
Taurine transport in human placental trophoblast
is important for regulation of cell differentiation
and survival

M Desforges*,1, L Parsons1, M Westwood1, CP Sibley1 and SL Greenwood1

The outer epithelial cell layer of human placenta, the syncytiotrophoblast, is a specialised terminally differentiated multinucleate
tissue. It is generated and renewed from underlying cytotrophoblast cells that undergo proliferation, differentiation and fusion
with syncytiotrophoblast. Acquisition of fresh cellular components is thought to be balanced by apoptosis and shedding of aged
nuclei. This process of trophoblast cell turnover maintains a functional syncytiotrophoblast, capable of sufficient nutrient
transfer from mother to foetus. Foetal growth restriction (FGR) is a pregnancy complication associated with aberrant trophoblast
turnover and reduced activity of certain amino acid transporters, including the taurine transporter (TauT). Taurine is the most
abundant amino acid in human placenta implying an important physiological role within this tissue. Unlike other amino acids,
taurine is not incorporated into proteins and in non-placental cell types represents an important osmolyte involved in cell volume
regulation, and is also cytoprotective. Here, we investigated the role of taurine in trophoblast turnover using RNA interference to
deplete primary human trophoblast cells of TauT and reduce intracellular taurine content. Trophoblast differentiation was
compromised in TauT-deficient cells, and susceptibility of these cells to an inflammatory cytokine that is elevated in FGR was
increased, evidenced by elevated levels of apoptosis. These data suggest an important role for taurine in trophoblast turnover
and cytoprotection.
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The outermost cell layer of the human placenta, the
syncytiotrophoblast, is a specialised multinucleate tissue that
functions as a solute-transporting epithelium and endocrine/
paracrine organ, delivering nutrients to the foetus and
producing hormones that sustain pregnancy. Consequently,
maintenance of the syncytiotrophoblast is vital for a success-
ful pregnancy. The syncytiotrophoblast exists in a terminally
differentiated post-mitotic state; it is generated and renewed
from the underlying population of mononuclear cytotropho-
blast cells, which undergo proliferation, differentiation and
finally fusion with the syncytiotrophoblast, permitting the
acquisition of fresh cellular components. It is hypothesised
that apoptosis and subsequent shedding of synctial knots into
the maternal circulation complete the process of syncytio-
trophoblast nuclear turnover.1 However, there is an alter-
native hypothesis proposed whereby syncytial nuclei continue
to accumulate until the end of pregnancy.2

Despite the controversy surrounding the life cycle of
apoptotic nuclei during normal trophoblast turnover, it is
agreed that there is increased trophoblast cell death in

placentas from pregnancies complicated by foetal growth
restriction (FGR).3 Low birth weight is associated with an
increased risk of neonatal morbidity and mortality, and
development of metabolic and cardiovascular diseases in
adulthood.4 Ongoing research investigating the cause(s) of
altered trophoblast turnover in FGR has identified a number of
factors that could trigger inappropriate apoptosis, including
elevated inflammatory cytokines such as tumour necrosis
factor alpha (TNFa).5

Abnormal turnover compromises syncytiotrophoblast integ-
rity and renewal with consequences for nutrient delivery to the
foetus, and this is thought to be a major contributing factor to
FGR. Consistent with this is the finding that in addition to
aberrant trophoblast turnover in FGR, there is reduced activity
of certain amino acid transporters in the syncytiotrophoblast
including that of system b6 responsible for taurine uptake into
the placenta.
Taurine is a non-essential amino acid, as it can be

synthesised from methionine and serine that form its
precursor, cysteine. However, during foetal life, taurine is
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essential because the human foetus and placenta lack the
necessary synthetic enzymes.7 Therefore, foetal and placen-
tal demand for taurinemust bemet by transport of taurine from
maternal plasma into the syncytiotrophoblast and across the
placenta via system b.8

Foetal plasma taurine concentrations are lower in FGR
compared with normal pregnancies,9 suggesting taurine to be
important for foetal growth. Unlike other amino acids, taurine
is not incorporated into proteins and is largely involved in
promoting development of the central nervous system, retina,
kidney, and endocrine pancreas.10,11

Taurine is the most abundant free amino acid in human
placenta (intracellular concentration B10mM, maternal and
foetal plasma 60 and 135mM, respectively).12 The reason why
intracellular taurine levels are so high in the syncytiotropho-
blast is unknown, but could reflect the cytoprotective functions
of taurine and also its role as an osmolyte, important for cell
volume regulation, as found in other cell types.13 All cells have
to regulate their volume in order to survive; macromolecular
synthesis, cell growth, differentiation, apoptosis and hormone
secretion are all influenced by the cellular hydration state.14

We therefore hypothesised that as well as being directly
important for foetal development, system b-mediated taurine
transport by the placenta indirectly affects foetal growth by
maintaining the normal process of trophoblast cell turnover.
We further hypothesised that reduced taurine uptake by
syncytiotrophoblast could compromise cytoprotection against
TNFa, an inflammatory cytokine that is elevated in FGR, and
increase susceptibility to inappropriate apoptosis.
These hypothesese have been tested by investigating

cytotrophoblast differentiation and survival following exposure
to TNFa in vitro after siRNA-mediated knockdown of the
system b amino acid transporter protein, taurine transporter
(TauT) (encoded by the SLC6A6 gene). Primary cytotropho-
blast cells isolated from term human placenta were used as a
model for investigating trophoblast cell turnover because,
when maintained in culture, these mononucleate cells are
mitotically inactive, and therefore unable to proliferate.
Instead, the cytotrophoblast cells aggregate at 18–24h of
culture and subsequently fuse to form multinucleated cells,
reminiscent of the process of differentiation into syncytiotro-
phoblast in vivo.15

