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Abstract 

Background The “Differentiation therapy” has been emerging as a promising and more effective strategy against 
acute leukemia relapses.

Objective In extension to the revolutionising therapeutic outcomes of All Trans Retinoic Acid (ATRA) to induce 
terminal differentiation of Acute Promyelocytic Leukemic (APL) blast cells, we decipher the potential effect of a natural 
compound “Esculetin” to serve as a differentiating agent in Acute Myeloid Leukemia (AML). Underlaying role of Wnt 
signaling pathways in esculetin mediated blast cell differentiation was also evaluated.

Methods Human acute myeloid leukemic cells (Kasumi-1) with t(8;21/AML-ETO) translocation were used as a model 
system. Growth inhibitory and cytotoxic activity of esculetin were analysed using growth kinetics and MTT assay. 
Morphological alterations, cell scatter characteristics, NBT reduction assay and cell surface marker expression pat-
terns were analysed to detect terminally differentiated phenotypes. We employed  RT2profiler PCR array system for 
the analysis of transcriptome profile of Wnt signaling components. Calcium inhibitors (TMB8 and Amlodipine) and 
Transforming growth factor beta (TGF-β) were used to modulate the Wnt signaling axes.

Results We illustrate cytotoxic as well as blast cell differentiation potential of esculetin on Kasumi-1 cells. Morpholog-
ical alterations akin to neutrophilic differentiation as well as the corresponding acquisition of myeloid lineage markers 
indicate terminal differentiation potential of esculetin in leukemic blast cells. Exposure to esculetin also resulted in 
downregulation of canonical Wnt axis while upto ~ 21 fold upregulation of non-canonical axis associated genes.

Conclusions Our study highlights the importance of selective use of calcium pools as well as “axis shift” of the 
canonical to non-canonical Wnt signaling upon esculetin treatment which might abrogate the inherent proliferation 
to release maturation arrest and induce the differentiation in leukemic blast cells. The current findings provide further 
therapeutic interventions to consider esculetin as a potent differentiating agent to counteract AML relapses.

Keywords Acute Myeloid Leukemia (AML), Esculetin, Blast cell differentiation, Differentiation therapy, Kasumi-1, Wnt 
signaling

Introduction
AML is a heterogeneous malignancy attributed to 
impaired clonal evolution of hematopoietic cells. The 
genetic and hierarchical complexity within the AML sub-
populations results in a pronounced phenotypic variabil-
ity in which myeloid precursor cells acquire proliferative 
advantages while abrogating the terminal differentiation 
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potential [1, 2]. The current cytotoxic therapies target 
to eradicate the outcompeting leukemic immature blast 
population. Despite therapeutic improvements, the per-
sistence of multi-drug resistant clones leading to minimal 
residual disease (MRD) is a major hurdle in achieving the 
complete remission [3]. Therefore, alternative approaches 
are required to be considered for reducing the recurrence 
and expansion of the residual disease. Recently, a thera-
peutic strategy called “Differentiation Therapy” directed 
towards removing the maturation block and allowing 
blast cell differentiation appears to be a more specific 
and effective therapy than traditional approaches with 
cytotoxic drugs [4]. A remarkable example of the differ-
entiating agent is All-Trans Retinoic Acid (ATRA), which 
has not only revolutionized the therapeutic outcomes in 
patients with Acute Promyelocytic Leukemia (APL), but 
also have pave the way to alter the landscape in AML 
treatment. However, the early promises of differentiation 
therapy could not be translated for AML and the conven-
tional chemotherapeutic regimens remained the stand-
ard of care.

Natural Compounds have emerged as a rich and attrac-
tive source of therapeutics to serve as potent antitumor 
agents with high selectivity for tumour cells. We have 
previously demonstrated that “Esculetin”, a dihydroxy-
coumarin derivative induces pro-apoptotic and anti-
proliferative activity in leukemic (Kasumi-1) as well as 
human pancreatic cancer cell line (PANC-1). We also 
demonstrated that the anti-leukemic effects of esculetin 
on Kasumi-1 cells was attributed by its ability to reduce 
the half-life of AML1-ETO and c-Kit m-RNAs [5, 6]. 
These studies have prompted us to hypothesise that escu-
letin might have a potential to selectively differentiate 
the leukemic blast cells. Nearly twenty percent of AML 
patients carry a translocation between chromosomes 21 
and chromosome 8 resulting in the formation of a chi-
meric oncoprotein AML1-ETO; promoting self-renewal 
and blocking myeloid differentiation and poor progno-
sis. It is anticipated that identification of novel therapeu-
tic targets in t(8;21) positive AML will lead to treatment 
options that improve patient survival [7].

Among plethora of signaling mechanisms, the Wnt 
signaling have emerged as a key player in maintaining 
hematopoietic stem cell renewal, cell proliferation as well 
as differentiation [8]. Moreover, aberrant Wnt signaling 
has been found to be associated with early induction of 
leukemogenesis and maintenance of leukemic blast/stem 
cell pool [9, 10]. More recently, the regulatory compo-
nents and the cross-talks of both the canonical-and non-
canonical Wnt signaling is taking a central role in the 
leukemogenesis [11, 12]. Therefore, in the current study 
using Kasumi-1 cells as a model system, we aim to deci-
pher the potential of esculetin to induce differentiation in 

leukemic blast cells and the possible involvement of Wnt 
signaling in esculetin mediated blast cell differentiation.

Material and methods
Cell culture and maintenance
Human Myeloid Leukemic Kasumi-1 cell line was 
obtained from National Centre for Cell Science (Pune, 
India) and were maintained in suspension at  37OC in 
RPMI 1640 supplemented with 10% fetal bovine serum, 
2  mM Glutamine and antibiotics (Penicillin-50,000 
Units/L, Streptomycin- 50  µg/ml) in a humidified 
incubator.

Cell proliferation assay
Exponentially growing Kasumi-1 cells were equally 
(1 ×  105 cells) seeded onto 6-well plate in complete 
growth medium in the presence and/or absence of escu-
letin. The cells were counted using a Neubouer hemocy-
tometer up to 96 h at 24 h time intervals.

