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Abstract: It has been reported that estrogen receptor-positive MCF-7 cells
express TauT, a Na+-dependent taurine transporter. However, there is a paucity
of information relating to the characteristics of taurine transport in this human
breast cancer cell line. Therefore, we have examined the characteristics and
regulation of taurine uptake by MCF-7 cells. Taurine uptake by MCF-7 cells
showed an absolute dependence upon extracellular Na+. Although taurine uptake
was reduced in Cl- free medium a significant portion of taurine uptake persisted
in the presence of NO3- . Taurine uptake by MCF-7 cells was inhibited by
extracellular β-alanine but not by L-alanine or L-leucine. 17β-estadiol increased
taurine uptake by MCF-7 cells: the Vmax of influx was increased without
affecting the Km. The effect of 17β-estradiol on taurine uptake by MCF-7 cells
was dependent upon the presence of extracellular Na+. In contrast, 17β-estradiol
had no significant effect on the kinetic parameters of taurine uptake by estrogen
receptor- negative MDA-MB-231 cells. It appears that estrogen regulates taurine
uptake by MCF-7 cells via TauT. In addition, Na+-dependent taurine uptake may
not be strictly dependent upon extracellular Cl-.
Key words: Breast cancer, Taurine uptake, Estrogen
INTRODUCTION
Taurine (2-aminoethanesulfonic acid), a sulfur-containing β-amino acid, is one
of the most abundant free amino acid within the cell interior [1]. Many functions
have been ascribed to taurine including a role in cell volume regulation, bile salt
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transporter; Tris – Tris[hydroxymethyl]aminoethane
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conjugation, antioxidation, modulation of calcium channels, detoxification and
immunomodulation [1]. The requirements for taurine are met from dietary
sources and/or from biosynthesis using cysteine and methionine as precursors.
Some species, including humans have a limited capacity to synthesize taurine
whereas others, such as the rat, can readily synthesize significant quantities [1].
The mechanism of taurine transport into cells has received considerable attention
because of its important role in the regulation of cell function [2]. High-affinity
taurine uptake is mediated by a mechanism originally designated as System β
and whose molecular correlate is TauT [4-6]. TauT is a protein that has
a molecular weight of 65-74 kDa and is predicted to have 12 membranespanning domains. Saturable taurine uptake by mammalian cells displays an
absolute dependency upon extracellular Na+: replacing Na+ with choline almost
abolishes carrier-mediated taurine uptake. The role of Cl- in taurine transport is
at present unclear. On the one hand there is evidence to suggest that TauT may
be a (Na+-Cl-- taurine) cotransporter [4, 6]. On the other hand, Uchida et al [3]
and Vinnakota et al [7] have respectively shown that SCN- and formate can
support a significant taurine influx via TauT. Other studies have demonstrated
that a substantial portion of cellular taurine uptake, presumably via TauT,
persists when extracellular NO3- replaces Cl- [8-11].
TauT is widely expressed in epithelial tissues including the human breast [5]. In
this connection it has been reported that an estrogen receptor-positive human
breast cancer cell line, namely MCF-7, expresses TauT [12]. It is apparent that
TauT is transactivated by 17β-estradiol and p53 in MCF-7 cells. It has been
reported that rodent mammary tumors have high levels of intracellular taurine
[13]. Furthermore, Beckonert et al [14] have shown that the intracellular
concentration of taurine, measured by NMR spectroscopy, is increased in breast
tumours compared with that found in healthy breast tissue. Indeed, it has been
suggested that the intracellular concentration of taurine may be a potential
indicator of tumour aggressiveness [15].
