, the ftmctionally available concentration of LPC may be 

affected by such conditions as percentage of LPC bound to albumin or lipoprotein, and 

compartmentalization (i,e, tissue, cellular, and subeellular distribution) of LPC (30-32). The 

concentrations of both SIP and SPC in physiological fluids are in the nM to sub-jiM range. The lower 

affinity of SPC for its receptors may suggest: 1) a physiological adaptation for a lower response to SPC; 

2) the presence of a different, higher affinity receptor(s) for SPC, which cannot be ruled out; and 3) these 



receptors (LPC/SPC subfamily receptore) may have different endogenous ligand(s). These issues remain 

to be farther investigated. 

V. Perspectives 

Until now, very limited information has been accumulated regarding the pathophysiological 

fanctions of SPC, LPC, and their receptors. G2A-null mice develop a late-onset autoimmune disease 

(33). Some of the effects of G2A may be compensated by other LPC receptors. Generation of OGRl- and 

GPR4-null mice is in progress and will provide important information about the physiological functions 

of these receptors. Comparative studies between LPA/SIP and LPC/SPC may generate interesting data to 

advance our underetanding of these lipids, since: 1) LPA and SIP are prototypes of bioactive extracellular 

lipid signaling molecules; 2) LPC and SPC share similar, yet distinct signaling pathways as those induced 

by LPA and SIP; 3) the metabolic pathways are linked between LPA/SIP and LPC/SPC; and 4) all of 

these LPLs are present in serum and plasma. LPA, SPC, and LPC levels are elevated under pathological 

conditions. It can be foreseen that the identification of their receptors will facilitate our understanding of 

the roles these LPLs play in physiological and pathological processes. 
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Fig.l. LPA production and LPC degradation in ascites samples. The ascites samples were incubated at 

37''C for different durations as indicated, and then quantitatively analyzed for LPA and LPC content by 

ESI-MS (34,35). A: LPA production in ascites from patients with ovarian cancer (035,036, and 037) 



and non-malignant diseases (N30 and N35), B: LPC reduction and LPA production in ascites from a 

patient with ovarian cancer. 
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Production of Lysophosphatidic Acid (LPA) by Laminin - Integrin Interaction is tlie key for Laminin 
induced Ovarian Cancer cell Migration 

Saubhik Sengupta, Yi-Jin Xiao, and Yan Xu 
Department of Cancer Biology, The Lemer Research Institute, The Cleveland 

Clinic Foundation, 9500 Euclid Avenue, Cleveland, OH 44143 

Ovarian cancer is a highly metastatic disease characterized by ascites formation and dissemination of 
tumor cells crossing the mesenteric barriers into the peritoneal cavities. We have shown previously that levels of 
lysophosphatidic acid (LPA) are elevated in plasma of patients with ovarian cancer, even at an early stage, 
suggesting that LPA plays a role in the early ovarian cancer development and/or cell dissemination. In this study, we 
demonstrate that laminin, and to a much less extent, collagen I, collagen IV, and vitronectin, stimulated migration of 
ovarian cancer cells. LPA (0.1 to 30}iM) further enhanced cell migration through laminin. To our surprise, cell 
migration stimulated by both laminin and LPA was pertussis toxin (PTX)-sensitive, suggesting the involvement of a 
Gi/o protein. We have hypothesized that the laminin-induced cell migration is mediated through LPA that actives 
its receptors (LPA 1-3) and a Gi protein. When lipids were analyzed using an electrospray ionization mass 
spectrometry-based method, we found that laminin, but not vitronectin, collagen I & IV, triggered an outside-in 
signaling process, which stimulate an i-PLA2 dependent production of LPA. An i-PLA2 specific inhibitor, HELSS, 
blocked both LPA production and cell migration induced by laminin. Exogenously added LPA restored the migratory 
ability of HEY cells. Moreover, neutralizing antibody against betal integrin blocked both LPA production and cell 
migration induced by laminin. These results strongly suggest that laminin induced HEY cell migration is mainly 
mediated by production of LPA. We therefore hypothesize the presence of an autocrine loop in the cells, where 
LPA is formed because of Laminin integrin interaction and this LPA works back on LPA receptors to stimulate the 
migratory function of cells. It is currently under investigation which of the particular LPA receptors is involved in 
cell migration in ovarian cancer cells. 
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OGRl overexpression modulates cell-cell and 
cell-matrix interactions and induce cell appoptosis 

Guiying Hong and Yan Xu 
Department Of Cancer Biology, Lemer Research Institute 

We have previously identified OGRl as a high affinity receptor of SPC (Nature Cell Biology. 2000; 2(5): 261- 
7). However, the fimction of OGRl is still unknovra. In order to assess the pathophysiological role of OGRl, 
we have overexpressed OGRl in HEK 293 cells. When the OGRl transfected cells were cultured overnight in 
serum free medium, they formed multicellular aggregates, and loosely detached from the culture plates. 
Annexin-V and caspase-3 activity assays demonsfrated that these cells went through apoptosis. Confrol 
HEK293 cells did not show cell-cell aggregation after starvation. Cell migration decreased 2.5-fold in OGRl 
transfected cells as compared to vector transfected cells. Cadherins play a crucial role in epitheUal 
morphogenesis and mediate intercellular adhesion. They are also involved in signal transduction pathways that 
regulate cell growth and apoptosis, and are frequently down-regulated in invasive metastatic carcinomas. To 
investigate the mechanism of OGRl mediated cell morphology change and apoptosis, we compared the 
E-cadherin expression in OGRl transfected HEK 293 cells and their control cells. E-cadherin expression level 
was increased approximately 6-fold in OGRl transfected cells, when compared with parental HEK293 cells. 
Expression of E-cadherin was increased in a time and OGRl expression level dependent manner, which is also 
correlated to the extent of apoptosis. Co-immunoprecipitation experiments showed an association of E-cadherin 
and OGRl. Furthermore, integrinpi was decreased in OGRl transfected cells as compared with parental cells. 
Overall, these observations suggest that the overexpression of OGRl modulates both the cell-cell and cell-matrix 
interactions, which might be associated with cell apoptosis. 
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Analyses of LPA in peritoneal washings enhances of the sensitivity and specificity of 
ovarian cancer early detection 

Yi-jin Xiao, Benjamin Schwartz, Donna Fife, April While, Alexander Kennedy, Jerome Belinson, and Yan Xu 
Department of Cancer Biology and Department of Gynecology and Obstetrics, Cleveland Clinic Foundation, 9500 

Euclid Ave. Cleveland OH, 44195 

In previous studies, we have found that lysophosphatidic acid (LPA) are significantly elevated in the plasma from 
patients with ovarian cancer, compared to that of healthy controls. Using the method developed in our lab, we have 
detected ovarian cancer with specificity of 100% and sensitivity of 91%. However, when this method was used for 
patients witti benign gynecological dise^es, approximately 14% false positive rate was detected. In order to 
improve the specificity and sensitivity of the test, we have conducted quantitative analyses of lyso-FLs (a total of 34 
molecular species) in several different human body fluids: plasma, serum, ascites, peritoneal w^hings, and urine 
from patients with ovarian cancer, compared to the patients with benign or borderhne tumors. A total of 37 patiente 
were analyzed, with 22 patients had benign gynecological conditions and 15 had ovarian cancer. The most 
promising data obtained through the current study is that levels of ether-linked LPA (A-LPA) in peritoneal 
washings were very good in discriminating benign diseases from ovarian cancer. If we set a cutoff at 0.04 uM, all 4 
patients with early stage ovarian cancer (three Stage I and one Stage 11), one of which was misidentified by LPA 
level in plasma, had elevated levels of A-LPA. Ml of the peritoneal washing samples from patients with benign 
gynecological diseases, including the 4 patients who had relatively high plasma LPA levels, had low levels of A- 
LPA. 
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Experience in ovarian cancer primary systemic chemotherapy 
of cydophwpliainide, epirubicin and carboplatln with con- 
comitant intraperitoneal carboplatin 
P Nurzvnski'. G Wcislo', J Komiluk'. W Z Pawlak', K Wcislo', 
A Staszewski^ K Brzozowski', C Szczylik' 
'Central Clinical Hospital, Military Medical Academy, Depart- 
ment of Oncology, Warsaw, Poland; ^Central Clinical Hospital, 
Military Medical Academy, Department of Gynecology, Warsaw, 
Poland; 'Central Clinical Hospital, Military Medical Academy, 
Department of Radiology, Warsaw, Poland 
Contact e-mail:woipaw@cskwam.mil.pl 

Ovarian cancer (OVC) is usually treated with debulking surgery 
and than followed by systemic chemotherapy (SChTh). This 
SChTh has given high percent of response, but is still the problem 
achieving long disease-free survival. The aim of our study WM the 
estimation of efficacy of the OVC primary SChTh consisting of 
catoplatin (CBDCA), cyclophosphamide (CTX), epirubicin (EPI) 
with concomitant intraperitoneal carijoplatin. 32 women with OVC 
(FIGO n-IV), 70-90% Kamofsky's score has been enrolled. Me- 
dian age was 54,5 years (range, 38-77 years). They received a 
modified regimen consisting of: CTX-600mg/m2 i.v., EPI- 
50mg/m2 i.v., CBDCA-^K)0mg/m2 i.v. plus intraperitoneal CB- 
DCA - 20-40% dose i.v. (50-400 mg). Median dose of CTX was 
916mg, CBIX;A-614mg, EPI-70mg, intraperitoneal CBDCA- 
181mg. After the surgery all patients received 207 cycles of 
SChTh (median 6,5 [range 3-9 cycles] per patient). All investi- 
gated women have been assessed with typical imaging techniques, 
hematological and biochemical parameters and levels of serum 
marker - Ca-125. Toxicity was assessed using the WHO score 
schedule. Moreover, laparoscopic assessment of peritoneal cavity 
was done when 3 and 6 SChTh cycles were completed. In the 
group of 32 patients 47% (15) CR, 44% (14) PR, 6% (2) SD and 
3% (1) PD wm observed. Overall response rate of 91% (29 
females) was observed. Among patients with FIGO II status have 
been achieved 5 CR and 1 PR, FIGO III-9 CR, 11 PR, 2 SD, 1 PD; 
FIGO IV-1 CR, 2 PR. Median duration of response was 22,7 
months (range 1-60+ months). Median survival was 33, 86 
months (range 0-65-t- months). Among the total estimated number 
of 133 SChTh cycles we have noticed 40 casese (33%) haemato- 
logic toxicities (3rd and 4th WHO degree). Forty cycles have 
required G-CSF or GM-CSF support. In 2 cases SChTh was 
stopped of severe haematologic toxicities. These results indicate an 
important role of SChTh combined with intraperitoneal chth in 
patients with OVC after debulking surgery. 
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Akt activation induced by lysophosphatidic acid and spliin- 
gosine-1-phosphate requires both MEK and p38 MAP fcinase 
and is cell-line specific 
YXu. L M Baudhuin, K L Cristina 
Cleveland Clinic Foundation, Cancer Biology, OHIO, United 
States 
Contact e-mail:xuy@ccf.org 

Akt is an anti-apoptotic protooncogene whose levels are ele- 
vated in several types of cancer. Here, we report that two bioactive 
lysolipids, lysophosphatidic acid (LPA) and sphingosine-1-phos- 
phate (SIP) activate Akt and promote its phosphorylation at S473 
and T308. This phosphorylation is dependent on both phosphati- 
dylinositol 3-kinase (PI3-K) and the pertussis toxin (FrX)-sensi- 
tive Gi protein. We show, with the use of both pharmacological 
and genetic inhibitors, that the kinase activity and S473 phosphor- 
ylation of Akt requires both mitogen-activated protein kinase 
kinase (MEK) and p38 MAP kinase, and MEK is likely to be 
upstream of p38 in this pathway, in HEY ovarian cancer cells. The 
requirement for both MEK and p38 is cell type- and stimulus- 
specific. Among twelve cell lines that we tested, eleven of them 
respond to LPA and SIP and all of the responsive cell lines require 
p38, but only nine of them require MEK for LPA/S IP-induced Akt 
phosphorylation. Among different stimuU tested, platelet-derived 
growth factor (PDGF) stimulates S473 phosphorylation of Akt in 
a MEK- and p38-dependent manner. However, epidermal growth 
factor (EGF), thrombin, and endothelin-1 (Et-l)-stimulated Akt 
S473 phosphorylation require p38, but not MEK. Insulin, on the 
other hand, stimulates Akt S473 phosphorylation independent of 
both MEK and p38 in HEY cells. T308 phosphorylation stimulated 
by LPA/S IP requires MEK, but not p38 activation. MEK and p38 
activation were sufficient for Akt S473, but not T308, phosphor- 
ylation in HEY cells. In contrast to SIP and PDGF, LPA requires 
Rho for Akt S473 phosphorylation, and Rho is upstream of PI3-K. 
LPA/S IP-induced Akt activation may be involved in cell survival, 
since LPA and SIP treatment in HEY ovarian cancer cells results 
in a decrease in paclitaxel-induced caspase-3 activity in a PD-K/ 
MEK/p38-dependent manner. 
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Review of 63 ovarian cancer cases in Lagos, Nigeria 
EROla. O Bello, O O Abudu 
lagos university teaching hospital, obgyn, lagos, Nigeria 
Contact e-mail:rotimiola@hotmail.com 

