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ABSTRACT 

Inhibitors of the Hippo signaling pathway have been demonstrated to have a potential 

clinical application in cases such as tissue repair and organ regeneration. However, 

there is a lack of potent Hippo pathway inhibitors at present. Herein we report the 

discovery of a series of 1,8-disubstituted-[1,2,3]triazolo[4,5-c]quinoline derivatives as 

a new class of Hippo pathway inhibitors by utilizing a cell line-based screening model 

(A549-CTGF). Structure-activity relationship (SAR) of these compounds was also 

discussed. The most potent compound in the A549-CTGF cell assay, 11g, was then 

evaluated by real-time PCR and immunofluorescence assays. Overall, this study 

provides a starting point for later drug discovery targeting the Hippo signaling pathway. 
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The Hippo pathway is an evolutionarily conserved signaling module that plays critical 

roles in organ size control, tissue repair, and organ regeneration, as well as 

tumorigenesis.1–5 Core components of the Hippo pathway include the mammalian 

Ste20-like kinases (Mst1/2), the cofactor Salvador (Sav1), the large tumor suppressor 

(Lats1/2), and two downstream effectors Yes-associated protein (YAP) and the 

transcriptional co-activator with PDZ-binding motif (TAZ).6-8 It has been established 

that Mst1/2 and Sav1 form a complex to phosphorylate and activate Lats1/2, and 

Lats1/2 kinases in turn phosphorylate and inhibit the transcription co-activators, YAP 

and TAZ.9,10 Numerous studies have shown that inactivation of the Hippo pathway 

could lead YAP/TAZ (un-phosphorylated) to translocate into the nucleus and promote 

transcription of pro-proliferative and pro-survival genes,9-12 hence benefiting the tissue 

repair and organ regeneration,13-19 which implies a potential clinical application of 

small molecule inhibitors of Hippo pathway. Discovery of small molecule inhibitors of 

the Hippo pathway has thus attracted much attention in recent years.1,3,4,15 

Despite great efforts, small molecule inhibitors of the Hippo pathway are still rare. 

Currently, only one compound, 4-((5,10-dimethyl-6-oxo-6,10-dihydro- 5H-

pyrimido[5,4-b]thieno[3,2-e][1,4]diazepin-2-yl)amino)benzenesulfonamide (XMU-

MP-1), has been reported to be able to efficiently inhibit the Hippo pathway and 

displayed ability to promote the repair and regeneration of damaged liver and 

intestinal.1 To discover more new potent Hippo pathway inhibitors, we in this 

investigation established a cell line-based screening model in advance, which is an 

A549 cell line that stably expresses firefly luciferase driven by connective tissue growth 

factor (CTGF) promoter and Renilla luciferase driven by cytomegalovirus (CMV) 

promoter (called A549-CTGF cells hereafter); CTGF is a target gene of Hippo 

pathway.20 As expected, XMU-MP-1 treatment increased the relative level of firefly 
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luciferase in a concentration-dependent manner (Figure 1A). To further confirm the up-

regulation of CTGF expression induced by XMU-MP-1, mRNA level of endogenous 

CTGF in A549-CTGF cells was detected by real-time PCR. Consistent with the dual-

luciferase reporter assays, the mRNA level of endogenous CTGF was up-regulated by 

XMU-MP-1 treatment (Figure 1B). These results demonstrated the effectiveness of the 

A549-CTGF screening model. We then used this model to screen our own chemical 

library containing about 2000 unique compounds synthesized by our group, which 

results are shown in Figure 1C. A number of compounds were found to be able to inhibit 

the Hippo pathway. The most potent one corresponds to compound (S)-1-(1-(3-

fluorophenyl)ethyl)-8-(1H-pyrrolo[2,3-b]pyridin-5-yl)- 2,3-dihydro-1H-

[1,2,3]triazolo[4,5-c]quinoline (T111), which showed similar activity with XMU-MP-

1 in this assay. T111 was then chosen as a hit compound for further structural 

optimization.  

