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Abstract
Equilibrative Nucleoside Transporters (ENTs) are facilitative transporters broadly selective for
pyrimidine and purine nucleosides and are essential for the modulation of nucleoside
concentration and nucleoside analog availability. Resistance to nucleoside-derived drugs strongly
correlates with a deficiency of ENT1 expression in several tumor cells. Thus, it is crucial to
understand the mechanisms by which this transporter is modulated. Using a mouse myeloid
leukemic cell line as a model, we investigated whether stress-activated kinases regulate ENT1
expression and function. JNK activation, but not p38 MAPK results in rapid loss of mENT1
function, mRNA expression and promoter activity. c-Jun but not the mutant c-Jun Ser63/73Ala,
decreased mENT1 promoter activity. Moreover cJun bound to an AP-1 site identified at −1196 of
the promoter, suggesting a specific role for this transcription factor in mENT1 regulation. We
propose that activation of JNK-cJun pathway negatively regulates mENT1 and suggest that this
mechanism might contribute to the development of nucleoside analog-derived drug resistance.
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Introduction
The Equilibrative Nucleoside Transporters (ENTs) are a Na+-independent class of
nucleoside transporters (SLC29) responsible for the uptake of a large number of nucleosides
and nucleoside analogs [1]. Among the four members identified (ENT1-4) [1], ENT1 and
ENT2 are the best-characterized.

ENT1 is the most abundant and widely distributed plasma membrane nucleoside transporter
in human cells that mediates cellular entry of nucleoside-derived antineoplastic drugs such
as gemcitabine, cytarabine, and fludarabine [2;3;4]. Deficiency in ENT1 confers
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development of drug resistance in many in vitro models of hematological [5] and solid
tumors [6;7;8]. On the other hand, high levels of hENT1 represent a positive predictive
factor of response to gemcitabine in patients with advanced pancreatic cancer [9], resected
disease [10] and metastatic lung disease [7]. These observations make ENTs an important
target for study to improve anticancer therapy and drug effectiveness, however little is
known about the regulation mechanism of ENT1 expression or activity.

It was previously shown that hypoxia-activated transcription factor, HIF1α can negatively
regulate hENT1 expression [11]. In fact, heterogeneously distributed hypoxic areas are a
characteristic property of locally advanced breast cancer and may become resistant to some
forms of chemotherapy [12]. On the other hand, it has been reported that inflammatory
cytokines can downregulate several transporters (including ENT1) as a result of expression
changes [13;14], however the mechanism is not yet understood.

Importantly, the MAP kinases JNKs and p38 are preferentially activated by a variety of cell
stresses including proinflammatory cytokines [15] and chemotherapeutic drugs such as
gemcitabine, taxol, cisplatin or transplatin [16;17]. This suggests that JNK activation may be
a common response to chemotherapy. Earlier gene array analysis experiments demonstrated
a reduction in ENT1 expression in 3T3 cells expressing MKK7 [18], a kinase involved in
JNK activation [19]. Collectively these observations strongly support the idea that stress-
activated signaling pathways are involved in the regulation of nucleoside transport and may
contribute to the development of drug resistance.

Using a murine model of chronic myelogenous leukemia we show that JNK-cJun signaling
pathway activated by chemical stress negatively regulates mENT1 expression and activity.
We also identified a novel and functional c-Jun binding site in the mouse promoter. Finally,
our results suggest that the activation of JNK in response to chemotherapeutic nucleoside
analogs could contribute to the development of resistance to these or other nucleoside-
derived drugs.

