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Abstract

Spot 14 (THRSP, S14) is a nuclear protein involved in the regulation of genes required for fatty acid
synthesis in normal and malignant mammary epithelial and adipose cells. Havartine and Bauman
reported that conjugated linoleic acid (CLA) inhibits S14 gene expression in bovine mammary and
mouse adipose tissues, and reduces milk fat production in cows. We hypothesized that CLA inhibits
S14 gene expression in human breast cancer and liposarcoma cells, and that this will retard their
growth. Exposure of T47D breast cancer cells to a mixture of CLA isomers reduced the expression
of the S14 and fatty acid synthase (FAS) genes. The mixture caused a dose-related inhibition of T47D
cell growth, as did pure c9, t11-and t10, c12-CLA, but not linoleic acid. Similar effects were observed
in MDA-MB-231 breast cancer cells. Provision of 8 pM palmitate fully (CLA mix, t10, c12-CLA)
or partially (c9, t11-CLA) reversed the antiproliferative effect in T47D cells. CLA likewise
suppressed levels of S14 and FAS mRNA:s in liposarcoma cells, and caused growth inhibition that
was prevented by palmitic acid. CLA did not affect the growth of nonlipogenic HeLa cells or human
fibroblasts. We conclude that, as in bovine mammary and mouse adipose cells, CLA suppresses S14
and FAS gene expression in human breast cancer and liposarcoma cells. Rescue from the
antiproliferative effect of CLA by palmitic acid indicates that reduced tumor lipogenesis is a major
mechanism for the anticancer effects of CLA.
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Introduction

In cows, certain diets elicit a sharp decline in milk fat content termed milk fat depression (MFD;
reviewed in (1)). Harvatine and Bauman performed cDNA microarray analysis of bovine
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mammary tissue during MFD, and observed reduced expression of genes coding lipogenic
enzymes and key regulatory molecules including Spot 14 (THRSP, S14) (2). The authors
postulated that MFD is mediated by conjugated linoleic acid (CLA), a systemically absorbed
group of octadecadienoate isomers produced by bacteria in the rumen. Indeed, bovine MFD
and its signature of suppressed expression of lipogenesis-related genes were reproduced by
CLA administration. Moreover, published data also demonstrated reduced S14 mRNA content
in adipose depots of CLA-fed mice (3).

CLA is known to inhibit the growth of breast cancer cells in tissue culture and of tumors in
rodent breast cancer models (reviewed in (4)). For example, CLA slows the growth of MCF7
human breast cancer cells (5) and was chemopreventive in a chemically induced rat breast
cancer model (6). CLA administered in the diet also substantially reduced metastasis in a breast
cancer xenograft model in mice (7), and was chemopreventive in a carcinogen-induced breast
cancer model in rats (8). CLA inhibited angiogenesis and vascular endothelial growth factor
production in a mouse model (9), suggesting that these effects may contribute to its antitumor
actions, although multiple candidate mechanisms for the anticancer effects of CLA have been
proposed (4).

We previously demonstrated a role for S14 in the regulation of genes coding lipogenic enzymes
in hepatocytes (10,11). S14 is a nuclear protein that is induced physiologically in lipogenic
tissues such as mammary gland, liver, and adipose, under circumstances that require brisk long-
chain fatty acid synthesis, such as lactation in mammary epithelial cells. The S14 gene is also
activated during adipose differentiation (12). S14 gene regulation is mediated by an array of
promoter elements that transduce signals initiated by dietary substrates such as glucose, fuel-
related hormones such as insulin and triiodothyronine, and a negative regulatory element for
polyunsaturated fatty acids (reviewed in (13)).

In addition to its physiological role in metabolic regulation, S14 is a component of the virulent
lipogenic phenotype observed in breast cancer (reviewed in (14)). Lipogenic breast tumors
overexpress S14 and lipogenic enzymes, and depend on ongoing lipid synthesis for growth
and survival. We demonstrated that S14 knockdown in breast cancer cells causes reduced
lipogenesis and increased apoptosis (15), and that human primary breast tumors with high-
level S14 expression are much more likely to recur (16). These observations, in concert with
reduced S14 in CLA-treated bovine mammary gland and rodent adipose tissue discussed above,
prompted us to determine whether CLA suppresses S14 gene expression in malignant human
mammary epithelial and adipose cells. Our findings support this idea, and confirm the
prediction that CLA would exert antiproliferative effects in both cell types. Moreover, our
experiments directly support the hypothesis that the anticancer effects of CLA are largely
mediated by its suppression of long-chain fatty acid synthesis.

