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ABSTRACT

Thromboxane B..(T\B.) is the stable nonenzymatic hydrolysis product
of thromboxane A,, a substance implicated in the initiation of the facili-
lame role of thrombocytes in the metastatic process. I \B, was isolated
from protein-free culture medium of cell lines Calu-3, Calu-6, A549, and
A549/ASC-1,derived from human lung adenocarcinomas. 1\B.. and other
20-carbon fatty acid cyclooxygenase products synthesized from exoge
nous and endogenous arachidonic acid were identified by their character
istic retention indices and fragmentation of electron-capture derivatives
of unlabeled and deuterium-labeled products during combined capillary
gas chromatography-mass spectrometry. I \B; comprised 2 to 6% of 20-
carbon fatty acid cyclooxygenase products biosynthesized from endoge
nous arachidonic acid in calcium ionophore A23187-stimulated Calu-6
and A549/ASC-1 cells and 16 to 25% of these products in Calu-3 and
A549 cells. The addition of 10 * M exogenous arachidonic acid to the

cultured cells resulted in a 2- to 3-fold increase in TxB, and bisenoic
prostanoid production with no significant alterations in the proportion of
I vB; production. Prostaglandin K. and prostaglandin I-';.,,two prostanoids

that can be formed either enzymatically or nonenzymatically from pros
taglandin II.., accounted for >75% of isolatable 20-carbon fatty acid
cyclooxygenase products synthesized from endogenous and exogenous
arachidonic acid.

INTRODUCTION

Fatty acid cyclooxygenase catalyzed transformation of ara
chidonic acid to PGH23 and subsequent isomerization to PGE2

has been described for human lung carcinomas in vivo (1), lung
carcinoma tissue in vitro (2), and established cell lines derived
from human lung carcinomas in vitro (3-5). The role of PGE2
and other prostanoids in tumor metastasis, particularly in re
lation to the interaction of tumor cells and host platelets, has
been the subject of intensive investigation (6-14). It has been
postulated that host platelets facilitate tumor metastasis by
increasing tumor cell adhesiveness to other tumor cells, throm
bocytes, and endothelial cells, as well as the basal lamina and,
in turn, provide a milieu highly favorable for tumor cell growth
and proliferation. In this report, we present evidence for the
biosynthesis of TxA2, the predominant 20-carbon fatty acid
cyclooxygenase product synthesized from arachidonic acid by
activated thrombocytes ( 15-17), in established cell lines derived
from human lung adenocarcinomas.

MATERIALS AND METHODS

Cell Culture. Established cell lines derived from lung tumor tissue
explants, A549 (18, 19), and from pleural effusion, Calu-3 and Calu-6
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(19-21), were obtained from American Type Culture Collection (Rock-
ville, MD). A fourth cell line designated A549/Asc-l was derived
following in vivo propagation of A549 as an ascites tumor and was
obtained from the Central Repository, National Cancer Institute, Fred
erick Cancer Research Facility (Frederick, MD). Adherent monolayers
of each cell line were expanded in a standard culture medium consisting
of RPMI 1640 (Quality Biologicals, Inc., Gaithersburg, MD) supple
mented with 2 mM L-glutamine (NCI-Frederick Cancer Research Fa
cility Central Medium Laboratory) and 10% (v/v) heat-inactivated fetal
bovine serum. Cryopreserved aliquots of master cell stocks and seed
cell stocks were prepared for each cell line within 5 to 10 passages of
their respective acquisition passages and were maintained in liquid
nitrogen vapor phase (NCI-Frederick Cancer Research Facility, Central
Repository). Following thaw of the seed stocks, the cells were cultivated
initially in IS ml of standard culture medium per 75-cnr T-flask at
37Â°Cin a water-saturated 5% CU2/95% air atmosphere for two pas

sages. Cell monolayers approaching 75% confluency were harvested
with trypsin/EDTA (NCI-Frederick Cancer Research Facility, Central
Medium Laboratory). Cell lines were subcultured for experimentation
in replicate 25-cm2 T-flasks (5 ml standard culture medium) for a

maximum of five passages. The flasks were seeded with single cell
suspensions such that surface area coverage was 60 to 80% within 3 to
5 days.