MTT Assay for cytotoxicity
To assess the cytotoxic response of esculetin on Kasumi-1 
cells, we performed 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium (MTT; Himedia Laboratories) assay. 2 ×  105 cells/
well were plated into a 6-well plate. At log phase in cul-
ture, cells were treated with defined concentrations of 
esculetin ranging from 25 µM to 200 µM and incubated 
at varied time intervals. MTT was then added and cells 
were incubated for three hours and the formazan crystals 
were dissolved in DMSO. The absorbance was measured 
at 570 nm using an enzyme-linked immunosorbent assay 
(ELISA) reader (Tecan spark control) instrument. The 
IC50 was calculated using AAT bioquest software.

Cell cycle analysis
The effect of esculetin on cell cycle distribution at var-
ied time intervals was evaluated using Propidium Iodide 
(PI) method. Cells were resuspended in PBS and fixed in 
70% chilled ethanol overnight. Following PBS washing, 
RNAse A (100 µg/ml) was added and cells were incu-
bated at 37 C for 30 mints. Propidium Iodide (10 µg/ml) 
was incorporated directly 15 min before acquisition by 
FACS Calibur (BD Biosciences).

Apoptosis detection by flow cytometry
Apoptotic cell death was analysed by Annexin V and 
Propidium Iodide double staining following 24/48 h of 
esculetin treatment according to the manufacturer’s 
instructions (Invitrogen) using FACSCalibur and Flowing 
software.
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Nitroblue Tetrazolium Test (NBT Assay) for cell 
differentiation
NBT assay is used to determine the ability of cells to 
produce reactive oxygen species and provide insight 
into their oxidative metabolism. Since the generation 
of ROS has been associated with a myroid of stress/
pathologic conditions, Phorbol 12-Myristate 13-Acetate 
(PMA /200  ng/ml) was used as a stress inducer. The 
PMA treated cells were subjected to esculetin treatment 
followed by incubating the cells with 1% NBT for three 
hours. Microscopically, 500 cells with intact morphology 
were analysed for the presence of intracellular formazan 
crystal formation in control verses esculetin treated cells. 
Equal number of live cells were taken and precision of the 
above microscopic technique was confirmed by colori-
metric assay (650 nm) by disolving the formazan crystals 
in Dimethyl Sulfoxide (DMSO).

Cell surface marker analysis
Following 96  h esculetin treatment, approximately 
1–2 ×  106 cells were resuspended in PBS containg 0.5% 
Bovine Serum Albumin (BSA) for 1  h to inhibit non-
specific antibody binding. Cells were stained with FITC 
anti-CD34/ PE-anti-CD38 and/or anti-CD11b (Abcam) 
antibodies. Respective fluorescently labblled secondary 
antibodies for non-conjugated antibodies (Abcam)were 
used to detect the expression of neutrophil/monocytic 
specific markers. Stained cells were then analysed by 
FACScalibour flowcytometer.

Real‑Time PCR for gene expression analysis
Total RNA was isolated from Kasumi-1 cells treated 
with/or without esculetin using RNeasy kit (Qiagen). Fol-
lowing cDNA conversion, RT-PCR of the selected genes 
was performed using SYBR Green Master (ThermoFisher 
Scientific) on QuantStudio 7 Flex Sytem (Applied Bio-
systems). The fold change of the gene expression was 
analysed using  2−ΔΔCT method. β-actin was used as 
an endogenous control. Sequence of specific primers is 
shown in Supplementary Table 1.

Western blotting for protein expression analysis
Western blotting was used to determine the alterations 
in protein expressions. Anti- β-catenin and anti- β-actin 
antibodies (Santa Cruz Biotechnology) were used for 
respective protein detection. BSA was used as a block-
ing agent. Horseradish peroxidase-conjugated secondary 
antibodies (Santa Cruz) along with a chemiluminescence 
detection system (Bio-Rad) were used for the detection 

of protein bands. Quantification was carried out using 
ImageQuant system (GE Healthcare).

Morphological analysis by Giemsa staining
The cytospins of Giemsa (Sigma-Aldrich) stained, escu-
letin treated /untreated cells were prepared and images 
were captured using Nikon eclipse TI2 microscope 
(Nikon). To quantify the percent nuclear alterations, 
nuclear morphology of 500 randomly selected cells 
were analysed.

Intracellular calcium assessment
Cells were washed with PBS followed by incubation of 
1  µM Fluo-4/AM (Invitrogen) for 30  min at  370C in 
dark. Cells were then washed with PBS before analysis 
using FACSCalibur (BD).

Intracellular localization of β‑catenin
Esculetin treated/untreated cells were fixed with 
75% methanol for 10  min. After fixation, cells were 
washed with PBS and permeabilized for 10  min with 
0.05% Triton- × 100. After blocking with 1% FBS for 
1  h, cells were probed with β-catenin antibody. Cells 
were washed with PBS containing 0.1% Tween-20 and 
probed with FITC labeled IgG antibody for 1 h. Nucleus 
was stained with 4’,6-diamidino-2-phenylindole (DAPI). 
Images were captured using fluorescence microscope 
(Axio Imager.M2; Carl Zeiss) and processed using 
AxioVision Rel.4.8 software (Carl Zeiss).

Statistical analysis
The flowcytometry analysis was performed using Flow-
ing software. Microsoft excel was used to calculate the 
differences in mean (± SE) values of different treat-
ments and statistical significance was determined using 
unpaired two-tailed Student’s t-test for independent 
samples.

Results
Esculetin induces growth inhibitory and cytotoxic effects 
in Kasumi‑1 cells
In order to determine the effect of esculetin on the 
growth of Kasumi-1 cells, we treated the cells with vary-
ing concentrations (0, 25, 50, 100 and 200 µM) of escu-
letin. We measured a concentration and time dependent 
suppression of growth of Kasumi-1 cells upon esculetin 
treatment (Fig. 1A). Esculetin could not exert a noticea-
ble growth inhibitory activity up to 50 µM concentration 
at studied time points. However, the growth suppres-
sion was more pronounced at esculetin concentration of 
100  µM and above. The cell viability of DMSO (vehicle 
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control/VC) and untreated cells were comparable and the 
difference between them was found to be insignificant.

