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B1 and Chk1 and also downregulate some major 
mediators of tumor initiation and progression19-22. These 
factors play critical roles in cancer cell proliferation, 
survival, and angiogenesis, and are often upregulated in 
various cancers. Interestingly, these cellular factors are 
established downstream transcriptional targets of the 
extensively studied oncogenic transcription factor 
FoxM123-26 and thus these reports intrigued us to explore 
the impact of CPT on FoxM1 mediated carcinogenesis. 

FoxM1 has emerged as a master regulator of 
various cellular processes including cell cycle 
progression, DNA damage repair, pluripotency, etc., 
thereby maintaining normal host physiology27,28. 
Moreover, dysregulation of FoxM1 drives cancer 
initiation, proliferation and sustenance through 
modulation of angiogenesis, evasion of apoptosis, 
self-renewal, epithelial-mesenchymal transition,  
etc29-33, and thus its aberrant overexpression is closely 
associated with tumorigenesis, poor prognosis, and 
resistance to therapy31,34,35. Elevated levels of FoxM1 
have been implicated in both the initiation and 
progression of various cancers such as carcinoma of 
liver, lung, brain, breast, pancreas, colon, ovary, 
etc.30,36,37, making it an attractive target for cancer 
therapy. Studies have consistently demonstrated that 
the knockdown of FoxM1 in various cancer models 
leads to a significant reduction in cell proliferation, 
migration, invasion, and metastasis38,39. Additionally, 
recent findings have shown that downregulation of 
FoxM1 can re-sensitize drug-resistant cancer cells to 
chemotherapy34,40,41, further emphasizing its potential 
as a therapeutic target. Thus various inhibitors 
targeting FoxM1 such as Thiostrepton, FDI-6, RCM-
1, STL427944, STL001, anti-FoxM1 PROTACs, etc., 
have been discovered42-47. 

Given the established role of FoxM1 in cancer and 
the reports suggesting that CPT and FoxM1 share 
common cellular targets, we were intrigued to 
investigate whether CPT could influence FoxM1-
mediated carcinogenesis. Our research focused on 
understanding the effect of CPT on FoxM1 expression 
and activity in cancer cells. Through a series of 
experiments, we demonstrated that CPT interacts with 
FoxM1 and reduces the expression levels of FoxM1 
and also impairs its transcriptional activity by 
interfering with its DNA binding capability. This 
interference likely disrupts the ability of FoxM1 to 
regulate the transcription of its target genes, thereby 
hindering the proliferation and survival of cancer 
cells. Our study provides valuable insights into the 

mode of action of CPT, expanding its known 
repertoire of cellular targets to include the critical 
transcription factor FoxM1. By inhibiting FoxM1, 
CPT may exert broader anti-cancer effects than 
previously recognized, offering new avenues for 
therapeutic intervention.  
 
Materials and Methods 
 

Cell culture, western blotting and antibodies 
MCF-7 cells were grown in DMEM medium 

(Invitrogen, Carlsbad, CA), each supplemented with 
10% fetal bovine serum (Invitrogen, Carlsbad, CA), 
100 U/mL of penicillin and 100 mg/mL streptomycin 
(Invitrogen, Carlsbad, CA) in a humidified incubator 
with 5% CO2 atmosphere at 37C. Following 
treatment with CPT and Thiostrepton, cells were 
lysed in buffer containing 50 mM Tris-HCl, 400 mM 
NaCl, 0.2% Nonidet P-40, 10% glycerol and protease 
inhibitor cocktail (Roche Applied Science, 
Mannheim, Germany). Equal amounts of whole cell 
lysates were resolved with SDS-PAGE and subjected 
to immunoblotting with antibodies against GAPDH, 
FoxM1, Plk1, Cyclin B1, cleaved PARP antibodies 
(Santa Cruz, CA), Skp2, Aurora B kinase (Invitrogen, 
Carlsbad, CA) and cleaved Caspase-7 (Cell Signaling 
Technology, Denvers, MA). 