Materials and Methods
Cell culture and reagents

32Dp185 leukemic cells [20] were grown in RPMI 1640 and HEK 293 cells were grown in
DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat inactivated Fetal
Bovine Serum and 100 units/ml penicillin and 100 mg/ml streptomycin. Cells were
maintained in the presence 5% CO2 at 37°C. Uridine-[5,6-3H] (35-60Ci/mmol) and [3H]-
NBMPR (40Ci/mmol) were purchased from Moravek Biochemicals and Radiochemicals
(Brea, CA., USA). Anisomycin, SP600125 and SB220025 were obtained from Calbiochem
(La Jolla, California). NBMPR (Nitrobenzylmercaptopurine Riboside, 6-[(40
nitrobenzyl)thio]-9-(b-D-ribofuranosyl)purine), β–actin and FLAG antibodies were from
Sigma-Chemical Co., (St Louis, MO, USA). Antibodies against phospho-cJun (Ser73),
phospho-JNK, cJun and JNK were from Cell Signaling Technology (Beverly, MA). cJun
and cJun S63/73A expression vectors were obtained from Dr. Michael Birrer (NCI,
Rockville, Maryland), MKK7 constructs were obtained from Dr. Lynn E. Heasley
(University of Colorado Health Sciences Center, Denver, Colorado, USA) and mENT1
promoter constructs were obtained from Dr. Doo-Sup Choi (Ernesto Gallo Clinic and
Research Center and Department of Neurology, University of California, San Francisco,
CA, USA).

[3H]-Uridine uptake assay
The assay was performed as described previously [21][22]. Briefly, after treatments 3×105

cells were washed and suspended in sodium free buffer. After pre-incubation with 1µM
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NBMPR or vehicle (DMSO) for 15 min, uptake assays were started adding equal volume of
transport buffer containing 2µM cold uridine, [3H]-uridine 4µCi/ml plus NBMPR or DMSO.
Time course of uptake under this condition was performed to determine linearity (not
shown). Uptake was stopped after 5 minutes followed by three rapid washes with ice-cold
transport buffer containing 1mM unlabelled uridine. The cell pellets were lysed and
centrifuged at 10000 rpm for 10 min at 4°C, the supernatant was used to measure
radioactivity incorporated. ENT1-dependent uptake was calculated as the difference
between total transport (ENT1+ENT2) and transport in the presence of 1 µM NBMPR
(ENT2). To rule out efflux of the labelled uridine during washes, we performed as a control
an assay on a 200µl layer of 84% silicone 16% mineral oil. The uptake was stopped by
centrifugation of the cells through the oil layer followed by lysis of the cell pellet [23]. No
differences were detected between the two methods (not shown). Hypoxanthine uptake
(ENT2 activity) was performed in the presence or absence of 1µM NBMPR to confirm
ENT1 but not ENT2 inhibition (not shown).

[3H]-NBMPR binding assay
After treatments, 3×105 cells were washed 3 times in PBS 1X and labeled with 25nM [3H]-
NBMPR in the presence or absence of 20 µM unlabelled NBMPR for 60 min at room
temperature to attain steady-state binding. Cells were washed 3 times in ice-cold 1X PBS
buffer, resuspended in 200µl PBS and analyzed for radioactivity content by standard liquid
scintillation-counting technique. Non-specific binding of [3H]-NBMPR was defined as that
which remained cell-associated in the presence of 20µM unlabelled NBMPR. Specific
binding was defined as total binding minus non-specific binding.

Protein extraction and Western blot
Cells were washed twice in ice cold PBS and lysed with lysis buffer and protease inhibitors
(20mM Tris pH 7.5, 1% triton, 10% glycerol, 137mM NaCl and 2mM EDTA, 250µM
PMSF, 5µg/ml Leupeptin, 200µM NaVO4 and 10nM Microcystin) for 20 min, followed by
12000 rpm for 10 min at 4°C centrifugation. Protein concentration of the supernatant was
measured using BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Fifty µg proteins were
used for inmunoblotting. Membranes were developed using ECL reagents (Amersham
Biosciences, UK).

Promoter activity assays
1×105 HEK 293 cells/well were plated in a 24-well plate, 24h before transfection. 0.5µg of
pGL3 mENT1 promoter constructs/well were used, co-transfected with 0.1µg pCMV-β-Gal
vector for internal normalization and 0.3µg of expression vectors when indicated.
Lipofectamine (Invitrogen, Carlsbad, CA, USA) was used for cell transfection according to
the manufacturer’s instructions. Promoter activity was measured 24h after transfection using
HiLite kit (Perkin Elmer, Boston, MA, USA) and Mammalian βgal assay kit (Pierce,
Rockford, IL, USA)