Results

siRNA-mediated knockdown of SLC6A6/TauT. Transfec-
tion of cytotrophoblast cells with 50 nM SLC6A6-specific
siRNA significantly reduced target mRNA expression by 71%
(median, range: 64–84%, n¼ 5) when compared with
untransfected control cells (Figure 1a). Expression of mRNA
for the housekeeping gene, b actin, was unaffected by
transfection with SLC6A6-specific siRNA (Figure 1a), indi-
cating that this siRNA does not cause off-target/non-specific
effects. Transfection of cytotrophoblast cells with 50 nM non-
targeting siRNA did not affect mRNA expression for SLC6A6
nor b actin (Figure 1a). Exposure of cytotrophoblast cells to
DharmaFECT 2 transfection reagent alone (mock trans-
fected) caused a small but significant decrease in SLC6A6
mRNA expression when compared with untransfected
controls cells (Figure 1a). Despite reduced expression of

SLC6A6 mRNA in mock transfected cells, TauT protein
expression and activity in these cells was comparable to
untransfected controls (Figures 1b and c). SLC6A6 mRNA
knockdown in cells transfected with 50nM SLC6A6-specific
siRNA was accompanied by reduced TauT protein expres-
sion, evidenced by diminished immunofluorescent detection
of this target protein when compared with untransfected and
mock transfected control cells, as well as cells transfected
with 50 nM non-targeting siRNA (Figure 1b). System b amino
acid transporter/TauT initial rate activity was significantly
reduced by 64% (median, range: 60–82%, n¼ 5), following
SLC6A6/TauT knockdown (Figure 1c). Successful knock-
down of TauT expression and activity in the primary
cytotrophoblast cells was therefore achieved.

TauT knockdown reduces intracellular taurine
accumulation by cytotrophoblast cells. Intracellular
taurine accumulation by untransfected control cytotropho-
blast cells reached steady state after 24 h (Figure 2a). As
taurine is not metabolised, this accumulation reflects the
stable intracellular taurine concentration when uptake via
TauT and efflux out of the cell (thought to occur via volume-
regulated anion channels16) are at steady state. Similarly,
in cells transfected with 50 nM non-targeting or SLC6A6-
specific siRNA, steady state occurred after 24 h (Figure 2a).
However, the ability of the cytotrophoblast cells transfected
with SLC6A6-specific siRNA, and therefore with reduced
TauT expression and activity, to accumulate intracellular
taurine was severely compromised (B33% of that achieved
by control cells at 24 h, Figure 2b). Taurine uptake was
allowed to occur over a total period of 48 h but, even by this
time point, the TauT-deficient cells were unable to accumu-
late any additional intracellular taurine (Figure 2a). Total
protein content of cells transfected with SLC6A6-specific
siRNA did not decline during this prolonged period of culture
and was comparable to total cell protein content of
untransfected controls and cells transfected with non-target-
ing siRNA at the 48 h time point (data not shown). This
indicates that cell number was unaffected by transfection,
even over a prolonged period, and a fall in the number of
cells cannot underlie the reduced 3H-taurine accumulation.
These observations demonstrate that reduced TauT activity
in cytotrophoblast cells (Figure 1c: initial rate) is associated
with lower intracellular taurine levels at steady state.

Trophoblast differentiation is impaired following TauT
knockdown. Desmosomes are specialised epithelial cell–
cell junctions between adjoining cells.17 As cytotrophoblast
cells differentiate and become multinucleated, the loss of
cell–cell boundaries parallels a decrease in desmosomal
proteins. Untransfected cytotrophoblast cells differentiated
normally during the 66 h in culture, evidenced by reduced
immunofluorescent staining of desmosomal proteins
(Figure 3a, 18 versus 66 h control). This morphological
differentiation was accompanied by a significant increase in
human chorionic gonadotrophin (hCG) secretion over time in
culture from 2.2mIU/mg protein/h at 18 h to 29 and 318mIU/
mg protein/h at 42 and 66 h, respectively (mean, n¼ 6.
Po0.001 Kruskal–Wallis test), consistent with concomitant
biochemical differentiation.
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There was significantly less multinucleation at 66 h in cells
transfected withSLC6A6-specific siRNA, suggesting a role for
TauT-mediated taurine transport and/or intracellular taurine in
trophoblast morphological differentiation (Figures 3a and b).