The structural optimization was focused on two regions of T111 (R1, R2; Figure 

2). Various substituents were used to replace R1 and R2, and a total of 28 new 

compounds were synthesized. Bioactivities of these compounds were measured by the 

A549-CTGF cell assay. 
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Figure 1. (A) XMU-MP-1 effectively increased relative firefly luciferase level of the 

A549-CTGF cells in a concentration-dependent manner. Dual-luciferase reporter 

assays of A549-CTGF cells were performed after 24 h culture in the presence of XMU-

MP-1. Data are represented as mean ±SEM of three independent experiments. The 

relative firefly luciferase level of dimethyl sulfoxide (DMSO)-treated A549-CTGF 

cells was arbitrarily taken as 1. (B) XMU-MP-1 was able to up-regulate endogenous 

CTGF mRNA levels in A549-CTGF cells. A549-CTGF cells were treated with XMU-

MP-1 (10 μM) or DMSO (0.1%) for 24 h, and total RNA was extracted. The mRNA 

level of endogenous CTGF in A549-CTGF cells was detected by real-time PCR. (C) 

Screening results of about 2,000 compounds at the concentration of 10 μM by the dual-

luciferase reporter assays. The relative firefly luciferase level of DMSO-treated A549-
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CTGF cells was arbitrarily taken as 1. 

  

 

 

Figure 2. (A) Chemical structure of T111. (B) Focuses of the structural modification. 

 

In the first step, we changed the R1 group with different substituents and fixed R2 

as the original 1H-pyrrolo[2,3-b]pyridin-5-yl group. 15 compounds (11b-n) were 

synthesized. The synthetic routes for these compounds are depicted in Scheme 1. 

Briefly, commercially available 2-amino-5-bromobenzoic acid (1) reacted with 2-

nitroacetaldehyde oxime to produce 2, which was dehydrated to give 3. Intermediate 4 

was prepared through chlorination of 3. Various amines then reacted with 4 to deliver 

5a-5n by nucleophilic substitution reactions, which were reduced to offer the 

corresponding amines 6a-6n. 6a-6n went through a diazotization and condensation to 

produce the triazoloquinoline compounds 7a-7n. 7-Azaindole 8a reacted with 

benzenesulfonyl chloride to give N-protected intermediate 9a, which underwent 

Miyaura borylation to prepare 10a. Compounds T111 and 11b-n were finally obtained 

through Suzuki coupling between 7a-7n and 10a, and subsequent deprotection by 

NaOH. 

 

Scheme 1. Synthetic routes for compounds 11b-11n, and T111. 
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Reagents and conditions: (i) (1) HCl, H2O, room temperature, (2) NaOH, H2O, 0 °C, 

(3) HCl, H2O, 0 °C; (ii) AcOK, Ac2O, 120 °C; (iii) POCl3, reflux; (iv) substituted amine, 

triethylamine, EtOH, reflux; (v) Fe, AcOH, 60 °C; (vi) NaNO2, AcOH/H2O; (vii) 

benzenesulfonyl chloride, NaH, THF, 0 °C; (viii) bis(pinacolato)diboron, PdCl2(dppf), 

AcOK, 1,4-dioxane, 100 °C; (ix) (1) PdCl2(dppf), K2CO3, 1,4-dioxane/H2O, 100 °C; (2) 

NaOH, EtOH/H2O, reflux.  

 

These compounds were then tested for their bioactivity on the A549-CTGF cell 

model at a series of concentrations (Table 1 and S1). Because T111 contains an S 

configuration meta-fluoro-substituted 1-arylethyl group at the R1 position, we first 

examined the bioactivity of enantiomer 11b with an R configuration meta-fluoro-

substituted 1-arylethyl group at the R1 position. The result showed that the bioactivity 

of 11b was obviously reduced compared with that of T111, indicating that the S 

configuration meta-fluoro-substituted 1-arylethyl group is more favorable than the 
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corresponding R configuration at the R1 position. Replacement of the meta-fluoro with 

meta-methoxyl led to a decreased activity (11c). When the fluorine atom was moved to 

the para-position from meta-position on the phenyl group, the bioactivity improved 

remarkably (11e vs T111). We then tested the bioactivity of the unsubstituted 

compound 11g, which gave a further enhanced potency. 11d, 11f and 11h displayed 

weaker bioactivity than their corresponding enantiomer 11c, 11e and 11g, which 

confirmed that the S configuration 1-arylethyl groups are preferred than the 

corresponding R configuration moieties at the R1 position. Next, 1-phenylethyl group 

was changed to 1-phenylpropyl group, and the resulted compound 11i exhibited 

reduced activity (11i vs 11g). Again, R configuration 1-phenylpropyl compound 11j 

displayed weaker potency compared with S configuration 11i. Finally, we replaced the 

1-arylethyl group with smaller substitution groups, including 4-fluoro-benzyl (11k), 4-

fluoro-phenyl (11l), methyl (11m) and isopropyl (11n). Bioactivities of all the 

generated compounds significantly reduced. In short, the most potent compound 

obtained in this step corresponds to 11g, which contains a (S)-1-phenylethyl group at 

the R1 position. 