 
Real-time polymerase chain reaction 

For RNA isolation, MCF-7 cells were treated with 
2 µM CPT for 16 h. Total RNA was isolated by using 
TRIzol reagent (Life Technologies, US) according to 
the manufacturer’s instructions. First strand cDNA 
was synthesized by using verso cDNA synthesis kit 
(Thermo Fisher Scientific, US) as per the 
manufacturer’s protocol. PCR was performed using 
the following sets of primers: 

FoxM1b: Sense primer: 5- GGAGGAAATGCCA 
CACTTAGCG -3  

Anti-sense primer: 5- TAGGACTTCTTGGGTCT 
TGGGGTG -3 

Plk1: Sense primer: 5- ATCACCTGCCTGACCA 
TTCCAC -3 

Anti-sense primer: 5- TCTCCAAGCCTTTATTG 
AGGACTG -3 

Cyclin B1: Sense primer: 5- CGGGAAGTCACTG 
GAAACAT -3 

Anti-sense primer: 5- AAACATGGCAGTGACA 
CCAA -3  

GAPDH: Sense primer: 5- ACCTGACCTGCCGT 
CTAGAA -3   
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Anti-sense primer: 5- TCCAACCACCCTGTTGC 
TGTA -3 

 
Electrophoretic shift mobility assay (EMSA) 

EMSA is employed to study the interaction of a 
transcription factor (protein) with its target DNA 
binding motif48. In order to determine the specificity 
of CPT for inhibiting the interaction of FoxM1-DBD 
to its consensus sequencea Cy5 labeled oligo (5-Cy5-
AAACAAACAAACAAACAAACAAACAATC-3) 
was commercially synthesized (IDT, Coralville, IA). 
Purified His-tagged DNA binding domain of FoxM1 
(His-DBD) was allowed to bind to the Cy5 labeled 
consensus promoter sequence in a 20 µL reaction 
mixture containing 20 mM Tris-Cl (pH 7.5), 100 mM 
KCl, 1 mM MgCl2, 10% glycerol, and 0.01 mg/mL 
BSA. For the competition reactions the indicated 
doses of CPT were incubated with His-DBD for  
30 min at RT followed by incubation with labeled 
oligo for 45 min. The reaction mix was then loaded 
onto a 5% TBE native gel and resolved at 125 volts at 
4℃ followed by imaging on a FLA-9000 image 
analyzer. 
 
Chromatin immunoprecipitation assay (ChIP assay) 

ChIP assay is a crucial technique which is utilized 
to study the binding of a transcription factor to its 
target DNA within the cells49. In our study, MCF-7 
cells were grown in 100 mm2 dishes to 70% 
confluence prior to treatment with either DMSO or  
2 µM CPT for 6 h. The treated cells were cross-linked 
with 1% formaldehyde at room temperature for  
20 min and quenched with 125 mM glycine. Cells 
were harvested by scraping into cold PBS and then 
lysed in ChIP lysis buffer (50 mM Tris pH 8.1, 1% 
SDS, 1 mM EDTA) supplemented with protease 
inhibitor cocktail (Roche). The samples were 
sonicated using a microtip sonicator (Misonix) for  
10 min at amplitude of 40 with a pulse of 2 sec ON/10 
sec OFF. The sonicated samples were then 
centrifuged at 20,000 g for 15 min at 4℃. The clear 
supernatant was divided equally and incubated 
overnight with 1 µg of anti-FoxM1 antibody or anti-
rabbit IgG which was used as a negative control. 
Following incubation the antibody-protein complex 
was pulled down with protein A beads for 3 h and the 
beads were washed sequentially with low salt buffer 
(50 mM Tris pH 8.0, 150 mM NaCl, 0.01% SDS, 1% 
Triton X-100 and 1 mM EDTA) and high salt buffer 
(50 mM Tris pH 8.0, 500 mM NaCl 0.01% SDS, 1% 
TritonX-100 and 1 mM EDTA,). Bound DNA was 

