Proc. Natl. Acad. Sci. USA
Vol. 89, pp. 4830-4834, June 1992
Cell Biology

Specific growth stimulation by linoleic acid in hepatoma cell lines
transfected with the target protein of a liver carcinogen
(liver fatty acid binding protein/fatty acids/eicosanoids/2-acetylaminofluorene)

TiBOR KELER, CHRISTOPHER S. BARKER, AND SAM SOROF*
Institute for Cancer Research, Fox Chase Cancer Center, Philadelphia, PA 19111

Communicated by Sidney Weinhouse, February 28, 1992

ABSTRACT The hepatic carcinogen N-2-fluorenylaceta-
mide (2-acetylaminofluorene) was shown previously to interact
specifically with its target protein, liver fatty acid binding
protein (L-FABP), early during hepatocarcinogenesis in rats.
In search of the significance of the interaction, rat L-FABP
cDNA in the sense and antisense orientations was transfected
into a subline of the rat hepatoma HTC cell line that did not
express L-FABP. After the transfections, the basal doubling
times of the cells were not significantly different. However, at
10~5-10~7 M, linoleic acid, which is an essential fatty acid, a
ligand of L-FABP, and the precursor of many eicosanoids and
related lipids, stimulated the incorporation of [*H]thymidine in
three randomly isolated and stably transfected cell clones that
expressed L-FABP, but virtually did not stimulate the incor-
poration of [*H]thymidine in three L-FABP-nonexpressing
clones transfected with the antisense DNA. Linoleic acid at 10~¢
M increased cell number almost 3-fold (38% vs. 14%; P <
0.0001) and thymidine incorporation nearly 5-fold (23.2% vs.
4.9%; P < 0.001) in the L-FABP-expressing cells compared to
that in the transfected nonexpressing cells. L-FABP acted
specifically and cooperatively with linoleic acid, inasmuch as all
the proteins other than L-FABP in the transfected L-FABP
nonexpressing cells and four other fatty acids (y-linolenic acid,
dihomo-7y-linolenic acid, arachidonic acid, and palmitoleic
acid) were unable to effect a significant elevation or difference
in the level of DNA synthesis that was attributable to the
transfection. Metabolism of the linoleic acid to oxygenated
derivatives was apparently necessary, since the cyclooxygenase
inhibitor indomethacin partly inhibited and the antioxidant
lipoxygenase inhibitors nordihydroguaiaretic acid and a-to-
copherol completely abolished the growth stimulation. The
evidence supports the idea that L-FABP, the target protein of
the liver carcinogen, acts specifically in concert with oxygen-
ated metabolites of linoleic acid to modulate the growth of

hepatocytes.

The target protein of the liver carcinogen N-2-fluorenyla-
cetamide (2-acetylaminofluorene; FAA) has previously been
implicated in the modulation of hepatocyte growth. Metab-
olites of FAA react principally (i.e., specifically) with a
cytosolic protein in rat liver early during hepatocarcinogen-
esis (1-3), less in the later stages (1, 2), and virtually not at
all in the subsequent primary and transplanted hepatomas (2,
4). The target protein was isolated (3), and the level of its
immunohistochemical stain was found to be markedly in-
creased in the cytoplasm of normal hepatocytes during mi-
tosis and throughout the cell cycle in hyperplastic nodules
and hepatocarcinomas produced by the carcinogen (5-7).
The protein was identified as liver fatty acid binding protein
(L-FABP) (8), formerly termed Z protein, which is conven-
tionally considered to be an intracellular carrier of fatty acids
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(9-12). By using hybrid reporter DNA constructs in trans-
genic mice, the activity of the L-FABP promoter was then
shown to be elevated during mitosis in hepatocytes of normal
livers (13). L-FABP of mouse liver was also identified as a
target of selenium compounds (14), which reversibly block
cell multiplication in cultures and inhibit carcinogenesis in
animals, and whose levels correlate inversely with cancer
mortality rates in humans (reviewed in refs. 15 and 16).
Further, L-FABP is thought to participate in the biosynthesis
of phospholipids through regulation of the transport of
lysophosphatidic acid from mitochondria to endoplasmic
reticulum for conversion to phosphatidic acid (17, 18, 48).
Moreover, when applied extracellularly, the two phospho-
lipids are highly mitogenic (cited in ref. 19). Evidence
strongly suggests that phosphatidic acid is a second messen-
ger and that the mitogenic effect of phosphatidic acid is
mediated by activated ras protein (reviewed in ref. 47).
Likewise, L-FABP appears to be involved in the efflux of
heme from mitochondria in the formation of cytochromes
P450 and bs (20, 21) and also in the intracellular translocation
of retinyl palmitate, the most abundant retinoid in liver (22).
In addition, L-FABP binds in vitro both growth stimulatory
and growth inhibitory eicosanoids specifically and with =~10-
fold greater affinities than fatty acids (23, 24). Last, L-FABP
belongs to a protein family (25) in which several members
have been associated with suppression of cell multiplication
(cited in ref. 24).

