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BACKGROUND AND PURPOSE
Inhibitors of DNA methyltransferases (DNMTs), such as azacytidine, decitabine and zebularine, are used for the epigenetic
treatment of cancer. Their action may depend upon their translocation across the plasma membrane. The aim of this study
was to identify transporter proteins contributing to DNMT inhibitor action.

EXPERIMENTAL APPROACH
Drug interactions with selected hCNT and hENT proteins were studied in transiently transfected HeLa and MDCK cells.
Interaction with human organic cation transporters (hOCTs) was assessed in transiently transfected HeLa cells and Xenopus
laevis oocytes.

KEY RESULTS
Zebularine uptake was mediated by hCNT1, hCNT3 and hENT2. Decitabine interacted with but was not translocated by any
nucleoside transporter (NT) type. hCNT expression at the apical domain of MDCK cells promoted net vectorial flux of
zebularine. Neither hOCT1 nor hOCT2 transported decitabine, but both were involved in the efflux of zebularine, suggesting
these proteins act as efflux transporters. hOCT1 polymorphic variants, known to alter function, decreased zebularine efflux.

CONCLUSIONS AND IMPLICATIONS
This study highlights the influence of human NTs and hOCTs on the pharmacokinetics and pharmacodynamics of selected
DNMT inhibitors. As hOCTs may also behave as efflux transporters, they could contribute either to chemoresistance or to
chemosensitivity, depending upon the nature of the drug or combination of drugs being used in cancer therapy.
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Abbreviations
DNMT, DNA methyltransferase; hCNT, human concentrative nucleoside transporter; hENT, human equilibrative
nucleoside transporter; hOCT, human organic cation transporter; MDDC, monocyte-derived dendritic cell; MDM,
monocyte-derived macrophage; MPP+, 1-methyl-4-phenylpyridinium iodide; NBTI, nitrobenzylthioinosine; NT,
nucleoside transporter

Introduction

Among the nucleoside derivatives currently used in cancer
treatment, some cytidine analogues represent a class of drugs
which target epigenetic changes caused by gene hypermeth-
ylation, some of them relevant to cancer stem cell reprogram-
ming and tumour growth (Heyn and Esteller, 2012; Munoz
et al., 2012; Rius and Lyko, 2012). These nucleoside deriva-
tives exert their action mostly by inhibiting DNA methyl-
transferases (DNMTs), but as for other nucleoside-derived
drugs, they require metabolic activation to be incorporated
into either RNA or DNA (Rius and Lyko, 2012). FDA-approved
epigenetic nucleoside-based drugs are 5-azacytidine (Vidaza)
and decitabine (2′-deoxy-5-azacitidine, Dacogen), generally
known as azanucleosides. Both appear to be suitable for the
treatment of myelodysplastic syndromes and acute myeloid
leukaemia, although they might prove useful for other types
of cancer, including solid tumours (Quintas-Cardama et al.,
2010; Garcia-Manero, 2012; Rius and Lyko, 2012; Ghai et al.,
2013). Moreover, other cytidine analogues, such as zebularine
(1-β-D-ribofuranosyl-2-(1H)-pyrimidinone), are currently at
preclinical stages (Robak, 2011). Zebularine also inhibits
DNMT despite not being an azanucleoside (Zhou et al., 2002).
These three DNMT inhibitors share metabolic activation
routes and can eventually incorporate into nucleic acids, but
major differences in their mechanisms of action have also
been reported (Hollenbach et al., 2010; Robak, 2011;
Schmiedel et al., 2011; Rius and Lyko, 2012).

DNMT inhibitors require membrane transporters in order
to be internalized into target cells and their transportability
profiles are likely to affect their anti-tumour efficacy. Nucleo-
side analogues can use a broad set of plasma membrane
transporters, which is not restricted to SLC28 and SLC29
family members [encoding human concentrative nucleoside
transporters (hCNTs) and human equilibrative nucleoside
transporters (hENTs) respectively] (Errasti-Murugarren and
Pastor-Anglada, 2010; Minuesa et al., 2011; nomenclature
follows Alexander et al., 2013). Several members of the SLC22
gene family, including human organic cation transporters 1,
2 and 3 (hOCT1, hOCT2, hOCT3) and human organic anion
transporters 1, 2 and 3 (hOAT1, hOAT2, hOAT3), have been
reported to interact with a great variety of nucleoside-derived
drugs (Errasti-Murugarren and Pastor-Anglada, 2010;
Minuesa et al., 2011). Interaction of selected nucleoside ana-
logues with hOCT proteins might be mechanistically
complex. For instance, whereas hOCT1, 2 and 3 can all bind
and translocate lamivudine (3TC), the three isoforms show
high-affinity binding sites but no translocation for abacavir
(ABC), zidovudine (AZT), emtricitabine (FTC) and tenofovir
disoproxil fumarate (Minuesa et al., 2009). The high-affinity
binding results in inhibition of 3TC uptake, thereby

suggesting the occurrence of drug-drug interactions in AIDS
therapy (Minuesa et al., 2009; 2011).

The transportability profile of cytidine-derived DNMT
inhibitors is not well known, its analysis being restricted so
far to azacytidine. In particular, it has been shown that this
drug is a high-affinity substrate for hCNT1 and hCNT3, with
apparent Km values of 63 and 147 μM respectively (Rius
et al., 2009; 2010). When apically expressed in epithelia,
both transporters determine the vectorial flux of azacytidine,
a process that can be further activated by the basal expres-
sion of the export pump MRP4 (ABCC4) (Rius et al., 2009;
2010).

Here, we have addressed the question of how these three
DNMT inhibitors (azacytidine, decitabine and zebularine)
interact with selected SLC28, SLC29 and SLC22 encoded
transporter proteins, all of them expressed, albeit to different
extent, in immune cells and epithelial barriers and determin-
ing drug pharmacokinetics. Interestingly, a novel role for
hOCT1 in nucleoside-derived drug action is proposed based
upon the evidence that this protein may also behave as an
export transporter.