Despite these important findings there appears to be a paucity of information
relating to the functional properties of taurine transport and its regulation in
breast cancer cells. In this study we have examined the ion dependence of
taurine transport and its regulation by 17β-estradiol in MCF-7 cells. The results
show that the Na+-dependent uptake of taurine by MCF-7 cells is stimulated by
17β-estradiol. The results also show that Na+-dependent taurine uptake into
MCF-7 cells, presumably via TauT, is not entirely Cl- -dependent.
MATERIALS AND METHODS
Materials
1,2-[3H]taurine (specific activity 29 Ci/mmol) was purchased from Amersham
plc, Bucks, UK. All other chemicals were obtained from Sigma, Poole, Dorset,
UK.
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Cell culture
MCF-7 and MDA-MB-231 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with L-glutamine (2 mM), heat-inactivated
fetal bovine serum (10%), penicillin (50 IU/ml) and streptomycin (50 µg/ml).
Cells were seeded in 35-mm culture wells containing 2 ml of culture DMEM
medium (with supplements) at a density of 0.3-1.0 x 106 cells per well. The cells
were cultured for 1-3 days at 37oC in a gas phase of air with 5% CO2 and were
used at 60-90% confluency. The effect of 17β-estradiol was examined in cells
cultured in serum and phenol red-free DMEM (but including the other
supplements). 17β-Estradiol was dissolved in ethanol to give a stock solution of
10 µM. A 1:1000 dilution of the stock solution was then made to give a final
concentration of 10 nM in 2 ml of the cell culture medium. A similar amount of
ethanol was added to the controls.
Taurine uptake
The uptake of taurine by MCF-7 and MDA-MB-231 cells was assayed using
[3H]taurine as tracer. The culture medium was removed and the cells were
washed three times with 3 ml of a buffer containing (mM) 135 NaCl, 5 KCl,
2 CaCl2, 1 MgSO4, 10 glucose and 10 Tris-MOPS, pH 7.4. Following, this, the
cells were pre-incubated for 5 min at 37oC in 2ml of an appropriate buffer (see
figure legends for details of precise composition). The measurement of
radiolabelled taurine uptake was commenced by removing the pre-incubation
buffer and replacing it with 1 ml of a buffer similar in composition except that it
also contained 1μCi/ml of [3H]taurine. At predetermined times, the incubation
buffer was removed and the cells were washed four times with 3 ml of an icecold buffer containing (mM) 135 NaCl, 5 KCl, 2 CaCl2, 1 MgSO4, 10 glucose
and 10 Tris-MOPS, pH 7.4. The cells were lysed by incubating in 1 ml of
50 mM NaOH for at least 3 hours. A portion of the lysate (0.5 ml) was added to
10 ml of UltimaGold liquid scintillation cocktail. Samples of each lysate
(100 μl) were taken to determine the protein content using the Lowry assay. The
specific activity of [3H]taurine in the incubation medium was determined by
counting the radioactivity associated with 10 μl of buffer. The uptake of taurine
by the cells was expressed as pmoles/mg protein. Preliminary experiments
revealed that the uptake of taurine into both MCF-7 and MDA-MB-231 cells
was linear for at least 15 min (results not shown). Therefore, in subsequent
experiments taurine uptake was measured after 10 min of incubation. The
osmolality of the buffers were routinely checked using an MicroOsmometer
(Vitech Scientific LTD, UK).
Data analysis
Statistical differences were assessed using Student’s paired or unpaired t-test as
appropriate and were considered significant when P < 0.05. Kinetic parameters
of taurine uptake (ie Vmax and Km) were obtained by fitting the data to the
Michaelis-Menten equation using non-linear regression analysis.
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RESULTS
Ion dependence of taurine uptake
The first step in the investigation was to examine the effect of replacing Na+ and
Cl- on taurine uptake by MCF-7 cells. Fig. 1A illustrates that substituting choline
for Na+ markedly reduced taurine influx (P < 0.01): choline only supported 3.3%