More direct evidence that L-FABP may play a role in the
modulation of hepatocyte growth is presented here. It was
reasoned that introduction of encoded rat L-FABP into rat
hepatoma cells that do not endogenously express that protein
might reveal hepatocyte-dependent roles of L-FABP. We
therefore transfected rat L-FABP cDNA into a rat hepatoma
cell line that does not express L-FABP. Linoleic acid stim-
ulated the growth and DNA synthesis of the cell clones that
expressed L-FABP but had virtually no effect on the non-
expressing cell clones transfected with the antisense-oriented
DNA. The stimulations were specific for linoleic acid and
appeared to require metabolic oxygenation of the fatty acid.
Linoleic acid is an essential fatty acid, a ligand of L-FABP
(9-12), and the precursor of many biologically active ei-
cosanoids and related lipids (see Discussion). The findings
imply that L-FABP, the target of the carcinogen, acting
specifically in concert with linoleic acid, may modulate the
growth of hepatocytes.

MATERIALS AND METHODS

Reagents. Fatty acids from Biomol Research Laboratories
(Plymouth Meeting, PA) and Nu-Check-Prep (Elysian, MN)
were stored in ethanol under argon at —75°C for up to 3 weeks.

Abbreviations: L-FABP, liver fatty acid binding protein (Z protein);

FAA, N-2-fluorenylacetamide (2-acetylaminofluorene); NDGA, nor-

dihydroguaiaretic acid.

*To whom reprint requests should be addressed at: Institute for
Cancer Research, Fox Chase Cancer Center, 7701 Burholme Av-
enue, Philadelphia, PA 19111.
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Indomethacin, nordihydroguaiaretic acid (NDGA), geneticin
(antibiotic G-418), controlled process serum replacement type
1, and a-tocopherol were from Sigma; [methyl-*Hlthymidine
(6.7 Ci/mmol; 1 Ci = 37 GBq) was from NEN; and RPMI 1640
and calf serum were from GIBCO.

Cell Cultures. The parental cell subline HTC-R3T,, donated
by Gary M. Williams, arose from the HTC cell line (26),
which was derived from the Morris rat differentiated hepa-
toma 7288c. HTC-R;T, cells and their transfected clones
were routinely maintained in RPMI 1640, 10% calf serum,
sodium bicarbonate (2 g/liter), penicillin (50 units/ml), strep-
tomycin sulfate (50 ug/ml), and kanamycin sulfate (100
pg/ml) at 37°C in a humidified atmosphere of 5% CO,. All
cells were mycoplasma free.

L-FABP Expression Vector. Rat L-FABP cDNA was gen-
erated by PCR using rat liver RNA and synthetic terminal
oligodeoxynucleotide primers derived from the sequence of
L-FABP mRNA (27). The prepared 403-base-pair cDNA was
inserted at the BamHI site of plasmid Bluescript SK (Strat-
agene), sequenced, and subcloned as a 450-base-pair frag-
ment in both orientations at the Xba I and HindIII sites of the
expression vector pRc/RSVneo (Invitrogen, San Diego). The
resultant plasmid vectors, pRSV-Z-S and pRSV-Z-A, con-
tained the L-FABP coding sequence in the sense and an-
tisense orientations, respectively, under the promoter con-
trol of the Rous sarcoma virus long terminal repeat.

