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Human concentrative nucleoside transporter-3 (hCNT3) is a
sodium-coupled nucleoside transporter that exhibits high affin-
ity and broad substrate selectivity, making it the most suitable
candidate formediating the uptake and cytotoxic action ofmost
nucleoside-deriveddrugs.Thedrugof this classmost commonly
used in the treatment of chronic lymphocytic leukemia (CLL) is
the pro-apoptotic nucleoside analog fludarabine (Flu), which
enters CLL cells primarily through human equilibrative nucleo-
side transporters (hENTs). Although CLL cells lack hCNT3
activity, they do express this transporter protein, which is
located mostly in the cytosol. The aim of our study was to iden-
tify agents and mechanisms capable of promoting hCNT3 traf-
ficking to the plasmamembrane. Here, we report that all-trans-
retinoic acid (ATRA), currently used in the treatment of acute
promyelocytic leukemia (APL), increases hCNT3-related activ-
ity throughamechanism that involves traffickingof pre-existing
hCNT3 proteins to the plasma membrane. This effect is medi-
ated by the autocrine action of transforming growth factor
(TGF)-�1,which is transcriptionallyactivatedbyATRAinap38-
dependent manner. TGF-�1 acts through activation of ERK1/2
and the small GTPase RhoA to promote plasmamembrane traf-
ficking of the hCNT3 protein.

Natural nucleosides and nucleoside derivatives used in anti-
cancer therapies are generally hydrophilic and are thus taken
up by cells via nucleoside-specific membrane transporters
(NT).3 These transporters belong to the solute carrier families

SLC28 and SLC29. The SLC28 genes encode the concentrative
NT (CNT) proteins and comprise three members: CNT1,
CNT2,andCNT3.Theseproteinsmediatehighaffinity sodium-
dependent translocation of nucleosides into cells and are
mostly expressed in epithelial and immune system cells (1). The
SLC29 genes encode the four members of the equilibrative NT
(ENT) family, which are found in almost all studied cell types
and facilitate uptake of nucleosides and nucleoside-derived
drugs. The ENT transporters exhibit broad selectivity but have
lower affinity compared with CNT proteins (2).
Chronic lymphocytic leukemia (CLL) is the most common

leukemia in adults in western countries. CLL results from the
progressive accumulation of slowly proliferating CD5� B lym-
phocytes (3) because of abnormal programmed cell death.
Increasing evidence indicates that the accumulation of CLL
cells in vivo depends on essential survival factors that delay
spontaneous and drug-induced-apoptosis (4, 5). Although at
present there is no curative treatment for CLL patients, nucleo-
side analogs, particularly fludarabine (Flu), have substantially
improved clinical outcomes during the past 20 years (6). Flu is a
purine nucleoside analog (NA) prodrug that is converted to the
nucleoside 9-b-D-arabinosyl-2-fluoroadenine (F-ara-A), which
enters cells and accumulates mainly as the 5�-triphosphate,
F-ara-ATP. F-ara-ATP has multiple mechanisms of action,
most of which are predominantly DNA-directed; thus, F-ara-
ATP induces apoptosis (7).
CLL cells express hENT1, hENT2, hCNT2, and hCNT3

mRNA, although most of the biological activity responsible
for Flu uptake is associated with ENT-type transporters (8,
9). Interestingly, Flu-resistant populations of CLL have been
reported to express high levels of cytosolic hCNT3 protein,
without detectable hCNT3-related plasma membrane trans-
port activity (10, 11). This lack of hCNT3 activity, despite high
levels of hCNT3 protein, is probably due to localization of
hCNT3protein primarily in intracellular compartments of CLL
cells.
All-trans-retinoic acid (ATRA) is a natural vitamin A deriv-

ative that is used in the treatment of acute promyelocytic leu-
kemia (APL), an acute myeloid leukemia (AML) characterized
by the morphology of blast cells (12). APL cells contain a t(15;
17) translocation, which fuses part of the promyelocytic leuke-
mia (PML) gene to the retinoic acid receptor (RAR) � gene to

* This work was supported by Grants SAF2008-00577 (Ministerio de Ciencia e
Innovación) and 2005SGR00315 (Generalitat de Catalunya) (to M. P.-A.).
This work was also supported by the Acción Transversal en Cáncer (CIBER-
Instituto de Salud Carlos III) and by Juan de la Cierva (to P. F.-C.).

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1–S4.

1 Supported by a UICC American Cancer Society Beginning Investigators Fel-
lowship funded by the American Cancer Society. To whom correspond-
ence may be addressed: Departament de Bioquímica i Biologia Molecular,
Universitat de Barcelona, IBUB, and CIBER EHD, Diagonal 645, 08028 Bar-
celona, Spain. Tel.: 34934021543; Fax: 34934021559; E-mail: pfernandezcalotti@
ub.edu.

2 To whom correspondence may be addressed: Departament de Bioquímica i
Biologia Molecular, Universitat de Barcelona, IBUB, and CIBER EHD, Diago-
nal 645, 08028 Barcelona, Spain. Tel.: 34934021543; Fax: 34934021559;
E-mail: mpastor@ub.edu.

3 The abbreviations used are: NT, nucleoside-specific membrane transporter;
hCNT, human concentrative nucleoside transporter; ATRA, all-trans-reti-
noic acid; TGF, transforming growth factor; CLL, chronic lymphocytic
leukemia; PBS, phosphate-buffered saline; PI3K, phosphatidylinositol-3-

kinase; HA, hemagglutinin; Flu, fludarabine; APL, acute promyelocytic
leukemia.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 18, pp. 13589 –13598, April 30, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

