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Abstract

The Notch signaling pathway is involved in cell proliferation and differentiation, and has been 

recognized as an active pathway in regenerating tissue and cancerous cells. Notch signaling 

inhibition is considered a viable approach to the treatment of a variety of conditions including 

colorectal cancer, pancreatic cancer, breast cancer and metastatic melanoma. The discovery that 

the b-annulated dihydropyridine FLI-06 (1) is an inhibitor of the Notch pathway with an EC50 ≈ 
2.5μM prompted us to screen a library of related analogs. After structure activity studies were 

conducted, racemic compound 7 was identified with an EC50 = 0.36 μM. Synthesis of individual 

enantiomers provided (+)-7 enantiomer with an EC50 = 0.13 μM, or about 20-fold the potency of 
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conditions including colorectal cancer, pancreatic cancer, breast cancer and metastatic 

melanoma. The discovery that the b-annulated dihydropyridine FLI-06 (1) is an inhibitor of 

the Notch pathway with an EC50 ≈ 2.5μM prompted us to screen a library of related analogs. 

After structure activity studies were conducted, racemic compound 7 was identified with an 

EC50 = 0.36 μM. Synthesis of individual enantiomers provided (+)-7 enantiomer with an 

EC50 = 0.13 μM, or about 20-fold the potency of 1.

The Notch pathway plays a role in cell fate during development by regulating processes such 

as proliferation, differentiation and apoptosis1,2. In the adult, the Notch pathway is limited to 

small populations of cells in regenerating tissues3,4. In many cancers, the Notch cascade is 

reactivated5, playing a significant role in metastasis and resistance to chemotherapy6,7,8,9. In 

mammals, Notch ligands (i.e., Jagged1, Jagged2, Delta-like 1, Delta-like 3, or Delta-like 4) 

interact with one of four (i.e., Notch1-Notch4) Notch receptors of an adjacent cell. The 

receptor-ligand interaction leads to proteolytic cleavage, including cleavage by γ-secretase 

in the transmembrane domain releasing the Notch intracellular domain (NICD) into the 

cytoplasm. Translocation of NICD into the nucleus and combination with RBP-J (a DNA 

binding protein also known as CSL) and coactivators induces transcription of target genes.

Because defects in Notch signaling underlie numerous pathologies, therapeutic intervention 

has been attempted with γ-secretase inhibitors (GSIs) that block the proteolytic activation of 

Notch10,11,12 . At issue with GSIs is their inherent non-selectivity and off-target effects that 

have led to the abandonment of the approach in a variety of studies. For example, a clinical 

trial for Alzheimer’s disease with the GSI Semagacestat was halted early because of 

undesirable but probably on-target effects of the GSI13.

The dihydropyridine 1 (i.e., FLI-0614) is a Notch inhibitor that works in the intracellular 

space by a mechanism different from that of secretases. FLI-06 was postulated to inhibit 

general secretion at a step before exit from the endoplasmic reticulum (ER), making it the 

first in a new class of Notch signaling inhibitors that act at an early stage of the secretory 

traffic. These results prompted us to evaluate a proprietary library of dihydropyridines15 in a 

Notch assay. Several potent Notch inhibitors emerged from this study. Further, one candidate 

was synthesized in enantioselective form and excellent enantioselectivity (i.e., 20-fold) of 

Notch inhibition was observed. Herein, we report on the first enantioselective Notch 

inhibitor. In addition, enantiomerically pure compound 7 (i.e., (+)-7), FLI-06 and DAPM 

were examined as anti-proliferative agents in a model of colon cancer. Compound (+)-7 
potently inhibited proliferation of colon cancer cells, in vitro.

The b-annulated dihydropyridine FLI-06 (i.e., 1, Figure 1) was found to decrease 

endogenous Notch signaling in vitro and to cause unique phenotypic effects in vivo. Because 

we had previously identified the structurally related ITD-115 (i.e., 2, Figure 1) as an inhibitor 

of TGFβ signaling, a small library (59 members) of b-annulated dihydropyridines was 

screened in a Notch signaling assay.

The substitution pattern around the dihydropyridines in the library compounds can be 

conceptually divided into four regions as illustrated in Figure 1. At the C-2 position there 

were mostly methyl and ethyl substituents, as well as some (<10) amino-substituted analogs. 
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The majority of the substituents at C-3 were relatively small alkyl groups, along with some 

alkylamino substituents. The R3 group present at C-4 was generally a substituted aryl. The 

C-7 substituents R4 and R5 were either hydrogen, methyl or propyl groups, with a large 

representation of gem-dimethyl groups in the library (R4 = R5 = methyl).

