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Abstract

Endocrine therapy is the first-line targeted adjuvant therapy for hormone-sensitive breast

cancer. In view of the potential anticancer property of the omega-3 polyunsaturated fatty acid

docosahexaenoic acid (DHA) together with chemotherapy in estrogen receptor alpha (ERα)

positive mammary tumors, we have explored the regulation by estradiol of the fatty acid

desaturation and elongation enzymes involved in DHA synthesis in the human breast cancer

cell line MCF7, which expresses ERα but not ERβ. We demonstrate a robust up-regulation in

the expression of the fatty acid elongases Elovl2 and Elovl5 upon estradiol stimulation in

MCF7 cells, which was sustained for more than 24 hours. Exposure with the ER inhibitor

tamoxifen abolished specifically the Elovl2 but not the Elovl5 expression. Similarly, knock-

down of ERα eliminated almost fully the Elovl2 but not the Elovl5 expression. Furthermore,

ERα binds to one specific ERE within the Elovl2 enhancer in a ligand dependent manner.

The involvement of ERα in the control of especially Elovl2, which plays a crucial role in DHA

synthesis, may have potential implications in the treatment of breast cancer.

Introduction

Docosahexaenoic acid (DHA, 22:6) is an omega-3 polyunsaturated fatty acid (PUFA), which is
abundant in fatty fish and other marine sources and has been shown to have a variety of health
benefits on breast cancer both in rodents and humans [1] as well as in cell lines [2]. However,
while the effects of dietaryDHA have been extensively studied, less attention has been paid to
the physiological role of endogenous DHA synthesis
Synthesis of omega 3 and omega 6 PUFAs is accomplished by sequential elongation and

desaturation steps of the essential fatty acids linoleic acid (C18:2 n-6) and α-linolenic acid
(C18:3 n-3) and their derivatives [3] (Fig 1). The involved enzymes are located in the endoplas-
matic reticulum and include the fatty acid desaturases 1 (FADS1) and 2 (FADS2) and the fatty
acid elongases elongation of very long-chain fatty acids 2 (ELOVL2) and 5 (ELOVL5) where
ELOVL2 is considered to be essential for the formation of C24 PUFAs in a tissue specificman-
ner prior to further desaturation and β-oxidation of 24:6n-3 into DHA [4–6].
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The connection between steroidal hormones such as estrogen and PUFA synthesis has pre-
viously been studied showing that hepatic Fads2 expression was up regulated in response to
increased progesterone and 17-β-estradiol (E2) concentrations in female rats, followed by
increased levels of long chain PUFAs [7]. Estrogen, after binding to estrogen receptors (ERs),
regulates gene expression through interaction with specific estrogen response elements (ERE)
within DNA [8,9]. ERs are part of the nuclear receptor superfamily of transcription factors and
have important implications in hormone-related disorders, development and physiology [10].

Fig 1. Schematic pathway of polyunsaturated fatty acid (PUFA) synthesis. The map shows the elongation and

desaturation steps of omega 3 (n-3) and omega 6 (n-6) fatty acids connected to the major actions of ELOVL5,

ELOVL2, FADS1 and FADS2.

doi:10.1371/journal.pone.0164241.g001
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ERs exist as two different subtypes; ERα and ERβ [11], which have the ability to form heterodi-
mers [12] as well as homodimers [13]. The DNA binding domains (DBDs) of the receptors are
97% homologous [14,15] and particularly the P-box, which is essential for DNA specificity, is
100% identical [16]. In line with this, ERα and ERβ has been shown to bind to a diverse range
of EREs with similar selectivity and affinity [12,13]. There is a wide diversity of ER ligands with
varying affinity. The endogenous ligand E2 binds with similar affinity to both ERα and ERβ
[17].
ERα enhances proliferation of endocrine responsive breast cancers, while ERβ in several

studies exerts an inhibitory action on cancer cell growth [18,19]. As approximately 80% of all
breast cancers are ERα positive, endocrine therapy is considered complementary to surgery in
the majority of patients [20].
To determine how estrogen via ERα effects enzymes involved in PUFA synthesis, we have

examined the expression of desaturases and elongases in ERα positive MCF7 cells and ERα
negative HepG2 cells upon E2 treatment. We show that E2 primarily stimulates the expression
of Elovl2 and Elovl5 in MCF7 cells and that ERα directly binds to one specific ERE within the
Elovl2 promoter upon estrogen stimulation in MCF7 cells.