The cytotoxicity was measured using MTT assay. 
Esculetin was able to induce cytotoxicity in Kasumi-1 
cells in a dose and time dependent manner (Fig.  1B). 
The Inhibitory Concentration  (IC50) was calculated at 
100  µM. It is to be noted that the difference between 
cell viability of DMSO treated cells and untreated cells 
was insignificant.

To further assess whether the growth inhibitory and 
cytotoxic effect of esculetin involves altered cell cycle 
distribution, PI-stained cells were subjected to cell cycle 
analysis at varied time intervals (18  h, 24  h, 48, 72  h) 
following 100  μM esculetin treatment. As shown in 
Fig.  1(C), Kasumi-1 cells exhibited a higher G1 popula-
tion as compared to control cells immediately following 
24  h of esculetin treatment. Moreover, a concomitant 
increase in the proportion of G1/S while a significant 
reduction in G2/M populations was detected after 48  h 
which persisted at 72  h following esculetin treatment. 
These observations indicate that esculetin induces a 
gradual G1/S block which was prominent at 48  h and 
onwards following esculetin treatment.

With a higher proportion of hypodiploid DNA con-
tent in the cell cycle analysis, flowcytometric annexinV-
FITC/PI assay further revealed a reduction in percentage 
of viable cells in a dose and time dependent manner 
(Fig. 1D). Esculetin at 100 µM triggered cells to undergo 
early apoptosis (~ four  fold) 24  h post treatment (Sup-
plementary Fig. 1) which gradually increased up-to 48 h 
with nearly all doses in dose dependent manner (Fig. 1D). 
Cells undergoing necrosis (PI positive cells) could not be 
detected at the observed time point. However, a marked 
percentage of necrotic cells detected at 25  µM of escu-
letin treatment are indicative of preferential induction of 
necrosis rather than apoptosis at this concentration.

Exposure to esculetin promotes differentiation in leukemic 
precursor/blast cells
The differentiation potential was assesed using NBT 
reduction assay to detect the ability of differentiated cells 
to produce reactive oxygen species; a property of ter-
minally differentiated myeloid cells. PMA stimulated/
esculetin-treated cells demonstrated a high cytoplasmic 

formazan deposits than untreated cells (Fig.  2A). The 
above manual cell counting assay was further validated 
using colorimetric assay by dissolving the formazan crys-
tals in DMSO. A nearly twofold higher absorbance at 
650 nm was determined in esculetin-treated cells as com-
pared to the control cells.

During hematopoietic blast cell differentiation, sequen-
tial maturation of immature cells involves homeostatic 
control mechanisms that regulates the cell size and 
granularity. Esculetin-treated Kasumi-1 cells exhibited a 
relatively smaller cell size during microscopic evaluation. 
Therefore, scatter characteristics of unfixed, unstained 
Kasumi-1 cells were analyzed to detect the cell size 
(Forward scatter) versus granularity (side scatter) upon 
esculetin treatment using flow cytometry. A gradual 
reduction in cell size (left shift of FSC) while increased 
side scatter characteristics indicate generation of rela-
tively smaller and highly granular cells upon esculetin 
teatment as compared to control cells (Fig. 2B). We found 
upto ~ 49% population at 100 µM esculetin concentration 
had reduced cell size as comaperd to control cells. DMSO 
alone at used concentration was not found to exert any 
effect on cell size.

The above differentiation features corresponded with 
the altered cell surface marker expression profile. A grad-
ual reduction in  CD34+ (Immaturity marker) in ~ 40% of 
population at 100 μM while enhanced  CD38+ (maturity 
marker) in ~ 39% of population was observed following 
96 h of esculetin treatment reflecting the differentiation 
potential of esculetin on Kasumi-1 cells (Fig. 2C).

Morphological and marker expression alterations 
indicative of neutrophil differentiation in Kasumi‑1 cells 
upon esculetin exposure
The myeloblasts can be reprogrammed to trans-differen-
tiate into either neutrophilic or monocytic lineage. Evalu-
ation of the cell surface marker expression, recognising 
specific netrophilic/monocytic lineage committed cells 
revealed upto two-fold increased neutrophilic markers 
(CD55,Cd16,CD11b, CD44, CD32) in esculetin-treated 
cells (Fig. 3A). The unaltered monocytic lineage specific 
markers in esculetin-treated cells are suggestive of ter-
minal differentiation of blast cells into neutrophils rather 
than monocytes upon esculetin treatment.

(See figure on next page.)
Fig. 1 Growth inhibitory and cytotoxic effects esculetin. A Proliferation kinetics of Kasumi-1 cells treated/untreated with esculetin. The cells were 
treated with different concentrations of esculetin (25,50,100,200,500 µM) and counted at indicated time intervals. DMSO treated cells served as 
controls. Representative data of three independent experiments were plotted. B Cell viability was determined using MTT assay. Cells were treated 
with DMSO alone (Vehicle Control/VC) or with increasing concentrations of esculetin upto 72 h and analysed for survival using MTT assay. Relative 
cell survival to DMSO treated cells is shown. C Cell cycle distribution analysis of Kasumi-1 cells in presence or absence of esculetin (100 μM) and VC 
at mentioned time intervals using flow cytometer. The relative DNA content of PI-stained cells shows cells at different phases of the cell cycle. D 
Representative dot plot analysis of esculetin mediated apoptosis based on Annexin V and propedium iodide (PI) staining. Annexin V positive cells 
were considered to undergo early apoptosis, and Annexin V + PI positive cells as late apoptotic cells. Percentage cell population in each quardant 
and relative apoptosis in bar graph (right panel) are combined from three independent experiments. (*p ≤ 0.05; **p ≤ 0.02)
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Fig. 1 (See legend on previous page.)
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We used Wright-Giemsa staining to examine the 
morphological alterations. Most of the untreated cells 
exhibited a typical blast cell morphology with a high 
nucleo-cytoplasmic ratio (Fig.  3B). Conversion of large 
sized blast cells into relatively smaller cells with a gran-
ular cytoplasm corroborated the observations with the 
side scatter characteristic of esculetin -treated cells 
(Fig.  2B). During maturation, extremely plastic nature 
of the nucleus equips the phagocytic cell to perform 
biomechanical functions that accomplish fast migra-
tory properties. Upon Giemsa staining, morphologically 
identifiable neutrophilic lineage committed cells were 
detected upon 96  h of esculetin treatment. Prominent 
nuclear alterations viz. presence of bilobed, trilobed and 
acentric nucleus along with increased cytoplasmic vacu-
olation in esculetin-treated cells ascertain induction of 
neutrophilic differentiation in Kasumi-1 cells upon escu-
letin treatment (Fig.  3B). These morphological altera-
tions were analogous to the earlier reported alterations 
induced by ATRA in various studies.

