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ABSTRACT
SLC28 genes encode three plasma membrane transporter pro-
teins, human concentrative nucleoside transporter (CNT)1,
CNT2, and CNT3, all of which are implicated in the uptake of
natural nucleosides and a variety of nucleoside analogs used in
the chemotherapy of cancer and viral and inflammatory dis-
eases. Mechanisms determining their trafficking toward the
plasma membrane are not well known, although this might
eventually become a target for therapeutic intervention. The
transporter regulator RS1, which was initially identified as a
short-term, post-transcriptional regulator of the high-affinity,

Na�-coupled, glucose transporter sodium-dependent glucose
cotransporter 1, was evaluated in this study as a candidate for
coordinate regulation of membrane insertion of human CNT-
type proteins. With a combination of studies with mammalian
cells, Xenopus laevis oocytes, and RS1-null mice, evidence that
RS1 down-regulates the localization and activity at the plasma
membrane of the three members of this protein family (CNT1,
CNT2, and CNT3) is provided, which indicates the biochemical
basis for coordinate regulation of nucleoside uptake ability in
epithelia and probably in other RS1-expressing cell types.

Introduction
SLC28 genes encode CNT1, CNT2, and CNT3 proteins.

CNTs mediate the translocation of nucleosides and nucleo-
side-derived drugs across the plasma membrane of cells (Hu-
ber-Ruano and Pastor-Anglada, 2009; Errasti-Murugarren
and Pastor-Anglada, 2010). Mammalian orthologs exhibit
similar kinetic properties, with CNT1 and CNT2 being py-
rimidine- and purine-preferring nucleoside transporters, re-
spectively, but CNT3 showing broad substrate selectivity.
They all are Na�-coupled but their stoichiometry differs,
being one Na� ion per one nucleoside for CNT1 and CNT2
and two Na� ions per one nucleoside for CNT3 (Pastor-

Anglada et al., 2008). The latter tolerates the substitution of
one of the two Na� ions required for nucleoside translocation
by a proton (Slugoski et al., 2008).

In (re)absorptive epithelia, CNT proteins are localized at
the apical side of enterocytes and tubular epithelial cells.
Apical expression of CNT proteins seems to confer vectorial-
ity to nucleoside flux across these epithelial barriers, with
the proteins thus becoming major factors in the absorption/
reabsorption of nucleosides and their derivatives and contrib-
uting to whole-body nucleoside homeostasis and nucleoside-
derived drug pharmacokinetics (Lai et al., 2002; Errasti-
Murugarren et al., 2007). Their anatomical localization along
the gastrointestinal tract and the nephron is consistent with
this view. In the human gastrointestinal tract, CNT-related
activities were reported to follow a proximal-to-distal gradi-
ent, with maximal transport rates in the jejunum (Ngo et al.,
2001). Human CNT1 and hCNT2 proteins were shown in
immunohistochemical analyses to be predominantly on the
apical side of duodenal enterocytes, rather than in crypt cells
(Govindarajan et al., 2007). Human CNT1 and hCNT2
mRNA and proteins were detected predominantly in proxi-
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mal tubular cells (Govindarajan et al., 2007), which supports
data obtained with microdissected rat nephron segments
that showed high levels of expression of CNT1, CNT2, and
CNT3 mRNAs in proximal convoluted tubules (Rodríguez-
Mulero et al., 2005).

CNT trafficking mechanisms that allow export of trans-
porter proteins from the ER to the plasma membrane have
not been studied in detail, but some structural determinants
in the transporters themselves seem to be relevant for this
process. A putative hCNT3 variant lacking 69 amino acid
residues of the N-terminal domain of the protein is retained
in the ER (Errasti-Murugarren et al., 2009). Membrane-
sorting determinants of hCNT3 seem to reside within resi-
dues 50 to 62, the tripeptide Val57-Thr58-Val59 being the
core of the export signal and acidic residues upstream and
downstream of the core modulating the time course of this
process (Errasti-Murugarren et al., 2010). Regulated hCNT3
trafficking in leukemia cells suggests a probable chemother-
apeutic role for agents able to up-regulate hCNT3-related
drug uptake activity by promoting hCNT3 insertion into the
plasma membrane (Fernández-Calotti and Pastor-Anglada,
2010). Understanding CNT ER export and plasma membrane
insertion mechanisms also seems to be of pharmacological
relevance.

The transporter regulator RS1, which was initially identi-
fied as a short-term post-transcriptional regulator of the
high-affinity Na�-coupled glucose transporter SGLT1 (Korn
et al., 2001), has been shown to modulate (among other
physiological roles) the localization of this and a few other
transporter proteins in the plasma membrane, acting as an
inhibitor of their exocytosis (Veyhl et al., 2006; Vernaleken et
al., 2007). In this study, we have addressed whether CNT-
type function might also be under RS1 regulation. With a
combination of studies with mammalian cells, Xenopus laevis
oocytes, and RS1-null mice, evidence is provided that RS1
coordinately down-regulates the localization and activity at
the plasma membrane of three members of this protein fam-
ily (i.e., CNT1, CNT2, and CNT3).

Materials and Methods
Reagents. Uridine, cytidine, guanosine, and brefeldin A were

obtained from Sigma-Aldrich (St. Louis, MO). [5,6-3H]Uridine (35–50
Ci/mmol) was purchased from GE Healthcare (Chalfont St. Giles,
Buckinghamshire, UK). [5-3H(N)]Cytidine (21.5 Ci/mmol) and [8-
3H(N)]guanosine (7 Ci/mmol) were purchased from Moravek Bio-
chemicals (Brea, CA).