Transfection of Cells. Subconfluent cultures of HTC-R;T,
hepatoma cells in 60-mm dishes containing Dulbecco’s mod-
ified Eagle’s medium and 10% calf serum were treated
overnight with the calcium phosphate precipitates of 10 ug of
plasmid vector DNA containing the L-FABP inserts, and
after 48 hr the cultures were exposed to the antibiotic
geneticin (active concentration of 400 ug/ml) for 14 days.
Cell clones were isolated from the resultant geneticin-
resistant mass cultures at limiting dilution. Three clones
(HTC-Z-S7, -S9, and -S12) were randomly chosen that ex-
pressed L-FABP following transfection with the coding se-
quence in the sense orientation. Likewise, three clones
(HTC-Z-Al, -A2, and -A4) contained the insert in the an-
tisense orientation. The clones are hereafter referred to as S7,
S9, S12, Al, A2, and A4. Back-up stores of the parent
HTC-R;T; cell line, the transfected cell clones, and Esche-
richia coli carrying the plasmid vectors have been deposited
in the Cell Culture Facility of this Institute.

Southern and Northern Analyses. For Southern assays,
genomic DNAs were completely digested with the restriction
endonuclease HindlIl, resolved in a 0.9% agarose gel, trans-
ferred to nitrocellulose paper (0.1 um; Schleicher & Schuell),
probed with a 32P-labeled 403-base-pair cDNA of L-FABP,
and processed under high stringency (28). DNA sizes were
based on HindIII fragments of A bacteriophage DNA. For
Northern analyses (28), total RNAs were extracted from the
cultured cells by the acid/phenol method (29) and electro-
phoresed in 1.5% agarose/0.66 M formaldehyde gels. Blots
were processed as for Southern analyses, except that the
hybridizations were at 45°C.

Cell Cytosols, Western Blots, and Quantification of L-FABP.
L-FABP from cultured cells and liver cytosols was detected in
Western blots (3, 8). Cultured cells (5 X 107) were homogenized
in a glass/Teflon Potter—Elvehjem apparatus (size 0; Thomas)
in 2 ml of 0.25 M sucrose solution containing 1 mM phenyl-
methylsulfonyl fluoride and 200 kallikrein inactivator units of
aprotinin (Mobay Chemical). The resultant suspensions were
centrifuged at 100,000 X g for 2 hr. The concentrations of the
supernatant proteins were assayed (Bio-Rad); the proteins were
electrophoresed through an SDS/15% polyacrylamide gel and
electrotransferred to nitrocellulose paper; and the blot was
probed with rabbit antiserum against purified rat L-FABP (3, 6,
23). Immunoreactive L-FABP was detected autoradiographi-
cally after incubation with >°I-labeled protein A, scanned with

Proc. Natl. Acad. Sci. USA 89 (1992) 4831

a radioanalytic imaging system (Ambis Systems, San Diego),
and quantified by comparisons with purified L-FABP in adja-
cent electrophoretic lanes.

Measurements of DNA Synthesis and Cell Growth (Standard
Conditions). Cells (1 X 10*) were seeded in 1 ml of the supple-
mented RPMI 1640 medium (as described above) and 10% calf
serum in 24-well plates (Corning). After incubation overnight,
all cells were provided fresh medium and 1% calf serum in the
presence or absence of test additives [e.g., fatty acids in <0.1%
ethanol (final)]. After 24 hr the medium and test additives were
renewed by replacement. For measurements of thymidine in-
corporation in quadruplicate cultures (below half-confluency),
1 uCi of [*H]thymidine in 20 ul of phosphate-buffered saline was
added at 45 hr, and the amount of trichloroacetic acid-insoluble
[*Hlthymidine was assayed at 48 hr. For measurements of cell
growth, triplicate cultures were treated as above, except that
the medium and additives were renewed by replacement at 24
hr and 48 hr. Cells were harvested by trypsinization at 72 hr and
counted in a Coulter Counter.

Basal doubling times were determined from five daily
Coulter cell countings of triplicate cultures growing expo-
nentially in Dulbecco’s modified Eagle’s medium and 2%
bovine reduced-lipid serum (controlled process serum re-
placement type 1) without added fatty acids.

