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Abstract 

Drugs targeting human topoisomerase II (topoII) are used in clinical practice since decades. 

Nevertheless, there is an urgent need for new and safer topoII inhibitors due to the emergence of 

secondary malignancies and the appearance of resistance mechanisms upon treatment with topoII-

targeted anticancer drugs. In the present investigation, we report the discovery of a new topoII 

inhibitor, whose design was based on the structure of the natural product trypthantrin, a natural 

alkaloidal compound containing a basic indoloquinazoline moiety. This new topoII inhibitor, here 

numbered compound 5, is found to inhibit topoII with an IC50 of 26.6 ± 4.7 µM. Notably, compound 

5 is more potent than the template compound trypthantrin, and even than the widely used topoII-

targeted clinical drug etoposide. In addition, compound 5 also exhibits high water solubility, a 

promising antiproliferative activity on different tumor cell lines such as acute leukemia, colon, and 

breast cancer. In light of these results, compound 5 represents a promising lead for developing new 

topoII inhibitors as anti-cancer therapeutic agents. 
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Highlights 

• There is an urgent need for new and safer topoisomerase II inhibitors 

• Compound 5, a tryptanthrin derivative, is a catalytic inhibitor of topoisomerase II 

• Compound 5 exhibits antiproliferative activity on different tumor cell lines  

• Compound 5 blocks the cell cycle of CCRF-CEM in the G2 phase and induces DNA DSB 

• Compound 5 is water soluble and shows promising in-silico ADME properties  

 



1. Introduction 

Natural products represent one of the principal sources of biologically active compounds and have 

been used for centuries to treat a vast range of maladies[1, 2], with prominent applications in 

anticancer drug discovery[3]. In this regard, important anticancer clinical drugs such as etoposide – 

derived from the natural product podophyllotoxin – exert their effects by blocking the activity of 

topoisomerase (topo) enzymes[4]. Topo, classified as type I and type II in humans, are ubiquitous 

enzymes that are essential in the regulation of DNA topology[5]. Type I topo performs its regulatory 

functions by cleaving only one strand of DNA, while Type II cleaves both DNA strands. In case of 

the latter, human cells encode for two isoforms, α and β, which share almost 70% sequence identity. 

Notably, the α isoform is predominantly expressed in highly proliferating cells, while the β isoform 

is mainly expressed in non-proliferating cells such as cardiac cells and neurons. 

TopoII inhibitors are divided into two classes based on the mechanism of inhibition: i) “poisons”, 

such as etoposide and doxorubicin, which trap the covalent topoII/DNA cleavage complex, leading 

to DNA damage and cell death; and ii) “catalytic inhibitors”, such as novobiocin and merbarone, 

which act by preventing the enzyme from performing its functions, without generation of DNA 

damage[6, 7].  

Recently, Kwon and coworkers reported that Benzo[b]tryptanthrin, a benzo annulated derivative of 

tryptanthrin, acts as a DNA non-intercalative catalytic topoI/II inhibitor and exerts cytotoxic effects 

in human cancer cell lines.[8] Tryptanthrin is an indoloquinazoline alkaloid that displays several 

biological actions[9]. For instance, it is a potent indoleamine 2,3-dioxygenase inhibitor with activity 

in Lewis lung cancer tumor-bearing mice[10] and exerts anti-angiogenic effects by reducing the 

VEGF-induced Tyr1175 phosphorylation of VEGFR2 to the control level[11].  

Here, we report the discovery of 7-((2-(dimethylamino)ethyl)amino)indolo[2,1-b]quinazoline-6,12-

dione (5) as a new catalytic topoII inhibitor endowed with promising antiproliferative activity of 

cancer cells. Compound 5 emerged from a small set of trypthantrin analogs (Figure 1) designed with 

the aim of a) fine-tuning the drug-target ionic and H-bonding interactions and b) increasing the water 

solubility of the derivatives, since tryptanthrin suffers of low water solubility[12]. It is worth noting 

that compounds 1-12 are newly designed tryptanthrin analogues and, therefore, their synthesis and 

topoII inhibitory activities are not previously reported. Due to its topoII inhibition profile, we further 

characterized compound 5 to clarify its mechanism of action. 

  



 

 

Figure 1. Design and structures of target compounds 1-12. 

 

2. Results and Discussions 

2.1 Chemistry 

Synthetic strategy leading to compounds 1-12 is reported in Scheme 1. Bromo-substituted 

tryptanthrin (16, 17) were synthesized by reacting commercially available isatoic anhydride 13 and 

appropriate bromoisatin 14 or 15[13] in the presence of triethylamine. Classic nucleophilic 

substitution between the bromo-substituted Trypthantrin 16, 17 and the appropriate amine led to the 

target compounds 1-12. Unfortunately, we were not able to synthesize compounds 11 and 12.  

 

 

  



 
 
Scheme 1. a) Et3N (1 eq.), toluene, 6h, reflux (yields: 16: 75%, 17: 67%): b) amine (1 eq.), DMF, 3h, 
70°C (yields: 49-71%). 
 
 
 

2.2 Topoisomerase II inhibition 

Evaluation of the effects of the compounds on human topoIIα activity was measured using a 

decatenation assay (Table 1, Figure 2 and 1SI). Compound 5 was the most potent and inhibited topoII 

with an IC50 of 26.6 ± 4.7 µM. This activity was about 2.5 times better than that observed under the 

same experimental conditions for etoposide (68.3 ± 5.4 µM), which was used as positive control. 

Furthermore, trypthantrin turned out to be ineffective under our experimental conditions. Thus, the 

activity of 5 seems due to the presence of an additional N atom in the lateral chain, such as in 

compounds 2 and 8 (Table 1, Supplementary Figures 1 and 2). In compound 5, the N,N-dimethyl 

alkylamine seems critical to form interactions with the enzyme to generate its inhibitory effect. 