We used T47D and MB-MDA-231 human breast cancer cells (ATCC), HeLa cells (ATCC),
LiSa-2 (provided by Martin Wabitsch, University of Ulm, Germany) and SW872 (ATCC)
human liposarcoma cells, and human fibroblasts (provided by Eva Rzucidlo, Dartmouth
Medical School). Cells were grown in DMEM:F12 supplemented with 10% fetal calf serum
(Atlanta Biologicals, Lawrenceville, GA), 1% penicillin-streptomycin solution, and 2mM L-
glutamine at 37°C in 95% air, 5% CO02. Cells were seeded in 48 well plates (104 cells, 0.2 ml
medium/well), and test media were added the following morning.
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Media containing a mixture of CLA isomers (Sigma-Aldrich, St. Louis, MO catalog #05507),
pure CLA isomers (cis 9, trans 11 or trans 10, cis 12; Nu-Chek Prep, Elysian, MN), linoleate,
or palmitate (Sigma-Aldrich) were prepared as described by Ip and coworkers (17) using
delipidated albumin (Sigma-Aldrich catalog #A7888) for solublization.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Cell growth

Total RNA (500 ng) harvested in Trizol was used as template using protocols and primers as
previously described (15). Data were corrected for the cyclophilin mRNA content of each
sample.

The number of viable cells/well was estimated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay (18).

Plasmid transfection

Cells were plated at 50% confluence in 75 cm? flasks and were transfected with 8 g plasmid
DNA in 48 pl Fugene (Roche, Basel, Switzerland) the next morning in media without
antibiotics. Plasmids contained a 4003 bp fragment of the proximal human S14 gene promoter
(kindly supplied by Cary Mariash, U. MN) or 157 bp of the human FAS gene promoter ((19);
kindly supplied by Johan Swinnen, Leuven, Belgium) driving firefly luciferase expression. In
order to ensure uniform transfection efficiency, cells were trypsinized, mixed, and redistributed
into 6 well plates 8 h after transfection. Extracts were prepared 40 h later in 250 ul/well reporter
lysis buffer (Promega, Madison, WI) and luciferase activity/mg protein was determined in a
LMax11384 luminometer (Molecular Devices, Toronto, Canada).

Lipid chromatography

Statistics

Results

HPLC analysis of CLA isomers was based upon the Ag+-HPLC method of Cross and
coworkers (20). We used a Varian HPLC system with model 210 pumps, a model 410
autosampler, and a Varian Pro Star model 345 detector. Separation was achieved using two
Varian (Palo Alto, CA) ChromSpher Lipid 5 (4.6mm x 250mm) columns in series. The mobile
phase consisted of 2.5% acetic acid and acetonitrile (0.0-0.1%) in hexane, and was pumped at
Iml/min. Columns were maintained at 30° C using the Varian 410 autosampler oven and an
Eppendorf (Mississauga, Canada) CH-30 heater, controlled by a TC-50 programmer. Eluates
were monitored at 234 nm. Data were acquired using Varian LC workstation software version
6.3.

All experiments were repeated at least once. Comparison of two groups was by two-tailed
unpaired Student's “t” test, and between more than two groups was by two-way analysis of
variance.

Effects of CLA on S14 and FAS gene expression in T47D breast cancer cells

Real time RT-PCR revealed that expression of S14 and FAS mRNAs, relative to mMRNA coding
cyclophilin, was reduced by 74 and 38%, respectively, after exposure to a mixture of CLAS
(64 uM total) for 96 h (Fig. 1, panels A and C, *p < 0.05). Luciferase activity driven by the
proximal human S14 or FAS gene promoters was also significantly reduced (Fig. 1, panels
B and D). Thus, CLA-mediated reductions in the cellular content of S14 and FAS mRNAs in
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bovine mammary and murine adipose cells are recapitulated in the malignant human
counterparts of those cell types.

