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Abstract

Colorectal cancer (CRC) is one of the most frequent, malignant gastrointestinal tumors, and 

strategies and effectiveness of current therapy are limited. A series of benzimidazole-

isoquinolinone derivatives (BIDs) was synthesized and screened to identify novel scaffolds for 

CRC. Of the compounds evaluated, 7g exhibited the most promising anti-cancer properties. 

Employing two CRC cell lines, SW620 and HT29, 7g was found to suppress growth and 

proliferation of the cell lines at a concentration of ~ 20 μM. Treatment followed an increase in 

G2/M cell cycle arrest, which was attributed to cyclin B1 and cyclin-dependent kinase 1 (CDK1) 

signaling deficiencies with simultaneous enhancement in p21 and p53 activity. In addition, 

mitochondrial-mediated apoptosis was induced in CRC cells. Interestingly, 7g decreased 

phosphorylated AKT, mTOR and 4E-BP1 levels, while promoting the expression/stability of 

PTEN. Since PTEN controls input into the PI3K/AKT/mTOR pathway, anti-proliferative effects 

can be attributed to PTEN-mediated tumor suppression. Collectively, these results suggest that 

BIDs exert antitumor activity in CRC by impairing PI3K/AKT/mTOR signaling. Against a small 

kinase panel, 7g exhibited low affinity at 5 μM suggesting anticancer properties likely stem 

through a non-kinase mechanism. Because of the novelty of BIDs, the structure can serve as a lead 

scaffold to design new CRC therapies.
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1. Introduction

Human colorectal cancer (CRC) is the most predominant digestive malignant tumor in the 

world and accounts for approximately 10% of all tumors.1 Metastatic CRC is the fourth 

leading cause of cancer-related mortality, which exceeds 600,000 deaths annually.2 Although 

mortality has decreased from advances in screening, early detection, and innovative 

treatment strategies, relapses from treatment-resistant CRC remain frequent.3,4 Therefore, it 

is imperative to further study the mechanisms governing CRC progression and resistance 

and identify tractable therapies that can further reduce CRC morbidity and mortality.

Nitrogenous heterocycles are prolific in medicinal and organic chemistry.5–7 Exploring fast 

and expeditious routes to generate diverse, nitrogenous heterocycles is paramount in drug 

discovery. Due to distinct and compelling therapeutic properties, natural and synthetic 

benzimidazole and isoquinolinone derivatives have been widely investigated in medicinal 

and organic chemistry.8–10 Benzimidazole-isoquinolinone derivatives have been synthesized 

as potential inhibitors of phosphodiesterase 4 (PDE4) employing an innovative amberlyst-15 

catalyst.11 Similar derivatives were developed with antimicrobial activity against 

Trypanosoma cruzi (T. cruzi) epimastigotes (GI50 value is 0.5 μM).12 These compounds also 

exhibited anti-inflammatory properties and anticancer activity against ovary (IGROV-1), 

breast (MCF-7) and CNS (SF-295) human cancer cell lines.13

Multicomponent reactions (MCRs) have attracted considerable attention as a powerful tool 

to access highly functionalized heterocyclic skeletons of chemical and biomedical 

importance.14–16 Particularly, the Ugi reaction is well known as a versatile and highly 

efficient synthetic tool with extremely green synthetic methods, such as mild reaction 

conditions, no metal catalysts, short reaction times, high yields, and atom economy.17 We 

have an interest in employing the Ugi cascade reaction for the formation of new C—N/C—C 

bonds to construct heterocycles for drug discovery efforts.18,19 In continuation of our work 

in search of potent anticancer scaffolds, a series of fused benzimidazole-isoquinolinone 

derivatives (BIDs) were synthesized and screened for CRC anticancer activity, which we 

report herein.

The PI3K/AKT/mTOR signaling pathway is a very important signal transduction cascade 

engaged in a wide range of biological processes, such as cell survival, proliferation, 

apoptosis, cellular metabolism and the stress response.20,21 This signaling pathway is of 

particular importance to CRC because 20% of all CRCs harbor a mutation in the PIK3CA 

gene. The mutation constitutively activates the PI3K/AKT/mTOR pathway causing an 

increase in pro-survival gene expression.22 Previous studies discovered that activation of the 

