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Introduction
In the context of carcinogenesis, the acquisition of a 
spectrum of phenotypic identity is essential for the 
growth and dissemination of cancer cells. Moreover, 
cellular plasticity is integrally associated with the 
emergence of intra-tumoral heterogeneity and therapy 
response. Such phenotypic switching has extensively 
been studied [1, 2] during early invasive events in solid 
tumours widely known as Epithelial-Mesenchymal 
Transition (EMT). Recent evidence has indicated that 
a small subset of undifferentiated cells within the het-
erogenous population exhibit distinct features of stem 
cells (CSCs) as well as elevated EMT programming 
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Abstract
The intricate interplay of cancer stem cell plasticity, along with the bidirectional transformation between 
epithelial-mesenchymal states, introduces further intricacy to offer insights into newer therapeutic approaches. 
Differentiation therapy, while successful in targeting leukemic stem cells, has shown limited overall success, with 
only a few promising instances. Using colon carcinoma cell strains with sequential p53/p73 knockdowns, our 
study underscores the association between p53/p73 and the maintenance of cellular plasticity. Morphological 
alterations corresponding with cell surface marker expressions, transcriptome analysis and functional assays were 
performed to access stemness and EMT (Epithelial-Mesenchymal Transition) characteristics in the spectrum of cells 
exhibiting sequential p53 and p73 knockdowns. Notably, our investigation explores the effectiveness of esculetin in 
reversing the shift from an epithelial to a mesenchymal phenotype, characterized by stem cell-like traits. Esculetin 
significantly induces enterocyte differentiation and promotes epithelial cell polarity by altering Wnt axes in Cancer 
Stem Cell-like cells characterized by high mesenchymal features. These results align with our previous findings in 
leukemic blast cells, establishing esculetin as an effective differentiating agent in both Acute Myeloid Leukemia 
(AML) and solid tumor cells.
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which function in complement to evade the cells from 
the primary site. Given their distinctive ability for self-
renewal as well as differentiation potential, CSCs have 
gained attention as a better model to represent the 
highly dynamic nature of cancer initiation, promo-
tion, progression, and relapse [3]. Furthermore, the 
ability of CSCs to modulate their phenotype to escape 
the conventional therapeutic regimes instigates the 
development of innovative approaches to specifically 
target CSC [4]. Studies have suggested that irrespec-
tive of the type of malignancy, targeting CSC plasticity 
promises more precise therapeutic rationales for anti-
cancer therapeutics [5]. One of the successful examples 
of hijacking the CSC plasticity is development of treat-
ment regimens that remove maturation block and pro-
mote differentiation in leukemic stem cells that resulted 
in remarkable cure rates in some of the Acute Myeloid 
Leukemia (AML) subtypes [6]. Despite substantial 
efforts to imply the similar therapeutic strategy on 
other tumour types, at present a handful of evidences 
promises successful applicability of differentiation ther-
apy on solid tumours. In this regard, identification of 
novel therapeutic agents and a deeper understanding 
of the mechanism of CSC differentiation might help in 
improving the cellular reprogramming technology in 
solid tumours as well. We have previously shown that 
a natural compound, Esculetin (Es) profoundly induce 
antiproliferative effects in AML as well as in pancre-
atic cancer cell lines [7, 8]. More recently, we reported 
the potential of esculetin to release the maturation 
arrest and induce neutrophilic differentiation in leuke-
mic blast cells [8]. Our study also highlights the “axis 
shift” of Wnt signaling during esculetin-mediated blast 
cell differentiation. Therefore, we aspire to investigate 
any possible role of esculetin on the plasticity of solid 
tumour cells undergoing EMT. Considering that the 
reciprocal relationship between EMT and CSCs attrib-
uted by one or more genetic hit in the key tumour sup-
pressor/oncogenic genes, we used a cellular model of 
HCT116 colon carcinoma cells with sequential knock-
down of the well-known tumour suppressor genes p53 
and its family protein p73. Interestingly, this attrac-
tive model was found to be a working cellular model 
for evaluating effect of esculetin, if any, on the plastic 
nature of CSCs undergoing EMT.

Materials and methods
Cell culture and maintenance of cell lines
HCT116 WT and HCT116p53−/− p73+/+ cell lines were 
obtained from Bret Vogelstein lab, John Hopkins Uni-
versity, Mayerland, US. The HCT116p53−/−p73kd strain 
was generated as described earlier [9]. Briefly, TAp73 
targeted shRNA was cloned in pBABEU6 vector. Lipo-
fectamine 2000 (Invitrogen) was used for transfection 

and puromycin resistant clones were selected. Sequences 
used for TAp73 shRNA: TAp73 (5′ - ​G​G​C​A​T​G​A​C​T​A​C​
A​T​C​A − 3′), scrambled for TAp73 (5′ - ​G​C​C​A​G​A​C​T​C​
G​T​T​T​A​C​A​T​G​A − 3′). All three strains were maintained 
in Dulbecco’s Modified Eagle Medium (DMEM/Invitro-
gen) supplemented with 10% fetal bovine serum, Penicil-
lin-50,000 Units/L and Streptomycin- 50  µg/ml at 370C 
in a humidifier incubator.