Then, we performed a cleavage assay of pBR 322 by topoIIα in the presence/absence of increasing 

concentrations of compound 5. No stabilization of the cleavage complex was observed, indicating 

that compound 5 acted as a topoIIα inhibitor rather than a poison. 

 

 
Table 1. IC50 values of etoposide, tryptanthrin and its derivatives 1-10 on the activity of human DNA 
topoII. 
 

Compound IC50 (µM) Compound IC50 (µM) 

Etoposide 68.3 ± 5.4 5 26.6 ± 4.7 
Tryptanthrin n.e. 6 n.e. 

1 n.e. 7 n.e. 
2 114.0 ± 56.9 8a 137.5 ± 16.5 
3 n.e. 9 n.e. 
4 n.e. 10 n.e. 

Results are the mean ±  SD of two independent assays. 
n.e.: no effect up to 250 µM. 
a: 5% DMSO final concentration in the assay 
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b)  
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Figure 2. a) Inhibition of topoII by etoposide and compound 5. Decatenation of kDNA by topoII 
(0.125 U) was performed in the presence of the indicated test compounds or 2.5% DMSO as control 
(Topo II lane). Products were resolved by 1 % gel electrophoresis containing SYBRsafe DNA stain. 
Compound concentrations (µM) are indicated above each lane. OC: Open nicked Circles; SC: 
Supercoiled Circles. b) Cleavage assay of pBR 322 by topoIIα in the presence/absence of increasing 
concentrations of compound 5. Lane C corresponds to the plasmid in the absence of the enzyme, lanes 
T and 0 correspond to the plasmid treated with topoIIα and loaded before and after treatment with 
SDS-PK solution, respectively. 
 
 

2.3 Antiproliferative activity and mechanism of action 

Compound 5 was also evaluated for its ability to act as an antiproliferative agent on cancer cells. To 

this aim, compound 5 was assessed on seven human cancer lines from three different tumor models 

(leukemia, colon, and breast cancer). In all tested cell lines, it promoted a dose-dependent decrease 

in cell viability (Figure 3). The IC50 was not significantly dissimilar between cell lines except on 

Jurkat and MCF7, which turned out be less sensible to compound 5. For these two compounds, the 

IC50 was up to more than a 2- and 3-fold difference in value, respectively, than the mean of all other 

IC50 recorded (around 9 µM) (Table 2). Of note, compound 5 was equally potent on a camptothecin-

resistant leukemia cell line (CEM/C2), and on its non-resistant counterpart (CCRF-CEM) (Figure 3, 

Table 2). The occurrence of resistance is a crucial limiting factor in cancer therapy[14-16]. In this 

regard, this result suggests that compound 5 may indeed lead to a broad-spectrum anticancer action, 

which further underlines its potential for positive future developments. Also, the IC50 values were 
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comparable among cell lines and, since suspension cells represent the gold standard for flow 

cytometry analysis, we choose CCRF-CEM to proceed with the following studies. 

 

 
Figure 3. Percentage of viable cells normalized to untreated cells after 72h treatment with compound 
5. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 versus untreated cells. Broken line indicates 
50% cell viability. 
 
 

Table 2. IC50 values obtained for the selected cell lines treated with compound 5 for 72h. 

 

 

 

 

 

 

 

 

 

 

We compared compound 5 cytotoxic and cytostatic potential to that of tryptanthrin. We found that 

compound 5 had a cytotoxic potency almost 5 times higher than that of tryptanthrin (IC50 72h: 44.36 

µM) (Figure 4A). To further quantify the cytostatic potential, the number of cells after 72h treatment 

with compound 5, or tryptanthrin, has been counted, and we found a stronger effect of compound 5 

(GI50 72h: 1.36 µM) compared to that of tryptanthrin (GI50 72h: 14.47 µM, Figure 4B). 

Tumor type Cell line IC50 72h 
(µM) 

   
Leukemia Jurkat 18.20 
 CCRF-CEM 8.26 
 CEM/C2 9.16 
 HL-60 11.46 
Colon HT-29 9.40 
 Dld-1 7.13 
Breast MCF-7 30.48 



It is interesting to notice that, conversely to compound 5 cytotoxicity, which prompts after 72h 

(Figure 4C), the cytostatic effect occurs at a concentration lower than its IC50 (4 µM) already after 

24h treatment (Figure 4D), which corresponds to the doubling time of CCRF-CEM.  

These data suggest that cells die as a consequence of the cell-cycle arrest likely induced by topoII 

inhibition. To test this hypothesis, we analyzed and characterized the antiproliferative properties of 

compound 5 and its ability to promote DNA double-strand breaks (DSB). Precisely, we assessed in 

which cell-cycle phase compound 5 promoted the arrest of the cell cycle; then, we investigated 

whether the formation of DNA DSB escorted the block and cell death was a cause or a consequence 

of the DNA DSB. 

 

 
Figure 4. Percentage of viable CCRF-CEM cells normalized to untreated cells after 72h treatment 
with tryptanthrin (A); number of CCRF-CEM cells after 72h treatment with compound 5 or 
tryptanthrin (B and D); percentage of viable CCRF-CEM normalized to untreated cells after 24, 48 
or 72h treatment with compound 5 (C). **P < 0.01; ***P < 0.001; ****P < 0.0001 versus untreated 
cells. Broken line indicates 50% cell viability. 
 