Statistical significance was determined by the two-tailed
Student 7 test.

RESULTS

Cell Characteristics. The L-FABP gene was present in the
rat hepatoma cell line HTC-R;T, but was not expressed.
L-FABP mRNA was not detected in Northern blot assays or
after PCR amplification of L-FABP mRNA followed by
Southern blotting (data not shown); L-FABP itself was not
evident (Fig. 1). Because of the absence of L-FABP expres-
sion, the hepatoma cell line was chosen for homologous
transfections with the coding sequence of rat L-FABP cDNA
in the sense or antisense orientation. Stable cell clones
resistant to geneticin were isolated and expanded. Southern
blot analyses detected the transfected integrated DNA in all
cell clones and confirmed that the individual cell clones were
not identical (data not shown).

Three transfected sense clones, chosen at random from
among those that expressed L-FABP (below), contained
L-FABP mRNA (=0.6 kilobases). In contrast, three trans-
fected and randomly selected L-FABP nonexpressing cell
clones had no detectable RNA that hybridized with the
L-FABP DNA probe (data not shown). Presumably, the
RNA in the latter cells was too unstable to allow detection.

Only the three sense clones had detectable L-FABP. In
Western blot analyses, the cells contained one-fifth to one-
tenth of the L-FABP present in liver cytosol from normal
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FiG. 1. Autoradiogram of a Western blot of L-FABP expression
in transfected hepatoma cell lines. Rat liver cytosol (2 ug), cytosol
of the parental HTC-R;T, hepatoma cell line and its transfected
clones (40 ug each), and purified L-FABP (5, 20, and 60 ng) were
electrophoresed in an SDS/polyacrylamide gel, and the blot was
probed with rabbit L-FABP antiserum and then 3!I-labeled protein
A (see Materials and Methods). The L-FABP from the sense clones
S7, 89, and S12 comprised 0.10%, 0.15%, and 0.22% (wt/wt) of the
cytosolic proteins, respectively. L-FABP was not detected in the
antisense transfected cells (clones Al, A2, and A4).
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male rats, as referenced to the purified protein (3, 6, 23) and
normalized to total cytosolic proteins on a weight basis (Fig.
1). These levels remained virtually unchanged during 25
passages in culture. .

Expression of L-FABP did not alter the basal doubling
times of the transfected cells. During exponential growth, the
expressing and nonexpressing cells doubled in number after
21-26 hr in medium without supplemented fatty acid (see
Materials and Methods).

Stimulation of Cell Growth by Linoleic Acid. Two distinc-
tions and types of comparisons are generally made in this
report: (i) the relative effects of the presence vs. absence of
fatty acid or other additive and, more importantly, (ii) these
relative effects in L-FABP expressing vs. nonexpressing
transfected cells. The first describes the actions of the
additives; the second describes the roles of L-FABP.

Linoleic acid stimulated the growth of the L-FABP-
expressing cells significantly more than that of the nonex-
pressing cells. Importantly, the three L-FABP-expressing
clones increased in cell number almost 3-fold more than did
the nonexpressing clones over 72 hr in 10 M linoleic acid
(37.8% * 3.3% vs. 14.0% * 2.4%; see Table 1). This
difference brought about by L-FABP expression was highly
significant at P < 0.0001.

Stimulation of DNA Synthesis by Linoleic Acid. L-FABP
expression also resulted in elevated DN A synthesis in medium
supplemented with linoleic acid in the standard assay (Fig. 2).
In L-FABP-expressing cells, *H]thymidine incorporation was
significantly stimulated in medium containing 10~7-10~5 M
linoleic acid, relative to the incorporation in the same medium
without supplemented linoleic acid (Table 2). Importantly, the
maximal stimulation at 10~ M linoleic acid was nearly 5-fold
greater than that in the nonexpressing cells (23.2% + 1.4% vs.
4.9% + 1.2%). This difference brought about by L-FABP
expression was also highly significant (P < 0.001).

