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RESEARCH ARTICLE

9,10-Dioxoanthracenyldithiocarbamates effectively inhibit the proliferation of 
non-small cell lung cancer by targeting multiple protein tyrosine kinases

Mateusz Olszewskia , Maryna Stasevychb , Viktor Zvarychb and Natalia Maciejewskaa 

aDepartment of Pharmaceutical Technology and Biochemistry, Faculty of Chemistry, Gdansk University of Technology, Gdansk, Poland; 
bDepartment of Technology of Biologically Active Substances, Pharmacy, and Biotechnology, Lviv Polytechnic National University 13, Lviv, Ukraine 

ABSTRACT 
Anthraquinones have attracted considerable interest in the realm of cancer treatment owing to their 
potent anticancer properties. This study evaluates the potential of a series of new anthraquinone deriva-
tives as anticancer agents for non-small-cell lung cancer (NSCLC). The compounds were subjected to a 
range of tests to assess their cytotoxic and apoptotic properties, ability to inhibit colony formation, pro- 
DNA damage functions, and capacity to inhibit the activity of tyrosine kinase proteins (PTKs). Based on 
the research findings, it has been discovered that most active derivatives (i84, i87, and i90) possess a sub-
stantial capability to impede the viability of NSCLC while having mostly a negligible effect on the human 
kidney cell line. Moreover, the anthraquinones displayed pro-apoptotic and genotoxic attributes while 
blocking the phosphorylation of multiple PTKs. Collectively, our findings indicate that these derivatives 
may demonstrate promising potential as effective anticancer agents for lung cancer treatment.
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Introduction

Cancer is a significant health problem globally. It is a complex dis-
ease characterised by uncontrolled cell growth and proliferation, 
often resulting in the formation of malignant tumours. There are 
many types of cancer, each with unique characteristics and treat-
ment challenges. This disease can affect people of all ages and 
demographics, and its incidence is expected to continue to rise 
due to factors such as ageing of populations and lifestyle factors 
such as smoking, poor diet, and lack of physical activity. One of 
the most common types of cancer worldwide and the leading 
cause of cancer-related deaths globally is lung cancer. There are 
two primary types of lung cancer: non-small cell lung cancer 
(NSCLC) and small cell lung cancer (SCLC), with NSCLC accounting 
for about 85% of all cases1.

Anthraquinones are a class of naturally occurring organic com-
pounds that have garnered significant attention in the field of 
cancer therapy due to their potent anticancer activity. These com-
pounds are widely distributed in the plant, fungal, and lichen 
kingdoms and exhibit a diverse range of biological activities, 
including anti-inflammatory, antimicrobial, and antitumour proper-
ties2,3. Extensive research has been conducted to explore the anti-
cancer potential of anthraquinones, and numerous studies have 
reported their ability to arrest cell cycle progression, induce 

apoptosis, and inhibit cell proliferation in various cancer cell 
lines4–7. Mechanistically, anthraquinones have been shown to 
exert their anticancer effects via several mechanisms, including 
the inhibition of topoisomerase activity, the induction of oxidative 
stress, and the modulation of signalling pathways involved in cell 
survival and proliferation8–10. Among the well-known anthraqui-
nones, emodin (1,3,8-trihydroxy-6-methyl-anthraquinone), a strong 
inhibitor of the protein tyrosine kinase (PTK) p56lck, stands out for 
its potent anticancer activity against various cancer types, includ-
ing breast, lung, prostate, and liver cancer11,12. Emodin induces 
apoptosis in cancer cells and exhibits anti-metastatic activity by 
suppressing the migration and invasion of cancer cells12,13.

PTKs are a group of enzymes that play a crucial role in the 
regulation of several cellular processes, including cell growth, dif-
ferentiation, and survival14. The dysregulation of PTKs has been 
implicated in the development and progression of various types 
of cancer. As a result, PTKs have emerged as an important target 
for the development of anticancer therapies15. For example, imati-
nib is a protein tyrosine kinase inhibitor (PTKI) approved for the 
treatment of chronic myeloid leukaemia and gastrointestinal stro-
mal tumours16. Imatinib targets kinases such as c-kit and BCR-ABL, 
effectively killing cancer cells and inducing remission17. Another 
example of PTKI is dasatinib, which targets multiple PTKs, 
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Table 1. Chemical structures of 9,10-dioxoanthracenyldithiocarbamates.  

Compound R1 R2

i32 NH2

i56 NH2

i62 NH2

i64 NH2

i67 H

i68 H

i78 H

i79 H

(continued)
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Table 1. Continued.

Compound R1 R2

i82 H

i83 H

i84 H

i87 H

i88 H

i89 H

i90 H
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including BCR-ABL, SRC, and c-KIT18. Dasatinib has shown promis-
ing results in the treatment of several types of cancer, including 
chronic myeloid leukaemia, acute lymphoblastic leukaemia, and 
non-small cell lung cancer19,20. In addition to imatinib and dasati-
nib, numerous other PTKIs are currently undergoing development 
or clinical trials for the treatment of various types of cancer. This 
underscores the significance of compounds that act on this target 
in the field of cancer research and therapy.

