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Abstract Phospholipid biosynthesis exerts an important

role in the proliferation of tumor cells; however, the regu-

lation of the proteins involved in this context still remains to

be fully evaluated. SLC37A1 protein belongs to a small

family of sugar-phosphate/phosphate exchangers. The

sequence homology with the bacterial glycerol-3-phosphate

transporter (30%) suggests that SLC37A1 might be able to

catalyze an exchange of glycerol-3-phosphate against

phosphate. Glycerol-3-phosphate, found in different cellu-

lar compartments, is a fundamental substrate in phospho-

lipid biosynthesis. In the present study, we demonstrate for

the first time that epidermal growth factor (EGF) transac-

tivates SLC37A1 promoter sequence and induces SLC37A1

mRNA, and protein expression through the EGFR/MAPK/

Fos transduction pathway in ER-negative SkBr3 breast

cancer cells. These findings were corroborated by compa-

rable results obtained in ER-positive endometrial Ishikawa

tumor cells. Interestingly, we also show that SLC37A1

protein localizes in the endoplasmic reticulum, hence sup-

porting its possible involvement in phospholipid biosyn-

thesis. On the basis of our data, the up-regulation of

SLC37A1 gene expression should be included among the

well-known stimulatory action exerted by EGF in breast

cancer cells. In addition, further studies are required to

provide evidence concerning the potential role of EGF-

mediated SLC37A1 induction in breast tumor cells.

Keywords Breast cancer cells � EGF � EGFR �
SLC37A1

Introduction

Fatty acid synthase (FAS) is the sole protein in the human

genome capable of reductive de novo synthesis of fatty

acids from acetyl-CoA [1]. Fatty acids are activated by

acyl-CoA synthetases (ACS) and converted to acyl-CoA

[2], which is a necessary substrate for phospholipid bio-

synthesis. The first step of this metabolic pathway is the

formation of lysophosphatidic acid (LPA) from both

glycerol-3-phosphate (G3P) and acyl-CoA. The reaction is

catalyzed by glycerol-3-phosphate acyltransferase (GPAT)

which is thought to be a rate-limiting step for phospholipid

biosynthesis [3]. In mammals, GPAT exists in at least four

isoforms, two of which are localized in the mitochondria

(designated GPAT1 and GPAT2) and two localized in the

endoplasmic reticulum (GPAT3 and GPAT4) [4]. The

protein encoded by the SLC37A1 gene, which belongs to

the SLC37 family, has been indicated as a possible can-

didate for the transport of G3P in the endoplasmic reticu-

lum and/or mitochondria. The SLC37A1 protein shares a

30% sequence homology with the well-studied bacterial

glycerol-3-phosphate transporter (glpT) [5], suggesting that

this protein is likely to be an antiporter, which may cata-

lyze an exchange of glycerol-3-phosphate for inorganic

phosphate. The second step in phospholipid synthesis is the

Domenico Iacopetta and Rosamaria Lappano equally contributed to

this work.

D. Iacopetta � R. Lappano � A. R. Cappello � M. Madeo �
E. M. De Francesco � A. Santoro � R. Curcio � V. Pezzi �
M. Maggiolini (&) � V. Dolce (&)

Department of Pharmaco-Biology, University of Calabria,

87036 Rende (CS), Italy

e-mail: marcellomaggiolini@yahoo.it

V. Dolce

e-mail: vdolce@unical.it

L. Capobianco

Department of Biological and Environmental Sciences

and Technologies, University of Salento, 73100 Lecce, Italy

123

Breast Cancer Res Treat (2010) 122:755–764

DOI 10.1007/s10549-009-0620-x



formation of phosphatidic acid from LPA. The reaction is

catalyzed by lysophosphatidic acid acyltransferase

(LPAAT), which has been identified in eight distinct iso-

forms [6].