Ag+HPLC of CLA preparations

After ascertaining the retention times of pure preparations of 10t, 12c- and 9c, 11t-CLA (data
not shown), we analyzed a mixture of these two isomers (Fig. 2, panel A). This demonstrated
that our HPLC system produced clear separation of these CLAs. We then chromatographed
the frequently used CLA mixture employed in the experiment depicted in Fig. 1. This revealed
several minor and 4 major peaks, including two peaks with retention times virtually the same
as those of the pure 10t, 12c- and 9c, 11t-CLA isomers (Fig 2, panel B). Analysis of a mixture
of the Sigma CLA preparation spiked with pure 10t, 12c- and 9c, 11t-CLA isomers revealed
augmentation of the second and third major peaks observed in the Sigma mixture, indicating
that they represented 10t, 12¢- and 9c, 11t-CLA, respectively (Fig. 2, panel C). We calculated
the ratio of the 10t, 12c:9c, 11t isomers in the Sigma mixture to be 0.89.

Effect of CLA preparations on the growth of lipogenic breast cancer cells

TA47D cells have sex steroid receptors and exhibit progestin-inducible S14 and FAS gene
expression (21), and are growth-inhibited by S14 knockdown (15). Exposure of T47D cells to
media containing 8 to 128 uM of the commercially-available CLA mixture for 5 d caused a
stepwise reduction in T47D cell accumulation that was evident at 8 uM, and maximal at 16
puM CLA (Fig. 3, panel A). T47D cell proliferation was also inhibited by pure c9, t11-CLA,
with a stepwise reduction in cell accumulation across the 8-128 uM concentration range (Fig.
3, panel B). Pure t10, c12-CLA caused reduced T47D cell growth that was near-maximal at 8
uM (Fig. 3, panel C). Palmitic acid is the principle product of de novo long-chain fatty acid
synthesis. In order to determine whether the observed CLA-mediated suppression of genes
related to long-chain fatty acid synthesis contributes to the inhibition of cell growth, we added
palmitic acid, with or without CLA, to culture media in concert with 128 uM of each of the
CLA preparations (Fig. 3, panel D). Exposure to the commercial CLA mixture for 5 d reduced
TA7D cell accumulation by 54%, and provision of 8 uM palmitic acid rescued the cells from
growth inhibition, whereas addition of palmitic acid alone did not affect growth. Analogous
experiments using pure CLA isomers demonstrated a partial (c9, t11-CLA) and full rescue
(t10,c12-CLA) of the cells from growth inhibition by palmitate, respectively. We thus conclude
that reduced expression of lipogenesis-related genes, and a consequent depletion of long-chain
fatty acids, is a major mechanism for inhibition of breast cancer cell growth by CLA, and that
the t10, c12 isomer is the most potent of the isomers tested in this regard.

We also examined the antiproliferative activity of CLA isomers in MDA-MB-231 cells, which
lack receptors for sex steroids and express very low levels of Her2/neu (22,23), and thus
represent the aggressive “triple negative” breast cancer phenotype (Fig. 4). As was observed
for T47D cells, both ¢9, t11- (panel A) and t10, c12-CLA (panel B) inhibited MDA-MB-231
cell growth, and the t10,c12 isomer was more potent.

S14 and FAS mRNAs in CLA-treated liposarcoma cells

We previously demonstrated liposarcoma cells to exhibit an adipogenic gene expression
signature and, as is the case for breast cancer cells, to require fatty acids for growth (24). The
reported inhibition of S14 gene expression by CLA in mouse adipose tissue (3) thus prompted
the prediction that it would likewise affect liposarcoma cells. The impact of CLA on S14 and
FAS gene expression in LiSa2 liposarcoma cells is shown in Fig. 5. Cells were treated with
control media or media containing 128 pM CLA for 4 d, at which time total RNA was isolated
and analyzed for S14 (panel A) or FAS mRNAs (panel B). As observed in breast cancer cells,
CLA caused significant reductions in the cellular content of these mMRNAS in liposarcoma cells.
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CLA impairs the growth of liposarcoma cells

The effect of 128 uM CLA on the growth of LiSa2 cells is shown in Fig. 6. Cells were exposed
to pure c9, t11- (panel A) or t10, c12-CLA (panel B) for 4 days. As was the case for the breast
cancer cells, the t10, c12 isomer was a more potent inhibitor of liposarcoma cell growth. The
CLA mixture also inhibited LiSa-2 cell growth (panel C), and the cells were rescued from this
effect by the provision of palmitic acid. In preliminary experiments, we found that LiSa-2 cells
required a higher concentration of palmitic acid to restore growth in the presence of CLA than
did the breast cancer cells. We observed a similar inhibition of growth and rescue by palmitic
acid in the SW872 liposarcoma cell line (data not shown).