Background: Incidence of pvarian cancer is not only increasing 
but survival remains poor and in our environment sufficient data is 
lacking. Objectives: This study aims to determine the frequency of 
occurrence of ovarian cancer in LUTH,the clinicopatholoogical 
pattern of the disease, treatment modalities and outcome after a six 
months follow-up period. Materials and methods:CMes of ovarian 
cancer managed at the oncology unit LUTH between January 1988 
and December 1998 were reviewed. Clinical data including der- 
mographic,clinical presentation and management modalities were 
collated and analysed.Results where appropriate were subjected to 
chi-square analysis. Results: 63 cases of ovarian cancer were 
reviewed giving a yearly incidence of 5.7 per year. 45.5% of the 
patients were over 50 years,andhile 36.3% were in less than 40 
years ,51.5% were Para 5+ and 27.3%Para O . CUnical presenta- 
tions were abdominal swelling 84.8%,abdominal pain 60.6% and 
significant weight loss in 39.4% 64.5% of the cases were in 
advanced stage and 25.8% Stage I. Serous cystadenocarcinoma 
seen in54.5%and endodermal sinus tumour 18.2%.48.4% had 
complete surgery, oophorectomy 36.4%Inoperable cases staging 
and biopsy only 15.2%. All the patients had post-operative che- 



_^^^Amencan Associatmifor Cancer Research 

93rd Annual Meeting 
April 6-10, 2002 • San Francisco, California 

Volume 43 • March 2002 

In joint sponsorship wth the Keck School of Medicine of the Universitj- of Southern California 

The pvmiernueting far cancer research in the post-gmomw 

Featuring the latest^vehpments in basic, tmnslatumalf ar^ clinical cancer research 

1 ^^ iKsm 
s w 



#1011 Sphingoslne-1-phosphate-mediated activation of Akt ttirough 
Edg-3 and Edg-5, but not Edg-1 or Edg-8, requires activation of platelet- 
derived growrth factor receptor. Yen Xu and Linnea Baudhuin. Cleveland Clinic 
Foundation, Cleveland, OH. 

Sphingosine-1 -phosphate is present in the serum and ascites of patients with 
ovarian cancer. It is thought to play an Important role in invasion, metastasis, and 
overall survival of many types of cancer. We investigated a signaling pathway 
leading to the activation of the anti-apoptotic oncogene. Akt, in a panel of cancer 
cell lines treated with sphingosine-1-phosphate (S1P). SIP treatment transiently 
activated Akt, and its activation was suppressed by pretreatment with inhibitors 
of the platelet-derived growth factor receptor (PDGFR), suggesting that activation 
of PDGFR tyrosine kinase was involved in the signaling pathway. TTiis crosstalk 
between PDGFR and SI P was specific to SI P, and did not occur when cells were 
treated with lysophosphatidic acid (LPA). Furthermore, S1P did not require the 
epidermal growth factor receptor or the insulin-like growth factor receptor for 
activation of Akt. SI P also was dependent on PDGFR for phosphorylation of ERK, 
whose upstream activator, MEK, is required for Akt activation by S1P and PDGF 
in certain cellular systems. We show that S1P can induce tyrosine phosphoryla- 
tion of PDGFR, Both S1P and PDGF required Src for Akt activation, and Src was 
downstream of PI3-K and upstream of ERK. When CHO cells were overexpressed 
with Edgl, 3, 5, and 8,31P required PDGFR for Akt activation in CHO-Edg-3 and 
-Edg-5 cells, but not CHO-Edg-1 or Edg-8 cells, indicating that PDGFR-depen- 
dent S1 P-induced Akt activation was mediated through Edg-3 and Edg-5, Due to 



#255 The role of ether-linked lysophosphatidic acids In ovarian cancer 
cells. Yan Xu. Jun Lu, Yi-Jin Xiao, Linnea Baudhuin. and Guiying Hong. Cleveland 
Clinic Foundation, Cleveland, OH. 

Naturally occurring all<yl- and all<enyl-lysophosphatidic acids (al-LPAs) are 
detected and elevated in ovarian caicer ascites, compared with ascites from 
non-malignant diseases. Here we describe the biological functions and signaling 
properties of these ether-linl<ed LPAs in ovarian cancer cells. They are elevated 

and stable in ovarian cancer ascites, which represents an in vivo environment for 
jjyarjan cancer cells. They stimulated DNA synthesis and proliferation of ovarian 
cancer cells. In addition, they induced cell migration and the secretion of a 
pro-angiogenic factor, interleukin-8 (IL-8), in ovarian cancer cells. The latter two 
processes are potentially related to tumor metastasis and angiogenesis, respec- 
tively. Al-LPAs induced diverse signaling pathways in ovarian cancer cells. Their 
mitogenic activity depended on the activation of the Gi/o protein, phosphatidyl- 
inositol-3 kinase (PI3K), and mitogen-activated protein (MAP) kinase kinase 
(MEK). but not p38 MAP kinase. The S473 phosphorylation of Akt by these lipids 
required activation of the Gi/o protein, PI3K, MEK, p38 MAP kinase, and Rho. On 
the other hand, cell migration induced by al-LPAs depended on activities of the 
Gi/o protein, PI3K, and Rho, but not MEK, These data suggest that ether-linked 
LPAs may play an important role in ovarian cancer development. 
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signaling through their G protein coupled receptors" 
Desmond Nugent (postdoctoral fellow, 1997) 
Weihua Wu (postdoctoral fellow, 1997-1998) 
Ashoke Bhattacharjee (postdoctoral fellow, 1997-1998) 



Kui Zhu (postdoctoral fellow, 1998-2001) 
Guiying Hong (postdoctoral fellow, 1998-present) 
Yijin Xiao (postdoctoral fellow, 1998-2001; Research Associate, 2/2002-present) 
Bei Hu (Research Associate, 1999) 
Karen Keaton (Research Nurse, 1997-1999) 
Monique Washington (Research Nurse, 1999-present) 
Banjamin Schwartz (Clinical Fellow, 1999-2000) 
Freager Willams (Clinical Fellow, 2000-2001) 
Jun Lu (postdoctoral fellow, 2000-present) 
Kelly Christina (Technologist, 2001-present) 
Li Song (Technologist, 2000-present) 
Kwan-sik Kim (visiting scientist) (2002-2003) 
Alexander Zaslavsky ((Ph.D student, 2002-present) 
Saubhik Sengupta (postdoctoral fellow, 2002-present) 
Michael Berk (Lead Technologist, 2002-present) 
Janice Battistuta (Ph.D. student, 2002-present) 
Ying Jiang (Postdoctoral Fellow, 2002-present) 
Juan Ren (Postdoctoral Fellow, 2002-present) 

IiIST? OF PUBIiICATIONS 
Peer-reviewed  publications 

1. Baudhuin LM, Kristina KL, Lu, J, and Xu Y. Activation induced by LPA and 
SIP requires both MEK and p38 MAP kinase and is cell-line specific. Mol 
Pharmacol 62, 660-671, 2002, 

2. Xu Y. Sphingosylphosphorylcholine and lysophosphatidylcholine: G protein 
coupled receptors and receptor-mediated signal transduction, Blochem 
Biophy Acta,   1582, 81-88, 2002. 

3. Lu J, Xiao Y, Baudhuin LM, Hong G, and Xu, Y. Role and Signaling 
Pathways of Ether-linked Lysophosphatidic Acids in Ovarian Cancer Cells. 
J.   Lipid Res.   43, 463-476, 2002. 

4. Zhu, K., Baudhuin, L., Hong, G. Williams, F.S., Cristina, K.L., 
Kabarowski, J.H.S., Witte, O.N. and Xu, Y Sphingosylphosphorylcholine 
and lysophosphatidylcholine are ligands for the G protein coupled 
receptor, GRP4. J Biol  Chem.   276(44)=41325-41335, 2001. 

5. Shen Z, Wu M, Elson P, Belinson J, Kennedy A, Markman M, Casey G, Xu Y. 
Comparison of fatty acid compositions in plasma lysophosphatidic acid 
from patients with cancers and healthy women controls. Gyn, Oncol. 83, 
25-30, 2001. 

6. Kabarowski JHS, Zhu K, Le LQ, Witte ON, Xu Y. Lysophosphatidylcholine as 
a Ligand for the Immunoregulatory Receptor G2A. Science 293, 702-705 
2001 

7. Schwartz BM, Hong, G, Morrison BH, Wu W, Baudhuin LM, Xiao Y. and Xu Y. 
Lysophospholipids Increase Interleukin-8 (IL-8) Expression in Ovarian 
Cancer Cells. Gyn Oncol  81, 291-300, 2001 

8. Xiao Y, Schwartz B, Washington M, Kennedy A, Webster K, Belinson J. and 
Xu Y. Electrospray lonization Mass Spectrometry Analysis of 
Lysophospholipids in Human Ascitic Fluids: Comparison of the 
Lysophospholipid Contents in Malignant vs. Non-malignant Ascitic Fluids. 
Anal Biochem.   290, 302-313, 2001. 

9. Xu Y, Xiao, Y, Baudhuin LM, Schwartz BM. The role and clinical 
applications of bioactive lysolipids in ovarian cancer. J. Soc. Gyn, 
Invest  8,1-13, 2001. 



10. Xu Y, Zhu K, Hong G, Wu W, Baudhuin LM, Xiao Yj, Damron DS. 
Sphingosylphosphorylcholine is a ligand for ovarian cancer G-protein- 
coupled receptor 1. Wat Cell Biol.   2,   261-267, 2000, 

11. Nugent D, Xu Y. Sphingosine-1-phosphate: characterization of its 
inhibition of platelet aggregation. Platelets 11, 226-232, 2000, 

12. Xiao y, Chen Y, Kennedy AW, Belinson J, Xu Y. Evaluation of plasma 
lysophospholipids for diagnostic significance using electrospray 
ionization mass spectrometry (ESI/MS) analyses, Ann,wr,Acad,Sci,905,242- 
259,2000, 

13. Nugent D, Belinson J, Xu Y. The synergistic interactions of oleoyl- 
lysophosphatidic acid in platelet aggregation. Med Sci Res 27,435-441, 
1999, 

14. Hong G, Baudhuin L, Xu Y. Sphingosine-1-phosphate modulates growth and 
adhesion of ovarian cancer cells. FEBE Lett.460, 513-518, 1999, 

15. Xu Y, Shen Z, Wiper DW, Wu M, Morton RE, Elson P, Kennedy AW, Belinson, 
J, Markman M, Casey G, Lysophosphatidic acid as a potential biomarker for 
ovarian and other gynecologic cancers. JAMA  280, 719-723, 1998, 

16. Shen Z, Belinson J, Morton RE, Xu Y, Xu Y. PMA stimulates LPA secretion 
from ovarian and cervical cancer cells, but not from breast cancer and 
leukemia cells, Gynecol.   Oncol.11,   364-368.1998, 

17. Xu Y, Casey G, Identification of hiiman OGRl, a novel G protein coupled 
receptor that imaps to the chromosome 14, Genomics  35, 397-402,1996 

18. Xu Y, Gaudette DC, Boynton J, Frankel A, Fang X-J, Sharma A, Hurteau J, 
Casey G, Goodbody AE, Mellors A, Holub BJ Mills G, (1995) 
Characterization of an Ovarian Cancer Activating Factor(OCAF) in Ascites 
from Ovarian Cancer Patients, Clinical  Cancer Res.   1, 1223-1232, 1995. 

19. Xu Y, Fang X-J, Casey G, Mills G. Lysophospholipids Activate Ovarian and 
Breast Cancer Cells, BiocJiem, J", 309, 933-940. 1995. 

20. Xu Y, Casey 6, Mills G, Effects of Lysophospholipids on Signaling in the 
Human Jurkat Cell Line, J, Cell.   Physiology  163, 441-450. 1995. 

21. Hu J, Xu D, Schappert K, Xu Y, Friesen J. Mutational Analysis of 
Saccharomyces cerevisiae U4 snRNA Identifies Fiinctionally Important 
Domains, Mol.   Cell Biol.   15, 1274-1285. 1995. 

22. Hu J, Xu Y, Schappert K, Harrington T, Wang A, Braga R, Mogridge J, 
Friesen J, Mutational Analysis of the PRP4 Protein of Saccharomyces 
cerevisiae Suggests Domain Structure and snRNP Interactions. Nucleic 
Acid Res.   22, 1724-1734, 1994. 