Treatment with Esculetin: Esculetin (6,7-dihydroxy-
coumarin/cichorigenin) is a coumarin derivative with 
hydroxyl groups at positions 6 and 7 on the benzopy-
rone core was purchased from Sigma-Aldrich (Cat. 
No. Y0001611; Purity: 98%). Esculetin was dissolved 
in DMSO and diluted appropriately to achieve a final 
DMSO concentration of 0.04%. The final concentration 
of esculetin was adjusted as specified in the experimental 
protocol.

Western blotting
Cells were lysed in a buffer containing 2% SDS, 20% glyc-
erol, and 50 mM Tris-HCl along with a protease inhibi-
tor cocktail (Sigma, USA) at 4 °C for 1 h. Laemmli buffer 
was added, and the samples were boiled for 10  min to 
denature the proteins. The protein lysates were then sub-
jected to 10% SDS-PAGE for separation. The separated 
proteins were subsequently transferred onto a methanol-
pretreated PVDF (Polyvinylidene fluoride) membrane. 
Protein expressions were assessed using western blot-
ting. Anti-E cadherin (abcam; ab40772), anti-N-cadherin 
antibody (Dilution 1:1000; abcam; ab7601), anti-vimen-
tin (Dilution 1:1000; abcam; ab76011), anti-phospho-
β-catenin antibody (Dilution 1:1000; abcam; ab53050) 
and anti-β Actin (Dilution 1:500; Santa Cruz Biotech-
nology; sc-1615) antibodies were used. Protein bands 
were detected using chemiluminescence detection sys-
tem (Bio-Rad) and quantification was carried out using 
ImageQuant system (GE Healthcare).

Cell viability analysis by MTT Assay
MTT assay detects the cell viability by measuring the 
reduction of (3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl-
tetrazolium bromide) by mitochondrial succinate dehy-
drogenase in metabolically active live cells. HCT116 
strains (25 × 104 cells/well) were seeded in 96 well plates 
and then exposed to varied concentrations of escule-
tin following 24 h post-seeding. Following the exposure, 
cells were incubated with MTT for 3 h and crystals were 
dissolved in DMSO and absorbance at 570 nm was mea-
sured using Tecan spark control software.

Cell proliferation analysis by growth kinetics
Cell proliferation was analysed by growth kinetics assay 
at different time intervals with and without esculetin 
(100 µM) treatment. Briefly, 30,000 cells were seeded in 
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35  mm Petridishes. Subsequently cells were counted at 
different time intervals of 24 h up to 96 h using Neubauer 
hemocytometer.

Cell cycle analysis
Cell cycle distribution of esculetin treated/untreated 
cells at varied time intervals was measured using Prope-
dium Iodide (PI) method. Cells were fixed in 70% chilled 
ethanol overnight and washed with PBS. Cells were then 
incubated at 370 C for 30  min after adding RNAse A 
(100  µg/ml). Propidium Iodide (10  µg/ml) was incorpo-
rated directly 15 min before acquisition by FACS Calibur 
(BD Biosciences).

Wound healing (Migration Assay) assay
Wound healing assay was performed to study cell 
migratory potential of esculetin treated/untreated cells. 
Briefly a monolayer of HCT116 cells were scratched 
with 200  µl micro-pipette tip and treated with 100µM 
esculetin. We employed a reduced serum concentra-
tion (5%) throughout the process to suppress cell pro-
liferation and ensure the exclusion of duplicating cells. 
Images were captured at different random areas imme-
diately or 18 h after scraping under NIKON TI2 micro-
scope and distance travelled by cells was measured by 
calculating the distance between the two-leading edge 
of the wound.

Anchorage independency by soft agar colony assay
Soft agar assay was performed as described previously 
[10]. Briefly, 50,000 cells/60  mm Petridish were embed-
ded in 0.33% agarose overlaid on a 2% agarose layer and 
covered with fresh growth medium. Colony growth was 
analysed after two weeks under NIKON TI2 microscope.

Anoikis resistance
Anoikis Resistance was analysed by seeding 8 × 104 cells 
in suspension on polystyrene Petridishes (Non-tissue 
culture treated; Tarsons). Following 48 h esculetin treat-
ment, floating live vs. dead cells were detected and 
counted using Tryphan blue (K940, Amresco, Dallas, 
Texas, United States) and Neubaur improved haemocy-
tometer. Ratio of live/dead cells was indicative of anoikis 
resistance.

Flow cytometry
Cell size by flowcytometry was analysed by measur-
ing the scatter characteristics of exponentially growing 
unfixed unstained cells using FACSaria flow cytometer 
(Becton Dickinson). 2-3 × 106 cells resuspended in PBS 
was measured for relative changes in scatter properties 
reflecting the cell size (Forward Scatter) and granulation 
(Side Scatter).

For cell surface marker analysis, approximately 1 × 106 
cells were resuspended in PBS containing 0.5% Bovine 
Serum Albumin (BSA) for 1  h to inhibit non- spe-
cific antibody binding. Cells were then stained with 
FITC-anti-CD24/Percp5.5-anti-CD44 and PE.cy7-anti-
CD90 antibodies in combination and /alone (Bioleg-
end). Stained cells were then analysed by FACS aria 
flowcytometer.

Quantitative real time PCR analysis
Primers were designed using NCBI PRIMER BLAST and 
PRIMER3 for the desired genes. Primer sequences are 
described in supplementary Table 1. An equal volume 
of cDNA was used for real time PCR using Quanti-Tect 
SYBR green PCR Kit (204143; Qiagen) as per the man-
ufacturer’s instructions. β-Actin was used as a loading 
control.