APRIL 30, 2010 • VOLUME 285 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 13589

http://www.jbc.org/cgi/content/full/M109.055673/DC1


encode PML-RAR (13). ATRA induces differentiation of ab-
normal promyelocytes into mature granulocytes in APL in
vitro and in vivo (14), presumably by degradation of the
PML-RAR fusion protein (15). Through this mechanism,
ATRA treatment is capable of achieving complete remission in
80–90% of newly diagnosed and first-relapsing cases of APL.
Currently, combined treatment with ATRA and chemotherapy
is the standard therapy for patients with APL.
In addition to the use of ATRA in APL, ATRA-induced dif-

ferentiation of NB4 cells, a cell line containing the APL disease-
specific t(15;17) chromosomal translocation, has been shown
to result in biphasic changes in guanosine transport (16). The
authors showed that ATRA induces transient increases in a
CNT-type activity that is not yet well characterized but is pre-
sumably associatedwith a polymorphic variant of knownCNTs
(17). Moreover, ATRA treatment has been shown to increase
ara-C transport and ara-C-induced apoptosis (18, 19).
The current study is based on the apparent ability ofATRA to

regulate nucleoside transporter function in APL cells and the
observation that hCNT3 protein is accumulated, but not func-
tional, in CLL cells. The goal of the study was to investigate the
effects of ATRA on the expression, localization, and activity of
hCNT3.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Colchicine, cycloheximide, cy-
tochalasin B, Y27632, ATRA, TGF-�1, and wortmannin were
purchased from Sigma-Aldrich. PD98059, SB203580, and
SP600125 were from Calbiochem (San Diego, CA). Uridine
([5,6-3H], 39Ci/mmol), and D-[1-14C]mannitol were purchased
from Amersham Biosciences (Little Chalfont, UK). Cytidine ([5-
3H(N)], 22.2 Ci/mmol) and guanosine ([8-3H(N)], 15 Ci/mmol)
were fromMoravek Biochemicals (Brea, CA). Uridine, cytidine,
and guanosine were obtained from Sigma-Aldrich. The mono-
clonal antibody against the �1-subunit of Na�/K�-ATPase
was from The Developmental Studies Hybridoma Bank;
anti-human TGF-�1 was from R&D Systems (Berlin, Ger-
many); anti-human phospho-ERK1/2, anti-phospho-p38, anti-
human ERK1/2, and anti-human p38 antibodies were fromCell
Signaling (Danvers, MA); and anti-HA was from Roche (Basel,
Switzerland).
Cell Lines, Culture, and Transfection—The MEC1 cell line

was purchased inDSMZ (ACC497). This cell linewas originally
obtained from the peripheral blood of a patient with chronic
lymphocytic leukemia (CLL). After culturing for more than 4
years, this cell line was shown to be a good model for investi-
gating the biology of CLL (20). These cells were cultured in
Iscove’s Modified Dulbecco’s medium (IMDM, Invitrogen)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mM glutamine, 50 �g/ml penicillin/streptomycin
(Invitrogen), and 100 �g/ml normocin (Amaxa, Khöl, Ger-
many) at 37 °C in a humidified atmosphere containing 5%CO2.
The HeLa cervical cancer cell line was cultured in DMEM con-
taining a mixture of antibiotics (100 units of penicillin, 0.1
mg/ml streptomycin, and 0.25 �g/ml fungizone) and supple-
mented with 10% heat-inactivated FBS. Cells were maintained
as monolayer cultures and subcultured every 3–4 days.

HeLa cells were transfectedwith the hCNT3-cHApcDNA3.1
or hCNT3-pEGFP-C1 plasmids, developed in our laboratory
(21), using calcium phosphate precipitation. For ATRA and
TGF-�1 experiments, HeLa cells were assayed 48 h after trans-
fection, and MEC1 cells 24 h after seeding.
NucleosideTransportAssay—Nucleoside transportwasmea-

sured in HeLa cells as previously described (22). The substrate
of interest ([3H]uridine, [3H]guanosine, or [3H]cytidine) was
added at a final concentration of 1 �M (specific activity, 1 �Ci/
nmol), except for kinetic analyses, in which the substrate con-
centration was varied from 0.5 to 500 �M, in the presence of
either 137 mM NaCl or 137 mM choline chloride. The uptake
medium also contained 5.4 mM KCl, 1.8 mM CaCl2, 1.2 mM

MgSO4, and 10 mM HEPES (pH 7.4). Incubation was stopped
after 1 min incubation (linear initial velocity conditions) by
washing the monolayers three times in 2 ml of a cold buffer
composed of 137 mM NaCl and 10 mM Tris (hydroxymethyl)
aminomethane-HEPES (pH 7.4). Cells were then dissolved in
1 ml of Triton X-100, and radioactivity measurements were
determined.
Nucleoside uptake was measured in MEC1 cells using a

rapid filtration method adapted from a technique previously
described by our laboratory (23). Cells were washed and
resuspended in either a NaCl or a choline chloride buffer, as
previously reported. Uptake assays were started by mixing cell
suspensionswith an equal volume of buffer, supplementedwith
a radionucleoside at a specific activity of 4000 dpm/pmol.
Nucleosides were routinely used at a concentration of 1 �M.
When the selected incubation times had elapsed, aliquots were
taken and added to ice-cold 0.4-ml needle Eppendorf tubes,
containing an upper buffer phase, an intermediate oil layer
(dibutylphthalate/bis-3,5-trimethylhexyl) phthalate [3:2, v/v]),
and a 10%HClO4/25%glycerol solution at the bottom.The tube
was immediately centrifuged (15,000 � g for 60 s), thus ena-
bling cells to be separated from the incubation medium and
pelleted into the HClO4 layer. D-[14C]Mannitol (at a specific
activity of 4000 dpm/pmol) was included in the incubation
medium to assess the amount of extracellular medium trapped
in the bottom acid layer. To ensure that pelleted cells were fully
recovered for radioactivity counting, tubeswere blade cut at the
oil layer level, releasing the bottompart into scintillation count-
ing vials. Double counting allowed discrimination between the
transported substrate (a tritiated nucleoside) and the extracel-
lular marker (D-[1-14C]mannitol). Aliquots were sampled for
protein determination, according toBradford (Bio-Rad) and for
radioactivity measurements. Uridine uptake increased linearly
during the first 3 min, thus a 2-min time point was used for all
subsequent transport measurements in MEC1 cells.
In the presence of Na� ENTs and CNTs are functional,

