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Abrus agglutinin stimulates BMP-2-dependent differentiation
through autophagic degradation of β-catenin in colon cancer
stem cells
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Eradicating cancer stem cells (CSCs) in colorectal cancer (CRC) through differentiation
therapy is a promising approach for cancer treatment. Our retrospective tumor-specimen
analysis elucidated alteration in the expression of bone morphogenetic protein 2 (BMP-2)
and β-catenin during the colon cancer progression, indicating that their possible
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intervention through “forced differentiation” in colon cancer remission. We reveal that
Abrus agglutinin (AGG) induces the colon CSCs differentiation, and enhances sensitivity to
the anticancer therapeutics. The low dose AGG (max. dose = 100 ng/mL) decreased the
expression of stemness-associated molecules such as CD44 and β-catenin in the HT-29
cell derived colonospheres. Further, AGG augmented colonosphere differentiation, as
demonstrated by the enhanced CK20/CK7 expression ratio and induced alkaline
phosphatase activity. Interestingly, the AGG-induced expression of BMP-2 and the
AGG-induced differentiation were demonstrated to be critically dependent on BMP-2 in
the colonospheres. Similarly, autophagy-induction by AGG was associated with colonosphere differentiation and the gene silencing of BMP-2 led to the reduced accumulation
of LC3-II, suggesting that AGG-induced autophagy is dependent on BMP-2. Furthermore,
hVps34 binds strongly to BMP-2, indicating a possible association of BMP-2 with the
process of autophagy. Moreover, the reduction in the self-renewal capacity of the

Abbreviations: 3 MA, 3-methyl adenine; AGG, abrus agglutinin; ATRA, all-trans-retinoic acid; ALP, alkaline phosphatase; APC, adenomatous Polyposis Coli; BMP-2, bone morphogenetic
protein 2; CSCs, cancer stem cells; CRC, colorectal cancer; DAPI, 4′,6-diamidino-2-phenylindole; DMEM, Dulbecco's modified Eagle's medium; DMSO, dimethylsulfoxide; IGFBP-2,
endothelial growth factor binding protein 2; EGF, epidermal growth factor; ER, endoplasmic reticulum; FBS, fetal bovine serum; FGF, fibroblast growth factor; MD, molecular dynamics;
PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; RIP II, ribosome inhibiting protein; ROS, reactive oxygen species; SDS, sodium dodecyl sulfate; shRNA, short
hairpin RNA; TGF-β, Transforming growth factor-β.
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colonospheres was associated with AGG-augmented autophagic degradation of β-catenin
through an interaction with the autophagy adaptor protein p62. In the subcutaneous HT29 xenograft model, AGG profoundly inhibited the growth of tumors through an increase
in BMP-2 expression and LC3-II puncta, and a decrease in β-catenin expression, confirming
the antitumor potential of AGG through induction of differentiation in colorectal cancer.
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1 | INTRODUCTION

CD29, CD24, Lgr5, and β-catenin, in order to regulate the clonogenic
and tumor-initiating potential.11

Abrus agglutinin (AGG), a plant lectin isolated from the seeds of Abrus

Autophagy is a ubiquitous, dynamic, and evolutionarily conserved

precatorius, is (gal β [1–3] NAc gal) specific and belongs to type II

catabolic process, which is essential for survival, differentiation,

ribosome-inactivating proteins (RIP-II), having a molecular weight of

development, and cellular homeostasis.12,13 Recent studies have

134 kDa. AGG is composed of a toxic enzymatic subunit A of 30 kDa

demonstrated that the alteration in autophagy may determine cell fate

and the galactose-binding subunit B of 31 kDa, both linked covalently

during cellular development and differentiation. For instance, autoph-

to each other by a single disulfide bond.1,2 AGG exhibits a protein-

agy-related gene FIP200 plays a vital role in the maintenance and

synthesis inhibitory activity (IC50) at 3.5 nM and a lethal dose (LD50) of

differentiation of postnatal neural stem cells,14 and its deletion leads to

5 mg/kg body weight. AGG inhibits the growth and proliferation of

accumulation of p62 in order to regulate the cell fate through

tumors originating from various tissues, even at sub-lethal doses, both

activation of superoxide.15 Another gene, Atg16, plays a critical role in

3–6

in vitro and in vivo.

Our previous data demonstrated that AGG

gut homeostasis and its mutation causes an impaired Slit/Robo-

induces apoptosis through the activation of reactive oxygen species

dependent differentiation of the enteroendocrine cells to trigger

3

5

and endoplasmic reticulum (ER)

inflammation, which may increase the risk of developing colorectal

stress6 in different types of cancer cells. Further, the anti-angiogenic

cancer.16 The autophagy factor UVRAG, present in the Beclin1/Vps34

activity of AGG was demonstrated through the inhibition of insulin-like

complex, is mutated in several cancers, causing an abnormal left-right

growth factor binding protein 2 (IGFBP-2) in human endothelial cells.3

axis formation, leading to heterotaxy.17 Furthermore, depletion of

Recently, we also examined the autophagy-inducing potential of

Beclin1 has been reported to inhibit both autophagy and differentia-

AGG through Akt dephosphorylation and activation of ER stress

tion capabilities.13 Although autophagy is known to be active in the

(ROS),

DNA damage response,

5

in cervical cancer.