PI3K/AKT signaling-axis inhibits colorectal cancer cell apoptosis.23 On the contrary, 

inhibiting the activation of PI3K/AKT and its downstream target mTOR results in the 

initiation of apoptosis and autophagy. Furthermore, previous studies suggest that small 

molecule inhibition of the PI3K/AKT/mTOR signaling pathway could be utilized as a 

therapeutic strategy to treat CRC.24,25

In this present study, we first determined the effect of BIDs on the growth of two colorectal 

cancer cell lines, SW620 and HT29. We found that compound 7g could inhibit the growth of 
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SW620 and HT29 cells in a time and concentration dependent manner. Furthermore, we 

found compound 7g induced G2/M cell cycle arrest and apoptosis in both SW620 and HT29 

cells. To understand the mechanism behind growth inhibition in CRC, we examined 

PI3K/AKT/mTOR signaling and found that activity of AKT was inhibited in both SW620 

and HT29 cells. In addition, the phosphorylation level of mTOR decreased as well as 

activity of downstream signaling partners, such as 4E-BP, in a concentration-dependent 

manner. Taken together, this data suggests compound 7g inhibited the growth of CRC and 

induced apoptosis through a PI3K/AKT/mTOR dependent mechanism.

2. Results and discussion

2.1. Results

2.1.1. Chemistry—We conducted an Ugi four component reaction (U-4CR) using an 

amine 1, methyl 2-formylbenzoate 2, carboxylic acid 3 and isonitrile 4 in methanol. After 

stirring overnight at room temperature, the solvent was removed under a stream of nitrogen, 

and the crude Ugi product 5 was deprotected and cyclized. Intermediate 6 was used without 

purification and reacted under microwave irradiation using 10% TFA/DCE at 150 °C for 15 

min.19 A series of fused benzimidazole-isoquinolinones (BIDs) were obtained using these 

conditions. The results indicate that the Ugi product can be reacted crude without 

significantly impacting deprotection and cyclization yields. This two-step, one-pot procedure 

is mild and convenient and affords the desired BIDs in yields of 52–82% (Table 1).

2.1.2. Compound 7g inhibits proliferation and viability of colorectal cancer 
cells in time and concentration dependent manners—In order to evaluate the 

potential of BIDs to inhibit CRC growth, growth inhibition (GI50) values were determined in 

two CRC cell lines. As shown in Table 2, compound 7g obtained the best growth inhibition 

(SW620 and HT29 are 23.78 and 24.13 μM, respectively) and was selected for further 

studies. SW620 and HT29 cells were treated with compound 7g at different concentrations 

(0, 12.5, 25, 50, 100, 200 μM) and evaluated for viability at different time points (12, 24, 48 

and 72 h). The results indicate that 7g inhibits the growth of SW620 and HT29 cells in a 

time and concentration dependent manner (Fig. 1A).

To investigate the effect of proliferative inhibition of compound 7g on SW620 and HT29, 

immunofluorescent analysis was conducted. As shown in Fig. 1B–D, immunofluorescence 

confirmed that 7g inhibited the proliferation of SW620 and HT29 in a concentration-

dependent manner. Subsequently, 7g was evaluated in a colony formation assay to determine 

effects on clonogenicity of SW620 and HT29 cells. Colony size and numbers were 

dramatically reduced after exposure to compound 7g for two weeks (Fig. 1E).

2.1.3. Compound 7g induces G2/M cell cycle arrest of human colorectal 
cancer cells by decreasing cyclin B1 and CDK1—In order to explore the effects on 

cell cycle progression, SW620 and HT29 cells were treated with compound 7g at four 

concentrations (0, 25, 50, 75 μM) for 48 h and then analyzed by flow cytometry. The average 

G2/M proportions of SW620 and HT29 increased in a concentration-dependent manner. 

However, there was no significant difference in either cell line at lower concentrations. 
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These results indicate that compound 7g can induce cell cycle arrest of CRC cells at the 

G2/M checkpoint.

To investigate the relationship between 7g-mediated cell cycle arrest and cycle-related 

proteins, levels of cyclin B1, CDK1, p21 and p53 were analyzed by western blot. As shown 

in Fig. 2C, levels of cyclin B1 and CDK1 decreased in both SW620 and HT29 cells, while 

p21 and p53 increased. Furthermore, expression levels of cyclin B1, CDK1, p21 and p53 

changed in a concentration-dependent manner. Collectively, our data suggests that 

compound 7g induces cell cycle arrest at the G2/M checkpoint by altering expression or 

stability of cell cycle-related proteins.