Fig. 1. The influence of Na+ and Cl- on taurine uptake by MCF-7 cells. A – The effect of
replacing extracellular Na+ on taurine uptake by MCF-7 cells. The incubation medium
contained (mM) 0.01 taurine, 135 NaCl or choline Cl, 5 KCl, 2 CaCl2, 1 MgSO4,
10 glucose and 10 Tris-MOPS pH 7.4. Uptake was measured at 37oC after
10 minutes of incubation. Values are the means ± SE of 3 experiments. B – The effect of
replacing extracellular Cl- on taurine uptake by MCF-7 cells. The incubation medium
contained (mM) 0.01 taurine, 135 NaCl or NaNO3, 5 KCl or KNO3, 2 CaCl2 or Ca(NO3)2,
1 MgSO4, 10 glucose and 10 Tris-MOPS, pH 7.4. Uptake was measured at 37oC after
10 min of incubation. Values are the means ± SE of 3 experiments.

Fig. 2. The kinetics of taurine uptake by MCF-7 cells in the presence of extracellular Cl- or
NO3-. The incubation medium contained (mM) 0.001 – 0.05 taurine, 135 NaCl of NaNO3,
5 KCl or KNO3, 2 CaCl2 or Ca(NO3)2, 1 MgSO4, 10 glucose and 10 Tris-MOPS, pH 7.4.
Uptake was measured at 37oC after 10 min of incubation. Values are the means ± SE of
3 experiments.
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of the total flux. Fig. 1B shows that replacing extracellular Cl- with NO3reduced taurine uptake (P < 0.01) by MCF-7 cells but not to the same extent as
replacing extracellular Na+ (Fig. 1A). Thus, NO3- was able to support 20% of the
flux found in the presence of Cl-.
We examined the kinetic parameters of taurine uptake by MCF-7 cells with
respect to the extracellular concentration of taurine in the presence and absence
of extracellular Cl- (Fig. 2). In this set of experiments the extracellular
concentration of taurine ranged from 1 to 50 µM. In the presence of Cl-, taurine
uptake could be described by a single-saturable curve having an apparent Km of
8.1 ± 1.0 μM and Vmax 702.1 ± 45.6 pmoles/mg protein/10 min (± S.E., n = 3).
Replacing extracellular Cl- with NO3- lowered the affinity (P < 0.001) of the
carrier for taurine without affecting the Vmax of uptake. Thus, the apparent
Km and Vmax in the presence of NO3- were respectively 72.1 ± 1.8 µM and 675.1
± 57.9 pmoles/mg protein/10 min (± S.E., n = 3).
Substrate specificity of taurine uptake
We examined the substrate specificity of the taurine transporter in MCF-7 cells
by testing the effect of other amino acids, added to the incubation medium at
a concentration of 1 mM, on taurine influx. The results shown in
Fig. 3 suggest that the taurine carrier in MCF-7 cells is specific for β-amino
acids. Thus, β-alanine added to the incubation medium markedly reduced taurine
uptake by 90.4 ± 1.9% (± S.E., n = 3, P < 0.05) whereas L-alanine and L-leucine
had no significant effect.

Fig. 3. The effect of β-alanine, L-alanine and L-leucine on taurine uptake by MCF-7 cells.
The incubation medium contained (mM) 0.01 taurine, 135 NaCl, 5 KCl, 2 CaCl2,
1 MgSO4, 10 glucose and 10 Tris-MOPS pH 7.4 .When required, β-alanine, L-alanine or
L-leucine were added to the medium to give a final concentration of 1 mM. Uptake was
measured at 37oC after 10 min of incubation. Values are the means ± SE of 3 experiments.
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The effect of 17β-estradiol on taurine uptake
Taurine uptake by MCF-7 cells incubated in the absence or presence of 17βestradiol (10 nM) was examined. In this set of experiments the cells were
cultured in phenol red- and serum-free medium for 24 h prior to the addition of
the hormone (or ethanol vehicle). Following this, the cells were cultured in the
absence or presence of 10 nM 17β-estradiol for a further 48 h prior to assaying

Fig. 4. Taurine uptake by MCF-7 cells which had been incubated in the presence or
absence of 17β-estradiol (10nM). The incubation medium contained (mM) 0.001-0.05
taurine, 135 NaCl, 5 KCl, 2 CaCl2, 1MgSO4, 10 glucose and 10 Tris-MOPS, pH 7.4.
Uptake was measured at 37oC after 10 min of incubation. Values are means ± SE of
5 experiments.

Fig. 5. The effect of replacing extracellular Na+ on taurine uptake by MCF-7 cells which
had been incubated in the presence or absence of 17β-estradiol (10nM). The incubation
medium contained (mM) 0.01taurine, 135 NaCl or Choline-Cl, 5 KCl, 2 CaCl2, 1 MgSO4,
10 glucose and 10 Tris-MOPS, pH 7.5. Uptake was measured at 37oC after 10 min of
incubation. Values are means ± SE of 3 experiments.
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Fig. 6 Taurine uptake by MDA-MB-231 cells which had been incubated in the presence or
absence of 17β-estradiol (10nM). The incubation medium contained (mM) 0.001-0.05
taurine, 135 NaCl, 5 KCl, 2 CaCl2, 1 MgSO4, 10 glucose and 10 Tris-MOPS, pH 7.4.
Values are the means ± SE of 4 experiments.