Methods

Transporter cDNA cloning for
heterologous expression
The hCNT1 cDNA (GenBank™ Accession No. U62966) was
cloned from human fetal liver (Mata et al., 2001). The hCNT3
cDNA (GenBank Accession No. AF305210) was cloned from
human kidney (Errasti-Murugarren et al., 2007). hOCT1
(GenBank Accession No. X98322) and hOCT2 cDNAs
(GenBank Accession No. X98333) were cloned from human
kidney (Gorboulev et al., 1997). The C88R, M408V, M420del
and G465R substitutions were respectively introduced into
hOCT1 using compatible reverse and forward primers:
5′GGGCGAGGCCTTCCTTGGCCAGCGCAGGCGCTATGAA
GTGGACTGG-3′; 5′-GGGCCGCATCTACCCCATGGCCGTGT
CAAATTTGTTGGCGGGGGCAG 3′; 5′-GGCGGGGGCAGC
CTGCCTCGTCATTTTTATCTCACCTGACCTGC-3′; 5′-CCCC
ACATTCGTCAGGAACCTCCGAGTGATGGTGTGTTCCTCCC
TG-3′. All DNA constructs were verified by DNA sequencing
(BigDye Terminator v3.1, Applied Biosystems, Foster City, CA,
USA) in both directions.

For the generation of the stable-expressing cell lines,
hOCT1, hOCT1M420del and hOCT1G465R encoding cDNAs
were recloned into the pcDNA5/FRT/TO vector (Life Tech-
nologies, Paisley, UK). Restriction sites were added using
the following primers (restriction sites underlined):
5′-CGGGGTACCATCATGCCCACCGTGGATGACA-3′ and 5′-
CGCGGATCCCTCTCAGGTGCCCGAGGGTTC-3′; and the
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amplification product was subcloned into KpnI and BamHI
sites of pcDNA5/FRT/TO vector.

Commercially available vector pOG44 (Life Technologies)
codifying for a Flp recombinase was co-transfected with
pcDNA5/FRT/TO so the gene was inserted in a previously
added restriction site using pFRT/lacZeo (Life Technologies)
in order to generate HEK293 cells stably expressing hOCT1.

For expression in Xenopus laevis oocytes, the cDNAs
encoding hOCT1 wild type (wt) and the genetic variants were
subcloned into the pOG1 vector (a gift of Dr. Michael
Kavanaugh, Montana, MO, USA).

Cell culture
Human cervix carcinoma cells (HeLa) and Madin–Darby
canine kidney (MDCK) cells were maintained at 37°C/5%
CO2 in DMEM (Lonza Verviers SPRL, Verviers, Belgium) sup-
plemented with 10% FBS (vol/vol) (Life Technologies), 2 mM
glutamine and a mixture of antibiotics (100 U penicillin,
0.1 mg·mL−1 streptomycin and 0.25 mg·mL−1 fungizone).

The HEK293-FlpIn cell line was cultured in DMEM
supplemented with 10% heat-inactivated FBS (vol/vol),
50 U·mL−1 penicillin, 50 μg·mL−1 streptomycin, 2 mM
L-glutamine and 200 μg·mL−1 zeocin (Life Technologies).

HEK293 cells stably expressing hOCT proteins were cul-
tured in the same medium supplemented with 100 μg·mL−1

hygromycin B (Life Technologies) instead of zeocin.

Cell transfection and generation of a
HEK293-hOCT1 stable cell line
Nucleoside transporters (hCNT1 and hCNT3) were tran-
siently expressed both in HeLa and MDCK cells, whereas
hOCT1 was stably expressed, as detailed below, in a HEK293
cell background. HeLa cells were transiently transfected using
Lipofectamine 2000 (Life Technologies) as described by the
manufacturer. Nucleoside uptake experiments were carried
out 24 h after transfection, as explained below. MDCK cells
were plated on 12 mm diameter, 0.3 μm pore Transwell plates
(Corning Incorporated, Corning, NY, USA) and transfected as
described previously (Errasti-Murugarren et al., 2007). Proper
expression and insertion of transporter proteins at the plasma
membrane has been verified using YFP-tagged transporters,
as previously reported (Errasti-Murugarren et al., 2007;
2010a,b), and transport assays, as detailed below, using model
substrates of hCNT- and hOCT-type proteins (uridine and
cytidine for hCNT1 and hCNT3, and MPP+ for hOCT1).
Uptake rates were determined as a control of transporter
expression levels at the plasma membrane.

The plasmid constructions described above, as well as an
empty vector (pcDNA5/FRT/TO) used as a control in uptake
experiments, were co-transfected using calcium phosphate
with a vector containing the Flp recombinase (pOG44) into
the Flp-In-HEK293 cell line. This is the host cell line with a
Flp recombination target (FRT) site, previously generated fol-
lowing the manufacture’s protocol (Life Technologies). Posi-
tive clones were selected with 100 μg·mL−1 hygromycin B and
tested for transport activity.

Uptake experiments
Nucleoside and nucleoside-derived drug uptake rates were
measured as previously described (del Santo et al., 1998). In

brief, for nucleoside transporters (NTs), replicate cultures
were exposed at room temperature to [3H]uridine (1 μM,
1 μCi·mL−1) and to the antineoplastic drugs [3H]decitabine
and [3H]zebularine either in a sodium-repleted (137 mM
NaCl) or a sodium-free (137 mM choline chloride) transport
buffer containing 5.4 mM KCl, 1.8 mM CaCl2, 1.2 mM MgSO4

and 10 mM HEPES, pH 7.4. Initial rates of transport were
determined using an incubation period of 1 min and uptake
measurements were terminated by washing the cells off with
an excess volume of chilled stop buffer (137 mM NaCl,
10 mM HEPES, pH 7.4). To assess whether a selected nucleo-
side or nucleoside derivative interacts with the transporter
protein and to determine Ki values, we monitored sodium-
dependent uridine uptake by concentrative transporters in
the presence of increasing concentrations of the non-labelled
putative inhibitor. For equilibrative transport measurements,
the same assay was performed using ENT inhibitors, 1 μM
NBTI for hENT1 and 10 μM dipyridamole for both hENT1
and hENT2. Data were fitted to non-linear regression analysis
(variable slope) using GraphPad Prism 4.0 software (Graph-
Pad Software, San Diego, CA, USA) to calculate Ki values.

