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Regulation of Equilibrative Nucleoside Uptake by
Protein Kinase Inhibitors

Min Huang,” Yanhong Wang, Beverly S. Mitchell, and Lee M. Graves

Department of Pharmacology, University of North Carolina at Chapel Hill,
Chapel Hill, North Carolina, USA

ABSTRACT

The uptake of nucleosides and nucleoside analogs into human leukemia K562 cells is
facilitated by the equilibrative transporters ENT1 and ENT2. Incubation of K562 cells
with a variety of protein kinase inhibitors inhibited the transport of both uridine
(ARA-C) and cytidine (CPEC) analogs. These inhibitory effects were observed for a
large number of kinase inhibitors including those against p38 MAPK, the EGF
receptor kinase, protein kinase C, TOR and others. Thus these results suggest that the
nucleoside transporters are unexpected targets for kinase inhibitors and may influence
the design and application of combinatorial approaches of nucleoside analogs and
kinase inhibitors in clinical applications.

Key Words: Kinase inhibitors; Nucleoside transport; CTP; Leukemia cells.

INTRODUCTION

Nucleoside transporters are essential for the uptake of a large number of natural
nucleosides and nucleoside analogs. These transporters can be classified into two
structurally and functionally distinct groups, the equilibrative transporters (ENTs,
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SLC29) which transport nucleosides in a sodium-independent manner and the con-
centrative transporters (CNTs, SLC28) which require sodium gradients and ATP for
the transport of nucleosides (Fig. 1 and reviewed in Refs. [1,2]). Multiple equilibrative
and concentrative transport activities have been observed and the recent cloning of
the genes for these transporters has resulted in the identification of four ENTs (ENT1-4)
and three CNT’s (CNT1, CNT2 and CNT3)."'~>! The ENTs are broadly expressed in
mammalian cells whereas the CNTs show limited expression in specialized cells. The
ENT 1 and ENT2 can be further distinguished by their differential sensitivity to
nitrobenzylthioinosine (NBMPR). ENT1 (es) is inhibited by nanomolar concentrations
of this drug whereas ENT2 (ei) is only slightly inhibited by micromolar concentrations
of NBMPR." = Both ENT1 and ENT?2 are inhibited by cardioprotective agents (dilazep,
draflazine and dipyridamole), although species differences of these effects have been
observed.'!

ENTI1 and ENT2 are broadly selective for pyrimidine and purine nucleosides and
transport adenosine, uridine, cytidine and thymidine as well as a large number of
nucleoside analogs (e.g. cytosine arabinoside (AraC), gemcitabine, 2-chlorodeoxyade-
nosine (2-CdA), 3'-azido-3'-deoxythymidine (AZT))."'>*~" Despite the fact that both
ENT1 and 2 are broadly selective, significant differences in their function may exist.
ENT?2 has been shown to specifically transport hypoxanthine and cyclic ADP ribose,
suggesting selective functions for this transporter.''**! While investigating the influence
of protein kinase inhibitors on cell proliferation, we obtained results that were consistent
with inhibition of nucleoside uptake. In this article we summarize recent research
demonstrating that equilibrative nucleoside transport is affected by a number of protein
kinase inhibitors at concentrations typically used to inhibit protein kinases.

EXPERIMENTAL PROTOCOL

Human K562 cells were grown and incubated with protein kinase inhibitors as
described earlier.">'"1" All protein kinase inhibitors were dissolved in DMSO and the
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Figure 1. Classification of equilibrative and concentrative nucleoside transporters. A model
depicting the two major classes of nucleoside transporters in mammalian cells is shown. CNT refers
to the concentrative transporters whereas ES and EI refers to NBMPR-sensitive or insensitive
equilibrative transporters, respectively.
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uptake of *H-uridine and the determination of nucleotide triphosphate levels was
measured as described previously.'*!?!

RESULTS AND DISCUSSION

Previously we demonstrated that inhibition of de novo pyrimidine synthesis with
leflunomide inhibited the growth and increased the erythroid differentiation of human
leukemia K562 cells in a CTP-dependent manner.!'*! Incubation with cyclopentenyl
cytosine (CPEC), a nucleoside analog and inhibitor of the de novo synthesis of cytidine
nucleotides,"'*! depleted cellular cytidine triphosphate CTP pools and increased the
differentiation of these cells (Fig. 2 and data not shown). CPEC treatment also slightly
increased UTP and ATP levels (~1.6 fold), but did not affect GTP levels (Fig. 2).

Because p38 MAP kinase has been implicated in regulating cell differentia-
tion,'>'® we tested whether a pyridinylimidizole inhibitor of p38 MAP kinase,
SB203580, prevented the effects of CPEC on these cells. Incubation with SB203580
did not affect the levels of nucleotide triphosphates (Fig. 2) however, co-incubation of
K562 cells with CPEC and SB203580 resulted in a significant reversal of the CPEC-
induced CTP depletion and cell differentiation (Fig. 2 and data not shown). To examine
the possibility that SB203580 was inhibiting the cellular uptake of CPEC or other
nucleosides, K562 cells were incubated with increasing concentrations of SB203580
and the uptake of *H-uridine measured."'® The results of these studies demonstrated
that SB203580 inhibited the uptake of *H-uridine in a dose-dependent manner with an
ICs, of approximately 0.69 uM."'® Thus these results suggested that the effects of
SB203580 on CPEC-induced differentiation, could in part, result from inhibition of
CPEC uptake by the kinase inhibitor SB203580.