2.1.4. Compound 7g induces apoptosis by regulating PARP and BCL-2 in 
human CRC cells—High expression of p53 induces apoptosis of tumor cells, and 

expression levels of p53 increased after treatment with 7g. Hoechst staining was utilized to 

observe apoptotic cells in CRC cell lines treated with compound 7g. As shown in Fig. 3A, 

apoptotic cells were detected and the number of apoptosis bodies increased in a 

concentration-dependent manner.

The ratio of apoptosis was determined in SW620 and HT29 cells using flow cytometry after 

treatment with compound 7g (0, 25, 50, 75 μM) for 48 h. As shown in Fig. 3B, the 

percentage of SW620 and HT29 cells undergoing apoptosis increased in a concentration-

dependent manner.

To further investigate the effect of compound 7g on the levels of apoptosis-related proteins, 

protein levels of PARP, BCL-2, and MCL-1 were determined by western blot. As shown in 

Fig. 3C, protein levels of BCL-2 and MCL-1 decreased in both SW620 and HT29 cells after 

treatment with compound 7g in a concentration-dependent manner. Furthermore, PARP 

activation significantly increased in a concentration-dependent manner in both SW620 and 

HT29 cells. This data suggests that compound 7g can regulate activity of apoptosis-related 

proteins to induce apoptosis in human CRC cells.

2.1.5. Compound 7g suppresses SW620 and HT29 cell growth via inhibition 
of the PI3K/AKT/mTOR pathway—The classical PI3K/AKT signaling pathway is 

ubiquitous, playing a critical role in the regulation of cell proliferation, differentiation, 

survival, cell-cycle, apoptosis, metabolism and the stress response.26 In order to analyze the 

potential antiproliferative mechanism of 7g in CRC, we investigated the PI3K/AKT/mTOR 

pathway, which is frequently hijacked by CRC. SW620 and HT29 cells were treated with 

different concentrations of compound 7g (0, 25, 50, 75 μM) for 48 h. Then, levels of PTEN, 

AKT, phospho-AKT, mTOR, phospho-mTOR, 4E-BP1 and phospho-4E-BP1 in whole cell 

lysates were examined by western blot. As show in Fig. 4, treatment with compound 7g 
decreased p-AKT, p-mTOR and p-4E-BP1 levels in SW620 and HT29 cells but hadn’t effect 

on total expression levels of AKT, mTOR and 4E-BP1.

In order to confirm the specificity of compound 7g in the CRC cell lines which is dependent 

on the mTOR pathway, the immortalized colorectal FHC cell lines were explored. It was 

found that GI50 for compound 7g was > 200 μM (Supplemental Fig. 1). The result suggested 
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that compound 7g exhibited anti-proliferation activity in the CRC cell lines likely through 

the inhibition of the mTOR pathway.

Interestingly, PTEN levels increased in treated cells when compared to control, which 

directly impacts the PI3K/AKT/mTOR pathway.19 The results suggest that PTEN levels 

increase in a concentration-dependent manner in both SW620 and HT29 cell lines (Fig. 4). 

Further, both SW620 and HT29 CRC lines contain wild-type PTEN with low endogenous 

expression. This suggests that 7g may impact input into the PI3K/AKT/mTOR pathway by 

increasing PTEN stability or expression.

PTEN activity and stability can also be impacted by protein kinase activity. We therefore 

screened 7g against a 97-kinase panel representative of major kinase clusters to determine 

kinome activity. It was found that 7g had low affinity for kinase proteins with Kd values > 

5.0 μM for all tested kinases (Supplemental Table 1). Therefore, it is unlikely 7g elicits 

anticancer effects through a kinase mechanism.

2.2. Discussion

Benzimidazole scaffolds have attracted significant attention for their anticancer properties. 

Recent studies found that benzimidazole molecules can cause cell-cycle arrest or promote 

apoptosis by modulating kinase signaling cascades. Hence, a novel methodology was 

developed for the construction of a diverse suite of fused benzimidazole-isoquinolinones 

using a unique one-pot Ugi/deprotection/cyclization (UDC) protocol. With mild reaction 

conditions and a simple protocol, commercially available starting materials can be 

transformed into diverse, drug-like fused benzimidazole-isoquinolinones that have broad 

applications for synthesis and medicinal chemistry. In our study, we synthesized 14 novel 

benzimidazole-isoquinolinone derivatives, with compound 7g exhibiting the most promising 

activity against CRC lines with GI50 values of 23.78 μM (SW620) and 24.13 μM (HT29), 

respectively. Comparing compounds 7g to 7b and 7c, a 5 membered ring system at the R2 

position did not improve activity. When comparing compound 7g to 7f, the bulky R1 group 

on 7f also hindered activity. Therefore, compound 7g was selected for further studies 

because it obtained greatest antiproliferative activity.