This study aimed to assess the molecular pharmacology of 15 
anthraquinone derivatives, (Table 1) to determine their potential 
as anticancer agents against lung cancer cell lines. These com-
pounds were previously obtained, purified, and physiochemically 
characterised; however, their molecular mechanism of action was 
unknown21. Given the involvement of PTKs and the structural for-
mulas of anthraquinones, we evaluated these compounds to 
determine their ability to inhibit phosphorylation of this enzyme 
class.

Results

Cytotoxic activity of anthraquinones

In this study, we assessed the antiproliferative activity of anthraqui-
nones against human non-small cell lung cancer cell lines, namely 
A549, H226, and H460 and non-malignant human embryonic kid-
ney cell line HEK293. Cisplatin and etoposide served as reference 
compounds. The cells were exposed to various concentrations of 
the compounds (0.5–100 mM) for 72 h and analysed using the MTT 
assay. The IC50 concentration that inhibits 50% growth of cells was 
used to express the results (Table 2). Most of the compounds 
showed no activity, having an IC50 value greater than 50 lM; how-
ever, select compounds, specifically i64, i68, i79, i82 and i89, dis-
played moderate activity, while i84, i87, and i90 showcased 
pronounced efficacy. Interestingly, compounds i84, i87, and i90 
manifested exceptional cytotoxicity against the A549 cell line. Their 
IC50 values observed a pattern: H460>H226>A549, and they out-
performed the benchmark compound, cisplatin. Notably, i84, i89, 
and i90 exhibited diminished impacts on the HEK293 cell line, hint-
ing at their potential cancer cell specificity. Expanding our scope, 
we also evaluated the three most potent compounds against nor-
mal bronchial epithelial cells, NHBE2594. The results suggest that 
these compounds display comparable activity to that observed in 
A549 cells and demonstrate lower cytotoxicity than etoposide. 

These results demonstrate the potential utility of anthraquinones as 
effective cytotoxic agents for non-small cell lung cancer.

To assess the antiproliferative nature of compounds, the i84 and 
i90 were selected due to their lower toxicity levels. The colony for-
mation assay was employed to test these compounds, and the 
results displayed a dose-dependent reduction in the number of col-
onies in all the tested cell lines, as shown in Figure 1. This indicates 
that treatment with i84 and compounds effectively reduced the 
adhesion-independent proliferation of the tested cell lines.

To further underscore the antiproliferative effects of anthra-
quinone derivatives, we performed the bromodeoxyuridine (BrdU) 
incorporation assay on the A549 cell line. Figure 2 reveals that 
upon treatment with equitoxic doses of these compounds, there 
was a notable 2-fold reduction in BrdU-positive cells. Collectively, 
these results underscore the promise of anthraquinone derivatives 
as potential inhibitors of in vitro cancer cell proliferation.

Anthraquinones induce DNA damage and apoptosis

Various studies have reported a correlation between the cytotox-
icity of anthraquinones and their potential to induce DNA damage, 
including DNA double-strand breaks (DSBs)22,23. One of the markers 
for DSBs is the phosphorylation of histone variant H2AX on Serine 
139, resulting in the formation of nuclear foci24. To determine the 
extent of DNA damage caused by the anthraquinone compounds, 
A549 cells were used, as compounds exhibit the highest cytotoxic 
activity towards this cell line. As shown in Figure 3, all compounds 
caused a significant increase in DNA DSBs in NSCLC cells, as evi-
denced by the accumulation of c-H2AX fraction (p< 0.01).

DNA damage triggers checkpoint mechanisms, which arrest the 
cell cycle to allow time for DNA repair. If the damage is too 
severe, the cells undergo apoptosis, which is the most common 
form of cell death. Therefore, the pro-apoptotic properties of 
anthraquinones were examined using flow cytometry (Figure 4). 
A549 cells were treated with IC90 concentration of anthraquinone 
derivatives for 24 h and stained with 7-AAD and Annexin V-FITC, 
which has a high affinity to phosphatidylserine. Dual staining 
enabled the differentiation between live cells (Annexin V-FITC(-)/7- 
AAD(-)), early-phase apoptotic cells (Annexin V-FITC(þ)/7-AAD(-)), 
late-phase apoptotic cells (Annexin V-FITC(þ)/7-AAD(þ)), and nec-
rotic cells (Annexin V-FITC(-)/7-AAD(þ)).

Treatment with anthraquinone derivatives resulted in a signifi-
cant decline in the number of live cells, while the proportion of 
Annexin V-positive cells increased (Figure 4). This indicates 

Table 2. The in vitro growth inhibitory activity of anthraquinones was assessed by determining their IC50 values (± SD, mM), representing the compound concentra-
tion required to inhibit 50% of cell growth. The values reported are the means of three independent experiments, with etoposide and cisplatin used as references.