Specificity of Linoleic Acid-Induced Stimulation. Linoleic
acid was unique among the five fatty acids in its ability to
elevate DNA synthesis in L-FABP-expressing cells, both in
the magnitude of the enhancement relative to that in control
medium without added fatty acid and in the differential
responses between the expressing vs. nonexpressing cells
(Fig. 3). Compared to the stimulatory response of the ex-
pressing clones to linoleic acid (23.2% * 1.4%), the fatty
acids y-linolenic acid, dihomo-y-linolenic acid, arachidonic
acid, and palmitoleic acid at 10~® M all brought about in both
the expressing and nonexpressing cells smaller increases of
thymidine incorporation relative to that in control medium
(Table 2). Some of the increases were statistically significant.
However, only with linoleic acid was the enhancement of

Table 1. Growth stimulation by linoleic acid in

L-FABP-transfected cells
% relative increase in cell
number
Individual Mean + SE
Cell line values for group
L-FABP expressing
S7 31, 48 37.8 £ 3.3*
S9 32,42
S12 35, 39
L-FABP nonexpressing
Al 18, 16 14.0 = 2.4*
A2 11, 22
A4 5,12

Transfected cells were cultured without or with 1076 M linoleic acid
for 72 hr under standard conditions (see Materials and Methods). SE,
standard error.

*Significance of the near 3-fold growth increase of L-FABP express-
ing vs. nonexpressing cells has a P value of <0.0001.
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FiG. 2. Dependence of the stimulation of DNA synthesis on the
linoleic acid concentration in L-FABP-expressing cells. Transfected
cell clones that expressed L-FABP (S7, S9, and S12) and those that
did not (A1, A2, and A4) were incubated without or with linoleic acid
at the indicated concentrations for 48 hr under the standard condi-
tions. Shown are the changes and standard errors of the thymidine
incorporations at different concentrations of linoleic acid, relative to
incorporations in same medium without supplemented linoleic acid,
in the two cell types (see Table 2).

relative thymidine incorporation significantly greater or dif-
ferent in the L-FABP-expressing cells compared to that in the
nonexpressing cells (P < 0.001).

Inhibition of the Linoleic Acid-Induced Stimulation of DNA
Synthesis. Inhibitors were used as probes of the metabolic
pathways involved in the stimulation of growth by linoleic
acid in the L-FABP-expressing cells. Indomethacin, an in-
hibitor of cyclooxygenase (30), and NDGA and a-tocopherol,
both antioxidant inhibitors of lipoxygenases (30, 31), at
concentrations that were by themselves not inhibitory, all
depressed the elevation of relative thymidine incorporation
induced by linoleic acid at 107% M (Table 2). With the three
L-FABP-expressing cell lines, indomethacin at 10~ M in-
hibited the linoleic acid-induced increase by 64%, NDGA at
10~7 M suppressed it by 80%, and a-tocopherol at 10~5 M
blocked it by 94%. Considered another way, linoleic acid in
the presence of indomethacin still brought about a small but
significant stimulation (12%; P < 0.05) above that of indo-
methacin alone, whereas correspondingly NDGA (0.8%) and
a-tocopherol (3%) each did not (Table 2). The inhibitions
indicate that the stimulation of DNA synthesis by linoleic
acid in the L-FABP-expressing cells results from the pro-
duction of oxygenated metabolites of that fatty acid by
lipoxygenases and to lesser extent by cyclooxygenase.

DISCUSSION

Linoleic acid specifically stimulated the growth and DNA
synthesis of the hepatoma cell clones that were stably trans-
fected with the coding sequence of the target liver protein
L-FABP of the hepatic carcinogen FAA. Cell growth was
increased =3-fold (P < 0.0001), and relative thymidine in-
corporation was increased =5-fold (P < 0.001) in the
L-FABP-expressing cells compared to that in the nonex-
pressing cells. These sizeable differences in responses, es-
pecially in cell number, are remarkable, considering that they
were brought about by the expression of one protein, that the
enhancement was above the already high level of growth of
the hepatoma cells, that the process of cell growth is com-
plex, that the level of L-FABP expression is relatively low,
and that complementation of L-FABP expression is probably
less than perfect in the hepatoma cells. The present findings
constitute the most direct and strongest evidence thus far
implicating L-FABP, the target liver protein of the carcino-
gen, as a possible modulator of hepatocyte growth.

