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Abstract

As ENT inhibitors including dilazep have shown efficacy improving oHSV1 targeted oncolytic 

cancer therapy, a series of dilazep analogues was synthesized and biologically evaluated to 

examine both ENT1 and ENT2 inhibition. The central diamine core, alkyl chains, ester linkage 

and substituents on the phenyl ring were all varied. Compounds were screened against ENT1 and 

ENT2 using a radio-ligand cell-based assay. Dilazep and analogues with minor structural changes 

are potent and selective ENT1 inhibitors. No selective ENT2 inhibitors were found, although some 

analogues were more potent against ENT2 than the parent dilazep.
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Nucleoside transporters are trans-membrane proteins that facilitate the movement of 

nucleosides, nucleobases, and their analogues across the cell membrane. There are two 

families of transporters belonging to the solute carrier class of proteins, concentrative 

nucleoside transporters (CNTs) and equilibrative nucleoside transporters (ENTs).1 Both 

ENTs and CNTs play a vital role in regulating the levels of nucleosides and nucleobases 

within the cell and interstitial space as these highly polar molecules cannot passively diffuse 

across cellular membranes.2, 3 Substrate specificity,4 expression levels, and location of 

expression vary between the two families of transporters and among the isoforms within 

each class,5 enabling the design of potent and selective inhibitors. Within the equilibrative 

family, there are four known isoforms in humans: hENT1, hENT2, hENT3, and hENT4.6 

Human ENT3 is an intracellular transporter and hENT4 has limited expression, functioning 

as an adenosine transporter only under acidic conditions,7 whereas hENT1 and hENT2 are 

widely expressed throughout the body.6

While hENT1 and hENT2 share greater than 75% sequence identity to their rodent 

homologues, the human isoforms are only 46% related.7 Both hENT1 and hENT2 have 

broad permeant selectivity, transporting both pyrimidine and purine nucleosides, but hENT2 

transports nucleobases as well and is insensitive to the nucleoside transport inhibitor S-(4-

nitrobenzyl)-6-thioinosine (NBMPR).6 Likewise, hENT1 and hENT2 possess different Ki 

values with regard to dipyridamole and dilazep, two potent nucleoside transporter inhibitors 

which are also approved pharmacologic agents (Figure 1).8 For each of these inhibitors, 

hENT1 shows a significantly greater sensitivity to inhibition.

There are a number of potential therapeutic uses for nucleoside transporter inhibitors. 

Studies have shown a correlation between nucleoside transporter inhibition, specifically 

hENT1, and reduction in cellular damage from acute ischemia via effects on tissue 

adenosine levels.10 Cancer chemotherapy is another area of potential therapeutic application, 

especially as a number of current drugs are transported by nucleoside transporters.11 The 

current study was prompted as a result of a collaborative project, which showed that ENT 

inhibitors potentiated the activity of oncolytic herpes simplex I virus (oHSV1) in killing 

cancer cells.12 Oncolytic viruses are a treatment that selectively targets cancer cells. 

Genetically engineered viral vectors spare normal cells, mitigating collateral damage from 

normal cancer chemotherapy. However, because oHSV1 has limited replication and spread 

to neighboring cancer cells, its potential uses have been limited.13 Prior work showed that 

the efficacy of oHSV1 treatment could be improved with the addition of appropriate 

pharmaceuticals.14 A high-throughput screen identified dipyridamole and dilazep, two FDA-

approved drugs that are ENT1 and ENT2 inhibitors (Figure 1), as efficacious molecules for 

increasing the activity of oHSV1.12 The two drugs are both anti-platelet drugs that act 

through phosphodiesterase (PDE) and protein kinase (PK) inhibition. However, experiments 

indicated that the mechanism of action for oHSV1 activity improvement did not involve 

these mechanisms, but rather directly involved hENT1 inhibition, as NBMPR (Figure 1), a 
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known potent ENT1 inhibitor demonstrated similar results, while PDE and PK inhibitors did 

not.13 While both drugs are potent hENT1 inhibitors, at therapeutic levels hENT2 inhibition 

may occur. To advance our understanding of how nucleoside transporter inhibitors can 

improve oHSV1 or other similar therapies, potent selective inhibitors are needed. As such, 

dilazep was used as a starting point to synthesize analogues to explore the structure-activity 

relationship (SAR) with respect to ENT1 and ENT2 selectivity.