Treatment with 7g halted cell cycle progression at the G2/M checkpoint, which ensures only 

healthy cells enter replication.27,28 G2/M arrest is an important cell cycle checkpoint to stop 

cells with DNA damage from entering mitosis (M-phase), which triggers DNA repair or 

apoptosis.29 Thus, G2/M arrest is a frequent consequence of anti-cancer drugs that interfere 

with DNA replication. In the S phase of the cell cycle, cyclin B1 is generated and 

subsequently degraded in mitosis, and the cyclin B1-CDK1 complex controls the S phase 

transition into mitosis.30 Anti-cancer compounds can cause G2/M arrest by interfering with 

the cyclin B1-CDK1 complex.31 Consistent with these findings, immunoblot results 

indicated protein levels of cyclin B1 and CDK1 decreased in SW620 and HT29 cells treated 

with 7g. This data is consistent with flow cytometry and reveal that CRC cells fail to 

progress from G2 to mitosis after treatment, suggesting inference with the cyclin B1-CDK1 

complex as a mechanism governing G2/M arrest.
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Apoptosis is the most vital mechanism of anticancer drug-mediated cell death and can be 

induced by mitochondria signaling. The mitochondrial pathway is regulated by a diverse set 

of proteins, which are divided into pro-apoptotic and anti-apoptotic effectors.32–34 The pro-

apoptotic effectors include Bax and Bak, while the anti-apoptotic effectors include BCL-2 

and MCL-1.35 Activation is induced by the release of pro-apoptotic factors, such as 

cytochrome c, from the mitochondria into the cytosol. The BCL-2 family of proteins, which 

regulate cytochrome c release and caspases activation, are thought to bind to the 

mitochondrial outer membrane and regulate permeability.36 In our study, we found that 

protein levels of BCL-2 and MCL-1 decreased in SW620 and HT29 cells treated with 

compound 7g. Variation in BCL-2 and MCL-1 protein levels account for the increase in 

apoptotic cells. Caspases are the major proteins involved in the stimulation of the apoptotic 

process. The activation of caspases is considered a vital step in the induction of drug induced 

apoptosis as well as cleavage of poly ADP-ribose polymerase (PARP) by caspase-3.37 To 

determine if the activation of PARP was a result of 7g treatment, activity of PARP was 

determined as a function of 7g treatment using western blot. Our data demonstrate that 

treatment of SW620 and HT29 cells induced significant cleavage of PARP. Apoptosis also 

induces various morphological and biochemical characteristics. One of the remarkable 

hallmarks of apoptosis is that phospholipid phosphatidylserine (PS) externalizes from the 

inner to the outer layer of the plasma membrane to induce phagocytes.38 Analysis of treated 

SW620 and HT29 cells by annexin V/PI double-dyeing indicated that compound 7g induced 

a considerable level of cell death through the apoptotic pathway. These results suggest that 

7g induces apoptosis through the mitochondria to reduce CRC proliferation.

Previous research has reported that the pathogenesis of CRC is a complex, multiple-step 

process.39 The PI3K/AKT/mTOR pathway is crucial for signal transduction and controls 

proliferation, apoptosis, migration, cellular metabolism and the stress response.20,21 

Activation of the PI3K/AKT signaling axis requires PI3K to catalyze the phosphorylation of 

phosphatidylinositol diphosphate (PIP2) to phosphatidylinositol triphosphate (PIP3). Then, 

PIP3 recruits AKT to the lipid raft compartments of the plasma membrane. This process 

accelerates the subsequent phosphorylation of AKT by phosphoinositide-dependent kinase 

(PDK) 1 and PDK2, respectively.40 PTEN, a vital tumor suppressor gene and phosphatase, is 

a negative regulator of AKT implicated in a wide range of human malignancies. The PI3K-

AKT signaling pathway is deactivated by PTEN through dephosphorylation of its main 

substrates.41,42 Furthermore, the PI3K/AKT pathway is constitutively activated in a large 

percentage of CRCs.22 Thus, in order to determine if compound 7g inhibited SW620 and 