eluted by rocking with elution buffer (50 mM NaCl, 
1% SDS, 8 mg/mL NaHCO3) at RT for 30 min. The 
eluent was reverse crosslinked by incubation at 65℃ 
overnight followed by ethanol precipitation of the 
samples. The DNA pellet was air dried and 
resuspended in 200 µL sterile water containing  
5 µg/µL proteinase K and incubated at 37℃ for  
30 min. The samples were then precipitated by phenol 
chloroform method and the pellet was air dried and 
resuspended in 30 µL DNase free water. PCR was 
carried out using 4 µL of purified DNA in a 10 µL 
reaction volume using the following primers:   

Cyclin B1: Sense primer: 5- CGGGAAGTCACTG 
GAAACAT 

Anti-sense primer: 5- AAACATGGCAGTGACA 
CCAA -3 

Cdc25B: Sense primer: 5- AAGAGCCCATCAGT 
TCCGCTTG -3 

Anti-sense primer: 5- CCCATTTTACAGACCTG 
GACGC -3 

Aurora B kinase: Sense primer: 5- GCAACGAAA 
GGTCTTGGTGG -3  

Anti-sense primer: 5- TCTAACTTCTCTGCCCG 
ATGGAG -3 

GAPDH: Sense primer: 5- ACCTGACCTGCCGT 
CTAGAA -3  

Anti-sense primer: 5- TCCAACCACCCTGTTGC 
TGTA -3 

The PCR cycle conditions were: 95℃ for 10 min 
followed by 30 cycles of 30 sec at 95℃, 30 sec at 
60℃ and 30 sec at 72℃. 

 
FoxM1-His-DBD purification 

E. coli BL21 (λDE3) competent cells and the 
transformed cells were grown at 37℃, 180 rpm until 
an O.D (596 nm) of 0.8 was obtained. The culture was 
then induced with 0.5 mM IPTG for 5 h at 25℃. The 
induced culture was then centrifuged at 5000 rpm for 
15 min and the obtained pellet was then resuspended 
into lysis buffer (50 mM Tris (pH 8.0), 300 mM 
NaCl, 1 mM PMSF, 0.1 mg/mL lysozyme). The 
lysate was sonicated (Amp 40; ON time: 5 sec;  
OFF time: 15 sec) for 4 min and then centrifuged  
to obtain a clear supernatant which was then allowed 
to bind to Ni-NTA resin under the flow of gravity. 
The beads were washed, and the bound protein was 
eluted with lysis buffer containing 500 mM 
imidazole. The obtained fraction was subjected to  
gel filtration chromatography to obtain pure His-DBD 
fractions. 
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Fluorescence spectroscopy 
Quenching of the fluorescence of macromolecules 

such as proteins can occur upon binding of ligands 
such as small molecules and this change in the 
fluorescence can be studied by utilizing fluorescence 
spectroscopy50. In order to investigate the impact of 
binding of CPT to the fluorescence of His-DBD, 
fluorescence measurements were done on a Cary 
Eclipse Varian spectrophotometer (Varian Inc., Santa 
Clara, CA, USA) at a constant temperature of 25℃. 
The concentration of His-DBD was 10 µM for 
fluorescence experiments and the range of 
concentration for CPT was 1–100 µM. For tryptophan 
specific fluorescence, His-DBD was excited at  
292 nm and emission was recorded in the range of 
300-500 nm with a 5 nm slit width for excitation and 
emission. KD values of the compounds were 
determined by plotting the double reciprocal plot of 
ΔF (difference in fluorescence) versus [I] (CPT 
concentration). DMSO (0.4%) was used for 
background reference and all the experiments were 
performed in triplicates. 

