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A B S T R A C T

Background: Epithelial-to-mesenchymal transition (EMT), a key step in oral cancer progression, is associated
with invasion, metastasis, and therapy resistance, thus targeting the EMT represents a critical therapeutic
strategy for the treatment of oral cancer metastasis. Our previous study showed that Abrus agglutinin (AGG), a
plant lectin, induces both intrinsic and extrinsic apoptosis to activate the tumor inhibitory mechanism.
Objective: This study aimed to investigate the role of AGG in modulating invasiveness and stemness through EMT
inhibition for the development of antineoplastic agents against oral cancer.
Methods: The EMT- and stemness-related proteins were studied in oral cancer cells using Western blot analysis
and fluorescence microscopy. The potential mechanisms of Snail downregulation through p73 activation in FaDu
cells were evaluated using Western blot analysis, immunoprecipitation, confocal microscopy, and molecular
docking analysis. Immunohistochemical staining of the tumor samples of AGG-treated FaDu-xenografted nude
mice was performed.
Results: At the molecular level, AGG-induced p73 suppressed Snail expression, leading to EMT inhibition in
FaDu cells. Notably, AGG promoted the translocation of Snail from the nucleus to the cytoplasm in FaDu cells
and triggered its degradation through ubiquitination. In this setting, AGG inhibited the interaction between Snail
and p73 in FaDu cells, resulting in p73 activation and EMT inhibition. Moreover, in epidermal growth factor
(EGF)-stimulated FaDu cells, AGG abolished the upregulation of extracellular signal-regulated kinase (ERK)1/2
that plays a pivotal role in the upregulation of Snail to regulate the EMT phenotypes. In immunohistochemistry
analysis, FaDu xenografts from AGG-treated mice showed decreased expression of Snail, SOX2, and vimentin and
increased expression of p73 and E-cadherin compared with the control group, confirming EMT inhibition as part
of its anticancer efficacy against oral cancer.
Conclusion: In summary, AGG stimulates p73 in restricting EGF-induced EMT, invasiveness, and stemness by
inhibiting the ERK/Snail pathway to facilitate the development of alternative therapeutics for oral cancer.

Introduction

Oral cancer, mostly squamous cell carcinoma (SCC), is a leading
cause of cancer-related death in India because of the high consumption
of tobacco products, including gutkha and paan (betle) in young and
middle-aged men. Moreover, it is one of the severe human cancers
because of its aggressiveness, which has not changed considerably
during the last three decades with the advances in the current therapies

(Sinha et al., 2013; Naik et al., 2016). Interestingly, the oral SCC is
associated with a high rate of invasiveness and lymph node metastasis,
affecting the prognosis of the patients. During tumor metastasis, tumor
cells acquire invasive property by activating the epithelial-to-me-
senchymal transition (EMT) program to undergo phenotypic alternation
for evading primary tumor, which is associated with invasion, metas-
tasis, and therapy resistance (Smith et al., 2013; Cao et al., 2016; Zhang
et al., 2014). For example, epidermal growth factor (EGF)-stimulated
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SCC cells showing increased motility, migration, invasion, metastasis,
and resistance to apoptosis in vitro along with the downregulation of E-
cadherin and upregulation of N-cadherin and vimentin (Zhu et al.,
2012). Furthermore, the EMT process is controlled by a group of
transcriptional factors, zinc finger proteins, and basic helix-loop-helix
factors. Out of the three family members of Snail, Snail1, Snail2/Slug,
and Snail3/Smuc, we studied Snail1 or Snail, as it is more commonly
known. The Snail transcription factor with C2H2 zinc finger domain is a
master regulator of EMT in several tumor progressions. Snail induces
EMT by potentially binding to the E-box consensus sequence of epi-
thelial gene E-cadherin, leading to its transcriptional repression, fol-
lowed by decreased cell adhesion to the neighboring cells (Smith et al.,
2013; Zhang et al., 2014; Baulida et al., 2015; Naik et al., 2016).