23. Xu Y, Petersen-Bjorn S, Friesen J. The PRP4 (RNA4) Protein in 
Saccharomyces cerevisiae Is Associated with the 5' Portion of the U4 
snRNA. Mol.   Cell.   Biol.   10, 1217-1225. 1990. 

24. Salerno JC, Xu Y, Osgood MP, Kim CH, King TE. Thermodynamics and 
Spectroscopic Characteristics of the Cytochrome bcl Complex, J. Biol. 
Chem.   264, 15398-15403.1989. 

25. Xu Y, Salerno JC, Wei YH, King TE, Stabilized Ubisemiquinone in 
Reconstituted Succinate Ubiquinone Reductase. Biochem. Biophys. Res. 
Commun.   144, 315-322, 1987 

Book chaptersi 

1. Xu Y, Xiao Y, Zhu K, Baudhuin LM, Lu J, Hong G, Kim K-s, Cristina KL, 
Song L, Williams FS, Elson P, and Belinson J. Unfolding the 
pathophysiological role of bioactive lysophospholipids, Current drug 
targets-immune, endocrine & metabolic disorders.  In press 



2. Bauhuin L, Xiao Y, and Xu Y. SPC/LPC receptors Handbook of Cellular 
Signaling.  In press. 

3. Kabarowski JH, Xu Y, Witte ON. Lysophosphatidylcholine as a ligand for 
imm\inoregulation.  Biochem Pharmacol 64,161-167. 2002. 

4. Xu Y, Demron D, Calcimn mobilisation in ovarian cancer by 
lysophospholipids. Methods in Molecular Medicine: Ovarian Cancer: Methods 
and protocols. (Ed. JMS Bartlett) Hiaman Press Inc. Totowa, New Jersey. 
PP611-619. 2000 

5. Xu Y, Fang X, Furui T, Sasagawa T, Pustilnik T, Lu Y, Shen Z, Wiener 
JR, Shayesteh L, Gray JW, Bast Jr RC, Mills G. Regulation of growth of 
ovarian cancer cells by phospholipid growth factors. In Ovarian Cancer 5 
(Sharp F, Mason P, Blackett T, Berek J.), Chapman and Hall Medical, 
London, Glasgow, Weinheim, New York, Tokyo, Melbourne, and Madras, ppl09- 
120, 1997 

6. Xu Y, Mills G. Activation of Human Ovarian Cancer Cells: Role of Lipid 
Factors in Ascitic Fluid. Jn Ovarian Cancer 3 (Sharp F, Mason P, Blackett 
T, Berek J, eds.), pp. 121-135, Chapman and Hall Medical, London, 
Glasgow,   Weinheim, New York, Tokyo, Melbourne, and Madras.1994 

7. King TE, Xu Y. QP-S, The Electron Acceptor of Succinate Dehydrogenase. 
In Cytochromes Systems: Molecular Biology and Bioenergetics (Papa S, 
Chance B, Ernster L. eds.), pp503-508, Pleniim Press, New York and London. 
1987 

8. Salerno JC, Xu Y. Aspects of Spin Coupling Between Odd and Even Electron 
Systems: Applications to Succinate Q Reductase. In  Cytochromes Systems: 
Molecular Biology and Bioenergetics (Page S, Chance B, Ernster L, 
eds.), pp.467-471, Plenum Press, New York and London. 1987 

9. King TE, Xu Y, Wang TY, Ding WH. A Mitochondrlal Coenzyme Q protein — 
QP-C. In Biomedical Clinical Aspects of Coenzyme Q, Vol. 5 (Folkers K, 
Yamamura Y. eds.), pp85-95. (1986) 

PATENTS 

1. Xu Y, Xiao, Y. US patent 6,451,609 9/17/2002; Method of Detecting 
Gynecological Carcinomas 

2. Xu Y, Casey G.Gaudette DC, Holub BJ, Mills GB. US patent 5,994,141. 
11/30/99; Method of Detecting Gynecological Carcinomas 

3. Xu Y, Casey G. US patent 5,824,555. 10/20/98 Method of Detecting 
Gynecological Carcinomas 

4. Xu Y, Goodbody, A. Canadian patent 1994 Ovarian Cancer Activating 
Factor 

5. Xu Y, Goodbody, A. US patent # 5,326,690. 7/5/1994 Ovarian Cancer 
Ascites Factor in Isolated Form 

6. Xu Y, Goodbody A, US patent # 5,277,917. 1/11/1994 Ovarian Cancer 
Ascites Factor in Isolated Form 

MANUSCRIPTS  IM PREPARATION 

1. Baudhuin LM and Xu Y. Sphingosine-1-phosphate-mediated activation of Akt 
through SIP^, but not SlPj., requires the activation of platelet-derived 
growth factor receptor. In preparation. 



ABSTRACTS  AND CONFERENCE  PRESSNTATIONS s 

1, Sengupta S, Xiao Y, and 3Cu Y. Production of Lysophosphatidic Acid (LPA) 
by Laminin - Integrin Interaction is the key for Laminin induced Ovarian 
Cancer cell Migration,  AACR meeting San Francisco Dec, 14-19, 2002 

2, Sengupta S, Xiao Y, and Xu Y. Production of Lysophosphatidic Acid (LPA) 
by Laminin - Integrin Interaction is the key for Laminin induced Ovarian 
Cancer cell Migration, 22"* Annual Research Day at the Cleveland Clinic 
Foundation, Oct. 17, 2002. 

3, Hong G and Xu Y. OGRl overexpression modulates cell-cell and cell-matrix 
interactions and induce cell apoptosis, 22"* Annual Research Day at the 
Cleveland Clinic Foundation, Oct, 17, 2002 

4, Xiao X, Schwartz B, Fife D, While A, Kennedy A, Belinson J, and Xu Y. 
Analyses of LPA in peritoneal washings enhances of the sensitivity and 
specificity of ovarian cancer early detection. 22"* Annual Research Day at 
the Cleveland Clinic Foundation, Oct. 17, 2002 

5, Baudhuin LM and Xu Y. Activation of Akt by LPA and SIP is Dependent on the 
Activaties of both ERK and p38 MAP kinases in HEY Ovarian Cancer Cells, 
18"'' UICC International Cancer Congress (6/30-7/7/02 Oslo, Norway) . Int, 
J, Cancer Supplemnt 13, P 806, 2002 

6, Xu Y and Baudhuin LM. Sphingosine-1-phosphate-mediated activation of Akt 
through Edg-3, but not Edg-1, requires the activation of platelet-derived 
growth factor receptor. AACR 93'* Annual meeting, plOll (April 6-10, 2002, 
San Francisco, CA) 

7, Xu Y, Lu J, Xiao Y, Baudhuin LM, and Hong G, Role and Signaling Pathways 
of Ether-linked Lysophosphatidic Acids in Ovarian Cancer Cells. AACR 93'* 
Annual meeting, p255 (April 6-10, 2002, San Francisco, CA) 

8, Baudhuin L and Xu Y. Activation of Akt by LPA and SIP in HEY ovarian 
cancer cells. CCF Retreat Maiimee Bay, OH (9/10/01) 

9, Hong G, Xiao Y and Xu Y. OGRl-mediated ligand internal izat ion of 
OGRl-induced apoptosis. CCF Retreat Maumee Bay, OH (9/10/01) 

10, Baudhuin L and Xu Y. Activation of Akt by LPA and SIP in HEY ovarian 
cancer cells. FASEB Summer Research Conference-Lysophospholipids and 
Related Bioactive Lipids in Biology & Diseases. Tucson, AZ (6/10/01) 

11, Baudhuin L and Xu Y.Activation of Akt by LPA and SIP in HEY ovarian 
cancer cells, American Association for Clinical Chemistry 2001 Annual 
Meeting and Clinical Expo, Chicago (8/1/01) 

12, Lu J, Xiao Y and Xu Y. Roles of Ether-linked Lysophosphatidic Acid in 
Ovarian Cancer Cells. FASEB Summer Research Conference-Lysophospholipids 
and Related Bioactive Lipids in Biology & Diseases. Tucson, AZ (6/10/01) 

13, Hong G, Xiao Y and Xu Y. OGRl-mediated ligand internalization of 
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Lysophospholipids and Related Bioactive Lipids in Biology & Diseases, 
Tucson, AZ (6/10/01) 

14, Baudhuin L and Xu Y, Activation of Akt by LPA and SIP in HEY ovarian 
cancer cells is dependent on the activities of ERK and p38 MAP kinases. 
2001 AACC/CSCC Meeting 7/19-8/2/01, Chicago IL. 

15, Zhu K, and Xu Y. Identification of the first two high affinity receptors 
for Sphingosylphosphorylcholine (SPC) and the first receptor for 
Lysophosphatidylcholine (LPC) (2001 ASBMB meeting; 3/31-4/4/01, Orlando, 
FA) 

16, Xiao Y, Song, L, Schwartz B Washington M, Kennedy A, Webster K, Belinson 
B, and Xu Y. Alkyl and Alkenyl Lysophosphatidic Acid are elevated in 
peritoneal washings of patients with early and late stage ovarian Cancer 
(2001 ASBMB meeting; 3/31-4/4/01, Orlando, FA) (#191.1, pA200) 



17. Hong G. and »i Y. Overexpression OGRl induces apoptosis (AACR 92*'' Annual 
Meeting (April 1-5, 2001) #1622, p301. 

18. Xiao Y, Schwartz B, Washington M, Kennedy A, Webster K, Belinson J. and 
Xu Y. Electrospray lonization Mass Spectrometry Analysis of 
Lysophospholipids in Human Ascitic Fluids: Comparison of the 
Lysophospholipid Contents in Malignant vs. Non-malignant Ascitic Fluids 
(2000 CCF Retreat, 9/10/00; Research Day; 10/15/00). 

19. Zhu K, Baudhuin LM, Hong G, Xu Y. Sphingosylphosphorylcholine (SPC) and 
lysophosphatidylcholine (LPC) are ligands for GRP4 (2000 CCF Retreat, 
9/10/00; Research Day; 10/15/00). 

20. Lu J, Zhu K, Xu Y. Biological Effects of Alkyl- and Alkenyl- 
lysophosphatidic Acids in Ovarian Cancer Cells (2000 CCF Retreat, 
9/10/00). 

21. Hong G. Xu Y. The Dual Effect of Sphingosine-1-Phosphate on Cell 
Migration (2000 Research Day, 10/15/00), 

22. Baudhuin LM, Xu Y. Up-regulation and Activation of Akt2 by Bioactive 
Lysolipids in Ovarian Cancer (2000 Research Day, 10/15/00) . 

23. Xu Y, Zhu K, Hong G, Wu W, Baudhuin LM, Xiao Yj, Damron DS. 
Sphingosylphosphorylcholine is a ligand for ovarian cancer G-protein- 
coupled receptor 1. IBC's 5'''' Annual International Conference on GPCR (a 
platform presentation) (May 15-16, 2000). 

24. Xu Y, Xiao Y, Baudhuin L, Schwartz B, Hong G, Washington M, Kennedy A, 
Webster K, Belinson J. Ascitic fluids from ovarian cancer patients 
contain significantly higher levels of lysophospholipids, compared with 
ascites from patient with non-malignant diseases Proc. AACR 91*^^ Annual 
Meeting #5463 (April 1-5, 2000). 

25. Schwartz B, Hu B, Wu W, Baudhuin L, Kennedy A, Webster K, Markman M, 
Belinson, J. and Xu Y. Regulation of interleukin-8 production and gene 
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91th Annual Meeting #3727 (April 1-5, 2000). 

26. Schwartz B. Xu Y. Bioactive lysolipids upregulates interleukin-8 
production and gene expression in hiutian ovarian cancer cells. The 
Smithkline Beecham National Oncology Fellows Forum (Selected platform 
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27. Hong G, Baudhuin L, Xu Y. Sphingosine-1-phosphate modulates growth and 
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Cleveland Clinic Foundation, Ohio (September 13-15, 1999), 

28. Xiao Y, Chen Y, Kennedy AW, Belinson J, Xu Y. Evaluation of plasma 
lysophospholipids for diagnostic significance using electrospray 
lonization mass spectrometry (ESI/MS) analyses. Research Institute 
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29. CSU student seminar Baudhuin L, Hong G, Xu Y. Sphingosine-1-phosphate 
modulates growth and adhesion of ovarian cancer cells. 

30. Hong G, Baudhuin L, Xu Y. Sphingosine-1-phosphate modulates growth and 
adhesion of ovarian cancer cells, at The 1^^ Cancer Research Meeting. 
The Cancer Center, Cleveland Clinic Foundation (April 24, 1999). 

31. Mills G, Fang XJ, Furui T, Mao M, Weiner J, Estrenica V, Xu Y. 
Lysophosphatidic acid (LPA) in early diagnosis, prognosis and therapy of 
ovarian cancer. First Annual International Conference on Ovarian Cancer, 
Houston TX (Feb, 3-5, 1999), 

32. Xu Y, Wu W, Belinson J, OGRl in ovarian and breast cancer. G Protein 
Coupled Receptors-Therapeutic Advancement and Applications. Orlando, FL 
(October 5-7, 1998). 