Experimental Conditions. Following removal of the culture medium
by aspiration, the adherent cell monolayers were washed twice with 5
ml of Hanks' balanced salt solution containing ( V ' and Mg2*. The
cell monolayers were then covered with 2 ml HBSS+. After removal of
aliquots (either 40 or 200 n\) of the 11BSS' for prostaglandin analysis,

the cells were subjected to either of two experimental conditions.
Prostaglandin and thromboxane biosynthesis from exogenous arachi
donic acid was determined in cells treated with S x 10 " M calcium
ionophore A23187 and 10 " M [:H8]arachidonic acid (octadeuterated)

as exogenous precursor. Determinations of prostaglandin and throm
boxane biosynthesis from endogenous arachidonic acid were performed
in cells stimulated with 5 x 10~6 M calcium ionophore A23187. For

determination of the effect of exogenous arachidonic acid upon throm
boxane and prostaglandin biosynthesis in A23187-stimulated cells, the
fatty acid was added at a concentration of Kl" M. Following treatment,

the flasks containing the cell monolayers were replaced in the water-
saturated 5% CO2/95% air atmosphere at 37Â°Cfor 15 min. Duplicate

aliquots (either 40 or 200 ><I) of the culture medium were then removed
for the identification and quantitation of TxB2, the stable nonenzymatic
hydrolysis product of TXA... and bisenoic prostaglandins synthesized
during each of six separate experiments.

Following experimentation, cell monolayers of A549, A549/Asc-l,
Calu-3, and Calu-6 cells were washed twice with 5 ml Hanks' balanced
salt solution free of Ca2* and Mg2*, and harvested with trypsin/EDTA.

Total and viable cells harvested from each flask were determined by
hemocytometer counts of aliquots of the cell suspensions in the presence
of 0.4% trvpan blue. The number of cells harvested from each 25-cm2
T-flask ranged from 1.5 to 3.2 x 10' with viability exceeding 95%.

Washed Human Platelets. Twenty ml of human platelet-rich plasma
(Red Cross Blood Bank; expired cells) was centrifuged at 1200 x g for
10 min at room temperature, and the plasma was removed by aspiration.
The platelets were washed twice by repeated centrifugation and resus-
pension in 20 ml of physiological buffer comprised of equal volumes of
IIBSS and20mM4-(2-hydroxyethyl)-l-piperazineethanesulfonicacid.
The washed platelets were then resuspended in the buffer solution,
divided into two equal volumes, and placed in silanized 20-ml glass
liquid scintillation vials. The transformation of exogenous arachidonic
acid to T\B; and other 20-carbon fatty acid cyclooxygenase products
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was determined with the use of a HÂ«analogue of arachidonic acid as
an exogenous substrate in calcium ionophore A231 XT-stimulated
thrombocytes. After treatment, the platelet suspensions were incubated
at 37*C with constant shaking for 15 min. Duplicate aliquots (40-100
fj.\)from each vial were added to 1.0 ml acetone contained in a 1.5-ml
silanized glass vial in which either 3.0 ng of 3,3,4,4-tetradeutero Hj
analogue of PGE2 or 2.5 ng of [2H4]PGF2awere dissolved. Each of the
samples was prepared for capillary gas chromatography-mass spectro-

metric analyses as described (22).
Prostaglandin Analysis. Subsequent to the synthesis of electron-

capture derivatives of the prostanoids and internal standards in each of
the aliquots (22), capillary gas chromatography-mass spectrometric
analysis of derivati/ed products was performed with a Finnigan MAT
4610 B gas chromatograph-mass spectrometer (San Jose, CA) equipped
with a SUPERINCOS data system. All tuning parameters and opera
tional procedures for the analysis of the derivatized prostanoids are
contained in an earlier report (22). A multideuterated analogue of
arachidonic acid comprised principally of a HÂ»species with :11 label

at the 5, 6, 8, 9, 11, 12, 14, and 15 carbon atoms and an isotopie
distribution of 2H as follows: 2H5, 1%; 2H6, 4%; 2H7, 22%; 2Hâ€ž65%;
2H9, 6%; and 2H)0, 2%, was synthesized via catalytic deuteration of
5,8,11,14-eicusatc traynoie acid as described (23, 24). 5,8,11,14-Eicos-
atetraynoic acid was a generous gift of Dr. James Hamilton (Hoffman-
La Roche Inc., Nutley, NJ). Unlabeled 9a,ll/3-PGF2 was procured
from Biomol Research Laboratories (Philadelphia, PA). The calcium
ionophore A23187 was purchased from Sigma Chemical Co. (St. Louis,
MO). The commercial sources for other prostaglandin standards (un-
labeled and stable isotope-labeled), derivatization reagents and solvents
are presented in an earlier publication (22).