Animals. Mice were handled in compliance with institutional
guidelines and German and Spanish laws. Knockout mice used in
this study were previously generated and phenotypically character-
ized (Osswald et al., 2005). The mice were back-crossed on a C57BL/6
background (14 generations of back-crossing); the strain was desig-
nated C57BL/6/Rsc1A1del. Genotyping was performed with PCR
assays, as described previously (Osswald et al., 2005). Three-month-
old male mice were used. Animals were kept in a temperature-
controlled environment with a 12-h light/dark cycle and received
standard chow (Altromin GmbH, Large-Lippe, Germany) and water
ad libitum.

Cell Culture. HeLa cells were maintained at 37°C in a humidified
5% CO2 environment in Dulbecco’s modified Eagle’s medium supple-
mented with 10% (v/v) fetal bovine serum, 50 units/ml penicillin, 50
�g/ml streptomycin, and 2 mM L-glutamine. The hepatocyte-derived
cell line HHL5 was a generous gift from Dr. Arvin H. Patel (Univer-
sity of Glasgow, Glasgow, Scotland) (Clayton et al., 2005). HHL5

cells were maintained as described for HeLa cells, with the same
culture medium but supplemented with 1% nonessential amino
acids.

Preparation of Mouse Intestinal and Renal Brush Border
Membranes. Renal and intestinal BBMVs were prepared from wild-
type and knockout mice as described previously (Biber et al., 2007).
The final pellets were resuspended in preloading medium consisting
of 250 mM sucrose, 0.2 mM CaCl2, 20 �M MgCl2, 10 mM HEPES, pH
7.5, and 150 mM KSCN (Castaño et al., 1997) and were used for
nucleoside transport assays or stored in liquid nitrogen for Western
blot analyses.

Nucleoside Uptake Measurements in Cell Lines. Nucleoside
uptake measurements were performed with HeLa and HHL5 cell
cultures, 4 days and 1 day after seeding, respectively (2 � 104 and
6 � 104 cells/cm2, respectively). Uptake rates were measured as
described previously (del Santo et al., 1998). Replicate cultures were
exposed at room temperature to 3H-labeled uridine (1 �M, 1 �Ci/ml)
in a sodium-replete (137 mM NaCl) or sodium-free (137 mM choline
chloride) transport buffer that also contained 5 mM KCl, 2 mM
CaCl2, 1 mM MgSO4, and 10 mM HEPES, pH 7.4. Initial rates of
transport were determined by using incubation periods of 1 min, and
transport was terminated through washing with an excess volume of
chilled buffer.

Nucleoside Transport Assays in Isolated BBMVs. Uptake
studies with renal and intestinal BBMVs were performed by using
the rapid filtration technique, as described previously (Ruiz-Mon-
tasell et al., 1992). Uptake was initiated by mixing 10 �l of vesicle
suspension with 40 �l of uptake medium (250 mM sucrose, 0.2 mM
CaCl2, 20 �M MgCl2, 10 mM HEPES, pH 7.5) containing either 150
mM NaSCN or KSCN and 1 �M 3H-labeled substrate. Reactions
were terminated at the indicated times with the addition of 1 ml of
ice-cold stop solution (250 mM sucrose, 150 mM NaCl, 0.2 mM CaCl2,
10 mM HEPES, pH 7.5), and mixtures were filtered through 0.45-�m
nitrocellulose filters. Filters were washed with 4 ml of ice-cold stop
solution, and radioactivity on the filters was determined through
liquid scintillation counting. All experimental values were corrected
by subtracting nonmediated uptake values, which were obtained by
adding the stop solution to the transport buffer before the vesicles.

RNA Extraction and Real-Time PCR. Total RNA was isolated
from kidney, intestine, heart, and liver lysates from wild-type and
knockout mice by using the SV total RNA isolation system (Promega,
Madison, WI). One microgram of total DNase-treated RNA was used
to generate cDNA, with Moloney murine leukemia virus reverse
transcriptase and random hexamers for reverse transcription (Invit-
rogen, Carlsbad, CA).

Real-time PCR analysis of mCNT1, mCNT2, mCNT3, mouse
ENT1, and mouse ENT2 mRNAs was performed. The primers and
probes used to amplify mCNT1 (Mm01315368_m1), mCNT2
(Mm00445488_m1), mCNT3 (Mm00491586_m1), mouse ENT1
(Mm00452176_m1), mouse ENT2 (Mm00432817_m1), and mouse
glyceraldehyde 3-phosphate dehydrogenase (4352339E) with real-
time PCR were purchased from Applied Biosystems (Foster City,
CA). Real-time monitoring of PCR amplification of cDNAs was per-
formed by using the TaqMan Universal Master Mix (Applied Biosys-
tems), 700 nM probe, and 150 nM concentrations of each primer,
with an ABI Prism 7700 sequence detection system (Applied Biosys-
tems). Relative quantification of gene expression and validation of
the method were performed as described in the TaqMan user’s man-
ual, with 18S rRNA as an internal control. The threshold cycle is
defined as the cycle number at which fluorescence corresponding to
the amplified PCR product is detected. The threshold cycle differ-
ence for each transporter, expressed in arbitrary units, is defined
as the threshold cycle of these genes normalized to the 18S rRNA
level and referred to the expression level in wild-type mice, which
is considered 1.