An altered metabolism is one of the most important

features in cancer cells [7]. Initially, Otto Warburg

observed enhanced anaerobic glycolysis in tumor cells [8,

9], thereafter alterations in lipid metabolism have also been

described [10]. The elevated glucose catabolism observed

in cancer cells produces an excess of pyruvate that can be

converted into lactate or into acetyl-CoA, leading to the

formation of citrate within the mitochondria. Citrate is then

transported into the cytosol, where it is used as a substrate

for fatty acid biosynthesis.

Fatty acid synthase (FAS) overexpression has been

observed in a wide variety of human tumor types [11] as a

consequence of an altered transcriptional regulation [12].

In addition to FAS, several other enzymes involved in lipid

metabolism have recently been shown to be implicated in

tumor growth and viability [13]. In mammals, two ACS

isozymes, ACSL4 and ACSL5, GPAT enzymes, and the

LPAAT-b isoform are all overexpressed by a number of

human cancers cells, including glioma, lung, breast, and

colon carcinoma [14–17].

Among the enzymes involved in lipid biosynthesis in

tumor cells, the most studied is FAS, which is regulated by

different growth factor signaling, including epidermal

growth factor (EGF), as well as by steroid hormone-

induced transduction pathways, including estradiol (E2)

and its cognate receptor (ER) [13, 18]. Downstream of the

growth factors and steroid receptors, the phosphatidylino-

sitol-3-kinase (PI3K)/Akt, and mitogen-activated protein

kinase (MAPK) signaling pathways have been suggested to

mediate FAS expression through the sterol regulatory ele-

ment-binding protein 1c (SREBP-1c) [13, 18]. However,

the up-regulation of FAS by activated growth factor

receptors requires a complex signaling network [19, 20].

Indeed, recent reports have shown that FAS expression is

controlled not only by SREBP-1c but also by other tran-

scription factors, such as the p53 family proteins and the

lipogenesis-related nuclear protein, SPOT14, which is

often overexpressed in breast tumor [21, 22]. As described

above, the LPAAT-b catalyzes the acetylation of LPA,

which in turn generates PA, known to act as a second

messenger through the Ras/Raf/Erk and the AKT/mTOR

pathways in cancer cells [16, 17, 23]. Taken together, these

observations suggest that several proteins, such as ACS,

GAPT, LPAAT, and FAS along with SLC37A1, could be

involved in the regulation of lipid synthesis in cancer cells.

In the present study, we demonstrate for the first time

that EGF up-regulates SLC37A1 mRNA and protein

expression in ER-negative SkBr3 breast cancer cells.

Moreover, we provide evidence regarding SLC37A1

localization in the endoplasmic reticulum network, cor-

roborating its potential involvement in the phospholipid

biosynthesis.

Materials and methods

Reagents

Estradiol (E2), EGF, IGF-I, and H89 were purchased from

Sigma–Aldrich Corp. (Milan, Italy). AG1478 (AG),

PD98059 (PD) were purchased from Biomol Research

Laboratories, Inc. (DBA, Milan, Italy), and GF109203X

(GFX) from Calbiochem (VWR International, Milan,

Italy). All compounds were solubilized in dimethylsulf-

oxide, except E2 which was dissolved in ethanol.

Cell culture

SkBr3 breast cancer cells, Ishikawa endometrial cancer

cells, and LNCaP prostate cancer cells were maintained in

RPMI 1640, DMEM, and RPMI 1640, respectively, without

phenol red (except LNCaP cells, which were maintained in

medium with phenol red) supplemented with 10% fetal

bovine serum (FBS). Cells were switched to medium

without serum the day before experiments for immunoblots,

real-time PCR (RT–PCR), and microscopy evaluation.