Furthermore, we demonstrated that AGG

inhibits the expression of β-catenin in an ROS-dependent manner in
7

FaDu cell-derived orospheres.

normal colon cells,18 its role in the differentiation of colon CSCs
remains complex and unclear.
Colonic epithelium undertakes the continual rejuvenation main-

Colorectal cancer (CRC) is the third most-diagnosed cancer in men,

tained by colon stem cells located at the very base of the intestinal

and the second most commonly occurring cancer in women, at a global

crypt. Bone morphogenetic proteins (BMPs)—the members of the

level.8 Despite the availability of early-diagnosis techniques and

transforming growth factor-β (TGF-β) superfamily of proteins—are

modern treatment choices, including surgical resection and adjuvant

important players in colon stem cell self-renewal and differentia-

chemo/radiotherapy (depending on the stage of malignancy), the

tion.19–21 Moreover, BMP-2 has been reported to control a crucial

efficacy of several first-line therapeutics is exhausting gradually, with

early-commitment step in the differentiation of human embryonic

50% of the CRC patients developing recurrent disease, and the

stem cell.20Further, BMP-2 has been demonstrated to induce

patients with advanced and metastatic CRC becoming susceptible to

chondrogenic differentiation in vitro, through down-regulation of

death.9 A growing body of evidence indicates that a subset of tumor

membrane-bound β-catenin.19,21 Recently, it has been demonstrated

cells, referred to as cancer stem cells (CSCs), is responsible for such

that the expression of Atg7 and the Wnt signaling were elevated

failure of the current treatment modules. The CSCs refer to a rare

during BMP-2-mediated human osteoblast differentiation.22 Reports

subpopulation of tumor cells that possess an exclusive ability of self-

have documented that BMP pathways are inactivated in the majority

renewal, aggressive invasive potential, hierarchical differentiation, and

of the sporadic CRCs.23,24 In the present study, our focus was to

tumorigenicity.

10

Most of the colon cancer cases have been associated

examine and establish the efficacy of AGG in colon CSCs elimination,

with an abrupt activation of Wnt/β-catenin signaling. It has been

inhibition of the self-renewal capacity of these cells, and differentia-

demonstrated in certain previous reports that spheroids from colon

tion in the context of anti-CRC efficacy. The present study was aimed

CSCs express various proteins, including CD166, CD133, CD44,

at investigating the role of AGG in the differentiation of colon CSCs
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through BMP-2-dependent autophagic degradation of β-catenin.

In order to cause sphere formation, the HT-29 cells were seeded at

Interestingly, we were also able to reveal a previously unknown

5000 cells per well in ultralow attachment plates in serum-free DMEM

function of AGG-induced BMP-2 to physically interact with hVps34;

culture medium, in the presence of fibroblast growth factor (FGF;

which might have a role in autophagosome biogenesis. Moreover, it is

20 ng/mL), epidermal growth factor (EGF; 20 ng/mL), 1% N2 supple-

not very late to propose AGG as an antineoplastic agent, especially due

ment and 1% penicillin-streptomycin. The plates were maintained at

to its therapeutic property of targeted abolition of cancer stem cells.

37°C in a humidified 5% CO2 incubator, and the culture media were
replaced every three days. After 10-12 days of culture, the cells

2 | M ATERIA LS AN D METH ODS

multiplied to form floating single-cell-cloned spheres, known as
colonospheres, in the colon and/or CRC cells. The colonospheres
were treated with AGG for three days and analyzed using various

2.1 | Chemicals and reagents

assays. In order to study differentiation, the AGG-treated colono-

4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) (D9542), di-

spheres were cultured in the presence of serum (10% FBS) for three

methylsulfoxide (DMSO) (D8418), and 3-Methyladenine (3-MA)

days more. At the end of the experiment, differentiated cells were

(M9281) were purchased from Sigma-Aldrich (St. Louis, MO).

subjected to differentiation assays.7,25

Dulbecco's minimal essential medium (DMEM), fetal bovine serum
(FBS) (sterile-filtered, South American origin), fibroblast growth factor
(FGF), epidermal growth factor (EGF), N2 supplement, and the
antibiotic-antimycotic (100×) solution were purchased from Invitrogen

2.5 | Immunofluorescence staining of colonospheres
and confocal imaging

(Carlsbad, CA). Tissue array with 59 spots of various normal and

The colonospheres grown were fixed on chamber slides in 10%

cancerous colon tissue types from Imgenex (Bhubaneswar, India);

formaldehyde, washed with PBS, permeabilized with 0.2% Triton

RNeasy kit from Qiagen (Hilden, Germany); IHC kit from BioGenex

X–100 for 20 min at RT, and incubated overnight with primary

(Fremont, CA); and primers from Integrated DNA Technologies

antibody CD44, β-catenin, CK7, or CK20. The cells were then washed

(Coralville, IA) were purchased.

with PBS and incubated with the secondary antibody for 6 h, followed
by DAPI counterstaining. The expression of the marker proteins was
analyzed by using a confocal laser microscope (Leica TCS SP8).7

2.2 | Abrus agglutinin purification
AGG was isolated from Abrus precatorius seeds by 30-90% ammonium
sulfate fractionation, followed by lactamyl sepharose affinity chroma-

2.6 | RNA extraction and semi-quantitative RT-PCR

tography and bound proteins were eluted with 0.4 M lactose. After that,

Total RNA from the spheres of HT-29 cells was harvested using an

Sephadex G-100 gel-permeation chromatography was performed to

RNeasy kit from Qiagen, following the manufacturer's instruction.

isolate highly purified agglutinin from toxic abrin. The purity of the

cDNA was then synthesized from the harvested total RNA using

protein was subsequently confirmed by SDS-PAGE, native-PAGE and

reverse transcriptase enzyme, in accordance with the manufacturers’

gel permeation by HPLC. Moreover, the lectin activity of the isolated

instruction. RT-PCR was used to study the expression of mRNAs for

1,6

AGG was confirmed by hemagglutination assay.