 

Table 1 Bioactivities of compounds 11b-11n and T111a 

 

Compound R1 

Relative level of firefly 

luciferase at 10 μM 
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T111 

 

4.909±0.314 

11b 

 

2.096±0.205 

11c 

 

3.131±0.103 

11d 

 

2.224±0.325 

11e 

 

6.509±1.280 

11f 

 

4.922±0.617 

11g 

 

13.540±0.651 

11h 

 

8.099±0.207 

11i 

 

8.059±0.640 

11j 

 

3.717±0.109 

11k 

 

3.872±0.124 
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11l 

 

3.443±0.132 

11m  0.550±0.013 

11n  3.382±1.273 

XMU-MP-1 

 

4.923±0.322 

a All assays were conducted in triplicate. 

 

In the second step, we fixed R1 as the optimal (S)-1-phenylethyl group and altered 

R2 with various substituents. 14 new compounds (12-25) were synthesized. Reaction 

routes for these compounds are shown in Scheme 2. Briefly, through similar reaction 

routes as those for 10a in Scheme 1, intermediates 10b and 10c were readily prepared. 

Target compounds 12 and 13 were obtained by Suzuki coupling of intermediate 7k with 

10b and 10c and then deprotection, respectively. Suzuki coupling reactions were 

conducted again between 7k and various commercially available aromatic boric acid 

(or ester) to produce final products 14-25. 

 

Scheme 2. Synthetic routes for compounds 12-25. 
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Reagents and conditions: (i) commercially available aromatic boric acid (or ester), 

benzenesulfonyl chloride, NaH, THF, 0 ℃; (ii) bis(pinacolato)diboron, PdCl2(dppf), 

AcOK, 1,4-dioxane, 100 ℃; (iii) (1) PdCl2(dppf), K2CO3, 1,4-dioxane/H2O, 100 °C; 

(2) NaOH, EtOH/H2O, reflux. (iv) PdCl2(dppf), K2CO3, 1,4-dioxane/H2O, 100 °C 

 

Table 2 shows the bioactivities of compounds 12-25. From Table 2, we can see 

that the change of linking position of 1H-pyrrolo[2,3-b]pyridyl group with the scaffold 

[1,2,3]triazolo[4,5-c]quinoline led to significantly decreased bioactivity (12, 13 vs 

11g). Replacement of the 1H-pyrrolo[2,3-b]pyridin-5-yl group with 5-indolyl also 

resulted in decreased bioactivity (14). We then replaced the R2 position with various 

monocyclic groups, including substituted pyridyl (15-21), pyrimidyl (22) and phenyl 

(23-25). All the resulted compounds except 15 showed significantly decreased 

bioactivity or no activity; 15 showed a high bioactivity but still did not exceed 11g in 

terms of the potency.  

 

Table 2 Bioactivities of compounds 12-25a 
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Compound R1 
Relative level of firefly 

luciferase at 10 μM 

12 

 

0.549±0.0347 

13 

 

1.111±0.144 

14 

 

4.598±0.124 

15 
 

9.087±1.300 

16 

 

1.187±0.111 

17 

 

1.060±0.101 

18 
 

1.939±0.167 

19 
 

1.238±0.071 

20 
 

0.996±0.0154 
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21 

 

2.012±0.253 

22 
 

3.486±0.510 

23 
 

2.242±0.090 

24 
 

1.728±0.066 

25 
 

1.428±0.092 

XMU-MP-1 

 

4.923±0.322 

a All assays were conducted in triplicate. 

 

Overall, through the above structural optimization and SAR studies, we obtained 

a number of new Hippo signaling pathway inhibitors containing the scaffold 

[1,2,3]triazolo[4,5-c]quinoline. Among them, 11g is the most potent one. Further 

bioactivity evaluation and mechanism studies were then carried out on this compound. 