Plasmids

In order to generate the luciferase expression vector for the

SLC37A1-50 flanking region (SLC37A1-c1), a 1.7-kb frag-

ment (-2148 to -463 bp respect to the translation initiation

site) was amplified from genomic human DNA by nested

polymerase chain reaction [24] using the following oligo-

nucleotide primer pairs: sense 50-CTCACTATCATTCCTC

CATTGAACATCT-30 and antisense 50-TATGGGAAGGG

CCTCTGTGG-30; nested-sense 50-ACCTCCTAAGCCCC

ACCACA-30 and nested-antisense 50-GGATAATGGGAAT

GCCTCGC-30. The nested-sense and nested-antisense oli-

gonucleotide primers were synthesized with additional

50-KpnI and 50-XhoI, respectively. The genomic DNA was

extracted from SkBr3 cells by Trizol reagent as suggested by

the manufacturer (Invitrogen, Milan, Italy). PCR primer

pairs were selected analyzing the 50-flanking region of

SLC37A1 gene in chromosome 21, location 21q22.3. The

nested PCR amplification was performed, as described in

[24]. The amplified product, 1.7 kb in length, was purified

(with Qiaquick from Qiagen, Milan, Italy), cloned into the

XTL luciferase reporter vector, and the construct was trans-

formed into Escherichia coli TG1 cells. The sequence of

insert was verified. A computer search of transfactor databases

(www.gene-regulation.com/pub/programs/alibaba2/index) with
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the -2148/-463 region of the SLC37A1 gene revealed 7

AP-1 sites listed as follows: -1999/-1893, -1831/-1826,

-1693/-1687, -1259/-1253, -1151/-1145, -769/-763,

and -747/-741 (Fig. 1a). The SLC37A1 was used as tem-

plate to generate the constructs deleted in different

AP-1 sites. The following plasmids were generated: SLC3-

7A1-c2 (858 bp length, containing four AP-1 sites),

SLCFig. 1b). The sense and antisense oligonucleotide

primers were synthesized with additional 50-KpnI and

50-XhoI, respectively. The digested PCR products were

cloned directionally into the KpnI/XhoI sites of XTL. The

oligonucleotide primers used to generate each fragment are

listed in Table 1. Furthermore, the SLC37A1-c6 was used as

template to generate the plasmid SLC37A1-c8 (247 bp

length, containing no AP-1 site), and the mutation of the

AP-1 site was generated using a QuikChange XL site-

directed mutagenesis kit (Stratagene, Milan, Italy). Short

hairpin (sh)RNA constructs for SLC37A1, EGFR, and the

control plasmids were purchased from SABioscience

Corporation (Frederick, MD, USA) and used, according to

the manufacturer’s recommendations.

Transfection and luciferase assays

SkBr3 and Ishikawa cells (1 9 105) were plated into

24-well dishes with 500 ll of regular growth medium per

well the day before transfection. The medium was replaced

with that lacking serum on the day of transfection per-

formed using Fugene 6 reagent as recommended by the

manufacturer (Roche Diagnostics, Milan, Italy) with a

mixture containing 500 ng of each SLC37A1 construct and

2 ng of pRL-TK. After 5 h, the serum-free medium con-

taining the indicated treatments was renewed, and then

cells were incubated for 18 h. Luciferase activity was

measured with the dual luciferase kit (Promega) according

to the manufacturer’s recommendations. Firefly luciferase

values were normalized to the internal transfection control

provided by the Renilla luciferase activity. The normalized

relative light unit values obtained from cells treated with

vehicle were set as 1-fold induction upon which the activity

induced by treatments was calculated.

Western blotting

Cells were grown in 10-cm dishes and lysed in 500 ll of

50 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 10% glyc-

erol, 1% Triton X-100, and 1% sodium dodecyl sulfate; a

mixture of protease inhibitors containing 1 mM aprotinin,

20 mM phenylmethylsulfonyl fluoride, and 200 mM

sodium orthovanadate. Protein concentration was deter-

mined using Bradford reagent according to the manufac-

turer’s recommendations (Sigma–Aldrich). Equal amounts

of whole protein extract were resolved on a 10% sodium

dodecyl sulfate–polyacrylamide gel transferred onto a

nitrocellulose membrane (Amersham Biosciences, Milan,

Italy), probed overnight at 4�C with the antibodies against

SLC37A1 (XG-6192, purchased from ProSci Inc. Poway

USA), ERa (F-10), ERb (H-150), EGFR (1005), IGF-IR

(7G11), c-fos (H-125), b-actin (C-2), phosphorylated

ERK1/2 (E-4), and ERK2 (C-14; all are purchased from

Santa Cruz Biotechnology, DBA, Milan, Italy), and then

revealed using the ECL Western Blotting Analysis System

(Amersham Biosciences, Milan, Italy).