CD44, CK7, CK20, and GAPDH (internal control). The respective
primers (from Sigma) and the PCR conditions were as follows: for

2.3 | Antibodies

CD44, forward 5′-AGATCAGTCACAGACCTGCC-3′ and reverse 5′GCAAACTGCAAGCCAAGCC-3′ (annealing at 56.5°C, 35 cycles); for

LC3 (NB100-2220) was purchased from Novus Biologicals (Littleton,

CK7, forward 5′-TGAATGATGAGATCAACTTCCTCAG-3′ and reverse

CO); BMP-2 (ab14933-46), CK7 (ab9021), and CK20 (ab76126) from

5′-TGTCGGAGATCTGGGACTGC-3′ (annealing at 54.5°C, 35 cycles);

Abcam (Cambridge, UK); CD44 (21810441) from Immunotools

for CK20, forward 5′-CAGACACACGGTGAACTATGG-3′ and reverse

(Friesoythe, Germany); β-actin (A2066) from Sigma; ATG5 (2630S),

5′-GATCAGCTTCCACTGTTAGACG-3′ (annealing at 55.5°C, 35

BECN1 (3738S), β-catenin (9562) from Cell Signaling Technology

cycles); for GAPDH, forward 5′- CAC AAT GCC GAA GTG GTC GT-

(Danvers, MA); and hVps34 (38–2100) was purchased from Invitrogen

3′ and reverse 5′-TCA CCA TCT TCC AGG AGC GA-3′ (annealing at

(Carlsbad, CA).

62°C, 35 cycles). The amplified products were separated by
electrophoresis using 1.5% agarose gel, and visualized using the gel

2.4 | Cell culture and sphere culture
HT-29, a human colorectal cancer cell line, was purchased from
National Centre for Cell Science, Pune, India. The HT-29 cells were

document system (BioRad) after ethidium bromide staining.25

2.7 | Western blot analysis

maintained in Dulbecco's modified Eagle's medium (DMEM) supple-

The spheres from the HT-29 cells were treated with various

mented with 10% heat-inactivated fetal bovine serum (FBS) and

concentrations of AGG, followed by extraction of proteins. Cells

containing 1× antibiotic-antimycotic, at 37°C in a humidified, 95% air

were lysed with lysis buffer and an equal amount of the extracted

and 5% CO2 atmosphere.

proteins was resolved by SDS-PAGE and transferred to a nitrocellulose

4

PANDA ET AL.

|

membrane, which had been blocked beforehand with 5% BSA (in

field, and the structure with the highest score was then considered for

PBST) at room temperature for 1 h. Subsequently, the blots were

MD simulation.22

incubated overnight at 4°C with Beclin1, ATG5, p62, β-catenin,
BMP-2, hVps34, and LC3 antibodies, followed by incubation with
The expression of the protein of interest was analyzed by imaging the

2.11 | Human colon cancer xenografts in athymic
nude mice

chemiluminescence using ImageQuant LAS 500 (GE HealthCare, Little

In order to study the therapeutic potential of AGG in human colon

the corresponding secondary antibodies for 1 h at room temperature.

Chalfont, UK).7

carcinoma, athymic BALB/c nude mice were implanted with colon
carcinoma HT-29 cells (2 × 106 cells), subcutaneously. The tumors

2.8 | Alkaline phosphatase assay

were first propagated in vivo and subsequently implanted in the
experimental animals. Using this method, 90-100% tumor induction

In order to detect the differentiation-inducing capacity of AGG, the

rate is obtained. The actual therapeutic study was initiated when the

HT-29 colonospheres were treated with 3-MA (5 mM) for 2 h prior to

tumors reached the size of 0.2 cm in diameter. The mice (n = 5) were

AGG treatment. The treated cells were lysed and equal amounts of

administrated, intraperitoneally, either the vehicle control (1X PBS) or

protein were mixed with reaction buffer, followed by mixing with

AGG (100 ng/kg body weight), and the positive control 5-fluorouracil

pNPP solution and equilibration at 37°C. The absorbance was

(5-FU) (30 mg/kg body weight), five times a week for 4 wk. The tumor

measured at 450 nm, immediately.22

volume and body weight of the mice were measured at the end of
every week for 4 wk. On completion of the treatment period, tumor
diameter was measured. The tumor volume was calculated using the

2.9 | Colocalization study by immunofluorescence
analysis
HT-29 derived colonospheres were treated with various concentrations (max. = 100 ng/mL) of AGG for 72 h, followed by fixation with

formula (L × W2)/2, where W and L are the width (short diameter) and
length (long diameter) of the tumor. At the end of the treatment period,
all mice were euthanized using carbon dioxide, followed by cervical
dislocation to ensure complete immobilization of the mice prior to

10% formaldehyde. Cell permeabilization was performed using 0.1%

collecting the tumor tissues samples for biochemical and histological

Triton X–100, followed by blocking with 5% BSA. Following this, the

analysis.4,5

cells were incubated with primary antibodies for BMP-2 (1:500),
hVps34 (1:500), p62 (1:250), and β-catenin (1:250). After washing with
PBST, the cells were incubated with secondary antibodies conjugated