although only CNTs require this ion for substrate transloca-
tion. Thus, sodium-dependent nucleoside (CNT-related) activ-
ity was determined by subtracting uptake ratesmeasured in the
choline chloride medium (almost exclusively related to ENT1
and ENT2 activities) from measurements obtained in the
sodium chloride medium.
RNA Isolation and Quantitative RT-PCR—Total RNA ex-

traction, RNA retrotranscription, and real-time RT-PCR
were performed as previously described (8). Quantitative
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real-time PCR amplification of ULBP3, TGF-�1, and RhoA
were performed with primers and probes fromApplied Biosys-
tems (Foster City, CA). Oligonucleotides used for hCNT3
amplification were designed and were as follows: 5�-GCACA-
CTCAAACTGCTCCACC-3� and 5�-GGGCTCTGTGAAAG-
TTCAGC-3�. The relative mRNA level of each target trans-
porter gene, normalized to that of �-glucuronidase (GUS)
expression level, was expressed in arbitrary PCR units.
Biotinylation of Plasma Membrane Proteins—hCNT3-

cHApcDNA3.1-transfected HeLa (HA-hCNT3 HeLa) cells
were washed in PBS containing MgCl2 and CaCl2 (1 mM each)
and incubated with 500 �M Sulfo-NHS-Biotin (Pierce) in the
same buffer for 30 min at 4 °C with gentle shaking. After bio-
tinylation, cells were washed once in PBS and twice with 100
mM glycine to quench the reaction. After an additional wash
with PBS supplemented with 2% (v/v) 2-mercaptoethanol, cells
were lysed with a buffer containing 50 mM NaPO4, 1% (v/v)
Triton X-100, 300 mM NaCl, and protease inhibitors, and cen-
trifuged at 16,000 � g for 30 min at 4 °C. The supernatants,
corresponding to total protein extracts (H), were collected and
quantified. Equal amounts of protein from each sample (500
�g) were incubated with 30 �l of streptavidin-agarose beads
(Sigma-Aldrich) for 90 min with constant rotation at 4 °C.
Complexeswere centrifuged at 25,000� g for 5min at 4 °C, and
supernatants (corresponding to intracellular proteins) and pel-
lets (plasma membrane proteins complexed with streptavidin
beads) were obtained. Beads were washed twice in PBS/500mM

NaCl and once in PBS alone. The precipitated complexes were
resuspended in sample buffer supplemented with 2-mercapto-
ethanol and heated to 37 °C for 30 min. After centrifugation at
14,000� g for 2min, the supernatants were collected forWest-
ern blot analysis.
Western Blot Analysis—Mec1 and HeLa cells (1 � 106) were

cultured at 37 °C in medium containing either ATRA or TGF-
�1. At specific time points, cells were collected and pelleted.
Pellets were washed with cold saline and immediately resus-
pended in loading buffer (50 mM Tris-HCl pH 7.5, 150 mM

NaCl, 1% Nonidet P40, 5 mM sodium pyrophosphate, 50 mM

NaF, 1 mM sodium orthovanadate, protease inhibitor mixture
(Roche)). Extracts were then centrifuged for 5 min at 13,200 �
g and samples of the supernatants containing 20 �g of protein
were either boiled for 5 min (ERK and p38) or heated at 37 °C
for 30 min (hCNT3). Samples were then separated by SDS-
PAGE on standard 12% gels and transferred to Immobilon-P
membranes (Millipore). Membranes were then incubated with
specific primary antibodies for 1 h, washed with PBS-Tween,
and then incubated with horseradish peroxidase-conjugated
secondary antibodies. Immunoreactive bands were detected by
enhanced chemiluminescence (ECL, Amersham Biosciences).
RhoA Suppression by RNA Interference—Two short inter-

fering RNAs (siRNAs) directed against human RhoA (S758
and S759 from Applied Biosystems-Ambion) were tested at
different concentrations by RT-PCR to determine their effi-
ciency in suppressing RhoA expression. HeLa cells grown
in 60-mm Petri dishes. Cells were transfected with hCNT3-
cHApcDNA3.1 plasmid using calcium phosphate precipita-
tion, and 14 h later the same cells were transfected with siRNAs
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). As a con-

trol, hCNT3-cHApcDNA3.1- HeLa cells were transfected in
parallel with a silencer negative control (AM4613 fromApplied
Biosystems-Ambion). RNA was extracted and transport assays
were performed 24 h later.
Visualization of GFP-hCNT3 Protein—HeLa cells were trans-

fected as explained previously and treated either with ATRA or
TGF-�1 for the indicated times. Cells were washed in PBS,
Ca2�-Mg2� and fixed with 3% paraformaldehyde (PFA), 0.06 M

sucrose. Images were obtained using a Leica TCS SL laser scan-
ning confocal spectral microscope (Leica Microsystems) with
argon and HeNe lasers attached to Leica DMIRE2 inverted
microscope lasers. Images were captured by excitation at 488
nm and emission at 508 nm.
Statistical Analysis—Data were expressed as means � S.E.

The significance of differences between two groups was meas-
ured using Student’s t test. A p value � 0.05 was considered
statistically significant. Statistical significance (***,p� 0.001; **,
p � 0.01; *, p � 0.05) denotes significant difference between
treatments.