DNA binding assay
HEK293 cells were transfected with expression vectors for cJun or cJun Ser(63/73)Ala and
nuclear extracts were obtained as described previously [24]. Briefly, cells were washed
twice with ice cold PBS and resuspended in 400µl Buffer A (10mM HEPES pH 7.9, 1.5mM
MgCl2, 10mM KCl, 0.5mM DTT and protease inhibitor cocktail). After 10 min on ice cells
were centrifuged at 13000 rpm for 4 min and the supernatant was discarded. Nuclear pellets
were resuspended in 50µl Buffer B (20mM HEPES pH 7.9, 20% glycerol, 420mM NaCl,
0.2mM EDTA, 1.5mM MgCl2, 10mM KCl, 0.5mM DTT and protease cocktail inhibitor)
and after 10 min on ice pellets were centrifuged at 13000 rpm for 6 min. Protein
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concentration was determined from the supernatants. 100µg of nuclear extract protein were
incubated for 1h at RT with 1µg biotinylated double stranded oligonucleotide, 10µl
streptavidin conjugated beads (Sigma-Chemical Co., St Louis, MO, USA) in 1X binding
buffer (10mM TrisHCl pH 7.5, 50mM NaCl, 0.5mM DTT, 0.5mM EDTA, 1mM MgCl2, 4%
glycerol and 0.5mg/ml poly (dI-dC) in a final volume of 200µl. The beads were washed 3
times with 1X PBS and 2X loading buffer was added.

Quantitative RT-PCR
Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA, USA) according the
manufacturer’s instructions. 2µg RNA was used for cDNA synthesis using SuperScriptII
reverse transcriptase (Invitrogen) according manufacturer’s protocol. Expression level for
mENT1 was quantified by real-time PCR (7500 Fast Real-Time PCR System, Applied
Biosystems; Foster City, CA) according to the manufacturer’s instructions. The PCR
reaction mixture contained 900nM each of the sense primer (5’-
ATGGCAAGGGCTCAATGG-3’) and antisense primer (5’-
TGGAGTAAGCGGGCATCAGT-3’) for mENT1 or 900nM each of the sense primer (5’-
TGAAGCAGGCATCTGAGGG-3’) and antisense primer (5’-
CGAAGGTGGAAGAGTGGGAG-3’) for mGAPDH. 100ng cDNA and SYBR Green PCR
master mix (Applied Biosystems; Foster City, CA) was also added to the reaction mixture.
After an initial 10 minute incubation at 95°C, cDNA was amplified using increasing cycles
of 95°C for 15 seconds and 60°C for 1 minute. Transcript levels and fold change in mRNA
between treatments was determined as previously described [25].

No changes in GAPDH levels were detected under the experimental conditions indicated
(not shown).

Results
Anisomycin treatment down-regulates ENT1 activity

Using a murine model of Bcr-Abl leukemia, 32Dp185 cells [20], we investigated the
relationship between cell stres s and ENT1 activity regulation. Cells were incubated with
anisomycin, a fungal derivative that blocks translation, induces cell stress and activates of
JNK and p38 MAP kinases [26]. Anisomycin treatment resulted in a time-dependent
reduction of mENT1-dependent uridine uptake of ≈50% that correlated with the activation
of JNK and the phosphorylation of the transcription factor activated by JNK, cJun (Fig. 1A
and 1B). Similarly, treatment with 30ng/ml or 50ng/ml anisomycin (3h), downregulated
ENT1-dependent uridine uptake by 50%, whereas preincubation with a potent JNK
inhibitor, SP600125, but not the p38 MAPK inhibitor, SB220025, (not shown), partially
blocked this effect and JNK and cJun phosphorylation (Fig. 1C, 1D). This data indicated that
JNK activation was necessary for ENT1 downregulation and that the reduction in ENT1 was
not a nonspecific effect of anisomycin.