Esculetin mediated differentiation involves differential 
activation of canonical/non‑canonical wnt signaling 
pathways
More recently, a shift from beta catenin-dependent 
canonical to independent Wnt signaling has emerged to 
provide proliferative advantages and induction of matu-
ration arrest in leukemic cells in a cell context dependent 
manner.

We used  RT2 profiler PCR array consisting of 84 Wnt 
associated genes to assess the canonical/non-canoni-
cal Wnt axes following 24  h of esculetin treatment. We 
found a significant downregulation of Wnt genes confer-
ring stem cell self renweal (FGF-4, SFRP-1, Wnt16) while 
upto six-fold upregulation of differentiation associated 
genes (DAAM-1, DKK1, KREMEN1, FZD5, PPARD and 
Wnt7B) (Fig.  4A). Interestingly, the upregulated genes 
(DAAM-1, DKK-1, KREMEN-1, PPARD and FZD5) 
are majorly associated with the non-canonical axis of 
Wnt signaling pathway. We further verified the expres-
sion of Wnt genes found to be differentially expressed 
in the PCR array using qPCR to analyse the independ-
ent expression of the genes at the transcript level. The 
expression of these genes by qPCR was consistent with 

the findings of PCR array (Table  1) except KREMEN1 
and FGF-4 that showed ~ sixfold higher upregulation and 
negligable expression respectively than the fold change 
observed in PCR array. In conjugation, downregulation 
of beta-catenin protein (Fig. 4B) was also observed. The 
stabilized beta-catenin enters the nucleus to activate 
canonical Wnt pathway. Incidentally, distinct fluorescent 
puncta of β-catenin were majorly detected within the 
nucleus with partial cytoplasmic staining in control cells. 
A relatively more diffused cytoplasmic β-catenin staining 
was observed in the esculetin treated cells. TGF-β was 
taken as a positive control which showed strong nuclear 
β-catenin staining (Fig.  4E). These observations suggest 
suppression of canonical Wnt pathway upon esculetin 
treatment.

The activated non-canonical Wnt/Ca+2 signaling 
attribute to enhanced intracellular calcium levels, we 
therefore, checked the intracellular calcium of esculetin-
treated Kasumi-1 cells using Fluo-4/AM. Nearly two fold 
higher calcium levels were detected in cells following 
72 h esculetin treatment (Fig. 4C).

To confirm the differentially activated canonical/non-
canonical Wnt axis upon esculetin treatment, the expres-
sion of the target genes of both the axes were analysed 
at the transcript level. Downregulation of canonical 
Wnt targets (c-MYC, CYCLIND1) while upregulation 
of downstream non-canonical/Ca+2 associated genes 
(NFAT, NLK, CDC42) strongly suggest the activation 
of non-canonical Wnt signaling in Kasumi-1 cells upon 
esculetin treatment (Fig. 4D).

Esculetin activates non‑canonical/  Ca+2 Wnt axis 
through enhanced influx of ER  Ca+2 pool
Calcium is the central mediator of non-canonical/  Ca+2 
axis. Upon Wnt activation, the cytosolic calcium is ele-
vated either through the endoplasmic reticulum calcium 
pool or the extracellular calcium influx. We inhibited 
intracellular calcium levels using two calcium channel 
blockers. We used amlodipine which blocks the trans-
membrane calcium influx across the cell and observed 
that amlodipine alone was able to suppress the intracel-
lular calcium levels in Kasumi-1 cells (Fig. 5A). However, 
in combination with esculetin, the intracellular calcium 

Fig. 2 Blast cell differentiation potential of esculetin in Kasumi-1 cells. A Microscopic analysis of NBT stained cells. Exponentially growing Kasumi-1 
cells treated with/without esculetin (100 µM) for 96 h. PMA was used for ROS stimulation and MTT was added. Manual counting (Lower left panel) 
and colorimetric analysis of dissolved crystals in DMSO (lower right panel) of treated/untreated cells was carried out to determine relative staining 
using NBT reduction assay (**p ≤ 0.02). B Flow cytometric analysis of unfixed/unstained Kasumi-1 cells treated with varied esculetin concentrations 
to measure cellular granularity (FSC versus SSC) (Upper panel) and cell size (FSC verses cell count) (Lower Panel). High side scatter (SSC) indicative 
of cells with enhanced granularity. A dose dependent left shift of the forwarded scatter (FSC) upon esculetin treatment indicative of reduction in 
cell size. Scatter characteristics of 10,000 cells were analysed. Percentage of shifted cells was measured using flowing software. C Surface expression 
analysis of immaturity markers (CD34) (Upper Panel) and maturity marker (CD38) (Lower panel) using flow cytometry following 96 h of esculetin 
treatment. Percentage of shifted cells was measured using flowing software

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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Fig. 3 Terminal differentiation potential of esculetin. A Neturophilic (Left panel) and monocytic (right panel) specific surface marker analysis using 
flow cytometry to trace the leneage commitment following 96 h of 100 μM esculetin treatment. Data represents three independent experiments. 
(*p ≤ 0.05; **p ≤ 0.02). B Microscopic analysis of Wright-Giemsa-stained cells following 96 h of esculetin treatment (magnification: 60X). A total of 
500 randomly selected cells were analyzed for nuclear alterations and appearance of vacuolation. Relative percentage alteration which includes 
bilobed, multilobed, acentric nucleus, cells with lower nucleocytoplasmic (N/C) ratio and/or presence of vacuolation were plotted (right panel). 
Data represents three independent experiments. (*p ≤ 0.05; **p ≤ 0.02)
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levels in amlodipine treated cells were found to be upreg-
ulated which were comparable to the cells treated with 
esculetin alone. The high calcium levels in these cells 
were also coupled with enhanced differentiation of blast 
cells as compared to amlodipine alone treated cells when 
detected with CD11b antibody (Fig. 5B).