 

Cell viability assay 
Cells were seeded in triplicates in 96 well plates and 

allowed to grow for 24 h followed by incubation with 
Thiostrepton alone or in combination with CPT at 
varying concentrations. After 24 h of treatment,  
20 μL of MTT solution (5 mg/mL in PBS, Sigma,  
St. Louis, MO) was added to each well and incubated 
for 4 h. MTT solution was subsequently removed from 
wells and resulting formazan crystals were solubilized in 
100 μL DMSO by rocking gently for 15-30 min at RT. 
Optical density of the dissolved formazan was measured 
using a Tecan microplate reader (Infinite M200 Pro) at 
570 nm. Experiments were performed in triplicates and 
results were calculated as averages ± SD of at least three 
independent experiments. 

 

Clonogenic assay 
A total of 1000 cells per well were seeded in a 12-

well plate and allowed to grow in complete medium 
for 24 h. The cells were then incubated with growth 
medium containing the indicated dose of Thiostrepton 
and CPT for the next 24 h in a CO2 incubator at 37°C. 
Following incubation, the media was replaced with 
normal media and the cells were allowed to grow for 
10 days until they formed colonies with substantially 
good size (>50 cells per colony). Once the colonies 
were formed, they were fixed in 100% methanol and 
stained with 0.5% crystal violet in 25% methanol. 
Excess stain was washed off using tap water. The 

retained dye was eluted in dye extraction buffer (0.5% 
SDS, 50% ethanol and 0.5 M Tris-Cl pH 7.8). The 
intensity of the eluted dye was determined by 
absorbance measurement at 588 nm. 

 
In silico analysis 

The crystal structure of FoxM1-DBD was 
downloaded from RCSB protein data bank (PDB ID: 
3G73)51 and the structure of the ligands were obtained 
from pubchem. Docking was performed by utilizing 
the swissdock software from expasy52. The docked 
pdb files were utilized for generation of the 
representative stick and ribbon model of CPT and its 
analogs using PyMOL software (Schrödinger, LLC, 
New York). The residue interaction map was 
generated by employing Maestro 10.4 software 
(Maestro, Schrödinger, LLC, New York). 

 
Statistical analysis 

The experiments were repeated three times unless 
otherwise mentioned. For statistical significance 
Student’s t-test was utilized for comparison of the 
data sets and represented as mean ± S.D. Statistical 
significance was indicated with P- values * ≤ 0.05, 
**≤0.01, *** ≤0.001. 
 
Results 
 
In silico validation of the association of CPT with FoxM1-
DBD 

To investigate the interaction of CPT with FoxM1 
DBD and its potential to interfere with the DNA 
binding ability of FoxM1, we conducted a docking 
study involving CPT and its clinically relevant 
analogs, Topotecan and Irinotecan. We docked the 
compounds onto the available crystal structure of the 
FoxM1-DBD to perform a comparative analysis of 
their interactions. The results revealed that CPT and 
its analogs not only established stable interactions 
with the DBD but also formed hydrogen bonds with 
key residues (Table 1). These findings suggest that the 
binding of these compounds could potentially disrupt 
and FoxM1-DNA interaction and thus obstruct its 
transactivation functions (Fig. 1). 

Further, we performed an in-depth analysis of the 
interacting residues by generating a detailed residue 
interaction map using Maestro software. This analysis 
provided a clearer understanding of the specific 
molecular interactions involved. Notably, we 
observed that CPT and its analogs docked near the 
basic amino acids within the DBD, which are critical 
for the DNA binding function of FoxM1. The 
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proximity to these positively charged residues implies 
that the binding of CPT and its analogs could 
reasonably interfere with the electrostatic interactions 
that FoxM1 relies on for stable DNA binding (Fig. 2). 
This potential disruption could underlie the 
mechanism by which CPT and its analogs exert their 
anti-cancer effects through the inhibition of FoxM1’s 
transcriptional activity. 
 