Transfection of cells with non-targeting siRNA did not affect
multinucleation (Figures 3a and b), eliminating the possibility
that impaired trophoblast morphological differentiation was an
effect of the transfection procedure itself. However, reduced

Figure 1 Confirmation of TauT knockdown in 66-h cytotrophoblast cells. (a) SLC6A6 and b actinmRNA expression. (b) Immunofluorescent detection of TauT protein (red)
in cells counterstained with DAPI (blue). Scale bar represents 50mM and refers to all images. A lack of fluorescence following pre-absorption of primary antibody with a
10� excess of antigenic peptide (� ve) or omission of the primary antibody (� 11) confirmed specificity. (c) TauT activity. All observations were made 48 h post transfection.
Key to labelling: control¼ untransfected, mock¼ transfection reagent only, NT¼ non-targeting siRNA, TauT¼SLC6A6-specfic siRNA. Error bars represent
median±interquartile range, n¼ 5. *Po0.05 versus 100% (i.e., matched untransfected control), Wilcoxon-signed Rank test. #Po0.05 versus mock and NT siRNA,
Kruskal–Wallis with Dunn’s multiple comparison test
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morphological differentiation of cytotrophoblast cells following
TauT knockdown was not associated with reduced biochem-
ical differentiation, as there was no significant difference in
hCG secretion by untransfected control cells and cells
transfected with SLC6A6-specific siRNA at 66 h (n¼ 6, data
not shown).

Effects of TauT knockdown on apoptosis. Here, we
investigated if TauT/intracellular taurine has a role in
regulating cell survival by assessing basal and TNFa-induced
apoptosis in cytotrophoblast cells following TauT knockdown.
Apoptotic cell death was determined by immunohistochem-
ical detection of a caspase-cleaved fragment of cytokeratin
18 (M30) that is produced during apoptosis. In untransfected

cytotrophoblast cells, 2–6% of syncytialised cells were
apoptotic at 66 h of culture (Figure 4b). Transfection with
non-targeting or SLC6A6-specific siRNA had no significant
effect on this basal level of apoptosis (Figure 4b). However,
overnight treatment of cytotrophoblast cells with 100 ng of the
proinflammatory cytokine TNFa significantly increased apop-
tosis but only in those cells with siRNA-mediated TauT
knockdown (Figures 4a and b).

Discussion

Our observations provide the first evidence that TauT-
mediated taurine transport in human placenta is important
for the normal process of trophoblast turnover. More

Figure 2 TauT knockdown reduces intracellular taurine accumulation. (a) Cellular accumulation of taurine (tracer concentration of 3H-taurine þ 9 mM unlabelled taurine)
reaches steady state after 24 h in control cells (closed squares) and cells treated with non-targeting (open squares) or SLC6A6-specific (open circles) siRNA. Duplicate
measurements from one placenta. (b) Scatter plot of intracellular taurine accumulation after 24 h. Each point represents the mean of duplicate observations of three placentas
(line represents median). NT¼ non-targeting siRNA, TauT¼ SLC6A6-specfic siRNA

Figure 3 TauT knockdown impairs cytotrophoblast morphological differentiation in vitro. (a) Immunofluorescent detection of desmosomes (green) in 18 h (inset) and 66 h
cytotrophoblast cells counterstained with propidium iodide (red). The white arrows indicate multinucleated cells (defined as Z3 nuclei within desmosomal boundaries).
(b) Percentage of multinucleated cells at 66 h following transfection, relative to matched control cells (n¼ 7, error bars represent median±interquartile range). **Po0.01
versus 100% Wilcoxon-signed Rank test. NT¼ non-targeting siRNA, TauT¼ SLC6A6-specfic siRNA
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specifically, the ability of trophoblast cells to accumulate
intracellular taurine facilitates their differentiation into a
multinucleated syncytium and protects against inappropriate
cell death in response to an inflammatory cytokine.
It is well documented that in both placental and non-

placental cell types, taurine is a key osmoregulator with

cytoprotective functions.13,18 In order to carry out these
important roles, it is essential that intracellular taurine
concentration is maintained by appropriate regulation of
cellular taurine uptake and efflux. In placentas from normal
pregnancy, taurine is accumulated in the syncytiotrophoblast
to reach levels of B10mM.12 In vitro studies have

Figure 4 TauT-deficient cytotrophoblast cells are more susceptible to TNFa-induced apoptosis. (a) Detection of apoptosis in primary cytotrophoblast cells using positive
staining for caspase-cleaved cytokeratin 18 (M30 CytoDEATH). Counterstained with hematoxylin. M30 staining (brown) appears in the cytoplasm of apoptotic cells. (b) Scatter
plot of M30-positive cells expressed as a percentage of total number of nuclei (n¼ 4, line represents the median). *Po0.05 Kruskal–Wallis with Dunn’s post test.
NT¼ non-targeting siRNA, TauT¼ SLC6A6-specfic siRNA, þ TNFa¼ overnight treatment with 100 ng TNFa
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demonstrated that TauT activity in the foetal-facing basal
membrane of the syncytiotrophoblast is only 6% of that
measured in the maternal-facing microvillous membrane
(MVM),6 suggesting that the high concentration of taurine
found within the syncytiotrophoblast is achieved by the uptake
frommaternal blood. Norberg et al.6 found that TauT activity in
MVM of placentas from pregnancies complicated by FGRwas
reduced by 34% compared with normal pregnancies. In the
current study, a 64% reduction in trophoblast TauT activity led
to a 66% decrease in intracellular taurine accumulation. It is
therefore probable that intracellular taurine levels are lower in
the syncytiotrophoblast of placentas from FGR pregnancies,
although this remains to be determined.
Our data demonstrate that TauT-mediated taurine transport

