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Abstract 

Lung cancer is the second most commonly reported type of cancer worldwide. Approximately 80–85% of lung can‑
cer occurrences are accounted by non-small cell lung cancer (NSCLC). Polo-like kinase-1 (Plk1) plays multiple roles in 
cell cycle progression and its overexpression is observed in majority of malignancies, including NSCLC. A combination 
of frontline drugs and inhibitors targeting the Plk kinase domain (KD) has been used to overcome drug resistance in 
NSCLC. Plk1 KD inhibitors are highly prone to cross-reactivity with similar kinases, eventually leading to undesirable 
side effects. Moreover, there have been no reports of Plk1 PBD inhibitors showing antitumorigenic effects on NSCLC 
cells or animal models so far. To address this issue herein, for the first time, our recently reported Plk1 PBD inhibitor 
KBJK557 was evaluated for the anticancer potential against NSCLC cells. KBJK557 displayed notable cytotoxic effects in 
A549, PC9, and H1975 cells. Mechanistic investigations revealed that KBJK557-treated cells underwent G2/M cell cycle 
arrest, triggering subsequent apoptosis. In vivo antitumorigenic activity in xenograft mice model demonstrates that 
KBJK557-treated mice showed a considerable decrease in tumor size, proving the significances of Plk1 in lung cancer. 
Collectively, this study demonstrates that KBJK557 can serve as a promising drug candidate for treating the lung can‑
cer through Plk1 PBD inhibition.
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Introduction
Protein–protein interactions (PPI) play crucial roles in 
several biological processes. Dysfunction or abnormal 
regulation of PPI results in a range of diseases, 
including cancer. Thus, gaining insights into protein–
protein interactions and their druggable sites can lead 

to the identification of novel therapeutics. Polo-like 
kinases (Plks) are a class of serine/threonine protein 
kinases, classified into Plk1-5, which regulate cell cycle 
progression. In particular, during mitosis, Plk1 governs 
crucial roles including mitotic initiation, centrosome 
maturation, bipolar spindle formation, chromosome 
segregation, and cytokinesis (Luo et  al. 2009). It is 
pertinent to note that Plk1 is dysregulated in a wide 
range of human tumors. Consequently, overexpression 
of Plk1 has been observed in various cancers, including 
ovarian, prostate, papillary thyroid, gastric, colorectal, 
pancreatic, head and neck, non-small cell lung cancers, 
melanoma, glioblastoma, and non-Hodgkin lymphoma 
(Chopra et  al. 2010; Strebhardt and Ullrich 2006; Takai 
et al. 2005). A comparison of Plk1 levels between various 
cancers and normal tissues suggests that Lung squamous 
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cell carcinoma, a type of non-small cell lung cancer 
(NSCLC), is one of the most Plk1 expressed cancers 
among the 19 cancer cells (Liu et  al. 2017). A plethora 
of evidence suggests that specific interference of Plk1 
induces mitotic arrest and subsequent apoptosis. Thus, it 
has been considered a potential drug target for anticancer 
therapy.