CPT associates physically with the DNA binding domain of 
FoxM1 

Further, to verify the direct interaction of the CPT 
with His-DBD, we performed tryptophan specific 
fluorescence quenching analysis by utilizing 
fluorescence spectroscopy. This technique was chosen 
because it allows for the detection of changes in  
the environment surrounding tryptophan residues, which 
are sensitive to conformational alterations upon  
ligand binding. To achieve this, 10 µM of His-DBD  
was incubated with various doses of CPT and 
fluorescence intensity of the tryptophan residues  
was measured. As observed in (Fig. 3A & B), a 
noticeable quenching of the tryptophan specific 
fluorescence was visible, which indicated that the 
physical interaction of CPT with His-DBD induces 

conformational changes in the protein, likely affecting 
its structural stability. Moreover, we observed a 
substantial dose dependent reduction in the fluorescence 
intensity which revealed a dissociation equilibrium 
constant (KD) of 7.7 µM (Fig. 3C) thereby indicating a 
strong binding affinity between CPT and His-DBD. 
Overall, these findings suggest that CPT physically 
interacts with and de-stabilizes the protein structure of 
FoxM1-His-DBD. 
 

Assessing the impact of Camptothecin on the levels FoxM1 
and its downstream targets 

After confirming the interaction between CPT and 
FoxM1-DBD and considering existing literature that 
suggests CPT and FoxM1 share common cellular targets, 
we were intrigued to explore the potential impact of CPT 
on cellular FoxM1 levels. To investigate this, we treated 
the MCF-7 breast cancer cells with increasing 
concentrations of CPT for  16 h. Following  treatment, 
FoxM1 protein levels and the expression of its 
downstream target genes were analyzed via 
immunoblotting. This approach aimed to determine 
whether CPT modulates FoxM1 expression and its 
associated signaling pathways, thereby providing insights 
into the molecular mechanisms underlying CPT's anti-
cancer activity. 

Table 1 — Summary of various in silico binding parameters of CPT and its analogs 

S. No. Binding parameters CPT Topotecan Irinotecan 

1. Binding energy (ΔG) (Cal/mol) -6.85 -7.53 -7.26 
2. No. of hydrogen bonds 1 1 1 
3. No. of basic amino acid residues in vicinity 3 2 4 

 

 
 

Fig. 1 — In silico analysis of the interaction of CPT and its analogs against DNA Binding Domain (DBD) of FoxM1. (A-C) The images 
represent 3D stick model of (A) CPT; (B) Topotecan; and (C) Irinotecan docked to the crystal structure of FoxM1-DBD (represented by 
the ribbon model) 
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Fig. 2 — Interaction maps of CPT and its analogs docked to FoxM1-DBD. (A) CPT; (B) Topotecan; and (C) Irinotecan. Maestro 10.4 
software was used to assess the interacting residues of the docked ligands. These compounds were also found to interact with FoxM1-
DBD by forming a hydrogen bond, although with different amino acid residues (Table 1) 
 

 

 
 

Fig. 3 — Assessing the binding of CPT to purified His-DBD. Interaction of CPT with His-DBD alters its intrinsic tryptophan 
fluorescence. (A) Purified His-DBD (10 µM) was titrated with the indicated doses of CPT and the fluorescence intensity was recorded 
(λmax at 292 nm, λem 300 - 400 nm); (B) The fraction change in the fluorescence intensity (ΔF/ΔFmax) with increasing concentration 
(represented as a black dot for each concentration of 0,1,2,4,6,8,10,20,40,60,80 and 100 µM) of the CPT was presented graphically; (C) 
Double reciprocal plot for CPT. The intercept of the straight line on x-axis provides -1/KD values from which KD values were calculated 
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Fig. 4 — Camptothecin diminishes FoxM1 levels. (A) MCF-7 cells were treated for 16 h with the indicated doses of CPT.  
Following incubation, the treated cells were harvested and lysed. The lysate was then resolved on SDS-PAGE followed by 
immunoblotting with antibodies against FoxM1, Plk1, CyclinB1, Skp2, Aurora B kinase and GAPDH. GAPDH was used as a loading 
control; and (B) MCF-7 cells were incubated with 2 µM dose of CPT for 8 h followed by TRizol lysis to obtain mRNA. cDNA was 
prepared from the mRNA and subjected to Real time PCR analysis. Fold mRNA change was calculated from the obtained Ct values and 
represented graphically 
 