Western Blot Analysis of mCNT1, mCNT2, and mCNT3 Ex-
pression. Twenty micrograms of renal and intestinal BBMV prep-
arations were separated on 10% polyacrylamide gels and transferred
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to nitrocellulose membranes (Bio-Rad 162-0115; Bio-Rad Laborato-
ries, Hercules, CA). Membranes were incubated with primary anti-
mCNT1, anti-mCNT2, or anti-mCNT3 antibodies diluted 1:1000.
These were polyclonal antibodies raised in rabbits on demand (An-
tibody Barcelona, Barcelona, Spain), by using N-terminal peptides as
antigens. Chosen sequences for that purpose were as follows: amino
acids 50 to 69, SRSKAVWKPFSRWRSLQPT-C (mCNT1); amino ac-
ids 54 to 71, SLWSRRIFQPFTKARSF-C (mCNT2); amino acids 26 to
44, PSDLGRSNEAFQDEDLERQ-C (mCNT3). After incubation with
primary antibodies, proteins were detected by using a horseradish
peroxidase-conjugated secondary antibody preparation and an en-
hanced chemiluminescence detection kit (GE Healthcare). Expres-
sion levels for concentrative nucleoside transporters were normal-
ized to those for �-actin (ab8229; Abcam plc, Cambridge, UK), which
was used as a loading control. In this regard, we tried stripping of the
anti-mCNT antibody-treated membranes and use of duplicates of the
samples, one treated with anti-mCNT antibody and the other treated
with anti-�-actin antibody; results were identical.

Cloning and Purification of GST-Fusion Protein with N-
Terminal Fragment of hRS1. GST was fused to a fragment of
hRS1 containing amino acids 16 to 98 (GST-hRS1-F). The corre-
sponding coding DNA fragment was amplified from full-length hRS1
cDNA (Lambotte et al., 1996) through PCR with the following oligo-
nucleotides: 5�-AATGGATCCGTTCTTCAGGACAGAGTCC-3� (con-
taining a BamHI restriction site) and 5�-ATTGTCGACTACTG-
CATAGGCATAGCTGG-3� (containing a SalI restriction site). The
PCR product was digested with BamHI and SalI restriction enzymes
and ligated to the BamHI/SalI restriction sites of the pGEX-5X-3
vector (GE Healthcare). In-frame cloning was confirmed with DNA
sequencing. Expression of the GST fusion protein in Escherichia coli
BL21-Star cells and purification with glutathione-Sepharose beads
were performed according to protocols provided by GE Healthcare.

cRNA Synthesis. Human CNT1 was cloned from human fetal
liver (Lostao et al., 2000), and hCNT3 (Errasti-Murugarren et al.,
2007) and hCNT2 (this study) were cloned from human kidney. All
three were inserted into the oocyte expression vector pBSII(KS),
which contained a poly(A) tail of 54 bp (Lostao et al., 2000; Gorraitz
et al., 2010). To prepare sense cRNA from hRS1 (Lambotte et al.,
1996), hCNT1, hCNT2, or hCNT3, the respective purified plasmids
were linearized with XbaI (hCNT1), SalI (hCNT2), SacII (hCNT3), or
MluI (hRS1). cRNA was synthesized by using T3 polymerase
(hCNTs) or SP6 polymerase (hRS1). cRNAs were prepared by using
a mMESSAGE mMACHINE kit (Ambion, Austin, TX), with sodium
acetate precipitation. cRNA concentrations were estimated from
ethidium bromide-stained agarose gels by using polynucleotide
markers as standards.

Expression of CNTs and hRS1 in X. laevis Oocytes. Mature
female X. laevis frogs were anesthetized through immersion in fresh
water containing 0.1% tricaine. Oocytes at stages V and VI were
obtained through partial ovariectomy and were treated overnight
with 1 mg/ml collagenase I in Ori buffer (5 mM HEPES-Tris, pH 7.6,
110 mM NaCl, 3 mM KCl, 2 mM CaCl2). The oocytes were washed
twice with Ca2�-free Ori buffer and were kept at 16°C in modified
Barth’s solution [15 mM HEPES, pH 7.6, 88 mM NaCl, 1 mM KCl,
0.3 mM Ca(NO3)2, 0.4 mM CaCl2, 0.8 mM MgSO4] containing 12.5
�g/ml gentamicin. Selected oocytes were injected with 25 nl of water
containing cRNAs (hCNT1, 0.5 ng; hCNT2, 5 ng; hCNT3, 10 ng;
hRS1, 10 ng). For expression, injected oocytes were kept for 3 days at
16°C in modified Barth’s solution with gentamicin. Noninjected
oocytes served as controls.

Injection of Fusion Protein GST-hRS1-F and/or Brefeldin
into Oocytes. Three days after cRNA injections into oocytes and
before initiation of flux experiments, 25 nl of K-Ori buffer (5 mM
HEPES, pH 7.6, 100 mM KCl, 3 mM NaCl, 2 mM CaCl2, 1 mM
MgCl2) containing 16 �M GST-hRS1-F and/or 0.5 pmol of brefeldin A
(inhibitor of vesicle budding from the trans-Golgi network) were
injected. Oocytes were incubated for 1 h at room temperature in Ori
buffer, and uptake of 5 �M [3H]uridine was measured after incuba-

tion for 15 min at room temperature. Uridine uptake in noninjected
oocytes was subtracted. For each experimental condition, three in-
dependent experiments were performed; in each experiment, 8 to 10
individual oocytes were analyzed. The significance of differences was
determined with Student’s t test or analysis of variance with post hoc
Tukey’s comparisons.