[3H]MPP+ uptake rates mediated by hOCTs were measured
in a N-methyl-D-glucamine (137 mM) medium containing
5.4 mM KCl, 1.8 mM CaCl2, 1.2 mM MgSO4 and 10 mM
HEPES, pH 7.4, as described above. The hOCT-related activity
was calculated by subtracting basal [3H]MPP+ uptake rates
present in mock-transfected cells from those determined in
hOCT1-expressing cells.

At the end of the transport assays, cells were solubilized
with 0.5% Triton-X100/100 mM NaOH and the accumulated
intracellular radioactivity was measured by liquid scintilla-
tion counting.

Determination of nucleoside-derived drug
transport and vectorial flux on MDCK cell
epithelial barriers
MDCK cells were grown on Transwell filters. To ensure that
cells had polarized and formed tight junctions, transport
experiments were conducted when the transepithelial electri-
cal resistance values (measured by millicell-ERS; Millipore,
Bedford, MA, USA) reached 300–500 Ω·cm2 in representative
wells (routinely 2 days after seeding the cells at high density).
Transport measurements were done as previously described
(Harris et al., 2004; Errasti-Murugarren et al., 2007). In brief,
filter inserts were washed three times with sodium-replete
or sodium-free buffer, and then 1 μM, 2 μCi·mL−1 of
[3H]nucleoside-derived antineoplastic drug (zebularine, decit-
abine) or natural nucleoside (cytidine) was added either to
the apical or to the basolateral side. Transport experiments
were conducted using buffers containing either sodium or
choline chloride on both sides of the Transwell filters (0.5 mL
in both apical and basal compartments). At various time
points (up to 20 min), 50 μL of medium was collected from
the opposite compartment to which radiolabelled substrates
were added. Transport experiments were terminated by aspi-
rating the buffer and washing filters with chilled buffer. The
entire filter was wiped with tissue to remove excess buffer and
removed from the plastic support. Cells on the filters were
lysed with 0.1% SDS/100 mM NaOH and extracts counted on
a scintillation counter.

BJP C Arimany-Nardi et al.

3870 British Journal of Pharmacology (2014) 171 3868–3880



Cytotoxicity assays
Cytotoxicity assays were performed by seeding HeLa cells
(40 000 cell/cm−2) on 96-well culture plates. Twenty-four
hours after plating, cells were transfected using Lipo-
fectamine 2000 with either a empty pcDNA3.1 vector or the
same vector containing either hCNT1 or hCNT3 cDNAs. The
transfection buffer was kept for 5 h and later replaced by fresh
media. Twenty-four hours after transfection, cells were
exposed to increasing concentrations (from 100 nM to 1 mM)
of azacytidine, decitabine or zebularine. Viability was
assessed 48 h after the addition of the drugs using the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. MTT reagent (7.5 mg·mL−1) was added to each
well after removal of medium and incubated for 45 min at
37°C. Subsequently, the MTT reagent was discarded and the
formazan crystals were solubilized in dimethyl sulfoxide. The
absorbance of formazan was measured photometrically at
595 nm. Data were fitted to a dose–response curve using
GraphPad Prism 4.0 software to calculate EC50 values.

Functional expression of hOCT1 in
X. laevis oocytes
To allow the expression of hOCT1 in X. laevis oocytes, the
pOG1 vectors containing its corresponding cDNA and its
mutants as well were linearized with NotI. cRNAs were tran-
scribed as previously described (Arndt et al., 2001). X. laevis
oocytes were prepared and stored in Ori buffer (5 mM MOPS,
100 mM NaCl, 3 mM KCl, 2 mM CaCl2 and 1 mM MgCl2,
adjusted to pH 7.4, using NaOH) supplemented with
50 mg·L−1 gentamycin as described (Arndt et al., 2001). Per
oocyte, 50 nL of H2O containing 10 ng of cRNA encoding the
wt hOCT1, hOCT2 and the selected hOCT1 genetic variants
was injected into oocytes. Oocytes were then stored for 3–4
days in Ori buffer at 16°C before transport measurements
were performed.

Oocytes expressing either hOCT1 or hOCT2 were incu-
bated for 30 min at room temperature in Ori buffer contain-
ing either [3H]MPP+ (10 nM, 1 μCi) or [3H]zebularine
(100 nM, 1 μCi). Non-injected oocytes from the same batch
were used as control. At the end of the incubation period,
oocytes were washed three times with ice-cold Ori buffer and
solubilized in a 5% SDS solution. Then intracellular radioac-
tivity was analysed by liquid scintillation counting.

For efflux experiments, control oocytes and oocytes
expressing hOCT1, hOCT2 or its polymorphic variants were
injected with either [3H]MPP+ (0.025 μCi, 6 nM) or [3H]zebu-
larine (0.013 μCi, 26.8 nM), and washed with ice-cold Ori
buffer. The efflux was initiated by adding one oocyte to 100 μL
of Ori buffer with or without quinine 100 μM, and the efflux
rate was measured at different time points, taking samples and
quantifying the radioactivity released in the buffer.

Efflux experiments in HEK293 cells
Efflux measurements were performed in HEK293 cells either
stably expressing the hOCT1 protein or not (transfected with
an empty pcDNA5 vector) which were either transiently
transfected with the concentrative nucleoside transporter
hCNT3 or with its corresponding empty vector pcDNA3.
Transfection was done after seeding the cells in 24-well plates
using the calcium phosphate method. Cells were washed

twice 40 h post-transfection with sodium-repleted transport
buffer (see composition above) and incubated for 5 min
with transport buffer containing [3H]zebularine (1 μM,
1 μCi·mL−1). This allowed the cells to accumulate the radiola-
belled drug to further monitor its efflux out to the medium.
For that purpose, cells were washed twice with ice-cold trans-
port buffer, either containing or not 100 μM quinine. Then
200 μL of transport medium, maintained at room tempera-
ture, either with or without 100 μM quinine, was placed in
each well. After 1 min of incubation, 50 μL of supernatant
was collected for radioactivity quantification. Cells were then
lysed and total well protein was quantified.

Data analysis
Data are expressed as the mean ± SEM of at least three inde-
pendent experiments. The unpaired Student’s t-test was used
for the statistical comparison of experimental data. These
analyses were carried out using GraphPad Prism 4.0 software.