RT–PCR

Total RNA was extracted using a Trizol commercial kit

(Invitrogen, Milan, Italy) according to the manufacturer’s

protocol. RNA was quantified spectrophotometrically, and

its quality was checked by electrophoresis through agarose

gels stained with ethidium bromide. Only samples that

were not degraded and showed that clear 18S and 28S

bands under UV light were used for RT–PCR. Total cDNA

was synthesized from the RNA by reverse transcription

using the murine leukemia virus reverse transcriptase

(Invitrogen) following the protocol provided by the man-

ufacturer. The expression of selected genes was quantified

by RT–PCR using Step One (TM) sequence detection

system (Applied Biosystems, Milano, Italy), following the

manufacturer’s instructions. Gene-specific primers were

designed using Primer Express version 2.0 software

(Applied Biosystems). Assays were performed in triplicate,

and the mean values were used to calculate expression

levels, using the relative standard curve method. For

SLC37A1 and the ribosomal protein 18S, which was used

as a control gene to obtain normalized values, the primers

were: 50-TGGGCCCTACACACTCATCA-30 (SLC37A1

forward) and 50-CGCGTTGCCTTTCAGACTTT-30 (SLC-

37A1 reverse); and 50-GGCGTCCCCCAACTTCTTA-30

(18S forward) and 50-GGGCATCACAGACCTGTTATT-30

(18S reverse).

Chromatin immunoprecipitation

Cells grown in 10-cm plates were shifted for 24 h to

medium lacking serum and then treated for 1 h with

vehicle or 50 ng/ml EGF. Chromatin immunoprecipitation

(ChIP) assay was performed as previously described [25].

The immuno-cleared chromatin was precipitated with anti-

SLC37A1 antibody or non-specific IgG (Santa Cruz Bio-

technology, DBA). A 4 ll volume of each sample was used

as template to amplify by PCR, two different fragments

located next the SLC37A1-50 flanking region: a first frag-

ment of 388 bp containing the two AP1 sites corresponding

to -1259/-1253 and -1151/-1145 and a second fragment

of 300 bp containing the two AP1 sites corresponding to
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-769/-763 and -747/-741 of the SLC37A1 promoter

sequence. The primer pairs used to amplify the first frag-

ment were: 50-CCGCCTCAACAGCCTTAAC-30 (forward)

and 50-TGACTGAAAGATTTGGGAGGG-30 (reverse), whereas

the primer pairs used to amplify the second fragment were:

50-AGAAAGAAGCTGCATCCCAG-30 (forward) and 50-TC

TTTCTGCCTCTCATCTCC-30 (reverse). The PCR condi-

tions were 60 s at 95�C, 60 s at 60�C, and 90 s at 72�C. The

amplification products obtained in 35 cycles were analyzed in

a 1.2% agarose gel and visualized by ethidium bromide

staining. A total of 3 ll of the initial preparations of soluble

chromatin were amplified to control input DNA before

precipitation.

Immunofluorescence

A total of 50% confluent SkBr3 cells grown on coverslips

were serum deprived for 24 h. Then, cells were fixed in 4%

paraformaldehyde, permeabilized with 0.2% Triton X-100,

washed thrice with PBS, and non-specific sites were

blocked by FBS (15% for 30 min) and incubated for over

night with a chicken primary antibody against SLC37A1

(1:200; purchased from ProSci Inc. Poway, USA) and a

rabbit primary antibody against calnexin (1:200; purchased

from Sigma–Aldrich, Milan, Italy). After incubation with

the antibodies, the slides were washed thrice with PBS and

incubated with donkey anti-rabbit IgG-rodamin (1:200;