Interestingly, inhibiting the ER-IP3R calcium chan-
nel with TMB8, the intracellular calcium levels drastically 
reduced when assessed by Fluo-4-AM (Fig. 5C). TMB8 was 
also found to suppress the esculetin mediated intracellular 
 Ca+2 levels. The reduced intracellular  Ca+2 levels were con-
sistent with abrogated differentiation in esculetin-treated 
cells (Fig.  5D). These findings clearly demonstrate the 
involvement of ER  Ca+2 pool rather than extracellular  Ca+2 
influx in esculetin mediated activation of non-canonical 
Wnt pathway akin to blast cell differentiation. DMSO (VC) 
alone was not found to alter the intracellular calcium levels 
as well as CD11b expression levels (Fig. 5A,B).

TGF‑β mediated suppression of non‑canonical wnt axis 
abrogates esculetin mediated differentiation in Kasumi‑1 
cells
To establish the definite role of non-canocal Wnt/Ca+2 
axis in esculetin mediated differentiation, we further 
inhibited the axis using TGF- β which is known to abol-
ish the non-canonical wnt signaling through downregu-
lating the DKK-1 expression (Fig.  6A). Of note, TGF- β 
was of particular interest for us because TGF- β exerts 
its effects by suppressing the non-canonical pathway 
while activating the canonical pathway. These proper-
ties of TGF- β antagonise the effects of esculetin that we 
observed during the current study i.e. activation of non-
canonical/Ca+2 pathway and suppression of canonical 
pathway. Interestingly, consistent with the perivous stud-
ies, TGF- β was able to downregulate the DKK-1(~ three-
fold) expression in Kasumi-1 cells and suppress the 
esculetin mediate blast cell differentiation (Fig.  6B). A 
distinct nuclear localization of β-catenin puncta upon 
TGF- β exposure corroborated the involvement of TGF-
beta in inducing canonical Wnt pathway (Fig. 4E).

Suppression of canonical wnt axis by cardamonin 
augments esculetin mediated differentiation in Kasumi‑1 
cells
To determine the significance of the canonical Wnt axis 
in esculetin mediated Kasumi-1 blast cells, we abrogated 
the canonical Wnt axis by cardamonin, a commonly used 
Wnt signaling inhibitor which exert its effect by β-catenin 
degradation. We found downregulation of β-catenin pro-
tein with increasing concentrations of cardamonin in a 
dose dependent manner (Fig. 7A). At 80 µM cardamonin 
concentration, a drastically enhanced (~ fourfold) CD11b 
expression was observed in esculetin-treated cells as 
compared to cells treated with esculetin alone (Fig. 7B). 
These observations clearly indicate that not only activa-
tion of non-canonical Wnt/Ca+2 axis but supression of 
the canonical Wnt axis is required for esculetin-mediated 
differentiation of Kasumi-1 blast cells.

Discussion
A new generation strategy to reprogram the leukemic 
blast cells to abolish its proliferative capacity and restore 
the terminal differentiation potential is highly desirable 
to improve the currently existing decades-old chemo-
therapeutics. Succeeding the breakthrough achievements 
of ATRA in APL, escalated efforts are being made to 
identify differentiating agents for a wider subset of leuke-
mic patients. In the present study, we propose esculetin 
as a differentiating agent for AML using Kasumi-1cells. 
Furthermore, we show that the effect of esculetin might 
be regulated, at least in part, by the “axis shift” of the Wnt 
signaling pathway.

Among the chromosomal abnormalities in AML, t 
(8;21) accounts for 10–15% of the cases characterized 
as M2 phenotype in French-American-British (FAB) 
classification. AML-ETO has shown to promote leu-
kemogenesis by activation of myeloid precursors and 
blocking differentiation in blast cells [13]. In the current 
study, the reversal of differentiation block by esculetin 
corroborates our previous findings which demonstrate 
that esculetin suppresses AML-ETO/c-Kit expression 

Fig. 4 Differential Wnt axis activation upon esculetin treatment. A Relative gene expression profile of 84 canonical and non-canonical Wnt 
associated genes using RT2 profiler™ kit (Qigen corp). Cells were treated with esculetin for 24 h and were harvested to perform real-time PCR as per 
the manufacturer’s instructions. Untreated cells were taken as control. B Western blot analysis of β-catenin expression upon esculetin treatment. 
Total cell extract following 24 h of esculetin treatment was subjected to western blotting for β- catenin expression analysis. Representative blot of 
three independent experiments is shown. Densitometric analysis of relative β- catenin expression is shown in lower panel. (*p ≤ 0.05; **p ≤ 0.02). 
Full length immuno-blots are shown in supplementary data 1. C Intracellular calcium level analysis folowing 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 (lower panel). D Expression profiles of downstream targets of canonical and non-canonical axis using real time PCR following 48 h of 
100 µM esculetin treatment. Data represents three independent experments (*p ≤ 0.05; **p ≤ 0.02). E Representative immunofluorescence images 
reveal a distinct distribution of β-catenin in esculetin treated/untreated cells (magnification 63X). Cells were fixed and stained with β-catenin 
antibody and FITC labelled secondary antibody. Representative images of three independent experiments are shown

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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levels [5]. Recent evidence highlight the possibility that 
differentiation and apoptosis are independent events 
with different regulatory mechanisms, identification 
of new drug targets with improved predictable effects 
will be beneficial to modulate differentiation potential 
while enhancing AML blast sensitivity to drug-induced 
apoptosis. Functional evidence of induction of both dif-
ferentiation, as well as apoptosis in the current study 
by esculetin, emphasise the fact that apoptosis and 
differentiation are interlinked events. Multiple stud-
ies have recently established molecular association 
between different phases of cell cycle and pluripotency 
of the cells [14]. The central observation driving this 
concept is that G1 phase cells majorly responds to spe-
cific cell survival as well as differentiation signals. Cell 
cycle regulation and pluripotency are considered to 
exist in a circular relationship in stem cells where dis-
ruption of one will affect the other, resulting in gener-
ally two outcomes; cell death and/or differentiation. 
In the present study, we found that 100 μM esculetin 
induces G1-S phase arrest coupled with suppression 
of cell proliferation (~ two fold) following 24  h treat-
ment. Notably, no further proliferation inhibition was 
observed at later time points. Moreover, esculetin at 