Materials and Methods

Cell culture

The human breast cancer cell line MCF7 was cultured in Minimum Essential Medium (ATCC)
supplemented with 10% FBS and 0,5% Penicillin-Streptomycin. The human liver hepatocellu-
lar carcinoma cell line HepG2 was cultured in Dulbecco’s modifiedmediumwith 10% FBS and
1% Penicillin-Streptomycin. Both cell lines were cultured in 6 well plates, apart from the ChIP
experiments (see below), and kept at 37°C in 5% CO2. Before treatment, the cells were cultured
in RPMI 1640 phenol free medium containing 2% charcoal treated FBS and 0,5% Penicillin-
Streptomycin for 72 hours. All material/chemicals were purchased from Sigma Aldrich except
ICI 182,780 (TOCRIS bioscience).

ERα and ERβ overexpressing cells

MCF7 and HepG2 cells were transiently transfected for 24 hours with different amounts of
pcDNA3 expression vectors containing ERα and ERβ using Lipofectamine 2000 (Invitrogen).
Cells were then exposed to 10 nM E2 or vehicle (ethanol) for 6 hours and then harvested for
RNA preparation.

Transient knock-down of ERα
MCF-7 cells seeded in 6-well plates were maintained in phenol red-free DMEM supplemented
with 5% charcoal treated FBS for 48 hr. Cells were transiently reverse transfected with 50 nM
of either control siRNA or ERα siRNA (siRNA-A: sc-37007, h: sc-29305 Santa Cruz Biotech-
nology, Inc., Santa Cruz, CA) using Lipofectamine RNAiMAX Transfection Reagent (Thermo-
Fisher Scientific catalg number: 13778075.) according to the manufacturer's instructions. After
48 hr, the cells were serum starved for 12 hr and either treated with 10 nM E2 or vehicle (etha-
nol) for 4 hr. The protein expression of ERα was determined by Western blot and the mRNA
expression of Elovl2 and Elovl5was measured by qPCR.

Real-time PCR analysis

Real-Time PCR was performedwith SYBR Green JumpStart Taq ReadyMix for QPCR from
Sigma Aldrich. To investigate the expression of the indicated genes, total RNA was isolated
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with TRIReagent (Sigma Aldrich) followingmanufacture’s procedure. For real time PCR, 500
ng of total RNA was reverse transcribedusing random hexamer primers, dNTPs, multiscript
and RNase inhibitor (Applied Biosystems, Foster City, CA, USA). cDNA samples were diluted
1:10 and aliquots of 2μl were mixed with SYBR Green JumpStart Taq ReadyMix (Sigma
Aldrich), pre-validated primers, DEPC treated water and were analysed in triplicate for each
sample. For primer sequences used to detect ERα and ERβ, Elovl2, Elovl5, Fads1 and Fads2, see
S1 Table. PCR products were detected using a BioRad detection system. Data were normalized
to the housekeeping gene 36B4.