Specificity of CLA-mediated growth inhibition

The lack of effect of 8-128 uM of the commercial CLA mixture on the growth of non-lipogenic,
malignant epithelial cells (HeLa, derived from carcinoma of the uterine cervix) is shown in
Fig. 7, panel A. Exposure of HeLa cells to pure c9, t11- or t10, c12-CLA likewise had no
impact on proliferation (panel B). Interestingly, the combination of palmitate and t10, c12-
CLA elicited a small but statistically significant enhancement of HeLa cell growth.

As an additional, mesenchymal control for the impact of CLA on liposarcoma cell growth, we
exposed human fibroblasts to 64 or 128 uM CLA, with or without concurrent addition of
palmitate (32 uM) for 5 d. The MTT assay did not reveal any difference in viable cells/well in
any of the groups (8 wells/group, data not shown). We also exposed T47D breast cancer cells
to linoleic acid (8 to 128 pM x 5 d) to control for potential nonspecific effects of di-unsaturated
fatty acids on cancer cells, and this also did not inhibit cell growth (data not shown).

Discussion

Several common human cancers frequently exhibit a lipogenic phenotype, manifest by high
levels of fatty acid-synthesizing enzymes and dependence on long-chain fatty acids for cell
growth and survival (reviewed in (25) and (26)). As discussed in the introduction, we
previously identified S14 as a key component of this phenotype in breast cancer. Evidence
supporting this includes S14 gene amplification in breast tumors (27), reduced lipogenesis and
growth of breast cancer cells in S14 knockdown experiments (15) and a strong correlation
between high S14 content and poor prognosis in primary clinical breast tumors (16). We have
also recently characterized lipid metabolism in human liposarcoma cells and its impact on
proliferation (24). These cells exhibit a pattern of gene expression similar to that of fully-
differentiated adipocytes, and thus also express key genes related to long-chain fatty acid
synthesis, including S14. As is the case for lipogenic breast cancer cells, liposarcoma cells
depend on de novo lipid synthesis for growth and survival.

Identification of S14 as a target gene in both CLA-induced MFD in dairy cows and in adipose
tissue of CLA-treated mice prompted the hypothesis that reduced S14 expression would occur
after exposure of malignant human mammary epithelium (exemplified by lipogenic T47D and
MDA-MB-231 breast cancer cells) and transformed adipose cells (exemplified by LiSa-2 and
SW872 liposarcoma cells). The major observation of the current study was that CLA suppresses
S14 and FAS expression in both tumor cell types, and that, as anticipated from our work with
siRNA-mediated S14 knockdown in breast cancer cells (15) and triterpenoid-induced

inhibition of S14 and FAS expression in liposarcoma cells (24), it inhibits their growth as well.

Attempts to target components of the lipogenic pathway in cancer have focused primarily on
pharmacological inhibition of FAS enzyme activity. Currently available FAS inhibitors include
Cerulenin and its analog C75 (reviewed in (28)), as well as Orlistat, a drug approved by the

F.D.A. for oral administration for the treatment of obesity (29,30). It was previously proposed
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that the apoptotic effect of FAS inhibition resulted from accumulation of its substrate, malonyl
CoA, which is an inhibitor of fatty acid oxidation because it down-regulates the rate-
determining enzyme of mitochondrial fatty acid uptake, carnitine-palmitoyl acyl transferase |
(31,32). Recent studies, however, show that targeting ATP citrate-lyase, acetyl CoA-
carboxylase, or S14 is also cytotoxic (15,33-35). Moreover, provision of palmitate, the
principal end-product of the pathway, rescues the tumor cells in several experimental systems,
including those reported here. It thus appears that fatty acid deficiency causes the growth
inhibition and/or cell death. Overall, our data support this formulation and our experiments
demonstrating rescue by palmitic acid strongly indicate that some or all of the long-recognized
anticancer effects of CLA are mediated through its impact on lipid metabolism.