Bioinformatics approach to analyze stemness signatures
To investigate whether acquisition of EMT features upon 
p73 deletion is associated with stemness, we employed 
Transcriptome analysis of HCT 116 p53−/− p73+/+ and 
p53−/− p73kd cells which was outsourced to Xcelris 
Labs Limited, Ahmedabad, Gujarat, India. Differen-
tially expressed genes were obtained in both the sets. 
Log2FC > 0; p < 0.05 was used as a filter to sort signifi-
cantly upregulated genes. Further, we utilized the stem 
cell checker database to see if these genes are involved 
in stemness signatures. StemChecker assesses the sta-
tistical significance of the overlap between the uploaded 
genes and those in curated stemness signatures. The 
stem cell checker database utilized Bonferroni correc-
tion to understand the association. This data was fur-
ther clinically validated with a tissue expression dataset 
in NCBI- GEO. GSE44076 was sorted out which closely 
mimics our cellular model system. GEO2R was leveraged 
to identify DEGs and p < 0.05 was used as a parameter 
of significance. Venny2.1 was used to find the common 
genes between the Transcriptome Stem cell pool and 
GSE 44,076.

Colonosphere formation
The colonospheres formation was carried out as 
described by Liu et al. [11], with slight modifications. 
Briefly, 6 × 104 cells per well were seeded in 2 ml stem cell 
media containing DMEM/F12 (1:1) supplemented with 
B27 (Gibco), 20 ng/ml Human EGF recombinant pro-
tein (Gibco), 10 ng/ml Human FGF-basic recombinant 
protein (Gibco), and pen-strap antibiotics in a 6-well 
ultra-low-attachment plates (Corning Inc, Lowell, MA). 
The colonospheres formed at the end of the incubation 
period were centrifuged (1000  rpm), dissociated with 
0.25% trypsin/EDTA with gentle agitation at 370C to 
obtain single cell suspension.
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Statistical analysis of data
Wherever necessary, differences in the mean (± SE) val-
ues of different treatments were analysed for significance 
using the unpaired two-tailed Student’s t-test for inde-
pendent samples.

Results
HCT116 cell strains with sequential knockdown of p53/p73 
exhibit stable EMT characteristics and activated canonical 
wnt pathway
DIC microscopic evaluation of HCT116 WT and its 
transformants revealed a marked phenotypic alteration 
akin to epithelial to mesenchymal trans-differentiation. 
A distinct cobblestone like morphology was comparable 
to the epithelial phenotype of HCT116 WT cells that 
changed to relatively more elongated and spindle-shaped 
cells with an increase in length/breath ratio (up to two-
fold) in the p53−/− p73+/+and p53−/−p73kd cell strains 
(Fig.  1A). One of the characteristics mesenchymal fea-
tures i.e., tight and firm attachment to the surface was 
evaluated by the degree of attachment to the cell cul-
ture plastic plates [12, 13]. We found up to 60% increase 
in cell attachment area of HCT116p53−/− p73kd cells as 
compared to the wild type cells (Fig. 1B). Cell spreading 
or adherence to the surface could be partly influenced by 
the cell size. Therefore, scatter characteristics of unfixed, 
suspended cells were analyzed by flow cytometry. The cell 
size indicated by forward scatter was found to be unal-
tered among all the three cell strains confirming a higher 
inherent spreading capacity of p53−/−/p73kd strain as 
compared to the parental strains (Supplementary Fig. 1).

During EMT, epithelial cells deconstruct apico-basal 
polarity to facilitate motile behavior driven by altera-
tions in cell adhesion molecules. Analysis of the leading 
edges extending into the open area of the exponentially 
growing cultures revealed striking differences in cell 
movement of all the three cell strains. A tightly packed 
monolayer of wild type strain with smooth periphery 
had limited cell movement towards the empty spaces. 
Whereas, a preferential directional movement of cells 
with prominent filopodial protrusions were observed 
in the spatial organization of p53−/−p73kd cells. On the 
other hand, an intermediate cell movement patterns were 
detected in the growing p53−/− p73+/+ cells (Fig.  1C). 
These observations corresponded with up to two-fold 
increased cell migration in p53−/−p73kd strain when 
analyzed by wound healing assay (Fig.  1D). The above 
functional characteristics corroborated with alteration in 
cell adhesion molecule expression profile. We observed 
downregulation of E-cadherin while more than two-
fold upregulation of N-cadherin and vimentin expres-
sion in p53−/−p73kd cells at both protein (Fig. 1E) as well 
as transcript levels (Fig.  1F). We also observed up to a 
two-fold increase in key EMT-associated transcription 