RESULTS

Identification of TxB2 from Exogenous Arachidonic Acid. The
identity of TxB2 and other 20-carbon fatty acid cyclooxygenase
products synthesized from exogenous [2H8]arachidonic acid in
A549, A549/ASC-1, Calu-3, and Calu-6 cells was established
upon the basis of the retention times (indices) during vapor
phase analysis, and the characteristic fragmentation of electron-
capture derivatives of the individual analytes during negative
ion chemical ionization mass spectrometry (22, 25). Evidence
for the presence of a 2H8 analogue of TxB2 isolatable from
culture medium of Calu-3 cells is presented in Fig. 1. The data
depicted are signals elicited by derivatized analytes generating
negatively charged fragment ions subsequent to elution from
the capillary gas Chromatograph. The signal at m/z 528 origi
nates from [2H4]PGE2 added as an internal standard for deter

mination of the retention indices of the analytes eliciting signals

-n.-ruc"1.. . A
m/z 528

~ Z.8-1

f j
I V/-Â£t

TxB,

A m/z 614

*H8-TxB2

A m/z 622

I I I ' I I
17:15 17:30 17:45 18:00 18:15

Time (minrsec)

Fig. 1. Capillary gas chromatography-mass spectrometry of a derivatized
aliquot (200 M!)of culture medium from Calu-3 cells treated with Sx HI " M
calcium ionophore A23187 in the presence of 10~' M [2H8]arachidonic acid. Three
ng of 2H4-PGE2 were added as an internal standard. The signal at each m/z 528,

614, and 622 is expressed as percentage of the most intense signal on the ordinate.
The abscissa depicts the retention time in min. Refer to text for additional details.

at m/z 614 and m/z 622. The signal at m/z 614 results from
TxB2 synthesized from endogenous arachidonic acid in Calu-3
cells and is coincidental in retention time and peak shape with
chemically synthesized TxB2 standard and with TxB2 isolated
from human platelets. The signal at m/z 622 is coincidental in
retention time and peak shape of [2H8]TxB2 isolated from

calcium ionophore A23187-stimulated human platelets. The

slight differences in the retention times of unlabeled TxB2
(signal at m/z 614) and octadeuterated analogue (signal at m/z
622) during vapor phase analysis is characteristic.

Comparisons of the isotopie distribution of 2H in [2H8]TxB2

isolated from human platelets and in the analyte isolated from
Calu-3 cells-generating signal at m/z 622 (Fig. 1) are depicted
in Table 1. These data show that the distribution of stable
isotope label in the analyte from Calu-3 cells is similar to that
of [2H8]TxB2 synthesized in platelets and to that of the [2H8]-

arachidonic acid used as an exogenous substrate. These data
depicted in Fig. 1 and summarized in Table 1 indicate that
TxB2 is selectively synthesized in Calu-3 cells. Using an analyt
ical approach identical to that described above, de novo biosyn
thesis of TxB2 from exogenous arachidonic acid was demon
strated in Calu-6, A549, and A549/Asc-l cells.

The identity of other 20-carbon fatty acid cyclooxygenase
products synthesized from exogenous arachidonic acid in Calu-
3, Calu-6, A549, and A549/Asc-l cells was established by using
analytical criteria completely analogous to those described
above. PGE2 and PGF2l) were isolatable from the culture me
dium of Calu-3, Calu-6, A549, and A549/Asc-l cells. PGD2
was detectable in culture medium from Calu-3 and Calu-6 cells.
9Â«,ll/3-PGF2 and 6KPGF,a were present in detectable quan
tities in culture medium from Calu-3 cells only.