RS1 Suppression by RNA Interference in HeLa and HHL5
cells. Two siRNAs directed against hRS1 (Applied Biosystems) were
tested at different concentrations through reverse transcription-
PCR, to determine their efficiency in suppressing RS1 expression.
HeLa cells were grown on 60-mm plates. Cells were transfected with
hCNT1-pcDNA3.1, hCNT2-pcDNA3.1, or hCNT3-pcDNA3.1 plas-
mids by using calcium phosphate precipitation, and 14 h later the
same cells were transfected with siRNAs by using Lipofectamine
2000 (Invitrogen). As a control, cells were transfected with hCNT1-
pcDNA3.1, hCNT2-pcDNA3.1, or hCNT3-pcDNA3.1 and in parallel
with a silencer siRNA (AM4613; Applied Biosystems). RNA was
extracted and transport assays were performed 24 h later. The
human hepatocyte-derived cell line HHL5 was grown in 24-well
plates for 24 h and then transfected with siRNA by using Lipo-
fectamine 2000 (Invitrogen). Uptake assays were performed 24 h
after transfection, as described above.

Results
Nucleoside Transport in Intestinal and Renal BBMVs

from RS1-Null Mice. Nucleoside uptake was characterized by
using uridine, cytidine, and guanosine as substrates. Figure 1
shows the time courses of uridine (Fig. 1, A and D), cytidine
(Fig. 1, B and E), and guanosine (Fig. 1, C and F) uptake (1
�M) into BBMVs derived from intestines from wild-type and
RS1-knockout mice (four or five independent preparations).
Sodium-dependent transport was observed for all three
nucleosides when uptake was measured in the presence of an
outside-to-inside sodium gradient (150 mM, outside greater
than inside) (Fig. 1, A–C). RS1-knockout mice showed �2-
fold higher transport activity for all three assayed nucleo-
sides (Fig. 1), whereas sodium-independent activity reached
similar uptake values in BBMV preparations from wild-type
and knockout mice (Fig. 1, D–F). Identical results were ob-
tained when renal BBMVs from wild-type and RS1-
knockcout mice were analyzed (data not shown). To analyze
which transport agencies were responsible for this sodium-
dependent component of nucleoside transport, the profiles of
3H-labeled natural nucleoside uptake into intestinal and re-
nal BBMVs were analyzed through cross-inhibition of [3H]cy-
tidine uptake by unlabeled guanosine and vice versa (Fig. 2).
Sodium-dependent uptake of 3H-labeled cytidine and
guanosine (1 �M) was not significantly blocked by 100 �M
guanosine or cytidine, respectively, in intestinal BBMVs
from wild-type or knockout mice (Fig. 2A), which suggests
the expression of both mCNT1 and mCNT2 proteins but not
mCNT3. In contrast, sodium-dependent uptake of 3H-labeled
cytidine and guanosine (1 �M) was significantly blocked by
100 �M guanosine and cytidine, respectively, in renal
BBMVs from both wild-type and knockout mice (Fig. 2B),
which suggests the presence of all three concentrative nucle-
oside transporter proteins (mCNT1, mCNT2, and mCNT3) at
the plasma membrane.

Nucleoside Transporter Protein Expression in BBMVs
from RS1-Null Mice. The amounts of concentrative nucleoside
transporter proteins in BBMVs isolated from wild-type and RS1-
knockout mice were analyzed through Western blotting. To this
end, polyclonal antibodies against mouse CNTs were gener-
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ated. As positive controls for mCNT expression and antibody
characterization, mouse spleen (mCNT1 and mCNT2) (Val-
dés et al., 2006; Paproski et al., 2010) and the PCT cell line
(mCNT3) (Errasti-Murugarren et al., 2007) were used (Fig. 3A).

Western blot analysis showed that each antibody recognized
endogenously expressed mCNT1 (�60 kDa), mCNT2 (�60
kDa), or mCNT3 (�75 kDa), whereas the negative (prebleed-
ing) serum did not recognize them (Fig. 3A). Protein expres-

Fig. 1. Functional characterization of nu-
cleoside uptake in intestinal brush border
membrane vesicles derived from wild-
type and RS1-null mice. Time courses of
sodium-dependent (CNT activity) (A–C)
and sodium-independent (ENT activity)
(D–F) [3H]uridine (A and D), [3H]cytidine
(B and E), and [3H]guanosine (C and F)
uptake in brush border vesicles derived
from wild-type (WT) and RS1-knockout
(KO) mouse intestines were determined.
Uptake (1 �M) was measured in trans-
port medium containing 150 mM NaSCN
or 150 mM KSCN. Sodium-dependent
transport was calculated as uptake in so-
dium medium minus uptake in potassium
medium. Data are expressed as the
mean � S.E.M. of four experiments per-
formed on different days with different
batches of vesicles.