Cell surface ENT1 protein was measured by radiolabeling with the high-affinity and
selective, non-transportable ENT1 inhibitor, 3[H]-NBMPR [27]. Anisomycin treatment
(50ng/ml) decreased 3[H]-NBMPR binding by ≈50% indicating loss of mENT1 protein
from the cell surface (Fig. 2A). The effect persisted after 6h of anisomycin treatment, and
correlated with the downregulation of mENT1-dependent activity suggesting a significant
decrease in mENT1 on the cell surface.

The c-Jun NH2-terminal kinase (JNK) pathway represents a major physiological mechanism
of regulation of cJun, a component of the AP-1 transcription factor [28]. Mouse embryo
fibroblasts (MEFs) that lack expression of both ubiquitously expressed jnk genes exhibit
markedly reduced expression or phosphorylation of cJun, on the NH2-terminal sites (Ser-63
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and Ser-73). The time-dependent JNK and c-jun phosphorylation observed in 32Dp185 cells
after anisomycin treatment (Fig. 1B) correlated with diminished mENT1 mRNA content as
analyzed by qRT-PCR (Fig. 2B). Moreover, preincubation with SP600125 inhibited the
effects of anisomycin on mENT1 mRNA down-regulation (Fig. 2C), confirming that JNK
signaling affected the transcriptional regulation of mENT1.

Ara-C and chemotherapeutic drugs such as Gemcitabine (2′,2′-difluorodeoxycytidine)
induce JNK activation in different cell types, [29;30] and are widely used for the treatment
of leukemias and other cancers. In 32Dp185 cells we observed JNK phosphorylation
followed by a decrease in ENT1 mRNA by 20% and 40% after AraC and Gemcitabine
treatment respectively and a decrease in ENT1-dependent uridine uptake after 6h treatment
(data not shown). These observations suggest that the JNK signaling pathway is involved in
the decrease of ENT1.

JNK activation down regulates mENT1 promoter activity
The sequence of murine ENT1 (mENT1) promoter has been described [31]. To investigate
the JNK-dependent mENT1 expression downregulation, we transfected HEK293 cells with
luciferase-coupled mENT1 promoter constructs [31] (Fig. 3A). HEK293 cells showed
similar JNK activation and cJun phosphorylation after anisomycin treatments (Fig. 3B right
panel). After 6h anisomycin treatments, the luciferase activity and β-galactosidase activities
were measured. As shown in Fig. 3B, anisomycin decreased mENT1 promoter activity in
three of the four promoter constructs tested, pLuc-2121, pLuc-1479 and pLuc-652. By
contrast, pretreatment with the JNK selective inhibitor, SP600125 prevented the
anisomycin-dependent down-regulation of mENT1 promoter activity (Fig. 3C).

In order to confirm the involvement of JNK in mENT1 promoter regulation, HEK293 cells
were cotransfected with mENT1 promoter constructs and an MKK7 expression vector and
the amount of luciferase activity measured. These results indicated that MKK7
overexpression, downregulated pLuc-2121 and pLuc-1479 activities, but not pLuc-994 nor
pLuc-652 (Fig. 3D) suggesting that the region contained in pLuc-1479 and pLuc-2121
contained the promoter element that responded to MKK7 overexpression. As expected, the
transcription factor c-Jun was highly phosphorylated under these conditions (Fig. 3D right
panel).

Identification of a functional AP-1 binding site in the mouse ENT1 promoter
Analysis of the mENT1 promoter using Signal Scan
(http://www-bimas.cit.nih.gov/molbio/signal/), Transcription Element Search Software,
TESS (http://www.cbil.upenn.edu/cgi-bin/tess/tess) and MatInspector Promoter Analysis
Tool (Genomatix, www.genomatix.de) suggested that there was an AP-1 binding site at
−1196 in a region of the mENT1 promoter contained in the pLuc-2121 and pLuc-1479
fragments. This site was not detected previously [31] and is located close to two SP1 and a
CREB binding sites (Fig. 4A). To examine if cJun was directly involved in mENT1
promoter activity regulation, we overexpressed c-Jun, as well as the c-Jun mutant
Ser63/73Ala protein. cJun overexpression but not cJun Ser63/73Ala mutant produced a
significant downregulation of p2121 promoter activity, strongly supporting the previous
results (Fig. 4B). Under these conditions, and as expected, c-Jun but not c-Jun Ser63/73Ala
was highly phosphorylated (Fig. 4C).