Compound A549 H226 H460 HEK293 NHBE2594

i32 >50 >50 >50 >50 ND
i56 >50 >50 >50 >50 ND
i62 >50 >50 >50 >50 ND
i64 19.14 ± 2.24 34.83 ± 2.86 16.99 ± 2.02 24.12 ± 1.88 ND
i67 >50 >50 >50 20.62 ND
i68 41.16 ± 3.37 >50 19.49 ± 2.65 33.07 ± 2.58 ND
i78 >50 >50 >50 >50 ND
i79 >50 >50 24.95 ± 3.36 3.12 ± 0.67 ND
i82 29.7 ± 2.69 7.79 ± 1.76 8.84 ± 1.74 6.12 ± 1.42 ND
i83 >50 >50 >50 >50 ND
i84 2.49 ± 0.04 7.88 ± 1.17 11.02 ± 0.56 33.75 ± 1.24 3.05 ± 0.22
i87 1.35 ± 0.21 1.54 ± 0.28 4.21 ± 0.81 0.89 ± 0.12 1.02 ± 0.14
i88 >50 >50 >50 >50 ND
i89 >50 29.01 ± 2.11 >50 44.44 ± 3.67 ND
i90 0.81 ± 0.12 3.87 ± 0.54 5.02 ± 0.81 37.2 ± 1.63 1.62 ± 0.38
Etoposide 0.54 ± 0.21 0.39 ± 0.01 0.83 ± 0.15 1.91 ± 0.97 4.21 ± 0.23
Cisplatin 29.01 ± 0.12 17.47 ± 2.12 21.49 ± 1.87 28.45 ± 1.97 ND
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phosphatidylserine externalisation and ongoing apoptotic cell 
death. Compounds i84 and i90 exhibited the most pronounced 
pro-apoptotic activity among all compounds with a 4.3-fold and 
3.1-fold increase in apoptosis, respectively, compared to the con-
trol. Moreover, all compounds showed a constant number of 

necrotic fractions under the same conditions (Figure 4). The 7- 
AAD dye can only enter cells with compromised cell membrane 
integrity, indicating late-stage apoptosis or necrosis. These find-
ings confirmed that the investigated anthraquinones trigger apop-
totic rather than necrotic cell death in NSCLC cell lines.

Figure 1. The ability of NSCLC cells to form colonies is impeded by anthraquinones. A visual representation of the colony formation assay is displayed on the left, and 
the quantitative results are presented on the right. The data shown in the panels represent the mean ± SEM of three independent experiments. ���p< 0.0001 and 
����p< 0.00001 (two-way ANOVA and post hoc Dunnett’s test).
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Anthraquinones inhibit multiple tyrosine kinases’ 
phosphorylation

Numerous data have reported that anthraquinones can inhibit the 
phosphorylation of diverse protein tyrosine kinases (PTKs), such 
as emodin or chrysophanol (1,8-dihydroxy-3-methylanthrone)25. 
Therefore, we investigated the inhibitory activity of compounds 
against PTKs using an enzyme-linked immunosorbent assay (ELISA), 
considering the role of PTKs and the structural formulas of anthra-
quinones. Imatinib, a selective PTK inhibitor used in medical treat-
ment, was employed as a reference. As shown in Figure 5(a), all 
tested compounds exhibited a concentration-dependent decrease 
in PTK activity. Compound i84 showed the most potent inhibitory 
activity against PTK and was more effective at a 1 lM concentration 
than imatinib. To further assess thehosphoy of tested compounds 
to suppress phosphorylation of PTK, high serum-supported A549 
cells were treated with increasing concentrations of compounds 
and analysed by flow cytometry. Representative histograms and 
corresponding quantification are presented in Figure 5(a,d). All the 
compounds decreased the phosphorylation of p-Tyr in a concentra-
tion-dependent manner. At a 25 lM concentration, i84 and i90 sig-
nificantly reduced protein tyrosine phosphorylation, resulting in an 
almost 2-fold decrease in the p-Tyr expression compared to the 
vehicle. Moreover, both compounds exhibited higher activity than 
imatinib. Furthermore, A549 cells treated with compounds at 25 lM 
were analysed using confocal microscopy (Figure 5(c)). Within a 4-h 
treatment with i84 or i90, a remarkable decrease in p-Tyr staining 
was observed. I84 displayed similar activity to imatinib, whereas no 
apparent changes were observed for i87. These results are consist-
ent with those obtained in the ELISA and flow cytometry tests.

The inhibitory activity of i84 and i90 against particular PTKs 
was investigated. A549 cells were treated with the tested com-
pounds for 6 h and analysed using a human RTK phosphorylation 
Ab array, which can screen the expression of 71 different RTKs 

simultaneously (Figures 6(a,c)). The relative phosphorylation levels 
of all investigated target molecules were presented in Figure 6(d).