33. Xu Y, Shen Z, Wu M, Wiper C, Morton R, Elson P, Kennedy A, Belinson J, 
Markman M, Casey G. lysophosphatidic acid as a biomarker for ovarian and 
other gynecological cancers. Gordon Research Conference, Salve Regina 
University, Newport, RI (August 2-7, 1998) , 



34. Xu Y, Shen Z, Xu Y. LPA as a marker for ovarian cancer. An invited talk 
at the 30th Central Regional Meeting of the American Chemical Society. 
Cleveland, OH (May 27 to May 29, 1998). 

35. Shen Z, Wu M, Wiper DW, Morton RE, Kennedy AW, Belinson J, Markman M, Xu 
Y, Casey G Xu Y. (1997) Assessment of plasma lysophosphatidic acid for 
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Analytical  Symposiiim, Somerset, New Jersey (Nov. 16-21, 1997). 

36. Shen Z, Wu M, Wiper DW, Morton RE, Kennedy AW, Belinson J, Markman M, 
Casey G, Xu Y. Evaluation of lysophosphatidic acid as a diagnostic 
marker for ovarian and other gynecological cancers, 49th AACC Annual 
Meeting & Clinical Laboratory Exposition. Atlanta, Georgia (July 20-24, 
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37. Shen Z, Wu M, Wiper DW, Morton RE, Kennedy AW, Belinson J, Markman M, 
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(July 6-11, 1997). 

38. Xu Y, Wu M, Shen Z, Wiper DW, Morton RE, Kennedy A, Belinson J, 
Markman M, Casey G. Lysophosphatidic acid, a diagnostic biomarker for 
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American Association for Cancer Research, San Diego, CA. (April 12-16, 
1997) Proc of AACR, #710,1997. 

39. Xu Y, Casey G (1996) A Novel G Protein Coupled Receptor in Ovarian and 
Breast Cancer. ASBMB Meeting/ASBMB Satellite Meeting, New Orleans, 
Louisiana (Lipid Second Messengers). (June 1-5, 1996). 

40. Xu Y, Casey G. A Novel G Protein Coupled Receptor in Ovarian and Breast 
Cancer (a platform presentation) 1st World Congress on Advances in 
Oncology, Athens, Greece. (Oct. 24, 1995). 

41. Xu Y, Casey G. A Novel 6 Protein Coupled Receptor in Ovarian and Breast 
Cancers. The Cleveland Clinic Foxindation Research Institute Retreat, 
(Sept. 10-12, 1995). 

42. Xu Y, Casey G, Mills, G. Ovarian Cancer Activating Factor (a platform 
presentation) The Cleveland Clinic Foundation, Research Institute 
Retreat. (Sept. 11-13, 1994). 

43. Xu Y, Casey G, Mills G. Isolation and Characterization of an Ovarian 
Cancer Activating Factor (OCAF). The Cleveland Clinic Foundation Research 
Day presentation at the Cleveland Clinic Foundation. (Oct. 1, 1994). 

44. Xu Y, Mills G. Ovarian Cancer Activating Factor (a platform 
presentation). The Second Symposiiom on Life Science and Biotechnology 
for Chinese Bio- scientists Overseas and Returned. Beijing, P.R. 
China (June 24-28, 1994), 

45. Xu Y, Gaudette DC, Boynton J, Sharma A, Goodbody AE, Mellors A, Holub 
BJ, Mills 6. Characterization of an Ovarian Cancer   Activating 
Factor(OCAF) in Ascites from Ovarian Cancer Patients. The Keystone 
Symposia "Lipid as Second Messenger". Taos, New Mexico (Feb.26-March 4, 
1994). 

46. Xu Y, Goodbody A, Boynton J, Mills G, OCAF, A Unique Lipid Mediator in 
Ascites from Ovarian Cancer Patients, The 2nd Meeting on Signal 
Transduction in Normal and Cancer Cells, March, Banff, Canada, (1993). 

47. Xu Y, Schappert K, Harrington T, Braga R, Friesen JD, Mutagenesis of the 
PRP4 Protein of S. cerevisiae.(an invited talk).Cold Spring Harbor 
Laboratory RNA processing Meeting and abstract, p22 (1991), 

48. Hu J, Schappert K, Xu Y, Friesen JD. (1991) Genetic and Biochemical 
Analysis of Yeast U4 snRNA. Cold Spring Harbor Laboratory RNA Processing 
Meeting Abstract pl37.(1991) . 

49. Xu Y, Friesen JD, In vitro Assembly of the S. cerevisiae PRP4 Protein- 
Containing-U4 snRNA Complex. Cold Spring Harbor Laboratory RNA Processing 
Meeting Abstract p298.(1990), 



50. Xu ir, Petersen-Bjorn S, and Friesen JD. PRP4 (RNA4) Associates with the 
5' Portion of U4 and/or the 3' Portion of U6 snRNAs. Cold Spring Harbor 
Laboratory RNA Processing Meeting Abstract p267.(1989). 

51. Xu Y, Salerno JC, Wei YH, King TE. EPR Behavior of Reconstituted 
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Japanese Biochemical Society; 

(a talk at the CCF Retreat; 

1. "Role and signaling pathways of lysophospholipids in cancer 
talk at Mayo Clinic) (9/24/02) 

2. "Biomarker detection in breast cancer" Breast cancer conference, 
Taussig Cancer Center, 9/19/02. 

3. "Bioactive lysophospholipids, their receptors, and cancers" The 
Netherlands Cancer Institute, Amsterdam, Netherlands, (7/8/02) 

4. "Receptors for SPC and LPC" (an invited talk at the Annual Meeting GERLI 
2000) (4/18/01) Nantes, France. 

5. "Role of signaling pathways of lysophospholipids in cancer" 
talk in the Department of Pathology, Case Western Research 
(4/29/02). 

6. "Role of signaling pathways of lysophospholipids in cancer" 
Alameda, CA; 2/25/02). 

7. "Role of signaling pathways of lysophospholipids in cancer" 
of Pharmacology, Case Western Reserve University; 2/21/02) . 

8. "The potential pathological roles of LPA in ovarian cancer" 
talk at the 74"" Annual Meeting of the 
10/27/01). 

9. "G protein coupled receptors for LPC and SPC 
Maximee Bay, OH; 9/11/01) . 

10. "G protein coupled receptors for LPC and SPC" (Beijing University, 
Beijing, P.R, China; 9/25/01). 

11. "Role of signaling pathways of lysophospholipids in cancer" (Institute of 
Animal, The Chinese Academy of Science; Beijing, P.R.China; 9/28/01). 

12. "Role of signaling pathways of lysophospholipids in cancer" (Beijing 
Normal University, P.R.China; 10/5/01). 

13. "Bioactive lysophospholipids in cancers" Renal Cell Carcinoma SPORE 
Committee meeting (7/12/01; CCF). 

14. "Bioactive lysophospholipids in cancers" (a talk at the Special 
Symposium: finding a cure to glioblastoma (6/23-6/24/01, CCF) , 

15. G protein coupled receptors for SPC and LPC (an invited talk at 2001 
FASEB Summer Research Conference-Lysophospholipids and Related Bioactive 
Lipids in Biology & Diseases. Tucson, AZ (6/10/01). 

16. The potential clinical applications of lysolipids (an invited talk at 
Pacific Ovarian Cancer Research Consortium (POCRC) Scientific Seminar 
(4/17/01). 

17. Lysolipids and their receptors (a talk lat the Department of 
anesthesiology at CCF (1/30/01). 

18. OGRl and 6PR4 are receptors for SPC and LPC (an invited talk at receptors 
at the Howard Hughes Medical Institute, UCLA (10/12/00). 

19. Bioactive lipids and their receptors in ovarian cancer (an invited talk 
at University of Virginia, Charlottesville; Sept. 6, 2000). 

20. Sphlngosylphosphorylcholine is a ligand for ovarian cancer G-protein- 
coupled receptor 1. IBC's 5"" Annual International Conference on GPCR (a 
platform presentation) (May 15-16, 2000). 

21. Ascitic fluids from ovarian cancer patients contain significantly higher 
levels of lysolipids, compared with ascites from patients with non- 
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malignant diseases (Society of Gynecologic Investigation-2000, Ovarian 
Cancer Symposiiun, Chicago; March 22, 2000) . 

22. Lysolipids in ovarian cancer (a talk at the Cancer Center, Cleveland 
Clinic Foundation; 2/23/00), 

23. Dedication CME Program for Community Physicians on June 27*-": Lysolipids 
and their receptors in ovarian cancer (Cancer Center at Cleveland Clinic 
Foundation; 6/27/00). 

24. LPA, a potential marker for the early detection of ovarian cancer (a talk 
for fund raising at the Cleveland Clinic Foundation; Sept. 28, 1999). 

25. The molecular biology of cervical cancer (a talk on the Shanxi Province 
Evaluation of plasma lysophospholipids for diagnostic significance using 
electrospray ionization mass spectrometry (ESI/MS) analyses, (an invited 
talk at "Lysophospholipids and eicosanoids in cancer and in 
cardiovascular and neurodegenerative diseases". New York, NY (Jiine 25-28, 
1999) . 

26. The early detection of ovarian cancer (a selected and invited talk on the 
American Cancer Society's 41 st Science Writers Seminar, March 28-30, 
1999. Miami, FL. 

27. LPA as a potential biomarker for ovarian and other gynecological cancers. 
ACS meeting (Regional) (an invited talk ) May 28, 1998. Cleveland, OH, 

28. Role of lysophospholipids in ovarian cancer (Cancer Center) Dec. 16, 1998 
The potential role of lysophospholipids in cancer (an invited talk) 
Department of Chemistry at the Cleveland Clinic Foiindation, Feb. 27, 
1998. 

29. The potential role of lysophospholipids in cancer (an invited talk) Cell 
Biology at the Cleveland Clinic Foundation, Feb. 13, 1998. 

30. The potential role of lysophosphatidic acid (LPA) in cancer (an invited 
talk) The Anesthesia Research Center at the Cleveland Clinic Foundation, 
Dec. 4, 1996. 

31. The potential role of lysophosphatidic acid (LPA) in cancer (an invited 
talk) MD Anderson, July 19, 1996. 
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METHOD OF DETECTING SUMMARY OF TOE INVENTION 
GYNECOLOGICAL CARCINOMAS „,            ,         ,             j ine present mvention provides new, sunple, marginally- 
CROSS REFERENCE TO RELAIBD invasive methods for detecting the presence of gynecologi- 

APPLICAnONS cal carcinomas, particularly ovarian carcinomas, in a sub- 
This application is a continuation-in-part of U.S. appli- i^<^'- 

cationSer. No.09/139,841flledonAiig. 25,1998,nowU.S. One method comprises assaying for the presence of 
Pat. No. 5,994,141, which is a continuation of the U.S. lysophosphatidic acid in a plasma sample. The presence of 
application Ser. No. 08/655,551, filed on May M, 1996, now lysophosphatidic acid in the plasma sample indicates that a 
U.S. Pat. No. 5,824,555.                                                   lo gynecological carcinoma is present in the subject. In a 

BACKGROUND OF THE INVENTION preferred embodiment, the method comprises preparing a 
plasma sample which is substantially free of platelets from 

Gynecological carcinomas such as ovarian carcinoma, a blood specimen from the subject, preparing a lipid extract 
cervical carcinoma, endometrial carcinoma and peritoneal from said plasma sample, and asaying for the presence of 
carcraoma are among the most frequent causes of cancer ^^ lysophosphatidic acid in said Upid extract. Because the 
death among women in the United States and Europe. It is method is sufficiently sensitive to detect ovarian carcinoma 
estimated that ovarian carcinoma alone will be responsible in subjects with early stage ovarian carcinoma, sufficiently 
for 14,800 deaths in 1996 in the United States. TTiis dismal specific to distinguish benign gynecological carcinomas 
outcome is due, at least in part, to an inability to detect the from malignant gynecological carcinomas, and marginally 
ovarian carcinoma at an early stage of tumor development. ^^ invasive, the method is especially useful for sireening 
When ovarian carcinoma is diagnosed at an early stage, the patients for ovarian carcinomas. The method also detects the 
cure rate approaches 90%. In contrast, the 5 year outlook for presence of endometrial carcinoma, peritoneal carcinoma, 
women with advanced disease remains poor with no more and cervical carcinoma in a subject. Accordingly, the 
than a 15% survival rate. Hius, early diagnosis is one of the method is useM for screening for more than one gyneco- 
most effective means of improving the prognosis for ovarian logical carcinoma. 