Firstly, we tested the effect of different concentrations of 11g on the Hippo 

signaling pathway with the A549-CTGF cells. The results showed that 11g dose-

dependently increased the relative level of firefly luciferase (Figure 3A). Real-time 

PCR assays were then adopted to examine the influence of 11g on the expression of 

target genes CTGF and cysteine rich angiogenic inducer 61 (Cyr61) of the Hippo 

signaling pathway.20 As shown in Figure 3B and 3C, the mRNA levels of CTGF and 
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Cyr61 genes were up-regulated in a dose-dependent manner. Immunofluorescence 

assays were also used to test the inpact of 11g on the location of the effector protein 

YAP. The results showed that 11g (10 μM) led to nuclear translocation of YAP in A549-

CTGF cells (Figure 3D). The positive control XMU-MP-1 also showed the same effect 

but relatively weaker. 

 

 
Figure 3. (A) 11g dose-dependently increased relative firefly luciferase level in A549-

CTGF cells. After treatment with 11g for 24 h, A549-CTGF cells were subjected to 

dual-luciferase reporter assays. Data are represented as mean ± SEM of three 
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independent experiments. The relative firefly luciferase level of DMSO-treated A549-

CTGF cells was arbitrarily taken as 1. (B-C) 11g significantly increased mRNA levels 

of endogenous CTGF (B) and Cyr61 (C) in A549-CTGF cells. A549-CTGF cells were 

treated with 11g, XMU-MP-1 (XM, 10 μM) or DMSO (0.1%) for 24 h, and total RNA 

was extracted. The mRNA levels of endogenous CTGF and Cyr61 of A549-CTGF cells 

were detected by real-time PCR. Data (mean ±SEM, n=4) were analyzed by Student’s 

t-test. ***: P <0.001; **: P <0.01; *: P <0.05. (D) 11g promoted YAP nuclear 

translocation in A549-CTGF cells. A549-CTGF cells were fixed, penetrated, incubated 

with YAP antibodies and DAPI after treatment with 11g (10 μM), XMU-MP-1(10 μM) 

or DMSO (0.1%) for 8 h. YAP antibodies were used to probe YAP, and DAPI was 

applied for nuclear staining. Scale bar: 10 μm. 

 

Then, a preliminary mechanism study was carried out on 11g. To this end, we first 

tested the bioactivity of 11g against the kinases MST1/2 through kinase profiling 

services provided by Eurofins. Unexpectedly, 11g did not show activity against these 

kinases (Figure 4A). We then transferred to test the kinases LATS by KINOMEscan 

provided by DiscoverX (the Eurofins kinase profiling services do not include the 

kinases LATS). Again, 11g did not display activity in this assay (Figure 4B). Here we 

can conclude that 11g inhibits the Hippo signaling pathway through a mechanism 

different from that of XMU-MP-1, whose targets are MST1/2. To speculate potential 

targets of 11g, we tested the inhibitory activity of 11g against the other kinases (422 

kinases) in the whole kinase panel of Eurofins through kinase profiling service (Table 

S2). In these assays, 11g showed activity against about 118 kinases (an inhibitory rate > 

50% at 10 μM). Determining kinases whose inhibitions are responsible for the Hippo 
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pathway suppression needs a lot of work to do, which is still underway in our group 

and will be reported in near future. 

 

 

Figure 4. (A) 11g showed no inhibitory activity against MST1 and MST2 in kinase 

profiling services provided by Eurofins. The data are the mean ±SEM of 2 replicates. 

(B) Kd values of 11g on LATS1/2 were greater than 10 μM in the KINOMEscan assay 
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provided by DiscoverX. The amount of kinase measured by qPCR (Signal; y-axis) is 

plotted against the corresponding concentration of 11g in log10 scale (x-axis).  

 

In summary, we in this investigation obtained a new potent Hippo pathway 

inhibitor (11g) by utilizing a cell line-based phenotype screening strategy and SAR 

analyses. This compound showed higher potency than XMU-MP-1 in the CTGF dual-

luciferase reporter system, real-time PCR and immunofluorescence assays in vitro. 

Nevertheless, the detailed targets of 11g and mechanism of action are still unknown, 

which need further investigation. 
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