The study findings revealed that i90 exhibited partial inhibition of 
kinase phosphorylation, with thirteen protein tyrosine kinases appear-
ing to be largely unaffected (Figures 6(b,d)). Notably, NGFR kinase 
was fully inhibited, while Fyn, Frg, and ROR1 kinases demonstrated a 
2.8-fold decrease in activity compared to the control group, indicat-
ing significant inhibition by i90. On the other hand, i84 downregu-
lated all investigated p-PTKs except ALK and exhibited higher 
potency towards PTKs than i90 (Figure 6(b,d)). However, i84 was less 
active than imatinib, indicating its potential selectivity.

It is noteworthy to mention that the A549 cell line exhibited 
higher basal expression of certain protein tyrosine kinases, indicat-
ing potential implications in cancer progression. Notably, non- 
receptor kinases from the ACK1, FAK, and SRC families, including 
FRK, Csk, and Lyn, as well as receptor kinases from types II (IGF-IR, 
Insulin-R), X (AXL, Dtk), XIV (EphA2), and XV (ROS) were found to 
be upregulated26. These findings suggest that these kinases may 
play crucial roles in cancer development and require further inves-
tigation. I84 significantly downregulated the expression of all 
those kinases, suggesting that inhibiting these kinases may have a 
significant impact on non-small cell lung cancer development and 
warrant further investigation (Figure 6(d)). Additionally, most of 
the SRC family kinases were significantly inhibited by i84, indicat-
ing that its may act more efficiently on these particular proteins 
(Figure 6(d)). Further research in this area is necessary and will be 
conducted in future studies.

Molecular docking studies

In addition to the abovementioned biological tests, a series of 
docking simulations were performed using the Autodock Vina soft-
ware. The program utilised an empirical scoring function, 

Figure 2. Analysis of BrdU incorporation after treatment of A549 cells with anthraquinones. DNA staining results are depicted in representative histograms with 
associated statistical evaluations. Graph bars present the quantification data, with error bars indicating the mean ± SD from three independent experiments (two-way 
ANOVA test).
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reminiscent of the X-score function, to quantitatively assess the lig-
and-receptor binding affinity. Four ligands were subjected to this 
analysis: i87, Bosutinib, Dasatinib, and Imatinib. Notably, Bosutinib, 
Dasatinib, and Imatinib are established for their efficacy against PTK 
targets and were thus used as reference ligands in this study.

From the human RTK phosphorylation Ab array, compound i84 
emerged as the most potent candidate, prompting its selection 
for docking studies. Kinases that exhibited the most inhibition in 
the test, and for which a PDB structure was available, were investi-
gated. Specifically, we looked at those kinases with a petite cavity 

Figure 3. Anthraquinones induce DNA DSBs. (a) Representative high-resolution laser scanning confocal images showing the c-H2AX after treatment A549 cell lines. 
For negative and positive controls, DMSO and etoposide (ETP) were utilised, respectively. Nuclei were counterstained with DAPI. Scale bars ¼ 10 lm. (b) 
Representative histograms showing induction c-H2AX in the A549 cell line at 24 h of treatment. (c) The quantification of the analysis is presented on a bar graph. 
��p< 0.001, ����p< 0.00001 (two-way ANOVA and post hoc Dunnett’s test).
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bordered by alpha helices on one side and beta sheets on the 
other.

Of all the simulations performed, we shortlisted the top 10 
based on the scoring function. Following a visual assessment, the 
best results were chosen based on spatial arrangement and dock-
ing score (Table 3). The findings revealed that i84 had docking 
scores superior to those of Dasatinib and Bosutinib, but generally 
inferior to Imatinib. However, the scores across all ligands had a 
close range, with a maximum difference of 2.8 kcal/mol. These 
results suggest that i84 could potentially be a potent inhibitor of 
the investigated PTKs.

Discussion

Anthraquinones have been recognised as cancer growth inhibitors 
targeting topoisomerases, telomerase, matrix metalloproteinases, 
and protein kinase2,27. These molecular targets are critical for pro-
viding necessary cell survival signals. Several drugs based on an 
anthraquinone scaffold, such as doxorubicin, epirubicin, pixan-
trone, valrubicin, and mitoxantrone, are clinically employed for 
treating various types of cancers23. To further explore the mechan-
ism of anthraquinones in modulating cancer cell growth, the cellu-
lar and molecular effects of newly developed anthraquinones 
were studied in vitro. Results suggest that these newly formulated 
anthraquinones show promising potential in regulating cancer 
growth by directly targeting multiple signalling pathways.