Dilazep (DZ) analogues were synthesized by varying the substituents on the phenyl rings, 

the functional group connecting them to alkyl linkers of varying length, and the central 

cyclic diamine. Three bromoalkyl 3,4,5-trimethoxyphenyl esters were treated with various 

cyclic diamines to make symmetric compounds (Scheme 1). Attempts to make the acyclic 

analogue by treating 1 with N,N′-dimethylethylene diamine were unsuccessful.

Unsymmetric analogues were prepared. Alkylation of mono t-BOC-homopiperazine with 

bromoester A followed by TFA deprotection produced compound 12 which was alkylated 

with bromoester B or C to give compounds 13 and 14, respectively (Scheme 2). Compound 

12 was acylated to give compounds 15 and 16, respectively. Lower molecular weight 

analogues were prepared by treating A and B with either methyl- or benzylhomopiperazine, 

methylpiperazine, pyrrolidine, and morpholine.

Analogues were next prepared removing one, two, or all three methoxy groups from the 

phenyl rings, and by adding an electron withdrawing fluorine substituent (Scheme 3).

The ester groups of dilazep were replaced with an ether, amide, or heterocycle. 3-Bromo-1-

propanol was alkylated with 3,4,5-trimethoxybenzyl chloride and the ether product was 

treated with homopiperazine to yield 38 (Scheme 4). Bis-alkylation of homopiperazine with 

3-azido-1-bromopropane followed by Staudinger reduction gave diamine 39. Treating the 

diamine with 3,4,5-trimethoxybenzyl chloride failed to cleanly produce the desired amino-

linked compound, but treatment of the bis-amine with 3,4,5-trimethoxy benzoyl chloride or 

acetic anhydride gave the desired bis-amides 40 and 41 respectively (Scheme 5). Copper 

catalyzed cycloaddition of the bis-azide intermediate with 3,4,5-trimethoxyphenyl acetylene 

gave the heterocyclic linked analogue 42.

Compounds were tested in duplicate at 10 μM in a forty-eight well plate cell-based radio-

ligand uptake assay, using previously established transgenic PK15NTD porcine cells 

expressing individual recombinant human (h) ENT,13 and H9c2 rat cells expressing native 

rENT2, using dilazep, dipyramidole and NBMPR as reference compounds (Figures 2–3). 

For the rat cells, rENT1 was inhibited with 100 nM NBMPR prior to addition of compounds 

to avoid participation of the low level ENT1 expressed by these cells. Decreased uptake of 

the 3H[5-]uridine indicated a “hit” and was confirmed by repeating the assay with seven 

concentrations serially diluted over at least four log units in order to establish dose-response 

curves (Table 4). These assays were run in triplicate. Ten compounds were tested in dose-

response assays against ENT1, five of these were also tested for dose-response (Table 4) 

against rENT2 based upon their activity at 10 μM.

Dilazep and close analogues are potent hENT1 inhibitors (IC50 < 100 nM) with little or no 

activity against rENT2. The central homopiperazine ring can be replaced with a piperazine, 
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or methyl-substitued piperazine. The alkyl chains can be extended or shortened by one 

carbon with little change in potency. When the ester bonds of DZ were replaced with an 

ether or heterocycle, hENT1 activity was diminished, but activity was observed with the 

corresponding amide (40). Compounds with the 3,4,5-(OMe)3 substituted phenyl rings 

displayed activity (Figure 4), though two of these groups are not required based upon the 

activities of 15 and 20.

No potent rENT2 inhibitors were found, though compounds 3 and 5 have IC50s ca. 1 μM. 

Selected compounds demonstrating activity against rENT2 were cross-screened against 

hENT2 (Figure 5). Only minor differences in activities were observed between the two 

assays with the compounds tested.