We next performed DNA binding assays to examine for c-Jun binding to the mENT1
promoter AP-1 site. A biotin end-labeled probe that contained the putative AP-1 binding site
in the mENT1 promoter was incubated with nuclear extracts of cells overexpressing cJun or
the Ser/Ala mutant. We observed that c-Jun, but not the c-Jun Ser/Ala mutant bound to the
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mENT1 AP-1 site (Fig. 4D). Incubation with a non-specific, non-biotinylated probe was
unable to compete for this binding demonstrating that c-Jun binding was specific (Fig. 4D).
These results confirmed that the AP-1 binding site identified in the mENT1 promoter is
functional and that cJun is able to bind to it.

Discussion
ENT-mediated transport of nucleoside analogs can be the rate limiting step for drug-induced
cytotoxicity [4]. The results presented here define an important role for the stress kinase
JNK in the negative regulation of mENT1-dependent transport under drug-induced stress
conditions. We show that JNK activation downregulates mENT1 expression and that the
transcription factor cJun is able to bind to the mENT1 promoter. Supporting this idea we
observed that chemotherapeutic drugs that activate JNK downregulate mENT1 activity
suggesting that stress-induced JNK activation may contribute to the development of
nucleoside analogs resistance through this mechanism.

Our data is consistent with a rapid decrease in mENT1 expression. The reduction in mENT1
mRNA and promoter activity were followed by a decrease in mENT1-dependent activity
and NBMPR binding, demonstrating that loss of mENT1 activity was strongly correlated to
loss of mENT1 on the cell surface. However, we cannot rule out the possibility of
posttranslational modifications of the mENT1 protein, such as phosphorylation that may
also influence mENT1 internalization or subcellular localization.

The MAPK family of kinases responds to extracellular stimuli. ERKs are strongly activated
by mitogens, while the JNKs and p38 are preferentially activated by a variety of cell stresses
[32]. JNK phosphorylates cJun on two serine residues, Ser 63/73 and many of the cellular
effects of JNK activation are mediated through activation of the AP-1 complex [33]
positively modulating the expression of several genes. In contrast, our results suggest that
JNK activation, cJun phosphorylation and promoter binding negatively regulate mENT1
expression. Consistent with previous observations, [18] expression of the active MKK7
reduced the mENT1 promoter activity.

Downregulation of ENT1 has been also observed in response to inflammatory agents [14]
that induce JNK activation, i.e. Nitric oxide (NO) [34;35]. Moreover, NO reduced hENT1
promoter activity in HUVEC cells possibly by a transcription factor, able to bind the distal
region of hENT1 promoter [35]. Interestingly, our in silico analysis of the human ENT1
promoter suggests at least two putative AP-1 binding sites in the distal region (unpublished
observations), suggesting that ENT1 regulation by cJun might be a common feature.

The results presented here provide potentially important mechanism contributing to
nucleoside analog drug resistance. Our results suggest that cell stress induced by
chemotherapeutic agents may downregulate ENT1 expression through a JNK-dependent
mechanism. In support of this, we observed that two different nucleoside analogs inhibited
ENT1-dependent activity and expression, although weaker than thus observed with
anisomycin that paralleled JNK activation. In summary, the present study describes a
mechanism by which chemical stress-induced JNK activation decreases ENT1 expression in
a c-Jun-dependent manner potentially leading to the development of drug resistance.

Research Highlights

- Stress activated kinases downregulate the expression of several transporters

- JNK activation and cJun phosphorylation downregulate mENT1 expression
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- mENT1 promoter contains an AP1 binding site and cJun is able to bind
mENT1 promoter