Among the examined anthraquinone derivatives, compounds 
i84, i87 and i90 were found to be the most active, which effect-
ively inhibited the growth of NSCLC cells and inhibited the forma-
tion of colonies in cell cultures. Moreover, our studies revealed 
that these compounds induced DNA DSBs, likely leading to apop-
totic cell death. Anthraquinones are generally known to act as 
DNA intercalators, causing DNA single- and double-strand 
breaks, which can cause apoptosis28. Interestingly, none of the 
analysed compounds possessed the ability to bind DNA (data not 
shown), indicating that their mechanism of action is distinct 
from that of the typical compounds from this chemical group. 
Notably, further studies revealed that the compounds tested had 
a strong inhibitory effect on phosphorylation of multiple PTKs, 

among which compound i84 was the most active according to 
our data.

It is worth noting that i84 has been shown to significantly 
decrease the activity of almost all the studied SRC kinases. SRC 
kinases are a family of non-receptor tyrosine kinases which play a 
role in signal transduction, cell growth and survival, and angio-
genesis pathways29. Dysregulation and increased activation of SRC 
kinases have been associated with the progression of several 
types of cancer, making them attractive targets for cancer treat-
ment therapies30. Consequently, the development of small mole-
cules as inhibitors for SRC kinases presents a viable strategy for 
targeting them. These inhibitors bind to the ATP-binding site of 
the kinase and effectively hinder its activity. Certain compounds, 
including anthraquinones like anthraquinone-2-carboxylic acid and 
flavonoids such as scutellarein, have demonstrated strong inhibi-
tory effects against SRC kinases31,32. By blocking SRC kinases, 
these substances effectively suppress the inflammatory response 
and impede the activation of NF-jB.

On the other hand, i84 also inhibited phosphorylation of several 
receptor tyrosine kinases (RTKs), such as IGF-IR, Insulin-R, NGFR, 
EphB3, EphB6 or AXL. Receptor kinases are transmembrane proteins 
that transmit signals from the extracellular environment into the 
cell, influencing various cellular processes including cell growth, sur-
vival, and proliferation33. Over the past twenty years, various mole-
cules targeting RTKs have been employed as primary or secondary 
therapeutic agents in numerous cancer types34. Despite the promis-
ing clinical benefits that approved kinase inhibitors have provided 
to an array of cancer patients, these drugs are unfortunately not 
curative, merely delaying tumour progression. Advanced tumours in 
particular are able to craft escape routes to sidestep inhibiting tar-
get proteins, leading to cytostatic drug resistance35. One potential 
way to combat multidrug resistance is to simultaneously target 
multiple kinases, as this can improve inhibiting cancer cell growth.

Targeting multiple PTKs has been shown to offer multiple bene-
fits compared to targeting just one. The dysregulated activity of dif-
ferent PTKs in cancer cells renders them insensitive to treatments 
aimed at a single PTK. As such, targeting multiple PTKs provides 
increased chances of inducing cell death and preventing treatment 
resistance36. Furthermore, this approach may lead to a broader anti-
cancer effect and improved treatment outcomes. This is because 

Figure 4. Flow cytometric analysis of A549 cell line after 24 h of treatment with anthraquinone compounds, using Annexin V-FITC/7-AAD. For negative and positive 
controls, DMSO and etoposide (ETP) were utilised, respectively. (a) Representative dot plots. (b) The quantitation of data is presented on a bar graph. ��p< 0.001, 
���p< 0.0001, and ����p< 0.00001 (two-way ANOVA and post hoc Dunnett’s test).
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PTKs are often involved in interconnected signalling pathways, and 
simultaneous inhibition of multiple PTKs can disrupt these path-
ways at various points, resulting in stronger and more effective 
anticancer responses36. Thus, targeting multiple PTKs is likely to 
lead to improved anticancer activity and greater treatment efficacy.

Molecular docking has emerged as an instrumental tool in sup-
porting biological investigations. In our studies, it was observed 
that compound i84 demonstrates a notable affinity towards various 
non-receptor and receptor kinases. This binding behaviour is remin-
iscent of established chemotherapeutic agents, underscoring the 
potential therapeutic value of i84. To gain a deeper understanding 
of the nuances and specificities of the binding interactions, we sug-
gest that future research should leverage cutting-edge molecular 
modelling techniques. These techniques, especially thermodynamic 

analyses, can shed light on the stability and energetics of the bind-
ing process, offering insights beyond what traditional docking can 
provide.

Furthermore, while molecular docking provides an initial 
glimpse into potential binding interactions, a comprehensive 
understanding requires experimental validation. Notably, the RTK 
membrane assay, commonly employed in these studies, offers 
only semi-quantitative data. This limitation highlights the neces-
sity for more definitive analytical techniques. We propose that 
subsequent investigations integrate enzymatic assays. Such 
assays would not only validate the binding events but also help 
pinpoint the exact concentrations required to inhibit specific kin-
ases, thereby enhancing the precision and applicability of the 
findings.

