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Abstract
To identify needed human equilibrative nucleoside transporter 4 (hENT4) inhibitors, we cloned
and stably expressed the recombinant protein in PK15NTD (nucleoside transporter deficient) cells,
and, investigated its interaction with a series of dipyridamole analogues synthesized in our
laboratory. Compounds were tested in this newly established hENT4 expressing system as well in
previous stably expressed hENT1 and hENT2 expressing systems. Of the dipyridamole analogues
evaluated, about one fourth of the compounds inhibited hENT4 with higher potencies than
dipyridamole. The most potent of them, Compound 30 displayed an IC50 of 74.4 nM, making it
about 38 times more potent than dipyridamole (IC50 = 2.8 μM), and selectivities of about 80-fold
and 20-fold relative to ENT1 and ENT2, respectively. Structure-activity relationship showed
nitrogen-containing monocyclic rings and noncyclic substituents at the 4-and 8-positions of the
pyrimido[5,4-d]pyrimidine were important for the inhibitory activity against hENT4. The most
potent and selective hENT4 inhibitors tended to have a 2,6-di(N-monohydroxyethyl) substitution
on the pyrimidopyrimidine ring system. The inhibitors of hENT4 identified in this study are the
most selective and potent inhibitors of hENT4 adenosine transporter function to date, and should
serve as useful pharmacological/biochemical tools and/or potential leads for ENT4-based
therapeutics. Also, the new hENT4-expressing PK15 cell line established will serve as a useful
screening tool for the discovery and design of hENT4 ligands.
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1. Introduction
Nucleoside transporters play an important role in the disposition and physiological and
pharmacological activities of nucleosides and their analogues [1, 2]. In mammalian cells,
nucleoside transporters are subdivided into two major classes based on their energy
requirements; Na+-dependent secondary active concentrative transporters (CNTs) and Na+-
independent equilibrative transporters (ENTs) [3]. Mammalian genomes encode 4 members
of the equilibrative nucleoside transporter family that share the ability to transport adenosine
and a likely 11-transmembrane (TM) helix topology, but differ in their abilities to transport
other nucleosides and nucleobases [4]. The best-characterized family members, ENT1 and
ENT2, are cell surface proteins that can regulate adenosine signaling. hENT1 is sensitive to
the nucleoside analogue nitrobenzylmercaptopurine ribonucleoside (NBMPR), whereas
hENT2-mediated transport is only weakly inhibited by NBMPR [5, 6]. Human ENT1
(hENT1) transports a wide range of purine and pyrimidine nucleosides, but is unable to
transport the pyrimidine base uracil [7, 8]. Human ENT2 (hENT2) exhibits similar substrate
specificity to hENT1, although with a lower apparent affinity except in the case of inosine
[7]. However, it differs from hENT1 in also being able to transport purine and pyrimidine
nucleobases [8, 9]. ENT3 has been shown to be a lysosomal transporter and functions as a
pH-dependent transporter [10]. The fourth member of the ENT family was first cloned by
Wang and coworkers and found to function as a polyspecific organic cation transporter and
was designated plasma membrane monoamine transporter (PMAT) [11]. Barnes et al. later
showed that PMAT also transports adenosine at acidic pH. They reported that human and
mouse ENT4 exhibited a novel, pH-dependent adenosine transport activity optimal at acidic
pH, with apparent Km values 0.78 and 0.13 mmol/L, respectively, at pH 5.5, which was
absent at pH 7.4, and also that its cardiac abundance suggests contribution to regulation of
extracellular adenosine concentrations under ischemia conditions [12].

Several chemical classes have been shown to inhibit ENTs. Three classes of inhibitors are
most significant. These are purine nucleoside analogues of which NBMPR is the prototype,
pyrimidopyrimidine and pteridine derivatives such as dipyridamole, and flazine calcium
channel blockers represented by lidoflazine [13]. NBMPR is a potent inhibitor of hENT1
(IC50 of 0.4–8 nM) while it is a moderate inhibitor of hENT2 (IC50 of 2.8 μM) [7, 14].
Likewise, dipyridamole and dilazep inhibit hENT1 more potently (Ki values of 48 nM and
19 nM, respectively) than hENT2 (Ki values of 6.2 μM and 134μM, respectively) [15]. Both
NBMPR and dipyridamole are moderate inhibitors of hENT4 [12]. However, NBMPR and
the flazine compounds are limited for further exploration of clinical application. NBMPR
has immunosuppressive and mutagenic activities deriving from its 6-mercaptopurine
metabolite [16–18]. The flazines are nosnspecific, having calcium channel antagonist
activity, poor oral absorption and a short duration of action. [19] [13, 20].