in trophoblast cells has a role in their fusion/differentiation and
multinucleation, but does not influence hCG secretion. This
observation suggests that intracellular taurine has selective
effects on these two well-characterized events in trophoblast
differentiation, with maintenance of normal intracellular
taurine being necessary for syncytialisation, but not for
hormone secretion. This is consistent with previous reports
that biochemical and morphological differentiation of tropho-
blast cells in vitro can be independent events.17,19 Reduced
placental TauT activity in FGR could, therefore, lead to
impaired syncytial formation and renewal. Indeed, there is
evidence that cytotrophoblast cells isolated from pregnancies
with placental insufficiency and FGR have a significantly lower
cell–cell fusion index compared with those isolated from
normal placentas.20 Trophoblast fusion events and their
regulation are poorly understood. Exactly howTauT-mediated
taurine transport influences trophoblast cell fusion/multinu-
cleation requires investigation but two mechanisms are
proposed. Intracellular taurine could be important for intracel-
lular signalling events, which facilitate morphological differ-
entiation. In non-placental cells, intracellular taurine
modulates the expression and phosphorylation of proteins
involved in theMAPK, STAT3 and PKC signalling pathways.21

Each of these signalling molecules are involved in cell
differentiation,22–24 therefore, alterations in intracellular taur-
ine could affect their role in this process. Alternatively, taurine
could help maintain gap junctional intercellular communica-
tion required for cell fusion, as has been shown in liver.25

Indeed, molecular exchanges through gap junctions preced-
ing cellular fusion are essential for trophoblast differentiation
and generation of the multinucleated syncytiotrophoblast.26

In addition to an impaired ability to differentiate morpholo-
gically, we have demonstrated that TauT-deficient trophoblast
cells are more susceptible to TNFa-induced apoptosis.
Elevated levels of TNFa have been reported in FGR and this
has been suggested to contribute to the increase in
trophoblast apoptosis associated with these pregnancy
complications.5,27 However, we have demonstrated that
TNFa induces significant apoptosis in the cytotrophoblast
cells only when their ability to accumulate intracellular taurine
has been reduced through SLC6A6-specific knockdown. This
observation is in agreement with studies in other cell types
that have revealed cytoprotective functions of taurine.
Interestingly, an increased ability to accumulate taurine via
overexpression of SLC6A6 attenuated cisplatin-induced
apoptosis in a renal cell line,28 supporting the hypothesis

proposed by Han et al.29 thatSLC6A6 acts as an antiapoptotic
gene by facilitating TauT-mediated taurine accumulation. It is
therefore proposed that it is the reduced placental TauT
activity, together with elevated levels of TNFa, that contribute
to increased trophoblast cell death in cases of FGR.
The data presented, which highlight the importance of

TauT-mediated taurine transport for trophoblast fusion/differ-
entiation and survival, provide good reason for identifying the
cause(s) of reduced placental TauT activity in FGR. Placental
expression of TauT is comparable between normal pregnan-
cies and those complicated with FGR.30 Therefore, one
possible explanation for reduced placental TauT activity in this
pregnancy condition is post-translational modification of the
TauT protein, causing a conformational change that reduces
the affinity for ligands. Molecular cloning and characterisation
of TauT has revealed the presence of several phosphorylation
sites.31 Phosphorylation of TauT by protein kinase C
decreases its affinity for taurine,32 and activation of this
kinase in placental villous fragments and trophoblast cells
leads to reduced TauT activity.30,33 TauT can also be
nitrated,34 a modification of tyrosine residues by reactive
nitrogen species (RNS), and this could also underlie the
decreased syncytiotrophoblast TauT activity in FGR. Tyrosine
residues are essential for the activity of TauT in human
placenta35 and in vitro experiments suggest that nitrative
stress impairs placental TauT activity.30,36 Levels of RNS are
elevated in FGR37 and TauT nitration could be increased as a
consequence, but this remains to be investigated. There is
evidence that an increased proportion of TauT is nitrated in
placentas from pregnancies complicated with pre-eclampsia
(V Roberts and L Myatt, personal communication). Pre-
eclampsia is a serious disease of pregnancy sometimes
accompanied by FGR that is also associated with abnormal
trophoblast turnover:3 It will be interesting to determine
whether syncytiotrophoblast TauT activity is also reduced in
this pregnancy complication.
In summary, we have demonstrated that reduced TauT

activity in cytotrophoblast cells leads to impaired morpholo-
gical differentiation and an increased susceptibility to apopto-
tic cell death. Such alterations in utero would have
implications for syncytiotrophoblast renewal, compromising
the transfer of nutrients from the maternal circulation towards
the foetus via other transporters present on the MVM ,and
also cause disruption to the endocrine function of the
syncytiotrophoblast, leading to placental insufficiency with
consequences for foetal growth and wellbeing. The ability of
trophoblast cells to accumulate sufficient intracellular taurine
for their differentiation and survival is therefore crucial for a
healthy pregnancy.

Materials and Methods
Materials. Unless stated otherwise, all materials used were obtained from
Sigma-Aldrich (Poole, UK).