Figure 5. Analysis of changes in phosphorylation of protein tyrosine kinases after compounds treatment. DMSO and imatinib were used as negative and positive con-
trols, respectively. (a) In vitro determination of PTK activity using A549 extracts determined by ELISA. (b) Representative histograms of compounds-treated A549 cells 
after intracellular hosphor-flow cytometry. (c) Representative microscopy images presenting immunofluorescence of microtubule and p-Tyr foci in A549 cells at 4 h of 
treatment. The microtubules are depicted in red, p-Tyr in green, and the nucleus is stained with DAPI (blue). Scale bars ¼ 10 lm. (d) Quantification of intracellular hos-
phor-flow cytometry. �p< 0.01, ��p< 0.001, ���p< 0.0001, ����p< 0.00001 vs. vehicle (one-way ANOVA and post hoc Dunnett’s test).
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Considering the extensive role of PTKs in the regulation of a 
variety of cellular functions, targeting these enzymes with com-
pounds such as anthraquinones may provide promising com-
pounds that can exert avenues for the development of novel 
therapeutic strategies for the treatment of cancer. Their anticancer 
activity through multiple mechanisms could prove advantageous 

in tackling cancer cells that are resistant to traditional chemother-
apeutic treatment. Additionally, due to the unique properties of 
anthraquinones, it could be possible to design a more precise and 
effective strategy for the treatment of this devastating disease. 
Further investigation is required to explore the potential of 
anthraquinones as effective treatments for cancer.

Figure 6. Analysis of changes in phosphorylation of protein tyrosine kinases after compounds treatment. (a) Human PTK overview. Green and red points refer to non- 
receptor and receptor PTKs, respectively. (b) Proteome profiler analysis of A549 cells after treatment with compounds. DMSO and imatinib were used as negative and 
positive controls, respectively. (c) Template presenting the location of tyrosine kinase antibody. (d) Profiling changes in PTKs after treatment with anthraquinones or 
imatinib with respect to the vehicle. Non-receptor and receptor PTKs are presented on the left and right panels, respectively.
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Methods

Compounds

Compounds were synthesised accordingly to the protocol 
described earlier21. Etoposide, cisplatin, and imatinib were pur-
chased from Sigma-Aldrich.

Cell culture

A549, H226, H460, and HEK293 cell lines were obtained from the 
American Type Culture Collection. All cell lines were cultured in a 
controlled environment held at a temperature of 37 �C, with a 5% 
CO2 atmosphere. Furthermore, regular screenings for Mycoplasma 
contamination were diligently conducted. A549, H226, and H460 
cells were cultured in the RPMI-1640 medium (Corning), while the 
HEK293 cell line was cultured in DMEM (Corning). Each medium 
was supplemented with 10% foetal bovine serum (Corning), 2 mM 
L-glutamine (Corning), and antibiotics (penicillin 62.6 lg/ml and 
streptomycin 40 lg/ml).

Cell viability

MTT (3,(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assay was employed to assess cell viability. The cells were first 
seeded into 96-well plates and exposed to the investigated com-
pounds at varying concentrations (0 to 50 mM) for 72 h. Etoposide 
and cisplatin served as references. After the treatment period, the 
cells were incubated with the MTT solution (0.4 mg/ml PBSx1) for 
three hours at 37 �C. Then, the medium was removed, and formazan 
crystals were dissolved in 100 ll of DMSO. Subsequently, the absorb-
ance was quantified at 540 nm using an ASYS UVM340 microplate 
reader (Biochrom Ltd.). The experiment was performed independ-
ently in triplicate to ensure the reliability and validity of the results.

Colony forming assay

To assess the clonogenic potential of A549, H226 and H460 cells 
were seeded at a density of 400 cells per well into 6-well plates. 
The cells were subsequently exposed to different concentrations 
of the investigated carbazole derivatives for 24 h. Following treat-
ment, the cells were washed and cultured for 8 days. Methanol 
was employed to fix the cells, which were then subjected to 0.5% 
crystal violet staining. Visible colonies were counted using ImageJ 
software, and cell viability was determined concerning the control. 
Colony visualisation and counting were facilitated by ImageJ 
1.53n software.

BrdU assay

To identify DNA synthesis, A549 cells were exposed to a solution 
of 20 lM BrdU (5-bromo-20-deoxyuridine) from Sigma Aldrich for 
an hour before the treatment concluded. Subsequently, the cell 
samples were collected using a trypsin solution and then pre-
served in 75% ethanol at −20 �C for an extended period, often 
overnight. After rehydration with PBS for 10 min, the samples 
underwent denaturation using 2 M HCl for 45 min at room tem-
perature. To neutralise the suspension, a 0.1 M sodium tetraborate 
solution with a pH of 8.5 was applied for 10 min at room tempera-
ture. Blocking was performed using 1% w/v bovine serum albumin 
(BSA) in PBS for 30 min at room temperature. Following the block-
ing step, the samples were subjected to a rat anti-BrdU antibody 
(diluted 1:100) from Abcam (#ab6326) and incubated for an hour 
at 37 �C. Subsequently, a goat anti-rat conjugated antibody 
(diluted 1:200) from Abcam (#ab150157) was applied and incu-
bated for 30 min at 37 �C. For DNA staining, a solution containing 
20 lg/ll of propidium iodide (PI) and 100 lg/ll of RnaseA in PBS 
was used for 20 min at room temperature.