Western blotting

For immunoblotting of ERα, cells were lysed in Ripa buffer and proteins from each sample
(10 μg/lane) were separated by 12% SDS-PAGE and blotted to a polyvinylidene difluoride
transfer membrane (Amersham Hybond-P; GE Healthcare) in a semidry system. The mem-
brane was incubated for 1 hour in 5% fat-free milk, then overnight with the diluted 1:1000 pri-
mary ERα antibody (Hc-20: sc-543; Santa Cruz Biotechnology). Bound antibodies were
detectedwith a secondary peroxidase-conjugated anti-rabbit (anti-rabbit; Cell Signaling)
diluted 1:2000 in 5% fat-free milk, 10× TBS, and Tween-20. The membranes were washed with
TBS and Tween-20 2× for 5 min and 15 min, respectively, after each incubation time. Proteins
were visualized using an ECL Plus kit (Amersham Bioscience) and detected in an LAS-1000
CCD camera (Fuji). Membranes were mild stripped by using a volume of buffer (15 g glycine,
1 g SDS, 10 ml Tween 20 dissolved in 1 L distilledwater adjust PH to 2.2) that covered the
membrane and incubated at room temperature for 10 min. The incubation was repeated and
the membranes were, washed twice in TBS-T and PBS for 10 min each and re-probed with
anti- β-actinmonoclonal antibody (β-actin 13E5, Cell Signaling Technology) diluted 1:1000 in
TBS-T, to serve as a loading control.

Chromatin immunoprecipitation

MCF-7 cells were seeded in 15 cm culture dishes and reached 80–90% confluence after 3 days.
Then they were treated with 10 nM E2 or vehicle (ethanol) for 45 min and ChIP was performed
according to the previously published procedure [21]. Briefly, the cells were first fixed and
DNA-protein cross linked with 1% formaldehyde. Cross-linkingwas quenched by adding 125
mM glycine and cells were then harvested and resuspended in lysis buffer [50 mM Tris-HCl
(pH 8.0); 150 mMNaCl; 1 mM EDTA; 1% Triton X-100; 0.1% Na-deoxycholate] containing
protease inhibitors (Roche,Mannheim, Germany). The soluble chromatin was obtained by
sonication and were incubated with 30 μl ERα antibody (HC20; Santa Cruz) coupled magnetic
beads (Invitrogen, USA) or IgG under gentle agitation for overnight at 4°C. The beads pellets
were successively washed for 3 min in 1 ml buffer 1 [20 mM Tris-HCl (pH 8.0); 150 mMNaCl;
2 mM EDTA; 1% Triton X-100; 0.1% sodiumdodecyl sulfate (SDS)], 1 ml buffer 2 [20 mM
Tris-HCl (pH 8.0); 500 mMNaCl; 2 mM EDTA; 1% Triton X-100; 0.1% SDS], 1 ml LiCl buffer
[20 mM Tris-HCl(pH 8.0); 250 mM LiCl; 1 mM EDTA; 1% Nonidet P-40; 1% Na-deoxycho-
late] and 2× 1 ml TE [10 mm Tris-HCl (pH 8.0); 1 mM EDTA]. Protein:DNA complexes were
eluted in 120 μl elution buffer [1% SDS, 0.1MNaHCO] for 30 min, and the cross-links were
reversed by overnight incubation at 65°C. DNA was purified using a PCR purification kit
(QIAGEN, Valencia, CA) and eluted in 50 μl. Using the first five thousands bp upstream of the
human Elovl2 transcription start site, the predicted ERE binding sites of Elovl2 was obtained
from the Transcriptional Regulatory Element Database via IUPAC/Regular Expression Analy-
sis Results. The recruitments of ERα to the predicted ERE were detected by PCR using the
ChIPped-DNA. Sequences of the PCR primers used are given in S3 Fig.
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Statistical analysis

Statistical analysis was performed using GraphPad PRISM (San Diego, CA) and statistical dif-
ferences were calculatedwith Student’s unpaired t-test. Bars indicate mean ± SE �P<0.05,
��P<0.01, ���P<0.001