Primary cytotrophoblast cell isolation and culture. Term placentas
(38–40 weeks gestation) were collected with written informed consent and in
accordance with the Local Ethics Committee’s approval, following caesarean
section or vaginal delivery from uncomplicated singleton pregnancies. Cyto-
trophoblast cells were isolated using an adaptation of the method used by Kliman
et al.,15 as previously described.38 Cells destined for amino acid transporter
activity measurements were plated onto 35-mm culture dishes (Nunc) at a density
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of 2–2.5� 106. Cells destined for mRNA analysis and detection of target proteins
were plated into 12-well culture plates (Nunc) at a density of 1–1.5� 106.
Cytotrophoblast cells were maintained for 66 h in culture medium (Dulbecco’s
modified Eagle’s medium (DMEM) and Ham’s F-12 1 : 1, 10% FCS (heat-
inactivated), 1% gentamicin, 0.6% glutamine, 0.2% penicillin, 0.2% streptomycin)
at 37 1C in a humidified incubator (95% air/5% CO2) supplemented with 100mM
taurine to mimic physiological levels in maternal blood.12

Transfection of primary cytotrophoblast cells with siRNA.
Previous studies have demonstrated that at 18 h of culture, isolated
cytotrophoblast cells are mononucleate and by 42 h they aggregate and fuse.
At 66 h, the cells have differentiated to form large polarised multinucleate cells that
resemble syncytiotrophoblast in vivo.15,38 At 18 h of culture, cytotrophoblast
cells were transfected with 50 nM SLC6A6-specific siRNA (Qiagen, West Sussex,
UK) using DharmaFECT2-transfection reagent (Dharmacon, Fisher Scientific UK,
Loughborough, UK), as described previously.39,40 Cytotrophoblast cells trans-
fected with non-targeting siRNA (Invitrogen, Life Technologies, Paisley, UK) and
cells exposed to DharmaFECT2 only (i.e., mock transfected) were included as
controls. Initially, four different SLC6A6-specific siRNAs were tested and here
we present data using the construct, which most efficiently silenced SLC6A6
(target sequence: 50-CTGCTGTTTACTAACATTAGA-30). In validation experi-
ments, this construct reduced SLC6A6 mRNA expression by 64% compared with
untransfected controls, whereas mRNA silencing by the other three constructs
tested were 60, 50 and 27% (mean, n¼ 2).

Confirmation of target-specific mRNA knockdown using
QPCR. 48 h post transfection (i.e., at 66 h of culture), cells were lysed and
total RNA extracted using an Absolutely RNA microprep kit (Stratagene, Agilent
Technologies UK Ltd, Stockport, UK). RNA was quantified using a Quant-iT
Ribogreen kit (Molecular Probes, Life Technologies), and 100 ng of total RNA from
each sample was reverse transcribed using AffinityScript cDNA synthesis kit with
random primers (Stratagene). mRNA for b actin and SLC6A6 were quantified in a
1 : 10 dilution of the cDNA samples by QPCR using a Stratagene MX3000P real
time PCR machine and Stratagene Brilliant SYBR Green I QPCR mastermix, with
5-carboxy-x-rhodamine as a passive reference dye. Primers (MWG-Biotech,
Ebersberg, Germany) for SLC6A6 were forward: 50-CGTACCCCTGACC
TACAACAAA-30 and reverse: 50-CAGAGGCGGATGACGATGAC-30 (300 nM)
designed using Beacon Designer software (Premier Biosoft Int., Palo Alto, CA,
USA) and confirmed to be specific by BLAST assessment. Primers for b actin
(200 nM) were as previously described.40 SLC6A6 and b actin mRNA were
quantified against standard curves generated from human reference total RNA
(Stratagene). Data were analysed by Wilcoxon-signed Rank test following
normalisation of mRNA expression in the transfected cells to expression in the
corresponding untransfected control cells for each experiment.

Immunofluorescent staining. Cytotrophoblast cells that had been plated
onto 16-mm glass coverslips in 12-well culture plates were fixed in methanol at
� 20 1C for 25 min and then stored at 4 1C in PBS prior to immunofluorescent
staining for either TauT or desmosomal proteins (allowing visualisation of
multinucleation17). Following a 30-min incubation at 37 1C with blocking solution
(2% FCS, 2% BSA and 0.1% Tween20 in PBS) to reduce nonspecific binding,
cells were incubated for 1 h at room temperature with primary antibody (1 : 100
dilution in blocking solution). Primary antibodies were rabbit polyclonal anti-Taurine
Transporter (Alpha Diagnostics, Source BioScience LifeSciences, Nottingham,
UK) and monoclonal mouse anti-desmosomal protein (D1286, mouse IgG1
isotope). Cells were then washed with PBS and the secondary antibody,
AlexaFluor-568 goat anti-rabbit IgG1 (1 : 600 in block solution; Molecular Probes)
and goat anti-mouse IgG FITC (F2012, 1 : 100 dilution), respectively, applied for
1 h at 37 1C in the dark. After washing with PBS, coverslips were mounted onto
glass microscope slides using Vectashield mounting medium containing 4’,6-
diamidino-2-phenylindole (DAPI) or propidium iodide (PI) nuclear counterstain
(Vector Labs, Peterborough, UK). Immunofluorescent images were captured using
a Zeiss AxioObserver Inverted Microscope.