DNA damage

In this study, DNA damage was assessed by subjecting treated 
cells to a multi-step protocol. First, the cells were harvested and 
fixed in 75% ethanol, followed by overnight storage at −20 �C or 
longer. Upon rehydration with PBS, the cells were permeabilized 
in 0.2% Triton X-100 in PBS for 15 min at room temperature. To 
detect DNA damage, the samples were blocked with 2% BSA in 
PBS and incubated with Alexa488-conjugated mouse anti-cH2AX 
(Ser139) antibody (dilution of 1:100, BioLegend, #613406). The 
DNA was subsequently stained with 7-AAD (Sigma Aldrich) and 
100 lg/ll RnaseA in PBS for 20 min at room temperature. As a ref-
erence, etoposide was utilised.

Proapoptotic properties

After treatment with the investigated compounds and etoposide, 
A549 cells were harvested through trypsinization, rinsed twice 
with PBS, and subjected to Annexin V FITC conjugate staining 
(Thermo Fisher Scientific, #A13199) as per the manufacturer’s 
instructions.

Universal tyrosine kinase assay

The Universal Tyrosine Kinase Assay Kit (#MK410; TaKaRa) was uti-
lised to evaluate the activity of PTK in the A549 cell extract, fol-
lowing the manufacturer’s instructions. Initially, A549 cells were 
collected with extraction buffer and centrifuged at 10000 g for 
10 min at 4 �C. Each sample was mixed with 40 mM ATP-2Na solu-
tion and incubated for 30 min at 37 �C. Subsequently, the sample 
solution was removed, and the wells were washed four times with 
washing solution. The wells were then blocked with blocking solu-
tion for 30 min at 37 �C, and anti-phosphotyrosine (PY20)-HRP 
solution was added to each well, followed by incubation for 
30 min at 37 �C. After washing the wells four times, HRP substrate 
solution was added, and the wells were incubated for 20 min at 
37 �C. The reaction was stopped using a stop solution, and the 
absorbance at 450 nm was measured with an ASYS UVM340 
microplate reader (Biochrom Ltd.). The activity of PTK was calcu-
lated using the PTK standard curve provided in the kit.

Table 3. Ligand–protein energies calculated with the Autodock Vina program.

Ligand

Receptor kinases

IGF-IR Insulin R EphB3 AXL ROR2
DG (kcal/mol)

i84 −8,2 −9,5 −8,6 −8,2 −7,7
Imatinib −9,1 −9,1 −9,4 −8,7 −8,3
Dasatinib −7,5 −8,2 −8,4 −8,1 −6,5
Bosutinib −8 −8,2 −7,9 −7,8 −6,8

Ligand

Non-receptor kinases

ACK1 FAK Csk FRK ZAP-70
DG (kcal/mol)

i84 −9,5 −9,1 −8,1 −10,9 −9,5
Imatinib −10,2 −9 −9,1 −11 −10,2
Dasatinib −9 −7,9 −7,6 −10,2 −9
Bosutinib −9 −6,3 −7,2 −9,2 −9
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Phospho-flow cytometry assay

For hosphor-flow cytometry, cells were seeded onto tissue culture 
plates and allowed to adhere overnight. The complete medium was 
replaced with a medium containing 1% FBS for 12 h before stimula-
tion. Subsequently, the cells were pre-treated with compounds for 
45 min, washed, and treated with compounds in 20% FBS for an 
additional 75 min. Cells were then detached with 1 mM EDTA in 
PBS, washed 2–3 times with PBS, and collected by centrifugation at 
1100 rpm for 5 min at 4 �C. Next, cells were fixed with 4% PFA in 
PBS for 15 min at 4 �C and centrifuged at 1100 rpm for 5 min at 
4 �C. After fixation, cells were permeabilised by gradually adding 
4.5 ml of ice-cold 100% methanol to the pre-cooled cells in 0.5 ml 
of PBS, with gentle vortexing, to achieve a final concentration of 
90% methanol. The samples were then incubated for 45 min on ice. 
Cells were washed with incubation buffer (0.5% BSA in PBS), centri-
fuged at 1100 rpm for 5 min at 4 �C, and blocked with blocking buf-
fer at room temperature for 30 min. Next, cells were incubated with 
anti-p-Tyr-100 antibody (1:1500 dilution; #9411; Cell Signalling) or 
IgG Isotype control (1 lg/mL dilution; ab37355; Abcam) antibodies 
at room temperature for 1 h, followed by incubation with anti- 
mouse IgG cross-adsorbed secondary antibody conjugated to 
DyLight 488 (1:200 dilution; #SA5-10166; Thermo Fisher Scientific) 
for 30 min at room temperature. Cells were then washed twice with 
PBS-T and stained with 7-AAD and Rnase A (50 lg/mL) in the dark 
at room temperature for 15 min. Finally, we analysed the samples 
using flow cytometry (Guava EasyCyte 8 cell sorter, Merck Millipore) 
and FlowJo software v10. Each experiment was repeated independ-
ently three times.