Results

E2 stimulates Elovl2 and Elovl5 expression in MCF7 cells

To assess if estrogen has the potential to regulate PUFA and especiallyDHA synthesis via regulat-
ing the expression of Elovl2, Elovl5, Fads1 and Fads2, MCF7 cells were treated for six hours with
the ER ligand E2. As shown in Fig 2, Elovl2 and Elovl5 expression were up-regulated approxi-
mately 5 fold and 2 fold, respectively, by E2 (Fig 2A and 2B). The expression of Fads1 was slightly
induced by E2, although the expression level was very low (Ct values 32–33) while the expression
of Fads2 was unaffected (Fig 2C and 2D). Administration of the ERα antagonist ICI 182780 one
hour before E2 exposure attenuated the estrogen response whilst the antagonist alone had no
effect (Fig 2). Furthermore, the increase in Elovl2 and Elovl5mRNA levels by E2 was sustained
for more than 24 hours (Fig 3A and 3B), which implies that estrogen via ERα has the potential to
induce PUFA synthesis primarily via up-regulation of the elongases Elovl2 and Elovl5.

Tamoxifen supresses Elovl2 but not Elovl5 expression

Tamoxifen is an ER antagonist used for reducing the harmful effects in patients with hormone
receptor positive breast cancer. To investigate if tamoxifen modulates E2-induced expression
of Elovl2 and Elovl5, it was applied to MCF7 cells at different concentrations. Interestingly,
5 μM tamoxifen profoundly reduced basal Elovl2 expression and completely abolished the E2
stimulation at a consentration of 10 μM (Fig 4A). The basal expression level of Elovl5was
somewhat reduced although tamoxifen did not block the E2 effect (Fig 4B). On the contrary,
Fads1 and Fads2 expression remained unchanged upon tamoxifen administration, once again
demonstrating their non-responsiveness to estrogen receptor modulation (Fig 4C and 4D).

Endogenous levels of ERα are sufficient for E2-dependent induction of

Elovl2 and Elovl5 expression in MCF7 cells

To determine if the ERα level is a limiting factor for E2 regulation of Elovl2 and Elovl5 expression
inMCF7 cells, ERαwas overexpressed by transfecting ERα at different concentrations into the
cells. Overexpression led to significantly higher levels of ERα transcript compared to cells treated
with empty vector, with the highest expression level observedupon transfection of 500 ng expres-
sion vector (Fig 5A).We also confirmed that there was no detectable ERβ expression inMCF7
cells as previously reported [22] (Fig 5B). Upon exposure to E2, both Elovl2 and Elovl5 expression
were increased independent of the amount of transfected ERα (Fig 5C and 5D), suggesting that the
endogenous levels of ERα are sufficient for maximal E2-dependent induction of Elovl2 and Elovl5
expression inMCF7 cells (Fig 2A and 2B). In contrast, E2 did not induce Fads1 and Fads2 expres-
sion at any of the investigated ERα expression levels. However, ERα overexpression appeared to
reduce Fads1 expression independent of E2 although this was not statistically significant (Fig 5E).

ERα and E2 independent expression of Elovl2, Elovl5, Fads1 and Fads2

in HepG2 cells

To study if the expression of the PUFA enzymes could be stimulated by estrogen signaling in
HepG2 cells,which is a human liver cell line that neither expresses ERα nor ERβ but expresses

Elovl2, ERα and Estrogen
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all the PUFA-synthesizing enzymes, ERα was transiently transfected, followed by ligand
administration (S1A Fig). As seen in S1C–S1F Fig, ERα overexpression alone or in combina-
tion with E2 did not effect the expression of Elovl2, Elovl5, Fads1 or Fads2.

ERβ overexpression does not modify the expression of enzymes

connected with PUFA synthesis

Since ERβ shares DNA binding specificity with ERα we examined the potential of ERβ to alter
the expression of the PUFA synthesizing enzymes in MCF7 (Fig 6) and HepG2 (S2 Fig) cells,
that lack endogenous ERβ expression. As seen in Fig 6B and S2B Fig, ERβ transfection caused

Fig 2. The effect of E2 treatment on the expression of PUFA synthesis enzymes in MCF7 cells. MCF7 cells were treated with 10 nM E2 and/

or 10 μM ICI182,780 compared or vehicle (ethanol) for 6 hours. Elovl2, Elovl5, Fads2 and Fads1 mRNA levels (A, B, C and D) were determined by

quantitative RT-PCR and normalized to the reference gene 36B4. Results shown are means ± SE of two individual experiments in triplicate.