TxB, Biosynthesis from Endogenous Arachidonic Acid. Evi
dence for the biosynthesis of TxB2 from endogenous arachi
donic acid in calcium ionophore A23187-stimulated Calu-3,
Calu-6, A549, and A549/Asc-l cells is shown in Table 2. The

profile of thromboxane and bisenoic prostaglandins synthesized
from endogenous fatty acid precursor was qualitatively similar
to that from exogenous arachidonate. The proportion of total
prostanoid biosynthesis comprised of TxB2 consistently ranged
from 2 to 6% in Calu-6 and A549/Asc-l cells and from 16 to
25% in Calu-3 and A549 cells. PGE2 and PGF2â€žcomprised

more than 75% of total bisenoic prostanoid production from
endogenous arachidonic acid.

Effect of Exogenous Arachidonic Acid upon TxB2 Biosyn
thesis. The effect of 10~5 M exogenous arachidonic acid upon

thromboxane and prostaglandin biosynthesis in Calu-3, Calu-
6, A549, and A549/Asc-l cells is summarized in Table 3. There
is a 2-fold increase in TxB.-. production subsequent to the
addition of 10~5M fatty acid precursor. Similar increases (2- to

3-fold) in the biosynthesis of other prostanoids was observed.
The effects of higher concentrations of exogenous arachidonic
acid upon TxB2 and bisenoic prostaglandin production were
not undertaken. Previous studies have shown that higher con
centrations of exogenous fatty acid precursor results in the
formation of products with gas Chromatographie properties and

Table 1 Isotopie distribution of2H atoms in deuterated analyte isolated from
platelets and Calu-3 cells

Isotopie abundance(%)"CellsCalu-3

Platelets2H52 32H.5 32H,24 242H.63 652H,6 5
'II abundancy at M-18I fragment ions (rounded to nearest percentage).
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Table 2 Profiles of thromboxane and prostaglandin biosynthesis from endogenous arachidonic acid'' ''

Prostanoid

CelllineCalu-3

Calu-6
A549
A549/ASC-1TxBi17.7

Â±6.1
0.9 Â±0.3

18.1 * 3.9
1.5 Â±0.4PGEj28.3

Â±7.1
18.7 Â±6.3
41.1 Â±6.1
36.7 Â±8.4PGFj.50.6

Â±6.7
2.0 Â±0.7

14.4 Â±4.3
6.2 Â±3.69a,ll/3-PGF21.1

Â±0.3
NDC

ND
NDPGD,0.5

Â±0.2
0.3 Â±0.1

ND
ND6KPGF101.8

Â±0.6
ND
ND

ND*
Mean Â±SD; Â»= 6.

'pmol/10* cells.
' ND, not detectable.

Table 3 Effect of 10~* M exogenous arachidonic acid upon thromboxane and prostaglandin biosynthesis"' *

Prostanoid

CelllineCalu-3

Calu-6
A549
A549/ASC-1TxBj36.1

Â±11.62.1
Â±0.7

38.8 Â±11.7
3.7 Â±0.6PGEj61.3

Â±14.1
41.4 Â±8.9
88.6 Â±14.9
72.4 Â±16.7PGFj.138.4Â±

16.7
5.1 Â±1.4

36.8 Â±12.4
18.3 Â±6.79a,ll/5-PGFj3.3

Â±0.8
NDC

ND
NDPGD21.3

Â±0.4
0.6 Â±0.2

ND
ND6KPGF,.2.7

Â±1.1
ND
ND

ND'
Mean Â±SD; n = 6.

* pmol/106 cells.
' ND, not detectable.

mass spectral fragmentation patterns of compounds isomerÃ¬e
with PGE2, PGF2â€ž,and PGD2 (data not shown).

DISCUSSION

The availability of established human tumor cell lines greatly
facilitates the investigation of arachidonic acid metabolism in
cancer cells. In addition to providing tumor cells free of non-
tumor cells which could obscure the characteristic profile of
prostanoid biosynthesis, cultured cells allow the use of simpli
fied experimental systems that facilitate product identification
and quantitation. Our findings represent the initial documen
tation that cell lines derived from certain human lung carcino
mas selectively synthesize T\ A, a fatty acid cyclooxygenase
product of arachidonic acid with potent proaggregatory activity
in platelets (15-17). The unlabeled and 'Hâ€ž-lubeled products