100  µM concentration was sufficient to induce early 
apoptosis (~ fourfold) 24 h post treatment which gradu-
ally increased up-to 48 h with nearly all doses in dose 
dependent manner. These observations points towards 
induction of G1 phase specific lineage priming mecha-
nisms upon esculetin treatment. In accordance, we also 
observed esculetin mediated gradual increase in early 
apoptotic cells up to 48 h of treatment. However, only 
a fraction of this population proceeded into late stages 
of apoptosis and undergoes cell death (Supplementary 
Fig. 1). These data suggests the possibility that cells that 
escaped the early apoptosis program were stimulated 
to undergo differentiation. Although detailed investiga-
tion is required to fully elucidate this observation. The 
capacity of Kasumi-1 cells to acquire more differenti-
ated phenotype upon esculetin treatment was demon-
strated by enhanced granularity and reduced cell size 
coinciding with elevated ROS levels. Quite interest-
ingly, at 100 µM (IC50) esculetin concentration, nearly 
49% cell population exhibited smaller cell size cou-
pled with reduced CD34 (~ 40%) and enhanced CD38 
(~ 39%) expression levels which strongly suggest induc-
tion of differentiation in the remaining cells follow-
ing esculetin treatment. During maturation, extremely 

Table 1 Gene expression profile of differentially expressed Wnt associated genes when analysed by RT2 profiler kit and varified by 
individual specific primers

S.No Gene Symbol Gene Name Fold Change (RT2 
Profiler Array)

Fold Change 
(Specific 
Primers)

Differentiation  1. DAAM1 Dishevelled associated activator of morphogenesis 1 2.63 2.47

 2. DKK1 Dickkopf homolog 1 (Xenopus laevis) 1.54 2.01

 3. WNT7B Wingless-type MMTV integration site family, member 7B 1.94 2.18

 4. WNT2B Wingless-type MMTV integration site family, member 2B 2.06 2.44

 5. KREMEN1 Kringle containing transmembrane protein 1 6.38 37.29

 6. PPARD Peroxisome proliferator-activated receptor delta 2.54 2.51

 7. FZD5 Frizzled family receptor 5 3.13 3.16

 8. WISP1 WNT1 inducible signaling pathway protein 1 3.20 3.87

Self-Renewal  9. FGF-4 Fibroblast growth factor 4 0.42 0.000062

 10. SFRP1 Secreted frizzled-related protein 1 0.54 0.73

 11. WNT16 Wingless-type MMTV integration site family, member 16 0.54 0.22

(See figure on next page.)
Fig. 5 Differential uptake of calcium levels to induce blast cell differentiation. A Flow cytometric analysis of effect of amlodipine (membrane 
calcium channel blocker) on intracellular calcium levels. Cells were treated with esculetin alone or in combination with amlodipine for 72 h and 
stained with Fluo-4AM and subjected to flow cytometric analysis. A left shift in the fluorescence intensity demonstrate enhanced intracellular 
calcium levels in response to esculetin treatment. Relative fold change of three independent experiments were shown in lower panel. (*p ≤ 0.05; 
**p ≤ 0.02). B CD11b expression following 96 h of esculetin treatment alone or in combination with amlodipine. Relative CD11b expression of 
three independent experiments were shown in lower panel. (*p ≤ 0.05; **p ≤ 0.02). C Effect of TMB-8 (endoplasmic reticulum IP3R calcium channel 
blocker) on intracellular calcium levels following esculetin alone or in combination with TMB8 treatment. Cells were processed as mentined 
for amlodipine treatment. Relative fold change of three independent experiments were shown in lower panel. D CD11b expression alone or in 
combination with 96 h of esculetin treatment. Lower panel indicate relative CD11b expression of three independent experiments. (*p ≤ 0.05; 
**p ≤ 0.02)
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Fig. 5 (See legend on previous page.)
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Fig. 6 Alteration of esculetin mediated differentiation upon TGF-β exposure. A Real-time PCR analysis to check the expression of DKK-1 upon 
TGF- β (10 ng ml.−1) exposure for 24 h. (*p ≤ 0.05; **p ≤ 0.02). B Expression pattern of CD11b positive cell population following esculetin alone 
or in combination with TGF- β exposure. Lower panel represents relative CD11b expression of three independent experments and ± SE values. 
(**p ≤ 0.02)
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plastic nature of the nucleus equips the phagocytic 
cell to perform biomechanical functions that accom-
plish fast migratory properties [15]. A typical blast cell 

morphology with a high nucleo-cytoplasmic ratio upon 
esculetin treatment, converted to show varied phases of 
nuclear maturation akin to neutrophilic differentiation. 

Fig. 7 Effect of cardamonin on escultin mediated differentiation. A Westren blot analysis of expression pattern of β-catenin upon exposure to 
varied cardamonin concentrations (20,40,80,100 μM). Cells were harvested following 24 h of cardamonin exposure and total cell lysis was used 
to check the β-catenin expression levels using western bloting. Full length immuno-blots are shown in supplementary data 1. B Flow cytometric 
analysis of CD11b positive cells treated with cardamonin alone or in combination with esculetin. The experiments were performed in triplicates 
and ± SE values were plotted. Relative fold change to untreated cells was plotted (lower panel).The results show representative images (**p ≤ 0.02)
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Alterations in differentiation-antigen phenotype upon 
esculetin treatment provide a rational for achieving 
similar cyto-differentiating effects manifested by ATRA 
differentiation responsive leukemic cells.

