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Summary--Fatty acid synthetase (FAS) is one of the first well-characterized progestin-induced 
proteins with available antibodies and cDNA. This paper reviews basic studies on FAS 
regulation in human breast cancer cell lines and recent data on the possible clinical significance 
of this new marker of hormone responsiveness in mammary cancer and benign breast diseases. 

INTRODUCTION 

Progesterone and estrogen play an important 
role in the control of growth, differentiation and 
function of mammary epithelial cells[I]. In 
carcinogenesis however, while the role of estro- 
gen is clear, that of progesterone and progestin 
is more debated, mostly in human [2]. While 
progestin appears to be efficient in treating 
breast cancers, its effect on the proliferation 
of normal mammary cells and on mammary 
cancer incidence remains controversial since 
both a protective effect of progesterone in 
inhibiting the stimulatory effect of estrogen 
and a synergistic effect have been proposed. 
Moreover, there is a clinical need for markers 
of progestin responsiveness since, at present, 
the major progestin regulated human gene 
which has been studied, the progesterone recep- 
tor, is down regulated by progestin and up 
regulated by estradiol. In order to define mark- 
ers positively regulated by progestin in human, 
using a differential approach, we have searched 
proteins and mRNA whose accumulation is 
increased by progestin in progesterone receptor 
positive human metastatic breast cancer cell 
lines (MCF7, T47D, ZR75-1). 

FATrY ACID SYNTHETASE (FAS): 
A NEW PROGESTIN.RESPONSIVE GENE 

FAS appears to be the most abundant cellu- 
lar progestin-induced protein in human breast 
cancer cell lines. In fact, the two approaches 
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we used to define human progestin-regulated 
responses (analysis of proteins and differential 
screening of a cDNA library) have pointed to 
the same progestin-induced gene corresponding 
to a protein of 250 kDa [3, 4]. This protein is 
now defined as human FAS [5]. In vertebrates, 
FAS contains two identical subunits, each 
with M~, 250,000. Both of them are multi- 
enzyme proteins containing domains for the 
acyl-carrier-peptide and the seven different cata- 
lytic activities required for the conversion of 
acetyl-CoA and malonyl-CoA into fatty acid [6]. 

FAS is responsible in all tissues for de novo 

long chain fatty acid synthesis. In MCF7 
cells incubated with the synthetic progestin 
R5020, enhanced FAS activity is followed by 
an increased synthesis of fatty acids especially 
those contained in the triacylglycerols storage 
lipids (8-fold increase)[7]. Phosphoglyceride 
membrane components, phosphatidylcholine, 
phosphatidylserine, phosphatidylinositol and 
phosphatidylethanolamine are also increased 
around 2-fold. Under these culture conditions, 
however, progestins by themselves have no 
effect on cell proliferation, but inhibit estradiol- 
induced cell growth [8]. In T47D cells, increased 
lipid synthesis anticipates the accumulation of 
lipid droplets [7] in agreement with previous 
work [9]. 

We have developed rabbit polyclonal anti- 
bodies against human FAS. These antibodies 
are monospecific based on Western immuno- 
blots, staining extinction by purified FAS and 
protein A-Sepharose immunoprecipitation of 
[35S]methionine labeled cell extracts [4, 10]. They 
have been specially useful in identifying FAS 
and have allowed us, with the 2kb Pg8 eDNA 
clone corresponding to the 3' end of the 8kb 
FAS mRNA [4], to study FAS regulation and to 
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quantify its expression in biopsies of human 
progestin-responsive tissues. 