Dipyridamole (DPM) possesses beneficial properties and broad pharmacological effects. It
is a safe drug that has been used for a long time in humans to prevent strokes and other
vascular diseases due to its antiplatelet and vasodilating activities as a nucleoside transport
inhibitor and a non-selective phosphodiesterase inhibitor [21, 22]. Dipyridamole inhibits
ENT1, ENT2 and ENT4, but blocks ENT1 better than ENT2 and only weakly inhibits
ENT4. The ENT2 inhibitory activity of DPM, which NBMPR lacks, is good but is weak and
needs improvement. We have previously reported the synthesis and flow cytometric
determination of binding to hENT1 of a series of dipyridamole analogs [23]; and
subsequently developed an hENT1 fluorescent flow cytometric probe with one of them as
template [24]. In this study, we focused attention on hENT4, which is a recently
characterized adenosine-specific transporter but has no potent and/or selective
pharmacological inhibitors [12]. Thus, we cloned and stably expressed hENT4 in PK15NTD
cells. This new hENT4 expressing PK15 cell line, along with previously expressed hENT1
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and hENT2 PK15 cell systems, were then used to test the library of dipyridamole analogues
we synthesized [23], to identify new potent and selective inhibitors of hENT4 relative to
hENT1 and hENT2.

2. Materials and Methods
2.1. Materials

pCMV-3tag-1 mammalian expression vector and pfu DNA polymerase were purchased from
Stratagene (La Jolla, CA). Restriction enzymes were obtained from New England Biolabs
(Ipswich, MA). The transfection reagent, Lipofectamine 2000, was purchased from
Invitrogen (Carlsbad, CA). FLAG antibody was obtained from Sigma-Aldrich (St. Louis,
MO), and species-specific horseradish-peroxidase secondary antibody was from Santa Cruz
(Santa Cruz, CA). ECL was purchase from Amersham Biosciences (Piscataway, NJ).
[5-3H]Uridine (1 mCi/ml, 27.0 Ci/mmol) was supplied by GE Healthcare (Piscataway, NJ).
All reagents were of either molecular biology or cell culture-tested grade.

2.2. Chemicals
All dipyridamole derivatives were synthesized in our laboratory [23]. Other compounds
were purchased from Sigma-Aldrich (St. Louis, MO).

2.3. Cell Culture
Human umbilical vein endothelial cells (HUVECs) were purchased from American Type
Culture Collections (ATCC) (Manassas, VA). Cells were maintained in Ham’s F12K
medium (ATCC, Manassas, VA) with 0.1mg/ml heparin, 0.03mg/ml ECGs and 10% fetal
bovine serum (Invitrogen, Grand Island, NY) at 37°C in a humidified atmosphere of a
mixture of 5% CO2 and 95% air. The flask for growing cells was precoated with 0.1%
gelatin at room temperature for 5–10 min. Porcine kidney tubular epithelium nucleoside
transporter deficient (PK15NTD) cells and PK15 cells stably expressing hENT1 and hENT2
were kindly donated by Dr. Chung-Ming Tse (The Johns Hopkins University, Baltimore,
MD). Cells were maintained in Eagle’s minimal essential medium/Earle’s Balanced Salt
Solution with 0.1 mM nonessential amino acids, 1 mM sodium pyruvate (ATCC, Manassas,
VA) and 10% fetal bovine serum (Invitrogen, Grand Island, NY).