The enhancement of DNA synthesis was specific in regard
to both L-FABP and linoleic acid. L-FABP needed linoleic
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Table 2. Stimulation of DNA synthesis by linoleic acid in L-FABP-transfected HTC cells

L-FABP-expressing L-FABP-
cells nonexpressing cells
% increase in % increase in Expressing
thymidine thymidine vs.
incorporation incorporation nonexpressing
Additive(s) mean * SE n mean = SE n P value
Linoleic acid
103 M 3325 7 -36*24 6
1077 M 11.2 = 2.1* 7 -3.0+3.0 6 <0.01
10~ M (reference conc.) 23.2 £ 1.4** 23 49 = 1.2* 17 <0.001
10°M 11.0 £ 1.9* 10 -04x19 9 <0.001
2x105M 2.8 +2.7 3 -4.6 1.2 3

y-Linolenic acid (10-¢ M)
Dihomo-y-linolenic acid (106 M)

10.3 £ 1.1** 18
9.2 2.3 21

16.3 * 3.0%* 16
9.0 £ 2.5* 22

Arachidonic acid (10~¢ M) 7.5 = 1.0** 18 5431 17
Palmitoleic acid (1076 M) 71+28 6 8.6 + 1.8* 6
Indomethacin (103 M) -39+ 1.1* 7

Indomethacin (10~5 M) + linoleic acid (10~6 M) 8419 7*

NDGA (10-7 M) 38+1.7 4

NDGA (107 M) + linoleic acid (10-% M) 4.6 2.7 4

a-Tocopherol (10~5 M) -15+29 4

a-Tocopherol (10~3 M) + linoleic acid (10~¢ M) 1.5+1.2 4

The three L-FABP-expressing cell lines (S7, S9, and S12) and the three L-FABP-nonexpressing cell lines (A1, A2, and
A4) were incubated without or with the above additives in RPMI 1640 and 1% calf serum for 48 hr under the standard
conditions (Materials and Methods). The percent increases of thymidine incorporation, their standard errors (SE), and P
values (indicated by * and **) of the cultures containing the additives are relative to those of the same cells in the control
medium without additive. n, number of replicate assays. Two comparisons are shown: with vs. without additive and with
vs. without L-FABP expression. *, P < 0.05; *+, P < 0.01; the absence of these notations (in columns 2 and 4) or P values

(in column 6) indicates no statistical significance.

acid, and linoleic acid needed L-FABP. L-FABP was unique
in that all the proteins other than L-FABP in the transfected
nonexpressing cells were unable to effect the growth en-
hancement that was achieved by L-FABP. In addition,
among the five fatty acids, linoleic acid brought about the
greatest and the only significant elevation of DNA synthesis
that required L-FABP. DNA synthesis was maximally ele-
vated by linoleic acid at 1076 M, a concentration that ap-
proximates the dissociation constant (Ky) of the binding of
fatty acids to L-FABP in vitro (9-12). It appears that L-FABP
acting specifically in concert with linoleic acid and/or its
metabolites may play a unique role in the growth modulation
of hepatocytes.

30—
i L-FABP expressing cells
[ L-FABP non-expressing cells

N
o

Stimulation of dT Incorporation, %
>

0
linoleic acid y-linolenic dihomo-y-  arachidonic palmitoleic
acid linolenic acid acid acid
18:2w6 18:3w6 20:3w6 20:406 161107

Fic. 3. Linoleic acid specificity of the stimulation of DNA
synthesis. Shown are the stimulations of thymidine incorporation
brought about by five fatty acids at 10~6 M in the standard assays of
L-FABP-expressing and -nonexpressing cells (see Table 2).

The presence and absence of L-FABP expression likely
resulted in secondary phenotypic effects in the transfected
cells. Altered compositions of membrane lipids and changed
levels of lipid-metabolizing enzymes have recently been
associated with transfection of L-FABP in fibroblasts (32,
33). Such consequences, as well as changes in the amounts,
protection, or intracellular targeting of the growth-enhancing
metabolites of linoleic acid, may all have contributed to the
differential responses of the transfected cells to linoleic acid
in the present study. The present zero-background homolo-
gous model of transfection appears to constitute a suitable
and controlled system for study of the biological and bio-
chemical actions of L-FABP and their consequences in cells,
in which the effects may be dependent on the natures and
functions of the different ligands bound to L-FABP.