Statistical significances are indicated as *P<0.05 and **P<0.01.

doi:10.1371/journal.pone.0164241.g002
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significantly increased levels of ERβmRNA levels compared to cells transfected with empty
plasmid, with the highest expression level observedwith 500 ng expression vector for both
MCF7 and HepG2 cells. E2 significantly induced Elovl2 and Elovl5 expression via ERα in
MCF7 cells but not in HepG2 cells as expected (Fig 6C and 6D and S2C and S2D Fig). How-
ever, the expression of the PUFA enzymes in both cell lines was independent of the amount of
ERβ transcript (Fig 6C–6F and S2C–S2F Fig) implying ERα as the sole estrogen receptor in the
control of PUFA synthesis in breast cancer cells.

ERα knock-down supresses Elovl2 but not Elovl5 expression

To further validate the requirement of the presence of ERα for E2 induced Elovl2 expression, a
transient siRNA knock-down of ERα was performed in MCF7 cells. As seen in Fig 7A and 7B,
ERα protein levels was significantly reduced by the siRNA treatment. In control cells, E2 expo-
sure lead to a slight reduction of ERα, which is in accordance with previous reports [23]. The
Elovl2 expression was elevated in the control MCF7 cells treated with E2 as previously shown
(Fig 7C). However, the Elovl2 expression was almost undetectable in the ERα abolishedMCF7
cells regardless of E2 stimulation (Fig 7C). In contrast, Elovl5 expression levels were not

Fig 3. E2 time-response of PUFA synthesizing enzyme expression in MCF7 cells. MCF7 cells were treated with 10 nM E2 or vehicle (c) for

0, 6, 12 or 24 hours and Elovl2, Elovl5, Fads1 and Fads2 mRNA levels (A, B, C and D) were determined by quantitative RT-PCR and normalized

to the reference gene 36B4. Results shown are means ± SE of two individual experiments in triplicate. Statistical significances are indicated as

*P<0.05 and **P<0.01.

doi:10.1371/journal.pone.0164241.g003
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affected by ERα abolishment (Fig 7D) supporting that ERα controls the PUFA enzyme
machinerymainly via Elovl2 in MCF7 cells.

The Elovl2 promoter contains an ERE that associates with ERα
upon ligand activation

As ELOVL2 is a major factor in the control of cell specificDHA synthesis we investigated
whether the stimulatory effect of estrogen on the expression of this gene was associated with
direct ERα binding to the Elovl2 gene. By using the “Transcriptional Regulatory Element Data-
base” (Cold Spring Harbor Laboratory) two putative estrogen response elements (ERE) were
identified, ERE1 and ERE2, located at– 2817 and– 1279, respectively, 5’ of the transcription
start site within the Elovl2 promoter (Fig 8A and S3 Fig). To determine whether ERα can bind

Fig 4. The effect of tamoxifen on PUFA synthesizing enzyme expression in MCF7 cells. MCF7 cells were treated with 5 μM or 10μM

tamoxifen with and without 10 nM E2 or vehicle (c) for 24 hours and Elovl2, Elovl5, Fads1 and Fads2 mRNA levels (A, B, C and D) were determined

by quantitative RT-PCR and normalized to the reference gene 36B4. Results shown are means ± SE of two individual experiments in triplicate.

Statistical significances are indicated as *P<0.05, **P<0.01 and ***P<0.001.

doi:10.1371/journal.pone.0164241.g004
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to these EREs, a ChIP assay was performed. The different primer pairs designed to assess bind-
ing to each putative binding site are shown in Fig 8A and in S3 Fig. A clear enrichment could
be detected at ERE1 in the presence of E2 (Fig 8B). Conversely, no enrichment of ERα binding
could be detected at ERE2 (Fig 8B). This provides evidence that the ERE1 site in the Elovl2 pro-
moter is indeed interacting with ERα in breast cancer cells and that the association is ligand
dependent.