Fig. 1 SLC37A1 promoter

deletion constructs. SLC37A1

promoter sequence (a) and

deletion constructs (b) are

shown. The AP-1 binding sites

within the SLC37A1 promoter

sequence are marked with black
triangle. The fragments length

is reported in parenthesis. The

limits of fragments are indicated

on the black lines
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purchased from Santa Cruz Biotechnology, DBA, Milan,

Italy) and rabbit anti-chicken IgG-FITC (1:200; purchased

from Sigma–Aldrich, Milan, Italy). The cellular localiza-

tion of SLC37A1 was evaluated by fluorescence micro-

scope with 963 magnification. The optical sections were

taken at the central plane.

Statistical analysis

Statistical analysis was done using ANOVA followed by

Newman–Keuls’ testing to determine differences in means.

P \ 0.05 was considered as statistically significant.

Results

EGF transactivates the SLC37A1 promoter

deletion constructs

Given that no data are currently available regarding the

molecular mechanisms involved in the regulation of the

SLC37A1 promoter sequence, we first cloned eight frag-

ments located at the 50 flanking region of the human

SLC37A1 gene containing different transcription factor

binding sites, including the AP-1 activating proteins

(Fig. 1a, b). Thereafter, we transiently transfected, these

SLC37A1 promoter deletion constructs in SkBr3 and Is-

hikawa breast and endometrial cancer cells, respectively, to

evaluate the functional response of each reporter plasmid to

E2 (100 nM), EGF (50 ng/ml), and IGF-I (50 ng/ml), agents

largely involved in cancer development and progression. As

shown in Fig. 2a, only EGF was able to transactivate the

SLC37A1-c1 promoter construct, while the other ligands

did not exhibit stimulatory activity. Next, the luciferase

expression triggered by EGF was no longer observed in

presence of 10 lM of the EGFR and ERK inhibitors AG and

PD, respectively, while the response to EGF was not altered

by 10 lM of GFX and H89, inhibitors of the protein kinase

C and protein kinase A transduction pathways, respectively

(Fig. 2b). On the basis of the aforementioned results sug-

gesting the involvement of the EGFR-ERK signaling in the

transactivation of the SLC37A1-c1 by EGF, we evaluated

the response of different SLC37A1 promoter deletion con-

structs presenting none or 1–4 AP-1 sites (Fig. 1b) poten-

tially involved in the responsiveness to EGF. In both SkBr3

and Ishikawa cancer cells, 50 ng/ml EGF transactivated the

reporter plasmids containing at least one AP-1 site (Fig. 2c–

h). Therefore, the presence of only one AP-1 site is sufficient

for the transactivation induced by EGF through the EGFR-

ERK signaling as follows. In order to further characterize

the functional response to EGF observed in both cell lines

used, we assessed the expression of ERa, ERb, EGFR, and

IGFI-R, which mainly mediate the action of E2, EGF, and

IGF-I. As shown in Fig. 3, both SkBr3 and Ishikawa cells

did not express ERb, which was present in LNCaP prostate

cancer cells (data not shown) used as a positive control.

Ishikawa cells expressed all other receptors evaluated, while

SkBr3 cells exhibited very low IGFI-R levels and lacked

ERa expression. Hence, the action of ligands tested is not

dependent on the expression of the respective cognate

receptors, as suggested by the response to only EGF

observed in Ishikawa cells which contain all receptors

except ERb.