Amino acid transporter activity measurements and ability to
accumulate intracellular taurine. 48 h post transfection (i.e., at 66 h of
culture), cytotrophoblast cells were washed free of cell culture medium using
Tyrode’s buffer (135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES, 5.6 mM glucose, pH 7.4). Naþ -dependent uptake of radiolabelled taurine

(3H-taurine, 1mCi/ml; 50 nM) by control and transfected cytotrophoblast cells was
then measured in duplicate as follows: uptake of 3H-taurine was carried out at
37 1C in either control or Naþ -free Tyrode’s buffer (135 mM choline chloride
replaced NaCl, pH 7.4). Uptake was terminated after 20 min, determined in pilot
experiments to represent initial rate, by washing cells in 25-ml ice-cold Tyrode’s
buffer over 1 min. Cells were then lysed in 1 ml 0.3 M NaOH and the lysate
counted for b radiation. Cell lysate protein content (mg) was determined using a
commercial kit (Bio-Rad Laboratories Ltd., Hemel Hampstead, UK). Uptake of
radiolabelled taurine is expressed as pmol per mg protein over 20 min. The Naþ -
dependent component of 3H-taurine uptake, representing TauT-specific uptake,
was calculated by subtracting 3H-taurine uptake in the absence of Naþ from
uptake in the presence of Naþ . Data were analysed by Wilcoxon-signed Rank
test, following normalisation to Naþ -dependent 3H-taurine uptake by the
corresponding untransfected control sample for each experiment.

The long-term accumulation of taurine was also determined to estimate the
intracellular taurine at steady state in control and transfected cytotrophoblast cells.
3H-taurine (1mC/ml) was added to the culture medium and the cells incubated for
0.5–48 h (5% CO2/ air; 37 1C). The cells were then washed, lysed in 0.3 M NaOH,
counted for b radioactivity and analysed for protein content, as described above.
Intracellular taurine was calculated per mg cellular protein using the specific activity
of the isotope and taking into account the concentration of labelled (50 nM) and
unlabelled (9 mM) taurine in the culture medium.

Assessment of cytotrophoblast cell morphological differentiation.
Immunofluorescent images of cytotrophoblast cells stained for desmosomes
and nuclei (see above) were used to assess multinucleation as a measure of
morphological differentiation. Using a previously published method,19 three observers,
blinded to the identity of the images, counted the total number of nuclei per
field of view and the number of multinucleated cells (defined as Z3 nuclei within
desmosomal boundaries) by using Image Pro Plus software (MediaCybernetics,
Buckinghamshire, UK). The number of multinucleated cells was then expressed as a
percentage of the total number of nuclei within a given field of view. The average
number of nuclei per field of view was 114 (range 57–354). For each experiment,
three fields of view were analysed per treatment and each treatment was performed
in duplicate. The mean of these observations was then calculated to provide a value
of multinucleation in transfected and untransfected control cells for each experiment.
Multinucleation of transfected cells was expressed as a per cent of mutinucleation of
matched control cells for the corresponding experiment and analysed by Wilcoxon-
signed Rank test.

Assessment of cytotrophoblast cell biochemical differentiation.
The b subunit of hCG is produced by terminally differentiated syncytiotrophoblast
and is used as an indicator of cytotrophoblast differentiation in culture, following
their isolation from term placenta.19 Culture medium was collected at 18, 42 and
66 h of cytotrophoblast cell culture, and stored in aliquots at � 20 1C. The medium
was assayed for secreted b-hCG using a commercially available ELISA (DRG
Diagnostics, DRG International, Marburg, Germany), following the manufacturer’s
instructions. It was necessary to dilute 66-h samples 1 in 10 with the sample
diluent provided to allow interpolation from the standard curve. hCG secretion was
expressed as mIU/mg protein per h. Cell lysate protein content (mg) was
determined using a commercial kit (Bio-Rad Laboratories Ltd.). Sixty-six hour data
were analysed by Wilcoxon-signed Rank test following normalisation of b-hCG
secretion by transfected cells to b-hCG secretion by the corresponding
untransfected control cells for each experiment.

Detection of apoptosis. Prior to methanol fixation at 66 h, transfected and
non-transfected control cells were cultured overnight in ±100 ng TNFa. Apoptosis
was determined by the presence of cleaved cytokeratin 18, detected by M30
CytoDEATH mouse monoclonal antibody (Roche Diagnostics Ltd, West Sussex,
UK) using immunohistochemistry as follows: cells were washed with TBS then
incubated for 10 min with 3% (v/v) H2O2 in distilled water to quench endogenous
peroxidase. Following a second wash step, cells were incubated at room
temperature for 30 min with blocking solution (10% normal goat serum, 2% human
serum and 0.1% Tween in TBS). Primary antibody (1 : 100 dilution in blocking
solution) or non-immune mouse IgG, included as a negative control, was then
applied for 1 h at 37 1C. Unbound primary antibody was then removed by washing
with TBS. Cells were incubated for 30 min at room temperature with biotinylated
goat anti-mouse secondary antibody (Dako UK Ltd, Cambridge, UK, diluted 1 : 200
in blocking solution), washed again with TBS and then incubated for a further
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30 min at room temperature with avidin peroxidase. Following another wash with
TBS, cleaved cytokeratin 18 was detected by colour development with
diaminobenzidine-hydrogen peroxide (DAB) and the cells were counterstained
with Harris’ haematoxylin. The percentage of apoptotic nuclei was then analysed
using a Leitz Dialux 22 microscope and Image Pro Plus software. For each
experiment, six field of view/areas of syncytia were analysed per treatment and
each treatment was performed in duplicate. The mean from these 12 observations
provided a measure of apoptotic nuclei for each treatment. Data were analysed
using Kruskal–Wallis with Dunn’s multiple comparison test.

Conflict of Interest
The authors declare no conflict of interest.