taurine uptake. The results of these experiments are shown in Fig. 4. 17β-Estadiol
increased the Vmax of taurine uptake (P < 0.001). Thus, the Vmax of taurine influx
in the presence and absence of 17β-estradiol was respectively 983.9 ± 58.4 and
607.5 ± 53.9 pmoles/mg protein/10 min (±SE, n = 5). In contrast, 17β-estradiol
had no significant effect on the Km of taurine influx (9.6 ± 1.4 v. 9.3 ± 1.1 μM).
Fig. 5 reveals that 17β-estradiol increased the Na+-dependent component of
taurine uptake by MCF-7 cells (P < 0.001) whilst having no effect on the Na+independent influx of taurine. On the other hand, 17β-estradiol had no significant
effect on the kinetic parameters of taurine uptake by the estrogen receptornegative MDA-MB-231 human breast cancer cell line (Fig. 6). The Vmax of
taurine uptake by MDA-MB-231 cells in the presence and absence of 17βestradiol was respectively 757.6 ± 58.9 and 687.4 ± 78.5 pmoles/mg protein/
10 min (± SE, n = 4). The Km of taurine uptake by MDA-MB-231 cells was also
unaffected by 17β-estradiol: the Km in the presence and absence of the hormone
was respectively 8.4 ± 1.2 and 9.4 ± 1.3 µM (± SE, n = 4).
DISCUSSION
The effect of estrogen on taurine uptake
The results show for the first time that taurine uptake by MCF-7 is via a Na+dependent mechanism which is up-regulated by estrogen. There are several lines
of evidence suggesting that taurine uptake by MCF-7 cells is via TauT. Firstly,
several of the characteristics of taurine uptake by MCF-7 cells described in this
study reflect those of the cloned transporter. Thus, taurine uptake shows an
absolute dependency upon extracellular Na+ and appears to be selective for
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β-amino acids. Furthermore the transporter operates with high-affinity with
respect to extracellular taurine which suggests that the transporter is TauT rather
than any of the cloned GABA transporters [16]. Secondly, we found that
17β-estradiol increased the Vmax of taurine uptake which is in accordance with
the earlier observations by Han et al [12] that estrogen increases the expression
of TauT in MCF-7 cells. Indeed, the finding that the estrogen-sensitive portion
of taurine uptake by MCF-7 cells was Na+-dependent suggests that 17β-estradiol
is acting to increase taurine uptake via TauT. Importantly, the effect of estrogen
on taurine uptake by MCF-7 cells appears to be specific since the hormone had
no effect on the kinetic parameters of taurine uptake by estrogen receptornegative MDA-MB-231 cells. This suggests that estrogen is acting via its
cognate receptor to increase taurine transport in MCF-7 cells.
Estrogen has been shown to stimulate amino acid uptake via other transporters in
MCF-7 cells. For example, the expression and activity of system A, a Na+dependent transporter of small neutral amino acids, is increased by estrogen.
Bhat & Vadgama [12] found that the uptake (Vmax) of methylaminoisobutyric
acid (MeAIB), a paradigm substrate of system A, was almost doubled by
incubating MCF-7 cells in the presence of 10nM 17β-estradiol. Furthermore,
L-leucine transport via system L (most likely the LAT1 isoform) in MCF-7 cells
is increased by estrogen: the Vmax of BCH-inhibitable L-leucine uptake was
increased by 50% by 10 nM 17β-estradiol [18]. However, the effect of estrogen
on amino acid transporters in MCF-7 cells appears to be relatively specific:
estrogen had no effect on arginine and threonine uptake via systems y+ and ASC
respectively [17].
There is now evidence for an effect of estrogen on at least three specific and
diverse amino acid transport systems in MCF-7 cells. Therefore, it is tempting to
suggest that estrogen contributes to the proliferative capacity of estrogen
receptor-positive breast cancer cells by increasing amino acid uptake. This adds