Materials
Uridine, cytidine, azacytidine, decitabine (2′deoxy-5-
azacytidine), zebularine, 1-methyl-4-phenylpyridinium
iodide (MPP+), quinine, 4-nitrobenzyl-6-thioinosine (NBTI)
and dipyridamole were obtained from Sigma-Aldrich (St.
Louis, MO, USA). [5,6-3H]uridine was purchased from
Perkin Elmer (Waltham, MA, USA). [5-3H(N)]cytidine,
[6-3H]5-aza-2′-deoxycytidine and [5′-3H]zebularine were pur-
chased from Hartmann Analytic GmbH (Braunschweig,
Germany). [Methyl-3H]-N-methyl-4-phenylpyridinium iodide
([3H]MPP+) was obtained from American Radiolabeled Chemi-
cals, Inc. (St. Louis). The structures of the three cytidine
analogues being studied in this contribution are shown in
Figure 1.

Figure 1
Structure of cytidine and cytidine-analogue inhibitors of DNA meth-
yltransferases. The differences between the cytidine analogues and
the natural nucleoside are highlighted.
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Results

Interaction of DNMT inhibitors with NTs
To study the ability of nucleoside-derived DNMT inhibitors to
interact with NTs, we assayed the effect of increasing concen-
trations of these drugs on the uptake of 1 μM [3H]uridine in
either hCNT1- or hCNT3-transfected HeLa cells. The same
cis-inhibition approach was used for equilibrative nucleoside
transporters. hENT1- and hENT2-related activities can be
pharmacologically discriminated by using inhibitors (1 μM
NBTI for hENT1 and 10 μM dypiridamole for both), thereby
allowing the analysis of hENT-type contribution to the
uptake of DNMT inhibitors by taking advantage of the endog-
enous human transporter isoforms present in HeLa cells.
Although dypiridamole is not a specific inhibitor of hENT-
type transporters (Koepsell et al., 2007), the inhibition of
uridine uptake can be directly correlated to hENT activity. As
all nucleoside analogues tested in this study were pyrimidine
analogues (Figure 1), hCNT2 was not considered a candidate
for mediating drug uptake because of its well-known purine
selectivity (Pastor-Anglada et al., 2008; Errasti-Murugarren
and Pastor-Anglada, 2010). The Ki values calculated from the
drug concentration-dependent inhibition of uridine uptake
are listed in Table 1. Ki values for the interaction of DNMT
inhibitors with hCNTs and hENT2 were in the low-medium
micromolar range, whereas interaction with hENT1 was com-
paratively poor, Ki values being in the mM range, particularly
for decitabine and zebularine.

Role of NTs in the uptake of
DNMT inhibitors
To check whether the nucleoside-derived DNMT inhibitors
were substrates of the hCNT-type transporters, direct uptake
measurements using radiolabelled drugs were performed.
Because azacytidine is not commercially available in any radi-
olabelled form, the study was restricted to decitabine and
zebularine. Nevertheless, as pointed out above, azacytidine is
the only azanucleoside for which transport properties by
hCNT1 and hCNT3 had been determined earlier using a radi-
olabelled form that had been synthesized by the authors (Rius
et al., 2009; 2010). [3H]Decitabine and [3H]zebularine uptake

was measured in transiently transfected HeLa cells. The
results, shown in Figure 2A, confirmed that zebularine was a
suitable substrate for both hCNTs, which is consistent with its
low Ki value obtained from the cis-inhibition experiments
(Table 1). Zebularine uptake rates via hCNT1 and hCNT3
were significantly higher than those of the natural hCNT
substrate uridine when used at the same concentrations
(Figure 2A). A sodium-independent component of transport
was also observed for zebularine which corresponds to the
sum of the hENT1- and hENT2-related activities (Figure 2A).
Interestingly, decitabine was not internalized by either
hCNT1 or hCNT3 although it showed high-affinity interac-
tion with hCNT1, hCNT3 and hENT2 (Figure 2A and Table 1).
A minor, almost negligible uptake of decitabine via hENTs
was observed (Figure 2A).

To determine the relevance of hCNT1 and hCNT3 in
assessing intracellular drug bioavailability and action, cell
proliferation studies in the presence of these drugs were per-
formed. The experiments were initially done by incubating
the cells in the presence of a particular drug for 24, 48 and
72 h. The 48 h time point was chosen because 24 h treat-
ments did not result in maximum cytotoxicity, whereas the
72 h time point yielded similar results to those obtained after
incubating the cells for 48 h. Results are shown in
Figure 2B–D and the EC50 values derived from these curves
listed in Table 2. Independent of expression of hCNT1 and
hCNT3, decitabine showed very low toxicity. The EC50 values
could not be precisely calculated but were in the high
micromolar/low mM range. Azacytidine and zebularine,
which are internalized by hCNT1 and hCNT3 proteins,
induced cytotoxicity at lower concentrations in those cells
expressing the transporters compared with pcDNA3.1-
transfected cells (Figure 2B,D). The evidence that the highest
drug concentrations used did not apparently reach maximal
toxicity (100%) can be explained by the fact that these DNMT
inhibitors are likely to induce cell cycle arrest rather than
apoptosis. Transporter-mediated sensitization to both ana-
logues resulted in significant decreases in the EC50 values
(Table 2). For zebularine, these effects were more pronounced.
Expression of hCNT3 seemed to induce greater sensitivity to
both azacytidine and zebularine compared with hCNT1.
Overall, the effect of transporter expression on cell sensitivity
of the DNMT inhibitors was consistent with the interaction
and transport-kinetic values reported above.