NSCLC is a kind of lung cancer that makes up 85% of 
lung cancers and includes squamous cell carcinomas, 
adenocarcinomas, and large-cell carcinomas (Bray et  al. 
2018). Lung cancer remains one of the most frequently 
diagnosed cancer, reporting 1.8 million new cases 
annually (Bray et al. 2018; Sung et al. 2021), and has the 
highest mortality rate among 36 cancer types worldwide 
with less than 20% of the average survival rate (Song 
et  al. 2016). Most of the currently approved drugs for 
NSCLC are mainly targeting mutated proteins, including 
epidermal growth factor receptor (EGFR) family (ERBB-
1, ERBB-2), TKI, ALK, ROS1, MET, RET, NTRK, and 
RAF (Rodak et  al. 2021). However, drug resistance is 
the major challenge in the treatment of NSCLC. To 
overcome drug resistance in EGFR tyrosine kinase 
inhibitors (EGFR TKI), inhibition of Plk1 was found to be 
an effective strategy. For instance, combined inhibition of 
both Plk1 and EGFR induced apoptosis in EGFR TKIs-
resistant NSCLC (Wang et al. 2016). It has been reported 
that inhibition of Plk1 downregulated STAT3 signaling, 
eventually suppressing the migration of A549 cancer 
cells (Yan et al. 2018). As Plk1 has been linked to tumor 
aggressiveness, inhibition of Plk1 is considered a valid 
strategy for drug discovery in NSCLC (Yan et  al. 2018). 
Structurally, drug targeting site Plk1 is classified into 
two drug targeting sites, namely, the N-terminal kinase 
(KD) domain and the C-terminal polo-box domain 
(PBD). Employing KD inhibitors such as BI2536 and its 
successors, volasertib (BI 6727) showed significant effects 
against NSCLC cell proliferation (Choi et  al. 2015) and 
drug-resistant NSCLC (Wang et al. 2016), respectively.

Although these two KD inhibitors advanced to 
clinical trials as Plk1 inhibitors, they were terminated 
during phase II and phase III clinical trials because of 
their toxicities and poor clinical benefits due to adverse 
effects. This may stem from cross-reactivity due to the 
homogeneity of ATP-binding pockets in various kinases 
(Rudolph et al. 2009). In contrast, the C-terminal PBD is a 
unique part of the Plk subfamily, and specific interference 
of Plk1 PBD is considered an attractive therapeutic 
strategy for treating cancer. As a result, peptide-based 
inhibitors, namely minimal peptide, PLHSpT, and its 
derivatives, were discovered with considerable potency 
and selectivity (Ahn et  al. 2015). However, poor cell 
permeability and proteolytic stability are the most 
concerning factors for the evolution of peptide-based 

inhibitors as drugs. To overcome these issues, several 
small-molecule-based-Plk1 PBD inhibitors, such as 
poloxin (Reindl et  al. 2008), poloxin-2 (Scharow et  al. 
2015), poloxipan (Watanabe et  al. 2009), purpurogallin 
(Watanabe et  al. 2009), thymoquinone (Reindl et  al. 
2008), and green tea catechins (Shan et  al. 2015) have 
been reported. However, these Plk1 PBD inhibitors have 
not been validated against NSCLC.

As part of anticancer drug discovery (Chirumarry et al. 
2020; Gunasekaran et  al. 2021), recently, we reported 
a pyrazolopyrimidine-fused small molecule, KBJK557, 
as a Plk1 PBD inhibitor with significant potency and 
selectivity (Gunasekaran et  al. 2020). In  vitro inhibition 
of Plk1 by KBJK557 induced cell cycle arrest and 
consecutive apoptosis. In addition, it showed remarkable 
cancer-targeting and treatment effects in xenograft 
mouse models with significant PKa profiles. Considering 
the above-mentioned Plk1 prominence in NSCLC and 
the potency of KBJK557, herein we evaluated the effect 
of KBJK557 on NSCLC cells, including A549, PC9, and 
H1975 cells for the first time. In  vitro cell proliferation, 
cell cycle arrest, and apoptosis were studied along 
with in  vivo experiments in mice models. This study 
contributes to an opening for NSCLC drug discovery 
through Plk1 PBD inhibition.

Results
Chemistry
Synthesis and detailed structure–activity relation-
ship of KBJK557 are detailed in the reported proce-
dure (Gunasekaran et  al. 2020). Briefly, as delineated in 
Scheme  1, N-alkylation of 3-Phenyl-4-pyrazole carbox-
aldehyde (1) was performed using N-boc-bromoethyl-
amine (2) in presence of potassium carbonate and DMF 
at 60 °C. Further treatment of 2M HCl with 3 resulted in 
the formation of the amine hydrochloride salt, 4. Sub-
sequently, 4-(methylamino)benzoic acid was coupled 
with amine hydrochloride (4) using EDC and HOBt in 
presence of DIEA in DMF to yield 6, which was further 
treated with barbituric acid (6) in methanol under reflux 
conditions to obtain the desired compound, KBJK557 in 
good yield as shown below.