To further investigate the effects of kinase inhibitors on nucleoside transport, a
number of additional kinase inhibitors (or inactive analogs) were evaluated for
inhibition of *H-uridine uptake. The list of compounds included inhibitors of p38
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Figure 2. Effects of CPEC and SB203580 on nucleotide triphosphate pools in K562 cells. K562
cells were grown and treated with the concentration of drug indicated. Nucleotide triphosphates
(NTP’s) were extracted and determined as described earlier. (From Ref. [10].)
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MAPK, EGF receptor tyrosine kinase (EGFR), BCR-ABL kinase, protein kinase C, the
cyclin-dependent protein kinase (CDK’s), the MAP kinase kinase (MEK), phosphati-
dylinositol-3 kinase and others. As described above, K562 cells were briefly incubated
with these compounds (10 uM, 15 min) and the uptake of *H-uridine measured. The
results of these studies"''" are summarized in Table 1. Similar to the results observed
with SB203580, a number of kinase inhibitors were found to inhibit 3H-uridine uptake.
These included some of the pyridinylimidizole compounds, tyrphostins (AG1517,
AG1478, AG825), PKC inhibitors (staurosporine, arcyriarubin, Ro31-6045, Ro31-8220,
GF109203X) and the cyclin-dependent kinase inhibitors (roscovitine, olomoucine,
indirubin). Similar results were obtained with the clinically important compounds STI-
571 and rapamycin.'"!

By contrast, a number of kinase inhibitors had little or no effect on transport
inhibition. This included inhibitors of MEK (PD98059, U0126) and inhibitors of PI-3
kinase (wortmannin, LY294002). Interestingly, our studies suggested that the effects of
some of these compounds occurred independently of inhibition of the kinase itself. For
instance, SB202474, an analog of SB203580 that does not inhibit p38 MAPK, also
significantly inhibited nucleoside uptake in these cells (~65%) suggesting that the
effects of these compounds occurred independently of p38 MAP kinase inhibition.!'%!!!
In addition, SB22025, a potent pyridinylimidazole inhibitor of p38 MAPK did not
inhibit *H-uridine uptake, further demonstrating effects independent of p38 MAPK.
Similar results were observed with RO 31-6045, a staurosporine analog that does not
inhibit PKC."''" Collectively these studies indicate a structure-dependent, kinase
independent inhibition of nucleoside transport in these cells.

Table 1. Summary of protein kinase inhibitors and nucleoside transport.

Compound % Inhibition Compound % Inhibition
SB203580 96 PD98059 7
SB203580-iodo 98 uo0126 20
SB220025 7 RAF-1 82
SB202474 65 Wortmannin 0
AGI1517 88 LY294002 1
AG1478 77 H89 45
AG825 94 KNO93 19
AG18 40 Staurosporine 85
AGI1879 10 GF109203X 79
AG490 29 R031-6045 92
WHI-P154 87 R032-0432 0
WHI-P180 66 R031-8220 86
WHI-P258 53 Arcyriarubin 60
WHI-P97 24 Indirubin 84
STI-571 70 Olomoucine 78
Genistein 40 Roscovitine 94
ZM336372 37 Rapamycin 81

Values compiled from previous studies.
(From Refs. [10,11].)
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The profile of nucleoside transporter expression in K562 cells was previously
shown to be predominantly ENT1 (~90%) with a smaller amount of ENT2 present
(10%).1"™" Nitrobenzylthioinosine (NBMPR) is a specific, high affinity inhibitor of
ENT1-dependent nucleoside transport (es) (Ref. [2] and Fig. 1). To determine whether
ENT was the target for the effects of these compounds, binding of *H-NBMPR was
examined in the presence or absence of the pyridinylimidizole inhibitor SB203580-
iodo. The results of these experiments demonstrated that binding of *H-NBMPR to
K562 cells, or purified membrane proteins isolated from erythrocytes, was prevented by
this compound.''”’ Thus these results suggest that ENT1 (es) is a major target for the
inhibitory effects of protein kinase inhibitors on nucleoside transport in K562 cells.
However, recent characterization of the effects of Ro-31-6045 and SB203580-iodo on
ENT2-dependent transport in Rat C6 glioma cells, a cell line predominantly expressing
ENT2,!!8] suggests that ENT2 is also inhibited by these compounds with an ICs, of,
0.52 pM and 0.77 uM respectively (Dr. Min Huang, unpublished observations).

CONCLUSIONS

The results of these studies demonstrate potent inhibition of nucleoside transport by a
number of structurally distinct protein kinase inhibitors. These studies, combined with our
earlier observations that inactive analogs of both p38 MAPK inhibitors (SB202474!'°")
and PKC (RO 31-6045" ") also prevented nucleoside uptake, suggest that these effects are
independent of kinase inhibition and dependent on the compounds themselves. Research
is currently being directed at determining the specificity of these compounds and the
effects of protein kinase inhibitors on the pharmacological availability of clinically
important nucleoside analogs such as ARA-C and other compounds.
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