Role of NTs in determining the vectorial flux
of DNMT inhibitors across epithelial barriers
The impact of the apical insertion of hCNT-type proteins on
the transepithelial fluxes of DNMT inhibitors was assessed on
polarized MDCK cells grown on transwell inserts, as previ-
ously reported (Errasti-Murugarren et al., 2007; Pastor-
Anglada et al., 2008). Apical-to-basolateral and basolateral-to-
apical fluxes of the DNMT inhibitors were measured. For
decitabine, no sodium-dependent flux was observed in either
direction (Figure 3A). This is consistent with its lack of trans-
port by hCNT1 and hCNT3 (Figure 2A). Additionally,
sodium-independent decitabine fluxes in both directions,
mediated by endogenous equilibrative nucleoside transport-
ers, were smaller than those observed for cytidine (data not
shown). For zebularine, a net apical-to-basal sodium-
dependent flux was detected after expression of either hCNT1

Table 1
Inhibitor constants of DNMT inhibitors for nucleoside transporters

Ki (μM) hENT1 hENT2 hCNT1 hCNT3

Azacytidine 379.5 ± 3.5 25.0 ± 0.9 11.4 ± 1.6 3.5 ± 1.2

Decitabine 1000–5000 5.6 ± 0.5 21.6 ± 3.0 14.4 ± 4.6

Zebularine ≈1000 22.6 ± 6.1 31.3 ± 5.0 4.6 ± 0.5

Ki values for inhibition of [3H]uridine uptake by DNA-
methyltransferase inhibitors in HeLa cells transiently transfected
with either hCNT1 or hCNT3 encoding cDNAs. Drug interac-
tions with hENT1 and hENT2 were determined based upon the
endogenous activities present in HeLa cells. Ki values were
obtained by fitting data by non-linear regression in GraphPad
Prism 4.0 software. Data are shown as Ki values ± SEM from two
to three independent experiments.
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or hCNT3 (Figure 3B). Nevertheless, the magnitude of the
apical-to-basolateral zebularine flux in the presence of
hCNT3 was nearly fourfold greater than that observed when
hCNT1 was expressed. Because hCNT-type function is totally
dependent upon the occurrence of a Na+ transmembrane
gradient, fluxes in its absence are low and similar to those
measured in non-transfected MDCK cells (not shown). Basal-
to-apical flux of zebularine after transfection of either hCNT1
or hCNT3 in the presence of sodium was much lower than

the apical-to-basal flux and likely to be mediated by the drug
concentration gradient across the epithelial barrier, which
can be supported by hENT-type proteins (Figure 3B). This
finding demonstrates that apical insertion of hCNT proteins
does contribute to drug vectorial flux across this epithelial
barrier. As previously reported for other nucleoside analogues
(Errasti-Murugarren et al., 2007), the basal-to-apical flux of
zebularine, although much lower than that found in the
apical-to-basal direction, was even lower in the presence of
sodium than when fluxes were measured in the choline chlo-
ride medium. This can be explained by the fact that hCNT3
proteins at the apical side of the barrier are highly efficient in
removing the drug from the apical compartment, thereby
reducing the net basal-to-apical flux. In fact, this had been
previously demonstrated by blocking the apical hCNT3 func-
tion with phloridzin (Errasti-Murugarren et al., 2007).

Drug cellular accumulations were measured 20 min after
addition of the DNMT inhibitors under the same conditions
used for the analysis of vectorial fluxes (Figure 3C,D). As
expected, accumulation of decitabine was negligible (around
1 pmol·mg−1 protein/20 min) and totally independent of the
presence of sodium in either compartment (Figure 3C). Zebu-
larine accumulated within hCNT1- and hCNT3-MDCK
expressing cells more than decitabine (Figure 3D). The
highest intracellular accumulation of zebularine was
observed, as expected, in the presence of sodium when the
drug was added to the apical compartment, where hCNT-type
proteins are expressed.

Figure 2
Role of nucleoside transporters in the uptake of DNMT inhibitors and in drug-induced chemosensitivity. (A) Uptake of [3H]-labelled nucleoside-
derived drugs and uridine (1 μM, 1 min) by hCNT1 or hCNT3 was measured in transport medium containing 137 mM NaCl or 137 mM choline
chloride. Sodium-dependent transport was calculated as uptake in NaCl medium minus uptake in choline chloride medium in HeLa transiently
transfected cells. For equilibrative transport, the endogenous activity was measured in HeLa cells using sodium-depleted medium (n = 3). (B–D)
HeLa cell viability was measured after 48 h drug exposure to hCNT1, hCNT3 or mock-transfected HeLa cells. Values were fitted to a non-linear
regression curve (n = 3).

Table 2
EC50 values for DNA-methyltransferase inhibitors

EC50 (μM) 48 h pcDNA3.1 hCNT1 hCNT3

Azacytidine 29.5 ± 2 13.6 ± 0.7** 6.8 ± 0.7***

Decitabine >1000 >1000 >1000

Zebularine 62.0 ± 5.9 18.5 ± 6.6** 8.9 ± 2.0***

EC50 values were calculated by fitting data by non-linear regres-
sion in GraphPad Prism 4.0 software. Data are expressed as the
mean ± SEM of at least three independent experiments per-
formed on different days using different passages of cells.
Unpaired Student’s t-test was performed comparing the EC50

value for mock-transfected cells and hCNT1, hCNT3. (**P <
0.01; ***P < 0.001).

BJPTransport of DNMT inhibitors

British Journal of Pharmacology (2014) 171 3868–3880 3873



Role of OCTs in the uptake of
DNMT inhibitors
As reviewed above, hOCTs have also been shown to mediate
the uptake of certain nucleoside analogues (Errasti-
Murugarren and Pastor-Anglada, 2010; Minuesa et al., 2011).
Therefore, we investigated whether hOCT1 and hOCT2 trans-
ported decitabine and/or zebularine. HeLa cells transiently
transfected with either hOCT1 or hOCT2 showed a sixfold
higher accumulation of the hOCT model substrate [3H]MPP+

than control cells (transfected with the empty vector) (47.3 ±
1.1 and 45.5 ± 5 vs. 7.5 ± 1.1). This resulted in similar net
hOCT1 and hOCT2 MPP+-mediated influx uptake rates

(Figure 4A), which is consistent with both transporter pro-
teins being similarly expressed and properly inserted at the
plasma membrane of HeLa cells. hOCT-mediated [3H]decit-
abine transport was low (hOCT2) or even negligible (hOCT1).
Surprisingly, the heterologous expression of hOCT1 and
hOCT2 resulted in reduced accumulation of [3H]zebularine
compared with control cells (Figure 4A). This observation
could be interpreted on the basis that the transporter rather
than mediating the uptake of zebularine facilitates its release
from cells. When these experiments were done in the
presence of 10 μM dipyridamol, an inhibitor of hENT-type
transporters, no differences were observed between