Effect of KBJK557 on cell viability assay in NSCLC
To examine whether KBJK557 exhibits anticancer cell 
proliferation activity in  vitro, we evaluated KBJK557 
using the MTT assay using Plk1 expressed lung cancer 
cell lines, including A549, PC9, and H1975, as shown 
in Fig.  1. Each cancer cell line was incubated with vari-
ous concentrations of KBJK557 for 24  h. Treatment 
with KBJK557 significantly decreased the cell viability 
in a dose-dependent manner. KBJK557 decreased the 
viability of A549, PC9, and H1975 cells with IC50 values 
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of 420, 350, and 400  μM, respectively. This was further 
confirmed by investigating the morphological changes in 
KBJK557-treated lung cancer cell lines (Fig.  1B). Treat-
ment with KBJK557 substantially decreased the number 
of cancer cells, as shown in microscopic images.

Effect KBJK557 on cell cycle arrest 
by fluorescence‑activated cell sorting analysis
The effect of KBJK557 on cell cycle in non-small cell 
lung cancer cells progression was investigated using 
flow cytometry analysis. NSCLC cells were treated 
with KBJK557 for 24  h (Fig.  2). Notably, treatment 
with KBJK557 induced partial, but significant, G2/M 
phase arrest and delayed S-phase progression in all cell 
lines. For example, the population of A549 cells in the 
G1 phase decreased by 23%, whereas in S1 and G2/M 
stages, a substantial increase in cell count was observed 

by approximately 10% and 12%, respectively. In contrast, 
PC9 cells showed a 4 and 36% decrease in cell counts at 
the G1 and S stages. However, these cells accumulated 
in the G2/M phase. In H1975 cells, KBJK557 caused a 
decrease in 16 counts that were populated at S and G2/M 
phases by 11 and 4 counts, respectively. These results 
indicated that KBJK557 inhibits the cell cycle in the 
G2/M phase of NSCLC cells.

Apoptosis
Inspired by the significant G2/M arrest caused by 
KBJK557, we investigated the effect of KBJK557 on apop-
tosis in NSCLC cells, including A549, PC9, and H1975 
(Fig.  3). Tumor cells were treated for 24  h with DMSO 
or KBJK557 (400  µM). In the fluorescence images, live 
cells and apoptotic cells are represented by red and green 
colors, respectively. KBJK557-treated samples exhibited 

Scheme 1  Synthesis of KBJK557

Fig. 1  Cytotoxic effects of KBJK557 on the A549, PC9, and H1975 cells. A Cells were treated with various concentration of KBJK557 for 24 h. Cell 
viability was evaluated by MTT assay. B Change of morphology of non-small cell cancer cells. Cells were treated with KBJK557 for 24 h. Cells were 
photographed using the phase-contrast microscope (× 200 magnification)
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Fig. 2  Fluorescence-activated cell sorting analysis of cell cycle arrest in non-small cell lung cancer cells after incubation with KBJK557 for 24 h. Cell 
cycle arrest was measured by flow cytometry with PI staining. A A549 cells. B PC9 cells. C H1975 cells
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cancer cell apoptosis of 57 ± 6.5, 24 ± 0.2%, and 35 ± 3% 
at 400  µM against A549, PC9, and H1975 cells, respec-
tively (Fig. 3A–C). The DMSO-treated groups exhibited 
apoptosis (2.7 ± 1.2, 2 ± 0.2%, and 4.4 ± 0.1%, respec-
tively). However, the proliferation of NSCLC cells was 
inhibited by KBJK557 due to the induction of apoptosis.