Fig. 2. Characterization of sodium-dependent transport activity present in plasma membrane vesicles. CNT activities in brush border vesicles derived
from wild-type (WT) and RS1-knockout (KO) mouse intestines (A) and kidneys (B) were analyzed. Sodium-dependent uptake of 1 �M tritiated cytidine
(Cyd) inhibited with 100 �M unlabeled guanosine (Guo) and of 1 �M guanosine inhibited with 100 �M unlabeled cytidine (5 s) was measured in
transport medium containing 150 mM NaSCN or 150 mM KSCN. Sodium-dependent transport was calculated as uptake in sodium medium minus
uptake in potassium medium. Data are expressed as the mean � S.E.M. of triplicate measurements made with three independent pools of three
samples from individual animals. �, p � 0.05; ��, p � 0.01; ���, p � 0.001; n.s., not significant.
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sion results for mCNTs in both intestinal and renal BBMVs
from wild-type and RS1-knockout mice were consistent with
apical plasma membrane localization of mCNT1 and mCNT2
in intestinal membranes and the three mCNT proteins in
renal epithelial cells (Fig. 3B). Moreover, the expression lev-
els observed for all three transporters in intestinal and renal
brush border vesicles from RS1-knockout mice were 1.5- to
2-fold higher, compared with those observed for wild-type
mice (Fig. 3, B and C). These results were consistent with the
reported changes (see above) in nucleoside transport activity
in BBMVs from RS1-null mice, which suggested that the
up-regulation of mCNT-related biological activity was mainly
attributable to greater plasma membrane abundance of con-
centrative nucleoside transporter proteins in both the intes-
tine and the kidney.

Post-Transcriptional hRS1 Blockade of hCNT Ex-
pression. To determine whether RS1 blocked the expression
of CNTs post-transcriptionally, as described previously for

SGLT1 (Veyhl et al., 1993, 2006; Lambotte et al., 1996; Ver-
naleken et al., 2007), we separately coexpressed hCNT1,
hCNT2, and hCNT3 with hRS1 in X. laevis oocytes (Fig. 4A).
Blast searches of the available databases showed that am-
phibians do not express RS1, and RS1 immunoreactivity
could not be detected in X. laevis oocytes (Valentin et al.,
2000). Because oocytes do not express RS1, in contrast to
most mammalian cells (Veyhl et al., 1993), they are an ideal
system for investigation of the function of RS1. Figure 4A
shows that coexpression decreased uridine uptake associated
with hCNT1, hCNT2, or hCNT3 by more than 80%. This
effect was post-transcriptional, because proteins were trans-
lated from the corresponding injected cRNAs. In Fig. 4B, we
investigated whether hRS1 protein promoted short-term,
high-affinity inhibition of CNTs, as described for SGLT1
(Veyhl et al., 2006; Vernaleken et al., 2007). We injected
cRNAs encoding hCNT1, hCNT2, or hCNT3 into oocytes and
incubated them for 3 days before functional analysis. At that
point, 0.4 pmol of a GST fusion protein with an N-terminal
fragment of hRS1 comprising amino acids 16 to 98 (GST-
hRS1-F) were injected. This fragment of hRS1 is known to
decrease the abundance of human SGLT1 in the trans-Golgi
network in a post-transcriptional manner (Korn et al., 2001).
With the assumption that the aqueous volume of oocytes is
0.4 �l (Taylor and Smith, 1987), the concentration of GST-
hRS1-F is estimated to have been �1 �M. Figure 4B indi-
cates that the expression of the three hCNTs was inhibited
by �50%. To prove that the post-transcriptional inhibition of
hCNTs occurred at the trans-Golgi network, we measured
the effect of GST-hRS1-F on the expression of hCNT1,
hCNT2, and hCNT3 in the presence of the trans-Golgi net-
work inhibitor brefeldin. Figure 4, C, D, and E, shows that
GST-hRS1-F was not effective if trans-Golgi network func-
tions were blocked. The data indicated that hRS1 is a short-
term inhibitor of human CNTs at the trans-Golgi network.

High hCNT-Related Activities in Plasma Membrane
with Endogenous hRS1 Inhibition. To demonstrate that
the observed effect of hRS1 on mCNTs could be reproduced in
human cell lines endogenously expressing this regulator and
the human transporters, hRS1 was silenced in either HeLa
or HHL5 cells and the effect on either heterologously ex-
pressed or endogenously present hCNT-related transport ac-
tivities was monitored. The greatest silencing efficiency of
hRS1 (60%) was achieved by using the combination of the two
siRNAs (see Materials and Methods) at 100 nM (Fig. 5A), 24
and 48 h after transfection. Under these conditions, hRS1
was silenced in HeLa cells separately transfected and tran-
siently expressing each of the three isoforms of hCNTs. Par-
tial hRS1 silencing was sufficient to impair significantly the
hRS1-mediated down-regulation of hCNTs, thereby increas-
ing their corresponding transport activities (Fig. 5B). Data
were normalized to the basal transport activity found in
hCNT-transfected cells with intact hRS1 endogenous func-
tion. Basal uptake rates were 84.8 � 13.5, 94.9 � 11.4, and
113.5 � 19.2 pmol � mg of protein�1 � min�1 for hCNT1-,
hCNT2-, and hCNT3-expressing HeLa cells, respectively.
Control siRNA did not induce any significant change in
hCNT-related activities (data not shown).