■.                          . Another method comprises a^aying for the presence of 
Transvagmal sonography is the most sensitive of the lysophophatidyl inositol in a bodily fluid, preferably a blood 

currently available techniques used for detectmg ovarian sj^ple from the subject. Preferably, the concentration of the 
tumors. However, transvagmal sonography is non-specific, tysophosphatidyl inositol in the bodily fluid is determined. 
I.e. it will detect benign as well as maUgnant tumors, JQ 

Accordingly, detection of an ovarian tumor by transvaginal BRIEF DESCRIPTION OF THE FIGURES 
sonography must be followed by a second diagnostic pro- 
cedure which is able to distinguish benign tumors fiom ^°- ^ ^^°^ *« representative ma^ spectra of lyso- 
mali^ant tumors. Moreover, transvaginal sonography is phospholipids from patients with ovarian cancer (FIG. lA) 
very expensive and, therefore, not useM as a screening 35 *■"• ^o" healthy control subjects (FIG. IB). 
procedure for large numbers of patients. FIG. 2 is a scatter plot showing total plasma LPA, LPI and 

Typically, benign ovarian tumois are distinguished from LPA+LPI levels ftom healthy control subjects and from 
malignant ovarian tumors by surgical procedures such as patients with ovarian and endometrial carcinoma, 
biopsy of the mass or aspiration of the maK and cytological TWTA n en nnor-uiimnKi nc TM 
examination of the cells that are surgically removed from the 40 "*^ 1 AILED ^MTTON OF THE 
patient. However, these techniques are highly invasive, INvENllON 
expensive, and in the case of aspiration can lead to release TTie present invention provides new, simple methods for 
of cancerous cells into the peritoneum. detecting or diagnosing gynecological carcinomas, particu- 

TTie antigenic determinant CA 125, which is a high larly ovarian carcinomas, in a subject or patient. One method 
molecular weight mucin-like glycoprotein, is the current 45 comprises assaying for the presence of lysophosphatidic 
serum biomarker of choice for screening for ovarian card- acid in a blood plasma sample from the patient. Preferably, 
nomas. However, CA 125 testing suffers from two main the blood plasma sample is substantially firee of platelets. As 
limitations. First of all, it is not very sensitive. For example, described herein, a plasma sample is substantially free of 
elevated serum CA 125 levels, i.e. levels above the cut-off platelets when it contains le^ than 95% of the platelets 
point of 35 U/ml, are present in fewer than 50% of the so present in the original blood specimen obtained from the 
patients with Stage I ovarian carcinoma. Taylor, K. J. W. and patient. In a preferred embodiment, the method comprises 
Schwartz, P. E., "Screening for Early Ovarian Cancer," providing a whole blood specimen firom the patient, obtain- 
Radiology, 192:1-10, 1994. In addition, CA 125 testing is ing a plasma sample which is substantiafly free of platelets 
not very specific. For example, approximately 25% of from the whole blood specimen, extracting lipids from the 
patients, with beni^ gynecological diseases also have 55 blood plasma sample, and assaying for the pr^ence of 
elevated serum levels of CA 125. Moreover, liver disease lysophosphatidic acid in the lipid extract, 
such as cirrhosis, even without ascites, elevates ^rum CA Preferably, the blood plasma sample is obtained under 
125 levels above 35 U/ml. Taylor, K. J. W. and Schwartz, R conditions which minimize the release of lysophosphatidic 
E., "Screening for Early Ovarian Cancer," Radiology, acid from platelets which are present in the whole blood 
192:1-10, 1994.                                                                   go specimen. Such conditions include, for example, collecting 

Accordingly, it would be desirable to have a new, simple, the whole blood specimen from the subject in tubes that 
noninvasive or matginaUy invasive methods for detecting contain an anti-coagulant. Suitable anti-coagulants include, 
gynecological carcinomas, particularly ovarian carcinomas. for example, heparin and chelating agents. It is preferred that 
Methods which are sufficiently sensitive to identify those the whole blood specimen be collected in the presence of a 
subjects with early stage ovarian carcinoma, and sufficiently 65 chelating agent, such as for example ethylenediaminetet- 
specific to distinguish between benign and malignant gyne- raacetic acid (EDTA) or Mjdium citrate, more preferably 
cological carcinomas are especiafly desirable. EDTA, since chelating agents both reduce phospholipase 
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activity in the sample and prevent clotting of the whole Preferably, the method fiirther comprises determining the 
blood specimen. levels or concentration of LPI in said bodily fluid. In 

Tlie blood plasma typically is obtained by centrifiiging the accordance with the present invention, it has been deter- 
whole blood specimen to pellet the blood cells in the whole mined that females with ovarian carcinoma have higher 
blood specimen and collecting the supernatant, which rep- 5   levels or concentrations of LPI in their plasma than healthy 
resents the major portion of the blood plasma in the whole subjects. Preferably, the level or concentration of LPI in the 
blood speamen. bojijy flu^ jg ^^^ compared to a standard vatoe. The 

Substantially all of the  lipids, particularly the standari value is based upon the levels of LPI found in 
phcjphohpids, in the plasma sample are then extracted, comparable samples obtained from a population of healthy 
preferably by a upid extraction procedure which recoveis at JQ subjects 
least M)% of the lysophosphatidic acid from the plasma P.    .    ,    ,        ^,„,.     ,,.,„., 
sample. More preferably, the Upid extraction procedure Standard values of LPI m a bodily fluid are for example, 
recovers at least 85% of the LPA in the plasma sample. An ""**" '®^*' '"^**'' ^^^^' "' Preferably "cut-off" levels, 
example of a preferred lipid extraction procedure wmprises ^'"°*f '^^^"^^ *« established by a^aying a large sample of 
the steps of: acidifying the blood plasma sample; mixing the healthy mdividuals and using a statistical model such as the 
acidified blood plasma sample with an organic solvent to predictive value method for selecting a positivity criterion or 
provide an aqueous phase and an organic phase, wherein the receiver operator characterfatic curve that defines optimum 
phospholipids preferentially distribute to the organic phase; specificity (highest true negative rate) and sensitivity 
and recovering the organic phase to provide a Hpid extract (highest true positive rate) as described in KJiapp, R. G., and 
which contains greater than 80% of the lysophosphatidic ^^^^^- ^- ^- O-^^)- Clinical Epidemiology and Biostatis- 
acid in the plasma sample. Preferably, hydrochloric acid is '''=*• William and WilUns, Harual Publishing Co. Malvem, 
used to acidify the blood plasma sample. Preferably the final ^^■' '^'^'* >* ^ecifically incoiporated herein by reference, 
concentration of acid in the acidified plasma sample is from Preferably, the levels of both LPA and LPI in the bodily fluid 
about 0.2 N to about 2.0 N *"* determined. In accordance with the present invention, it 

Suitable organic solvents'for extracting lysophosphatidic „ t^ 5^^" determined that a combined test value which is 
acid from the acidified plasma sample include for example 5.^'' ?° Af concentration of both LPA and LPI m plasma 
butanol, i^propanol, and mixed organic solvents which \°^ *^ ^^'T' V .'^"f ""f "^"f °^ °^*™° carcinoma 
comprise a polar organic solvent, such as for example thanatestvaluewhichisba^ontheconcentraUonofLPA 
methanol, and a non-polar organic solvent, such as for " ^} T"^' P^ combmed test value is compared to a 
example chloroform. Preferably the oiganic solvent is a « s^mbined standard value which is based on the concentra- 
mixture of methanol and chloroform at a 2:1 ratio. tons of LPA and LPI found m plasma from healthy subjects. 

Hie lysophosphatidic acid, also referred to herein as ^h^ methods disclosed herein are useM for detecting 
"LPA," is then separated from the other phosphoUpids in the gynecological carcinomas such as cervical carcinoma, 
organic phase using conventional techniques. One such endometnal carcmoma, peritoneal carcinoma, and ovarian 
technique involves separation by thin-layer chromatography 35 c*rcinoma, that is, epithehal ovarian cancer. Epithelial ova- 
to provide an LPA band. ''*" cancer includes serous tumors, mucinous tumors, 

Tlie amount of lysophosphatidic acid in the LPA band is endometroid tumois, clear cell tumors, undifferentialed 
then quantified using conventional techniques. The quanti- carcinoma, mixed epithelial tumors, and unclassified epithe- 
flcation technique used depends upon the amount of blood tumors. 
specimen provided by the subject. For example, if the size 40     The methods disclosed herein are e^ecially useM for 
of the blood specimen is 2 ml or less, it is preferred that a assessing the malignancy of an ovarian mass in a patient and 
quantification technique which is capable of detecting pico- ^ detecting ovarian carcinomas at the early surgical stage 
mole amounts of LPA be u^d. Suitable techniques for "^ development in a patient, that is Surgical Stage I and 
detecting picomole amounts of LPA include, for example. Surgical Stage II, as well as at the later stages of 
hydrolyzing the isolated LPA fraction and then quantifying 45 development, that is Surgical Stage III and Surgical Stage 
the amount of each fatty acid in the hydrolysate by gas I^. Surgical stage represents the ^verity of disease with 
chromatography. If the size of the blood specimen is 20 ml Stage I being least severe and Stage IV being the most 
or greater, a technique which is capable of detecting nano- severe. According to criteria established by the International 
mole amounts of LPA, such as for example total phospho- Federation of Gynecology and Obstetrics, the ovarian car- 
rous determination in the LPA fraction, k suitable. 50 einoma is Bmited to the ovaries and may or may not include 

Another method comprises assaying for the presence of *^''^ '" ^'*g^ ' ovarian carcinoma. In Stage II, there is 
lysophosphatidyl inositol (LPI) in a bodily fluid from the P"^"= extension of the carcmoma and possibly extension to 
subject. Preferably, the bodily fluid is blood, more preferably ** "'*™^ ^ feUop>«> ««bes. Stage III ovarian carcinoma is 
plasma. One method of assaying for the presence of LPI in charactenzed by abdominal metastases. In Stage IV, there is 
the bodily fluid involves extraction of Kpids from the 55 distant metastases of the carcinoma outside of the peritoneal 
sample, separation of the lipids by thin-layer chromatogra- cavity. 
phy and direct analysis with electrospray ionization mass The methods disclosed herein are simple, marginally 
spectrometry (ESI-MS). This method has the foUowing invasive, and require only a blood specimen from the 
advantages: i) soft ionization detects intact molecular spe- subject. Thus, such methods are also usefiil for screening 
cies and therefore the true identities of lipid molecules; ii) 60 patients who have not been previously diagno^d as carrying 
structures of interesting ion peaks can be determined carcinoma, particularly patiente who are at risk for gyneco- 
through tandem,-MS (MS/MS) or liquid chromatography/ logical carcinomas, especially ovarian carcinoma. Such 
tandem mass spectrometry (LC/MS/MS) analysis; iii) it patients include women at elevated risk by virtue of a fanuly 
simultaneously detects many molecular species, including history of the disease, premenopausal women with anovu- 
lipids with different fatty acid chains; iv) it is highly sensi- 65 I»tory cycles, and postmenopausal women, 
tive (typically in the femtomole to low picomole range) and The present invention is ftirther described by the 
v) the assay can be easily adapted to an autosampler. examples which foflow. Such examples, however, are not to 
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be construed as limiting in any way either the spirit or the Measuring the Amount of LPA Isolated from Each Sample 
scope of the present invention. ^ ^L of IM ethanolic KOH were added to each tube 

EXAMPLE 1 containing the isolated LPA fractions. The tubes were then 
Plasma samples were obtained from blood specimens ,  incubated at 60° C. for 1 hour to hydrolyzse the LPA prerent 

provided by eighty-four female subjects. A whole blood in the tube. After cooling, 5 (A of internal standard solution 
specimen of approximately 2 ml was coUected from each of contains methyl behenate, 1.5 mg/mL in chloroform, 1 mL 
|e subjects in a 5 ml vacutainer tube containing 7.2 mg of „£ gNHQ. 5 mLof H,0 and 5 mLof ethyl ether were added 

Obtaining a Plasma Sample from the Whole Blood Sped- * *^ hydrolysate. The mixture was vortexed for 30 seconds 
men i" a°d centrifijged at lOOOxg for 10 minutes. Then, the upper 

The whole blood specimen was centrifuged at 580xg for layer was transferred into a new glass tube and dried at 40° 
5 minutes to provide a pellet of the blood cells and platelets C. under nitrogen. Hie residue, which contained fatty acids 
and a supernatant. The supernatant was transferred to a released from the LPA, was dissolved in 0.6 mL of petro- 
siHconizedmicrocentrifuy tube and centrifiiged for 5 min- j^^^ ^^^^ ^^j the dissolved, fatty acids were transmethy- 
utes at SOOOxg to provide a second pellet and a plasma IS , ,  ,,      ...    .    ,   cnm       .L     i           ,.       t.. ^ 
supernatant, lie plasma supernatant WBB either processed latedby addmgl mLof Ba3-methanol reagent to each tube 
immediately or stored at -70° C. *°^ mcubatmg at 100  C. for 10 minutes. BO^ methanol 
Extracting LPA from a Plasma Sample w*^ obtained from Supelco Inc., Bellefonte, Pa. The fatty 