RESULTS

ATRA Increases Sodium-dependent Nucleoside Transport
Activity in MEC1 Cells—The effect of ATRA on nucleoside
transport activity was evaluated in the CLL lymphocyte-like
MEC1 cell line. We monitored the time course of sodium-de-
pendent nucleoside activity inMEC1 cells after incubationwith
a non-toxicATRAconcentration (10�M) (Fig. 1A). As reported
for primary CLL cells, unstimulated MEC1 cells exhibited pre-
dominantly an equilibrative (ENT-related) nucleoside trans-
port activity, andpoor sodium-dependent transport activity (8).
However, ATRA increased this sodium-dependent nucleoside
transport activity without affecting equilibrative transport.
Peaks in sodium transport activity were recorded 5–6 h after
treatment with ATRA.
We next characterized the sodium-dependent nucleoside

transport activity induced byATRAusing either [3H]guanosine
(transported by hCNT2 and hCNT3) or [3H]cytidine (trans-
ported by hCNT1 and hCNT3) as the substrate. The sodium-
coupled uptake of both substrates was increased after ATRA
treatment, indicating hCNT3 involvement (Fig. 1, B and C).
The occurrence of an hCNT3-type transport activity was fur-
ther confirmed by cis-inhibition studies in which [3H]cytidine
and [3H]guanosine uptake were cross-inhibited by each other’s
substrate. These data are also consistent with hCNT3 being the
only sodium-coupled transporter involved in the ATRA-in-
duced activity.
Characterization of ATRA Effects on hCNT3 Transport Ac-

tivity—We next determined whether the increase in hCNT3-
related activity induced by ATRA treatment was caused by
transcriptional induction of the SLC28A3 gene. To this end, we
evaluated the ability of ATRA to modulate hCNT3 mRNA
expression, using quantitative RT-PCR. No significant differ-
ences were found between untreated andATRA-treatedMEC1
cells during the time period in which hCNT3 activity was up-
regulated (supplemental Fig. S1).
Given that the increase in hCNT3 activity was not associated

with induction of hCNT3 expression, we sought to determine if
this effect was due to an increase in hCNT3 protein at the
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plasmamembrane, which would result in aVmax effect, or to an
increase in the affinity of hCNT3 for its substrates, whichwould
be consistent with a Km effect. To accurately measure the
effect of ATRA on hCNT3-associated kinetic parameters, we
used HeLa cells transfected with an hCNT3-HA-encoding
cDNA (HA-hCNT3-HeLa) in which ATRA induction of
hCNT3-related activity was highly reproducible. As shown in
Fig. 2, A and B, ATRA induced nearly a 2-fold increase in the
Vmax (Vmax ATRA � 2069 � 80 pmol/mg prot/min versus Vmax
control � 1139 � 31 pmol/mg prot/min; n � 3, p � 0.05),
without significantly affecting the apparent Km values for uri-
dine (6.0 � 0.5 �M and 6.2 � 0.36 �M for control and ATRA-
treated cells, respectively; n � 3). These results are consistent
with an increase in the amount of hCNT3 protein at the plasma
membrane. To verify this, wemeasured hCNT3-related activity
in MEC1 cells in the presence of colchicine, which inhibits
microtubule polymerization by binding to tubulin. This agent
significantly attenuatedATRA-induced hCNT3 activation (Fig.
2C). Furthermore, to discard any possible effect of colchicine
on ATRA sensing, we evaluated the expression of ULBP3
(known to be up-regulated in CLL after ATRA treatment)

either in the presence or in the
absence of colchicine. We found
that ATRA significantly increased
ULBP3 mRNA after 90 min expo-
sure up to 3.5-fold (supplemental
Fig. S2A), and this up-regulation
was not affected by the presence of
colchicine (supplemental Fig. S2B).
Based upon this observation we
think that colchicine is not disrupt-
ing ATRA sensing. Taken together,
these data indicate that the increase
in hCNT3 activity observed with
ATRA treatment is most consistent
with an increase in hCNT3 protein
at the plasma membrane.
Protein Synthesis Is Required for

hCNT3 Induction by ATRA—
Changes in the amount of protein
at the plasma membrane might
reflect a relatively rapid trafficking
phenomenon. However, as shown
above, the increase in hCNT3 trans-
port activity induced by ATRAwas
delayed (i.e. peaked after 5–6 h),
but apparently did not involve a
change in the hCNT3-encoding
gene transcription rate. We thus
consideredthepossibility thatATRA-
induced up-regulation of hCNT3
requires the synthesis of a mediator
molecule. To evaluate this possibil-
ity, we analyzed the effects of cyclo-
heximide, an inhibitor of protein
biosynthesis, on the ATRA-induced
up-regulation of hCNT3 activity.
Incubation with cycloheximide ab-

rogated the increase in ATRA-induced hCNT3 activity (Fig. 3);
cycloheximide alone had no effect on basal uptake. Thus, pro-
tein synthesis is required for the induction of hCNT3 activity by
ATRA.
TGF-�1 Is Involved in hCNT3 Induction by ATRA—Many

effects of retinoids have been linked to the production of
TGF-�1 and it is known that CLL cells produce TGF-�1 (24,
25). Accordingly, we investigated TGF-�1 involvement by eval-
uating the effects of modulating TGF-�1 levels on the ATRA-
induced increase in hCNT3 activity and changes in TGF-�1
expression with ATRA treatment.
Sodium-dependent [3H]uridine transport measurements

performed in the presence of a neutralizing antibody against
TGF-�1 showed that inhibition of TGF-�1 significantly
decreased ATRA-induced hCNT3 activity (Fig. 4A) without
affecting hENT-related transport.We then analyzed the effects
of exogenous TGF-�1 addition on hCNT3 activity in a time
course assay. TGF-�1 increased hCNT3 activity in MEC1 cells
(Fig. 4B); peaks in hCNT3 activity were recorded 40–60 min
after TGF-�1 addition, with maximum activation occurring
after 40 min.