HT29 proliferation through the PI3K/AKT pathway, we analyzed phosphorylation and 

protein levels of AKT and PTEN (Guri et al., 2016).43 The results showed that the PTEN 

levels increased in SW620 and HT29 cells treated with compound 7g, whereas activation of 

AKT, based on phosphorylation, decreased correspondingly. The mTOR oncogene is a 

central promotor of cell proliferation, growth, and survival in malignancies.44,45 mTOR is a 

pre-dominate downstream effector of PI3K/AKT and can be phosphorylated by the 

PI3K/AKT signaling pathway.46 Thus, we determined the phosphorylation status of mTOR 

and found phosphorylation declined in both SW620 and HT29 cells treated with compound 

7g. In addition, we also analyzed activation of 4E-BP1, which is a downstream effector of 

mTOR.46 The results indicate that compound 7g inhibited 4E-BP1 phosphorylation in both 
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CRC lines. Collectively, this data suggests compound 7g increases protein levels of PTEN, 

which likely decrease input into the PI3K/AKT/mTOR signaling pathway.

3. Conclusion

In conclusion, we synthesized 14 novel BIDs using MCR chemistry and 7g was selected for 

further studies because of activity in SW620 and HT29 CRC lines. The anti-cancer effects of 

7g, as well as the possible molecular mechanism, were investigated. The results indicate that 

compound 7g could inhibit CRC proliferation, growth and survival. Further, 7g halted cell 

cycle progression at the G2/M checkpoint and induced mitochondrial-mediated apoptosis by 

suppressing the PI3K/AKT/mTOR signaling cascade. Based on mechanistic studies, 7g 
increased levels of PTEN, which likely contributes to its antiproliferative effects. Since 

compound 7g does not strongly inhibit kinases, its antiproliferative activity likely stems 

through a non-kinase mechanism. From this study, BIDs were identified as potential 

anticancer drugs that can be employed in the development of novel treatments for CRC.

4. Materials and methods

4.1. General procedure for compound 7 preparation

A solution of aldehyde (1.0 mmol) and amine (1.0 mmol) in MeOH (2 mL) was stirred at 

room temperature for 10 min in a 10 mL microwave vial. Acid (1.0 mmol) and isonitrile (1.0 

mmol) were added separately. The mixture was stirred at room temperature overnight and 

monitored by TLC. When no isonitrile was present, the solvent was removed under a 

nitrogen stream. The residue was dissolved in 10% TFA/DCE, sealed and heated in a 

microwave at 150 °C for 15 min. After, the reaction was cooled to room temperature, the 

solvent was removed under reduced pressure, diluted with EtOAc (15 mL) and washed with 

sat. Na2CO3 and brine. The organic layer was dried over Na2SO4 and concentrated. The 

residue was purified by silica gel column chromatography using a gradient of ethyl acetate/

hexane (0–60%) to afford the relative fused benzimidazole-isoquinolinone 7.

4.2. Cell lines and culture

The human colon carcinoma cell lines SW620 and HT29, and normal human colon cell line 

FHC were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). 

HT29 cells were cultured in McCoy’s 5a (Gibco, 16600108, USA) medium Supplemented 

with 10% fetal bovine serum (FBS, Gibco, 10100147, Australia origin), SW620 cells were 

cultured in high-glucose DMEM (Hyclone, SH30022.01, USA) medium with 10% FBS and 

FHC were cultured in DMEM:F12 (Gibco, 11330032, USA) medium with 10% FBS, 10 

ng/ml cholera toxin, 0.005 mg/ml insulin, 0.005 mg/ml transferrin and 100 ng/ml 

hydrocortisone. All cells were cultured in an incubator at 37 °C under a humidified 

atmosphere of 5% CO2.

4.3. MTT assay

The cell proliferation and GI50 value of compound 7g were determined by the 3-(4,5-

dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT, Beyotime, ST316, 

Shanghai, China) assay. Firstly, 1 mg compound 7g was dissolved in 60 μL DMSO 
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(Dimethylsulfoxide) to acquire the 40 mM/L mother liquor. Then, the 40 mM/L mother 

liquor was further diluted into 20 mM, 10 mM, 5 mM and 2.5 mM concentrations of 

compound 7g which were used for treating cells. 10 μL 40, 20, 10, 5 and 2.5 mM/L 

compound 7g were taken out and added into 2 mL complete medium to obtain final 

concentrations of 200, 100, 50, 25 and 12.5 μM, respectively. Furthermore, cells were 

counted and seeded into 96-well plates at a density of 3 × 103 cells per well containing 200 