2.4. Cloning of hENT4
Full-length hENT4 cDNA (GenBank accession number BK000627) was obtained from
HUVECs by reverse transcription polymerase chain reaction (RT-PCR). Total RNA was
isolated using Trizol reagent (Invitrogen, Carlsbad, CA). The cDNA was synthesized from
total RNA using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). PCR
amplification was performed using primers flanking the hENT4 open reading frame with
BamHI (sense) and SalI (Antisense) restriction sites (sense: 5′-
ATAGGATCCCGAGCAGAGGCTGCCATG -3′, antisense: 5′-
TATGTCGACCTCGGAGGACTTTGCAGAAC-3′). The PCR sample (50 ul) contained 2ul
of cDNA template, 2.5 U of pfu DNA polymerase, 0.2 mM of dNTP and 25 pmol of both
sense and antisense primers. The PCR first amplification cycle was performed at 95 °C for 5
min; this was followed by 29 cycles at 94 °C for 45 sec, 52 °C for 45 sec and 72 °C for 3.5
min; and a last PCR cycle at 72 °C for 10 min to generate a product of approximately 1.6 kb.
The PCR product was cloned into the mammalian expression vector pCMV tagged with
flag, pCMV-3flag-1A. A positive clone was confirmed by colony PCR and restriction
analysis, and was subjected to DNA sequencing (Molecular Resource Center, University of
Tennessee Health Science Center, Memphis, TN).
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2.5. Selection of PK15 Cells Stably Expressing hENT4
To generate hENT4 stable transfectants, 6×105 cells/well were seeded in six-well plates in
modified minimal Eagle’s medium one day before transfection, which allowed them to reach
about 95% confluence. The pCMV/hENT4 expression construct was transfected into
PK15NTD cells using Lipofectamine 2000 according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). Cells were transferred into a 100mm dish at 1:10 dilution in
growth medium containing G418 (Invitrogen, Grand Island, NY) 48 hours after transfection.
After selection for three weeks, cell colonies were picked up using cloning cylinders and
screened by the successful reconstitution of [3H]adenosine uptake at acidic pH.

2.6. Preparation of Whole Cell Lysates and Western Blot Analysis
Total protein was extracted from hENT4 transfected cells by lysis in ice-cold RIPA buffer
containing protease inhibitor cocktail (Santa Cruz, Santa Cruz, CA). Protein concentration
was determined according to the method of BCA Protein Assay (Thermo Fisher Scientific,
Rockford, IL) using bovine serum albumin as a standard. Proteins were separated on 10%
SDS-polyacrylamide gels and transferred to a polyvinylidenedifluoride (PVDF) membrane
(Bio-Rad, Hercules, CA). After blocking in TBST (0.1% Tween 20, Tris-buffered saline)
containing 5% non-fat dry milk, membranes were incubated in blocking buffer containing
mouse FLAG monoclonal antibody overnight at 4°C. The membranes were then washed
three times with TBST, incubated with TBST containing anti-mouse horseradish-peroxidase
secondary antibody, washed with TBST and detected by enhanced chemiluminescence.

2.7. [3H]Nucleoside Uptake and Inhibition Assay
All uptake assays were carried out in triplicate. Transport activity of cells transiently
transfected with hENT4 was examined with [3H]adenosine. Transfected cells were washed
twice with sodium-free buffer (choline chloride 120 mM, Tris-HCl 20 mM, K2HPO4 3mM,
Glucose 10mM, MgCl2 1mM, CaCl2 1mM, pH 7.4) and incubated with transport medium
containing 120 mmol/L sodium chloride at pH 6.0 for 30 min. Then 1 μM [3H]adenosine in
transport buffer was added to each well and incubated for 15 min. pH dependence was
examined by [3H]adenosine uptake at pH 5.5, 6.0, 7.4, and 8.0, and compared with
[3H]uridine uptake. For transporter inhibition assays, PK15/hENT4 cells (PK15 cells stably
expressing hENT4) were incubated with transport buffer containing test compounds at pH
6.0 for 15 min before addition of 0.2 μM [3H]adenosine, and then further incubation for 2
min. PK15/hENT1 and PK15/hENT2 cells were also incubated in sodium-free buffer (pH
7.4) with test compounds for 15 min, followed by 2 min incubation with 0.2μM [3H]uridine
in sodium-free buffer (pH 7.4). Uptake was terminated by rapidly aspirating the incubation
mixture and washing cells three times with ice-cold PBS. The cells were solubilized
overnight in 400 μl of 5% Triton X-100 and 200 μl of cell lysate was counted using a
scintillation counter (Beckman LS 3801, Fullerton, CA). Protein concentration in the cell
lysate was determined using the BCA protein assay kit (Pierce, Rockford, IL). The
concentrations of test compounds that caused 50 % inhibition of [3H]nucleoside uptake
(IC50) were calculated using a nonlinear fitting method in the Prism 4 program (Version 4,
GraphPad, San Diego, CA).