Extraction of lipids, particularly LPA from the plasma acid methyl esters were extracted with 1 ml of petroleum 
sample was performed at 0-4° C. Each 1 mL sample of 20 ether. The mixture was vortexed for 10 seconds and centri- 
plasma was acidiled by adding 0.2 mL of 12 N HCl to fuged at lOOOxg for 5 minutes. The top layer was transferred 
provide a plasma sample with a flnal concentration of HQ to a 3.7 mL screw-topped Supelco sample vial and dried at 
of approximately 2.0 N. After mixing, 4 ML of mixed 40=- c. under nitrogen. The residue was then dissolved in 25 
organic solvent «>mprising a 2:1 ratio of methanol/ ^lof chloroform and 5-15 ^ of the chloroform solution was 
chloroform was added to the acidified plasma and the 2S used for analysis by gas chromatography. 
mixture was vortexed for 1 minute and incubated on ice for ..       ^ =                  =-«-.< 
10 minutes. 1 mL of chloroform and 1.25 mL of H^O were ^C Analysis of the Fatty Acids Released firom LPA by 
added to the mixture. After mixing thoroughly, the mixture Hydrolysis 
was centrifiiged at lOMxg for 10 minutes at 4° C. The lower A Hewlett-Packard Model 5710A gas chromatograph, 
organic layer was transferred to a new glaK tube and dried 30 equipped with a fiised sihca column (25 mxO.2 mm) coated 
at 40° C. under nitro^n to provide a phospholipid extract. .^5,^ 3^^ SP-2310, 2% SP-2300 on 100/lM ChromosoA 

Tie total recovery rate and reproducibility of this extrac- ^^^ ^„^ g     j^ ^      ^^^ ^^ ^ ^^^„^ ^,^ ^^^^, 
tion procedure was exammed by adding 10 nmol of syn- e     ^t,.      ■;,•       t  *.L          ,    m 
,,  ,.     ,     iTTjA.   ,u            11 1   t                 111- oteacliiatly acid m each of the samples. The gas chromato- thetic oleoyl-LPA to three parallel plasma samples lacking ,         ,. .                     .           '^            ° 
endogenous oleoyl-LPA.Tlie samples were extracted by the 35 S'^P'' co°ditaons were as foUows: the oven starting tem- 
present procedure and the amount of oleoyl-LPA in each perature was 185° C; after 2 minutes, the temperature was 
sample quantified. TTiis analysis indicated that the average increased at 2" C./minutes to 230° C, and held for 4 
recovery of LPA by the present extraction procedure was minutes; the injector temperature was 200° C; the detector 
92.7% with a standard error of ±5.6%. temperature was 300° C; nitrogen was the carrier gas at a 
Isolating the LPA in the Upid Extract « flow rate of 30 ml/minutes at 50 PSI; airflow rate was 240 

Each Hpid extract was dissolved in 50 ftl of a 2:1 mu/minutes at 24 PSI; hydrogen flow was 30 ml/min at 15 
methanol/chloroform mixture and loaded onto a single lane p^j, Aflame ionization detector was used to detect the fatty 
of a precoated silica-eel 60 TLC plate (20x20 cm, layer -j     ,1. 1    .     TI      .   j   j                     t.. •   j    ■ ,.,        X^„   s.i..va 6>-i "" '-^ F'"'*-v^'-'*'>"". ">j'" acid methyl esters. TWo standard curves were obtained using 
thickness 250 mm) obtained from EM Science, Dannstadt, ^    i „     .,     .1.1.      .jj..        L.-J* 
Germany. A 50 ^ aUquot of a 2:1 methanol/chloroform 45 JJ-oMty acid methyl esters standard matures obtained from 
mixture containing 10 to 50/<g of oleoyl-LPAobtained from Nu Check Prep. Inc., Elysian, Mmn. The two standard 
Avanti Polar-Lipids, Inc. was loaded onto one outside lane mixtures mcluded different combinations of the esters of 
of the plate and a 50/d aliquot of chloroform containing 10 methyl pahnitate, methyl stearate, methyl oleate, methyl 
to 50 us of lysophosphatidylcholine obtained from Sigma Unoleate, methyl arachidonate and methyl behanate. TTie 
Chemical Company was loaded onto the opposite outside 50 retention times were 3,8 min for methyl palmitate, 6.7 min 
lane of the plate. The oleoyl-LPA and lysophosphatidylcho- for methyl stearate, 7.3 min for methyl oleate, 8.3 min for 
hne were u^d as mipation references for locating the LPA methyl linoleate, 14.0 min for methyl arachidonate and 15.3 
fractions on the plate. The lipids were developed at room min for methyl behenate (internal standard), 
temperature for approximately 3 hours with a mixture of j^ concentrations of each fatty acid in each sample were 
chloroform-methanol-ammonium hydroxide (65:35:5.5). 5S calculated and added together to obtain the concentration of 
Then the outside lanes containmg the oleoyl LPA and total LPA in each plasma sample. The concentrations in MM 
lysophosphatidylchohne standards were sprayed with 0,1% ^^^^ LPAspecies and of total LPAin each of the samples 
8-amhno-l-naphthalene-sulionic acid and visualized under ,„ „„„„i„i ,•„ T„W. ? ,      . ,    ,. I are presenieo m lame 1, 
ultraviolet light. 

Each of the isolated LPAfractions in the lanes loaded with 60     Each of the female subjects also underwent one or more 
Upid extracts from the plasma samples were scraped from routine diagnostic procedures to determine whether she was 
the plates into separate 15 mL disposable glass centrifuge healthy or had an active disease. The diagncstic procedures 
tubes from Kimble, Vineland, NJ, The LPA fractions included, where appropriate, clinical examination, clinical 
included all of the lipids that migrated to a distance on the chemistries, and surgical evaluation of any masses detected, 
plate which corresponded to the Rf of the oleolyl-LPA 65 On the basis of these routine dia^ostic procedures, the 
standard and extended to but was less than the Rf of the patients were diagnosed as being healthy or as having an 
lysophosphatidylcholine standard. active form of one of the diseases listed in Table I. 
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TABLE I 

LPALsvdsfwM^ in Plasma of Subiects of the Example 

Diagnosis LPA(P) LPA(S) LPA(0) LPA(I,) LPA(A)   LPA(D) lOlALLPA 

1. Ovarian Carcinoma Siage I 

9.97 12.84 4.39 2.83 2.29 B.D. #1 32J2 m. 10.78 10.28 1.84 B.D. B.D B,D. 22.9 m 1.39 0.40 0.87 2.01 B.D B.D. 4.67 
2. Ovarian Carcinoma Stage n 

#1 0.78 2.17 0.68 0.98 0.41 B.D. 5.02 
3. Ovarian Carcinoma Stage n[ 

8.87 9.15 3.98 4.17 3.32 B.D. #1 29.49 « 7.90 6.97 3.46 a97 6.43 RD. 33.75 
#3 9.59 6.96 1.59 1.64 2.5« B.D. 2Z34 m 11.09 7.62 5.72 11.78 6,85 B.D. 43.06 m 5.64 4.14 B.D. B.D. B,D B.D. 9.78 
#6 3.10 4.62 1.58 3.18 1.5S B,D, 14.07 
#7 2.13 1,80 0.39 0.91 B.D ao. 5.23 « 0.81 1.56 0.77 B.D. B.D B,D, 3.14 m 330 6.22 2.28 5.40 5.1/ B.D, 22.37 

#10 2.37 4.33 1.56 0.77 0.9J B,D, 9.95 
#11 5.34 8.32 2.68 1.85 2.3S B.D. 20.58 
#12 8.97 10.23 11.39 13.50 8.9« 3.12 56,17 
#13 1.08 0.89 0.31 0.25 B.D B.D. 2,53 
#14 B.D. 1.82 0.43 2A1 2.4J B.D, 5.84 
4. Ovarian Carcinoma Stage IV 

3.61 4.91 2.09 1.16 B.D B,D, #1 11.77 
5. Peritoneal Carcinoma 

#1 14.22 9.93 3.08 3.79 1.94 B,D. 32,96 m. 3.19 6.29 0.68 6.25 B.D B.D. 16.41 
#3 2.65 2.29 0.13 ao. B,D B.D. 5.07 
#4 1Z81 11.45 12J0 14.92 9.15 2,34 63.21 
#5 0.70 1.17 B.D. ao. B.D B,D. 1.87 
#6 B.D. B.D. B.D. ao. B.D B.D. B,D, 
#7 3.89 4.01 3.94 4.51 2.8-! B,D, 19.19 
#8 3.11 3.15 1.72 2.40 1.7C B,D. 12,08 m 1.16 B.D. RD. B.D. 0.2J B.D. 1.44 

6. Endometrisl Carcinoma 

#1 8.46 9.45 3J5 4.83 2.23 B.D. 28.82 « 11.01 1131 2.33 1,03 B.D B.D, 25.68 
#3 6.84 15.84 12.62 18.88 9.03 B,D. 63,23 
#4 7.68 7.27 3.53 5,67 7.2^ B,D, 31.39 
#5 1.71 1.65 0.59 B.D. B.D B,D. 3,95 
#6 6.19 7.65 2.59 5.27 2,SS B.D. 24,59 
#7 21.15 5.16 16.41 20,98 B.D B.D, 54.56 

7. Cenrioa! Carcinoma 

#1 S.94 5.60 2.99 1,19 2.1C B.D, 17.82 « 12.45 11.18 6.72 10,44 6.53 B,D. 4732 
#3 0.86 1.14 B.D. B.D. B.D B.D. 2.00 
#4 15.29 12.98 8.27 5,68 8.9- B,D, B.D. 

S. Healthy 

#1 B.D. B.D. B.D. B.D. B,D B,D. B,D, « B.D. B.D. 0.42 B,D, B.D B,D, 0.42 
#3 B.D. B.D. ao. B,D, B.D B.D, B.D. m B.D. B.D. B.D. B.D. B,D B.D. B.D. 
#5 BD. B.D. RD. B,D, B.D B,D, B.D. 
#6 B,D. 1.94 0.21 B.D. B,D B.D. 2.15 
#7 B.D. B.D. B.D. B.D. B,D B.D. B.D. 
#8 B.D. B.D. B.D. B,D. B.D B,D. B.D. » B.D. B.D. B.D. B.D. B.D B.D. B.D. 

#10 B.D. B.D. B.D. B.D. BJ> B.D. B.D. 
#11 B.D. B.D. B.D. B.D. B.D B.D. B.D. 
#12 B.D. B.D. B.D. B.D. B,D B.D. B,D. 
#13 B.D. B.D. 0.42 RD. B.D B.D. 0.42 
#14 B.D. B.D. B.D. RD, B.D B.D. B.D. 
#1S B.D. B.D. B.D. B,D. B.D B,D, aD. 
#16 aa B.D. B.D. B.D. B.D B.D. B,D, 
#17 0.48 0.® B.D. B.D. B.D B,D. 1.17 
#18 B.D. B.D. B.D. B.D. B.D B,D. B.D. 
#19 BJ). B.D. ao. B,D, B.D B.D. B.D. 
#20 B.D. B.D. B.D. B.D. B,D B.D. RD. 
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TABLE I-continued 

LPA Levels fijM) in Plasma of Subjects of the Fxamnle 

LPA(D) Diagnos& LPA(P) LE^S) LPA(0) LPACL)   LPA(A) lUlALLPA 

#2] B.D. B.D. B.D. B.D B.D. B.D. B.D. 
#22 4.93 B.D. B.D. B.D B.D. B.D. 493 
#23 B.D. B.D. B.D. B.n B.D. B.D. B.D. 
9. Benign GYN Diseases 

B.D. B.D. B.D. B.D B.D. B.D. #1 B.D. m. B.D. BD. B.D. B.D B.D. B.D. B.D. m B.D. BX». B.D. BD B.D. B.D. B.D. 
10. Sarcoma 

#1 B.D. B.D. B.D. B.D B.D. B.D. B.D. 
#2 B.D. B.D. B.D. B.D B.D. B.D. B.D. 
#3 B.D. B.D. B.D. B.D B.D. B.D. B.D. 
#4 B.D. 2.08 0.99 1.4: 3.48 B.D. 7.97 

11. Breasl Cancer 

#1 B,D. B.D. B.D. B.D B.D. B.D. B.D. 
#2 B.D. B.D. 0.42 B.D B.D. B.D. 0.42 
#3 B.D, B.D. B.D. B.D B.D. B.D. B.D. 
#4 B.D. B.D. RD. B.D B.D. B.D. B.D. m B.D. B.D. B.D. B.D B.D. B.D. B.D. 
#6 B.D. B.D. B.D. B.D B.D. B.D. B.D. 
#7 B.D. B.D. B.D. B.D B.D. B.D. B.D. 
M B.D. B.D. B.D. B.D B.D. B.D. B.D. 
#9 B.D. B.D. B.D. B.D B.D. B.D. B.D. 