We have proposed that S14 and lipogenesis are particularly important for breast cancer
metastasis, as opposed to tumorigenesis per se (14). Our observation that primary tumors with
high expression of S14 are far more likely to recur than those with low expression supports
this idea (16), as does the assignment of S14 to the “metastasis signature” in a genetically
engineered mouse model of breast cancer (36). Given that our data indicate that S14 is a target
gene for CLA in breast cancer cells, it is notable that CLA has shown a striking anti-metastasis
effect in a mouse breast cancer model (7).

Several published studies have employed the commercially-available CLA mixture that we
used, and our identification of the second and third major peaks observed on Ag+-HPLC as
c9, t11- and t10, c12-CLA confirms the findings of Cross and coworkers (20). Biomedically
relevant effects of CLA have been attributed primarily to these two isomers, and both have
been shown to have anticancer effects (8,37). Our data in T47D and MDA-MB-231 breast
cancer cells are thus consistent with this formulation in that both isomers suppressed cell
growth. The t10, c12 form is believed to be more potent for inhibition of lipid metabolism in
adipocytes and reduction of body fat content in vivo (reviewed in (38)). Interestingly, we found
the t10, c12 isomer to be a more potent inhibitor of T47D and MDA-MB-231 cell growth than
was ¢9, t11-CLA (Figs. 3 and 4). This is consistent with the findings of Ip and coworkers in
an in vivo carcinogen-induced rat breast cancer model, where the two CLA isomers exerted
comparable chemopreventive effects, but tissue concentrations of t10, c12-CLA were much
lower than those of the c9, t11 isomer, indicating it to be more potent (8). More recently,
however, Ip and colleagues reported enhanced tumor growth and metastasis in a genetically
engineered mouse model of Her2/neu-induced breast cancer (39). It remains unclear whether
this is a species-related difference in response, or if it is related to the expression of Her2/neu
by the tumor model.

The observed complete rescue of T47D cells from the growth inhibition produced by t10, c12-
CLA by palmitate strongly supports the idea that the antiproliferative action of this isomer is
mediated by suppression of lipid synthesis, and we thus propose that these two actions of t10,
c12-CLA (inhibition of lipid metabolism, suppression of cell growth) are inseparable. The lack
of an effect of CLA on HeLa cell growth is consistent with this conclusion, as HeLa cells are
deficientin de novo lipogenesis (40), and appear to rely on lipoprotein lipase-mediated lipolysis
for their lipid supply (14). The failure of palmitic acid to stimulate T47D cell growth by itself
indicates that the rescue was indeed mediated by repletion of fatty acids, rather than an additive
effect of two mechanistically unrelated stimuli. The inability of palmitic acid to totally reverse
the growth inhibition produced by c9, t11-CLA suggests that that isomer may have additional
mechanisms of action at the 128 muM concentration employed.

We conclude that, as in bovine mammary and mouse adipose cells, CLA suppresses S14 and
FAS gene expression in human breast cancer and liposarcoma cells. Rescue from the
antiproliferative effect of CLA by palmitic acid indicates that the observed reduction in
expression of the S14 and FAS genes, with a resultant decline in tumor cell lipogenesis is a
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major mechanism for the anticancer effects of CLA. CLA, particularly the t10, c12 isomer,
may thus be a useful therapy for some lipogenic tumors, such as breast cancer and liposarcoma,
in humans. The aforementioned report of enhanced tumor growth in a murine Her2/neu driven
breast cancer model treated with t10, c12-CLA, however, dictates caution in the administration
this isomer to patients with Her2/neu positive tumors (39). Little is known regarding CLA
pharmacokinetics and safety in humans, although a 1.5 y trial of its impact on body weight in
obese subjects revealed no toxicity (41).
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Abbreviations employed

CLA conjugated linoleic acid

DNA deoxyribonucleic acid

FAS fatty acid synthase

HPLC high performance liquid chromatography

MFD milk fat depression

mMRNA messenger ribonucleic acid

RT-PCR reverse transcriptase polymerase chain reaction
S14 Spot 14
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Fig. 1. Effects of CLA on expression of the S14 and FAS genes in T47D breast cancer cells