2.12 | Immunohistochemical staining and scoring

with Alexa Fluor. Imaging was done using a high-end fluorescence

In order to perform the immunohistochemical analysis, formalin-fixed

inverted microscope (Olympus IX71), using the cellSens Standard

and paraffin-embedded specimens with 3-4 mm thickness were

software. Colocalization was measured by applying JACoP plugin in

sectioned, and staining was performed with anti-β-catenin, anti-

single Z-stack sections of deconvoluted images.22

BMP-2, and anti-LC3, as described previously.5,7 Semi-quantitative
immunohistochemical score or Histoscore (H-score) was obtained
using a modified scoring method as reported in our previous study.5

2.10 | Modeling BMP-2–hVps34 complex through
docking and molecular dynamics simulation
The crystal structure of bone morphogenic protein BMP-2 was

The percentage of positive cells in each high power field (400×
magnification) was calculated and assigned a relative staining-intensity
score of 1 for low, 2 for intermediate, or 3 for high staining. The

obtained from Protein Data Bank (PDB). The PDB entry was 1ES7.26

histoscore was finally calculated for each primary antibody as the sum

Due to the unavailability of a complete and high-resolution crystal

of products of percent positive cells and staining intensity, using

structure for the human protein hVPS34, the 3D structure for the same
was predicted by using I-TASSER software. The hVps34 domain
comprised 240 residues in the structure predicted using modeling

the formula (1 × % cells stained weakly positive) + (2 × % cells
stained moderately positive) + (3 × % cells stained strongly positive).
The H-scores ranged from 0 to 300 for each high power field.

through I-TASSER. The docking algorithm was then used to locate the
optimal configuration of BMP-2 protein near to the binding site of
hVps34. Initially, the BMP-2 domain was positioned near the binding

2.13 | Statistical analysis

site, and the docking algorithm was carried out using PATCHDOCK

All data were representative of a minimum of three independent

protein-protein docking server.27 Using the protein-protein docking

experiments and were quantified and plotted as mean ± SD. Student's

algorithms, the optimal orientation of the two proteins could be

t-test was used for evaluating statistical differences between the

identified by scoring the energy of the protein-protein complex on the

experimental groups. Furthermore, a nonparametric test for statistical

basis of van der Waals (VDW) interactions and the corresponding

analysis among the groups was also performed using the alternative for

electrostatics. Therefore, the grid-based score was generated by

one-way ANOVA, the Kruskal-Wallis test, along with Dunn's multiple

calculating the nonbonded terms of the molecular mechanics force

comparisons tests as post hoc.
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progressed from normal to cancerous to metastatic stages (Figure 1B). It
was evident from the H-score that the expression of BMP-2 and

3.1 | Analysis of expression of BMP-2 and β-catenin
in colorectal cancer and non-cancer tissues

β-catenin decreased and increased, respectively, during the onset of
cancer and its progression from stage I to metastasis (Figures 1C and 1D).

BMP signaling, which promotes the differentiation of normal and
cancer stem cells, has been identified to be inactivated in the majority
of the sporadic CRCs.19,23 BMP-2 exhibits its tumor suppressive
function by inhibiting the tumor-initiating ability of colon CSCs. In the
present study, we analyzed the alteration in the expression pattern of
BMP-2 and β-catenin in human normal, cancer, and metastatic colon
tissue samples, through immunohistochemical analysis (Figure 1). The
clinicopathological representation of the cohort is given in Table S1.
We observed that there was a decrease in the expression of BMP-2 as
the tumor progresses with the highest expression in the normal tissue,
suggesting that BMP-2 is a tumor suppressor (Figure 1A). Interestingly,
our clinical data in the present study reciprocated the earlier findings,
which identified BMP-2 as a tumor-suppressive cytokine in colon
cancer.24 An aberrant expression of stemness and self-renewal protein
β-catenin occurs due to a mutation in adenomatous polyposis
coli (APC)/β-catenin signaling in colorectal cancer.11 Our study
demonstrated that β-catenin expression increased as the colon cancer

3.2 | AGG induces differentiation in colon cancer
stem cells
It has been observed that AGG inhibits the growth of tumor spheres
derived from various cancer cells (Supplementary Figure S1).17 In order
to investigate the role of AGG in inducing differentiation in colon
cancer stem cells, we assessed the expression pattern of proteins
associated with stemness and differentiation, using confocal microscopy. As expected, we observed a significant reduction in the
expression of CD44, a CSC surface marker, and β-catenin, a selfrenewal marker, in the HT-29 colonospheres, in a dose-dependent
manner (Figure 2A). Moreover, we assessed the expression of
differentiation markers CK7 and CK20 in AGG-treated colonospheres.
Interestingly, the expression of CK7 and CK20 was decreased and
increased, respectively, in a dose-dependent manner, with the AGG
treatment in the HT-29 colonospheres (Figure 2B). The increase in the

FIGURE 1 Immunohistochemistry analysis of expression of BMP-2 and β-catenin in colorectal cancer and non-cancer tissues. The slide
shows the representative images of BMP-2 (A) and β-catenin (B) staining in normal colon tissue and different grades of colon cancer tissues.
The semiquantitative immunoreactive analysis of BMP-2 and β-catenin was carried out by the histoscore method calculated from the
percentage of positive cells and staining intensity of different tissue samples (C and D). *P-value < 0.05; **P-value < 0.01; ***P-value <0.001
were considered significant as compared with control