Metabolism of linoleic acid was apparently essential for the
growth stimulation. This need is in accord with an observed
lack of significant difference in uptake of linoleic acid at 4°C
and 28°C in the expressing and nonexpressing cells (34).
Linoleic acid is the most abundant and important essential
fatty acid. As the fountainhead of the C18 w6 and C20 w6
eicosanoids and related lipids, linoleic acid is successively
converted to vy-linolenic acid, dihomo-y-linolenic acid, and
arachidonic acid (30, 35). Each then undergoes enzymatic
lipoxygenations, epoxidations, and, in the cases of the latter
two eicosanoids, also cyclooxygenations. All can be further
metabolized to multiple w6 derivatives, of which many are
biologically active (30, 35). In the present study, maximal
growth stimulation specifically required both L-FABP and
linoleic acid. This specific interrelationship was supported in
part by the nonparticipation of L-FABP in the smaller
elevations produced by +y-linolenic acid and dihomo-y-
linolenic acid, which are present in animals at much lower
concentrations than is linoleic acid (35), and by the lack of
any significant effect by arachidonic acid (Table 2 and Fig. 3).
These data also argue against a direct conversion of these
fatty acids to mediators of the stimulation by L-FABP. On the
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other hand, the stimulation by linoleic acid was partly inhib-
ited by indomethacin and completely abolished by the an-
tioxidants NDGA and a-tocopherol, at concentrations that
individually by themselves minimally affected incorporation
of thymidine. The findings indicate that oxygenated metab-
olites of linoleic acid, formed by lipoxygenases and to lesser
extent by cyclooxygenase, act as mediators of the growth
enhancement (cf. refs. 36-38).

Oxygenated metabolites of linoleic acid have previously
been implicated in the stimulation of cell growth. Linoleic
acid can promote the growth of tumors (39, 40) and of various
cells in culture (41-43), and these effects have been blocked
in some cases by inhibitors of cyclooxygenase (42, 43) and
reconstituted by prostaglandin E;, (42). In addition, oxygen-
ated metabolites of linoleic acid (i.e., its 13-hydroxy, 13-
hydroperoxy, and 13-keto derivatives) stimulated cell prolif-
eration of colon mucosa when instilled intrarectally in rats
(38, 44). Further, 9- and 13-hydroxylinoleic acids (i.e., 9- and
13-hydroxyoctadecadienoic acids) are produced by BALB/c
3T3 fibroblasts, and the 13-hydroxy and its 13-hydroperoxy
precursor markedly potentiate the thymidine incorporation
effected by epidermal growth factor in those cells (37). It is
noteworthy that in vitro L-FABP avidly binds lipoxygenase
metabolites of arachidonic acid—namely, hydroperoxyeico-
satetraenoic acids and hydroxyeicosatetraenoic acids (23)—
and hence may do likewise with these linoleic acid-derived
Cys homologs. The need exists to examine whether the
transfected hepatoma cells produce particular oxygenated
metabolites of linoleic acid and whether they mediate the
growth stimulation in those cells.

Early events during chemical carcinogenesis usually in-
volve a growth inhibition, which in effect confines the
proliferation of the few escaping chemically transformed cells
to regions of focal hyperplasia, surrounded by growth-
suppressed nontransformed cells. FAA is especially effective
in bringing about such a growth inhibition and has been used
widely for that purpose in the rapid induction of focal
hyperplasia in rat liver early in the chemical carcinogenic
process (reviewed in refs. 45 and 46). The present finding that
L-FABP expression is associated with a specific growth
stimulatory activity may seemingly provide a basis by which
the carcinogen may usurp and/or inhibit the normal growth
modulatory function of its target protein.

We are grateful to Dr. Philip N. Tsichlis for his discussions and Dr.
Gary M. Williams for a gift of the HTC-R;T, hepatoma cell subline.
This study was supported in part by National Institutes of Health
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the National Institutes of Health, and an appropriation from the
Commonwealth of Pennsylvania.
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