factors, including SNAIL1, TWIST1, and ZEB2, in the 
p73kd strain (Fig.  1G). The Wnt signaling pathway has 
been established to contribute to the trans-differenti-
ation of one cell type to another. RNA-Seq differential 
expression analysis of p53−/−p73+/+ and p53−/−p73kd 
cells revealed significantly altered Wnt-associated genes 
(Fig.  1H). Within the Wnt signaling pathway, we found 
upto ~ 25-fold upregulation of 10 activators (DVL3, 
LRP1B, CTNND1, CTNNA1, CTNNBIP1, TCF7L2, 
TCF12, CDC42BPG, CCNC, HOXA1) while downregu-
lation of 7 suppressors (KREMN2, KREMN2, CTBP2, 
AXIN2, PORCN, TLE3, LAT2) of canonical Wnt pathway. 
However, genes associated with activation of non-canon-
ical Wnt Ca2+ (CAMKK2, RAC2, PLCB4, NFATC2) were 
found to be downregulated. The prerequisite event in the 
activation of the canonical Wnt pathway is the stabiliza-
tion of β-catenin through dephosphorylation. Inciden-
tally, a significant downregulation of p-β-catenin protein 
was observed in p53−/−p73+/+ and p53−/−p73kd cells as 
compared to the WT strain, thereby strongly indicating 
canonical Wnt axis activation in both the transformants, 
apparently having a higher mesenchymal characteristics 
(Fig. 1E/ lower panel).

Epithelial to mesenchymal conversion of HCT116 strains is 
associated with aggressive behavior
To determine whether the acquisition of mesenchymal 
features in p53−/−p73kd cells accompany aggressive fea-
tures, we checked anoikis (cell detachment mediated 
cell death) resistance of all the three strains. A marked 
tendency to spread upon the non-adherent hydropho-
bic surfaces was displayed by the wild-type cells while 
cell lines with p53-/-, p73+/+ while double knock out 
showed reduced efficiency to adhere (data not shown). 
Concurrently, ~ 30% reduction in floating dead cell of 
p53−/−p73kd cells were observed, indicating the acquisi-
tion of anoikis resistance in HCT116p53-/- p73kd cells as 
compared to wild type cells (Fig. 2A). However, the size 
of the soft agar colonies remained unchanged across all 
strains suggesting that p53/p73 deletions could not accel-
erated the anchorage independency in the HCT116 cells 
(Fig. 2B).

Saturation density has been classically used as a mea-
sure of neoplastic progression [14, 15]. The acquired 
EMT phenotypes also correlated with considerably 
increased saturation densities (Fig.  2C) as well as accel-
erated growth potential in both the p53−/− and p73 
knockdown strains at later time points (72 h onwards) as 
measured by growth kinetics assay (Fig. 2D).

EMT phenotype inherited with acquisition of stem cell-like 
characteristics in HCT116 colonospheres
To investigate any possible effect of p73 deletion on the 
stemness in cells displaying mesenchymal features, we 
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Fig. 1  Induction of EMT in HCT116 cell strain: (A) DIC microscopy images of HCT116 cells strain (magnification 40X) showing progressive phenotypic 
alterations. Cell length/breadth ratio was measured using NIS-elements-AR software. Phenotypic alterations reflect EMT phenotypes. (B) Area of surface 
attached cells to the tissue culture dishes were measured 48 h post seeding. Data represent the Mean ± SE of 50 cells measured in three independent 
experiments (*p ≤ 0.05). (C) DIC images of exponentially growing culture (magnification 20X). (D) Wound healing analysis for cell migration 18 h after 
scraping. Cell migration was measured by the average distance (µm) travelled by cells from edges of scraped region towards the center. (E) Western 
blot analysis for EMT markers and p-β-Catenin expression. Cells were harvested for protein extraction at log phase of the culture. Histogram represents 
densitometric analysis of corresponding protein expression relative to β-actin expression (*p ≤ 0.05) (Upper right panel). (F) qPCR analysis of EMT markers 
and (G) key transcription factors expression levels. β-actin was used as housekeeping control for normalization (*p ≤ 0.05). (H) Transcriptome analysis of 
HCT116p53-/-p73+/+ and HCT116p53-/-p73kd reveals differentially regulated Wnt pathway components
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employed transcriptome data of cell strains p53−/−p73+/+ 
and p53−/−p73kd. In total, 1055 upregulated and 1494 
downregulated genes were found to be significantly 
altered (p value < 0.05). We then utilized the StemChecker 
database to validate our set of genes with the inbuilt data-
sets of the StemChecker database. We observed 440/3029 
embryonic stem cells while 135/969 hematopoietic stem 
cells related genes to be the maximumly overlapped 
genes with a significant p-value (p < 0.05) (Fig. 3A/Lower 
panel). Interestingly, 21% fractional overlap was observed 

in the embryonic stem cell (ESCs) pool, suggesting the 
acquisition of pluripotent features upon p73 knockdown. 
20% of genes were found to be common in the embedded 
expression profiles in the database (Fig.  3B). Consistent 
with the above findings, expression profiles investigat-
ing embryonic stem cells were found to be enriched. Out 
of the analyzed expression profiles, significant overlap 
(p < 0.05) was observed in 5 stemness signature datasets. 
Approximately 9% of the genes exhibit a match with TF 
(Transcription Factor) target genes. Within this, both 

Fig. 1  Continued
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computationally derived and RNAi screens contribute 3% 
each to the total genes analyzed. Maximum enrichment 
(162/1066) is depicted in the dataset involving meta-
analysis, identifying human genes upregulated in ESCs 
compared to several differentiated cell types. Moreover, 
the significance of the enrichment of genes included as 
transcription factor targets among the input genes found 
in Stem Checker highlights the maximum overlap with 
E2F4 followed by SOX2 transcription factor target genes 
(Fig. 3C).