FIGURE 1. Effect of ATRA on sodium-related nucleoside transport activity. A, time course of sodium-de-
pendent [3H]uridine uptake was monitored in MEC1 cells cultured with ATRA (10 �M) for the indicated times.
Sodium-dependent cross-inhibition of [3H]cytidine and [3H]guanosine transport was monitored in MEC1 cells
cultured with ATRA (10 �M) for 6 h. B, inhibition of [3H]cytidine transport with guanosine (100 �M). C, inhibition
of [3H]guanosine transport with cytidine (100 �M). Data are expressed as means � S.E. of quadruplicate mea-
surements from three independent cultures. Statistical significance (*, p � 0.05; **, p � 0.01; ***, p � 0.001)
denotes significant difference relative to ATRA-untreated cells.
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Nextwe analyzed the effects of ATRAonTGF-�1 expression
and found that ATRA did increase TGF-�1 mRNA levels (Fig.
4C). We also measured TGF-�1 release by collecting superna-
tants from cells incubated with ATRA for 5.5 h and then cul-
turing naive cells with these supernatants for 40 min in the
presence or absence of TGF-�1 neutralizing antibodies. As
shown in Fig. 4D, the supernatants from ATRA-treated cells
induced an increase in sodium-dependent activity in a manner
similar to that of TGF-�1; co-administration of the neutralizing
antibody abrogated this increase in hCNT3 activity. Collec-
tively, these data show that ATRA induces the expression and
secretion of TGF-�1, and further demonstrate that this cyto-
kine is responsible, at least in part, for the increase in hCNT3-
related activity induced by ATRA.

ATRA and TGF-�1 Up-regulate hCNT3-related Transport
Activity by Modulating the Subcellular Localization of hCNT3
Protein—Sodium-dependent [3H]uridine transport activity in
MEC1 cells wasmeasured after treatment with TGF-�1 as eval-
uated forATRA, in the presence of colchicine or cytochalasin B,
which shortens actin filaments by blocking monomer addition
at the fast-growing end of polymers. Both agents significantly
inhibited TGF-�1-induced transport activity (supplemental
Fig. S3,A and B for colchicine and cytochalasin B, respectively),
indicating that hCNT3 up-regulation involves changes in
cytoskeleton dynamics that could lead to an increase in hCNT3
protein levels at the plasma membrane.
To confirm our hypothesis that ATRA and TGF-�1 alter

the localization of hCNT3, we used HA-hCNT3-HeLa cells
as a model system. This approach not only yields reproduc-
ible results, as noted above but it also allows us to accurately
estimate exogenously expressed hCNT3 at the plasma mem-
brane, something that was not possible for endogenous
hCNT3 using available anti-hCNT3 antibodies. These ex-
periments were run in parallel with nucleoside transport
activity experiments. As expected, as HeLa do not express
hCNT3, these cells did not show endogenous hCNT3-re-
lated transport activity. Transiently transfected cells ex-
pressing HA-hCNT3 showed a basal transport activity of
564 � 95 pmol/mg prot/min. After either ATRA (10 �M, 6 h)
or TGF-�1 (1 ng/ml, 40 min) treatment, HA-hCNT3 activity
increased up to 998 � 10 5 and 1218.2 � 158 pmol/mg prot/
min, respectively.
To address the study of subcellular localization of hCNT3,

HA-hCNT3-HeLa cells were biotinylated and precipitatedwith
streptavidin; hCNT3 was then detected in streptavidin precipi-
tates byWestern blotting using an anti-HA antibody. As shown in
Fig. 5A, treatment with ATRA or TGF-�1 significantly enriched
HA-hCNT3 in the plasma membrane fraction, without affecting
the amount of protein in total cell extracts (H).
Densitometric analysis of the HA-hCNT3 protein amounts

(relative to the �1 Na�/K�-ATPase subunit) showed an in-

FIGURE 2. Characterization of ATRA effects on hCNT3 transport activity.
Kinetics were characterized by evaluating the sodium-dependent [3H]uridine
uptake over a range of substrate concentrations (1–500 �M). A, hCNT3-medi-
ated uridine uptake conformed to Michaelis-Menten kinetics for HeLa with or
without ATRA treatment (10 �M, 6 h). B, Eadie-Hofstee regressions were used
to estimate the kinetic parameters, Km and Vmax, for transport. C, sodium-de-
pendent [3H]uridine uptake was monitored in MEC1 cells incubated with col-
chicine in the presence or absence of ATRA. Results are based on quadrupli-
cate measurements from three independent experiments. Data (means �
S.E.) are shown as the percentage increase in uridine uptake over control
(non-treated cells) values (*, p � 0.05).

FIGURE 3. Effect of protein synthesis inhibition on ATRA-induced hCNT3
transport activity. The time course of sodium-dependent [3H]uridine trans-
port was measured in cycloheximide (10 �g/ml)-treated MEC1 cells in the
presence or absence of ATRA (10 �M, 6 h). Results are expressed as the
mean � S.E. of quadruplicate estimations from three independent determi-
nations. Statistical significance (***, p � 0.001; **, p � 0.01) denotes signifi-
cant difference relative to ATRA-treated cells.
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crease in plasma membrane abundance of 2.53 � 0.31- and
3.4 � 0.48-fold after ATRA and TGF-�1 treatment, respec-
tively, which correlates to some extent with the above reported
changes in hCNT3 biological activity. Evaluation of the �1 sub-
unit of Na�/K�-ATPase, a known plasma membrane protein
confirmed that the abundance of this pump subunit remained
unaltered after treatments.
The observation that ATRA did not increase hCNT3mRNA

or hCNT3 protein levels, but did increase plasma membrane
hCNT3 localization and related activity is consistent with
the hypothesis that this retinoid increases hCNT3 activity
through a post-translational mechanism that involves traf-
ficking to the plasma membrane. These results indicate that
treatment with ATRA or TGF-�1 promotes the trafficking of
cytoplasmic vesicles containing pre-existing hCNT3 to the
plasma membrane. Additional evidence of hCNT3 traffick-
ing comes from confocal microscopy images (Fig. 5B), show-
ing re-localization of GFP-hCNT3 from intracellular com-
partments to the plasma membrane either after ATRA or
TGF-�1 treatment.