2.8. MTT Assay for Cell Viability
PK15-hENT4 cells were trypsinized, pelleted, and resuspended in 1 X MEM medium
(ATCC, Manassas, VA). In 96-well plates, 100 μl 1 X MEM containing 5 × 103 cells were
seeded in each well. Cells were incubated for 24 hrs and then treated with 10 μM of
camptothecin, dipyridamole, compound 30 or vehicle, DMSO, in 100 μL of phenol-free 1 X
MEM ((ATCC, Manassas, VA) for 24 hours. Subsequently, 10 μL of 5 mg/ml
methylthiazolyldiphenyl-tetrazolium bromide (MTT) in PBS was added to each well, and
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then incubated for 4 hrs at 37°C. The yellow MTT was reduced to purple formazan in the
mitochondria of living cells (cell viability). Following incubation, 100 μL of 0.04 N HCl in
isopropanol was added for 3 hours at room temperature to solubilize the formazan crystals.
The absorbance was quantified at 570 nm using a microplate reader (SpectraMax M2,
Molecular Devices).

2.8. Data analysis
GraphPad Prism 5.0 was used for graphing and statistical analysis. Nucleoside uptake data
are expressed as means ± S.E. for triplicate estimates of individual experiments (n=3).
Statistical significance was determined by Student’s t test analysis, and a p<0.05 was
considered statistically significant.

3. Results
3.1. Expression of Recombinant hENT4 in PK15NTD Cells

The full length hENT4 cDNA was cloned into the mammalian expression vector
pCMV-3flag-1A. Our cDNA clone had an identical amino acid sequence with the 530-
residue of hENT4 in the Genbank. The recombinant hENT4 was transiently expressed in
PK15NTD cells, and the expression of hENT4 tagged with flag was verified by western
blotting using FLAG antibody. An approximately 55 kDa protein, consistent with the
predicted molecular mass of hENT4, was detected in the cells with recombinant hENT4 and
not in the empty vector and cell controls (Fig. 1).

3.2. Stable expression and functional characterization of hENT4
After transfection and selection of recombinant hENT4, cell colonies were screened for the
successful reconstitution of [3H]adenosine uptake at acidic pH. The pH dependence of
adenosine transport and specificity of hENT4 are in agreement with the literature [12].
hENT4 mediated adenosine transport, but not much of uridine transport. hENT4 activity of
adenosine transport exhibited high sensitivity to pH, with much greater activity at acidic pH
(pH 5.5 and 6.0) than pH 7.4 and 8.0, with optimal activity at approximately pH 6.0 (Fig. 2).