Discussion

Results of both in vitro and in vivo studies suggest that the omega-3 fatty acid (DHA) favour-
ably modulates anticancer treatment responses by promoting cytotoxic effects and improving
the effects of several anticancer drugs in different human cancer cells [24,25]. However, while
the effects of dietaryDHA have been extensively studied, research in the past shows that there
is a significant genetic component linked to endogenous PUFA concentrations in humans indi-
cating that understanding the regulation of enzymes involved in PUFA synthesis is of great
physiological importance.
Here we have shown that the estrogen receptor agonist E2, which is the most prevalent

estrogen in premenopausal women, functions as a potent stimulator of the expression of the
PUFA elongases Elovl2 and Elovl5 but not the desaturases Fads1 and Fads2 in the human breast
cancer cell line MCF7 and that the elevated expression was sustained for more than 24 hours.
We also demonstrate that tamoxifen, a typical anti-estrogen drug that is administered as

first-line treatment for advanced breast cancer patients and for the prevention of breast cancer,
selectively down regulates Elovl2, which implies that endogenous DHA productionmay be sig-
nificantly affected in patients undergoing endocrine therapy. Interestingly, omega-3 fatty acid
supplementation has previously been shown to attenuate the inherent apoptotic response of
tamoxifen in MCF7 cells suggesting that a diet rich in omega-3 may diminish the beneficial
effects of tamoxifen in breast cancer patients [26].
The ERα knock-down experiment cleary showed a selective down regulation of Elovl2

expression. Interestingly, like tamoxifen, the ERα siRNA treatment almost abolished the Elovl2
but not the Elovl5 expression in control cells suggesting that prolonged anti-ERα-treatment
has a negative effect on Elovl2 expression which is E2 independent.
Our data also implies that the E2 effect on Elovl2 expression involves direct binding of ERα

to an ERE within the Elovl2 enhancer. Furthermore, the findings suggest that the limiting factor
for the induction of Elovl2 expression in MCF7 cells is not the amount of ERα, but rather the
availability of the ligand.
In contrary, the HepG2 cells, which normally are devoid of ERα, did not respond to E2 with

regard to Elovl2 expression when transfected with ERα suggesting that the transcription
machinery controlling DHA synthesis is distinct for different cell types. This finding is consis-
tent with a recent study showing that the mRNA levels of PUFA synthesis enzymes were not
influenced in HepG2 cells in response to 17α–ethynylestradiol, a derivative of E2 [27].
On the basis of substrate competition studies, the n-6 and n-3 biosynthetic pathways involve

the same desaturases and elongases [28]. However, our recent data on ELOVL2-ablated mice
show that the major products of omega-6 and omega-3 synthesis in mammalian cells are ara-
chidonic acid, 20:4n-6 (AA) and DHA (22:6n-3), respectively [6] and that ELOVL2 is the sole

Fig 5. ERα overexpression does not modify the expression of PUFA elongases and desaturases in MCF7 cells. MCF7 cells were

transfected with different concentrations (50ng or 500ng) of ERα or empty plasmid (V) as indicated for 24 hours followed by incubation with 10

nM E2 or vehicle (c) for 6 hours. (A) ERα, (B) ERβ, (C) Elovl2, (D) Elovl5, (E) Fads1 and (F) Fads2 mRNA expression were determined by

quantitative RT-PCR normalized to the reference gene 36B4. Results shown are means ± SE of three individual experiments in triplicate.