further weight to the suggestion that amino acid transport mechanisms are an
attractive target to limit the growth of breast cancer cells [18]. Amino acid
transporters, especially those that have essential amino acids as substrates, may
be effective therapeutic targets [19].
Intracellular amino acids, particularly taurine, play an important role in
regulating the cell volume which in turn acts as a signal to control several
important metabolic processes such as protein and lipid synthesis [20-22].
Taurine uptake via TauT could act to maintain the intracellular levels of taurine
which subsequently could be used to help MCF-7 cells regulate their volume. In
this connection we have evidence that an increase in the cellular hydration state
of MCF-7 cells leads to a rapid increase in taurine release from the intracellular
compartment via a pathway which is inhibited by DIDS [23]. Therefore,
inhibition of taurine uptake by breast cancer cells could compromise cell volume
regulation and thus cell survival given that the cellular hydration state is linked
to a number of vital processes.
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The Cl- -dependence of taurine uptake
It is beyond doubt that high-affinity concentrative taurine uptake by mammalian
cells has an absolute requirement for extracellular Na+. Accordingly, TauT
displays a strong dependency on Na ions [3, 4, 6]. Indeed, in the absence of
extracellular Na+ there is negligible taurine uptake. There is also a general
consensus that the β-amino acid transporter requires Cl- for optimal activity and
therefore could be (Na+-Cl-- taurine) cotransport system. However, the results of
the present study suggest that the Na+-dependent taurine transporter may not
have a strict dependence on Cl- as previously assumed. We found that NO3- was
able to support a considerable flux of taurine into MCF-7 cells albeit with
reduced affinity. Nitrate was able to support 46% of uptake when taurine was
present in the incubation medium at the near-physiological concentration
of 50 µM.
A close inspection of the literature reveals that there are several instances
whereby NO3- is able to partially substitute for Cl- in supporting Na+-dependent
taurine influx. For example, more than 30% of Na+-dependent taurine uptake by
skate hepatocytes persists in a Cl-- free (NO3-- replacement) buffer [9]. Similary,
a large portion of the Na+-dependent uptake of taurine by Ehrlich Ascites tumour
cells (25%) and human glioma GL15 cells (29%) remains in a NO3- buffer
[8, 24]. In addition, it has been reported that SCN- is able to support a substantial
portion of taurine uptake via TauT [3]. On the other hand, there are several
reports showing that replacing Cl- with gluconate leads to a fall in taurine uptake
similar to that seen under Na+-free conditions [4, 6]. Gluconate, unlike NO3- and
SCN-, is an impermeable anion, therefore, it may simply be that the Na+dependent taurine uptake via TauT requires the presence of a permeable anion
and is not an obligatory (Na+-Cl--taurine) cotransporter.
Acknowledgements. This work was funded by the Scottish Executive
Environment and Rural Affairs Department.
REFERENCES
1. Huxtable, R.J. Physiological actions of taurine. Physiol. Rev. 72 (1992)
101-163.
2. Lambert, I.H. Regulation of the cellular content of the organic osmolyte
taurine in mammalian cells. Neurochem. Res. 29 (2004) 27-63.
3. Uchida S., Kwon H.M., Yamauchi A., Preston A.S., Marumo F. and Handler
J.S. Molecular cloning of the cDNA for an MDCK cell Na+- and Cldependent taurine transporter that is regulated by hypertonicity. Proc. Natl.
Acad. Sci. USA 89 (1992) 8230-8234.
4. Liu Q., Lopez-Corcuera S., Nelson H., Mandiyan S. and Nelson N. Cloning
and expression of a cDNA encoding the transporter of taurine and β-alanine
in mouse brain. Proc. Natl. Acad. Sci. USA 89 (1992) 12145-12149.