Figure 3
Transepithelial flux and cellular accumulation of DNMT inhibitors in hCNT1- or hCNT3-transfected MDCK cells grown as monolayers. Transepi-
thelial fluxes of [3H]decitabine (A) and [3H]zebularine (B) (1 μM, 2 μCi·mL−1) in sodium and choline chloride medium from apical to basolateral
compartments (upper panel) and from basolateral to apical compartments (lower panel) are shown. The MDCK cells transfected with hCNT1 or
hCNT3 were grown on filters. Accumulation of decitabine (C) and zebularine (D) after 20 min of incubation with radioactive DNMT inhibitors
added to the apical or basal compartments. The measurements were performed in sodium and choline media and the differences between
sodium-containing and sodium-free corresponding to the hCNT activities are indicated as sodium-dependent (Na+-dep) accumulation. Data are
expressed as the mean ± SEM of uptake values obtained in three wells. Data are representative of three experiments carried out on different days
using different batches of cells.
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hOCT-expressing and non-expressing cells and no zebularine
accumulated at all (data not shown). In fact, HeLa cells
express significant basal hENT-related transport activities (i.e.
43 ± 2.5 and 11 ± 2.5 pmol uridine/min·mg protein via
hENT1 and hENT2, respectively, n = 4, mean ± SEM), thereby
suggesting that zebularine is preferentially taken into hOCT-
expressing cells via hENT-type transporters, although once
inside cells it is rapidly released via hOCTs.

We decided to corroborate the role of hOCTs in zebularine
efflux using X. laevis oocytes, a suitable model that allows
substrate injection to load the cells and monitor efflux phe-
nomena. While hOCT1 and hOCT2, as expected, promoted a
significant uptake of radiolabelled MPP+ into oocytes, zebu-
larine accumulation into hOCT1- and hOCT2-expressing
cells was significantly reduced when compared with non-
injected oocytes (Figure 4B). This mimics the results using a
human cell background (HeLa cells) (Figure 4A). To definitely
validate that both hOCT1 and hOCT2 were responsible for
zebularine efflux, the radiolabelled drug was injected into
oocytes expressing either hOCT1 or hOCT2, and control
oocytes as well, and the release of [3H]zebularine to the extra-
cellular milieu was measured at different time points in Ori
buffer either containing or not 100 μM quinine, a well-
known hOCT inhibitor (Koepsell et al., 2007). A large efflux
of zebularine was observed only in hOCT1/2-injected
oocytes, whereas efflux from control oocytes was minimal. Of
note, hOCT1- and hOCT2-mediated zebularine efflux was
completely blocked by quinine (Figure 4C,D).

Role of hOCT1 in mediating the efflux of
zebularine in HEK293 cells
To further reassess the role hOCTs can play as efflux trans-
porters in human cells, a similar type of study as the one
described above using oocytes was performed using HEK293
cells. This cell line was engineered to make it express either
hOCT1 (stable expression) or hCNT3 (transient expression)
or both, by transiently expressing hCNT3 in a hOCT1-
HEK293 background (see Methods). Results using these cell
models are shown in Figure 5. In the absence of either trans-
porter, HEK293 cells showed a low basal efflux rate, which
was insensitive to the hOCT1 inhibitor quinine. Expression
of hCNT3, prior to zebularine loading, resulted in a signifi-
cant increase in drug efflux, which was equally insensitive to
quinine. HEK293 cells stably expressing hOCT1 showed
higher zebularine efflux rates than control cells, and this
potentiation of drug efflux was inhibited by quinine. Cells
expressing both hCNT3 and hOCT1 proteins showed the
highest zebularine efflux rate. In the presence of quinine, this
efflux activity was reduced to the same levels as those found
in hCNT3-expressing HEK293 cells, lacking hOCT1 expres-
sion. All these data, taken together, strongly support the view
that hOCT1 is a zebularine efflux transporter also in human
cells. These observations are also consistent with hCNT3
being a highly concentrative nucleoside transporter protein,
thereby facilitating zebularine accumulation above extracel-
lular levels. The accumulated drug will be extruded from cells
at a faster rate if hOCT1 is also expressed.

Figure 4
hOCT’s implication in zebularine efflux. (A) Difference between the accumulation in hOCT-expressing cells and the accumulation in mock-
transfected cells after 1 min of uptake measurement (n = 3). (B) [3H]MPP+ (10 nM, 1 μCi·mL−1) and [3H]zebularine (100 nM, 1 μCi·mL−1)
accumulation in oocytes after 30 min of drug exposure. Data shown as mean ± SEM of 20 single oocytes from two different batches. (C,D) Efflux
of [3H]zebularine from previously injected (0.013 μCi·mL−1, 26.8 nM) control oocytes in ORI buffer or oocytes expressing hOCT1 (C) or hOCT2
(D) in ORI buffer or in ORI buffer containing quinine 100 μM. All values have been calculated considering the maximum efflux 100%. Data are
representative of four experiments carried out on different days using different batches of oocytes.
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Effect of hOCT1 polymorphic variants on
zebularine efflux
The gene encoding the hOCT1 protein, SLC22A1, is highly
polymorphic, and several of its genetic variants also show
relatively high allelic frequency in humans (Shu et al., 2003;
Errasti-Murugarren and Pastor-Anglada, 2010). The func-
tional consequences on zebularine efflux of some of the most
frequent polymorphic variants found in Caucasian popula-
tion were assessed. Site-directed mutagenesis of the wt
transporter allowed the generation of the following
variants: hOCT1C88R, hOCT1M408V, hOCT1M420del and
hOCT1G465R. Once demonstrated that hOCT1 is also a zebu-
larine efflux transporter in HEK293 cells (Figure 5), X. laevis
oocytes were used again for the functional analysis of hOCT1
polymorphic variants, because efflux experiments were more

readily feasible in this background than in HEK293 cells.
These cDNAs were transcribed in vitro and cRNAs injected
into oocytes to allow transporter protein synthesis and efflux
measurements. Efflux was determined by quantifying the
accumulation of the radiolabelled substrate in the Ori buffer
10 min after injection of the hOCT substrates inside the
oocytes. The efflux profile for MPP+ was very similar to that of
its uptake (Figure 6A and Shu et al., 2003). In the case of
zebularine, all tested polymorphic variants promoted a sig-
nificantly lower efflux than the wt transporter (Figure 6B).