EGF up-regulates SLC37A1 expression

through the EGFR-ERK transduction pathway

In order to corroborate the results obtained in transfection

experiments, we evaluated SLC37A1 expression upon

exposure to increasing concentrations of E2 (from 1 to 100

Table 1 Synthetic

oligonucleotide primers to

generate the plasmids deleted in

AP-1 sites

Plasmid Oligonucleotide Oligonucleotide primer sequence

SLC37A1-c2 Sense 50-CCCATCACTATACTGCCTCCCAG-30

Antisense 50-GGATAATGGGAATGCCTCGC-30

SLC37A1-c3 Sense 50-GGACCACTAGTTCAAATGCCTTGG-30

Antisense 50-GGATAATGGGAATGCCTCGC-30

SLC37A1-c4 Sense 50-CCCATCACTATACTGCCTCCCAG-30

Antisense 50-CTTGGCAGCTGTGGCTCTCA-30

SLC37A1-c5 Sense 50-AGGCAGTCGGAGCTCTGGG-30

Antisense 50-GGATAATGGGAATGCCTCGC-30

SLC37A1-c6 Sense 50-AAGGGGTGAACAACAGGATGG-30

Antisense 50-CACTGTGGGGTTAGGTAATAGG-30

SLC37A1-c7 Sense 50-AAGTCGATGCCTCTAACAGAGC-30

Antisense 50-GGATAATGGGAATGCCTCGC-30

SLC37A1-c8 Sense 50-CAAGTCGATGCCTCAAGCAGAGCCCCAGGATC-30

Antisense 50-GATCCTGGGGCTCTGCTTGAGGCATCGACTTG-30
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nM), EGF (from 10 to 100 ng/ml), and IGF-I (from 10 to

100 ng/ml). As determined by RT–PCR, only EGF up-

regulated in a dose-dependent manner SLC37A1 mRNA

expression in SkBr3 cells (Fig. 4a), and in a similar extent

also in Ishikawa cells (data not shown). On the basis of the

aforementioned results, we treated SkBr3 (Fig. 4b) and

Ishikawa cells (data not shown) with 100 nM E2, 50 ng/ml

EGF, and 50 ng/ml IGF-I demonstrating that only EGF

induces also SLC37A1 protein levels. As observed in

transfection experiments, 10 lM AG and 10 lM PD pre-

vented the SLC37A1 protein accumulation (Fig. 4c), fur-

ther confirming the involvement of the EGFR/ERK

transduction pathway in the SLC37A1 induction by EGF.

Next, in SkBr3 cells 50 ng/ml EGF stimulated ERK1/2

phosphorylation and c-fos expression which were both

abrogated by 10 lM AG and 10 lM PD (Fig. 5a, b) or

silencing EGFR expression (Fig. 5c, d), suggesting that

EGFR-ERK signaling plays a crucial role in the regulation

of c-fos protein levels. In order to assess whether the

induction of c-fos by EGF is involved in SLC37A1

expression, we performed ChIP analysis in SkBr3 cells

immunoprecipitating chromatin with an anti-c-fos antibody

and amplifying two distinct sequences located next to the

SLC37A1-50 flanking region. As shown in Fig. 6a, b,

Fig. 2 EGF transactivates SLC37A1 promoter in SkBr3 and Ishik-

awa cells. a Cells were transfected with SLC37A1-c1 and treated with

100 nM E2, 50 ng/ml IGF-I, or 50 ng/ml EGF, as indicated. The

luciferase activities were normalized to the internal transfection

control, and values of cells receiving vehicle (-) were set as 1-fold

induction upon which the activity induced by treatments was

calculated. Each data point represents the mean ± SD of three

independent experiments performed in triplicate. b Cells were

transfected with SLC37A1-c1 and treated with 50 ng/ml EGF and

10 lM EGFR inhibitor tyrphostin AG 1478 (AG), 10 lM MEK

inhibitor PD, 10 lM PKC inhibitor GFX, and 10 lM PKA inhibitor

H89, as indicated. c–h SkBr3 and Ishikawa cells were transfected

with all SLC37A1 promoter deletion constructs cloned as indicated,

and treated with 50 ng/ml EGF. Open circle, filled circle, P \ 0.05,

for cells receiving vehicle (-) versus treatment
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treating SkBr3 cells with 50 ng/ml EGF c-fos was strongly

recruited at the regions amplified, each containing two AP-

1 sites (see ‘‘Materials and methods’’ section). Using pri-

mer pairs amplifying a control DNA sequence which does

not contain AP-1 sites, we did not detect the recruitment of

c-fos (Fig. 6a, b). Taken together, these results indicate that

the EGFR/ERK/c-fos transduction pathway is involved in

SLC37A1 expression induced by EGF.