One of the main functions of topoII is to decatenate sister chromatids during the G2 phase in order to 

allow their separation before entry into the mitotic phase (M). Thus, if the topoII activity is inhibited, 

a cell-cycle shutdown in phase G2 occurs, which persists until the resolution of the so-called 

decantation block. PI staining of permeabilized cells allows the analysis of cell distribution in the 

subG0, G0-G1, S, and G2-M phases of the cell cycle through the quantification of nuclear DNA[17-

19]. Treatment with compound 5 produced a dose-dependent accumulation of cells in the G2/M 

phase, along with a related decrease in the G0-G1 population (Figure 5A and B). After 24h treatment 



with 5, 8 µM, 78% of cells were in G2/M compared to 27% of untreated cells, and no sign of cells 

death were recorded. When compound 5 was removed from the cell culture, and cells were cultured 

in complete medium for 24 additional hours (recovery condition), cells were not able to re-enter the 

cell cycle and consequently they died, as demonstrated by the increase in cells with fragmented DNA, 

i.e., subG0 cells (Figure 5C and D). This evidence suggests that the damage provoked by compound 

5 is not repairable. 

 

Figure 5. Cytograms (A) and histograms (B) of cell-cycle distribution after CCRF-CEM treatment 
with compound 5 for 24h. Cytograms (C) and histograms (D) of cell-cycle distribution after CCRF-
CEM treatment with compound 5 for 24h and recovery in drug-free complete medium for additional 
24h. *P < 0.05; ***P < 0.001; ****P < 0.0001 versus untreated cells.  
 

To determine whether the cells treated with compound 5 accumulated in G2 or M phase, the 

expression of cyclins A and B was monitored. Cyclin A synthesis starts during the S-phase of the cell 

cycle and reaches the peak in phase G2 before being degraded during the transition from G2 to M. 

Cyclin B instead is expressed from phase G2, and substantially accumulates before cells enter 

mitosis[20, 21]. Compound 5 at the concentration of 8 µM caused a time-dependent increase in the 

expression of cyclin B in the G2-M phase cells, from 6h of treatment up to 24h, meaning that cells 

blocked in phase G2 continue to collect cyclin B1 that cannot be destroyed. Cyclin A, on the other 

hand, in the same step of the cell cycle (G2-M) was not modulated (Figure 6). This trend matches the 

effects of amsacrine, an inhibitor of topoII, on acute lymphoblastic leukemia cells, which causes a 

block of the cell cycle in phase G2[20] and validates the hypothesis that compound 5 acts in the same 

way. 

 



 
Figure 6. Relative expression of cyclin A and B1 of CCRF-CEM cells treated with 8 µM of compound 
5, as a function of time treatment. *P < 0.05; **P < 0.01; ****P < 0.0001 versus untreated cells 
 

To confirm that the antiproliferative activity of compound 5 was due to the ability to block topoII, 

we studied its ability to induce double-strand DS DNA damage. Indeed, topo inhibitors can cause the 

stabilization of the topo-DNA complexes. This favors the collision between the replication fork and 

these stabilized complexes, leading to the stop of the replicative fork. The result is the conversion of 

these complexes into DS DNA lesions[22]. We linked the expression of the phosphorylated histone 

H2AX (γ-H2AX), the most common marker for DNA DSB, with the cell-cycle position at different 

time points. TopoI inhibitors produce a striking increase in the expression of γ-H2AX during the S 

phase, followed by G2-M and G1. TopoII inhibitors promote the DNA DSB mostly during the G1 

phase, followed by S and G2-M phases[23]. Figure 7 shows that compound 5 at the concentration of 

8 µM promoted an increase in γ-H2AX that perfectly fits with the latter pattern, supporting the 

evidence that compound 5 inhibits topoII in cells. 

Moreover, this data is in agreement with the above-mentioned ability of compound 5 to kill CEM/C2 

cells, which are characterized by a mutation at the catalytic site of topoI but have a functional topoII 

machinery[24] and turn the full circle. 

 
 

 



Figure 7. Changes in mean γ-H2AX immunofluorescence of CCRF-CEM cells treated with 8 µM of 
compound 5, as a function of time treatment and cell-cycle phase. **P < 0.01; ***P < 0.001; ****P 
< 0.0001 versus untreated cells. 
 
 

2.4 Water solubility and physicochemical properties predicted  
 

With the aim to depict the “drug-likeness” profile of compound 5, we first evaluated its water 

solubility compared to trypthantrin. In particular a value of 22.60 μg/mL (91.02 μM) was obtained 

for tryptanthrin while for compound 5 a solubility value of 333.04 μg/mL (996.45 μM) was detected. 

Thus, the results showed a ten times higher solubility for compound 5 compared to trypthantrin (Table 

 3). In silico prediction of some pharmacokinetic and ADME properties of compound 5 were obtained 

from SwissADME[25, 26], an online web tool, and displayed in Table 3. As it can be observed, 

compound 5 fulfills the requirements for the Lipinsky rule of Five and it is predicted to be GI absorbed 

and to not be a P-gp substrate. Furthermore, very importantly, compound 5 is not identified as 

PAINS[27]. 

 

Table 3. Water solubility and in silico pharmacokinetic data for Trypthantrin and compound 5. 

 
 Trypthantrin Compound 5  Trypthantrin Compound 5 

Water Solubility 22.60 μg/mL 333.04 μg/mL Log Po/w
a 2.22 1.81 

MWa 248.24 334.37 GI absorptiona High High 

Rotable bondsa 0 4 BBB permeanta Yes Yes 

H-bond Aa 3 4 P-gp substratea No No 

H-bond Da 0 1 Lipinskya Yes Yes 

MRa 70.77 97.40 PAINSa No No 

TPSAa 51.96 67.23 LeadLikenessa 1 violation Yes 
a obtained from http://www.swissadme.ch/, access date 12/04/2020. 
 

 
3. Conclusions 
 

Despite topo inhibitors are among the most popular agents used in clinical, no new inhibitors have 

successfully completed clinical trials in the last two decades[6]. There is an urgent need for new Topo 

inhibitors due to appearance of resistance and toxic effects. Indeed, most of the topo inhibitors used 

in therapy are poisons and long-term treatment is frequently associated with side effects, such as 

cardiomyopathy, development of secondary malignancies or appearance of resistance mechanisms. 