Acknowledgements. We thank the midwives of St. Marys Hospital for their
assistance in obtaining placentas. We also thank Rebecca Garside for her technical
assistance with extracting and quantifying RNA. This work has been funded by The
Wellcome Trust (078814/Z/05/Z and 094361/Z/10/Z) and we acknowledge core
support at The Maternal and Foetal Health Research Centre from Tommy’s the
Baby Charity, an Action Research Endowment Fund, the Manchester NIHR
Biomedical Research Centre and the NIHR Greater Manchester Comprehensive
Local Research Network.

1. Huppertz B, Kadyrov M, Kingdom JC. Apoptosis and its role in the trophoblast. Am J Obstet
Gynecol 2006; 195: 29–39.

2. Burton GJ, Jones CJ. Syncytial knots, sprouts, apoptosis, and trophoblast deportation from
the human placenta. Taiwan J Obstet Gynecol 2009; 48: 28–37.

3. Crocker IP, Tansinda DM, Baker PN. Altered cell kinetics in cultured placental villous
explants in pregnancies complicated by pre-eclampsia and intrauterine growth restriction. J
Pathol 2004; 204: 11–18.

4. de Boo HA, Harding JE. The developmental origins of adult disease (Barker) hypothesis.
Aust N Z J Obstet Gynaecol 2006; 46: 4–14.

5. Kilani RT, Mackova M, Davidge ST, Winkler-Lowen B, Demianczuk N, Guilbert LJ.
Endogenous tumor necrosis factor alpha mediates enhanced apoptosis of cultured villous
trophoblasts from intrauterine growth-restricted placentae. Reproduction 2007; 133:
257–264.

6. Norberg S, Powell TL, Jansson T. Intrauterine growth restriction is associated with a
reduced activity of placental taurine transporters. Pediatr Res 1998; 44: 233–238.

7. Gaull G, Sturman JA, Raiha NC. Development of mammalian sulfur metabolism: absence
of cystathionase in human foetal tissues. Pediatr Res 1972; 6: 538–547.

8. Miyamoto Y, Balkovetz DF, Leibach FH, Mahesh VB, Ganapathy V. Naþ þCl- -gradient-
driven, high-affinity, uphill transport of taurine in human placental brush-border membrane
vesicles. FEBS Lett 1988; 231: 263–267.

9. Economides DL, Nicolaides KH, Gahl WA, Bernardini I, Evans MI. Plasma amino acids in
appropriate- and small-for-gestational-age fetuses. Am J Obstet Gynecol 1989; 161:
1219–1227.

10. Sturman JA. Taurine in development. J Nutr 1988; 118: 1169–1176.
11. Warskulat U, Heller-Stilb B, Oermann E, Zilles K, Haas H, Lang F et al. Phenotype of the

taurine transporter knockout mouse. Methods Enzymol 2007; 428: 439–458.
12. Philipps AF, Holzman IR, Teng C, Battaglia FC. Tissue concentrations of free amino acids

in term human placentas. Am J Obstet Gynecol 1978; 131: 881–887.
13. Lambert IH. Regulation of the cellular content of the organic osmolyte taurine in

mammalian cells. Neurochem Res 2004; 29: 27–63.
14. Lang F, Busch GL, Ritter M, Volkl H, Waldegger S, Gulbins E et al. Functional significance

of cell volume regulatory mechanisms. Physiol Rev 1998; 78: 247–306.
15. Kliman HJ, Nestler JE, Sermasi E, Sanger JM, Strauss JF 3rd. Purification,

characterization, and in vitro differentiation of cytotrophoblasts from human term
placentae. Endocrinology 1986; 118: 1567–1582.

16. Shennan DB. Swelling-induced taurine transport: relationship with chloride channels,
anion-exchangers and other swelling-activated transport pathways. Cell Physiol Biochem
2008; 21: 15–28.

17. Douglas GC, King BF. Differentiation of human trophoblast cells in vitro as revealed by
immunocytochemical staining of desmoplakin and nuclei. J Cell Sci 1990; 96(Pt 1): 131–141.

18. Nishimura T, Sai Y, Fujii J, Muta M, Iizasa H, Tomi M et al. Roles of TauT and system A in
cytoprotection of rat syncytiotrophoblast cell line exposed to hypertonic stress. Placenta
2010; 31: 1003–1009.

19. Williams JL, Fyfe GK, Sibley CP, Baker PN, Greenwood SL. Kþ channel inhibition
modulates the biochemical and morphological differentiation of human placental
cytotrophoblast cells in vitro. Am J Physiol Regul Integr Comp Physiol 2008; 295:
R1204–R1213.

20. Langbein M, Strick R, Strissel PL, Vogt N, Parsch H, Beckmann MW et al. Impaired
cytotrophoblast cell-cell fusion is associated with reduced Syncytin and increased
apoptosis in patients with placental dysfunction. Mol Reprod Dev 2008; 75: 175–183.

21. Park SH, Lee H, Park KK, Kim HW, Park T. Taurine-responsive genes related to signal
transduction as identified by cDNA microarray analyses of HepG2 cells. J Med Food 2006;
9: 33–41.

22. Guillet-Deniau I, Burnol AF, Girard J. Identification and localization of a skeletal muscle
secrotonin 5-HT2A receptor coupled to the Jak/STAT pathway. J Biol Chem 1997; 272:
14825–14829.