Subcellular localization of SLC37A1

Considering that no data are currently available regarding

the intracellular localization of SLC37A1, we performed

immunofluorescence studies in SkBr3 cells. Interestingly,

the SLC37A1 staining (Fig. 7a) overlapped the pattern

provided by an antibody targeting the endoplasmic reticu-

lum network (calnexin) (Fig. 7b, c). Next, to assess the

specificity of the antibody used, we knocked-down

SLC37A1 protein expression by shRNA as shown in panel

D of Fig. 7. The structural integrity of the cells was doc-

umented by phase contrast microscopy (data not shown).

Taken together, these results suggest that the potential

action(s) of SLC37A1 may be associated with the endo-

plasmic reticulum functions.

Discussion

The present study provides evidence regarding the regu-

lation of SLC37A1 promoter activity in ER-negative

SkBr3 breast cancer cells. We have demonstrated for the

first time that EGF through the EGFR/ERK transduction

pathway transactivates the SLC37A1-50 flanking region

and up-regulates the SLC37A1 protein expression, which

localizes in the endoplasmic reticulum network.

SLC37A1 belongs to the small human sugar-phosphate/

phosphate transporter family, an almost unexplored group of

transmembrane sugar-phosphate/phosphate transporters

consisting of four members. To date, only one of these four

genes/proteins has been well-characterized: SLC37A4 pro-

tein also recognized as the glucose-6-phosphate transporter

[26, 27]. While data regarding SLC37A2 are available for

mice [28], for SLC37A3 only a putative gene/protein has

been identified by in silico analysis [29]. So far, data on

SLC37A1 gene expression are available for man [30]. Due

to its high sequence homology with the well-characterized

bacterial glpT, it is very likely that the SLC37A1 protein

could be a glycerol-3-phosphate/phosphate exchanger.

Glycerol-3-phosphate is an essential substrate involved in

several biochemical pathways, including the glycerol

phosphate shuttle and phospholipid biosynthesis, which are

present in distinct cellular compartments such as

Fig. 3 ERa, ERb, EGFR, and

IGF-1R protein levels were

evaluated in SkBr3 and

Ishikawa cells. b-actin served as

a loading control

Fig. 4 EGF up-regulates SLC37A1 expression in SkBr3 cells. a The

expression of SLC37A1 was evaluated by RT-PCR in SkBr3 cells

treated for 1 h with increasing concentration of E2, EGF, and IGF-I,

as indicated. Results obtained from experiments performed in

triplicate were normalized for 18S expression and shown as fold

change of RNA expression compared to cells treated with vehicle.

b–c Immunoblots of SLC37A1 from SkBr3 cells treated for 18 h with

vehicle (-), 100 nM E2, 50 ng/ml IGF-I, or 50 ng/ml EGF (b), and in

combination with 10 lM EGFR inhibitor tyrphostin AG 1478 (AG)

or 10 lM MEK inhibitor (PD) (c), as indicated. b-actin serves as

loading control
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mitochondria, peroxisomes, and endoplasmic reticulum.

Indeed, evaluation of the aminoacid sequence of SLC37A1

protein, performed by PSORT program (http://psort.ims.

u-tokyo.ac.jp/form2.html), does not provide information

regarding its possible subcellular location(s). However, the

absence of peroxisomal target sequences, the presence of

endoplasmic reticulum retention sequences, and a mito-

chondria cleavage site may imply that it may be embedded in

the endoplasmic reticulum and/or in the external mitochon-

drial membrane. Interestingly, in the present study, we have

demonstrated that SLC37A1 is localized in the endoplasmic

reticulum at least in the cancer cells used as revealed by

immunofluorescence evaluation. Since phospholipid bio-

synthesis, but not glycerol phosphate shuttling, occurs in the

endoplasmic reticulum, we can assume that SLC37A1 pro-

tein could have a role in the transport of G3P into endo-

plasmic reticulum to provide phospholipid biosynthesis.