#10 B.a B.D. B.D. B.D B.D. B.D. B.D. 
#11 B.D. B.D. B.D. B.D B.D. B.D. B.D. 
IX LetAemia 

#1 B.D. B.D. B.D. B.D B.D. B.D. B.D. m B.D. B.D. B.D. B.D B.D. B.D. B.D. 
#3 B.D. B.D. B.D. BD B.D. B.D. B.D. 
#4 B.D. B.D. B.D. B.D B.D. B.D. B.D. 

LPA(P); palmitoyl - LPA 
LPA(S); stearoyl - LPA 
LPA(0): oleoyl - LPA 
LPA(L): linolenyl - LPA 
LPA(A): arachidyl - LPA 
LPA(D): docosahexanyl - IPA 
B.D.: below detection 
N.A,: Not available 

The average concentrations±SE of each LPA species in 
the plasma of patients diagnosed as having a gynecological 
carcinoma and the average concentration±SE of each LPA 
species in the plasma of patients diagnosed as not having a 
gynecological carcinoma are presented in Table IL The 
average concentrations±SE of total LPA in the plasma of 

patients with the gynecological carcinomas and the average 
concentrations±SE of total LPA in the plasma of patients 
without gynecological carcinomas are presented in Table III. 
The statistical power calculations were performed using the 
Wilcoxon Rank Sum statistical test as described by W. J. 
Ctonover in Practical Nonparametric. 0.1 ^M was used in 
calculations where LPA levels were below detection. 

TABLE 11 

Average Concentration of Individual LPA Species in the Plasma 
 of Subjects from the Example  

Diagnosis 

Healthy 

Ovarian Cardaoma 

Mean    SE      SD    Median    Min    Max 

23 LPA(P) 0J3 0.21 1.01 0.10 0.10 4.93 
LPA(S) 0.21 0.08 0.40 0.10 0.10 1.94 
LPA(0) 0.10 0.00 0.02 0.10 0.10 0.21 
LPA(L) 0.10 0.00 0.00 0.10 0.10 0.10 
LPA(A) 0.10 0.00 0.00 0.10 0.10 0.10 
LPA(D) 0.10 0.00 0.00 0.10 0.10 0.10 

19 1PA(P) 5.10 0.88 3.85 3.61 0.10 11.09 
LPA(S) SM 0.83 3.61 4.91 0.40 12.84 
LPACO) 2.43 0.61 2.t6 1.59 0.10 11.39 
LPA(L) 3.27 0.91 3.96 1.SS 0.10 13.50 
UACA) 2.32 0.«2 Z70 1.59 0.10 8.96 
1PA(D) 0.26 0.16 0.69 0.10 0.10 3.12 
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TABLE n-continued 

Average CoBcestration of ladiv dual LPA Species in the Plasma 
of Subiects fiom the Example 

Diagnosis N LPA Meaa SE SD Mediaa Min Max 

Peritoneal Qtrmoma 9 LPA(P) 4.65 1.73 5.19 3.11 0.10 14.22 
LPA(S) 4.28 1.38 4.14 3.15 0.10 11.45 
LPA(0) 2.48 1.34 4.02 0.68 0.10 12.50 
1PA(L) 3.59 1.61 4.83 2.40 0.10 14.92 
LPACA) 1.82 0.98 2.95 0.28 0.10 9.19 
IPACD) 0.35 0.25 0.75 0.10 0.10 2.34 

Endometrlal Qsrcinosm 7 1PA(P) 9.01 2.29 6.05 7.68 1.71 21.15 
LPA(S) 8.33 1.71 452 7.65 1.65 15.84 
LPA<0) 5.99 2.27 6.02 3.53 0.59 16.41 
WML) 8.11 3.16 8.37 5.27 0.10 20.98 
LPACA) 3.10 US 3.66 Z23 0.10 9.05 
1PA(D) 0.10 0.00 0.00 0.10 0.10 0.10 

Cervical Caicinooia 4 LPA(P) 8.64 3.25 6.50 9.20 0.86 15.29 
LPA(S) 7.73 2.70 5.40 8.39 1.14 12.98 
11>A(0) 4.52 1.84 3.69 486 0.10 8.27 
LPACL) 4.35 2.36 4.72 3.44 0.10 10.44 
1PA(A) 4.43 2.02 4.05 4.32 0.10 8.97 
LPA(D) 0.10 0.00 0.00 0.10 0.10 0.10 

Beaiga Gyaecological Disease 3LPA(P) 0.10 0.00 0.00 0.10 0.10 0.10 
UA(S) 0.10 0.00 0.00 0,10 0.10 0.10 
LPA(0) 0.10 0.00 0.0) 0.10 0.10 0.10 
LPA(L) 0.10 0.00 0.M 0.10 0.10 0.10 
LPACA) 0.10 0.00 0.00 0.10 0.10 0.10 
LPA(D) 0.10 0.00 0.00 0.10 0.10 0.10 

Sarcoma 4LPA(P) 0.10 0.00 0.00 0.10 0.10 0.10 
WHS) 0.60 0.50 0.99 0.10 0.10 2.08 
LPA(0) 032 0.22 0.45 0.10 0.10 0.99 
LPA(L) 0.43 0.33 0.67 0.10 0.10 1.43 
LPA(A) 0.95 0.85 1.69 0.10 0.10 3.48 
LPA(D) 0.10 0.00 om 0.10 0.10 0.10 

Bieast Cancer 11 LPA(P) 0.10 0.00 0.00 0.10 0.10 0.10 
LPA(S) 0.10 0,00 0.00 0.10 0.10 0.10 
LPA(0) 0.18 0.03 0.10 0.10 0.10 0.43 
LPA(L) 0.10 0.00 0.00 0.10 0.10 0.10 
U-ACA) 0.10 0.00 0.00 0.10 0.10 0.10 
1PA(D) 0.10 0.00 0.tB 0.10 0.10 0.10 

Leukemia 4LPA(P) 0.10 0.00 0.00 0.10 0.10 0.10 
LPA(S) 0.10 0.00 0.00 0.10 0.10 0.10 
LPA(0) 0.10 0.00 0.00 0.10 0.10 0.10 
LPA(L) 0.10 0.00 0.00 0.10 0.10 0.10 
LPA(A) 0.10 0.00 0.00 0.10 0.10 0.10 
m^D) 0.10 0.00 0.00 0.10 0.10 0.10 

LPA(P): palmitoyl - LPA 
LPA(^; steareyl - LPA 
LPA(0); oleoyl - LPA 
LPA(L): linolenyl - LPA 
LPA(A): arachidyl - LPA 
LPA(D); docosahesanyl - U>A 
B.D.: below detection 
NA.: Not available 

TABLE in TABLE Ill-continued 

Average Concentration of Total LPA fuMl in lh< Plasma of Patients 

Diagnosis N Meaa SE SD Median Min Max 

Healthy 23 0.45 0.23 1.09 0.10 0.10 4.93 
Ovarian Carciaonia 19 18.68 3.43 14.97 14.07 2.53 56.17 
Peritoneal Carcinoma 9 16.93 6.79 20.37 12.08 0.10 63.21 
Endometrial 7 33.17 7.51 19.86 29.82 3.95 63.23 
Carcinoma 
Cervial Carcinoma 4 29.58 11.83 23.67 32.57 2.00 51.19 
Benign 3 0.10 0.00 0.00 0.10 0.10 0.10 
Gynecological 
Disease 
Sarcoma 4 4.83 1.05 5.04 3,62 0.10 19 J2 
Breast Cancer 11 0.13 0.03 0.10 0.10 0.10 0,43 
Leukemia 4 0.10 0.00 0.00 0.10 0.10 0.10 

Average Concentration of Total LPA faM^ In the Plasma of Patients 

Diagnosis N   Mean    SE      SD    Median    Mia    Max 

LPA(P): palmitoyl - LPA 
LPA(^: stearoyl - LPA 
LPA(0): oleoyl - LPA 
LPApj: linolenyl - LPA 
LPA(A); arachidyl - LPA 

60 LPA(D): docosahexanyl • LPA 
B.D.: below detection 
N.A.: Not available 

As shown in Table I, detectable levels of total LPA were 
found in each of the patients with I, Stage II, Stage III or 

65 Stage IV ovarian carcinoma. Thus, every one of the patients 
diagnosed as having early stage ovarian carcinoma or late 
state ovarian carcinoma had detectable levels of LPA in her 
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plasma. No false negatives were observed ia any of the 
patients with ovarian carcinoma. The concentration of total 
LPAin subjects with Sta^ I and Stage II ovarian carcinoma 
ranged from 4.67 to 32.32 j«M. The concentration of total 
LPA in subjects with Stage III and Stage IV carcinoma 
ranged from 2.53 to 56.17 ^M. Moreover, detectable levels 
of stearoyl-LPA were found in all of the patients vrith 
ovarian carcinoma and detectable levels of the LPA species 
palmitoyl-LPA and oleoyl-LPA were found in 18 out of the 
19 patients with ovarian carcinoma. 

In contrast, 19 out of the 23 subjects who were charac- 
terized as being healthy, did not have detectable levels of 
LPAin their plasma. The remaining four healthy patients had 
low concentrations of LPA in their plasma, ranging from 
0.42 to 4.93 ^M. It is not known whether these values 
represent false positives or whether these individuals had a i* 
gynecological carcinoma that was not detected by the other 
routine procedures used to diagnose the patients. Moreover, 
the average concentration of total LPA and of each LPA 
species in the plasma of patients diagnosed as having 
ovarian carcinoma was significantly higher than the average 20 
concentration of total LPA and of each LPA-species in the 
plasma of healthy patients. These results establish that the 
present method is highly sensitive and therefore xiseful for 
identifying those patients with the gynecological carcinoma 
of ovarian carcinoma, including those patients whose ova- 25 
rian carcinomas are still in the early stages of development, 
llie results also indicate that a method which detects the 
preKnce of palmitoyl LPAor stearoyl-LPA or oleoyl-LPA or 
combinations thereof in the plasma of patients is also usefiil 
for detecting ovarian carcinomas. 30 

LPA was also detected in the plasma of every one of the 
subjects diagnosed as having cervical carcinoma and 
endometrial carcinoma, and in eight out of the nine subjects 
diagno^d as having peritoneal carcinoma. The peritoneal 
carcinoma had been totally debulked in the one patient who 35 
did not have detectable levels of LPA in her plasma. This 
result suggests that LPA is not present in the plasma of 
patients whose carcinomas are completely removed by sur- 
gery. Thus, the present method is useful for monitoring the 
recurrence of gynecological carcinomas in patients who 40 
have imdergone surgical removal of the carcinoma. The 
concentration of LPA in the plasma of the subjects with 
cervical carcinoma and endometrial carcinoma ranged from 
2.00 to 63.23/JM. 

In contrast, detectable levels of LPA were not present in 45 
15 out of the 17 patients diagnosed as having a cancer other 
than a gynecological carcinoma, i.e., breast cancer, 
leukemia, and uterine sarcoma. Moreover, detectable levels 
of LPA were not present in any of the subjects with uterine 
fibroids, a benign gynecological disease. Since plasma from 50 
three out of the four patients with gynecological sarcomas, 
which are derived from connective ti^ues, and with benign 
uterine fibroids did not have detectable levels of total LPA 
in their plasma, it fe believed that malignant epithelial <»lls 
of the respective gynecological organ may be the source of 55 
the LPA in the plasma of patients with ovarian carcinoma, 
cervical carcinoma, endometrial carcinoma, and peritoneal 
carcinoma. 

Because of its sensitivity, simplicity, and low cost, the 
pre^nt method is usefiil for screening patients for gyneco- 60 
logical carcinomas. Because the blood specimens for the 
present method and for CA125 testing can be drawn from 
a patient at the same time, CA 125 testing can abo be 
performed when patients are screened for gynecological 
carcinomas by the present methods. Alternatively, the 65 
present method can be used alone to detect gynecological 
carcinomas. 

Because the LPA is not present in the plasma of patients 
with benign gynecological diseases, the present method is 
also useM for distinguishing between gynecological dis- 
eases which are benign and gynecological diseases which 
are malignant in patients with gynecological masses. Use of 
this method to discriminate between malignant and benign 
ovarian masses should reduce the number of patients 
required to undergo the more expensive techniques such as 
transvaginal sonography or the more invasive techniques 
such as tumor biopsy or ttimor aspiration that are now used 
to diagnose ovarian tumor malignancy. 

EXAMPLE 2 
Sample Collection from Patients and Healthy Controls 

Samples were collected from 9 patients who were seen in 
the Department of Gynecology and Obstetrics at the Cleve- 
land Clinic Foundation between February 1998 and April 
1998. Whole blood specimens were obtained from 8 patients 
(median age, 65.0 yeare; range 44-72 years) with ovarian 
cancer, 1 patients with endometrial cancer (age 44 years), 
and 10 healthy controls (median age, 45.5 years, range 
28-48 years). An informed consent was obtained form all 
participants. 