REGULATION OF HUMAN FAS IN BREAST 
CANCER CELLS IS COMPLEX 

The FAS protein and mRNA are specifically 
accumulated in breast cancer cells following 
incubation with progestin or higher concen- 
trations of dihydrotestosterone (DHT) [3, 4]. 
Both hormones appear to induce FAS via inter- 
action with the progesterone receptor (PR) since 
the effect of R5020 and DHT is not inhibited by 
the antiandrogen flutamide, but inhibited by 
antiprogestin RU486. Glucocorticoids have no 
effect on FAS expression in these cells. FAS was 
induced by R5020 in all the PR-positivc breast 
cancer cell lines studies. Its constitutive level was 
variable in PR-negative breast cancer cell lines. 
It was low in BT20 and MDA-MB231 cells but 
identical to the induced level in the HBLI00 cell 
line derived from cells collected in human 
milk [l l] and in SKBR-3 cells where FAS con- 
stitutes up to 28% by weight of cytosolic pro- 
teins [12]. In the liver, FAS was shown to be 
induced by insulin and thyroid hormone and 
inhibited by cAMP [13, 14]. In breast cancer cell 
lines, FAS mRNA level was slightly increased 
(2-fold) by insulin growth factor-I (IGF-I) and 
insulin (Fig. I). This last result is in agreement 
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Fig. 1. Effect of growth factors and insulin on FAS mRNA 
accumulation. Steroid-stripped MCF7 cells [3] were incu- 
bated in the presence of I nM R5020, 8 nM EGF, 5 nM 
IOF-I, 50riM insulin or vehicle (control) for 24h. Total 
RNA was analyzed as described previously[4] and hy- 
bridized with FAS eDNA, cathepsin D eDNA (as a positive 
control) and 361M eDNA probes. Densitometric scanning of 
FAS and cathepsin D mRNA levels was corrected for slight 

variations in the levels of constant 36B4 RNA. 

with previous work demonstrating an increased 
synthesis of fatty acid in MCF7 cells [15]. Epi- 
dermal growth factor (EGF) had no effect in the 
EGF-responsive MCF7 cell line. We did not 
detect any effect of 3,5,Y-triiodohyronine (T3) 
on FAS expression in these cells. Activation of 
protein kinase C (TPA) or protein kinase A 
(cAMP, forskolin) was also unable to modulate 
FAS concentration (D. Chalbos, unpublished). 

Progestin-induced FAS protein synthesis (5 
to 10-fold) appears to be secondary to the 
accumulation of FAS mRNA (5 to 10-fold) [4]. 
FAS mRNA accumulation results from a dual 
transcriptional and post-transcriptional mech- 
anism [l 1]. Progestin-induced FAS gene tran- 
scription appears to be a primary effect of 
the hormone-receptor complex since it is still 
detectable in the presence of protein synthesis 
inhibitors. Two potential progesterone-respon- 
sive elements have been described recently by 
Amy et  al. [16] in the first intron of the rat FAS 
gene supporting this result. However, FAS 
mRNA accumulation does not only result from 
increased gene transcription but also from in- 
creased mRNA stabilization by progestin [l 1]. 
In fact, FAS mRNA half-life was increased 
approx. 3 to 4-fold in RS020-treated cells as 
compared to control cells. 

The antiprogestin RU486 has a dissociated 
effect on these two levels of regulation [17]. It 
inhibits R5020-induced FAS transcription and 
when added alone causes decreased FAS tran- 
scription as compared to the control untreated 
cells. This negative effect of the antagonist 
receptor complex could suggest that the PR was 
still occupied by an agonist ligand resistant to 
the withdrawal step of the cells. This hypothesis 
is however unlikely because of  the rapid pro- 
gesterone metabolism in cell culture. Another 
hypothesis would be that the PR, in the absence 
of ligand, would have some stimulatory activity 
on gene transcription as recently described 
for the estrogen receptor[18]. Finally, the 
RU486-PR complex might interfere with other 
transcription factors also involved in stimula- 
ting FAS transcription. Surprisingly, RU486 
was as efficient as R5020 in increasing the 
half-life of FAS mRNA. FAS mRNA stabiliz- 
ation, the mechanism of which is unknown, is 
rapid. The addition of RU486 during the chase 
by RNA synthesis inhibitors of after short cell 
labeling with [3H]uridine, methods used to 
measure mRNA half-life, was sufficient to 
stabilize the mRNA. This suggests that de noco  
synthesis of additional regulatory factors is not 
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required. The opposite effects of RU486 on FAS 
gene transcription and FAS mRNA stability 
suggest that either different thresholds of recep- 
tor activation or different domains of the PR 
protein would be required in these two regulat- 
ory steps. As the balance of these 2 effects allows 
delayed accumulation of FAS mRNA, these 
results show that some agonist effects of RU486 
following long term treatment could result from 
mRNA stabilization. 

FAS IS REGULATED BY PROGESTIN IN FIFO 
IN NORMAL CELLS 

In order to know whether FAS is regulated by 
progestin in normal cells as it is in breast can- 
cer cell lines, we studied its expression in nor- 
mal human mammary gland and endometrium 
[10, 19]. FAS gene expression in human biopsy 
specimens was measured using two different 
techniques: in situ hybridization with antisense 
FAS mRNA and immunohistochemistry with 
rabbit polyclonal antibodies. Semi-automatic 
quantification of FAS mRNA [20] and protein 
levels [I0] in tissue sections was performed using 
computerized image analyzers (IMSTAR and 
SAMBA). 