μL complete medium. After 24 h of pre-incubation, cells were changed into the medium 

containing compound 7g at concentrations of 0, 12.5, 25, 50, 100, 200 μM and treated for 

12, 24, 48 and 72 h. To assess viability, MTT (5 mg/mL) was added to each well to a final 

concentration of 0.5 mg/mL and was incubated for 4 h. The medium was removed and 200 

μL of DMSO was added to each well to dissolve the formazan product. The plate was 

agitated at 50 rpm/min for 10 min, and then absorbance was measured at 570 nm (Bio-Tek, 

Winooski, VT, USA). Experiments were completed in triplicate, and growth inhibition 

curves and GI50 values were prepared using GraphPad Prism 6.

4.4. BrdU assay

The effect of compound 7g on the proliferation of colon cancer cells was also determined by 

5-bromo-2′-deoxyuridine (BrdU). Cells were harvested when SW620 and HT29 cells were 

at 80% confluence and seeded onto 24-well plates at 20,000 cells per well. Cells were 

treated with compound 7g for 48 h at 0, 25, 50, and 75 μM, and then incubated with 10 μM 

BrdU (Sigma, B5002–100MG, USA) for 2 h. Cells were washed with phosphate buffered 

saline (PBS) three times and fixed with paraformaldehyde. Cells were treated with 2 M HCl 

for 30 min, washed with PBS three times and treated with 10% goat serum for 30 min at 

37 °C. Subsequently, cells were incubated overnight at 4 °C with monoclonal rat primary 

antibody against BrdU (1:2000, ab6326, Abcam, Cabridge, MA, USA). Following, cells 

were washed with PBS three times and then incubated with anti-mouse IgG secondary 

antibody (1:2000, Invitrogen, 1606260, USA) for 120 min at room temperature. The nuclear 

membrane was stained by DAPI (300 nM), washed three times and then analyzed by 

inverted fluorescence microscopy (OLYMPUS, IX73).

4.5. Colony formation assay

Colorectal cancer cell lines (SW620 and HT29) were seeded onto 6-well plates at a density 

of 500 cells per well containing 2 mL medium. SW620 and HT29 cells were treated with 

compound 7g at concentrations of 0, 25, 50, and 75 μM for 48 h, and then incubated for 

another 14 h without compound 7g. After, cells were washed with PBS twice and fixed with 

4% paraformaldehyde for 30 min. The cells were washed twice again, stained with 0.5% 

crystal violet, and analyzed for formation of colonies (Beyotime, C0121, Shanghai, China).

4.6. Cell cycle analysis

Cell cycle impact of 7g on SW620 and HT29 cells was assessed by flow cytometry. SW620 

and HT29 cells grew up to 80% confluence, and then were seeded onto 6-well plates and 

treated with various concentrations of compound 7g (0, 25, 50, 75 μM). After 48 h 

treatment, the cells were harvested and washed twice with clod PBS, then centrifuged at 

1000 rpm for 5 min. The sample was fixed with 70% ethanol at 4 °C for 24 h. In addition, 
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the tumor cells were washed with cold PBS, resuspended in 200 μL PBS containing 1 μL 

propidium iodide (PI, 5 mg/mL, Shanghai, ST512, Shanghai, China) and 5 μL RNase A (10 

mg/mL, Beyotime, ST578, Shanghai, China), protected from light, and incubated for 30 min 

at 37 °C. The samples were analyzed by flow cytometry (Becton Dickinson, San Jose, CA).

4.7. Hoechst 33342 staining

Chromatin analysis was completed using Hoechst 33,342 staining (Invitrogen, H1399, 

USA). SW620 and HT29 cells were harvested and seeded onto 24-well plates, and treated 

with compound 7g for 48 h. Cells were fixed for 20 min with 4% paraformaldehyde, washed 

three times with PBS, and then treated with Hoechst 33342. After 15 min incubation at 

37 °C, cells were washed three times with PBS and then analyzed via fluorescence 

microscopy (OLYMPUS, IX73).