Indeed, ternary complex promotes the formation of DNA DSB leading to apoptosis in transformed 

http://www.swissadme.ch/


and normal cells. A possible strategy to overcome such drawbacks is related to the use of catalytic 

inhibitors that blocks the enzyme activity without the toxic effects induced by the formation of the 

ternary complex. Indeed, catalytic topoII inhibitors kill cancer cells and exhibit lower toxicity on 

normal cells and lower risk of secondary malignancies. In the present investigation, we reported about 

the discovery of catalytic topoII inhibitor based on the structure of natural product trypthantrin. 

Compound 5 inhibited topoIIα with an IC50 of 26.6 ± 4.7 µM, higher than that of etoposide and 

trypthantrin, and exhibited a promising antitumor potential on different cancer models such as acute 

leukemia, colon, and breast cancer cell lines. We determined that its antiproliferative mechanism of 

action relies on the same ability to inhibit the topoII enzyme demonstrated in the in vitro experiments. 

Indeed, our findings showed that compound 5 blocked the cell cycle of CCRF-CEM in the G2 phase 

and induced DNA DSB before cells underwent cell death in the characteristic way of topoII 

inhibitors[28-30]. Moreover, our data showed that the cytotoxic and the pronounced cytostatic effects 

of compound 5 were much stronger than those of tryptanthrin and pave the way to further studies to 

deepen its molecular mechanism of action. Since tryptanthrin has a safe profile[31] and compound 5 

interacts with the α isoform of topoII enzyme, it will also be interesting to assess the actual 

toxicological profile of compound 5. Because topoIIα is overexpressed in cancer cells, it represents 

an optimal target for antiblastic drugs[32]. Thus, if compound 5 would prove to be topoIIα−selective, 

it could represent an alternative to the current topo inhibitors used in the clinics, which adverse effects 

often hamper their therapeutic potential. However, it is not yet defined whether topoIIα and topoIIβ 

play dissimilar roles in the cytotoxic response to etoposide or other topoII inhibitor drugs[32]. 

Moreover, for most of the pre-clinical topoII inhibitors under investigation, activity testing against 

topoIIβ was not reported[33].  

Importantly, compound 5 shows high water solubility and favorable calculated pharmacokinetic and 

ADME properties. 

Based on these findings, compound 5 might be considered a promising hit compound to develop new 

catalytic topoII inhibitors. Specific experiments to analyze its toxic potential and hit-to-lead 

optimization studies are currently ongoing and will be reported in due course.  

 
 
4. Experimental Section 
  
4.1 Chemistry.  

All the commercially available reagents and solvents were purchased from Sigma-Aldrich (St. Louis, 

MO, USA), Alpha Aesar (Haverhill, MA, USA), VWR (Radnor, PA, USA), and TCI , which were 

used without further purification. Reactions were followed by analytical thin layer chromatography 

https://www.google.com/search?client=firefox-b-d&sxsrf=ALeKk019h128SV64wsrwPbGNsTH1I6Jt6Q:1586009380744&q=Haverhill,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MDUyKTA3UeIAsUuqDE20tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWCU8EstSizIyc3J0FHwTi4sTkzNKi1NLSop3sDICABfyukxiAAAA&sa=X&ved=2ahUKEwiMsP-t-c7oAhUyw8QBHedTCBYQmxMoATAXegQIDRAD
https://www.google.com/search?client=firefox-b-d&sxsrf=ALeKk02eEWlarayYVHdo9q8g4rAU8CeZUA:1586009472607&q=Radnor,+Pennsylvania&stick=H4sIAAAAAAAAAOPgE-LUz9U3sMiKT7JU4gIxjQqMk4uytbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1hFghJT8vKLdBQCUvPyiitzyoAKE3ewMgIA6mx-jV8AAAA&sa=X&ved=2ahUKEwiKl-bZ-c7oAhUN06YKHc6LA3EQmxMoATAcegQIDRAD


(TLC) on precoated TLC plates (layer 0.20 mm silica gel 60 with a fluorescent indicator UV254, 

from Sigma-Aldrich). Developed plates were air-dried and analyzed under a UV lamp (UV 254/365 

nm), KMnO4 stain. Nuclear magnetic resonance (NMR) experiments were run on Varian VXR 400 

(400 MHz for 1H, 100 MHz for 13C). Chemical shifts (δ) are reported in parts per million (ppm) 

relative to tetramethylsilane (TMS) as internal reference and coupling constants (J) are reported in 

hertz (Hz). The spin multiplicities are reported as s (singlet), br s (broad singlet), d (doublet), t 

(triplet), q (quartet), and m (multiplet). Mass spectra were recorded on a VG707EH-F apparatus, and 

electrospray ionization (ESI) both in positive and negative mode was applied. Compounds were 

named following IUPAC rules as applied by ChemBioDraw Ultra (version 17.0). All of the final 

compounds showed ≥95% purity by elemental analysis.  

 

4.1.1 General Procedure for the synthesis of 1-10: to a solution of the appropriate 

bromotryptanthrin 16 or 17 (1 eq.) in DMF, potassium carbonate (1 eq.) and the corresponding amines 

(1.2 eq.) were added and the resulting mixture was refluxed for 3h. The solvent was removed in vacuo 

and the obtained residue was purified through flash chromatography. 