CELLULAR & MOLECULAR BIOLOGY LETTERS

405

5. Jhiang, S.M., Fithian, L., Smanik, P. McGill, J., Tong, Q. and Mazzaferri
E.L. Cloning of the human taurine transporter and characterization of taurine
uptake in thyroid cells. FEBS Lett. 318 (1993) 139-144.
6. Ramamoorthy, S., Leibach, F.H., Mahesh, V.B., Han, H., Yang-Feng T.,
Blakely, R.D. and Ganapathy V. Functional characterization and
chromosomal localization of a cloned taurine transporter from human
placenta. Biochem. J. 300 (1994) 893-900.
7. Vinnakota, S., Qian, X., Egal, H., Sarthy, V. and Sarkar H. Molecular
characterization and in situ localization of a mouse retinal taurine
transporter. J. Neurochem. 69 (1997) 2238-2250.
8. Lambert, I.H. Taurine transport in Ehrlich ascites tumour cells, Specificity
and chloride dependence. Mol. Physiol. 7 (1985) 323-332.
9. Ballatori, N. and Boyer, N.L. Taurine transport in skate hepatocytes. Am. J.
Physiol. 262 (1992) G445-G450.
10. Shennan, D.B. Identification of a high affinity taurine transporter which is
not dependent on chloride. Bioscience Rep. 15 (1995) 231-239.
11. Bryson, J.M., Jackson, S.C., Wang, H. and Hurley W.L. Cellular uptake of
taurine by lactating porcine mammary tissue. Comp. Biochem. Physiol.
Part B 128 (2000) 667-673.
12. Han, X. Patters, A.B. and Chesney R.W. Transactivation of TauT by p53 in
MCF-7 cells: the role of estrogen receptors. Adv. Exp. Med. Biol. 526
(2003) 139-147.
13. Pine, M., Kim, U. and Ip C. Free amino acid pools of rodent mammary
tumors. J. Natl. Can. Inst. 69 (1982) 729-735.
14. Beckonert, O., Monnerjahn, J., Bonk, U. and Leibfritz D. Visualizing
metabolic changes in breast-cancer tissue using 1H-NMR spectroscopy and
self-organizing maps. NMR Biomed. 16 (2003) 1-11.
15. Moreno, A., Rey, M., Montane, J.M.., Alonso, J. and Arus C. 1H NMR
spectroscopy of colon tumours and normal mucosal biopsies; elevated
taurine levels and reduced polyethyleneglycol absorption in tumors may
have diagnostic significance. NMR Biomed. 6 (1993) 111-118.
16. Palacin, M., Estevez, R., Bertran, J. and Zorzano A. Molecular biology of
mammalian plasma membrane amino acid transporters. Physiol. Rev. 78
(1998) 969-1054.
17. Bhat, H.K. and Vadgama J.V. Role of estrogen receptor in the regulation of
estrogen induced amino acid transport of system A in breast cancer and
other receptor positive tumor cells. Int. J. Mol. Med. 9 (2002) 271-279.
18. Shennan, D.B., Thomson, J., Gow, I.F., Travers, M.T. and Barber M.C.
L-Leucine transport in human breast cancer cells (MCF-7 and MBA-MB231): kinetics, regulation by estrogen and molecular identity of the
transporter. Biochim. Biophys. Acta 1664 (2004) 206-216.
19. Storey, B.T., Fugere, C., Lesieur-Brooks, A., Vaslet, C. and Thompson N.L.
Adenoviral modulation of the tumor-associated system L amino acid
transporter, LAT1, alters amino acid transport, cell growth and 4F2/CD98

406

20.
21.
22.
23.

24.

Vol. 12. No. 3. 2007

CELL. MOL. BIOL. LETT.

expression with cell-type specific effects in cultured hepatic cells. Int. J.
Cancer 117 (2005) 387-397.
Haussinger, D. The role of cellular hydration in the regulation of cell
function. Biochem. J. 313 (1996) 697-710.
Grant, A.C., Gow, I.F., Zammit, V.A. and Shennan D.B., Regulation of
protein synthesis in lactating rat mammary tissue by cell volume. Biochim.
Biophys. Acta 1475 (2000) 39-46.
Lang, F., Busch, G.L., Ritter, M., Volkl, H., Waldegger, S., Gulbins, E. and
Haussinger D. Functional significance of cell volume regulatory
mechanisms. Physiol. Rev. 78 (1998) 247-306.
Shennan, D.B., Thomson, J. and Gow, I.F. Osmoregulation of Taurine efflux
from cultured human breast cancer cells: comparison with volume-activated
Cl- efflux and regulation by extracellular ATP. Cell. Physiol. Biochem. 18
(2006) 113-122.
Tchoumkeu, G.C. and Rebel, G. Characterization of taurine transport in
human glioma GL15 cell line: regulation by protein kinase C.
Neuropharmacology 35 (1996) 37-44.