To further investigate the clinical correlation, we lev-
eraged NCBI-GEO to find a dataset (GSE44076) that 
closely mimics our cellular model system and corrobo-
rate our data with the colorectal cancer tissue dataset. 93 
genes were found to be common in transcriptome stem 

cell expression data and the tissue expression dataset 
available online, thus validating the involvement of p73 in 
the stemness of colorectal cancer cells (Fig. 3D).

These observations instigated us to further evaluate the 
functional CSC features amongst the HCT116 strains. 
We generated colonospheres in a serum-free defined 
medium, a technique widely used to study CRC stem 
cells [16, 17]. The colonosphere initiation was adjusted 
in such a way that only a single colonosphere was gener-
ated in a single well of a 24-well plate. The comparative 
analysis as a function of time and individual volume of 
CSC-enriched spheroids indicated varied sphere forma-
tion kinetics of all three strains. Despite a comparable 
initial clustering up to 48 h of all three cell lines, a dras-
tic increase in the volume of colonospheres obtained 

Fig. 2  Cell aggressiveness in HCT116 cell strains with sequential p53/p73 knockdowns: (A) Bar graph showing live/dead cells indicative of Anoikis 
Resistance which was measured by counting the floating live and dead cells using tryphan blue 48 h post seeding in polystyrene Petridish. (*p ≤ 0.05 & 
**p ≤ 0.01) (B) Soft agar colony formation assay to measure anchorage independent growth in HCT116 cell strains. 50,000cells/ 60 mm Petridish were 
embedded in 0.33% agarose supplemented with media for 2 weeks, colony formation analyzed by DIC microscope. (C) Saturation density of HCT116 and 
its transformed strains analyzed by inoculating 5 × 104 cells/PD35 and number of cells/cm2 area at confluence was measured. (D) Proliferation kinetics of 
exponentially growing HCT116 cell strains. All data is represented as mean ± SE of three independent experiment performed in triplicate
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Fig. 3  Enhanced stem cell-like features in HCT116 cell strains: Radar Charts showing the overlap of (A) stem cell types (B) Stemness Signatures (C) 
Transcription Factors between the list of genes of transcriptome data and Stemchecker database. The overlap significance is plotted as (-log10 p-value) 
represented by squares on the inner side. Outer squares represent the fractional overlap. The statistical details shown in respective lower panel. The 
significance (p-value) was calculated by the hypergeometric test and the adjusted p-value is calculated by Bonferroni correction. (D) Venn diagram 
showing the overlap between Transcriptome Stem cell (SC) genes and GSE 44,076 obtained from NCBI-GEO. (E) DIC microscopy images of colonosphere 
of HCT116 strains (magnification 20X) showing progressive increase in size. Colonosphere diameter was measured using NIS-element-AR software was 
used to calculate the volume of colonospheres (Upper right panel). (F) qPCR analysis of EMT associated genes. (G) CSC frequency at different time period 
within the colonosphere of HCT116 strains using flow cytometry. (H) DIC images of colonosphere of HCT116 strains (magnification 20X) in float and (I) 
after transferring into tissue culture surface 48 h post attachment

 



Page 9 of 19Mathur et al. BMC Cancer         (2024) 24:1164 

Fig. 3  Continued
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by p53-/-p73kd cells was observed up to 96  h of ini-
tiation (Fig. 3E). Quite unambiguously, the gene expres-
sion profile of EMT-associated genes was also found to 
be altered in accordance with mesenchymal features of 
HCT116p53-/-p73kd cells when grown in colonospheres 
(Fig.  3F). These observations corresponded well with 
similar EMT genes expression profile observed with 2D 
cultures of all the strains (Fig. 1E-G).

The functional cancer stem cells (CSC) population 
majorly reside within CD24+CD44+ compartment [18, 
19]. Flow cytometric analysis of CD24/CD44 express-
ing cells revealed a concomitant increase in the CSC fre-
quency with the growth of individual spheroid (Fig. 3G). 
Remarkably, p53−/−p73kd strain exhibited maximum 
CSC frequency (> 50% compared to wt) among all the 
strains which further found to be increased with the 

Fig. 3  Continued
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growth of the spheroids when measured upto 10th day of 
initiation. The morphology of these free-floating mature 
spheroids varied remarkably in context to the peripheral 
margins. Mature colonospheres (> 6 days old) of the WT 
strain displayed a compact arrangement of cells at the 
periphery, resulting in colonosphere with a smooth sur-
face (Fig. 3H). However, the p53−/−p73kd colonospheres 
explicitly displayed cells extending out from the periph-
eral region of colonospheres. These cellular extensions 
could be observed in routine examinations and per-
sisted until the disintegration of the spheroids at later 
time points (data not shown). To rule out the possibility 
of any artifact, colonospheres were placed onto a tissue 
culture plastic plate resulting in outward cellular migra-
tion on the surface. We observed distinct single cells with 
directional movement and protruding lamellipodia in 
the p53−/−p73kd strain (Fig. 3I (20X)/inset) while the two 
preceding strains could not show this phenomenon.

Based on the comprehensive analysis of various markers 
and functional characteristics, these cells exhibit stem cell-
like properties. This suggests that further detailed functional 
studies could be conducted to confirm their stemness.