3.3. Identification and IC50 determination of dipyridamole analogue inhibitors against
hENT1, hENT2 and hENT4

Having established the stable recombinant hENT4-expressing new transgenic cells, we used
them along with previously established hENT1 and hENT2-expressing PK15 cells supplied
to us by Dr. Chung-Ming Tse of Johns Hopkins University [7] to screen a series of
dipyridamole analogues listed in Table 1–4. The initial screening results are presented in
Figure 3. Following the initial screening, we have performed dose-response inhibition
testing of selected compounds to obtain quantitative data in the form of IC50 values to use to
compare the potencies and selectivities of the compounds as presented in Table 1–4. IC50
values of the compounds with very low activities or low solubility were not determined
(showed as N.D. in Table 1–4). Dose response curves for the most potent and selective
compounds against hENT4 are shown in Fig. 4. The compounds exhibited wide ranging
inhibitory potencies and selectivities and most of them are more active against hENT1 than
hENT2 and hENT4 (Fig. 3). Compounds 2, 11, 13, 15, 52, 64, 66, 74 and 79 inhibited
hENT1 with IC50s less than 100 nM. Compounds 2, 11, 13, 17, 74and 79 were active
against hENT2, with compound 13 (2,6-bis(diethanolamino)-4,8-diheptamethyleneimino-
pyrimido[5,4d]pyrimidine) being the most potent inhibitor of both hENT1 and hENT2 with
IC50 values of 0.97 nM and 90.8 nM, respectively. Compound 11, 12, 14, 16, 18, 19, 20, 25,
26, 28, 30, 52, 54, 56 and 58 showed significant activity against hENT4 with IC50 values
less than 1000 nM. In fact, about one fourth of the compounds inhibited hENT4 with higher
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potencies than dipyridamole; and the most potent and selective hENT4 inhibitor was 2,6-
diethanolamino-4,8-di-(diisobutylamino)-pyrimido[5,4-d]pyrimidine (compound 30, IC50 =
74.4 nM), which was approximately 38-fold more potent than dipyridamole (IC50 = 2,797
nM). All DPM analogues had the core structure of 2,4,6,8-tetra-substituted-pyrimido[5,4-
d]pyrimidine, and maintained a symmetric feature as in the case of dipyridamole, with the
exception of compound 8, which had two different substituents at the 4-, and 8-positions of
the core pyrimidopyrimidine structure. Compounds listed in Table 1 are dipyridamole
analogues with ring structures at the 4- and 8-positions of the pyrimidopyrimidine template;
compounds listed in Table 2 are analogues with non-cyclic tertiary amines at the
pyrimidopyrimidine 4- and 8-positions; compounds listed in Table 3 have primary or
secondary amine substituents at the 4-and 8-positions of the core structure. Compounds
listed in Table 4 are derivatives of dipyridamole [23].

Compound 30 shows no cytotoxicity against PK15/hENT4 cells
To check whether the inhibition of hENT4 transporter was not due to the effect of
cytotoxicity of the compound against PK15/hENT4 cells, we run an MTT assay to
determine the effect of compound 30 on the viability of the cells. We compared it with the
known cytotoxic agent camptothecin and also the dipyridamole. As shown in Fig. 5, the
compound was significantly different from camptothecin in terms of effect on cell viability
(p < 0.02). This indicates that the inhibitory effect of compound 30 against hENT4 transport
function was not due to a compromise in cell viability but a true inhibition of the transporter
in healthy and completely viable cells.

4. Discussion
In vitro studies have demonstrated that nucleoside transporters are necessary for many anti-
cancer nucleoside analogues to enter cells. Antitumor nucleosides are well known to be
good substrates of ENTs, and the expression of these transporters has been shown to
influence the sensitivity to antitumor nucleosides [24–29]. Hence, selective inhibition of
ENTs may represent a means of improving the antitumor efficacy of nucleoside drugs, in
particular if these are taken up into cells by concentrative nucleoside transporters; to prevent
transport out of cells as a recent example shows [30]. ENT inhibitors, by virtue of their
effect on extracellular adenosine concentrations, can also modulate a variety of
physiological processes, potentially leading to therapeutic benefits. For example, by
inhibiting nucleoside uptake into endothelial and other cells the coronary vasodilator
draflazine substantially increases and prolongs the cardiovascular effects of adenosine [31].
The beneficial effects of administering the ENT inhibitor dipyridamole during percutaneous
transluminal coronary angioplasty in humans are likely to have a similar origin [32].
Transport inhibitors are also potentially of value in the context of ischaemic neuronal injury:
pre-ischaemic administration of the pro-drug NBMPR-phosphate has been shown to
increase brain adenosine levels and reduce ischaemia-induced loss of hippocampal CA1
neurons in the rat [33]. ENT4 expression is abundant in heart and adenosine transport pH-
dependency suggests a contribution to the regulation of extracellular adenosine
concentrations during myocardial ischemia. Hence, ENT4 represents a potential novel
therapeutic target for coronary heart disease. Furthermore, a recent study has shown that
ENT4 is transcriptionally activated by the chimeric transcription factor, EWS/WT1
expressed in desmoplastic small round cell tumor (DSRCT, [34]). ENT4 is thus a biomarker
and potential diagnostic/therapeutic target for this difficult to treat cancer. The expression
level and pattern of the ENTs are important determinants of the therapeutic efficacy of
anticancer nucleoside analogs, suggesting that this transporter may represent an attractive
pathway for targeting chemotherapeutic drugs into DSRCT. Inhibitors are acutely lacking
for ENT4, thus hindering studies of the physiological functions and targeting for therapeutic