In normal mammary tissue (adjacent to non- 
proliferative benign breast lesions collected by 
biopsy) FAS immunostaining was restricted to 
epithelial cell cytoplasm and no labeling was 
detected in surrounding connective tissue. It 
was approx. 2-fold more elevated in lobular 
than in ductal structures. In the 2 structures 
FAS expression was regulated by progestin 
since it increased in the luteal phase of the 
menstrual cycle and during progestin treat- 
ment[10]. PR, measured in serial sections, 
appeared to be down-regulated during the men- 
strual cycle, as reported for the cndometrium 
[21,22]. We do not know the physiological 
meaning of the FAS induction by progesterone 
which therefore appears to occur in normal 
mammary glands as in breast cancer. In mam- 
mary glands, high lipid synthesis occurs at the 
onset of lactation. It is consistent that increased 
FAS expression was detected in lobules rather 
than in ducts since milk fat is mainly synthesized 
in lobulo-alveolar structures. In the lactating 
rat, FAS mRNA level, which is low during the 
first days after parturition, increases until day 8 
and finally returns to basal levels at the end of 
feeding[23]. This rise in FAS mRNA levels 
cannot be due to progesterone since it corre- 
sponds to a marked decrease in circulating 

progesterone levels at parturition. Increased 
FAS during lactation appears rather to be due 
to the synergistic effect of insulin, giucagon and 
glucocorticoids and is classically considered to 
be inhibited by progesterone [24]. In several 
animal species progesterone treatment prevents 
the initiation of milk secretion [25]. It has also 
been reported to decrease FAS in pseudopreg- 
nant rabbit mammary alveolar explants [25]. We 
have not evaluated whether progestin-induced 
FAS expression in normal non-lactating mam- 
mary gland is, as in breast cancer cells, followed 
by increased lipid synthesis. 

In the endometdum, FAS mRNA levels were 
found to be much lower than in mammary 
glands. It was detected in epithelial cells and to 
a lower extent in stromal cells [20]. However 
FAS mRNA levels were also increased in the 
luteal phase of the menstrual cycle which 
suggests FAS induction by progestin. The low 
expression of FAS in the endometrium limits its 
clinical interest as a marker of progestin respon- 
siveness in this tissue. 

FAS: A MARKER IN BREAST CANCERS AND 
BENIGN BREAST DISEASF_~? 

While several markers of response to estro- 
gen, such as the PR [26], cathepsin-D [27] and 
pS2 [28], arc being used as prognostic markers 
in breast cancer, the major marker of response 
to progestin that has been studied is the PR, 
which is down-regulated by progesterone and 
induced by estrogen[26]. One advantage of 
FAS as a marker of progesterone responsive- 
ness, compared to the PR, is that it is posi- 
tively regulated. FAS is a well-characterized 
progestin-induced protein with available probes 
(antibodies and eDNA) that can be used in 
clinical studies to evaluate its prognostic value 
in hormone dependent tumors. In an attempt to 
specify the potential interest of this marker we 
have initiated clinical studies in breast cancer 
and benign mastopathies [29]. The FAS gene 
expression was measured in frozen sections 
from human biopsies by in situ hybridization 
with antisense FAS mRNA. 

In tumoral tissues, as in normal mammary 
cells, FAS mRNA and protein were mostly 
expressed in epithelial cells and not in connec- 
tive tissue. The overexpression of this gene 
previously described in hormone dependent 
breast cancer cell lines was confirmed in the 
27 breast cancers we studied, most of them 
being ductal adenocarcinomas (Fig. 2). An 
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Fig. 2. FAS RNA levels m human epithelial mammary 
cells. FAS RNA levels were quantified as described pre- 
vtously [29]. P according to non-parametric Wilcoxon rank 
sum test (two-tailed). Menopausal status was arbitrarily 
defined according to the age of  the patients (<50  years). 