Snail interacts with p53 family proteins to regulate EMT, invasion,
and metastasis (Powell et al., 2014; Chang et al., 2011). Furthermore,
its degradation is facilitated by the ability of p53 to bind to it, followed
by MDM2-mediated ubiquitination (Lee et al., 2009; Lim et al., 2010).
In addition, inhibiting the direct binding between Snail and the DNA-
binding domain of p53 resulted in the restoration of p53 expression in
K-Ras-mutated cancers, including pancreatic, lung, and colon cancers.
In mammalian neural precursors, Snail enhanced cell survival by an-
tagonizing a p53-dependent death pathway, as the coincident p53
knockdown rescues survival deficits caused by Snail knockdown. P53
knockdown rescued cells by altering cell death and/or proliferation
(Zander et al., 2014). Another member of the p53 family, p73 or TAp73,
suppressed EMT with an increased E-cadherin expression and decreased
EMT transcription factors (Thakur et al., 2016), but DNp73 enhanced
Slug upregulation and facilitated an EMT-like phenotype with the loss
of E-cadherin (Steder et al., 2013). Interestingly, TAp73 knockdown
and its downstream targets p21 and PUMA increased the EMT tran-
scriptional factors with a decrease in E-cadherin in Madin-Darby canine
kidney cell, confirming the critical role of p73 in EMT regulation
(Zhang et al., 2015). The detail role of p73 proteins in EMT, cancer cell
stemness, and invasion through Snail in oral cancer has not been elu-
cidated.

Genetic alterations resulting in the mesenchymal phenotypic change
in cancer cells lead to activation of either of the two prosurvival
pathways PI3K/Akt and MEK–1/2/extracellular signal-regulated kinase
(ERK)1/2 to establish in the metastatic sites (Gkouveris et al., 2014;
Smith et al., 2014). In addition, activated Raf/MEK/ERK, MSK1, Elk–1,
and Snail lead to the downregulation of E-cadherin in different types of
cancer, including breast cancer (Smith et al., 2014). Furthermore,
chemokine (C-X-C) ligand 5 may activate Raf/MEK/ERK, MSK1, Elk–1,
and Snail, leading to the downregulation of E-cadherin. Interestingly, it
was observed that Snail and ERK(1/2) were regulated by each other to
induce EMT in MCF–7 cells. Moreover, the overexpression of ERK/MAP
kinases was reported in different grades of SCC in patients with oral
cancer, indicating its candidature as a potential therapeutic target in
oral cancer (Mishima et al., 1998). Although differential p73 isoform
exists (Fernandez-Alonso et al., 2015), p73 induces sustained activation
of ERK signaling cascade in association with oncogenic Ras in the ab-
sence of p53 for cellular outcome and differentiation (Fernandez-
Garcia et al., 2007). A recent study showed that the p73-dependent
activation of ERK promotes metastasis in proapoptotic stress response
factor TP53INP1 deficient conditions in hepatocellular carcinoma cells
(Ng et al., 2017).

Abrus agglutinin (AGG) is a low-toxicity, heterodimeric, galactose-
specific lectin isolated from the seeds of Abrus precatorius having two A
chains and B chains linked by a disulfide bond. In addition, it belongs to
the ribosome-inactivating protein family II and inhibits protein synth-
esis through the rRNA N-glycosidase activity of A chain after cellular
internalization (Hegde et al., 1991). AGG displays ubiquitous antitumor
activity through multiple cellular targeting in different cancer types
(Ghosh and Maiti, 2007; Mukhopadhyay et al., 2014; Bhutia et al.,
2008a, b; Behera et al., 2014a, b). We and other showed that AGG in-
duces both intrinsic and extrinsic apoptosis through the Akt-ROS-

dependent pathway to activate tumor inhibitory mechanism
(Bhutia et al., 2016). Moreover, AGG inhibits angiogenesis by targeting
proangiogenic factor IGFBP–2 signaling pathway (Bhutia et al., 2016).
Interestingly, AGG inhibits Akt/PH domain to stimulate autophagic cell
death through the induction of endoplasmic reticulum stress in cervical
cancer (Panda et al., 2017). Our previous study showed that AGG
prevents tumor growth and causes irreparable DNA damage to induce
apoptosis through ROS-mediated ATM-p73-dependent pathway in oral
cancer (Sinha et al., 2017a). Furthermore, it showed that AGG inhibits
the growth of cancer stem cells (CSCs) derived from FaDu cells by in-
activating Wnt/β-catenin signaling pathway (Sinha et al., 2017b). In
this study, we established the detail role of AGG in modulating EMT and
stemness through the p73-dependent pathway. Interestingly, AGG en-
courages p73 in governing EGF-induced EMT, invasion, and stemness
by inhibiting the ERK/Snail pathway to facilitate the development of
alternative therapeutics for oral cancer.