The use of transient transfection to monitor the effects of
hRS1 on hCNT-related transport activities was undertaken
because hCNT expression is associated with cell differentia-
tion, a status that is often lost in immortalized cell lines. We

Fig. 3. CNT protein expression in plasma membrane-derived vesicles. A,
characterization of polyclonal anti-mCNT1, anti-mCNT2, and anti-
mCNT3 antibodies generated in rabbits. Mouse spleen (mCNT1 and
mCNT2) and the PCT cell line (mCNT3) were used as positive controls. B,
Western blot analysis of mCNTs in brush border vesicles derived from
wild-type (WT) and RS1-knockout (KO) mouse intestines and kidneys. C,
densitometric analysis of Western blots. Data were normalized to control
values. Data are expressed as the mean � S.E.M. of triplicate estimations
made with three preparations from different groups of animals. �, p �
0.05; ��, p � 0.01.
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also used a human hepatocyte-derived cell line, HHL5, be-
cause it retained significant endogenous hCNT2-related
transport activity. Silencing of endogenous hRS1 expression
in HHL5 cells similarly modified basal endogenous hCNT2
activity, inducing a dramatic increase in Na�-coupled guanos-
ine uptake (Fig. 5C). As in the experiments with hCNT-express-
ing HeLa cells, the control siRNA did not modify basal hCNT2-
related uptake rates in HHL5 cells (Fig. 5C).

Discussion
Evidence for coordinate regulation of CNT1, CNT2, and

CNT3 proteins by RS1 in (re)absorptive epithelia is provided
here. This is based on data generated with a combination of
approaches, involving RS1 knockdown in both in vitro (RS1
silencing in cell lines) and in vivo (RS1-null mice) models. A
more-direct analysis of the inhibitory role RS1 exerts on the
plasma membrane expression of these three transporter pro-
teins is provided by experiments using X. laevis oocytes in-
jected either with a RS1-encoding cRNA or with a GST-fused
chimera including an N-terminal fragment of hRS1 compris-
ing amino acids 16 to 98.

The intronless RSC1A1 gene encodes RS1, a 67- to 68-kDa
ubiquitous protein apparently found only in mammals (Val-
entin et al., 2000). RS1, which was initially described as a
post-transcriptional regulator of the Na�/D-glucose cotrans-
porter SGLT1, was shown to inhibit its exocytosis, thus com-
promising its biological activity at the plasma membrane
(Veyhl et al., 2006). This effect is not restricted to SGLT1 and
might affect unrelated transporter proteins such as human
OCT2 (Veyhl et al., 2006). RS1 actions are not promiscuous,
however, because no changes were found when the effects of
RS1 coexpression with transporters such as glucose trans-
porter 1 and peptide transporter 1 were analyzed (Veyhl et
al., 2003). Here the list of putative RS1 targets is being
expanded to include the whole family of proteins encoded by
SLC28 genes. However, the inhibitory action of RS1 on CNT

expression and activity at the plasma membrane should be
considered somehow restricted to this family of nucleoside
transporters, because ENT-related activities in renal and
intestinal BBMVs from RS1-null mice were not modified and
neither was the Na�-independent component (ENT-related)
of transport in cell lines after RS1 gene silencing (data not
shown). Although ENT expression might be more abundant
at the basolateral side of these epithelia, apical occurrence of
ENT-related transport activity has been consistently demon-
strated (Errasti-Murugarren et al., 2007).

RS1 is localized in several subcellular compartments. RS1
is found on the inner side of the plasma membrane (Valentin
et al., 2000; Korn et al., 2001), it coats the trans-Golgi net-
work (Kroiss et al., 2006), and it can be present in the nu-
cleus, where it is involved in transcriptional down-regulation
of the Na�/D-glucose cotransporter SGLT1 in the renal epi-
thelial cell line LLC-PK1 (Korn et al., 2001). Nuclear local-
ization of RS1 seems to depend on cell density, progressively
decreasing when cells are reaching confluence (Kroiss et al.,
2006). This might explain why endogenous SGLT1 activity
increases with cell density, and this suggests that transcrip-
tional inhibition of SGLT1 expression by RS1 is regulated
through nuclear migration. A putative transcriptional inhib-
itory effect of RS1 on SLC28 genes could be ruled out with the
RS1-null mice, because real-time PCR analysis of the mRNA
levels for the three genes revealed no significant differences
between wild-type and knockout animals (Supplemental Fig.
1). In the same way, mRNA levels for the SLC29 gene family
members SLC29A1 (ENT1) and SLC29A2 (ENT2) were not
affected in these mice (Supplemental Fig. 1). Changes in
CNT-related expression associated with cell density might be
cell type-dependent and not necessarily consistent with the
reported changes in RS1 nuclear localization and inhibitory
function. Although CNT1 protein amounts were shown to
increase as cultures became confluent for rat hepatocyte-
derived cell lines (Dragan et al., 2000), CNT-related activities