6
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FIGURE 2 Role of AGG on stemness and differentiation potential in colonospheres. Colonospheres were treated with different
concentration (25, 50, and 100 ng/mL) of AGG for 72 h and the expression of CD44/β-catenin (A) and CK7/CK20 (B) was analyzed by
confocal microscopy. After treatment with AGG, the expression of CD44, CK7, and CK20 by RT-PCR (C) and alkaline phosphate activity
(D) were quantified in colonospheres. The data reported as the mean ± SD of three independent experiments and compared to control.
*P-value < 0.05; **P-value < 0.01 were considered statistically significant as compared with the control

ratio of CK20/CK7 expression indicated increased differentiation in

(Figure 3C). Our data demonstrated that AGG was unable to decrease

the AGG-treated groups. Similarly, our RT-PCR data demonstrated

the expression of β-catenin in the BMP-2 knocked-down group,

that AGG treatment could potentially reduce the relative mRNA

compared to the sicontrol group, in HT-29 derived stem cells

expression of CD44 as well as CK7, and increase the mRNA level of

(Figure 3D). Furthermore, we quantified the ALP activity and it

CK20 in the colon CSCs (Figure 2C). Furthermore, we analyzed the

revealed that BMP-2-deficient colonospheres of HT-29 cells exhibited

alkaline phosphatase activity (ALP) as a measure of differentiation

a significant decrease in the ALP activity, compared to the sicontrol

ability, and obtained an appreciable dose-wise increase in the ALP

group, even in the presence of AGG (Figure 3E), indicating that the

activity of the AGG-treated groups, compared to control (Figure 2D).

AGG-induced BMP-2 stimulates differentiation in the colon cancer
stem cells.

3.3 | AGG-induced BMP-2 prompted differentiation
through autophagy activation in colon cancer stem
cells

Next, we intended to investigate whether autophagy induction in
the HT-29 derived colonospheres regulates AGG-elicited differentiation. Colonospheres were treated with various concentrations of AGG
and autophagy induction was analyzed by western blot (Figure 4A).

BMP-2, a member of TGF-β superfamily, plays important roles in

We investigated changes in the expression of endogenous LC3 in the

22,28

AGG-treated colon CSCs. It was observed that AGG could increase

These properties of BMP-2 encouraged us to investigate its role in

LC3-II accumulation in a dose-dependent manner, suggesting that

AGG-mediated CSCs differentiation, and surprisingly, we observed

AGG at low doses triggered autophagy induction. Furthermore,

that there was a steep increase in the expression of BMP-2 with the

the autophagic molecules, including Beclin1, ATG5, and hVps34,

exposure of AGG in the colonospheres, as visible in the confocal

were increased in the presence of AGG in the colonospheres. Similarly,

microscopy and western blot results (Figures 3A and 3B). Next, we

we observed that the expression of p62, a selective adaptor for

investigated the potential role of BMP-2 in AGG-modulated differen-

autophagic clearance, was decreased in a dose-dependent manner,

tiation in the BMP-2 knocked-down colonospheres of HT-29 cells

confirming that AGG induces autophagy in colonospheres. Next, we

apoptosis, autophagy, cell proliferation, and cell differentiation.
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FIGURE 3 AGG-induced BMP-2 modulates stemness and differentiation in colonosphere. Colonospheres were treated with different
concentrations of AGG for 72 h and the expression of BMP-2 was measured by confocal microscopy (A) and western blotting (B).
Colonospheres cells were knocked down with siBMP-2 (C) and the expressions of β-catenin by confocal microscopy (D) and alkaline
phosphate activity (E) was quantified in the AGG treated cells. The data reported as the mean ± SD of three independent experiments and
compared with PBS control. **P-value < 0.01 was considered statistically significant. #P-value < 0.01 was considered statistically significant as
compared to the AGG treated groups. Densitometry was performed on the original blots, considering the ratio of protein to actin in the
control cells was 1

examined the role of autophagy in AGG-induced inhibition of self-

that hVps34 is essential for the formation of internal vesicles within

renewal and differentiation potential in HT-29 derived colonospheres.

multivesicular bodies.31,32 In order to investigate a possible involve-

It was observed that the self-renewal protein β-catenin is degraded in a

ment of BMP-2 in the induction of autophagy through the activation of

manner independent of proteasomal degradation, via the lysosomal

hVps34, we studied the physical association of BMP-2 with hVps34.