Wang et al. Page 6

Biochem Pharmacol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



purposes. Therefore, it is urgent to identify potent and selective ENT4 inhibitors. DPM has
better properties for therapeutic development than NBMPR and the flazine compounds [35,
36], and has been shown to have the potential to enhance the efficacy of antimetabolites and
reduce the doses of chemotherapeutic drugs and therefore the side effects of chemotherapy
[37–39]. Since DPM has been shown to inhibit hENT4, albeit weakly, we envisaged that
some of its analogs may possess more potent activity than the parent, and also by testing a
series of 73 analogues we hoped to establish a useful SAR to guide future design of selective
inhibitors of hENT4. Indeed, fortunately, we identified more potent and selective inhibitors
of hENT4 than DPM.

In this study we have identified the first potent and selective inhibitors of hENT4, the best of
which is compound 30 with an IC50 of 74 nM, i.e. 38 times more potent than dipyridamole
(IC50 = 2,797 nM), and selectivities of about 80-fold and 20-fold relative to ENT1 and
ENT2, respectively. In addition, of the 73 dipyridamole analogues evaluated against hENT4,
50 compounds were found to inhibit hENT4 with moderate to high potency (≥30%). In
addition to compound 30, compounds 18, 26 and 71 are also selective inhibitors of hENT4
relative to hENT1 and hENT2.

For substituents at the 4- and 8-positions of the pyrimido[5,4-d]pyrimidine bicyclic system,
nitrogen-containing cyclic ring structures gave analogues with better inhibitory activities
against hENT4 than dipyridamole, as represented by compounds 11–20. The acyclic amine
substituted analogues (compounds 21–38) were more active than their cyclic counterparts,
which is different from their inhibitory activity SARs for hENT1 and hENT2. Of this set, the
2-, and 6-position N-(monohydroxyethyl)-substituted analogues were more potent than the
2-, and 6-position N-(dihydroxyethyl)-substituted counterparts against hENT4. Increasing
the carbon chain length of the 4- and 8-postion substituents also resulted in higher inhibitory
activities. The best hENT4 inhibitor was compound 30, which has a diisobutylamino
substituent at the 4 and 8 positions and N-(monohydroxyethyl) substitution at the 2 and 6
positions.

In this study, the IC50s of NBMPR and dipyridamole against ENT1 and ENT2 are in
agreement with the literature [40, 41]. Of the 2- and 6-position substituted dipyridamole
analogues (compounds 72–79), compound 73, which has an N-(dihydroxyethyl) group at the
2 and 6 positions locked into a morpholino ring, had little activity, which indicates that this
modification is detrimental to hENT4 inhibitory activity. Esterification of the dipyridamole
OH groups (compounds 74 and 75) afforded relatively low activity against hENT4
compared to dipyridamole, as did ether modification of the OH groups (compounds 77 and
78). This indicates that free OH groups may be preferred, and possibly are involved in
hydrogen bond donor interactions at the hENT4 inhibitor binding site. However, decreasing
the carbon chain length of the ether (going from compound 78 to compound 76), increased
inhibitory activity, with IC50 values going from 13, 9637 nM for compound 78 to 1, 820 nM
for compound 76.