4.8. Apoptosis assessment

To evaluate apoptosis of colorectal tumor cells, both SW620 and HT29 cells were treated 

with PI/annexin V-FITC (annexin-V-fluorescein isothiocyanate) apoptosis kit (Beyotime, 

C1063, Shanghai, China) according to the manufacturer’s protocol, and then analyzed by 

flow cytometry. Briefly, the cells were treated with compound 7g at different concentrations 

(0, 25, 50, 75 μM) for 48 h. Attached cells as well as floating cells were harvested, washed 

twice with cold PBS, and then stained with PI and annexin V-FITC for 15 min at room 

temperature. The PI/annexin V-FITC signal was assessed by flow cytometry (Becton 

Dickinson, Accuri™ C6, USA).

4.9. Western blotting analysis

Protein levels were analyzed by western blotting. Human colorectal cancer cell lines SW620 

and HT29 treated with compound 7g for 48 h were collected and lysed in the lysis buffer 

containing RIPA (Radioimmunoprecipitation, Beyotime, Shanghai, China), a protease 

inhibitor and a phosphatase inhibitor (Roche, Mannheim, Germany). The concentration of 

proteins was measured by a BCA (Bicinchoninic acid) kit (Beyotime, P0010, Shanghai, 

China). Cell lysates (50 μg) were separated by 8–15% sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene 

difluoride (PVDF) membranes (Millipore Corporation, MA, USA). The membranes were 

blocked in TBST containing 5% BSA (Beyotime, ST023, Shanghai, China) for 2 h at room 

temperature and then incubated with primary antibodies (diluted by product specification, 

CST, USA) overnight at 4 °C. After that, the membranes were washed five times with TBST 

and then incubated with horseradish peroxidase (HRP)-labeled secondary antibodies (diluted 

1:10000, Sigma, USA) for 1 h at room temperature. Subsequently, membranes were washed 

five times with TBST and then visualized with the ECL western blot detection kit (GE 

Healthcare, RPN3244, USA) on a Tanon 5200 Imaging System (Tanon Science & 

Technology Co., Ltd, Shanghai, China).

4.10. Statistical analysis

All data were analyzed with GraphPad Prism 6.0 and expressed as the mean ± standard 

deviation (SD). Statistical significance of the data were analyzed by the two-tailed 

He et al. Page 9

Bioorg Med Chem. Author manuscript; available in PMC 2019 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent Student’s t-test, and a p < 0.05 was considered statistically significant. Each 

experiment was performed in triplicate.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Compound 7g decreased proliferation and viability of colorectal cancer cell lines SW620 

and HT29. (A) Cell proliferation and GI50 were assessed by MTT. SW620 and HT29 cells 

were treated with compound 7g at different concentrations (0, 12.5, 25, 50, 100, 200 μM) for 

12 h, 24 h, 48 h, 72 h respectively, and then cell viability and GI50 were measured and 

calculated. Data are the mean ± SD of three independent experiments, and each experiment 

was conducted in sextuplicate. (B, C) BrdU immunofluorescence staining was conducted in 

SW620 and HT29 cell lines after treatment with compound 7g. The nuclei of SW620 and 
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HT29 were exposed to compound 7g at 0, 25, 50, and 75 μM for 48 h, and then stained with 

BrdU (red fluorescence), primary mouse antibody against BrdU and anti-mouse IgG 

secondary antibody. Fluorescence microscopy was conducted after incubating with DAPI 

(blue fluorescence). The bar length for the group as shown in the panels is 100 μm. (D) The 

percentage of positive BrdU from panel B and C were analyzed, respectively. Every value 

was the average of three independent experiments. Data were shown as the mean ± SD. * = 

p < 0.05; ** = p < 0.01. (E) The effects of compound 7g on the clonogenicity of SW620 and 

HT29 were analyzed using the colony formation assay.
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Fig. 2. 
Compound 7g induces SW620 and HT29 cell cycle arrest at the G2/M checkpoint. (A) Cell 

cycle distribution was detected using flow cytometry in SW620 and HT29 cells. Both lines 

were treated with compound 7g for 48 h at different concentrations (0, 25, 50, and 75 μM). 