The Wnt signaling is a central cascade governing 
the development and stemness, has also been explic-
itly implicated in both solid as well as liquid cancer cell 
plasticity. The β- catenin have shown to be essentially 
required for self-renewal of Leukemic Stem Cell (LSC) 
compared to Hematopoietic Stem Cells (HSCs) [16]. 
Thus, β- catenin have been considered as prognostics 
biomarker for AML aggressiveness [17, 18]. Interest-
ingly, esculetin mediated suppression of Wnt β- catenin 
axis was accompanied by downregulation of stemness 
while upregulation of differentiation associated genes in 
Kasumi-1 cells (Table 1) highlight the suppression of Wnt 
β- catenin mediated aggressiveness in blast cells. More 
recently, aberrant methylation of antagonists of canonical 
Wnt axis have been detected in AML cells lines as well 
as patient samples [19, 20]. Moreover, accumulated evi-
dences are in support of emerging role of non-canonical 
Wnt pathway during the leukemic stem cell differen-
tiation which have long been considered as tumour sup-
pressor pathway in variety of cells [21]. The activation of 
non-canonical Wnt axis have been observed to antago-
nize the canonical axis through β-catenin degradation. 
However, the underlaying mechanism is still unclear. 
Here, we demonstrate that esculetin elevate calcium 
release from the ER stores and concurrent upregulation 
of non-canonical/Ca+2 associated genes (DAAM-1,DKK-
1,KREMEN1,PPARD and FZD5) and the downstream 
effectors (NFAT,NLK,CDC42) while inhibit the canoni-
cal Wnt axis by degrading β-catenin. The downregula-
tion of canonical Wnt targets (c-MYC and CYCLIN D1) 
might explain the esculetin mediated growth suppression 
in Kasumi-1 cells. Dysregulated c-MYC and CYCLIN 
D1 have shown to be associated with aberrant tumour 
growth in many human cancers [22].

More recently, studies have shown that the trans-
membrane proteins KREMEN1 and KREMEN2 have 
high-affinity with DKK-1 receptors that functionally 
cooperate with DKK-1 to activate the non-canonical 
Wnt/  Ca+2 signaling [23]. Additionally, a well-known 
secretory protein TGF-β was shown to stimulate canoni-
cal Wnt signalling in p38-dependent manner by decreas-
ing the expression of the canonical Wnt antagonist 
DKK-1 [24]. In the present study, a marked reduction 
in DKK-1expression levels upon TGF-beta exposure 
lead to a concomitant suppression of esculetin medi-
ated differentiation in Kasumi-1 cells. Upon suppres-
sion of the canonical Wnt signaling by a well-established 
Wnt inhibitor cardamonin, a nearly fivefold upregulated 

CD11b markers strongly suggest the importance of the 
switching of canonical Wnt axis to non-canonical/Ca+2 
axis upon esculetin treatment in inducing terminal dif-
ferentiation of leukemic blast cells into phagocytic 
neutrophils.

Conclusion
The present study demonstrates the potential of escule-
tin to release the maturation arrest and inducing neutro-
philic differentiation in leukemic blast cell population. 
The study also highlights the importance of “axis shift” 
of the canonical to non-canonical Wnt signaling upon 
esculetin treatment which might abrogates the inherent 
proliferation to induce differentiation in leukemic blast 
cells. The current findings might provide further signifi-
cant therapeutic interventions to consider esculetin as a 
potent differentiating agent in the treatment acute mye-
loid leukemia.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12885- 023- 10818-1.

Additional file 1: Supplementary Table 1. Primer sequences used to 
check expression of individual gene.

Additional file 2: Supplementary Figure 1. Dynamic induction of 
early/late phase apoptosis in Kasumi-1 cells upon esculetin treatment : 
Representative dot plot analysis of esculetin mediated apoptosis based 
on Annexin V and propidium iodide (PI) staining following 24 and 48h 
esculetin treatment. Annexin V positive cells were considered to undergo 
early apoptosis, and Annexin V + PI positive cells as late apoptotic cells. 
Percentage cell population in each quadrant and relative apoptosis in bar 
graph (right panel) are combined from three independent experiments. 
(*p ≤ 0.05; **p ≤ 0.02).

Additional file 3. 

Acknowledgements
The authors thank the financial support from ACBR and IoE grant to DS. The 
Research Associate fellowship and contingency grant from Department of 
Biotechnology (DBT) and Maharishi Kanad post-doctoral fellowship (University 
of Delhi) to AM is highly acknowledged.

Authors’ contributions
DS and AM conceived the project and wrote the manuscript. AM performed 
all the experiments. Data curation and analysis was performed by DS and AM. 
AG performed real time PCR, and helped in flow cytometry experiments. DS 
supervised throughout the study. All authors have read and approved the final 
manuscript.

Funding
DS received funding from ACBR and Institute of Eminence (No./IoE/2021/12/
FRP), University of Delhi. AM received his post-doctoral fellowship and contin-
gent grant from Department of Biotechnology, Govt. of India ( DBT-RA/Batch 
34/AM) and Institute of Eminence (IoE/2021/MKPDF/DSPH/178), University of 
Delhi.

Availability of data and materials
The datasets used and/or analysed during the current study available from the 
corresponding author on reasonable request.

https://doi.org/10.1186/s12885-023-10818-1
https://doi.org/10.1186/s12885-023-10818-1


Page 16 of 16Mathur et al. BMC Cancer          (2023) 23:387 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Declarations

Ethics approval and consent to participate
Not Applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 5 October 2022   Accepted: 6 April 2023

References
 1. Olsson I, Bergh G, Ehinger M, Gullberg U. Cell differentiation in acute 

myeloid leukemia. Eur J Haematol. 2009;57(1):1–16.
 2. Li S, Mason CE, Melnick A. Genetic and epigenetic heterogeneity in acute 

myeloid leukemia. Curr Opin Genet Dev. 2016;36:100–6.
 3. Zhang J, Gu Y, Chen B. Mechanisms of drug resistance in acute myeloid 

leukemia. OTT. 2019;12:1937–45.
 4. Stubbins RJ, Karsan A. Differentiation therapy for myeloid malignancies: 

beyond cytotoxicity. Blood Cancer J. 2021;11(12):193.
 5. Sawney S, Arora R, Aggarwal KK, Saluja D. Esculetin down-

regulates the expression of AML1-ETO and C-Kit in Kasumi-1 
cell line by decreasing half-life of mRNA. Journal of Oncology. 
2015;2015:1–8.