Among the three plasma membrane ENTs (1, 2 1 and 3) examined, dipyridamole analogues
showed the best inhibitory activities against hENT1. Compounds with N-(di-hydroxyethyl)
substituents at the 2 and 6 positions (Type A in Tables 1–3) were much more potent than the
corresponding N-(monohydroxyethyl) substituted analogues (Type B in Tables 1–3) against
hENT1. Also for ENT1, substituents at the 4 and 8 positions consisting of nitrogen-
containing ring structures usually gave analogues with good inhibitory activities. Compound
13, the best inhibitor of hENT1 with the ring size of eight, exhibited similar inhibitory
activity (IC50 = 0.97nM) as NBMPR (IC50 = 0.65 nM). Analogues which contain a primary
or secondary amine at the 4 and 8 positions (compounds 39–71) and 2 and 6 positions
modified dipyridamole analogues (compounds 72–79) had lower inhibitory activities than
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dipyridamole in general against hENT1. These results are consistent with our previous study
of the hENT1 binding affinity for these dipyridamole analogues evaluated by flow
cytometry [23]. In that study, hENT1 had the highest affinity for compound 13. In the
present study, compound 13 exhibits about 100 times and 400 times selectivity with regard
to hENT2 and hENT4, respectively, relative to hENT1. In addition, compounds 42, 64, 73
and 77 also showed selectivity towards ENT1, albeit less potent than compound 13.
Compound 13 was also the best hENT2 inhibitor with an IC50 of 90.8 nM, which makes it
over 3 times more potent than dipyridamole, which is the most widely used ENT2 inhibitor
known hitherto. Compound 11, which has a seven-membered nitrogen containing ring
substituents at the 4 and 8 positions was the second most potent hENT1 and hENT2
inhibitory compound with IC50 values of 11.1 nM and 117 nM, respectively. The SAR
insights obtained from this study can be utilized in designing new potent and selective
ENT1, 2 and 4 inhibitors and for modeling selective pharmacophores for these transporters.
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Fig. 1.
Immunoblotting detection of recombinant hENT4 in PK15NTD cells. PK15NTD cells were
transiently transfected with either pCMV-3tag-1A (empty vector) or pCMV-3tag-1A/
hENT4. Cell lysates were analyzed by Western blotting using FLAG antibody (A1). The
blot was reprobed with β-actin for normalization (A2). The quantification of the Western
blots are shown in B datapoints are mean + S.EM. for two blots. * = (p< 0.05); ** = (p <01)

Wang et al. Page 11

Biochem Pharmacol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Adenosine specificity of hENT4 and pH-dependence of transport activity of stably
expressed recombinant hENT4 in PK15NTD cells. pH dependence was examined at variable
pH by [3H]adenosine uptake compared with [3H]uridine uptake. Data points are the mean
±S.D. for 3 samples.
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Fig. 3.
Inhibition profiles of dipyridamole derivatives against hENT1-, hENT2- or hENT4-
mediated nucleoside uptake. The uptake of [3H]-labeled nucleoside was determined after
incubation with 10 μM test compounds for 15 min. Uptake values in the presence of
compounds are given as the percentage of uptake values in their absence. Data points are the
mean ±S.D. for 3 determinations.
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Fig. 4.
Concentration-dependent inhibition of hENT4 adenosine transport by the most potent
dipyridamole analogues. Graded concentrations of test compounds were incubated with cells
for 15 min prior to addition of [3H]adenosine for an uptake period of 2 min. Data are
presented as percent inhibition relative to vehicle control (mean ± S.D.; n = 3). Compounds
shown are the ones with IC50s ≤ 200 nM for hENT4.
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Fig. 5.
Cell viability testing by MTT assay. PK15/hENT cells were seeded at 5 × 103 cells were
seeded in 96-well plates, treated with 10 μM test compounds or control and incubated at 37
°C in phenol-free MEM for 24 hours. Subsequently, 10 μl of 5 mg/ml
methylthiazolyldiphenyl-tetrazolium bromide (MTT) in PBS was added to each well, and
then incubated for 4 hrs at 37°C. Following incubation, 100 μl of 0.04N HCl in isopropanol
was added for 3 hours at room temperature to solubilize the formazan produced. The
absorbance was quantified at 570 nm using a microplate reader (SpectraMax M2, Molecular
Devices). Data are mean ± S.E.M for 4 replicates. * = (p<0.05). Compared to the cytotoxic
agent camptothecin, compound 30 was significantly non-cytotoxic at p < 0.02.
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Table 4

hENT1, 2 and 4 Inhibitory Activity of Dipyridamole Analogues with modification at hydroxyl groups of
dipyridamole

Comp. (WL) R3 hENT1 IC50 (nM) hENT2 IC50 (nM) hENT4 IC50 (nM)

72 OCH2CH2OH 289.6 1,785 -

73 1,638 N.D. N. D.

74 N(CH2CH2OOCH)2 69.1 532 N. D.

75 N(CH2CH2OOCCH3)2 238 708 14125

76 N(CH2CH2OCH3)2 207.7 1,470 1820

77 N(CH2CH2OCH2CH3)2 767.7 N.D. 29854

78 N(CH2CH2OCH2CH2CH3)2 N.D. N.D. 139637

79 67.5 175 N. D.
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*
Compound 8
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