eliciting signal at m/z 614 and in/: 622, respectively (depicted
in Fig. 1), have identical retention indices and peak shapes
during vapor phase analysis to products of arachidonic acid
isolated from stimulated human platelets, a tissue rich in throm
boxane synthesis. The similarities in the distribution of II in
stable isotope-labeled analytes isolated from Calu-3, Calu-6,
A549, and A549/Asc-l cells and from platelets (Table 1) is
further evidence for thromboxane production from arachidonic
acid in human lung carcinoma cells. I \B:. the stable nonenzy-
matic hydrolysis product of TxA2, was synthesized in detectable
quantities from endogenous arachidonic acid in Calu-3, Calu-
6, A549, and A549/Asc-l cells (Table 2). TxB2 comprised 2-
6% of 20-carbon fatty acid cyclooxygenase products in Calu-6
and A549/ASC-1 cells and 16-25% of these products in Calu-3
and A549 cells.

The addition of exogenous arachidonic acid (10~5 M) results

in a 2- to 3-fold increase in TxB2 and bisenoic prostanoid
biosynthesis in Calu-3, Calu-6, A549, and A549/Asc-l cells
(Table 3). The proportion of TxB2 to bisenoic prostanoid pro
duction in Calu-6 and A549/Asc-l cells remains in the same
range as that synthesized from endogenous fatty acid precursor
(3-6%). TxB2 production represents 12-24% of bisenoic pros
tanoid biosynthesis in Calu-3 and A549 cells treated with 10~5

M exogenous arachidonic acid. This proportion of TxB2 pro
duction in relation to other bisenoic prostanoids released is
similar to that from endogenous fatty acid precursor.

The quantities of TxB2 isolatable from culture medium of
Calu-3, Calu-6, and A549/Asc-l cells are less than those of

PGE2 and PGF2a (Tables 2 and 3). TxB2 production is compar
able to that of PGF2â€žin A549 cells. PGE2 and PGF2â€žmay be
formed from PGH2, the common cyclic endoperoxide precursor
of TxA2 and other bisenoic prostaglandins, either enzymatically
or nonenzymatically (16, 17, 26). Conversely, TxA2 biosyn
thesis from PGH2 occurs only as a result of enzymatic catalysis.
The presence of PGE2 and PGF2â€žin the culture medium from
Calu-3, Calu-6, A549, and A549/Asc-l cells may result sub
stantially from nonenzymatic hydrolysis of PGH2. Thus, throm
boxane biosynthesis may represent significantly greater propor
tions of enzymatically synthesized products than the quantities
of individual products depicted in Table 2.

Metastasis is a complex multistep process by which tumor
cells from the primary lesion establish tumors distant to the
primary site. The establishment of secondary lesions usually
leads to the eventual death of the host. Key steps in the
metastatic process include those by which tumor cells from the
primary lesion enter and exit the circulatory system while
evading host defenses. A facilitative role of platelets in tumor
metastasis was first demonstrated by Gasic et al. (6), and served,
in part, as the rationale for the use of compounds with antiag-
gregatory activity in thrombocytes as antimetastatic agents in
the clinical management of malignant disease (27-34). A criti
cal objective in the use of antiaggregatory agents as antimeta
static agents is modulation of one or more processes that result
in thrombocyte activation and subsequent interaction with tu
mor cells. Our findings suggest a biochemical basis by which
certain types of human tumors, through secretion of TxA2,
might increase their own adhesiveness to normal host vascular
endothelium, thrombocytes, and/or parenchyma! tissues, and
thereby promote metastatic dissemination of tumor. Although
the quantities of TxA2 released by Calu-3, Calu-6, A549, and
A549/ASC-1 cells are only a fraction ofthat released by platelets
(35, 36), the localized secretion of TxA2 by tumor cells could
conceivably initiate the facilitative role of thrombocytes in the
metastatic process.

In summary, our studies suggest that thromboxane biosyn
thesis may be a characteristic feature of certain human lung
carcinoma cells. The possibility that the capacity of tumor cells
to locally secrete TxA2, potentially leading to a facilitative role
of thrombocytes in the tumor metastatic process, warrants
further investigation. Finally, it should be emphasized that the
present studies focused upon only a relatively small, selected
group of human tumor cell lines. Further study of a broader
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sampling of human lung cancer lines, as well as human non-
pulmonary tumor lines, will be required to ascertain the extent
to which the present results may be generalized.
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