Signaling Pathways Involved in
the Induction of hCNT3 Activity by
ATRA and TGF-�1—The rapid
effects of TGF-�1 on hCNT3-re-
lated activity indicate that new
gene expression is not required.
Given that mitogen-activated pro-
tein kinases (MAPKs) are known
to be involved in both ATRA and
TGF-�1responses (26–29), we
next sought to determine whether
p38, ERK1/2, and/or JNK have a
role in ATRA- and/or TGF-�1-in-
duced hCNT3 activation. Using
SB203580, SP600125, and PD98059
to inhibit p38, JNK and ERK1/2,
respectively, we found that ATRA-
induced hCNT3-related activity
was abolished by both SB203580
and PD98059 (Fig. 6A), whereas
TGF-�1-dependent hCNT3 induc-
tion was inhibited only by PD98059
(Fig. 6B). In each case, hENT-re-
lated transport activity was not
affected. This indicates that ATRA
induces p38 (and ERK1/2) activa-
tion, which acts upstream of TGF-
�1, and that the effect of TGF-�1
depends only on the activation of
ERK1/2.
Previous reports have shown

that ATRA and TGF-�1 can also
activatephosphatidylinositol-3-ki-
nase (PI3K) (28, 30, 31), and de-
pending on the cell line, TGF-�1
can also rapidly activate Rho-like
GTPases (28, 32). To determine
whether the increased hCNT3 ac-

tivity induced by ATRA and TGF-�1 was dependent on PI3K
activation, we preincubated cells with wortmannin, a PI3K
inhibitor. Y-27632, an inhibitor of the RhoA effector kinase,
p160ROCK, was used to evaluate the involvement of Rho
GTPases.We found that bothATRA andTGF-�1 depended on
p160ROCK for the induction of hCNT3 activity, but neither
required PI3K activity (Fig. 6, A and B).
Involvement of p38 and ERK1/2 in ATRA- and TGF-�1-in-

duced hCNT3 Activity in MEC1 Cells—To further investi-
gate the involvement of MAPKs in the action of ATRA and
TGF-�1, we evaluated p38 and ERK1/2 activation in MEC1
cells stimulated with ATRA or TGF-�1 by assaying protein
extracts for phosphorylated p38 and ERK1/2 by Western
blotting. Fig. 7A shows that ATRA rapidly stimulated p38
phosphorylation; by contrast, ATRA did not induce ERK1/2
phosphorylation (not shown). TGF-�1 induced ERK1 and
ERK2 phosphorylation within 2–30 min without affecting
the total amount of unphosphorylated ERK1 or ERK2 (Fig.
7B). Moreover, the p160ROCK inhibitor Y-27632 abolished
TGF-�1-induced ERK1/2 phosphorylation (Fig. 7C). For

FIGURE 4. Role of TGF-�1 in ATRA-induced hCNT3 activity. A, sodium-dependent [3H]uridine transport was
measured in MEC1 cells incubated with or without ATRA (10 �M) for 6 h in the presence (or absence) of a
neutralizing anti- TGF-�1 antibody. Values are expressed as the percentage increase in uridine uptake over
control (non-treated cells) values. B, sodium-dependent [3H]uridine transport was measured in MEC1 cells
incubated with (or without) exogenous TGF-�1 (1 ng/ml) for the indicated times. Results are expressed as the
mean � S.E. of quadruplicate estimations from five independent determinations. C, TGF-�1 mRNA levels in
MEC1 cells were determined by quantitative RT-PCR and expressed relative to an endogenous reference gene
(�-glucuronidase) as described under “Experimental Procedures.” Relative CT values, in arbitrary units, are
shown. D, sodium-dependent [3H]uridine transport was evaluated in MEC1 cells cultured for 40 min in the
presence of supernatant from untreated MEC1 (SN control) cells or cells treated with ATRA (10 �M) for 5.5 h (SN
ATRA). In the indicated cases, a neutralizing antibody against TGF-�1 was added. Results are expressed as the
mean � S.E. of quadruplicate estimations from three independent determinations. Data are shown as the
percentage increase in uridine uptake over control (non-treated cells) values. Statistical significance (*, p � 0.05
and **, p � 0.01) denotes significant difference relative to control cells.
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both, ERK1/2 and p38, quantifica-
tion after normalizing versus total
protein amounts revealed a peak
of phosphorylation at 5 min after
treatments of about 8–10 fold
above non-treated cell values.
To further analyze the role of

p38 activation in the action of
ATRA, we evaluated the levels
of TGF-�1 mRNA by real-time
RT-PCR in cells preincubated with
PD98059, SB203580, or Y-27632
prior to the addition of ATRA. As
we have already demonstrated, ATRA
increased the levels of TGF-�1
mRNA (�2.5-fold at 4 h), and this
effect was abrogated only by inhibi-
tion of p38 activation (supplemental
Fig. S4). Taken together, these data
indicate that p38 is involved in
mediating the induction of TGF-�1
mRNA transcription by ATRA and
implicate RhoA and ERK1/2 in the
response to TGF-�1.
We next verified the involvement

of ERK1/2 in ATRA- and TGF-�1-
induced increases in hCNT3 activ-

ity by incubating HA-hCNT3-HeLa cells in the absence or
presence of PD98059, and evaluating the subcellular localiza-
tion of hCNT3. hCNT3 was detected by Western blotting in
streptavidin precipitates, as described above, using an antibody
against HA. As shown in Fig. 7D, inhibition of ERK1/2 abro-
gated the plasma membrane localization of hCNT3 induced by
ATRA or TGF-�1 without altering the amount of the Na�/K�-
ATPase �1 subunit.
Involvement of RhoA in the Induction of hCNT3 Activity by

TGF-�1—Because inhibiting p160ROCK blocked the induc-
tion of hCNT3 activity by TGF-�1, we next studied the role
of RhoA on the TGF-�1 effect using a siRNA approach.
These experiments were performed in HeLa cells because
the ATRA and TGF-�1 effects can be reproduced in these
cells which are easier to transfect than the lymphoid cell line,
thus making them more suitable for gene silencing. We first
validated the conditions for silencing the RhoA gene by
transfecting HA-hCNT3-HeLa cells with RhoA-siRNA and
evaluating changes in the RhoA transcript level. As a nega-
tive control, we used a nonspecific siRNA molecule. As
shown in Fig. 8A, transient transfection with the specific
RhoA-siRNA optimally suppressed RhoA expression at a
concentration of 50 nM; however, the control siRNA had no
effect on RhoA expression. We then measured hCNT3-de-
pendent uridine uptake under RhoA-knockdown conditions.
As shown in Fig. 8B, hCNT3-related uptake was decreased
after siRNA-mediated repression of RhoA in cells exposed to
TGF-�1 for 40 min, whereas the control siRNA had no sig-
nificant effects in the presence or absence of TGF-�1. Taken
together, these results indicate that RhoA is required for the