23. Suzuki T, Ino K, Kikkawa F, Uehara C, Kajiyama H, Shibata K et al. Neutral endopeptidase/
CD10 expression during phorbol ester-induced differentiation of choriocarcinoma cells
through the protein kinase C- and extracellular signal-regulated kinase-dependent
signalling pathway. Placenta 2002; 23: 475–482.

24. Vaillancourt C, Lanoix D, Le Bellego F, Daoud G, Lafond J. Involvement of MAPK signalling
in human villous trophoblast differentiation. Mini Rev Med Chem 2009; 9: 962–973.

25. Fukuda T, Ikejima K, Hirose M, Takei Y, Watanabe S, Sato N. Taurine preserves gap
junctional intercellular communication in rat hepatocytes under oxidative stress. J
Gastroenterol 2000; 35: 361–368.

26. Cronier L, Frendo JL, Defamie N, Pidoux G, Bertin G, Guibourdenche J et al. Requirement
of gap junctional intercellular communication for human villous trophoblast differentiation.
Biol Reprod 2003; 69: 1472–1480.

27. Holcberg G, Huleihel M, Sapir O, Katz M, Tsadkin M, Furman B et al. Increased production
of tumor necrosis factor-alpha TNF-alpha by IUGR human placentae. Eur J Obstet Gynecol
Reprod Biol 2001; 94: 69–72.

28. Han X, Chesney RW. Regulation of TauT by cisplatin in LLC-PK1 renal cells. Pediatr
Nephrol 2005; 20: 1067–1072.

29. Han X, Chesney RW. Is TauT an anti-apoptotic gene? Adv Exp Med Biol 2006; 583:
59–67.

30. Roos S, Powell TL, Jansson T. Human placental taurine transporter in uncomplicated and
IUGR pregnancies: cellular localization, protein expression, and regulation. Am J Physiol
Regul Integr Comp Physiol 2004; 287: R886–R893.

31. Ramamoorthy S, Leibach FH, Mahesh VB, Han H, Yang-Feng T, Blakely RD et al.
Functional characterization and chromosomal localization of a cloned taurine transporter
from human placenta. Biochem J 1994; 300(Pt 1): 893–900.

32. Han X, Budreau AM, Chesney RW. Ser-322 is a critical site for PKC regulation of the
MDCK cell taurine transporter (pNCT). J Am Soc Nephrol 1999; 10: 1874–1879.

33. Kulanthaivel P, Cool DR, Ramamoorthy S, Mahesh VB, Leibach FH, Ganapathy V.
Transport of taurine and its regulation by protein kinase C in the JAR human placental
choriocarcinoma cell line. Biochem J 1991; 277(Pt 1): 53–58.

34. Roberts VJH, Webster RP, Myatt L. The taurine transporter is modified by protein nitration
in the human placenta. Placenta 2007; 28: A9.

35. Kulanthaivel P, Leibach FH, Mahesh VB, Ganapathy V. Tyrosine residues are essential for
the activity of the human placental taurine transporter. Biochim Biophys Acta 1989; 985:
139–146.

36. Khullar S, Greenwood SL, McCord N, Glazier JD, Ayuk PT. Nitric oxide and superoxide
impair human placental amino acid uptake and increase Naþ permeability: implications
for foetal growth. Free Radic Biol Med 2004; 36: 271–277.

37. Nanetti L, Giannubilo SR, Raffaelli F, Curzi CM, Vignini A, Moroni C et al. Nitric oxide and
peroxynitrite platelet levels in women with small-for-gestational-age fetuses. Bjog 2008;
115: 14–21.

38. Greenwood SL, Brown PD, Edwards D, Sibley CP. Patch clamp studies of human placental
cytotrophoblast cells in culture. Trophoblast Res 1993; 7: 53–68.

39. Desforges M, Greenwood SL, Glazier JD, Westwood M, Sibley CP. The contribution of
SNAT1 to system A amino acid transporter activity in human placental trophoblast.
Biochem Biophys Res Commun 2010; 398: 130–134.

40. Forbes K, Desforges M, Garside R, Aplin JD, Westwood M. Methods for siRNA-mediated
reduction of mRNA and protein expression in human placental explants, isolated primary
cells and cell lines. Placenta 2009; 30: 124–129.

Cell Death and Disease is an open-access journal
published by Nature Publishing Group. This work is

licensed under a Creative Commons Attribution 3.0 Unported License.
To view a copy of this license, visit http://creativecommons.org/
licenses/by/3.0/

Regulation of trophoblast cell turnover by taurine
M Desforges et al

8

Cell Death and Disease

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

	Taurine transport in human placental trophoblast is important for regulation of cell differentiation and survival
	Main
	Results
	siRNA-mediated knockdown of SLC6A6/TauT
	TauT knockdown reduces intracellular taurine accumulation by cytotrophoblast cells
	Trophoblast differentiation is impaired following TauT knockdown
	Effects of TauT knockdown on apoptosis

	Discussion
	Materials and Methods
	Materials
	Primary cytotrophoblast cell isolation and culture
	Transfection of primary cytotrophoblast cells with siRNA
	Confirmation of target-specific mRNA knockdown using QPCR
	Immunofluorescent staining
	Amino acid transporter activity measurements and ability to accumulate intracellular taurine
	Assessment of cytotrophoblast cell morphological differentiation
	Assessment of cytotrophoblast cell biochemical differentiation
	Detection of apoptosis

	Acknowledgements
	Note
	References