Anticancer effect of KBJK557 on A549 tumor‑bearing mice
Inspired by the in vitro antitumor potential of KBJK557, 
we investigated its in  vivo tumorigenic activity of 
KBJK557 in A549 tumor-bearing mice model (Fig.  4). 
Tumor xenograft mice were treated with KBJK557 and 

PBS for 18  days (n = 4) (Fig.  4A). The control group 
exhibited a substantial increase in the number of cancer 
cells (Fig.  4B). In contrast, mice treated with KBJK557 
showed a significant decrease in the number of cancer 
cells (Fig. 4B–D). To further ascertain whether the anti-
cancer effect was entirely mediated by KBJK557, the body 
weights of mice in each group were measured (Fig. 4E). 
As shown in Fig.  4B, the body weights of mice treated 
with KBJK557 remained unaltered, confirmed that the 
decrease in tumor size was entirely due to the antican-
cer effect of KBJK557 and was not influenced by stress or 
environmental changes.

Fig. 3  Induction of apoptosis in non-small cell lung cancer cells by KBJK557. Fluorescence microscopy images (× 100 magnification) where 
green fluorescence represents live cells and red fluorescence represents dead cells. A–C Apoptosis assays in A549 cells, PC9 cells, and H1975 cells, 
respectively
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Discussion
Plk1 facilitates tumor aggressiveness in various cancers, 
including NSCLC (Yan et  al. 2018). Hence, inhibition 
of Plk1 is an attractive strategy for the discovery of 
anticancer drugs. Lung cancer remains one of the most 
commonly reported cancers worldwide with a significant 
number of occurrences and mortality rates. In particular, 
NSCLC accounts for a major portion of lung cancer 
reports. A combination of chemotherapy and platinum-
based drugs has been used as first-line treatment for 
NSCLC. Second-line treatments included docetaxel, 
pemetrexed, and erlotinib. EGFRs are the most common 
therapeutic targets for NSCLC. Second- and third-
line patients were treated with gefitinib which targets 
EGFR. Although significant improvements in survival 
rates have been reported for erlotinib and gefitinib 
treatments, acquiring drug resistance is inevitable (Song 
et  al. 2016). Alternatively, achieving mitotic arrest by 
targeting mitotic regulatory proteins or kinases is a valid 
approach to overcome drug resistance. For instance, Plk1 
is such a target that plays key roles in cell cycle events. 
Thus, evaluation of the Plk1 inhibitor, volasertib against 
NSCLC suggests that it serves as a tool to overcome 
erlotinib resistance in the T790M mutation. In addition, 
combined inhibition of both Plk1 and EGFR facilitated 

apoptosis, proving the prominence of Plk1 in NSCLC 
(Wang et  al. 2016). Similarly, BI2536 exerts cytotoxic 
effects in human lung cancer cell lines (Steegmaier et al. 
2007), and also showed cytotoxic effects in elevated 
p53 in A549 cells (Sanhaji et  al. 2012). The mechanistic 
investigation suggests that cell death was triggered 
through mitotic catastrophe which is a type of cell 
death that occurs after mitotic arrest (Choi et al. 2015). 
GSK461364, HMN-176, and ON 01910.Na (rigosertib) 
are another few Plk1 inhibitors that exert cytotoxic 
effects against NSCLC cells (Medema et al. 2011).

Although these Plk1 KD inhibitors showed prominent 
effects in NSCLC, similarities in the ATP-binding 
pockets led to cross-reactivity, leading to undesirable 
side effects. Thus, targeting PBD of Plk1 is a valuable 
tool for addressing those side effects. Several potent 
peptide-based Plk1 PBD have been successfully derived, 
however, their potency is limited at the cell level and its 
advancement is hampered by poor cell permeability and 
proteolytic cleavages. Our recent report demonstrates 
the discovery of a Plk1 PBD inhibitor KBJK557 that 
displayed a significant antitumorigenic activity in 
mice model through inhibition of Plk. And the in  vitro 
anticancer effect was facilitated through cell cycle arrest, 
apoptosis with significant Pk profile (Gunasekaran et al. 