FIGURE 5. Effect of ATRA and TGF-�1 on hCNT3 subcellular localization. A, HeLa cells were transiently
transfected with HA-hCNT3 and after 48 h cell extracts (H) and plasma membrane fractions (PM) from HeLa cells
incubated in the presence or absence of ATRA (10 �M, 5:30 h) or TGF-�1 (1 ng/ml, 40 min) were prepared and
analyzed by Western blotting using an anti-HA-hCNT3 antibody, as described under “Experimental Proce-
dures.” A representative Western blot from three independent experiments is shown. The �1 subunit of Na�/
K�-ATPase, a specific plasma membrane protein, was also evaluated as a control of plasma membrane protein.
B, HeLa cells were grown on coverslips and transfected with GFP-hCNT3. After 48 h, cells were treated either
with ATRA for 5:30 h or with TGF-�1 for 40 min. At that time cells were fixed and analyzed by confocal micros-
copy. A representative group of cells from three independent experiments is shown.

FIGURE 6. Signaling pathways involved in the induction of hCNT3 activity
by ATRA and TGF-�1. Sodium-dependent [3H]uridine uptake was assayed in
MEC1 cells pre-incubated for 15 min with the inhibitors, wortmannin (50 nM),
SB203580 (5 �M), SP600125 (10 �M), PD98059 (5 �M), or Y-27632 (5 �M), and
then incubated with (A) ATRA (10 �M, 6 h) or (B) TGF-�1 (1 ng/ml, 40 min).
Results are based on quadruplicate measurements from three independent
experiments. Data (means � S.E.) are shown as the percentage increase in
uridine uptake over control (non-treated cells) values. Statistical significance
(**, p � 0.01) denotes significant difference relative to (A) ATRA or (B) TGF-�1-
treated cells.
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observed increase in hCNT3-mediated uridine transport fol-
lowing TGF-�1 treatment.

DISCUSSION

In this study, we demonstrate that ATRA induces hCNT3
trafficking to the plasma membrane, causing an increase in
hCNT3 transporter activity in theCLL lymphocyte-like cell line
MEC1. This effect is relatively rapid (i.e. within 5–6 h of treat-
ment) and is not associated with changes in hCNT3-encoding
gene transcription. Importantly, the effects of ATRA on
hCNT3 are dependent on protein synthesis, and mediated, at
least in part, by TGF-�1, which is transcriptionally induced by
ATRA treatment.
Reports of post-translational regulation of NT proteins are

relatively uncommon. The equilibrative transporter protein
hENT1 is rapidly modulated by a PKC-dependent mechanism
that likely involves activation of transporters already present at
the plasma membrane (9, 33). Regarding CNTs, we have previ-
ously shown that CNT2 is under purinergic control in liver cells
(22), and its insertion into the plasma membrane is also modu-
lated by bile acids (34). Although previous evidence suggests
that ATRA can modulate nucleoside transport activity in the
NB4 promyelocytic cell line (16), the mechanism underlying
this effect has not been investigated. Thus, to the best of our
knowledge, the current study is the first report of post-transla-
tional regulation of hCNT3 activity that involves changes in
hCNT3 subcellular localization.
Paradoxically, high levels of hCNT3 mRNA and cytosolic

hCNT3 protein are associated with clinical resistance to Flu

in CLL cells, apparently caused
by the absence of hCNT3 at the
plasma membrane (11). Similarly,
a recent study showed a strong
relationship between immunohis-
tochemistry staining of hCNT3
protein and clinical resistance to Flu
therapy in CLL patients (10).
hCNT3 is located in intracellular
structures (10, 11) and according to
our observations (not shown) pres-
ent in secretory vesicles. Our results
demonstrate that ATRA can stimu-
late hCNT3 translocation to the
plasma membrane.
Our findings also showed that the

induction of hCNT3-related activ-
ity in MEC1 cells by ATRA requires
activation of p38, which also seems
to be involved in the transcriptio-
nal induction of TGF-�1. Activa-
tion of the p38 pathway by ATRA
is consistent with other reports in
different cell types (27, 29, 35, 36). It
has also been reported that the
effects of ATRA in different models
might be mediated by increased
TGF-�1 levels. For instance, in nor-
mal breast cells, ATRA (1 �M)

increased TGF-� activity 2- and 5-fold after 3 and 5 days of
treatment, respectively (25), and in HL-60 cells, the induc-
tion of TGF-� has been shown to be necessary for retinoid-
induced growth inhibition (37). Consistent with these
reports, our results showed that ATRA-induced hCNT3-re-
lated activity was mediated by up-regulation of TGF-�1. In
fact, hCNT3 induction was inhibited by cycloheximide and
by co-culture with a TGF-neutralizing antibody, both in
MEC1 cells exposed to ATRA or to supernatants from
ATRA-treated cells.
In agreement with a transcription-independent TGF-�1-

mediated effect, our data indicate that TGF-�1 action on
hCNT3 is dependent on the rapid activation of RhoA
and ERK1/2, consistent with Smad-independent activation
of a type II or type I receptor kinase. Previous in vitro studies
have shown that TGF-�1 rapidly activates the ERK, JNK,
and/or p38 MAPK kinase pathways (38, 39), as well as PI3K. In
addition, TGF-�1 can induce activation of the Rho GTPases
Rac1, Cdc42, and RhoA (31, 32). RhoA, in particular, is rapidly
activated after TGF-�1 stimulation in the human breast adeno-
carcinoma cell linesMCF-7 andMDA-MB-468 (40) and in nor-
mal murine mammary gland (NMuMG) cells (41). Small
GTPases alsomediate TGF-�1-induced changes in cytoskeletal
organization. For example, activation of RhoA and its effector
kinase p160ROCK is required for rapid membrane ruffling and
lamellipodia formation in response to TGF-� (42).