Material and methods

Chemical and reagents

4,6-Diamidino-2-phenylindole dihydrochloride (DAPI) and di-
methylsulfoxide were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Fetal bovine serum (sterile filtered, South American origin),
minimal essential medium (MEM), trypsin, antibiotic-antimycotic so-
lution, and Lipofectamine 2000 were purchased from Invitrogen
(Carlsbad, CA, USA). Antibodies against E-cadherin, p73, N-cadherin,
vimentin, SOX2, OCT4, nestin, EGFR and actin, EGF, and Boyden
chamber were purchased from BD Biosciences, San Jose, CA, USA.
Involucrin (Santa Cruz Biotechnology, Dallas, TX, USA), ADAM17
(Abcam, Cambridge, MA, USA), Snail and PD98059 (Cell Signaling
Technology, Danvers, MA, USA), and MG–132 (Calbiochem, San Diego,
CA, USA) were procured. Plasmids used were obtained from Addgene
(Cambridge, MA 02139, USA): p73DD (#22978), Snail (plasmid
#16218), and an empty backbone pcDNA3 plasmid (#10792).

Abrus agglutinin purification

AGG was isolated and purified from Abrus precatorius seeds using
ammonium sulfate fractionation, followed by lactamyl sepharose affi-
nity chromatography and Sephadex G–100 gel permeation chromato-
graphy. The activity of isolated AGG was measured by hemagglutina-
tion assay, and the protein purity was subsequently analyzed by SDS-
PAGE, native-PAGE, and gel permeation by HPLC (Hedge et al., 1991).

Cell culture

FaDu (hypopharyngeal SCC) cell line was cultured in MEM, CAL 27
and immortalized primary human fetal astrocyte (IM-PHFA) in DMEM,
supplemented with antibiotic-antimycotic (1 X) and 10% fetal bovine
serum.

Immunofluorescence

After EGF (20 ng/m) stimulation for 1 h, FaDu cells were treated
with AGG for 24 h, followed by fixation, permeabilization, and over-
night incubation of primary antibodies (1:100; E-cadherin, involucrin,
N-cadherin, vimentin, β-catenin, and p73). The cells were further in-
cubated with the secondary anti-rabbit and/or anti-mouse antibodies
conjugated with Alexa Fluor to study the fluorescence of the desired
proteins. Imaging was performed at a 40× fluorescence microscope
(Olympus IX71; Panda et al., 2017).

Cell viability by MTT assay

About 1× 104 IM-PHFA cells/well were cultured in a 96-well plate
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at 37 °C, and treated with different concentrations of AGG for 24 h. All
experiments were performed in triplicate and the relative cell viability
was expressed as the percentage relative to the untreated control cells.

Confocal microscopy study

EGF (20 ng)-induced FaDu cells were grown on chamber slides for
24 h. Cells were treated with AGG for 24 h and then fixed in 10%
formaldehyde, washed with phosphate buffered saline (PBS), and per-
meabilized with 0.2% Triton X–100 for 20 min at room temperature,
followed by overnight incubation with Snail antibody. Cells were then
washed with PBS and incubated with secondary antibody for 6 h, fol-
lowed by DAPI counterstaining. Cell images were captured at 630×
magnification using a confocal microscope (Leica TCS SP8, Wetzlar,
Germany) at 561/405 nm laser wavelengths to detect Snail (red) and
DAPI (blue) emissions, respectively (Panda et al., 2017).

Cell invasion assay

FaDu cells were seeded in the upper compartment of the Transwell
insert containing matrigel with a pore size of 8 μm (5000 cells/) in the
serum-free culture medium. Medium with 10% fetal bovine serum was
added to the lower chamber as a chemoattractant factor. After a 24-h
treatment with AGG, the noninvading cells on the upper surface of the
membrane were gently removed with a cotton swab and fixed with 4%
methanol and stained with hematoxylin and eosin for 10 min. The fixed
cells were then observed under a bright field microscope at 10× bright
field, and the number of cells was counted per visual fields
(Bhutia et al., 2016).

Western blotting and immunoprecipitation analysis

FaDu cells were treated with AGG, followed by protein extraction.
Cell extracts were prepared in cell lysis buffer, an equal amount of
proteins was resolved by SDS-PAGE and transferred to PVDF mem-
branes, and the protein levels were evaluated using antibody against E-
cadherin, N-cadherin, involucrin, vimentin, β-catenin, SOX2, OCT4,
nestin, p73, Snail, ERK, EGRP, and ADM17 as described previously
(Sinha et al., 2017a). For immunoprecipitation analysis, cell lysates
were incubated overnight at 4 °C with anti-p73 and anti-Snail anti-
bodies, followed by coupling with protein A-Sepharose and Western
blotting as described elsewhere (Sinha et al., 2017a).