 

4.1.1.1 7-morpholinoindolo[2,1-b]quinazoline-6,12-dione (1). Compound 1 was obtained from 

compound 16 (0.1 g, 0.30 mmol), potassium carbonate (0.041 g, 0.30 mmol), morpholine (0.03 mL, 

0.37 mmol). Yield: 52%. 1H NMR (400 MHz, CDCl3): δ 3.41 (t, 4H, J = 4.8 Hz), 3.96-3.94 (t, 4H, J 

= 4.6 Hz), 6.66 (d, 1H, J = 8.4), 7.52 (t, 1H, J = 8.0 Hz), 7.59 (td, 1H, J = 10.8, 1.2 Hz), 7.79 (td, 1H, 

J = 7.2, 1.6 Hz), 7.96 (d, 1H, J = 8.0 Hz), 8.05 (d, 1H, J = 7.6 Hz), 8.37 (dd, 1H, J = 8.0, 1.2 Hz); 13C 

NMR (100 MHz, CDCl3): δ 51.0, 66.7, 108.5, 110.4, 115.1, 123.3, 127.3, 129.4, 130.1, 134.8, 139.9, 

144.2, 146.8, 147.1, 151.6, 158.0, 178.2; HRMS (ESI): C19H16N3O3 [M + H]+: calcd 334.1192, found 

334.1208.  

 

4.1.1.2 7-(4-methylpiperazin-1-yl)indolo[2,1-b]quinazoline-6,12-dione (2). Compound 2 was 

obtained from compound 16 (0.1 g, 0.30 mmol), potassium carbonate (0.041 g, 0.30 mmol), 

morpholine (0.04 mL, 0.37 mmol). Yield: 61%. 1H NMR (400 MHz, CDCl3): δ 2.12 (s, 3H), 2.47 (t, 

4H, J = 7.2 Hz), 3.55 (t, 4H, J = 7.4 Hz), 6.62 (d, 1H, J = 8.2), 7.59 (t, 1H, J = 8.0 Hz), 7.64 (td, 1H, 

J = 10.8, 1.0 Hz), 7.82 (td, 1H, J = 7.4, 1.4 Hz), 7.95 (d, 1H, J = 8.0 Hz), 8.07 (d, 1H, J = 7.4 Hz), 

8.34 (dd, 1H, J = 8.2, 1.2 Hz); 13C NMR (100 MHz, CDCl3): δ 55.5, 51.7, 57.7, 108.1, 110.9, 115.0, 

123.1, 128.0, 129.5, 131.0, 135.2, 140.6, 143.8, 146.0, 147.7, 152.2, 158.6, 178.0; HRMS (ESI): 

C20H19N4O2 [M + H]+: calcd 347.1508, found 347.1532.  

 



4.1.1.3 7-(piperidin-1-yl)indolo[2,1-b]quinazoline-6,12-dione (3). compound 3 was obtained from 

compound 16 (0.15 g, 0.46 mmol), potassium carbonate (0.063 g, 0.46 mmol), piperidine (0.04 mL, 

0.55 mmol). Yield: 66%. 1H NMR (400 MHz, CDCl3): δ 1.71-1.76 (m, 6H), 3.86 (t, 4H, J = 7.2 Hz), 

6.67 (d, 1H, J = 8.4), 7.45 (t, 1H, J = 8.0 Hz), 7.60 (td, 1H, J = 10.8, 1.2 Hz), 7.85 (td, 1H, J = 7.7, 

1.2 Hz), 7.92 (d, 1H, J = 8.0 Hz), 8.01 (d, 1H, J = 7.2 Hz), 8.34 (dd, 1H, J = 8.2, 1.2 Hz); 13C NMR 

(100 MHz, CDCl3): δ 23.5, 24.1, 56.9, 107.9, 111.1, 115.6, 123.5, 127.9, 129.0, 131.4, 134.8, 140.9, 

143.5, 146.6, 148.0, 152.5, 159.0, 178.9; HRMS (ESI): C20H18N3O2 [M + H]+: calcd 332.1399, found 

332.1381.  
 

4.1.1.4 7-(diethylamino)indolo[2,1-b]quinazoline-6,12-dione (4). Compound 4 was obtained from 

compound 16 (0.10 g, 0.31 mmol), potassium carbonate (0.042 g, 0.31 mmol), diethylamine (0.04 

mL, 0.37 mmol). Yield: 71%. 1H NMR (400 MHz, CDCl3): δ 1.20 (t, 6H, J = 7.0 Hz), 3.46 (q, 4H, J 

= 7.2, 6.8 Hz), 6.61 (d, 1H, J = 8.4), 7.41 (t, 1H, J = 8.2 Hz), 7.61 (td, 1H, J = 10.8, 1.4 Hz), 7.79 (td, 

1H, J = 7.6, 1.0 Hz), 7.89 (d, 1H, J = 8.0 Hz), 8.11 (d, 1H, J = 7.0 Hz), 8.30 (dd, 1H, J = 8.2, 1.2 Hz); 
13C NMR (100 MHz, CDCl3): δ 17.1, 46.5, 108.1, 111.8, 114.9, 123.9, 128.3, 129.5, 131.1, 134.1, 

141.5, 143.6, 147.7, 149.4, 153.4, 159.7, 179.5; HRMS (ESI): C19H18N3O2 [M + H]+: calcd 320.1399, 

found 321.1416.  

 

4.1.1.5 7-((2-(dimethylamino)ethyl)amino)indolo[2,1-b]quinazoline-6,12-dione (5). Compound 5 

was obtained from compound 16 (0.10 g, 0.31 mmol), potassium carbonate (0.042 g, 0.31 mmol), 

N,N-dimethylethylenediamine (0.04 mL, 0.37 mmol). Yield: 56%. 1H NMR (400 MHz, CDCl3): δ 

2.35 (s, 6H), 2.65 (t, 2H, J = 6.8 Hz), 3.45 (t, 2H, J = 6.0 Hz), 6.60 (d, 1H, J = 8.8 Hz), 7.48 (t, 1H, J 

= 8.0 Hz), 7.62 (td, 1H, J = 8.0, 1.2 Hz), 7.67 (brs, 1H exch with D2O), 7.69 (d, 1H, 7.2 Hz), 7.81 (td, 

1H, J = 7.2, 1.6 Hz), 8.00 (d, 1H, J = 7.6 Hz), 8.27 (dd, 1H, J = 8.2, 1.2 Hz); 13C NMR (100 MHz, 

CDCl3): δ 40.4, 45.4, 57.6, 104.5, 105.7, 109.9, 123.2, 127.3, 129.2, 130.1, 134.6, 139.8, 144.7, 145.4, 

146.8, 149.2, 158.2, 180.6; HRMS (ESI): C19H19N4O2 [M + H]+: calcd 335.1508, found 335.1533.  