Cells were seeded in normal media or media containing 64 uM CLA (Sigma mixture) x 5 d.
Levels of mMRNA coding S14 (panel A) or FAS (panel C), were determined by real time RT-
PCR. Values (Mean +/- SEM, 8 wells/group, *p<0.05) are normalized to cyclophilin mRNA,
and to the control groups. Transcriptional activity was determined by transient transfection of
a plasmid containing the proximal 4003 bp of the human S14 promoter (panel B) or 157 bp
of the human fatty acid synthase promoter (panel D) driving luciferase expression. Cells were
seeded in 75 cm? plates, transfected, and grown overnight in normal media. The following day
cells were trypsinized and seeded into 6 well plates, and control media or media containing
128 uM CLA were added. Cells were harvested 3 d later. Luciferase activity, corrected for
protein content, is shown (mean +/- SEM, 4 wells/group, *p<0.05).
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Fig. 2. Ag+HPLC of CLA preparations

Panel A: After assessing the retention times of pure 10t, 12c- and 9c, 11t-CLAs, a 1:1 mixture
of them was chromatographed, demonstrating resolution of the two isomers. Panel B: Analysis
of the commercial CLA mixture (Sigma) reveals four major peaks. Panel C: Chromatography
of an aliquot of the commercial mixture spiked with equal amounts of the pure CLA isomers
reveals augmentation of the second and third major peaks observed in the Sigma mix, indicating

that they r

Nutr

epresent the 10t, 12¢- and 9c, 11t-CLA isomers, respectively.
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Fig. 3. Effects of CLA on the growth of lipogenic T47D breast cancer cells

Cells were plated in normal media, and exposed to media containing the indicated
concentrations of CLA the next day. Viable cell mass was determined inthe MTT assay (Mean
+/- SEM, 8 wells/group, *p<0.05). Panel A: Exposure to the commercial CLA mixture x 5d
caused a dose related growth inhibition that was evident at 8 uM and maximal at 16 uM CLA.
Panel B: Incubation with 8 t0128 uM pure c9, t11-CLA caused a dose related inhibition of
T47D cell growth. Panel C: Incubation with 8 to128 uM pure t10, c12-CLA caused a dose
related inhibition of T47D cell growth that was maximal at 8-16 uM CLA. Panel D: Growth
inhibition induced by 72 h exposure to 64 or 128 uM of each CLA preparation is completely
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(CLA mix, t10, c12-CLA) or partially (c9, t11-CLA) prevented by coadministration of 8 uM
palmitic acid.
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Fig. 4. Effect of CLA isomers on the growth of breast cancer cells lacking sex steroid and
trastuzumab receptors (MDA-MB-231

Cells were treated as in the experiment depicted in Fig. 3, and exposed to the indicated
concentrations of c9, t11- (panel A) or t10, c12-CLA (panel B).
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Fig. 6. CLA inhibits liposarcoma cell growth, and rescued by palmitate

Lisa-2 cells were grown in control media or media containing the indicated concentrations of
CLA for 4 days, at which time viable cells/well were estimated in the MTT assay. Data are
mean + SEM, 8 wells/group; * denotes p<0.05. Panel A: c9, t11-CLA significantly inhibited
LiSa-2 cell growth only at the highest concentration tested. Panel B: The t10, c12-CLA isomer
caused a stepwise reduction in LiSa-2 cell growth across the 8 to 128 uM concentration range.
Panel C: The commercially-available CLA mixture inhibited LiSa-2 cell growth, and this
effect was prevented by the addition of palmitic acid.
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Fig. 7. CLA does not inhibit proliferation of nonlipogenic HeLa cells

Cells were treated as described for Fig. 3. Panel A: HelLa cell growth was not significantly
inhibited by up to 128 uM CLA mixture for 5 d. Panel B: Neither 128 uM c9, t11- or t10, c12-
CLA inhibited HeLa cell growth. Paradoxically, 8 uM palmitic acid significantly accelerated
HelLa cell growth in the presence of t10, c12-CLA.

Nutr Cancer. Author manuscript; available in PMC 2010 May 19.