degradation pathway.29 In this context, we examined the expression of

Analyzing the spatial distribution of BMP-2 and hVps34 by performing

β-catenin in the presence of 3-methyladenine (3-MA), an inhibitor of

double immunofluorescence analysis using confocal microscopy, we

hVps34 activity. We observed that AGG was not able to inhibit the

observed that the concerned proteins visibly overlapped to display a

expression of β-catenin in presence of 3-MA (Figure 4B), suggesting

dense yellow signal in the merged image (Figure 5A), depicting a total

that AGG-mediated inhibition of colonosphere is dependent on

overlap coefficient and a Pearson's coefficient of 0.87 and 0.83,

autophagic degradation of β-catenin that hinders the self-renewing

respectively, in the cytofluorogram scatter plot. Furthermore, the co-

ability of colonospheres. Furthermore, the differentiation activity of

immunoprecipitation analysis was performed to pull out BMP-2 and

AGG was studied in the presence of 3-MA in HT-29 stem cells. The

hVps34 from the AGG-treated HT-29 colonospheres lysates, using

decrease in the ALP activity was observed in the colonospheres

anti-hVps34 or anti-BMP-2 antibodies for immunoprecipitation,

treated with both 3-MA and AGG, compared to the colonospheres

followed by western blotting with anti-BMP-2 or anti-hVps34

treated only with AGG (Figure 4C), indicated that autophagy is

(Figure 5B); which confirmed that BMP-2 interacted strongly with

essential for AGG-induced differentiation in colonospheres. More-

hVps34 to induce autophagy. In order to identify the residues of the

over, siBMP-2 transfected cells exhibited a decrease in LC3-II

individual domains involved in the interactions between BMP-2 and

accumulation, compared to that in the AGG-exposed HT-29 stem

hVps34, a 5000 ps long molecular dynamics (MD) simulation of

cells (Figure 4D), concluding that BMP-2-mediated autophagy

the docked hVps34-BMP-2 complex was performed; the complex

regulates differentiation in AGG-treated colonospheres.

appeared quite stable (Figure 5C), with Cα atom's root-mean-

A previous study had demonstrated that BMP-2 is localized to
30

the late endosomal vesicles through a specific receptor

square deviation (RMSD) value in the range of 2-4 Å, as depicted

that might

in the Supplementary Figure S2. MM-GBSA based average binding

be involved in autophagosome biogenesis. Besides, it is documented

free energy and the detailed contributions from various energy

8
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FIGURE 4 AGG induces BMP-2-dependent autophagy in HT-29 colonospheres. Colonospheres were treated with different
concentrations of AGG for 72 h and the expression of autophagic proteins was analyzed by western blot (A). Colonospheres were treated
with AGG (100 ng/mL) in the presence of 3-MA (5 mM; 2 h) for 72 h and the expression of β-catenin through confocal microscopy (B) and
alkaline phosphatase activity (C) was quantified in colonospheres. After AGG (100 ng/mL) for 72 h, the accumulation of LC3-II was
analyzed by western blot in BMP-2 knocked down colonospheres (E). The data reported as the mean ± SD of three independent
experiments and compared with the PBS control. **P-value < 0.01 was considered significant. #P-value < 0.01 was considered significant
as compared with the AGG treated groups. Densitometry was performed on the original blots, considering the ratio of protein to actin in
control cells was 1

components were calculated for the hVps34-BMP-2 complexes, by

BMP-2 were as follows: His54, Thr58, Asn59, and Ile62 in BMP-2

taking 500 snapshots from the 5 ns of the MD trajectory, as depicted in

contributed >–2.0 kcal/mol of the free energy; while Ala52, His60,

Table S2. It was observed that the calculated binding free energy for

Glu109, and Cys111 contributed >–1.0 kcal mol−1 of the free energy. It

the complex, according to the MM-GBSA method, was −37.838 kcal/

was observed that these key residues on the BMP-2 surfaces are

mol. The favorable contribution from direct electrostatic interactions

basically from the beginning portion of the single α-helix present in the

between hVps34 and BMP-2 was recompensed by the electrostatic

BMP-2 structure and from the last anti-parallel β-sheet existing near

desolvation free energy upon binding, which progressed to an

the C-terminal region. The chief contributor for the binding, ie, His54,

unfavorable contribution as a whole, consistent with the other MM-

resides in the loop region just before the α-helix (Figure 5F). Our results

GBSA and MM-PBSA studies. In contrast, the nonpolar interactions,

revealed that BMP-2 interacts with hVps34 to augment the efficiency

ΔGnonpolar (including van der Waals interactions and nonpolar

of Hvps34 for autophagosome formation to induce autophagy for

solvation), contributed −130.657 kcal/mol, which is very favorable

differentiation in AGG-treated cells; although a detailed investigation

to the binding process and consistent with the large hydrophobic

is further required.

binding surface between hVps34 and BMP-2. Decomposing the
binding free energy into contributions from each residue helped to
recognize the binding hotspots between hVps34 and BMP-2
(Figure 5E). It revealed several residues of hVps34 that favorably
contributed >–2.0 kcal/mol of the free energy – Glu52, Tyr71, Tyr135,

3.4 | AGG induces β-catenin degradation through
autophagy to promote differentiation in colon cancer
stem cells

Ala140, Pro142, Val143, Gly144, Pro168, Arg231, Asn234, and

We examined the molecular mechanism of β-catenin degradation

Met236. In addition, some other residues – Leu60, Pro63, Gly145,

in AGG-treated HT-29 colonospheres. It was observed that cytosolic

Val166, Trp167, and Asn169 – contributed >–1.0 kcal/mol of the free

β-catenin becomes phosphorylated through tumor-suppressing APC

energy. It can be seen that these key residues of hVps34 domain, which

destruction complex and undergoes ubiquitination and subsequent

interacted with BMP-2, are basically from the longer loop and the α-

proteasomal degradation.33 The present study analyzed whether AGG

helix present between the anti-parallel beta sheet-1 and beta sheet-2

induces the ubiquitination of β-catenin through autophagic degrada-

structures (Figure 5E). Residue energy decomposition results for

tion in HT-29 CSCs. The confocal microscopy data in our study

PANDA ET AL.