 6. Arora R, Sawney S, Saini V, Steffi C, Tiwari M, Saluja D. Esculetin 
induces antiproliferative and apoptotic response in pancre-
atic cancer cells by directly binding to KEAP1. Mol Cancer. 
2016;15(1):64.

 7. Yang M, Zhao B, Wang J, Zhang Y, Hu C, Liu L, et al. A predictor combining 
clinical and genetic factors for AML1-ETO leukemia patients. Front Oncol. 
2022;14(11): 783114.

 8. Richter J, Traver D, Willert K. The role of Wnt signaling in hematopoietic 
stem cell development. Crit Rev Biochem Mol Biol. 2017;52(4):414–24.

 9. Nemeth MJ, Topol L, Anderson SM, Yang Y, Bodine DM. Wnt5a inhibits 
canonical Wnt signaling in hematopoietic stem cells and enhances 
repopulation. Proc Natl Acad Sci USA. 2007;104(39):15436–41.

 10. Luis TC, Ichii M, Brugman MH, Kincade P, Staal FJT. Wnt signaling strength 
regulates normal hematopoiesis and its deregulation is involved in leuke-
mia development. Leukemia. 2012;26(3):414–21.

 11. Katoh M. Canonical and non-canonical WNT signaling in cancer 
stem cells and their niches: cellular heterogeneity, omics reprogram-
ming, targeted therapy and tumor plasticity (Review). Int J Oncol. 
2017;51(5):1357–69.

 12. Frenquelli M, Tonon G. WNT signaling in hematological malignancies. 
Front Oncol. 2020;10:615190.

 13. Zhang DE, Hetherington CJ, Meyers S, Rhoades KL, Larson CJ, Chen HM, 
et al. CCAAT enhancer-binding protein (C/EBP) and AML1 (CBF alpha2) 
synergistically activate the macrophage colony-stimulating factor recep-
tor promoter. Mol Cell Biol. 1996;16(3):1231–40.

 14. Liu L, Michowski W, Kolodziejczyk A, Sicinski P. The cell cycle in stem 
cell proliferation, pluripotency and differentiation. Nat Cell Biol. 
2019;21(9):1060–7.

 15. Rosales C. Neutrophil: a cell with many roles in inflammation or several 
cell types? Front Physiol. 2018;9:113.

 16. Wang Y, Krivtsov AV, Sinha AU, North TE, Goessling W, Feng Z, et al. The 
Wnt/β-Catenin pathway is required for the development of leukemia 
stem cells in AML. Science. 2010;327(5973):1650–3.

 17. Chen CC, Gau JP, You JY, Lee KD, Yu YB, Lu CH, et al. Prognostic signifi-
cance of β-catenin and topoisomerase IIα in de novo acute myeloid 
leukemia. Am J Hematol. 2009;84(2):87–92.

 18. Ysebaert L, Chicanne G, Demur C, De Toni F, Prade-Houdellier N, Ruida-
vets JB, et al. Expression of β-catenin by acute myeloid leukemia cells 
predicts enhanced clonogenic capacities and poor prognosis. Leukemia. 
2006;20(7):1211–6.

 19. Valencia A, Román-Gómez J, Cervera J, Such E, Barragán E, Bolufer P, et al. 
Wnt signaling pathway is epigenetically regulated by methylation of Wnt 
antagonists in acute myeloid leukemia. Leukemia. 2009;23(9):1658–66.

 20. Hou HA, Kuo YY, Liu CY, Lee MC, Tang JL, Chen CY, et al. Distinct associa-
tion between aberrant methylation of Wnt inhibitors and genetic altera-
tions in acute myeloid leukaemia. Br J Cancer. 2011;105(12):1927–33.

 21. Mazzotta S, Neves C, Bonner RJ, Bernardo AS, Docherty K, Hoppler 
S. Distinctive roles of canonical and Noncanonical Wnt signaling in 
human embryonic cardiomyocyte development. Stem Cell Reports. 
2016;7(4):764–76.

 22. Nair SK, Burley SK. X-ray structures of Myc-max and mad-max recognizing 
DNA. Cell. 2003;112(2):193–205.

 23. Mao B, Wu W, Davidson G, Marhold J, Li M, Mechler BM, et al. Kremen 
proteins are Dickkopf receptors that regulate Wnt/β-catenin signalling. 
Nature. 2002;417(6889):664–7.

 24. Akhmetshina A, Palumbo K, Dees C, Bergmann C, Venalis P, Zerr P, et al. 
Activation of canonical Wnt signalling is required for TGF-β-mediated 
fibrosis. Nat Commun. 2012;3(1):735.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Esculetin releases maturation arrest and induces terminal differentiation in leukemic blast cells by altering the Wnt signaling axes
	Abstract 
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Material and methods
	Cell culture and maintenance
	Cell proliferation assay
	MTT Assay for cytotoxicity
	Cell cycle analysis
	Apoptosis detection by flow cytometry
	Nitroblue Tetrazolium Test (NBT Assay) for cell differentiation
	Cell surface marker analysis
	Real-Time PCR for gene expression analysis
	Western blotting for protein expression analysis
	Morphological analysis by Giemsa staining
	Intracellular calcium assessment
	Intracellular localization of β-catenin
	Statistical analysis

	Results
	Esculetin induces growth inhibitory and cytotoxic effects in Kasumi-1 cells
	Exposure to esculetin promotes differentiation in leukemic precursorblast cells
	Morphological and marker expression alterations indicative of neutrophil differentiation in Kasumi-1 cells upon esculetin exposure
	Esculetin mediated differentiation involves differential activation of canonicalnon-canonical wnt signaling pathways
	Esculetin activates non-canonical Ca+2 Wnt axis through enhanced influx of ER Ca+2 pool
	TGF-β mediated suppression of non-canonical wnt axis abrogates esculetin mediated differentiation in Kasumi-1 cells
	Suppression of canonical wnt axis by cardamonin augments esculetin mediated differentiation in Kasumi-1 cells

	Discussion
	Conclusion
	Anchor 33
	Acknowledgements
	References