All of the cancer patients had been diagnosed with cancer 
when blood samples were drawn. Clinical stage was deter- 
mined according to the International Federation of Gyne- 
cologists and Obstetricians (FIGO) criteria, and the histo- 
logical subtype was evaluated according to the WHO 
classification. (See Table IV below.) To prevent platelet 
activation and phosphoMpase activity, blood samples were 
collected in EDTA-containing tubes. Whole blood was cen- 
trifuged at 2,500 g for 15 minutes. Plasma was either 
processed immediately or stored at -80° C. before lipid 
extraction. 

TABLE IV 

The clinical data 

Healthy 
Subject # Age QsaditioBS Stage Grade Subtype CA125 

1 41 Healthy 
2 37 Healthy 
3 45 Healthy 
4 46 Healthy 
5 32 Healthy 
6 4« Healthy 
7 28 Healthy 
8 47 Healthy 
9 45 Uterine 

fibroids 
10 44 Uterine 

fibiolds 
11 55 UC 2 Endometrbid 37 
12 67 IV 3 Serous Ml 
13 64 III 3 Endometrioid 1284 
14 46 m 3 Serous 46 
IS 66 IIIC 3 Serous 1091 
16 66 tv 3 Serous 909 
17 72 III 3 Serous 11 
18 61 ni 3 Serous 447 
19 44 ni 

Subjects # 11 to 18 were patients with ovarian cancer and subject # 19 
was a patient with endometrial cancer. 

Reagents and Standards 
LPA and other lysophospholipids, except 16:0-LPI, were 

purchased from Avanti Polar Upids (Birmingham, Ala.) The 
LPI preparation (extracted from soybean and contains 62% 
16:0-LPI; cat. #L-7635, lot #46H8390;) was from Sigma (St. 
Louis, Mo.). Precoated silica gel W) TLC plates were 
obtained from EM Science (Gibbstown, N.J.). HPLC grade 
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methanol (MeOH), chloroform, ammonium hydroxide or 20V; the collision energies were 70 or 50 eV; and the 
(AmOH), hydrochloric acid (HO) were purchased from skimmer voltages were -1.0 or 2.0V, respectively. The 
Sigma (St. Louis, Mo.) or Fisher Scientific Co. (Pittsburgh, product (79) scan mode with negative ion detection was 
Pa.) used in all standard and sample analyses. Detection of LPA 

LPA-17:0 was purchased from Avanti in chloroform form. 5 and other related lyso-PLs in the "LPA band" of plasma 
Known amounts of the lipid were aliquoted in a known       samples. 
amount and the chloroform was evaporated under N^ at 40° Ion species were detected in the range of m/z 400-7000. 
C. The lipid was resuspended in methanol and 500 pmol was This range includes all major species of lysophospholipids, 
added to each sample before the lipid extraction. LPAs-16:0, but exclude di- or tri-plysphate-lPIs (>7(M, which were 
18:0 and 18:1 and LPI (18:0) were obtained from Avanti and lo absent in the "LPA band." 
standard solutions were made in methanol. To obtain stan- FIG. 1 show the representative mass spectra of lysophos- 
dard curves, different amounts (5-3(X) pmol) of standard phoUpids from patient with ovarian or peritoneal cancer 
LPAs or 18:0-IJ'I were mixed with the same amount (50 (FIG. lA) or healthy controls (FIG. IB) Tlie major ions and 
pmol) of internal standard LPA-17:0. their identities are 409 (16:0-LPA), 433-437 (18:2,18:1 and 
Preparation of Samples js 18:0-LPAs, 457,481^182, 571 (16:0-LPI), 599 (18:0-LPI) 

Blood samples were centrifuged at 2^00 g for 15 min at and 619 (20:4-LPI). Patients with either ovarian or perito- 
4° C. The plasma was transferred into siliconized eppendorf neal cancer had higher levels of both LPA and LPI as 
tubes and frozen at -80* C. or used immediately. All      compared to healthy controls. 
extraction procedures were performed in 15 ml glass dis- The identities of these ion species were achieved through 
posable centrifuge tubes (Supelco/Sigma,. St. Louis, Mo.). 20 three steps: 1) the m/z of the ion species; ii) the presence of 
For each 1 ml of blood sample, 0.2 ml of 6N HCI and 4 ml the phosphoroyl group [detected in the product (79) scan 
MeOH/Chloroform (2:1) were added. The sample was vor- mode]; and ui) MS-MS analysis of the daughter ions of these 
texed for 1 min and incubated on ice for 10 min. One ml species in negative detection mode. For 16:0-LPA, the major 
chloroform and 1.25 ml HjO were added to separate the products were the phosphoryl ^oup PO3—ion (at m/z 790), 
phases. The samples were vortexed for 0.5 min and incu- 25 PO4H2— ion (at m/z 97), glycerol phosphoryl 
bated on ice for 0.5 min. After centrifiigation (2000 g for 10 C3H5O2PO3— ion (at m/z 153), 0-glycerol phosphoryl 
min), the lower phase was transferred to a new glass tube C3Hg03P04H2— ion (at m/z 171), palmitic acid 
and the solvent was evaporated under nitrogen at 40° C. in (CieHjiOj—, at m/z 25^ (FIG. 5A). LPI (18:0) mainly 
a React-Therm (Pierce, Rockford, 111.). Tlie dried lipids were showed the PO3—, PO4H2—, glycerol phosphate 
resuspended in 501 fL solvent (MeOH: chloroform 2:1), 30 C3Hs02P03—, phosphoinositol CjHjoOgPOj—ion (at m/z 
vortexed and applied to a TLC plate. 241), and stearic acid (CiaHjjOj— at m/z 283) ions. LPS 

TTie silica gel 60 TLC plates were pre-run using the mainly showed the PO3—, PH^H^—, glycerol phosphate 
solvent system (chlorofotm:MeOH:AMOH-65:35:5.5) to C3Hg02P03—, 0-glycerol phosphoryl C3Hg02P04H2—, 
remove ojntaminants and then dried. Samples were applied oleic acid (CJ3H33O2— at m/z 281) and 18:1-LPA (loss of 
to TLC plates as a band and developed in the same solvent 35 serine; at m/z 435). Ion species at 435,437,571 and 619 also 
system. One each TLC plate, two markers; standard oleoyl-       showed expected daughter ions. 
LPA (18:1) were always applied to help in identifying the Optimal ionization conditions for simultaneously detect- 
"LPA band". Tlie lipids in the "LPA band" were eluted with ing LPAs and LPIs in blood samples were tested. While 0.5 
2 ml MeOH: chloroform (2:1) twice, dried under nitrogen at mM NH4OH did not affect the ionization eficiency of LPAs, 
40" C. and resuspended in 100 /£, of 100% MeOH. TTiis 40 it slightly reduced the ionization efficiency of LPI. Addition 
sample was directly used in ESI-MS (W fth for each of 5 mM ammonium acetate reduced the ionization effi- 
injection). ciency of LPAs to approximately 4(M, but increased the 
Validations ionization efficiency of LPI to approximately 30%. To 

ESI-MS and ESI-tandem MS (MS-MS) were performed balance the simultaneously detection efficiency for both 
to confirm the structures and identities of the ion peaks of 45 LPAs and, LPIs, we chose to use MeOH without any 
interest. The method of cpantitation were developed using      additives. 
commercially available standards, llie internal standard. We examined the levels of LPAs and LPIs in a series of 
17:0-LPA, was chosen due to the absence of ion species in plasma sample dilutions (0.1,0.2,0.4,0.5,0.6,0.8 and 1 ml) 
the m/z range of 423 in blood samples, and because 17:0- and found that the detected levels of LPAs and LPIs were 
LPA is not a naturally occurring LPA species. so linear in this range, therefore 0.5 ml of plasma samples were 
ESI-MS Conditions used in our later studies. 

The ESI-MS and tandem mass spectrometry (MS/MS) Quantitative Analysis of LPAs and LPIs in Blood Samples 
were performed on a Microma^ Quattro II Triple Quadra- To perform quantitative analysis of levels of LPA and LPI, 
pole Mass Spectrometer equipped with an ESI source we established standard curves using the ratios of different 
(Micromass Inc. Beverley, Ma».). The samples were deliv- 55 amount (5-300 pmol) of a combination of standard 14:0- 
ered into the ESI source using a LC system (HP 1100) with LPA, 16:0-LPA, 18:0-LPA, 18:1-LPA, 16:0-LPI (Sigma) and 
an injection valve (20/<Linjection loop) via a 125/an PEEK 18:0-LPI to a fixed amount (50 pmol) of the internal 
tubing. The mobile phase used for all experiments was standard 17:0-LPA (Avanti). The areas of each ion species 
MeOH:H20 (l:l;v:v) and the flow rate was SO /iL/min. were obtained from the chromatogram. To determine 

The instrument settings used are as follows: the ionspray 60 whether different LPI species have different ionization 
interface was maintained at 70° C. with a nitrt^en nebuli- efficiencies, we used the natural LPI isolated from soybean, 
zation flow of 10 L/h. The ESI drying gas (Nj) was at 250 which contains 62% 16:0-LPI as analyzed by Sigma using a 
L/h. For the product (79) or (184) scan modes with negative GC-based analysis (cat. #L-7635, lot #46H8390). All LPAs 
or positive detection, the aigon (as collision gas) was at a and LPIs displayed linear curves in the concentration range 
preffiure of 10x10^ bar or 1x10"' bar; the ionspray voltages 65 tested. The slopes of standard curves for different LPA 
were -3,500 V or 3,5(K) V; the counter electrode potentials species were different. Smprisingly, we found that the LPA 
were-500V or 500V; the sample cone potentials were-50V      with longer fatty acid side chains had higher ionization 
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efficiencies, compared with shorter ones. This is reflected by inositol in a bodily fluid from the subject; determining the 
their higher slopes. The slopes of 18:0-LPA and 18:1-LPA level of lysophosphatidyl inositol in said bodily iuid to 
were very similar, suggesting that the double bond did not provide a test value; and comparing the test value to a 
affect ionization efficiency significantly. Plotting the slopes standard value, wherein a test value above the standard value 
for 14:0-LPA, 16:0-LPAand 18:0-LPA against the length of 5   is indicative of ovarian carcinoma. 
their side chains, a linear relationship was obtained. By 2. The method of claim 1 wherein said bodily fluid is 
extending this curve, we obtained the theoretical slopes for blood. 
20:4-LPA (2.12) and 22:6-LPA (2.50). These values were 3. The method of claim 1 fiirther comprising the step of 
vxi in calculations for the total LPA levels. In addition, the determining the level of lysphosphatidic acid in said fluid to 
slope (1.73) for 18:1-LPA was used for 18:2-LPA calcula- lo provide a combined test value, wherein the combined test 
tions. A similar trend was observed in the LPI »ries. value is based on the level of lysphosphatidic acid and the 
Therefore a theoretical slope (1.21) was deduces for 20:4- level of lysophosphatidyl inositol in said bodily fluid; and 
LPI and vmd for the calculations. comparing the combined test value to a combined standard 

We applied the established method to the analysis of value, wherein a combined test value above the combined 
plasma samples from 9 patients with either ovarian (8) or IS standaixi value is indicative of ovarian carcinoma, 
endometrial cancer (1) and 8 healthy female controls and 4. A method of diagnosing ovarian carcinoma in a subject 
two women with benign gynecological disease (uterus comprising: assaying for the presence of lysophosphatidyl 
fibroids). Total plasma LPA, LPI and LPA+LPI levels from inositol in a plasma sample from the subject; determining 
these subjects are shown in FIG J The patients g-oup clearly the level of lysophosphatidyl inositol in said plasma sample 
showed higher levels of both LPA and LPI levels, and levels 20 to provide a test value; and comparing the test value to a 
of total LPA and LPI apparently separated better between standard value, wherein a test value above the standard value 
patients and control groups than either LPA or LPI alone. is indicative of ovarian carcinoma. 

Although the invention has been described with regard to 5. Hie method of claim 4 fiirther comprising the step of 
a number of preferred embodiments, wMch constitute the determining the level of lysophophatidic acid in said plasma 
best mode presently known to the inventors for carrying out 25 sample to provide a combined test value, wherein the 
this invention, it should be understood that various changes combined test value fc based on the level of lysophospha- 
and modifications as would be obvious to one having the tidic acid and the level of lysophposphatidyl inosoitol is said 
ordinary skill in this art may be made without departing from plasma sample; and comparing the combined test value to a 
the scope of the invention which is defined by the claims combined standard value, wherein a combined test value 
which are appended hereto. 30 above the combined standard value is indicative of ovarian 

What is claimed: carcinoma. 
1. A method of diagnosing ovarian carcinoma in a subject 

comprising: assaying for the presence of lysophosphatidyl »    *    ♦    *    » 