In our model, Y-27632 abrogated the phosphorylation of
ERK1/2, indicating that RhoA activation occurs upstream of
ERK1/2 and that it is involved in activating ERK1/2. We also

FIGURE 7. Involvement of p38 and ERK1/2 pathways in ATRA- and TGF-�1-induced hCNT3 activity. MEC1
cells were cultured with or without TGF-�1 (1 ng/ml) or ATRA (10 �M) and analyzed by Western blotting for (A)
p38 phosphorylation induced by ATRA and (B, C) ERK-phosphorylation induced by TGF-�1, in the absence or
presence of Y-27632, respectively. Reactions were stopped at the indicated times by adding cold PBS. Western
blotting was performed as described under “Experimental Procedures” using antibodies against phospho-p38
(P-p38) or phospho-ERK (P-ERK). The same membrane was probed with anti-p38 (p38) and anti-ERK (ERK)
antibodies to compare the total amount of protein in each sample. D, HeLa cells were transiently transfected
with HA-hCNT3. Forty-eight hours later, cells were preincubated with the ERK1/2 inhibitor, PD989059 (5 �M)
before adding TGF-�1 (1 ng/ml, 40 min) or ATRA (10 �M, 5:30 h). HA-hCNT3 protein expression total cell extracts
(H) and in biotinylated plasma membrane (PM) fractions was analyzed by Western blotting. The �1 subunit of
Na�/K�-ATPase was also evaluated as a control. A representative Western blot from three independent exper-
iments is shown.
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verified that ERK1/2 phosphorylation was a key factor in both
ATRA- and TGF-�1-induced trafficking of hCNT3 to the
plasma membrane.

Several Rho family members are
localized to vesicular compartments,
and increasing evidence suggests
that they have important roles in
the trafficking of vesicles in both
the endocytic and exocytic path-
ways. In particular, RhoA and re-
lated small GTPases have been
shown to affect various mem-
brane trafficking steps (43, 44).
Rho proteins may also affect mem-
brane trafficking by altering the
phosphatidylinositide composition
of membrane compartments, or
through interactions with microtu-
bules and microfilaments. Several
reports have described a role for
RhoA in the process of plasma
membrane docking and fusion of
vesicles, showing that RhoA is
involved in exocytosis of secretory
granules in mast cells (45, 46) and
translocation ofNa�/K�-ATPase in
renal epithelial cells (47). Further-
more, RhoA promotes the traffick-
ing of the epithelial Na� channel
(ENaC) to the plasma membrane,
likely through effects on the
cytoskeleton (48). Similarly, agonist
activation of adrenergic receptors
increases the abundance of Na�/
K�-ATPase at the plasma mem-

brane in a RhoA-dependent manner (49). Our finding that
RhoA is involved in ATRA- and TGF-�1-induced trafficking of
hCNT3 to the plasma membrane is consistent with these
reports.
RhoA-mediated recruitment of hCNT3 at plasmamembrane

and subsequent manifestation of hCNT3 activity might also be
linked to an increase in actin polymerization, as demonstrated
for utrophin (50). Our finding that treatment with cytochalasin
B blocked the induction of hCNT3-related activity indicates an
involvement of F-actin cytoskeletal assembly, and would thus
be consistent with such a mechanism.
In conclusion, based on the above results, we propose the

model summarized in Fig. 9 in which ATRA induces TGF-�1
transcription and secretion through a mechanism that is
dependent on p38 activation. TGF-�1 signals through RhoA
to activate ERK1/2, resulting in hCNT3 trafficking to the
plasmamembrane and an increase in hCNT3-related nucleo-
side transporter activity. Importantly, our results point to a
possible role for ATRA in the treatment of CLL, highlighting
a potential therapeutic use of retinoic acid in increasing the
plasma membrane localization of the hCNT3 protein, which
might in turn lead to an increase in fludarabine entrance to cells
and enhanced cytotoxicity. In fact preliminary data show that
ATRA and the hCNT3 substrate fludarabine, promote a syner-
gistic effect on the programmed cell death of primary CLL

FIGURE 8. Involvement of RhoA in the induction of hCNT3 activity by TGF-�1. HeLa cells were tran-
siently transfected with HA-hCNT3 and 14 h later with RhoA siRNA (S758) or control siRNA (AM4613) as
described under “Experimental Procedures.” After additional 24 h, mRNA was extracted, quantitative
RT-PCR was performed (A) and sodium-dependent [3H]uridine uptake was monitored after culturing cells
in the presence or absence of TGF-�1 (1 ng/ml) for 40 min (B). Results are based on quadruplicate mea-
surements from three independent experiments. Data (means � S.E.) are shown as the percentage
increase in uridine uptake over control (non-treated cells) values. Statistical significance denotes signifi-
cant difference relative to control cells (**, p � 0.01).

FIGURE 9. Proposed mechanism by which ATRA increases hCNT3-re-
lated activity. A model for the post-translational activation of hCNT3
transporter function induced by ATRA is shown. ATRA treatment increases
the phosphorylation of p38. p38 activation leads to increased TGF-�1
mRNA expression and protein secretion, which induces the activation of
the small GTPase, RhoA. RhoA, in turn, activates its effector kinase,
p160ROCK, which is required for the activation of the MAPK, ERK1/2. Acti-
vation of ERK1/2 is involved in the rapid increase in the abundance of
hCNT3 at the plasma membrane, which is ultimately responsible for the
observed increase in hCNT3 concentrative transport activity.
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cells.4 Moreover, the finding that this effect can be reproduced
in non-lymphoid cells transiently expressing hCNT3 supports
the view that this mechanism may be more ubiquitous than
expected, suggesting that ATRA might be similarly effective in
increasing nucleoside-based chemotherapy in solid tumors.
Further analysis of the therapeutic potential of combination
therapies involving ATRA and nucleoside-derived drugs are
warranted.
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