Fig. 4  In vivo anticancer effect of KBJK557 in tumor xenograft mice models. KBJK557 treatment (15 mg/kg body weight/100 μL per 1 week) of A549 
tumor-bearing mice. A Treatment schedule for the A549 cells xenograft tumors model treated with vehicle solution and KBJK557. B The change of 
tumor volume was measured every 3–4 days. (n = 4) **P < 0.01. C Tumors picture for size. D Tumor weight of all mice in each group. *P < 0.05. E The 
change of body weight of all mice was measured every 3–4 days
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2020). Considering, the importance of Plk1 in NSCLC 
and potency of KBJK557, in this report we evaluated 
KBJK557 against NSCLC cancer cell lines. Interestingly, 
KBJK557 displayed notable cytotoxic effects in A549, 
PC9, and H1975 cells. The observed slight elevation in 
the inhibitory concentrations is due to limited solubility, 
which is the major challenge faced by the majority of 
anticancer drugs currently in pipeline. However, these 
drugs cannot be ruled out because of their prominent 
potency (Sawicki et  al. 2016). For instance, rapamycin 
shows promising anticancer activity but has poor 
solubility. Approximately 65% of the existing approved 
anticancer drugs suffer from poor solubility to achieve 
maximum therapeutic outcomes (Sawicki et  al. 2016). 
In this regard, in KBJK557, when solubility issue is 
overcome, achieving significant inhibitory concentrations 
becomes more likely. Further investigation of the 
cell cycle suggests that KBJK557-treated cells show a 
significant increase in population in the G2/M stage 
while depleting at the G1 stage, demonstrating the 
influence of KBJK557 on cell cycle arrest in NSCLC cells 
through Plk1 inhibition. As a result of cell cycle arrest, 
KBJK557 significantly induced apoptosis in the A549, 
PC9, and H1975 cells. In particular, A549 cells showed 
the maximum apoptotic effect. An in  vivo anticancer 
evaluation of KBJK557 in A549 tumor-bearing mice 
model suggested that KBJK557 can inhibit tumor growth 
by approximately 60%. It is pertinent to note that BI2536 
revealed the maximum in  vivo efficacy in A549 while 
using 50  mg/kg (Steegmaier et  al. 2007). However, 
KBJK557 displayed a significant antitumorigenic effect at 
15 mg/kg, proving the prominent effect of KBJK557 over 
Plk1 KD inhibitors.

Conclusion
Non-small cell lung cancer (NSCLC) is one of the most 
commonly reported cancers worldwide. NSCLC shows 
elevated levels of Plk1 expressions, which is considered an 
attractive drug target in many cancers. Very few Plk1 KD 
inhibitors have been reported to show notable potency 
against NSCLC. However, side effects due to cross-
reactivity with similar kinases and selectivity are the key 
challenges associated with these inhibitors. To overcome 
these challenges, we validated the recently reported Plk1 
PBD inhibitor, KBJK557, against NSCLC cells. KBJK557 
showed significant in  vitro anticancer effects through 
cell cycle arrest and subsequent apoptosis. Furthermore, 
evaluation of in vivo antitumorigenic activity in xenograft 
mouse models demonstrated that KBJK557 has immense 
potential to evolve as a model for designing NSCLC 
drugs. To the best of our knowledge, KBJK557 is the first 
small-molecule Plk1 PBD inhibitor to show significant 
in vitro and in vivo anticancer effects against NSCLC.