|

9

FIGURE 5 Interaction of BMP-2 and hVps34. HT-29 colonospheres were treated with AGG (100 ng/mL) for 72 h and the interaction of
BMP-2 (Red) and hVps34 (Green) was analyzed by confocal microscopy (A). The colocalization parameters were analyzed by using JaCoP
plugin in ImageJ software. HT-29 colonospheres were treated with AGG (ng/mL) for 72 h and immunoprecipitated with anti-BMP-2 and antihVps34 followed by immunoblotting with anti-Vps34 or anti-BMP-2 antibodies (B). A schematic ribbon representation of the BMP-2-hVps34
complex structure is shown in different colors. The hVps34 domain is shown in green color while the BMP-2 structure is shown in violet
color. The residues showing the interactions are shown in sticks along the domain interface for both BMP-2 and hVps34 (C). The
decomposition of ΔG on per-residue basis or the pair interaction energy between BMP-2 and hVps34: (a) the contribution of each residue in
hVps34 to BMP-2 domain binding; (b) the contribution of each residue in the BMP-2 domain to hVps34 binding (D). The distributions of the
identified hotspot residues on the hVps34 (E) and BMP-2 (F) domain cartoon representation. Colored bars show the range of contributions by
the residues in the unit kcal/mol

revealed that AGG treatment promoted strong colocalization between

clearance of autophagic cargo.34 Our study is a pioneer in

ubiquitin and β-catenin, with the appearance of an intense yellow color

demonstrating, through co-immunoprecipitation and colocalization

in the cells. In contrast, much-diffused colocalization was observed in

studies, that β-catenin physically interacts with p62. The co-

the control colonospheres (Figures 6A and 6B). The ubiquitination level

immunoprecipitation study was employed to examine p62 and β-

was further examined by immunoprecipitation studies, which demon-

catenin obtained from AGG-treated HT-29 colonosphere lysates,

strated that the expression of ubiquitinated β-catenin in the AGG-

using anti-β-catenin or anti-p62 antibodies for immunoprecipitation,

treated group was significantly higher than that in the control HT-29

followed by western blotting with anti-p62 or anti-β-catenin

colonospheres (Figure 6C). Interestingly, the immunoprecipitation data

(Figure 6E). Similarly, the confocal analysis demonstrated colocaliza-

revealed that a decline in the interaction of ubiquitin with β-catenin

tion of p62 with β-catenin in AGG-treated cells, in comparison to

was observed in 3-MA-treated AGG-exposed colonosphere, com-

control HT-29 colonospheres (Figure 6F). Taken together, the above

pared to the group treated only with AGG (Figure 6D). The adaptor

findings suggest that β-catenin undergoes ubiquitination in the AGG-

protein p62 interacts selectively with ubiquitinated proteins for the

treated cells for its autophagic degradation.

10
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FIGURE 6 AGG induces β-catenin degradation through autophagy to promote differentiation in colonospheres. After AGG treatment HT-29
derived colonospheres were stained with ubiquitin and β-catenin and the colocalization was studied through confocal microscopy (A and B).
Colonospheres were treated with AGG (100 ng/mL) in the absence and presence of 3-MA (5 mM, 2 h) and β-catenin/Ub interaction was studied
by immunoprecipitation analysis (C and D). HT-29 colonospheres were treated with AGG for 72 h and immunoprecipitated with anti-p62 and
anti- β-catenin followed by immunoblotting with anti-β-catenin or anti-p62 antibodies (E). After AGG treatment, HT-29 colonospheres were
stained for p62 and β-catenin and colocalization was studied through confocal microscopy (F). The data were reported as mean ± SD of three
independent sets of the experiment and compared with the PBS control. **P-value < 0.01 was considered statistically significant

3.5 | Effect of AGG on tumor growth and expression
of β-catenin, BMP-2, and LC3 in HT-29 xenograft
model
After examining the in vitro efficacy of AGG on differentiation in colon
CSCs, we evaluated the efficacy of AGG in inhibiting the growth of
HT-29 cell xenografts in nude mice. The athymic BALB/c nude mice
were implanted with colon carcinoma HT-29 cells subcutaneously.
The mice were injected with either PBS as a vehicle (n = 5) or AGG
(100 ng/kg body weight) (n = 5), and a positive control (5-fluorouracil,
30 mg/kg body weight) (n = 5), intraperitoneally, five times a week for
4 wk. The in vivo study demonstrated that AGG significantly
suppressed the tumor growth of HT-29 cells following the 4 wk of
treatment (Figure 7A-C). It should also be noted that there was no
significant loss in the body weight of the AGG (100 ng/kg body weight)
treated mice, compared to control mice (Figure 7B). In addition, AGG at

to 50.4 ± 23.7 mm3, at the end of the fourth week (Figure 7C). The
tumor tissues were subjected to immunohistochemistry for the
analysis of expression of stemness-, differentiation-, and autophagyrelated molecules (Figure 7D). In the xenograft, the expression of βcatenin decreased significantly in the AGG-exposed group, compared
to control mice (Figure 7D). Moreover, the AGG-treated group
exhibited a significant increase in the expression of BMP-2 and LC3
staining, compared to control (Figure 7D). The H-score significantly
distinguished the expression of β-catenin as high and low; and BMP-2
as low and high, in the control and AGG-treated groups, respectively
(Figure 7E). Interestingly, it was observed that the AGG-treated group
exhibited significantly increased LC3 puncta, compared to control
(Figure 7E). These results clearly indicate that AGG decreases
stemness and activates differentiation through autophagy, resulting
in a potent anticancer effect in HT-29 cells (Figure 8).