Immunofluorescence

The cells were seeded on coverslips and allowed to attach over-
night. Following this, cells treated with drugs were washed with 
PBS, fixed using 4% paraformaldehyde (Sigma-Aldrich) in PBS for 
10 min at room temperature, and permeabilized with 0.2% Triton X- 
100 (Sigma-Aldrich) in PBS for 15 min. The cells were then washed 
twice with PBS, blocked using 3% BSA in PBS for 1 h at room tem-
perature, and incubated with primary antibodies diluted in 3% BSA 
in PBS-T (PBS containing 0.1% (v/v) Tween-20 (Sigma-Aldrich)) for 
1 h at 37 �C. The primary antibodies used were mouse anti-phos-
pho-tyrosine (P-Tyr-100), (#9411, Cell Signalling) at a dilution of 
1:500 or Alexa488-conjugated mouse anti-cH2AX (Ser139) antibody 
at a dilution of 1:250 (#613406, BioLegend). The slides were washed 
with PBS-T and then incubated with the secondary antibody and/or 
Alexa Fluor 647 phalloidin (A22287, Thermo Fisher Scientific) in 3% 
BSA in PBS-T for 1 h at 37 �C. The secondary antibody used was a 
goat anti-mouse IgG antibody conjugated to Alexa Fluor 488 at a 
dilution of 1:200 (#SA5-10166, Invitrogen). After the secondary incu-
bation, the slides were washed and stained with 0.5 mg/ml DAPI. 
The images were acquired using an LSM 800 inverted laser scan-
ning confocal microscope (Carl Zeiss) equipped with an Airyscan 
detector and a� 63 1.4 NA Plan Apochromat objective (Carl Zeiss). 
The microscopy analysis was performed using equipment funded 
by the Foster Foundation (USA).

RTK phosphorylation array

A549 cells were serum-starved for 12 h before treatment with 20 lM 
of tested compounds for 45 min. After washing, the cells were 
treated with 20% FBS for an additional 75 min. Lysis buffer was used 
to collect cell samples, which were subsequently analysed using the 
RayBio Human Phospho Array Kit (#AAH-PRTK-1–4; RayBiotech) 
according to the manufacturer’s instructions. In brief, RTK array 

membranes were blocked with a blocking Cocktail buffer for 1 h, fol-
lowed by incubation with 300 lg of protein from experimental sam-
ples for 5 h. After extensive washing, membranes were incubated 
with biotinylated antibodies overnight at 4 �C. Then, membranes 
were washed and incubated with HRP-conjugated streptavidin for 
2 h at room temperature. The unbound HRP antibody was washed 
out, and each membrane array was detected by chemiluminescence 
using a ChemiDoc Imaging System (Bio-Rad). Signal intensities were 
measured using densitometric analysis with ImageLab and normal-
ised using the positive control spotted on the membrane. Each 
experiment was repeated independently three times.

Molecular docking

The selection of kinases for docking receptors was selected by 
their PDB structures’ availability and the RTK phosphorylation 
array results. A distinguishing feature observed among PDB struc-
tures was a petite cavity bordered by alpha helices on one side 
and beta sheets on the opposite side. From the initial pool, 54 of 
the 71 structures displayed this characteristic. The remaining 
either lacked this feature or were devoid of an accompanying PDB 
for the kinase in question. Molecular docking studies were con-
ducted using the PDB structures for IGF-IR (2OJ9), Insulin R (5E1S), 
EphB3 (5L6P), AXL (5U6B), ROR2 (4GT4), ACK1 (5ZXB), FAK (2JKK), 
Csk (1BYG), FRK (2MRK), and ZAP-70 (1U59). For the ligands 
Bosutinib, Dasitinib, and Imatinib, their structures were sourced 
directly from their respective PDBs, where they were found to be 
bound to specific kinases. I84 is a new molecule; therefore, its 
structure was built and optimised using the Biovia software37. The 
grid size in docking was set to 30 Å� 30 Å� 30 Å, with its centre 
aligned to the aforementioned kinase cavity, recognised as the 
inhibition site. All docking simulations were executed using Vina 
AutoDock38. Prior to simulation, input files underwent necessary 
conversion to match the software’s format requirements.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9 soft-
ware. Uniform levels of significance were employed throughout 
the manuscript, wherein the following symbols were used to indi-
cate p values: ns (p> 0.01), � (p< 0.01), �� (p< 0.001), ���

(p< 0.0001), and ���� (p< 0.00001).
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