Materials and methods
KBJK557 was synthesized according to the procedure 
(Gunasekaran et al. 2020), and the experimental section 
is provided in Additional file 1. As described previously 
(Gunasekaran et  al. 2017), all reactions were performed 
under argon atmosphere in flame-dried glassware using 
dry solvents, unless otherwise noted. Anhydrous organic 
solvents (99.9%) were purchased from Sigma-Aldrich and 
used in the reaction. Sigma- All reagents and few starting 
materials were purchased from Aldrich, TCI, and Across 
Organics and utilized in the reaction. Merck aluminum 
sheets with silica gel 60 F254 using 0.25 mm plates were 
used for thin-layer chromatography (TLC) and visualized 
by ultraviolet light, staining with phosphomolybdic 
acid (PMA), KMnO4, and ninhydrin. Merck silica gel 60 
(70–230 mesh or 230–400 mesh) was used for column 
chromatography purification. Bruker DRX-400 and DRX-
500 NMR spectrometers were used to record 1H and 13C 
NMR spectra. NMR chemical shifts (δ) are denoted in 
parts per million (ppm) and coupling constants (J) are 
given in hertz (Hz)  (Additional file  1: Supplementary 
Information). MALDI-TOF mass was recorded using a 
Shimadzu mass spectrometer.

Tert‑butyl (2‑(4‑formyl‑3‑phenyl‑1H‑pyrazol‑1‑yl)ethyl)
carbamate (3)
3-phenyl-1H-pyrazole-4-carbaldehyde (1) (0.5  g, 
2.906  mmol) in anhydrous DMF (5  mL) was added 
slowly to a stirred solution of tert-butyl (2-bromoethyl)
carbamate (2) (0.604  g, 2.642  mmol) and potassium 
carbonate (1.47  g, 7.90  mmol) in anhydrous DMF 
(10  mL). After completion of the addition, the 
temperature was slowly raised to 60  °C and stirred for 
16 h. The reaction mixture was quenched by the addition 
of water (20  mL) and extracted with ethyl acetate 
(20 mL × 3). The combined organic extracts were washed 
with brine (40 mL), dried over Na2SO4, and evaporated. 
The crude product was purified by trituration using 
DCM-hexane to yield 3 as a white solid (0.67 g, 73%). 1H 
NMR (500 MHz, CDCl3) δ 9.98 (s, 1H), 8.04 (s, 1H), 7.75 
(d, J = 6.8 Hz, 2H), 7.56–7.41 (m, 3H), 4.87 (s, 1H), 4.34 (s, 
2H), 3.75–3.58 (m, 2H), 1.47 (s, 9H). 13C NMR (101 MHz, 
CDCl3) δ 185.2, 154.6, 150.3, 138.4, 134.8, 131.4, 130.1, 
129.1, 128.8, 120.9, 120.3, 80.2, 52.4, 40.4, 28.3.

1‑(2‑aminoethyl)‑3‑phenyl‑1H‑pyrazole‑4‑carbaldehyde 
hydrochloride (4)
2 M HCl (11 mL, 22 mmol) in diethyl ether was added to 
the stirred solution of 3 (700 mg, 2.22 mmol) in 10 mL 
dichloromethane. The resultant solution was stirred for 
16 h at rt and the solid formed was filtered and washed 
with anhydrous diethyl ether to yield 4 as pale-yellow 
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solid (537  mg, 96%). 1H NMR (400  MHz, DMSO-d6) δ 
9.89 (s, 1H), 8.66 (s, 1H), 8.64–8.36 (m, 3H), 7.90–7.79 
(m, 2H), 7.51–7.34 (m, 3H), 4.58 (d, J = 6.1 Hz, 2H), 3.34 
(q, J = 5.8  Hz, 2H). 13C NMR (101  MHz, DMSO-d6) δ 
185.0, 152.6, 138.7, 132.1, 129.3, 129.1, 128.9, 121.0, 49.5, 
38.7. Maldi-tof m/z calcd for C12H13N3O: 215.10, found 
215.44.