Esculetin suppresses the aggressive behavior of HCT116 
strains without inducing marked cytotoxicity
We previously demonstrated the antiproliferative 
effects of esculetin in AML and pancreatic cancer cells, 
and its ability to induce neutrophilic differentiation 
in leukemic blast cells [7, 8, 20] Therefore, to evalu-
ate effect of esculetin in our current cellular model, 
we examined the cytotoxic effect. cells were treated 
with esculetin for up to 48 h at different concentrations 
(0-500 µM) and subjected to MTT assay (Fig. 4A). We 
observed an insignificant cytotoxicity in all of the three 
strains up to 500µM of esculetin. The IC50 could not be 
however, calculated due to inadequate cell death even 
at the highest concentration used i.e. 500µM. In con-
trast, a marked reduction in proliferation potential was 
observed in esculetin-treated cell strains (Fig. 4B). It is 
important to note that the cell proliferation was consid-
erably suppressed within 24 h of 100µM esculetin treat-
ment with no marked cell death (Fig. 4A and B). Since 
at 100µM concentration, esculetin could inhibit the 
growth, all further assays were carried out on HCT116 
cell strains at 100µM concentration of esculetin with 
appropriate controls. The growth suppressive effect 
of esculetin was further substantiated by aberrant cell 
cycle distribution analyzed at varied time intervals fol-
lowing 100 µM esculetin treatment. Esculetin treated 
cells of all the three strains displayed a comparable cell 
cycle distribution where a concomitant increase in the 
proportion of G1/S phase cells while a reduction in 
cells in G2/M phase were observed (Fig. 4C). The G1/S 

arrest was more prominent at 24 h following esculetin 
treatment.

The potential of esculetin to affect additional aggres-
sive phenotypes such as the migratory capacity and anoi-
kis resistance were also assessed. While the three cell 
strains inherently exhibit a sequentially higher migratory 
potential, we found a significant (~ 60%) reduction in cell 
migration in cells with partial (p53−/−p73+/+) or complete 
(p53−/−p73kd) mesenchymal features (Fig.  4D/supple-
mentary Fig.  2) upon esculetin treatment. Reduction in 
cell migration was accompanied by a drastic reduction 
(> 80%) in anoikis resistance in these two strains (Fig. 4E).

Reversion of stem cell like features and concurrent EMT 
phenotypes upon esculetin exposure
We further evaluated effects of esculetin on the plastic-
ity of cells with prominent mesenchymal features i.e., 
HCT116p53-/-p73kd.

A remarkable conversion of elongated spindle 
shaped cells into relatively cobblestone-like morphol-
ogy was evidently observed in esculetin-treated cells 
during exponential phase of the culture (Fig.  5A). On 
the other hand, HCT116WT and HCT116p53−/−p73++ 
showed the similar response at a much lower extent 
(Supplementary Fig.  3). Despite the inherent epi-
thelial-mesenchymal transition (EMT) characteris-
tics among the three cell lines, the effect of esculetin 
was more pronounced in HCT116p53-/-p73-/- cells, 
likely due to their inherently higher mesenchymal 
characteristics. Esculetin was also found to upregu-
late E-cadherin expression levels in the p53 deletion 
strains while N-cadherin reduction was more pro-
found in the p53−/−p73kd cells (Fig. 5B). Coincidently, 
esculetin markedly abolished the colony growth in 
methylcellulose media suggesting the suppressive 
effects of esculetin on the clonogenic ability of cells 
(Fig.  5C). Cells exposed to esculetin significantly sup-
pressed the expression levels of transcription fac-
tors such as SNAIL1, TWIST1, and ZEB2 (Fig.  5D). 
Cells protruding out from the growing spheroids also 
depleted drastically upon esculetin treatment (Fig. 5E) 
leading to colonosphere morphology comparable to 
that of the WT strain. We also observed that escu-
letin reduced the stem cell population as evidenced 
by reduced CD24+/CD44+ population when analyzed 
by flowcytometry (Fig.  5F). CSCs with CD90+ pheno-
types have been explicitly identified in verity of tumor 
types making CD90 an attractive therapeutic target 
[21]. We detected ~ two-fold reduction in CD90+ pop-
ulation within colonospheres upon esculetin exposure 
(Fig.  5G). These observations clearly indicated the 
potential of esculetin to reduce the CSC population and 
concurrent EMT reprogramming in cells with mesen-
chymal features.
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Fig. 4  Suppression of cell aggressiveness by esculetin: (A) Dose response bar plot of MTT assay to measure the effect of varied concentration of escu-
letin on cell viability of HCT116 cell strains. (B) Cell proliferation kinetics assessed with and without 100µM esculetin treatment. Data is represented as 
mean ± SE of three independent experiment performed in triplicate. (C) Cell cycle analysis of HCT116 cell strains following 100 µM esculetin treatment 
using flow cytometry at indicated time intervals. (D) Analysis of wound healing assay following 100µM esculetin treatment for 18-hour post seeding. (E) 
Anoikis resistance measured by counting floating dead cells 48 h post 100µM esculetin treatment. All Data is represented as mean ± SE of one experiment 
performed in triplicate (*p ≤ 0.05 & **p ≤ 0.01)
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Fig. 5  Reversion of EMT and stem cell-like characteristics upon esculetin treatment: (A) DIC photomicrograph of cells showing reversion of mesenchy-
mal phenotype at 72 h following 100µM esculetin treatment. (B) Western blot analysis of expression of E-cadherin and N-cadherin protein isolated from 
control and esculetin treated cells after 48 h of 100µM esculetin treatment. Representative histogram plot of densitometic analysis of protein expression 
relative to β-actin expression (*p ≤ 0.05 & **p ≤ 0.01). (C) Colonosphere growth in CSC media containing 1% methylcellulose to assess clonogenic ability 
of cells. (D) qRT-PCR analysis of key transcription factors (E) DIC images of single (left panel/magnification 63X) and multiple (right panel/magnification 
20X) colonospheres growth with/without 100µM esculetin treatment. (F) Flow cytometric analysis of HCT116p53−/−p73kd cells treated with/without 
esculetin to measure CSC frequency in CD24+/CD44 + compartment. (G) Cell surface expression analysis of CD90 using flow cytometry following 96 h of 
esculetin treatment. Percentage of shifted cells was measured using flowing software. Data represents at least three independent experiment performed 
in triplicates
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Esculetin induces differentiation in stem cells with high 
mesenchymal characteristics and “axis shift “of wnt 
signaling
We further extended our investigation by analysing the 
stemness-associated genes in esculetin treated/untreated 
cells. POU class 5 homeobox 1 (POU5F1/OCT4) and 