Discussion

This study demonstrates that three cytidine-derived DNMT
inhibitors, two of them azanucleosides currently used in the
clinics, all bearing minor changes in their molecular struc-
tures (Figure 1), show significant differences in their trans-
portability profiles. Interaction analysis of these analogues
with nucleoside transporter hCNT1 and hCNT3 proteins
yielded Ki values for the three assayed nucleoside analogues
(azacytidine, decitabine and zebularine) within the low
micromolar concentration range. Analysis of the endogenous
hENT2-type protein also revealed a high-affinity interaction
with these drugs. The three molecules retain the 3′ hydroxyl
group, which is known to be essential for high-affinity inter-
action with NTs (Chang et al., 2004; Cano-Soldado et al.,
2011; Cano-Soldado and Pastor-Anglada, 2012), but not nec-
essarily for substrate translocation. In fact, decitabine did
interact with all these NT proteins with high affinity but
could not be efficiently transported, which is in agreement
with a recent report showing very poor decitabine uptake via
NT-type proteins, when compared with other nucleosides
and analogues (i.e. uridine, adenosine, gemcitabine and
azacitidine) (Damaraju et al., 2012). This suggests that the 2′
hydroxyl plays a key role in determining substrate transport-
ability in these cytidine analogues.

The interaction of the three DNMT inhibitors with hENT1
was of lower affinity than that found for the other transporter
proteins, but within the range of what has been reported for
its natural substrate cytidine (Molina-Arcas et al., 2009). This

Figure 5
hOCT1-mediated efflux of zebularine in HEK293 cells. [3H]zebularine
released by HEK293 cells expressing or not hCNT3 and hOCT1 in the
extracellular milieu during 1 min after preloading the cells for 5 min
with [3H]zebularine (1 μM; 1 μCi·mL−1) in the presence or absence of
quinine 100 μM. Data are expressed as the mean ± SEM of three to
six individual experiments. (*P < 0.05; **P < 0.01; ***P < 0.001).

Figure 6
Effects of hOCT1 polymorphisms on zebularine efflux. (A) [3H]MPP+ (0.025 μCi·mL−1, 6 nM) and (B) [3H]zebularine (0.013 μCi·mL−1, 26.8 nM)
effluxes measured in 15 single oocytes from three different experiments performed at different days with different batches of oocytes injected with
the cRNA of hOCT1, hOCT1C88R, hOCT1M408V, hOCT1M420del, hOCT1G465R. All hOCT1 values were expressed as percentage of maximal
efflux, which was set at a value of 100% (***P < 0.001).
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observation is particularly interesting because hENT1 expres-
sion is normally retained or even high in tumours (Farre et al.,
2004; Bhutia et al., 2011; Bock et al., 2011). Moreover, as
recently shown, hENT1 expression in leukaemia cell lines
appears to be a key determinant of azacytidine-triggered cyto-
toxicity (Hummel-Eisenbeiss et al., 2013). On the contrary,
expression of hCNT proteins in tumours can be more variable
(Farre et al., 2004; Bhutia et al., 2011; Bock et al., 2011), thus
anticipating that response to DNMT inhibitors, such as aza-
cytidine and zebularine, would be also dependent upon
hCNT-type expression levels in target cells.

In fact, heterologous expression of hCNT1 and hCNT3 in
HeLa cells resulted in a significant sensitization of cells to
azacytidine and zebularine, whereas whether these transport-
ers were present or not, cells remained resistant to decitabine,
due to its poor or even lack of permeability via NT-type
transporter proteins. The highest sensitization of cells to aza-
cytidine and zebularine associated with hCNT3 expression is
consistent with the observed high-affinity interaction of both
drugs with this transporter protein, and with the fact that
hCNT3 is the only member within the SLC28 gene family
able to translocate 2 Na+ per nucleoside (Errasti-Murugarren
and Pastor-Anglada, 2010; Minuesa et al., 2011; Cano-
Soldado and Pastor-Anglada, 2012). This would explain a
probable higher hCNT3-driven capacity to concentrate these
two cytidine analogues within the cells than that associated
with hCNT1 expression. Moreover, the finding that decit-
abine cannot be translocated via these transporter proteins,
but can inhibit them with high affinity, suggests that, if
combined therapies implicating hCNT-related substrates
would have to be used, undesired drug-drug interactions may
occur. This possibility might be also relevant to the pharma-
cokinetics of these DNMT inhibitors. In fact, hCNT proteins
are highly expressed in small intestine (Govindarajan et al.,
2007) and in the proximal convoluted tubule of the nephron
(Rodriguez-Mulero et al., 2005), where most of the (re)absorp-
tion of natural nucleosides and nucleoside-derived drugs
occurs. Moreover, it is known that hCNT and hENT expres-
sion in (re)absorptive epithelia is asymmetric, thereby
facilitating vectorial flux of substrates across these barriers
(Mangravite et al., 2003; Govindarajan et al., 2007; 2008). As
for other nucleoside analogues used in anticancer and anti-
viral therapies (Errasti-Murugarren et al., 2007), the apical
expression of hCNT-type transporters in polarized epithelia
(in this case polarized MDCK cells grown on transwell inserts)
determined the apical-to-basal vectorial flux of zebularine.

hCNT expression has been found not only in epithelia
and epithelial-derived tumours (Farre et al., 2004; Bhutia
et al., 2011; Bock et al., 2011) but also in cells from patients
with lymphoproliferative diseases. Chronic lymphocytic leu-
kaemia (CLL) cells express hCNT2 and hCNT3 (Molina-Arcas
et al., 2003). hCNT3 function in CLL is regulated in a
complex manner and might be highly variable among
patients thereby contributing to different therapeutic
responses to the nucleoside-derived drug, fludarabine
(Fernandez-Calotti and Pastor-Anglada, 2010; Fernandez-
Calotti et al., 2012). SLC28 and SLC29 genes and the protein
transporters encoded by these genes have also been compre-
hensively screened in human immune cells. Although hENT1
and hENT2 appear to be highly expressed in all analysed cell
types, hCNT3, which according to this study is a suitable

transporter for azacytidine and zebularine, is highly
expressed in monocytes, monocyte-derived macrophages
(MDMs) and monocyte-derived dendritic cells (MDDCs).
However, hCNT3 expression in peripheral blood mononucle-
ated cells (PBMCs) and CD4+ T-cells is negligible although
significantly induced in phytohemagglutinin (PHA)-
stimulated cells (Minuesa et al., 2008). Overall, this antici-
pates that all immune cell types but especially myeloid
populations and CLL cells can be targeted by selected DNMT
inhibitors based upon their transporter expression patterns.