The bioactivity of these compounds was evaluated in a cell-based luciferase reporter assay, 

that monitors the activation of Notch1 downstream gene expression. In this assay, the 

intracellularly released NICD is translocated to the nucleus where it induces the expression 

of a luciferase reporter (see Supplementary Materials). In the structure activity studies for 

Notch inhibition it was consistently observed that in more potent analogs, methyl groups 

were present at positions R1, R4 and R5 and lipophilic groups were present at the R2 position 

(Figure 1). In agreement with an earlier report14, when the R2 group was a small alkyl ester 

such as methyl or ethyl, there was no inhibition of Notch pathway signaling. Accordingly, 

we synthesized another library (i.e., 20) additional dihydropyridines. We used a lipophilic 

ester and determined the effect of various substituents on the R3 aryl position. When a set of 

cyclohexyl esters was evaluated there was not a great deal of improvement in the potency for 

either electron rich or electron deficient substituents on the aromatic ring of R3 (Table 1). 

For example, compared to 1, compounds 3 – 5 showed low potency (IC50 > 10 μM). Of the 

group of cyclohexyl esters examined, only the 3-bromophenyl analog (i.e., compound 6, 

IC50 = 4.15 μM) showed potency in the range of FLI-06. Therefore, we examined 

dihydropyridines with 3-bromophenyl substitution where the ester group was modified.

Compared to 6, when 3-bromophenyl was the 4-substituent in the 1,4-DHP ester analogs 

(Table 2), there was a significant improvement in potency observed for analog 7 (IC50 = 

0.36μM). Modifications of the linker between the ester oxygen and the Boc-protected 

piperidino group led to loss of potency (i.e., 8 and 9, IC50 values of 2.95 and >10 μM, 

respectively). Replacement of the cyclohexyl ester group by an adamantyl group (i.e., 12) 

also decreased potency. Replacement of the piperidinomethyl group of 7 with 4-t- 
butylbenzyl (11) also led to lower potency (i.e., IC50 = 4.27 μM). The 2-piperazinomethyl 

compound (i.e., 10) was relatively potent (IC50 = 0.86 μM). The diastereomeric mixture of 

the branched benzylic derivative 13 was poorly potent as a Notch inhibitor (i.e., IC50 values 

of >10 μM).

Based on the potency of (N-Boc-4-piperidinomethyl) esters of 1,4-DHPs (e.g., compound 7) 

the effect of the 1,4-DHP aromatic group on Notch inhibition was determined (Table 3). 

Preliminary studies showed that compared to 3-substitution with the protected 

piperidinomethyl group in place, 4-substituted 1,4-DHPs showed low Notch inhibition 

potency. For example, para-aryl substituted compounds 22 and 23 (i.e., IC50 > 10 μM) were 

not potent. In contrast, there was generally greater Notch inhibition potency with 3-

substituted aryl 1,4-DHPs. For example, 3-cyanophenyl (i.e., 15, IC50 = 0.22 μM), and the 2-

quinolinyl (i.e., 20, IC50 = 0.33 μM) analogs were potent Notch inhibitors with IC50 

comparable to that of 7. In general, there was greater tolerance for variation on the 4-aryl 

substituent for N-Boc-4-piperidinomethyl esters (Table 3) than when the ester group was 

SUPPLEMENTARY MATERIALS
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cyclohexyl (Table 1). Electron-deficient 3-substituted 4-aryl 1,4-DHPs (e.g., 15 and 19 with 

IC50 values of 0.22 and 0.76 μM, respectively) appeared to be more potent Notch inhibitors 

than electron-rich 3-substituted 4-aryl 1,4-DHPs (e.g., 16 and 18 with IC50 values of 1.5 and 

3.3 μM, respectively).

It appeared that when the ester group was a piperidinomethyl, the modifications around the 

C-4 aromatic ring had an effect that did not parallel the same substitution when the ester 

group was cyclohexyl. We speculate that the higher affinity of the substituted 

piperidinomethyl group forces the functional groups around the aromatic ring into positions 

that are not accessible when the weaker binding cyclohexyl was present.

1,4-DHPs possess a center of chirality and significant stereoselectivity was observed for 

Notch inhibition by 1,4-DHPs. For example, the two enantiomers of 7 were synthesized (see 

below) and evaluated for inhibition of Notch. Significant stereoselectivity of Notch 

inhibition was observed. The (R)-(+)-enantiomer (i.e., (+)-7, IC50 = 127 nM) was about 20-

fold more potent than the (S)-(−)-enantiomer (i.e., (−)-7, IC50 = 2.59 μM). The data suggests 

the binding pocket for inhibition of Notch was quite sensitive to stereochemistry of 1,4-DHP 

inhibitors.