Aldehyde Dehydrogenase 1(ALDH1) are well-studied 
genes associated with stemness maintenance were found 
to be drastically suppressed upon esculetin exposure 
(Fig. 6A). The esculetin treatment resulted in a decrease 
in stemness markers in treated cells, concomitant with 
a remarkable (up to five-fold) augmentation in colonic 

Fig. 5  Continued
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differentiation markers (KRT20, VIL1, and GPA33), 
which are recognized for their elevated expression in 
colonic epithelium (Fig. 6B).

The Wnt signaling plays a central cascade in regu-
lating stemness features. We found a significant 
downregulation of signaling components associated 

with canonical Wnt axis (CYCLIN D, c-MYC, Wnt16, 
Wnt2b, CDC42, WNT7a) (Fig.  6C) while upto eight-
fold increase in non-canonical Ca2+ effector genes 
(NFAT, NLK) (Fig.  6D) upon esculetin treatment. 
These observations suggest that esculetin regulates 
CSC differentiation by switching Wnt cascade from 

Fig. 6  Wnt axis shift during esculetin mediated differentiation: qPCR analysis to check the expression level of indicated stemness (A) and differentiation 
(B) marker genes. Data represents three independent experiments. Expression levels of genes associated with canonical (C) and non-canonical Wnt 
Ca2+ pathway (D) were analysed by qPCR. (E) Analysis of intracellular calcium levels following 72 h esculetin treatment. Cells were harvested and stained 
with intracellular calcium binding dye -Fluo-4AM and analysed using flow cytometry. Relative fold change to untreated cells was plotted (right panel). 
(*p ≤ 0.05 & **p ≤ 0.01)
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canonical to non-canonical Ca2+ axis. Activation of 
non-canonical Ca2+ axis was further supported by 
enhanced intracellular Ca2+ levels when analysed with 
FACS (Fig. 6E).

Suppression of non-canonical Wnt/Ca+ 2 axis abrogates 
esculetin mediated CSC differentiation
To further validate the involvement of non-canonical 
Wnt axis in esculetin mediated differentiation in CSCs, 
we abrogated the non-canonical Wnt axis by inhibiting 

the intracellular Ca+ 2 levels using calcium channel 
blocker TBM8. Inhibiting the ER-IPR channels by TMB8 
resulted in drastic reduction in intracellular Ca+ 2 levels 
(Fig.  7A). Quite remarkably, inhibition of intracellular 
Ca+ 2 levels significantly suppressed esculetin mediated 
differentiation in p53−/−p73kd cells (Fig. 7B) as indicated 
by up to 3-fold downregulation of differentiation-associ-
ated genes (KRT20 GPA33). Interestingly, up to a four-
fold increase in stemness markers (POU5F1/OCT4 and 
ALDH1) expression levels in Es + TMB8 cells was also 

Fig. 7  Involvement of Non-canonical Wnt Ca2+ pathway in CSC differentiation: (A) Flow cytometric analysis of effect of TMB8 (calcium channel blocker) 
on intracellular calcium levels. Cells were treated with esculetin alone or in combination with TMB8 for 72 h and stained with Fluo-4AM. A right shift in the 
fluorescence intensity demonstrate enhanced intracellular calcium levels in response to esculetin treatment. Relative fold change of three independent 
experiments performed in triplicates were shown in lower panel. (*p ≤ 0.05). (B) qPCR analysis of colonic differentiation markers KRT20, GPA33 and stem-
ness markers (C) POU5F1/OCT4 (D) ALDH1in cells treated with esculetin alone or in combination with TMB8 for 96 h
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observed (Fig. 7C and D). These results strongly suggest 
essential role of non-canonical Wnt activation in escule-
tin-mediated CSC differentiation. These findings strongly 
indicate the crucial involvement of non-canonical Wnt 
activation in esculetin-induced differentiation of cancer 
stem cells.