the dose level of 100 ng/kg body weight was observed to be well
tolerated by the mice; whereas in the 5-fluorouracil (5-FU) treated

4 | DISCUSSION

group, three mice died in the fourth week of treatment. Although there
was no significant difference between the total body weights, there

In colon cancer, a small population of cells termed as cancer stem cells

was a significant reduction in the tumor volume, from 201 ±31.5 mm3

is responsible for tumor initiation, metastasis, therapy resistance, and
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FIGURE 7 AGG inhibits tumor growth in HT-29 xenograft model. HT-29 cells were subcutaneously injected (2 × 106 cells/mouse) to each
mice (n = 5 for each group). The mice in control group were treated with normal saline (0.9%) and in the treatment group with intraperitoneal
AGG at a dose of 100 ng/kg body weight. Tumor weight and tumor volume are plotted in the form of histogram and graph (A-C). Tumor
tissues were harvested followed by fixation with formalin and paraffin-embedded sections were immunostained for BMP-2, β-catenin, and
LC3 in the control and treated groups (D). The semiquantitative immunoreactive analysis for β-catenin, BMP-2 and LC3 was performed by
the histoscore method (E). The data are reported as the mean ± SD of three independent experiments and compared with the PBS control.
**P-value < 0.01 was considered statistically significant as compared to the control

re-occurrence.9,11,25 The colon CSCs are more resistant to conven-

Differentiation therapy is focused on restoring the endogenous

tional chemotherapy; however, “forced differentiation therapy” is now

differentiation programs leading to terminal maturation of CSCs,

emerging as a novel approach to render the differentiated cancer stem

rendering them available for being targeted using the routine

cells more sensitive to traditional chemotherapy.35 Several drugs

therapeutic approaches.42 The present investigation focused on the

36

including sodium butyrate,

37

and

differentiation-inducing ability of AGG at a nontoxic dose (max.

Arsenic trioxide38 have been demonstrated as differentiation-inducing

dose = 100 ng/mL) to establish its promising candidature as a suitable

agents in several cancers including the cancer of the colon. More

anticancer agent against CSCs. The modulation of APC,43 BMP,17

importantly, several natural compounds such as resveratrol,39

caveolin,44 and R-spondin45 genes, which are mutated in cancer,

40

41

all-trans-retinoic acid (ATRA),

inhibit the self-renewing potential of the

induce differentiation in colon cancer and sensitize the colon CSCs to

stem cells and stimulate differentiation in these cells. In the present

conventional chemotherapy. In the present study, it has been

study, we uncovered a previously unknown role of AGG, ie, the

demonstrated that AGG-induced BMP-2 activation and autophagy-

induction of differentiation in the colon CSCs through autophagic

mediated β-catenin degradation is responsible for the differentiation

degradation of β-catenin in the colorectal carcinoma, indicating that

of colonospheres.

curcumin,

Tetrandrine,

AGG could serve as a promising differentiation-inducing agent in
cancer therapeutics.

According to previous reports, while the typically activated Wnt/
β-catenin pathway exerts a significant influence on the initiation of
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β-catenin is selectively degraded via autophagy, through the formation
of a β-catenin-LC3 complex, attenuating the adaptation during
metabolic stress.29 In a similar vein, an AGG-induced decrease in βcatenin content was an autophagy-dependent degradation, and 3-MA
treatment was associated with a reduction in the decrease of expression
of β-catenin and thus, a reduction in the differentiation potential in HT29 colonospheres. Previously, a fucose-binding lectin LecB has been
identified as an effective differentiation-inducing agent through
autophagic degradation of β-catenin in acute myeloid leukemia.46
BMP signaling plays a significant role in controlling various cellular
processes including autophagy and differentiation.21,22 Recently, it has
been demonstrated that BMP-2-induced differentiation in human
stem cell-derived osteoblast cells involves autophagy protein Atg7.22
Our data revealed that AGG upregulates BMP-2 expression to
promote differentiation in CSCs, providing a potent antitumor activity
in colon cancer. Previously, statin, a DNA methyltransferase inhibitor,
was demonstrated to induce differentiation and reduce stemness in
CRC cells in vitro and in vivo, by activating the BMP-2-dependent
pathway and sensitizing the cells to 5-FU chemotherapy.47 Activation
of autophagy has been described as an essential step for differentiation. For instance, cannabidiol stimulates autophagy to induce
differentiation in glioma-initiating cells.48 Although the detailed
mechanism is required to be investigated, autophagy-regulatory
molecule hVps34 has been identified to interact with AGG-elicited
BMP-2 to activate autophagy for differentiation in colon CSCs. What is
the mechanism of BMP-2 stimulation in AGG-treated CSCs in colon
cancer? Whether AGG regulates the promoter methylation of BMP-2
or inhibits the degradation of BMP-2 association in late endosomal
vesicle to involve in different cellular processes including autophagy
induction. It would also be interesting to examine how BMP-2 interacts
with hVps34 present in the internal vesicles within the multivesicular
bodies to regulate phagophore formation, establishing a crossroad
between endocytosis and autophagy. In conclusion, AGG-induced
BMP-2 regulates differentiation in colon cancer stem cells through
autophagic degradation of β-catenin in colorectal carcinoma (Figure 8),
FIGURE 8 Schematic representation of BMP-2 activation by
AGG induced differentiation through autophagic degradation of βcatenin in colon cancer stem cells

promising the candidature of AGG as a suitable differentiation-

CRC development,19 aberrant activation of the BMP pathway has been
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