Given these results, the activity previously reported on the efficacy of oHSV1 treatment in 

the presence of dilazep is most likely due solely to ENT1 and not ENT2 inhibition.12 Further 

studies with oHSV1 and the compounds described here support this hypothesis, results of 

these studies will be reported shortly. Other chemical scaffolds will need to be explored to 

discover potent and selective inhibitors of ENT2 to ascertain more about the role and 

importance of this transporter. oHSV therapy of cancer has now advanced to phase 3 clinical 

trials.15 There is an urgent need to evaluate and utilize therapeutics that will enhance oHSV 

efficacy. Further studies of dilazap analogues should be considered in appropriate animal 

cancer models with the aim of progressing to clinical trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Inhibitors of ENT1 and ENT2
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Figure 2. 
10μM Screen of dilazep analogues 1–21. Data presented as average percent relative uptake 

to control untreated cells. Error bars are the standard deviation from the mean.
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Figure 3. 
10 μM Screen of dilazep analogues 22–42. Data presented as average percent relative uptake 

to control untreated cells. Error bars are the standard deviation from the mean.
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Figure 4. 
Structures of hENT1 active compounds (Ar = 3,4,5-(OMe)3Ph)
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Figure 5. 
Species comparison of hENT2 and rENT2 screening data. Data presented as average percent 

relative uptake to control untreated cells for duplicate wells.

Playa et al. Page 10

Bioorg Med Chem Lett. Author manuscript; available in PMC 2017 November 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Synthesis of symmetrical dilazep analogues
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Scheme 2. 
Synthesis of unsymmetrical analogues
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Scheme 3. 
Substitutions on phenyl rings
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Scheme 4. 
Synthesis of dilazep ether analogue
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Scheme 5. 
Synthesis of dilazep amide and heterocyclic analogue
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Table 1

Scheme 1 Analogues

Compound n Diamine

DZ 1 Homopiperazine

1 0 Homopiperazine

2 2 Homopiperazine

3 0 Piperazine

4 1 Piperazine

5 2 Piperazine

6 1 2,5-Dimethylpiperazine (±)

7 2 2,5-Dimethylpiperazine (±)

8 1 2,2-Dimethylpiperazine

9 2 2,2-Dimethylpiperazine

10 1 2,5-Diazabicyclo[2.2.2]octane (±)

11 2 2,5-Diazabicyclo[2.2.2]octane (±)
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Table 2

Scheme 2 Analogues

Compound n Amine

17 0 N-Methylhomopiperazine

18 1 N-Methylhomopiperazine

19 0 N-Benzylhomopiperazine

20 1 N-Benzylhomopiperazine

21 0 N-Methylpiperazine

22 1 N-Methylpiperazine

23 0 Pyrrolidine

24 1 Pyrrolidine

25 0 Morpholine

26 1 Morpholine
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Table 3

Scheme 3 Analogues

Compound n m Diamine X

27 1 2 Homopiperazine H

28 1 1 Piperazine H

29 0 2 Homopiperazine 4-OMe

30 1 2 Homopiperazine 4-OMe

31 1 1 Piperazine 4-OMe

32 0 1 Piperazine 4-OMe

33 0 2 Homopiperazine 3,5-(OMe)2

34 1 1 Piperazine 3,5-(OMe)2

35 1 1 Piperazine 3,5-(OMe)2

36 1 2 Homopiperazine 4-F

37 1 1 Piperazine 4-F
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Table 4

Selected IC50s with 95% CI of dilazep analogues

Compound
hENT1 IC50 [nM]

(95% CI)
rENT2 IC50 [nM]

(95% CI)

DZ 17.5
(9.4–33.8)

8 800
(2070–37300)

3 2.8
(1.6–4.7)

977
(598–1690)

4 66.1
(35.7–122)

1310
(898–1910)

5 17.7
(12.8–25.7)

1080
(643–1800)

7 3.2
(1.7–6.2)

1490
(843–2630)

8 31.0
(13.4–71.7) NAa

13 4.6
(2.5–8.6) NA

15 803
(503–1280) NA

20 217
(112–419) NA

40 93.9
(27.9–316) NA

a
NA = Insignificant rENT2 inhibitory activity
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