 

4.1.1.6 7-((2-hydroxyethyl)amino)indolo[2,1-b]quinazoline-6,12-dione (6). Compound 6 was 

obtained from compound 16 (0.10 g, 0.30 mmol), potassium carbonate (0.042 g, 0.31 mmol), 

ethanolamine (0.03 mL, 0.37 mmol). Yield: 49%. 1H NMR (400 MHz, DMSO-d): δ 3.43 (t, 2H, J = 

6.0 Hz), 3.61-3.65 (m, 2H), 4.97 (t, 1H), 6.77 (d, 1H, J = 9.2 Hz), 7.51 (t, 1H, J = 8.2 Hz), 7.60 (td, 

1H, J = 8.0, 1.2 Hz), 7.67 (d, 1H, 7.5 Hz), 7.80 (td, 1H, J = 7.2, 1.2 Hz), 7.91 (d, 1H, J = 7.6 Hz), 

8.42 (dd, 1H, J = 8.0, 1.2 Hz); 13C NMR (100 MHz, DMSO-d6): δ 47.1, 62.0, 103.7, 107.9, 112.3, 

122.3, 128.5, 129.2, 130.0, 131.4, 135.1, 138.9, 144.1, 147.3, 150.1, 158.5, 179.8; HRMS (ESI): 

C17H14N3O3 [M + H]+: calcd 308.1035, found 308.1027.  



 

4.1.1.7 9-morpholinoindolo[2,1-b]quinazoline-6,12-dione (7). Compound 7 was obtained from 

compound 17 (0.15 g, 0.46 mmol), potassium carbonate (0.063 g, 0.46 mmol), morpholine (0.05 mL, 

0.55 mmol). Yield: 55%. 1H NMR (400 MHz, CDCl3): δ 3.31 (t, 2H, J = 4.4 Hz), 3.58 (t, 2H, 4.4 

Hz), 3.90 (t, 2H, J = 5.0 Hz), 3.93 (t, 2H, J = 4.6 Hz), 6.73 (dd, 1H, J = 8.8, 2.4 Hz), 7.65-7.70 (m, 

1H), 7.79 (d, 1H, J = 8.8 Hz), 7.85-7.88 (m, 1H), 8.03 (d, 1H, J = 8.4 Hz), 8.10 (d, 1H, J = 2.4 Hz), 

8.39-8.43 (m, 1H); 13C NMR (100 MHz, CDCl3): δ 51.3, 64.0, 106.5, 107.9, 108.4, 121.1, 127.4, 

128.1, 129.5, 130.5, 131.7, 133.6, 148.5, 152.4, 155.6, 161.1, 182.1; HRMS (ESI): C19H16N3O3 [M 

+ H]+: calcd 334.1192, found 334.1209.  

 

4.1.1.8 9-(4-methylpiperazin-1-yl)indolo[2,1-b]quinazoline-6,12-dione (8). Compound 8 was 

obtained from compound 17 (0.10 g, 0.46 mmol), potassium carbonate (0.042 g, 0.30 mmol), N-

methylpiperazine (0.03 mL, 0.37 mmol). Yield: 60%. 1H NMR (400 MHz, CDCl3): δ 2.36 (s, 3H), 

2.45 (t, 4H, J = 7.0 Hz), 3.57 (t, 4H, J = 7.2Hz) 6.77 (dd, 1H, J = 8.6, 2.2 Hz), 7.59-7.67 (m, 1H), 

7.84 (d, 1H, J = 8.4 Hz), 7.95-7.99 (m, 1H), 8.07 (d, 1H, J = 8.4 Hz), 8.12 (d, 1H, J = 2.6 Hz), 8.45-

8.48 (m, 1H); 13C NMR (100 MHz, CDCl3): δ 46.6, 53.4, 58.7, 106.0, 107.5, 108.1, 121.8, 127.0, 

127.9, 129.7, 130.7, 132.0, 133.9, 149.8, 153.1, 156.2, 161.7, 183.5; HRMS (ESI): C20H19N4O2 [M 

+ H]+: calcd 347.1508, found 347.1495.  
 

4.1.1.9 9-(piperidin-1-yl)indolo[2,1-b]quinazoline-6,12-dione (9). Compound 9 was obtained from 

compound 17 (0.15 g, 0.30 mmol), potassium carbonate (0.063 g, 0.46 mmol), N-methylpiperazine 

(0.05 mL, 0.55 mmol). Yield: 67%. 1H NMR (400 MHz, CDCl3): δ 1.70-1.77 (m, 6H), 3.56-3.60 (m, 

4H), 6.81 (dd, 1H, J = 7.8, 2.4 Hz), 7.26-7.62 (m, 1H), 7.70 (d, 1H, J = 8.8 Hz), 7.78-7.82 (m, 1H), 

7.98 (d, 1H, J = 8.0 Hz), 8.18 (d, 1H, J = 2.4 Hz), 8.33-8.35 (m, 1H); 13C NMR (100 MHz, CDCl3): 

δ 23.1, 26.6, 56.9, 104.2, 108.6, 108.9, 118.9, 126.2, 128.9, 129.6, 130.3, 131.3, 137.0, 150.5, 154.2, 

157.1, 163.5, 182.0; HRMS (ESI): C20H18N3O2 [M + H]+: calcd 332.1399, found 332.1424.  