N‑(2‑(4‑formyl‑3‑phenyl‑1H‑pyrazol‑1‑yl)
ethyl)‑4‑(methylamino)benzamide (6)
To a stirred solution of EDCI (607  mg, 3.18  mmol), 
HOBt (428 mg, 3.18 mmol) in DMF (10 mL), 4-(methyl-
amino)benzoic acid (5) (480  mg, 3.18  mmol) and DIEA 
(2.76 mL, 15.86 mmol) was added and stirred for 30 min. 
To the resultant solution, 4 (957 mg, 3.81 mmol) in DMF 
(5 mL) was added and allowed to stir at rt for 18 h. The 
reaction mixture was treated with 5% NaHCO3 solution 
(20 mL) and extracted with ethyl acetate (2 × 15 mL), the 
combined organic layer was washed with H2O and brine, 
dried over Na2SO4, and evaporated under vacuum. The 
crude residue was purified by flash column chromatog-
raphy (CH2Cl2/ethyl acetate (3:1)) to provide 6 (0.834 g, 
63%) as semi-solid. 1H NMR (400 MHz, CDCl3) δ 9.89 (s, 
1H), 7.96 (s, 1H), 7.74 (dd, J = 7.6, 1.8  Hz, 2H), 7.60 (d, 
J = 8.7 Hz, 2H), 7.52–7.39 (m, 3H), 6.80 (t, J = 5.2 Hz, 1H), 
6.52 (d, J = 8.7 Hz, 2H), 4.47–4.33 (m, 2H), 4.17 (s, 1H), 
3.90 (q, J = 5.6 Hz, 2H), 2.85 (s, 3H). 13C NMR (101 MHz, 
CDCl3) δ 184.8, 167.7, 154.3, 152.1, 135.2, 131.5, 129.1, 
128.8, 128.7, 121.7, 120.88, 111.4, 52.1, 39.9, 30.2. (traces 
of dichloromethane are present). Maldi-tof m/z calcd 
for C20H20N4O2: 348.15, found 348.77, 360.76 (M+Na) 
+.4‑(methylamino)‑N‑(2‑(3‑phenyl‑4‑((2,4,6‑trioxotetrahy‑
dropyrimidin‑5(2H)‑ylidene)methyl)‑1H‑pyrazol‑1‑yl)ethyl) 
benzamide (KBJK557)
Barbituric acid (7) (0.269  g, 2.1  mmol) was added to a 
stirred solution of 6 (800  mg, 2.3  mmol) in dry metha-
nol (15 mL) and heated to reflux for 16 h. The resultant 
yellow solid was filtered and washed with cold methanol 
(3 × 5 mL) and dried to yield a pure compound, KBJK557 
as a yellow solid (798  mg, 83%). 1H NMR (400  MHz, 
DMSO-d6) δ 11.19 (s, 2H), 9.32 (s, 1H), 8.23 (t, J = 5.4 Hz, 
1H), 8.15 (s, 1H), 7.70–7.40 (m, 7H), 6.51 (d, J = 8.7 Hz, 
2H), 6.19 (q, J = 4.7 Hz, 1H), 4.47 (t, J = 5.8 Hz, 2H), 3.70 
(q, J = 5.8  Hz, 2H), 2.71 (d, J = 4.9  Hz, 3H). 13C NMR 
(101 MHz, DMSO-d6) δ 167.2, 164.3, 163.2, 157.8, 152.7, 
150.7, 144.9, 139.0, 131.7, 130.0, 129.5, 129.2, 129.2, 
121.1, 113.8, 112.9, 110.8, 52.2, 40.6, 40.4, 40.2, 40.1, 39.8, 
39.6, 39.5, 29.8. Maldi-tof m/z calcd for C24H22N6O4: 
458.17, found 458.74.