Discussion
EMT is an integral process of tissue repair and devel-
opment and also known to contribute in pathological 
processes such as fibrosis and cancer progression [22]. 
Considering the heterogeneity of disseminating cancer 
cells, EMT is proposed to be a graded series of interplay-
ing events that promote unstable genetic environment. 
Some distinctions of EMT induction result from gain of 
functions in oncogenes and inactivation of tumour sup-
pressor genes in the transforming cells [23]. In the cur-
rent study, we report the interrogation of sequential 
knockdown of p53/p73 to generate phenotypically dis-
tinct strains of HCT116 cells which simulate EMT repro-
gramming and CSC characteristics. The majority of the 
studies on EMT are based on artificial induction of EMT 
using variety of inducers [24, 25]. Herein, we demonstrate 
inherent EMT induction as well as concurrent acquisi-
tion of stem cell features as a result of knockdown of p53/
p73 genes. Further, we evaluated the efficacy of esculetin 
to affect the inter-conversion of epithelial to mesenchy-
mal phenotype inherited with stem cell-like characteris-
tics. Quite importantly, our study suggests that p53/p73 
are associated with the maintenance of cellular plasticity, 
deletion of one and/or another gene corresponds with 
acquisition of aggressive behavior in transforming cells.

P53 is a well-established tumour suppressor gene that 
regulates various cellular processes in response to stress 
signals [26, 27]. However, recent studies have highlighted 
the relative importance of p53 in modulating other cellu-
lar processes apart from canonical p53-mediated tumour 
suppression viz. metabolism, cellular plasticity, invasion 
and metastasis. For example; p53 knockdown have been 
shown to induce EMT and stemness property through 
miRNAs in hepatocellular carcinoma and mammary 
epithelial cells [28, 29] as well as enhancement in TGF-β 
induced EMT in hepatocellular carcinoma [25]. In agree-
ment with these studies, we demonstrate the role of p53 
in maintaining cellular plasticity in CRC. In parallel to 
the increasing knowledge of p53 dynamics, several cru-
cial issues remain unanswered for the biological role of 
its recently identified family protein p73. In the present 
study, knockdown of p73 gene in p53 null cell strain, fur-
ther heighten the aggressiveness in HCT116p53−/−p73kd 
cells as evident by enhanced mesenchymal character-
istics akin to stem cell transformation. However, these 
cells showed limited capacity to gain anchorage indepen-
dency and tumorigenic potential. Accumulated evidences 

suggests that cancer cells with stem cell-like features 
exhibit mesenchymal features associated with invasion 
and metastasis. In accordance, our study further high-
lights that stemness and EMT regulatory mechanisms are 
integrally associated to drive invasive events as indicated 
by induction of pluripotent stem cell features in cells with 
prominent mesenchymal features when analyzed by inte-
grative bioinformatics as well as functional approaches. 
In continuation with recently identified epigenetic and 
microenvironmental regulatory mechanisms, we propose 
that “axis shift” of the Wnt pathway plays a central role 
in coordinating EMT and stem cell-like characteristics 
in cancer cells. Recently, targeting CSC differentiation by 
regulating specific signaling pathways has been emerg-
ing to achieve complete remission of the disease which 
have shown to generate robust therapeutic response in 
preclinical models of solid tumours. For example, induc-
tion of differentiation in hepatocellular carcinoma cells 
prevents tumour growth in mice [30] while exposure to 
anti-R-Spondin 3 antibody suppressed tumour growth 
and stemness by inducing CSC differentiation [31]. In 
the current study, we demonstrate that esculetin at 100 
µM concentration markedly induces enterocyte differ-
entiation and epithelial cell polarity in CSCs of cells with 
high mesenchymal features. These observations cor-
roborated our findings with leukemic blast cells posing 
esculetin as a differentiating agent in both AML as well 
as solid tumour cells. Moreover, esculetin significantly 
suppressed the EMT reprogramming regulating CSC 
phenotype in HCT116 cells with p53/p73 knockdown as 
indicated by reduced anchorage independency, migra-
tion, and anoikis resistance. Inhibition of the aggressive 
behavior with esculetin treatment was accompanied by 
reduced EMT phenotype and marker expressions. In 
addition, esculetin have been shown to induce differential 
G1/S phase cell cycle arrest in cells with varying p53/p73 
status. These observations may introduce esculetin as a 
potent natural compound to reinforce the chemothera-
peutics of advanced stage cancers. Since in the present 
study, esculetin have shown inhibitory action rather than 
a marked cytotoxicity in the colorectal cancer undergo-
ing EMT, it may be proposed for a combination therapy 
along with a potent conventional/natural cytotoxic agent. 
Taken together, our data indicate an interventional effect 
of esculetin on EMT and stem cell-like characteristics of 
high-grade tumours.

We recognize that, despite extensive analyses encom-
passing CSC marker profiling, transcriptomic assess-
ments, and various functional assays, the functional 
attributes of CSCs require further investigation. Our 
current study suggests that the CD24⁺CD44⁺ sub-
population within our colorectal cancer cell line 
exhibits characteristics consistent with stem cell-
like properties. Findings highlighting stemness and 
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self-renewal properties encourage us to pursue these 
investigations in future studies.

In summary, this study demonstrates the intricate 
association of p53/p73 with the acquisition of EMT 
characteristics and concurrent stem cell-like features in 
HCT116 cells. Successive deletion of these genes may 
predispose a transforming cell to invade the primary site. 
Interestingly, esculetin attenuates the aggressive mesen-
chymal features and stemness of colon carcinoma cells 
by reversing EMT phenotypes. The current findings, in 
accordance with our previous observations with leuke-
mic cells may open an exploitable window for esculetin 
to consider as a potent differentiating agent in both leu-
kemic as well as solid tumours.
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