  

4.1.1.10 9-(diethylamino)indolo[2,1-b]quinazoline-6,12-dione (10). Compound 10 was obtained 

from compound 17 (0.10 g, 0.30 mmol), potassium carbonate (0.042 g, 0.30 mmol), N-

methylpiperazine (0.03 mL, 0.37 mmol). Yield: 65%. 1H NMR (400 MHz, CDCl3): δ 0.99 (t, 6H, J 

= 7.2 Hz), 3.67 (q, 4H, J = 7.4, 7.0 Hz), 6.72 (dd, 1H, J = 7.6, 2.4 Hz), 7.219-7.51 (m, 1H), 7.63 (d, 

1H, J = 8.4 Hz), 7.73-7.80 (m, 1H), 7.95 (d, 1H, J = 7.8 Hz), 8.09 (d, 1H, J = 2.2 Hz), 8.37-8.43 (m, 

1H); 13C NMR (100 MHz, CDCl3): δ 11.7, 41.5, 101.7, 107.9, 110.1, 117.0, 124.4, 127.6, 128.5, 

130.6, 132.6, 138.3, 150.4,  152.3, 158.6, 162.4, 181.5; HRMS (ESI): C19H18N3O2 [M + H]+: calcd 

320.1399, found 320.1387.  



 

4.1.2 7-bromoindolo[2,1-b]quinazoline-6,12-dione (16). A mixture of 4-bromoindoline-2,3-dione 14 

(0.30 g, 1.3 mmol), isatoic anhydride 13 (0.22 g, 1.3 mmol) and triethylamine (0.92 mL, 6.6 mmol) 

in toluene was stirred at reflux for 6 h. The solvent was removed in vacuo and the obtained residue 

was purified through flash chromatography using as eluent a mixture of dichloromethane / methanol 

(9.9:0.1) to give 16 as a yellow solid (yield: 75%). mp. 264–267 °C; 1H NMR (400 MHz, CDCl3): δ 

7.35 (d, 1H, J = 6.6 Hz), 7.51-7.64 (m, 2H), 7.77-7.83 (m, 1H), 7.95 (d, 1H, J = 6.0 Hz), 8.21 (dd, 

1H, J = 6.4, 3.0 Hz), 8.45 (d, 1H, J = 4.4 Hz). 

 

4.1.3 9-bromoindolo[2,1-b]quinazoline-6,12-dione (17). A mixture of 4-bromoindoline-2,3-dione 14 

(0.35 g, 1.5 mmol), isatoic anhydride 13 (0.25 g, 1.5 mmol) and triethylamine (1.04 mL, 7.5 mmol) 

in toluene was stirred at reflux for 6 h. The solvent was removed in vacuo and the obtained residue 

was purified through flash chromatography using as eluent a mixture of dichloromethane / methanol 

(9.9:0.1) to give 16 as a yellow oil (yield: 67%). 1H NMR (400 MHz, CDCl3) δ 7.41 (dd, 1H, J = 6.8, 

4.2 Hz), 7.69-7.71 (m, 1H), 7.81-7.92 (m, 2H), 8.11 (d, 1H, J = 4.2 Hz), 8.32 (d, 1H, J = 7.0 Hz), 

8.65 (d, 1H, J = 6.0 Hz). 

 

4.2 Aqueous solubility 

In order to determine the aqueous solubility of both tryptanthrin and compound 5, 400 μL of PBS 

solution containing 2% DMSO, were added to an excess of powder of each compound. The samples 

were left under continuous stirring at 25°C for 24 h. The quantification of dissolved compounds was 

carried out by measuring the UV spectrum of supernatant solutions obtained after centrifugation and 

proper dilutions. The supernatants from each sample were filtered through a 0.45 μm PTFE 

membrane filter. A calibration graph (Absorbance [Abs] versus concentration [μM]) was established 

by measuring the UV absorption of four solutions. The concentration range for solutions containing 

tryptanthrin was from 3 μM to 9 μM. On the other hand, the linearity for compound 5 was established 

in the concentration range from 2.5 μM to 20 μM. All the solutions were prepared in PBS containing 

2% DMSO. The concentration of the saturated solutions was determined by the straight-line equation 

obtained from the calibration graphs. A solubility value expressed as μg/mL was then obtained for 

both the compounds. 

 

4.3 Biology  

 

4.3.1 Topoisomerase II assay 



Evaluation of the effect of the compounds on human topoisomerase II alpha activity was measured 

using a decatenation assay (Inspiralis). The assay was performed following the manufacturer’s 

instructions. Briefly, the reaction mixture containing the compound or DMSO (vehicle) was 

incubated for 30 min at 37°C and then resolved by electrophoresis in 1% agarose gels containing 

SYBR safe DNA stain (Invitrogen). Final DMSO concentration in the assay was 2.5%, except in the 

case of compound 8 where it was 5% due to lower solubility of the compound. After electrophoresis, 

the gels were scanned and the intensity of the decatenated products (Supercoiled Circles; SC) from 

topoisomerase activity was obtained using ImageJ software. IC50 values were calculated by fitting a 

four-parameter nonlinear regression model using GraphPad Prism software V5.03 (GraphPad 

Software, Inc., USA). Results are reported as the mean ± SD of two independent assays. 

 

4.3.2 Topoisomerase IIα cleavage assay 

Supercoiled pBR322 (150 ng) in the presence/absence of increasing concentration of tested 

compound was incubated with 5 U of Topoisomerase IIα (Inspiralis) in the provided buffer at 37 °C. 

After 15 min, the reaction was stopped with 0.1% SDS and 1.6 µg of proteinase K in 10mM Na-

EDTA. Mixtures were kept for 30 min at 45 °C. Reaction products were resolved by 1% agarose gel 

in 1X TAE (10mM Tris 1mM EDTA, 0.1% acetic acid pH 8.0) buffer. At the end of the run gels were 

stained with ethidium bromide and were visualized on a Geliance apparatus.  