Fatty acid synthase (FAS), the main enzyme involved in

de novo fatty acid synthesis, is coordinately regulated at the

transcriptional level together with other lipogenic genes to

provide balanced amounts of lipids for membrane biosyn-

thesis [7, 13]. FAS concentration is very low in non-can-

cerous cells, while it is overexpressed in a wide variety of

human cancer cells, supporting the synthesis of phospho-

lipids required for the newly synthesized cellular membrane

[31]. Although the ultimate mechanisms responsible for

tumor-associated FAS overexpression are not completely

understood, growth factor and hormone transduction path-

ways have been indicated as major contributors. In this

regard, FAS expression has been shown to be stimulated by

EGF signaling [32], which involves a complex network

including activation and/or cross-talk between multiple

signal-transduction cascades. For example, MAPK and

PI3K pathways are likely candidates for regulating FAS

expression in cancer cells through SREBP-1c [33, 34].

Furthermore, Spot14 and p53 family proteins seem to

function as transcriptional regulators of genes involved in

fatty acid synthesis [21, 22]. Although the importance of

FAS in de novo phospholipid biosynthesis has been well-

recognized, the contribution of further enzymes/proteins in

Fig. 5 EGF induces ERK1/2

phosphorylation and c-fos

expression in SkBr3 cells. The

ERK1/2 phosphorylation and c-

fos expression induced by

50 ng/ml EGF is abrogated in

presence of 10 lM EGFR

inhibitor tyrphostin AG and

10 lM MEK inhibitor PD (a–b)

or silencing EGFR expression

(c–d). ERK2 and b-actin serve

as loading control, respectively,

e efficacy of EGFR silencing by

specific shRNA

Fig. 6 In SkBr3 cells, EGF (50 ng/ml) induces the recruitment of

c-fos at the two AP-1 sites corresponding to -1259/-1253 and

-1151/-1145 within the SLC37A1 promoter sequence (a), and at the

two AP-1 sites, corresponding to -769/-763 and -747/-741 within

the SLC37A1 promoter sequence (b). In control samples, non-specific

IgG was used instead of the primary antibody
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tumor cells remains to be fully evaluated. In this vein, we

attempted to characterize the regulation of SLC37A1, a

protein potentially involved in phospholipid biosynthesis.

Analysing the SLC37A1 promoter sequence, we identified

seven AP-1 sites, which may represent the principal targets

of growth factors and hormone signaling pathways [35].

Consequently, we have evaluated and demonstrated that

SLC37A1 promoter activity is regulated by EGF through

the ERK/c-fos transduction pathway in both ER-negative

breast SkBr3 and ER-positive endometrial Ishikawa cancer

cells. It is worth to note that among ligands used only EGF

was able to up-regulate SLC37A1 expression in SkBr3 cells

and, most importantly, in Ishikawa cells characterized by a

receptor expression pattern which includes ERa, EGFR, and

IGF-IR. Hence, the selective response of SLC37A1 to EGF

may be consequent to its unique ability to trigger the EGFR/

ERK/c-fos/AP-1 transduction pathway which cannot be

activated by either E2 or IGF-1, at least in the cell contexts

evaluated. Moreover, the two cancer cell types somehow

exhibited a different transcriptional response to EGF using

the full length SLC37A1 promoter construct; however, the

up-regulation of SLC37A1 expression induced by EGF was

comparable in SkBr3 and Ishikawa cells. Similarly, the

SLC37A1 transactivation by EGF in Ishikawa cells is suf-

ficient to trigger SLC37A1 expression levels in a similar

extent as observed in SkBr3 cells.

On the basis of the present findings, the ability of EGF

to up-regulate SLC37A1 expression should be included in

the well-known stimulatory action exerted by EGF in

breast cancer cells. Further studies are needed to provide a

better understanding of EGF-mediated SLC37A1 function

in breast tumor progression.
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