 
 

Fig. 5 — CPT effectively hampers FoxM1 promoter occupancy. (A) Equal numbers of MCF-7 cells were treated with CPT for 6 h and 
processed for chromatin immunoprecipitation. The obtained chromatin was then subjected to ChIP-PCR with target primers and resolved 
on a 0.8% TAE gel; and (B) The obtained PCR products were quantified using Image J software and represented graphically. Students t 
test was utilized to compare the data sets (p-value *  0.05) 
 

Interestingly, we observed a significant reduction in 
the levels of FoxM1 in a dose dependent manner  
which was also reflected on the protein levels of its 
sub-ordinate genes Plk1, Cyclin B1, Skp2 and  
Aurora B kinase (Fig. 4A). This verified that CPT 
targets FoxM1 in the cells and points to the possibility 
that apart from the conventional known mode of  
action of targeting Toposisomerase I, it may have 
previously unexplored functions as well. To further 
support this notion, we also studied the impact of  
CPT on the transcript levels of FoxM1 and its  
target genes. Treatment with CPT resulted in a marked 
decrease in the mRNA levels of FoxM1 and its  
target genes Plk1, Cyclin B1 and Aurora B kinase  
(Fig. 4B). Thus, CPT significantly represses FoxM1  
at its transcript level, which leads to downregulation  
of its target genes as well. It is, therefore, safe to 
propose that CPT may lead to cell cycle inhibition by 
targeting these factors apart from topoisomerase I in 
the cancer cells. 

Determining the effect of CPT on promoter occupancy of 
FoxM1 

To investigate whether CPT affects the promoter-
binding ability of FoxM1, in addition to its 
transcriptional downregulation, we conducted a 
chromatin immunoprecipitation (ChIP) assay on MCF-7 
cells treated with CPT. Since FoxM1 is a key 
transcriptional regulator of several cell cycle-related 
genes, any disruption in its promoter occupancy should 
directly impact the expression levels of its target genes. 
Our ChIP assay results revealed a significant reduction 
in the promoter occupancy of FoxM1, as evidenced by 
the decreased levels of Cyclin B1, Aurora B kinase, and 
Cdc25B (Fig. 5A & B). These findings further 
strengthened our hypothesis that CPT hampers the 
transactivation function of FoxM1. 
 
Evaluating the ability of CPT to obstruct the binding of 
FoxM1-DBD to its consensus DNA motif 

Building on our observation that CPT reduces the 
promoter occupancy of FoxM1 in cells, we further 
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validated this effect in vitro using an electrophoretic 
mobility shift assay (EMSA). For this experiment, 
His-tagged FoxM1-DBD protein was purified from a 
heterologously expressed pET28a (+) DBD construct. 
The purified DBD was then incubated with varying 
concentrations of CPT, followed by the addition of a 
Cy5-labeled oligonucleotide to form DNA-protein 
complexes. These complexes were analysed using 
native electrophoresis. 

 

We observed a dose-dependent decrease in 
complex formation in the presence of CPT, with a 
reduction in the intensity of the bound oligonucleotide 
by 17% at a 0.2 µM dose and 23.5% at a 2 µM dose 
(Fig. 6A & B). Although modest, this significant 
decline (p value = 0.029164 for 2 µM dose) in the 
ability of DBD to bind its cognate DNA reinforces the 
previously observed reduction in FoxM1's promoter 
occupancy. Collectively, these results suggest that 
CPT exerts its anti-cancer effects, at least in part, by 
impairing the DNA recognition capability of FoxM1. 
 