Fig. 4. Post-transcriptional inhibition of
hCNTs by hRS1 and an N-terminal frag-
ment of hRS1. A, hCNT1, hCNT2, or
hCNT3 was coexpressed with hRS1
through coinjection of the respective
cRNAs. Three days after the injections of
cDNAs, uridine uptake was measured af-
ter 15-min incubations with 5 �M [3H]u-
ridine. The uptake rates were corrected
for uridine uptake measured in nonin-
jected oocytes. B, hCNT1, hCNT2, or
hCNT3 cRNA was injected and the
oocytes were incubated for 3 days. Puri-
fied GST-hRS1-F protein was then in-
jected and uridine uptake was measured
as in A. C–E, hCNT1, hCNT2, or hCNT3
was expressed in oocytes through cRNA
injection and incubation for 3 days.
Brefeldin A (BFA), GST-hRS1-F, or GST-
hRS1-F plus brefeldin was injected and
uridine uptake was measured 1 h later.
Data are the mean � S.E.M. of uptake
measurements in three (C) or two (D and
E) independent experiments with nine
oocytes each. ���, p � 0.001; n.s., not
significant.
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were reported to be density-independent in other epithelial
models (García-Manteiga et al., 2003) or even to decrease
progressively as cell density increased for lymphoid cells
(Soler et al., 1998). Moreover, CNT1 and CNT2 were shown
to be cell cycle-regulated in hepatoma cells (del Santo et al.,
1998; Valdés et al., 2002), and RS1 nuclear import and export
also seem to be dependent on cell cycle progression (Filatova
et al., 2009). RS1 has been localized in the nucleus in syn-
chronized subconfluent cells and was shown to be exported
during the G2/M transition, through a mechanism that seems
to be dependent on the protein kinase C-mediated phosphor-
ylation of a RS1 nuclear shuttling domain that promotes RS1
export (Filatova et al., 2009). The sequence of events regard-
ing nuclear import/export of RS1 is not consistent with re-
ported changes in the expression of CNT1 and CNT2, which
are up-regulated before the peak of thymidine incorporation
into DNA, which suggests G1/S-related activation (del Santo
et al., 1998; Valdés et al., 2002). Information on the tran-
scriptional regulation of CNT1 and CNT2 is still scarce.
Hepatocyte nuclear factor 4� is known to modulate SLC28A1
gene expression in hepatocytes (Fernández-Veledo et al.,
2007; Klein et al., 2009), whereas the CNT2-encoding gene is
transcriptionally activated by transforming growth factor-�
(Valdés et al., 2006), CCAAT enhancer-binding protein �,
hepatocyte nuclear factor 3� (Fernández-Veledo et al., 2007),
and hepatocyte nuclear factor 1� (Yee et al., 2009). Data from
this study support a major role for RS1 in the trafficking of
CNT proteins from the trans-Golgi network to the plasma
membrane, without consistent proof of transcriptional mod-
ulation of the SLC28 genes.

The complexity of the biological features of RS1 is sup-
ported by the variety of structural determinants relevant for
function that have been described to date. In addition to the
RS1 nuclear shuttling domain (Filatova et al., 2009), evi-
dence for selected domains promoting the inhibition of trans-
porter export from the trans-Golgi network comes from pep-
tide-mapping dissection of this biological effect in X. laevis
oocytes injected with peptides mimicking particular se-
quences within RS1 (Vernaleken et al., 2007). As shown in
this study, a fragment of RS1 including residues 16 to 98 of
the N-terminal tail of the protein similarly inhibited CNT
activity. This was mimicked by the fungal metabolite brefel-
din, which is known to promote the release of various coat
proteins from the Golgi apparatus. RS1 has been identified
as a protein partner of the protein IRIP (Jiang et al., 2005).
In fact, IRIP (which apparently is also ubiquitous in mam-
mals) similarly down-regulates, when overexpressed, OCT2
activity. This inhibitory effect was also shown for related
proteins belonging to the SLC22 gene family, such as OCT3
and organic anion transporter 1, and for unrelated transport-
ers such as the dopamine, norepinephrine, and serotonin
transporters (Jiang et al., 2005). IRIP was shown to modulate
expression levels at the plasma membrane for the multidrug
resistance transporter protein P-glycoprotein, thus modulat-
ing doxorubicin-induced cytotoxicity in HeLa cells (Prokope-
nko and Mirochnitchenko, 2009). Whether RS1 similarly
modulates drug efflux remains to be established. However,
the effects of RS1 and IRIP on OCT2 function were not
additive, and the inhibition of OCT2 by RS1 was prevented
by coexpression of a dominant-negative mutant of IRIP (Ji-
ang et al., 2005), which suggests a common regulatory path-
way for the two proteins. It is particularly interesting that

Fig. 5. Effects of hRS1 on hCNT-related activities in human cell lines. A,
HeLa cells were transfected with a mixture of two RS1 siRNAs (118930
and 118931; 100 nM each) or control (ctrol) siRNA (AM4613; 200 nM).
Human RS1 real-time PCR was performed 24 h later. B, HeLa cells were
transiently transfected with hCNT1, hCNT2, or hCNT3 and 14 h later
with the mixture of RS1 siRNAs or control siRNA, as described under
Materials and Methods. After an additional 24 h, sodium-dependent
[3H]uridine uptake was measured. Results are based on quadruplicate
measurements from three independent experiments. All values were
normalized to the basal activity found in hCNT-transfected cells with
preserved endogenous hRS1. Data (means � S.E.M.) are shown as the
percentage increase in uridine uptake over control (nontreated cells)
values. C, HHL5 cells were transiently transfected with the mixture of
RS1 siRNAs or control siRNA, as described under Materials and Meth-
ods. Twenty-four hours after transfection, sodium-dependent [3H]guanos-
ine uptake was monitored. Results (mean � S.E.M.) are based on qua-
druplicate measurements from three independent experiments.
Significance of differences, relative to control cells, was determined with
Student’s t test. �, p � 0.05; ��, p � 0.01.
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IRIP is up-regulated during ischemia, a process in which
extracellular adenosine is known to accumulate (Eltzschig et
al., 2009). Luminal adenosine exerts a variety of physiologi-
cal effects in both renal and intestinal epithelia. Adenosine is
a modulator of tubuloglomerular feedback (Thomson et al.,
2000) and a protective agent in intestinal inflammatory dis-
ease (Ye and Rajendran, 2009). CNT proteins, particularly
CNT2 and CNT3, are major candidates to remove adenosine
from the extracellular space, because they are high-affinity
concentrative adenosine transporters (Pastor-Anglada et al.,
2008). Both are present not only in proximal convoluted
tubules but also in distal segments of the nephron (collecting
duct), where they are likely to play a major role in adenosine
reabsorption (Rodríguez-Mulero et al., 2005). CNT2 is also
expressed in the colon, where it can contribute to adenosine
removal from the lumen (Wojtal et al., 2009). The possibility
that a hypoxia/ischemia-sensitive mechanism, implicating
the IRIP-RS1 partnership, might contribute to down-regulat-
ing the adenosine reuptake capacity by coordinately inhibit-
ing CNT protein export from the trans-Golgi network to the
plasma membrane is an interesting hypothesis that should
be further explored.