Cell viability assay
As reported previously (Gunasekaran et  al. 2020), 
human lung cancer cells (A549, PC9, and H1975) were 

purchased from the Korean Cell Line Bank (Seoul, 
Korea), Sigma-Aldrich (Missouri, USA) and ATCC 
(Virginia, USA). Lung cancer cells were propagated in 
RPMI 1640 medium (Cytiva, USA), supplemented with 
10% fetal bovine serum (FBS, Hyclone, USA), and 1% of 
penicillin–streptomycin (Sigma-Aldrich, USA) at 37  °C 
in a humidified incubator with 5% CO2. Lung cancer cells 
were seeded at a density of 1 × 103 cells per 96-well plates 
in 100 μL medium. After 24 h of incubation, Lung cancer 
cells were treated with KBJK557 at various concentrations 
(0, 12.5, 25, 50, 100, 200, 400, 500, and 600 μM) for 24 h, 
then added to the MTT assay (Enhanced Cell Viability 
Assay Kit, DoGenBio, Korea). Absorbance was measured 
at 450 nm using a microplate reader (Molecular Devices 
Corp, USA).

Cell cycle arrest study by fluorescence‑activated cell sorter
As reported previously (Gunasekaran et  al. 2020), lung 
cancer cells were seeded into 2 × 105 cells in 6-well plates 
and treated with KBJK557 (400 μM) for 24 h. Cells were 
washed with PBS three times and fixed using 70% cold 
ethanol during vortexing. The fixed cells were stained 
with propidium iodide (PI) (1  μg/mL, Sigma-Aldrich, 
USA) and treated RNase (1  μg/mL) (Thermo Scientific, 
USA) in PBS for 30  min at 37  °C in an incubator. Flow 
cytometric analysis was performed using a fluorescence-
activated cell sorter (FACS; Beckman Coulter, CytoFLEX, 
USA).

Apoptosis effect of cancer cells
As reported previously (Gunasekaran et  al. 2020), lung 
cancer cells (1 × 103 cells) were cultured in 96-well 
microplates for 24  h at 37  °C. Cells were treated with 
KBJK557 (400  μM) at 24  h. Then, 2.5  μL of mixtures 
of kit (LIVE/DEAD™ Viability/Cytotoxicity Kit, 
Invitrogen™, USA) were added to 1 mL of PBS, and 100 
μL of this solution was added to each well. After 30 min 
of incubation at room temperature, images of cells were 
captured by fluorescence microscope (ZOE™ Fluorescent 
Cell Imager, USA). Cells count was measured using 
ImageJ software.

Animals
As reported previously (Gunasekaran et al. 2020), five-
week-old male BALB/c nude mice were purchased 
from the Nara Bio animal center (NARA Biotech, 
Seoul, Korea), housed under specific pathogen-free 
conditions. The mice were housed in groups of four 
in transparent plastic cages bedded with aspen chip 
and were provided with standard mouse chow diet 
and tap water ad  libitum when not being treated. 
The environment of the animal room was carefully 
controlled, with a 12  h dark–light cycle. And the 
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temperature was maintained around 20–21  °C with 
relative humidity of 40–45%. The animal experiments 
were carried out according to a protocol approved 
by the KBSI Committee (KBSI-IACUC-22-6) and 
all experiments were performed in accordance with 
relevant guidelines and regulations.

The anticancer effect in tumor‑bearing mice
As reported previously (Gunasekaran et  al. 2020), we 
induced mouse xenograft tumor models by subcutane-
ously injecting 1 × 106 A549 cells in PBS into the right 
thigh region of six-week-old male BALB/c nu/nu mice. 
When the tumor volume (length × width × height × 
0.52, mm3) reached approximately 50 mm3, a tail vein 
injection of vehicle solution, and KBJK557 (15  mg/kg) 
was carried out. KBJK557 was dissolved in Dimethyl 
sulfoxide (DMSO, Sigma-Aldrich, USA), Polyethylene 
glycol 300 (PEG300, Selleck Chemical, USA), Tween 
80 (Fluka, Switzerland), and distilled water (D.W.) 
(5:30:5:60, v/v/v/v, 100  μL). We injected vehicle solu-
tion and KBJK557 at 3–4 day intervals for 18 days and 
the tumor size was measured using calipers.
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