Statistical significances are indicated as *P<0.05, **P<0.01 and ***P<0.001.

doi:10.1371/journal.pone.0164241.g005
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fatty acid elongase required for the elongation of 22-carbon PUFA C22:5n-3 into C24:5n-3
which is the essential precursors for DHA formation. While ELOVL5 and the desaturases
FADS1 and FADS2 are expressed at significant levels in all tissues tested, ELOVL2 is highly
expressed in liver, testis, uterus, placenta, mammary gland, and certain areas of the brain, all of
which are tissues that are documented as being rich in DHA. In MCF7 cells, our data suggest
that the expression levels of the elongases ELOVL2 and ELOVL5 are significantly higher than
for the desaturases FADS1 and FADS2. This is in line with that MCF7 cells have been shown to
have very low delta 6 desaturase activity [29]. The reason for this is unclear but is suggested to
be a cause of a chromosome deletion in MCF7 cells [30]. However, our data show that both of
the elongases, especially Elovl2, are controlled by E2 and ERα whereas the desaturases are not,
which may have implications on PUFA levels in-vivo under certain conditions.
Despite this, our data showing that both of the elongases, especially ELOVL2, are controlled

by E2 and ERαmay have implications on PUFA levels in-vivo under certain conditions.
The activities of the fatty acid elongation enzymes are considered to be controlled at the

transcriptional level [3,31]. Except ERα, it is still not known which other factors are involved in
the control of Elovl2 expression.
Upon estrogen binding, ERα undergoes a conformational change that facilitates the recruit-

ment of coregulators to the promoter regions of target genes, either directly through interaction
with cognate DNA sequences (ERE) or through protein/protein interaction with transcrip-
tional binding sites [32,33]. Our data implies that the accessibility of ERα ligand is enough to
enhance Elovl2 expression and DHA formation in breast cancer cells.
Estrogen has prominent effects on breast cancer progression and malignancy [34]. Whilst

ERα has been shown to bind numerous genes in breast cancer cells linked to developmental and
proliferative functions [35], ERβ has been implicated as a potential tumor suppressor gene based
on results that ERβ is lost in most of the breast cancers [36–38]. About two thirds of breast can-
cers in women require estrogen for growth, which is mainly mediated through ERα. The ERα-
positive/ERβ-negativeMCF7 breast cancer cells have been extensively studied and their gene
expression profiles have been shown to strongly correlate with profiles in breast cancers in vivo
[22]. However, the role of ERα activated Elovl2 and Elovl5 expression and eventually increased
DHA synthesis is unclear. A variety in vitro and animal analyses have revealed that breast cancer
risk is associatedwith reduced omega-3/omega-6 ratio [39,40]. Furthermore, administration of
the omega-3 PUFA DHA and EPA have been shown to inhibit cell proliferation and differentia-
tion [41] and to activate apoptotic pathways inMCF7 cells [42,43]. Therefore, discerning the
mechanism of action of ELOVL2, that has the potential to specificallymodulate DHA availabil-
ity, would be useful to unravel means to reduce cell viability in breast cancer.
We have previously shown that endogenous PUFA synthesis through ELOVL2 is the domi-

nating factor to obtain systemic levels of DHA in mice [6]. As endocrine therapy is the stan-
dard targeted adjuvant therapy for hormone-sensitive breast cancer it would be relevant to
investigate whether other cell types in the body, including liver that is one of the tissues with
highest expression levels of Elovl2 and DHA production, show diminished Elovl2 expression
upon anti ERα treatment. If so, this would highly support clinical dietary interventions with
omega-3 fatty acids to potentially improve normal tissue functions in combination with deteri-
orating cancer progression in patients on endocrine therapy.

Fig 6. ERβ overexpression did not influence the expression of PUFA elongases and desaturases in MCF7 cells. A) MCF7 cells were

transfected with different concentrations (50ng or 500ng) of ERβ or empty plasmid (V) as indicated for 24 hours followed by incubation with

10 nM E2 or vehicle (c) for 6 hours. (A) ERα, (B) ERβ, (C) Elovl2, (D) Elovl5, (E) Fads1 and (F) Fads2 mRNA expression were determined by

quantitative RT-PCR normalized to the reference gene 36B4. Results shown are means ± SE of two individual experiments in triplicate.