 

4.3.3 Cell lines and treatment 

Acute leukemia cells (Jurkat, HL-60, CCRF-CEM, camptothecin-resistant acute lymphoblastic 

leukemia CEM/C2) and DLD-1 were cultured in RPMI containing 4.5 g/L glucose and supplemented 

with 2 mM glutamine, 100 U/mL penicillin, 100 μg/L streptomycin and 10% heat-inactivated fetal 

bovine serum (FBS), except for HL-60 which needed 20% of FBS. Colorectal adenocarcinoma cells 

(HT-29) were cultured in McCoy's 5a with the same supplements used for the above-mentioned cell 

lines. Breast carcinoma cells (MCF-7) were cultured in Eagle's Minimum Essential Medium added 

with 0.01 mg/mL human recombinant insulin, 100 U/mL penicillin, 100 μg/L streptomycin and 10% 

FBS. All leukemia cell lines grow in suspension, while colon and breast cancer are adherent cells. 

All cell lines were cultured at 37°C under 5% CO2. 

To perform all the experiments with Jurkat, CCRF-CEM, and CEM/C2, 0.25x106 cells/mL were 

seeded to not exceed, after 72h, the maximal cell density that guarantees an exponential growth of 

cells. For the same reason, 0.125 x106 cells/mL seed density has been chosen for HL-60 cells. For all 

adherent cell lines, 0.01x106 cells were seeded per well in a 96 wells plate. 

 



4.3.4 Viability assay 

Cells were cultured for 24, 48, or 72h with increasing concentrations of compound 5 or tryptanthrin 

(0-64 µM). Then, for the leukemia cell lines, viability was determined by the eosin exclusion dye. 

Viable cells were counted using a Bürker chamber and light microscopy (Nikon Eclipse TS2, 

Amsterdam, Netherlands). The 4-methylumbelliferyl heptanoate (MUH; Sigma Aldrich St. Louis, 

MO, USA) assay was used to measure adherent cell viability. MUH becomes highly fluorescent after 

hydrolysis of the ester linkage and, thus, measures cellular lipase and esterase activity[34]. After cell 

treatment with the compounds, cells were washed with PBS and incubated with MUH 0,01 mg/mL. 

After 30 min of incubation at 37°C and 5% CO2, fluorescence was measured (330 nm excitation; 450 

nm emission) using the microplate reader Victor X3 (Perkin Elmer, Walthman, MA, USA). Three 

technical replicates for each condition were analyzed in each biological replicate. Before analyzing 

data, the mean of the blank was subtracted on the mean of all conditions. Then, the percentage of 

viable cells was calculated normalizing the fluorescence for each treatment condition on the untreated 

cells (negative control) using the following calculation: 

 

 

 

To efficiently compare these results to the one obtained with the exclusion dye assay, we also 

normalized the % of viable leukemia cells of treated cells on the negative control. 

 

4.3.5 Proliferation assay 

CCRF-CEM were treated for 24, 48, and 72h with compound 5 or tryptanthrin. Cells were stained 

with eosin, and the number was determined using a Bürker chamber and light microscopy. 

Cell-cycle analysis was performed on CCRF-CEM after 24h treatment with compound 5 or in the so-

called "recovery condition". In the latter design, CCRF-CEM were treated for 24h with compound 5; 

then the conditioned medium was removed after centrifugation, cells were washed with PBS and 

cultured for other 24h in complete medium. 

After one or the other treatment, cells were permeabilised for at least 1h with ethanol 70% and then 

stained with the DNA intercalating dye propidium iodide (PI, 10 µg/mL; Thermo Fisher Scientific, 

Carlsbad, CA, USA) and RNAse A (100 µg/mL; Roche, Sigma Aldrich). At the end of incubation at 

room temperature for 20 min in the dark, samples were analyzed via flow cytometry. 

 

4.3.6. Antibody staining 

% of viable cells =  fluorescence of treated sample 
fluorescence of negative control 

x 100 



Cyclin A, B1, and γ-H2Ax expression was analyzed via flow cytometry. CCRF-CEM were treated 

with compound 5 8 µM for 6, 9, 16, and 24 h or for 1, 2, 3, 5, and 16h, respectively, to measure cyclin 

A and B1 and γ-H2AX levels. For each condition, 1×106 cells were collected, fixed in 2% of 

paraformaldehyde (10 min), and permeabilized in 90% methanol (at least 30 min). Cells were then 

washed and incubated for 30 min with the corresponding primary antibody (anti-cyclin A 1:50; anti- 

cyclinB1 1:50 or anti-γ-H2Ax 1:40; Invitrogen, Thermo Fisher Scientific), washed in PBS and stained 

with the respective secondary antibody (anti-mouse 1:200; anti-rabbit 1:200; Invitrogen) for other 30 

min. Cells were washed, stained with PI (10 µg/mL) and RNAse A (100 µg/mL), and after 20 min 

incubation analyzed via flow cytometry. 

The relative expression of cyclin A and B1 was calculated normalizing the mean fluorescence 

intensity (MFI) to that of untreated cells in the G2-M phase cell, identified thanks to the PI staining. 

Delta γ-H2AX was calculated as previously described by Huang et al[23]. 

 

4.3.7. Flow cytometry 

All flow cytometric analyses were performed using Guava EasyCyte 6 2L cytometer (Guava 

Technologies, Merck Millipore, Darmstadt, Germany). At least 10000 events were recorded for each 

sample. 

 

4.3.8 Statistical analysis  

All biological experiments were performed at least in triplicates. Results were expressed as the mean 

± SEM and were analyzed by Student’s t-test or two-way ANOVA with 0.05 significance threshold. 

IC50 (the concentration that causes 50% of cell death) and GI50 (the concentration that causes 50% of 

growth inhibition) were calculated using the non-linear regression. GraphPad Instat 6.0 statistical 

software (GraphPad Prism, San Diego, CA, USA) was used to perform all the analyses. 
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