up to 20-fold overexpression on average was 
measured in cancer ceils when compared to 
endometrium epithelial cells. FAS expression, 
however, greatly varied from one breast cancer 
biopsy to another from 1 to 51 silver grains per 
cell. We found no correlation with classical 
prognostic parameters such as node invasive- 
hess and estrogen receptor PR level or status 
(Table 1). High levels of FAS mRNA were also 
measured in some estrogen receptor-negative 
tumors suggesting that factors other than pro- 
gesterone might induce FAS in breast cancer. 
The absence of correlation with the PR level or 
status is not surprising since the two markers 
regulated in opposite direction by progesterone, 
are unlikely to be present at the same time. 
When progesterone acts at luteal phase, one 
marker (FAS) is expected to be increased, while 
the other (RP) is decreased. A correlation was 
found between FAS expression and patients' 
age (Table 1 and Fig. 2) which is consistent 
with its induction by progesterone since FAS 
RNA levels were significantly higher in pre- 
menopausal patients than in post-menopausal 
patients who no longer secrete progesterone. In 
addition, FAS RNA concentrations in pre- 
menopausal patients correlated with the degree 
of differentiation of the tumor; the highest levels 
were found in well-differentiated cancers. Inde- 
pendently, Wysocki et al. [30] have studied FAS 
mRNA levels by Northern blotting in 87 breast 
cancers. They found, in agreement with our 
study, no correlation between increased levels 
of FAS m R N A  in tumors and estrogen recep- 
tor and PR status, but a significant increase of 

FAS expression in breast cancers from pre- 
menopausal compared to post-menopausal 
patients. 

We conclude, from these 2 pilot studies, 
that FAS appears to be a marker of differen- 
tiation and of progestin responsiveness in ductal 
invasive breast cancer rather than a marker of 
cell proliferation. The fact that FAS mRNA 
concentrations increased proportionally to the 
density of MCF7 cells and was maximal in 
non-dividing cells [11] also supports this idea. 
FAS might therefore be useful as a marker of 
good prognosis or of efficiency of progestin 
therapy, however no data are yet available on 
the clinical evolution of the patients in which 
FAS was assayed. Clearly more clinical studies 
should be performed. 

FAS expression has also been quantified in 
benign breast diseases [29] in an attempt to 
evaluate its predictive value for detection of 
high risk mastopathies. Higher levels of FAS 
mRNA were found in some cysts and lobules as 
compared to ductal structures (Fig. 2). These 
results have since been confirmed by immuno- 
histochemistry (Joyeux et al., unpublished 
results). In lobular structures, FAS levels corre- 
lated with the degree of proliferation quantified 
by in situ hybridization with the H4 histone 
probe, and estimated by histological examin- 
ation. This correlation might support the find- 
ings of Anderson [31] and others [32] indicating 
that progestin might be mitogenic, since the 
highest thymidine labeling are found in the 
luteal phase. Possible mechanisms could be that 
increased FAS catalyzes increased synthesis of 
either membrane phospholipids or mitogenic 
lipids [33]. It may also be in agreement with the 
significance of FAS in breast cancer if one 
assumes that FAS is a marker of lobular pro- 
liferation and that adeno-carcinoma are mostly 
derived from ductal structures. 

To conclude, in contrast to the estrogen- 
induced cathepsin D, whose level is high in 

Table 1. FAS RNA expression tn breast cancer correlaUon with 
receptor and menopause status 

FAS RNA in 27 breast cancers 
Number of FAS RNA (grams/cell) 

patients Mean ~ SD 

ER+ PR+ 14 15_+ 14 Pre-menopausal 
E R -  P R -  8 17 + 12 21 + 14 
ER+ P R -  3 19 + 12 Post-menopausal 
E R -  PR+ 2 11+14 9+_6 

P < 0 0 2  

FAS RNA levels were quantified by bz suu hybridization as described 
previously [29] P according to non-parametric Wilcoxon rank 
sum test (two-tailed) Menopausal status was arbitrarily defined 
according to the age of the patients (< 50 years) 
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ductal hyperplasia [34], the progestin-induced 
FAS marker might be useful in the detection of 
lobular hyperplasia. Extensive studies and a 
clinical follow-up of the patients are however 
required before a conclusion may be reached 
concerning the clinical interest of FAS as a 
marker for detection of  high risk breast diseases 
at early steps of  carcinogenesis. 

CONCLUSIONS 

Basic cellular and molecular level studies in 
human breast cancer cell lines have demon- 
strated the progestin regulation of FAS and 
enabled the isolation of specific molecular 
probes to quantify FAS expression in human 
biopsies. Initial clinical studies show that FAS 
is regulated by progestin in vivo in mammary 
glands and endometrium. In addition to its 
potential interest as a marker of progestin 
responsiveness, FAS may be useful as a differ- 
entiation marker in breast cancer and as a 
proliferation marker in lobular mastopathies. 
These encouraging pilot studies should how- 
ever lead to more extensive studies with a follow 
up of the patients to confirm the clinical interest 
of  FAS, as a tissue marker. 
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