Evaluating the impact of combination of CPT with Thiostrepton 
on its anti-cancer properties 

Next, we sought to determine the physiological 
effect of this novel mode of action of CPT by 
conducting a colony formation assay with CPT alone 
and in combination with Thiostrepton, a known 
FoxM1 inhibitor. Both CPT and Thiostrepton 
individually demonstrated cytotoxic effects, 
significantly reducing the cells' ability to form 
colonies. However, when used together, the reduction 
in colony formation was even more pronounced  
(Fig. 7A). Specifically, Thiostrepton alone reduced 
colony formation to 39.11% and 32.59% at the 
respective doses, while CPT alone decreased it to 
36.47%. Remarkably, the combination of 

Thiostrepton with CPT led to a substantial decrease in 
the clonogenic potential, reducing it to 8.73% and 
3.19%, respectively, (Fig. 7B). These findings suggest 
that CPT potentiates the anti-cancer effects of 
Thiostrepton by further inhibiting FoxM1. 

Furthermore, we also assessed the impact of this 
combination on the cell viability of MCF-7 cells by 
MTT assay. MCF-7 cells were treated with different 
doses of Thiostrepton alone or in combination with 
0.5 µM CPT.  

The results revealed a substantially greater decrease 
in cell viability when Thiostrepton was used in 
combination with CPT, as opposed to using 
Thiostrepton by itself. (Fig. 8A). Notably, the IC50 
value of Thiostrepton decreased approximately 5-fold, 
from 10.5 µM to 2.4 µM, when combined with CPT. 
Additionally, the combination treatment further 
induced apoptosis, as evidenced by increased cleavage 

 

Fig. 6 — CPT obstructs the binding of His-DBD to its cognate
DNA. (A)  Purified His-DBD was incubated with the indicated
doses of CPT for 30 min and then allowed to bind to the Cy5-
labeled consensus oligo for next 45 min. Upon incubation the
complexes were resolved on a 5% TBE gel; and (B) The intensity
of the bound oligo was quantified using ImageJ software and
represented graphically. The experiments were repeated twice and
error bars indicate S.D. (p-value *<0.05) 

 
 

Fig. 7 — CPT sensitizes cancer cells to the effect of Thiostrepton:
(A) Equal number of MCF-7 cells were seeded for colony 
formation assay. The cells were treated with the indicated doses of
Thiostrepton and CPT either alone or in combination for 24 h.
Following treatment, they were allowed to grow in normal media
and form colonies for a week. After a week, the obtained colonies 
were fixed and stained with 0.5% crystal violet dye; and (B) The
crystal violet stain that was retained by the colonies was eluted
and absorbance was measured at 588 nm. The relative absorbance
was represented graphically 
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of apoptotic markers PARP and caspase-7 (Fig. 8B) 
and a significant reduction in cell viability. This 
enhanced apoptotic response reinforces the notion that 
the anti-FoxM1 activity of CPT not only potentiates 
Thiostrepton’s effects but also contributes to a more 
robust growth-suppressive effect on cancer cells. 
 
Discussion 

Camptothecin (CPT) has long been recognized as an 
effective inhibitor of topoisomerase I, a mechanism that 
has historically been considered its sole mode of action. 
However, recent studies have expanded our 
understanding of CPT’s effects, revealing its 
involvement in downregulating various oncogenic 
factors such as VEGF, HIF-1α, Plk1, and Cyclin B1, 
which are involved in different oncogenic 
processes15,16,18. Through this study we have explored a 
potentially novel mechanism by which CPT exerts its 
anti-cancer effects, specifically focusing on its interaction 
with FoxM1, a critical transcription factor implicated in 
cancer progression. Our computational docking studies 
and subsequent fluorescence quenching experiments 
provided compelling evidence that CPT and its analogs 
bind stably to the DNA-binding domain (DBD) of 
FoxM1 (Figs 1 & 2). The observed decrease in 
tryptophan-specific fluorescence upon CPT binding 
confirmed a physical interaction between CPT and 
FoxM1-DBD, leading to conformational changes in the 
protein (Fig. 3). This direct biochemical interaction 
supports our hypothesis that CPT interferes with 
FoxM1’s transcriptional activity by obstructing its ability 
to bind DNA and regulate gene expression critical for 
cancer cell proliferation and survival. This interaction-
based mechanism of action could explain the broad anti-
cancer efficacy of CPT, particularly in cancers where 
FoxM1 is overexpressed. Therefore, our fluorescence 

quenching results significantly strengthen the proposition 
that CPT disrupts FoxM1 function through direct binding 
to its DBD, offering valuable insights into its mode of 
action as a potential therapeutic agent. 