- JNK signaling pathway regulates mENT1 expression
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Figure 1. Anisomycin treatment decreases ENT1 activity
32Dp185 were incubated with 50ng/ml anisomycin for the times indicated. The values
shown in the graphs represent means ± S.D. of data (A) ENT1-dependent 3[H]-Uridine
uptake. (n=6, *p<0.05). (B) Immunoblot analysis for pJNK, pc-Jun (Ser73), total c-Jun and
β–actin. Shown is a representative experiment of three separate experiments. (C) 32Dp185
ENT1-dependent 3[H]-Uridine uptake after 3h of 10, 30 and 50ng/ml anisomycin treatments,
pretreated with or without 10µM SP600125 JNK inhibitor for 1h (n=3, *p<0.05 statistical
significance compared to the corresponding SP600125+Anisomycin value, #p<0.05
statistical significance compared to control value). (D) Cells were treated with 10, 30 and
50ng/ml anisomycin (A) for 3h pretreated with or without 10 µM SP600125 (SP) JNK
inhibitor for 1h. Immunoblot analysis for pJNK, pc-Jun (Ser73), total c-Jun and total JNK.
Shown is an experiment representative of three separate experiments.
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Figure 2. Anisomycin down-regulates 3[H]-NBMPR binding and ENT1 expression
32Dp185 cells were treated with 50ng/ml anisomycin for the times indicated. The values
shown in the graphs represent means ± S.D. (A) 3H-NBMPR binding. (n=3, *p<0.05). (B)
Real Time RT-PCR was performed to quantify the relative change in mENT1 transcript
(n=3, *p<0.05). (C) Real Time RT-PCR was performed to quantify the relative change in
mENT1 transcript after 50ng/ml anisomycin (A) treatments for 3h pretreated with or without
10µM SP600125 (SP) JNK inhibitor for 1h (n=3, *p<0.05).
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Figure 3. JNK activation decreases mENT1 promoter activity
Data points represent sample means ± S.D. of data (A) mENT1 promoter picture (B)
Relative promoter activity in anisomycin treated cells. HEK293 cells transfected with
different mENT1 promoter fragments were treated with anisomycin (A) 50ng/ml for 6h.
(Representative experiment, n=6, *p<0.05).). Right panel: Immunoblot analysis for pJNK,
pc-Jun (Ser73), total c-Jun and β-actin from HEK293 cells treated with anisomycin 50ng/ml
for the times indicated. (C) mENT1 pLuc-2121 promoter fragment activity in HEK293 cells
treated with anisomycin (A) 50ng/ml, 10µM SP600125 (SP) or combination of SP and
anisomycin (SP+A) for 6h. (Representative experiment, n=6, *p<0.05). (D) Promoter
activity in flag-MKK7 expressing HEK293 cells cotransfected with different mENT1
luciferase-coupled promoter fragments. (Representative experiment, n=3, *p<0.05). Right
panel: Immunoblot analysis for flag-MKK7, pJNK, total c-Jun and β-actin from HEK293
cells transfected with pcDNA3 or MKK7 expression vector.

Leisewitz et al. Page 12

Biochem Biophys Res Commun. Author manuscript; available in PMC 2012 January 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. c-Jun overexpression reduces mENT1 promoter activity and binds to a novel AP1
binding site in the mENT1 promoter
(A) Graphic representation of the mENT1 promoter fragments that contain the identified
AP-1 binding site. Sequence is presented. (B) Promoter activity in c-Jun expressing cells.
293 cells were cotransfected with pLuc-2121 promoter fragment of the luciferase coupled
mENT1 promoter vector and pcDNA3, c-Jun expression vector or the mutant c-Jun
Ser63/73Ala. The values shown in the graph represent means ± S.D. of data from a
representative experiment (n=3, *p<0.05). (C) Immunoblot analysis of 50µg protein from
293 cells transfected with pcDNA3, c-Jun or c-Jun Ser63/73Ala expression vector for pc-Jun
(Ser73) and total c-Jun presence. (D) DNA binding assay. 1µg of biotinylated AP-1
containing double stranded probes were incubated with nuclear extracts from 293 cells
transfected with pcDNA3, c-Jun or c-Jun Ser63/73Ala expression vector. For specificity
assay 1µg of biotinylated AP-1 containing double stranded probe was incubated with
nuclear extracts from HEK293 cells transfected with c-Jun and coincubated with 100 times
excess of non biotinylated AP-1 containing probe or 100 times excess of a non-biotinylated
non-specific (NS) probe.
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