Chemical modification of nucleosides for therapeutic pur-
poses might determine a relative shift in their transportability
profiles (Cano-Soldado and Pastor-Anglada, 2012). In fact,
selected SLC22 gene family members, in particular hOCT1,
hOCT2 and hOCT3, might play a role in the uptake of some
nucleoside analogues, such as 3TC (Minuesa et al., 2009).
Interestingly, as for hCNT proteins, hOCT expression has also
been found in immune cells. hOCT1 and hOCT3 have been
shown to be expressed at significant levels in monocytes,
MDMs and MDDCs (Minuesa et al., 2008). Both transporter
proteins are also expressed in PBMCs and CD4+ T-cells, being
their expression up-regulated after PHA stimulation (Minuesa
et al., 2008). Interestingly, hOCT1 has also been found in
primary CLL cells where it appears to contribute to
irinotecan- and paclitaxel-induced cytotoxicities (Gupta
et al., 2012). In this context, the analysis of the putative
interaction of DNMT inhibitors with hOCT proteins seemed
to be of interest, particularly considering hOCT1 shows high
genetic variability in humans and its polymorphic variants
might determine drug (i.e. metformin) pharmacokinetics and
pharmacodynamics (Shu et al., 2007; 2008; Tzvetkov et al.,
2009; Gong et al., 2012).

In this study, it was found that transient expression of
hOCT1 and hOCT2 resulted in a low ability to concentrate
zebularine into HeLa cells. This was prevented when hENT1
and hENT2 (zebularine influx transporters) were blocked
using uridine as a competitive inhibitor. This suggests that
hOCTs are contributing to zebularine efflux from cells. Thus,
some asymmetry in the translocation properties of hOCTs
can be anticipated. This has been already reported for the
interaction of corticosterone with hOCT1, being its binding
properties different depending upon whether the molecule
binds to the inward or to the outward pocket of the protein
(Volk et al., 2009). The ability of hOCT1 to release intracellu-
lar zebularine to the extracellular milieu was unequivocally
demonstrated when measuring efflux rates in hOCT1-
expressing X. laevis oocytes, but also in HEK293 cells stably
expressing the hOCT1 protein. Interestingly, and consistently
with the discussed role of hCNT3 as a high concentrative NT,
the heterologous expression of this protein in HEK293 cells
induced a high capacity to accumulate zebularine inside cells,
thereby promoting an increased efflux of the drug, which was
further stimulated when hOCT1 was present.

If hOCT1 plays a role in zebularine efflux instead of facili-
tating its uptake into target cells, hOCT1 expression would
not result in increased sensitivity to the drug but, instead, in
chemoresistance. More interestingly, selected genetic hOCT1
variants known to determine poor response to therapy (Shu
et al., 2007; Tzvetkov et al., 2009) would confer more sensi-
tivity to zebularine than the wt. In this particular case, these
variants would contribute to retain zebularine inside tumour
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cells once previously internalized via hENT-type proteins.
Caution should be taken when facing combined therapies,
because hOCT1 can interact with DNMT inhibitors but also
translocate a broad variety of tyrosine kinase inhibitors tar-
geting multiple intracellular pathways (Minematsu and
Giacomini, 2011). hOCT1 mRNA levels are fourfold higher in
primary CLL cells than in normal lymphocytes (Gupta et al.,
2012), but its expression in hepatocarcinoma (Schaeffeler
et al., 2011; Martinez-Becerra et al., 2012), hepatoblastoma
and cholangiocarcinoma (Martinez-Becerra et al., 2012) is sig-
nificantly down-regulated, also at the mRNA level. Interest-
ingly, this effect, at least in hepatocarcinoma, seems to be
related to increased DNA methylation of the hOCT1-
encoding gene SLC22A1 when compared with normal adja-
cent tissue (Schaeffeler et al., 2011). In this regard, it was
postulated that targeting SLC22A1 methylation by demeth-
ylating agents (i.e. DNMT inhibitors) may offer a novel strat-
egy for treatment (Schaeffeler et al., 2011). Nevertheless, this
possibility, although theoretically interesting, should take
into consideration not only the characteristics of the interac-
tion between DNMT inhibitors with hOCT1, but also the
expression levels of other transporters of the hCNT family. In
fact, hCNT1 expression, another high-affinity transporter for
these inhibitors, is also significantly down-regulated in
hepatic cancers (Martinez-Becerra et al., 2012). Overall, it
could be anticipated that those individuals with high hNT-
related activity expressing hOCT1 polymorphic variants con-
ferring increased retention of epigenetic drugs in cancer cells
would have an optimal chemotherapeutic response.

In summary, this study outlines the scenario for the trans-
port phenomena determining the intracellular levels of
DNMT inhibitors in cells. Immune system cells do express the
combination of transporter proteins (hENT1, hENT2, hCNT3
and hOCT1) here reported to interact with these inhibitors in
a differential manner (see Figure 7). Unexpectedly, interac-
tion with hOCT1 was shown to be variable depending on the
substrate used but, more importantly, asymmetry in the inter-
action could confer this transporter protein a novel role in
target cells as contributor to chemoresistance, thereby chang-
ing the classical view of how selected polymorphic variants of
hOCT1 can determine drug action. DNMT inhibitors are used
with variable results in highly heterogeneous myelodysplastic
syndromes, for which patterns of drug transporter expression
are not yet known. This study strongly supports the need for
the analysis of drug transporter profiles in target cells, and
eventually genotyping for hOCT1 polymorphisms, when
dealing with DNMT inhibitor-based therapies.
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