Further investigations revealed that CPT treatment 
of MCF7 cells caused reduction in the levels of 
FoxM1 at both protein and mRNA levels, suggesting 
a potential anti-FoxM1 activity of CPT (Fig. 4). This 
reduction was corroborated by ChIP assays, which 
showed diminished FoxM1 promoter occupancy and 
reduced gene expression of downstream targets  
(Fig. 5). To further validate this observation, EMSA 
was employed to assess the direct impact of CPT on 
FoxM1 DNA-binding activity. The EMSA results 
demonstrated a dose-dependent reduction in the 
formation of DNA-protein complexes, with a notable 
decrease in the intensity of bound oligonucleotides 
(Fig. 6). This decline in DNA-binding ability supports 
our ChIP assay findings and indicates that CPT 
interferes with FoxM1’s capacity to recognize and 
bind its target DNA sequences. These results 
collectively indicate that CPT indeed interacts with 
FoxM1, which sharply hinders its transactivation 
function, thereby impeding tumorigenesis-related 
processes driven by FoxM1. 

The physiological implications of these findings were 
evaluated through colony formation assays and MTT 
assays. Treatment with CPT alone and in combination 
with Thiostrepton, a known FoxM1 inhibitor, both 
resulted in reduced colony formation. However, the 
combinatorial treatment with CPT and Thiostrepton led 
to a significantly greater decline in clonogenic potential, 
highlighting a synergistic effect. However, given the 
various modes of action of Thiostrepton in inhibiting 
FoxM1, it would require additional investigation to 
validate this observation which can form part of a future 

 
 

Fig. 8 — CPT enhances the efficacy of Thiostrepton (A) Cell viability assay. For MTT assay, 5000 cells per well seeded in a 96-well 
plate followed by incubation with Thiostrepton either alone or in combination with 0.5 µM dose of CPT. After 24 h of treatment, the 
media containing drugs was removed and the cells were incubated with MTT for 4 h. Following incubation, the formazan crystals were
dissolved in DMSO, and absorbance was recorded at 570 nm. The cell viability was represented graphically as percentage of control; and 
(B) Equal number of MCF-7 cells was treated with either DMSO or with indicated doses of CPT or Thiostrepton alone or in combination.
Treated cells were lysed and the lysates were then resolved on SDS-PAGE followed by immunoblotting with antibodies against FoxM1,
cleaved PARP, cleaved caspase-7 and GAPDH 
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study including other derivatives of CPT as well. The 
combination also resulted in a dramatic reduction in the 
IC50 value of Thiostrepton, underscoring the role of CPT 
in enhancing the efficacy of FoxM1 inhibition (Fig. 7). 
This combinatorial approach not only improved the 
efficacy of Thiostrepton but also increased the induction 
of apoptosis, as evidenced by a substantial reduction in 
cell viability and increased cleavage of apoptotic 
markers PARP and caspase-7 (Fig. 8). This synergistic 
effect underscores the potential of CPT to enhance the 
anti-cancer efficacy of existing FoxM1 inhibitors. 

Our findings highlight the critical role of FoxM1 in 
CPT-based chemotherapy, suggesting that assessing 
FoxM1 levels could be crucial for predicting treatment 
outcomes and personalizing therapy. The ability to target 
FoxM1 more effectively could be particularly valuable 
in overcoming drug resistance and improving patient 
outcomes. By integrating FoxM1 inhibitors along with 
CPT-based chemotherapeutics, it may be possible to 
enhance the overall effectiveness of cancer treatments 
and potentially increase survival rates. This study 
presents novel insight into the mechanism of action of 
CPT, which can aid in improving its efficacy and overall 
survival of the cancer patients by enhancing the 
effectiveness of CPT based chemotherapeutics. 
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