In summary, we have identified RS1 as a novel regulator of
CNT-type protein abundance and activity at the plasma
membrane, which provides the biochemical basis for coordi-
nate regulation of nucleoside uptake ability in epithelia and
probably in other RS1-expressing cell types. This regulatory
function seems to involve exclusively trafficking phenomena,
being independent of the transcriptional regulation of the
CNT protein-encoding SLC28 genes.
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Osswald C, Baumgarten K, Stümpel F, Gorboulev V, Akimjanova M, Knobeloch KP,
Horak I, Kluge R, Joost HG, and Koepsell H (2005) Mice without the regulator
gene Rsc1A1 exhibit increased Na�-D-glucose cotransport in small intestine and
develop obesity. Mol Cell Biol 25:78–87.

Paproski RJ, Wuest M, Jans HS, Graham K, Gati WP, McQuarrie S, McEwan A,
Mercer J, Young JD, and Cass CE (2010) Biodistribution and uptake of 3�-deoxy-
3�-fluorothymidine in ENT1-knockout mice and in an ENT1-knockdown tumor
model. J Nucl Med 51:1447–1455.

Pastor-Anglada M, Cano-Soldado P, Errasti-Murugarren E, and Casado FJ (2008)
SLC28 genes and concentrative nucleoside transporter (CNT) proteins. Xenobi-
otica 38:972–994.

Prokopenko O and Mirochnitchenko O (2009) Ischemia-reperfusion-inducible protein
modulates cell sensitivity to anticancer drugs by regulating activity of efflux
transporter. Am J Physiol Cell Physiol 296:C1086–C1097.

Rodríguez-Mulero S, Errasti-Murugarren E, Ballarín J, Felipe A, Doucet A, Casado
FJ, and Pastor-Anglada M (2005) Expression of concentrative nucleoside trans-
porters SLC28 (CNT1, CNT2, and CNT3) along the rat nephron: effect of diabetes.
Kidney Int 68:665–672.

Ruiz-Montasell B, Javier Casado F, Felipe A, and Pastor-Anglada M (1992) Uridine
transport in basolateral plasma membrane vesicles from rat liver. J Membr Biol
128:227–233.

Slugoski MD, Smith KM, Mulinta R, Ng AM, Yao SY, Morrison EL, Lee QO, Zhang
J, Karpinski E, Cass CE, et al. (2008) A conformationally mobile cysteine residue
(Cys-561) modulates Na� and H� activation of human CNT3. J Biol Chem 283:
24922–24934.

Soler C, Felipe A, Mata JF, Casado FJ, Celada A, and Pastor-Anglada M (1998)

66 Errasti-Murugarren et al.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 1, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


Regulation of nucleoside transport by lipopolysaccharide, phorbol esters, and
tumor necrosis factor-alpha in human B-lymphocytes. J Biol Chem 273:26939–
26945.

Taylor MA and Smith LD (1987) Accumulation of free amino acids in growing
Xenopus laevis oocytes. Dev Biol 124:287–290.

Thomson S, Bao D, Deng A, and Vallon V (2000) Adenosine formed by 5�-nucleotidase
mediates tubuloglomerular feedback. J Clin Invest 106:289–298.

Valdés R, Casado FJ, and Pastor-Anglada M (2002) Cell-cycle-dependent regulation
of CNT1, a concentrative nucleoside transporter involved in the uptake of cell-
cycle-dependent nucleoside-derived anticancer drugs. Biochem Biophys Res Com-
mun 296:575–579.

Valdés R, Fernández-Veledo S, Aymerich I, Casado FJ, and Pastor-Anglada M (2006)
TGF-beta transcriptionally activates the gene encoding the high-affinity adeno-
sine transporter CNT2 in rat liver parenchymal cells. Cell Mol Life Sci 63:2527–
2537.

Valentin M, Kühlkamp T, Wagner K, Krohne G, Arndt P, Baumgarten K, Weber W,
Segal A, Veyhl M, and Koepsell H (2000) The transport modifier RS1 is localized
at the inner side of the plasma membrane and changes membrane capacitance.
Biochim Biophys Acta 1468:367–380.

Vernaleken A, Veyhl M, Gorboulev V, Kottra G, Palm D, Burckhardt BC, Burckhardt
G, Pipkorn R, Beier N, van Amsterdam C, et al. (2007) Tripeptides of RS1
(RSC1A1) inhibit a monosaccharide-dependent exocytotic pathway of Na�-D-
glucose cotransporter SGLT1 with high affinity. J Biol Chem 282:28501–28513.

Veyhl M, Keller T, Gorboulev V, Vernaleken A, and Koepsell H (2006) RS1 (RSC1A1)
regulates the exocytotic pathway of Na�-D-glucose cotransporter SGLT1. Am J
Physiol Renal Physiol 291:F1213–F1223.
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