The GSI N-[N-3,5-difluorophenacetyl]-l-alanyl-S-phenylglycine methyl ester (DAPM) was 

reported by Miyamoto et al16 to inhibit the proliferation of colorectal cancer cells 

(HCT-116) by a mechanism that involved interference with the Notch pathway. To test this 

report and compare DAPM with compound (+)-7, the effect of (+)-7, FLI-06 and DAPM 

was evaluated as inhibitors of colon cancer cell proliferation. Incubation of HCT-116 cells 

for 72 h with either vehicle, DAPM, FLI-06, or (+)-7 resulted in dose-dependent inhibition 

of cell proliferation (Figure 1, Supplementary Materials). The gamma-secretase inhibitor 

DAPM had an IC50 of 12 μM in this assay, consistent with the results from Miyamoto et 

al16. The b-annulated dihydropyridines, FLI-06 and (+)-7 showed IC50 values of 1.8 and 

0.22 μM, respectively (Table 4). The results show that (+)-7 enantioselectively inhibits colon 

cancer cell proliferation more potently than FLI-06. Accordingly, (+)-7 could be a drug 

candidate for treatment of conditions (i.e., colon cancer) where Notch signaling is known to 

be enhanced.

The fact that FLI-06 appears to block protein secretion from the ER14 suggests a different 

mechanism of action from that of GSIs. Nonetheless, FLI-06 and (+)-7 are useful tool 

compounds that support the concept that blocking secretion from the ER in specific cancer 

cells can play a key role in inhibition of their proliferation. The results for (+)-7 show that a 

new selective Notch inhibitor or Notch ligand secretion blocker can lead to an effective anti-

cancer agent.

The synthesis of b-annulated-1,4-dihydropyridines was described previously15. In the 

example shown for preparation of racemic 7, one equivalent of dimedone 24, one equivalent 

of 3-bromobenzaldehyde 25, one equivalent of β-ketoester 26, one equivalent of ammonium 

acetate and 0.3 equivalents of iodine were stirred overnight at room temperature in ethanol 

(Scheme 1).
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Because 7 contains a center of chirality, it was important to prepare the (+) - and (−)- 

enantiomers and test them separately as Notch inhibitors. The synthesis of (+)-7 is shown in 

Scheme 2: the chiral carboxylic acid (+)-2715 was esterified with the precursor bromide in 

DMF with potassium carbonate in the presence of tetra-n-butyl ammonium iodide to yield 

(+)-7. Chiral HPLC analysis showed the enantiomeric excess was >99%. The (−) enantiomer 

was generated by the same sequence with similar results.

The configuration at C-4 was assigned by analogy with the configuration of R-(+)-ITD-1 

that was reported by Längle et al17.

In summary, we have shown that dihydropyridines are a viable scaffold for the identification 

of novel compounds that interfere with the Notch pathway. We identified the single 

enantiomer (+)-7 as an inhibitor of Notch signaling that is 20-fold more potent than FLI-06. 

(+)-7 has anti-proliferative effects in a colorectal cancer cell line that are approximately 55-

fold greater than those observed with the GSI inhibitor DAPM. This shows that targeting the 

effect of Notch activation in colon cancer cells by a mechanism different from the use of 

gamma-secretase inhibitors affords a potent anti-cancer compound.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Notch trafficking plays a role in many cancer processes

• Evaluated b-annulated dihydropyridines in a Notch reporter assay

• Identified chiral (+)-7 as a potent inhibitor of Notch trafficking.

• (+)-7 also inhibited proliferation in a colorectal cancer cell line (HCT-116)
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Figure 1. 
General structure of b-annulated dihydropyridines examined and chemical structures of 

FLI-06 (1) and ITD-1 (2)
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Scheme 1: 
Synthesis of racemic 7.
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Scheme 2: 
Synthesis of (+)- 7
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Table 1.

Effect of modification of C-4 aryl cyclohexyl esters of 1,4-DHPs on Notch inhibition. fx

Compound
Number R  IC50

1
(FLI-06)  2.51

3  12.3

4  14.7

5  43.2

6  4.15

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 November 01.
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Table 2.

Effect of ester modification of 4-(3-bromophenyl) 1,4-DHPs on Notch inhibition. fx

Compound
Number R2  IC50

 (μM)

6  4.15

7  0.36

8  2.95

9  >10

10  0.86

11  4.27

12  > 10

13  > 10

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 November 01.
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Table 3:

Effect of C-4 aryl substituents of (N-Boc-4-piperidinomethyl) ester-substituted 1,4-DHPs on Notch inhibition. 

fx

Compound
Number Ar  IC50

 (μM)

7  0.36

14 >10

15 0.22

16 1.52

17 0.64

18 3.32

19  0.76

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gómez-Galeno et al. Page 14

Compound
Number Ar  IC50

 (μM)

20  0.33

21  0.77

22  > 10

23  > 10

(−)-7  2.59

(+)-7  0.13

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gómez-Galeno et al. Page 15

Table 4.

Effect of DAPM, FLI-06 and (+)-7 on HCT-116 colorectal cancer cell proliferation.

Compound Structure  IC50 ± SD (µM)a

DAPM  12 ± 4

FLI-06  1.8 ± 0.3

(+)-7  0.22 ± 0.03

Bioorg Med Chem Lett. Author manuscript; available in PMC 2019 November 01.


	Abstract
	Graphical Abstract
	References
	Figure 1.
	Scheme 1:
	Scheme 2:
	Table 1.
	Table 2.
	Table 3:
	Table 4.