Statistical significances are indicated as *P<0.05, **P<0.01 and ***P<0.001, n.d = not detectable.

doi:10.1371/journal.pone.0164241.g006
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Fig 7. ERα knock-down reduces Elovl2 expresion in MCF7 cells. MCF7 cells were transiently

transfected with 50 nM ERα siRNA or siRNA control for 48 hours followed by incubation with 10 nM E2

(black bars) or vehicle (white bars) for 4 hours. (A) Western blot analysis using total protein extracts was

performed to assess ERα and β-actin (control) protein levels. (B) Quantification of ERα protein levels, and

(C) Elovl2 and (D) Elovl5 mRNA expression levels determined by quantitative RT-PCR normalized to the

reference gene 36B4. Results shown are means ± SE of two individual experiments in duplicate. Statistical

significances are indicated as *P<0.05, **P<0.01 and ***P<0.001.

doi:10.1371/journal.pone.0164241.g007

Fig 8. Binding of ERα to ChIP analysis of the Elovl2 enhancer in MCF7 cells. (A) Schematic representation of two

putative estrogen response elements, ERE1 and ERE2, within the Elovl2 enhancer with the primer pairs used for ChIP

assays illustrated as black arrows denoted a, b and c with the “a” primer pair positioned 5’ adjacent to the ERE1, the “b”

primer pair covering the ERE1, the “c” primer pair 3’ of the ERE1 and the “d” primer pair covering the ERE2 site. (B) Fold

difference for ERα and IgG (control) binding for E2 and vehicle treated MCF7 cells using primer pair a, primer pair b,

primer pair c and primer pair d. Statistical significances are indicated as *P<0.05, **P<0.01 and ***P<0.001.

doi:10.1371/journal.pone.0164241.g008
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In summary, our data supports the notion that PUFA synthesis can be hormonally influ-
enced in human breast cancer MCF7 cells by affecting the enzymemachinery responsible for
PUFA elongation. Insights in the mechanisms whereby Elovl2mRNA levels can be regulated
can have implications on DHA production and its protective effects in breast cancer patients.

Supporting Information

S1 Fig. ERα overexpression did not influence the expression of PUFA elongases and desa-
turases in HepG2 cells.HepG2 cells were transfected with different concentrations of ERα or
empty plasmid (V) as indicated for 24 hours followed by incubation with 10 nM E2 or vehicle
(c) for 6 hours. (A) ERα, (B) ERβ, (C) Elovl2, (D) Elovl5, (E) Fads1 and (F) Fads2mRNA
expression were determined by quantitative RT-PCR normalized to the reference gene 36B4.
Results shown are means ± SE of two experiments in triplicate. No statistical significances are
indicated as P>0.05, n.d = not detectable.
(PPTX)

S2 Fig. ERβ overexpression did not influence the expression of PUFA elongases and desa-
turases in HepG2 cells. A)HepG2 cells were transfected with different concentrations of ERβ
or empty plasmid (V) as indicated for 24 hours followed by incubation with 10 nM E2 or vehi-
cle (c) for 6 hours. (A) ERα, (B) ERβ, (C) Elovl2, (D) Elovl5, (E) Fads1 and (F) Fads2mRNA
expression were determined by quantitative RT-PCR normalized to the reference gene 36B4.
Results shown are means ± SE of two individual experiments in triplicate. No statistical signifi-
cances are indicated as P>0.05, n.d = not detectable.
(PPTX)

S3 Fig. Location and primer sequencesused in ERαChIP analysis of the Elovl2 enhancer.
A) Four different primer pairs (a-d) and two putative estrogen response elements (ERE1 and
ERE2), located at– 2817 to -2827 and -1279 to -1289, respectively, are indicated within the
Elovl2 promoter. B) a-d primer sequences An ERα ChIP assay was performed using four differ-
ent primer pairs (a-d) as indicated (underlined) and B) sequences.
(PPTX)

S1 Table. Primer sequencesused for real time PCR analysis.
(TIF)
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