Cells were collected and treated with PI and RNase. (B) Quantification of SW620 and HT29 

cells at various phases of the cell cycle. Each point represents the average of three 

independent experiments. (C) Western blotting was used to analyze the effect of compound 

7g on expression of cell cycle-related proteins. SW620 and HT29 cells were treated with 
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compound 7g for 48 h at different concentrations (0, 25, 50, and 75 μM) and were harvested, 

and whole protein lysates were extracted. The expression of cell cycle-related proteins (p53, 

p21, cyclin B1 and CDK1) was analyzed by western blot. Tubulin was used as a loading 

control. The relative density of cell cycle related-proteins was analyzed by the Tanon Gis 

Software. Data is shown as the mean ± SD. * = p < 0.05; ** = p < 0.01.
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Fig. 3. 
Effect of compound 7g on apoptosis of SW620 and HT29 cells. (A) Fluorescence 

microscopy images of Hoechst 33342. SW620 and HT29 cells were treated with compound 

7g for 48 h at 0, 25, 50, and 75 μM, and then analyzed by Hoechst 33,342 staining and 

fluorescence microscopy. The red arrow indicates an apoptotic cell and chromatin 

condensation. (B) SW620 and HT29 cells treated with compound 7g were stained with 

annexin V/PI. The apoptosis rate of cells treated with compound 7g for 48 h at 0, 25, 50, and 

75 μM was detected by flow cytometry. Each point represents the average of three 
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independent experiments. Data were shown as the mean ± SD. (C) The effect of compound 

7g on the expression level of apoptosis-related proteins. SW620 and HT29 cells were treated 

with compound 7g for 48 h at four concentrations (0, 25, 50, and 75 μM). Then, the contents 

of apoptosis-related proteins were measured using western blot. In addition, the relative 

density of apoptosis related-proteins was also analyzed by the Tanon Gis Software. Every 

value is the average of three independent experiments. Data are shown as the mean ± SD. * 

= p < 0.05; ** = p < 0.01.
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Fig. 4. 
Effect of compound 7g on the PI3K/AKT/mTOR signaling pathway. (A) SW620 and HT29 

cells were treated with compound 7g for 48 h at different concentrations (0, 25, 50, and 75 

μM). Cells were collected and harvested for protein lysates. The expression levels of 

PI3K/AKT/mTOR signaling pathway related proteins (PTEN, p-AKT, AKT, p-mTOR, 

mTOR, 4E-BP1, p-4E-BP1) were analyzed by western blot. Tubulin was used as a loading 

control. (B) The relative density of PI3K/AKT/mTOR signing pathway related-proteins was 
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analyzed by the Tannon Gis Software. Each data point is the average of three independent 

experiments. Data were shown as the mean ± SD. * = p < 0.05; ** = p < 0.1.
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Table 1

Structures, yields and chemical properties of fused benzoimidazole-isoquinolines 7a–n.

Entry R1 R2 Comp. Yield (%)
a CLogP tPSA

1 Cyclopropyl 2-thienyl 7a 82 3.799 52.65

2 iBu 2-thienyl 7b 52 4.8955 52.65

3 iBu 2-furanyl 7c 72 4.0715 61.88

4 2-BrC6H4 2-furanyl 7d 63 7.5791 52.65

5 2-BrC6H4 Acetyl 7e 75 4.672 52.65

6 2-BrC6H4 3-pyridyl 7f 71 5.5395 65.01

7 iBu 3-pyridyl 7g 72 3.7945 65.01

8 iBu 2-COOHC6H4 7h 76 4.9034 89.95

9 Bzl Ph 7i 62 6.0965 52.65

10 Ph Ph 7j 71 6.2375 52.65

11 Phenethyl 4-pyridyl 7k 67 4.4345 65.01

12 H Ph 7l 66 3.8747 61.44

13 2-BrC6H4 2-furanyl 7m 76 5.8165 61.88

14 2-BrC6H4 methyl 7n 78 3.5115 52.65

a
Isolated yield (%) from the one-pot procedure.
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Table 2

GI50 of BIDs against colorectal cancer cell lines.

Entry Comp. GI50 (μM)
a

SW620 HT29

1 7a 47.60 ± 3.76 51.30 ± 5.29

2 7b 44.05 ± 7.37 49.52 ± 6.86

3 7c 53.46 ± 4.63 52.80 ± 5.90

4 7d 46.03 ± 4.61 43.73 ± 7.59

5 7e 46.89 ± 7.16 57.20 ± 5.25

6 7f 57.87 ± 5.25 61.27 ± 7.42

7 7g 23.78 ± 4.06 24.13 ± 3.88

8 7h 52.70 ± 5.94 59.80 ± 6.65

9 7i 69.70 ± 7.14 74.30 ± 4.32

10 7j > 100 > 100

11 7k 48.90 ± 6.06 52.30 ± 5.82

12 7l > 100 > 100

13 7m > 100 > 100

14 7n > 100 > 100

a
Each GI50 value was calculated from 3 independent experiments conducted in sextuplicate.
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