Modeling p73-Snail complex through docking and molecular dynamics
simulation

The crystal structures of tumor protein p73 and Snail protein were
obtained from the Protein Data Bank (PDB). The PDB entries were
3VD1 and 3W5K. The X-ray structures of the p73 domain were missing
some residues and atoms from 103–114, which were eventually pre-
dicted by I-TASSER software. The p73 domain contains 636 residues
after modeling through I-TASSER. Because of the unavailability of a
complete crystal structure of Snail protein, I-TASSER software predicted
its three-dimensional structure. The Snail domain contains 264 residues
after modeling through I-TASSER. The docking algorithm was then used
to locate the optimal configuration of the Snail protein close to the
active site of p73. Initially, the Snail domain was positioned near the
active site, and the docking algorithm was performed by the ClusPro 2.0
protein-protein docking server (Comeau et al., 2004). Using the protein-
protein docking algorithms, the optimal orientation of two proteins can
be found by scoring the energy based on the van der Waals interactions
and corresponding electrostatics. Therefore, the grid-based score was
generated by calculating the non-bonded terms of the molecular me-
chanics force field, and the structure with the highest score was then
considered for the molecular dynamics (MD) simulation (Panda et al.,
2017).

Plasmids and transfections

FaDu cells were transfected according to the manufacturer's in-
structions. The transfections were performed in the presence of p73DD
(Addgene plasmid # 22978), Snail (Plasmid # 16218), and an empty
backbone pcDNA3 plasmid (Addgene plasmid # 10792), which was
used for mock transfection. After 48 h of transfection, the cells were
stimulated with EGF (20 ng/ml) for 1 h and used to study the expres-
sion of the target protein.

Immunohistochemical staining and scoring

For evaluating the immunohistochemical results, formalin-fixed and
paraffin-embedded specimens of 3 to 4 μm thickness were sectioned and
staining was performed using antiCD44 (BD Biosciences, India) and β-
catenin (BD Biosciences, India) as described previously (Sinha et al.,
2017a). The semiquantitative immunohistochemical score or histoscore
(H-score) was obtained using a modified scoring method. The percen-
tage of positive cells in each high power field (400× magnification)
was calculated and assigned a relative staining intensity score of 1, 2, or
3 for low, intermediate, and high staining, respectively. The H-score
was finally calculated as the product of the percentage of positive cells
and staining intensity for each primary antibody using the formula
(1×percentage of cells staining weakly positive)+ (2×percentage of
cells staining moderately positive)+ (3×percentage of cells staining
strongly positive). The H-score ranges from 0 to 300 for each high
power field.

Statistical analysis

All data were representative of at least five independent experi-
ments, which were quantified and plotted as mean ± standard devia-
tion. Student's t-test was used for evaluating statistical differences be-
tween experimental groups. Furthermore, nonparametric tests for
statistical analysis among groups were performed by one-way analysis
of variance and Kruskal-Wallis test, with Dunn's multiple group com-
parison tests as appropriate. Statistical analyses were performed using
the SPSS Statistics 20 (IBM SPSS software, version: 20.0, Chicago, IL,
USA) and GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA,
USA). The pvalue was defined as follows: not significant: p>0.05;
*p<0.05; **p<0.01 was considered statistically significant.

Results

Abrus agglutinin inhibits epithelial-to-mesenchymal transition and stemness
in oral cancer

The EMT program disrupts the epithelial sheet and gains me-
senchymal phenotype with enhanced cell motility and is associated
with cell migration, invasion, and stemness (Smith et al., 2013; Naik
et al., 2016). To examine whether AGG inhibits EMT in oral cancer, we
aimed to determine the expression of different EMT markers upon AGG
treatment in FaDu and CAL 27 cells. This study data showed that AGG
can upregulate the expression of epithelial markers E-cadherin and
involucrin, and downregulate the expression of mesenchymal markers
N-cadherin and vimentin (Fig. 1A-D) as demonstrated by immuno-
fluorescence and Western blot analysis. Moreover, mesenchymal cells
exhibit CSC-like feature with the self-renewal property that maintains
the population of tumorigenic cells. Notably, AGG effectively sup-
presses the aberrant cytoplasmic expression of β-catenin as observed in
the immunofluorescence study (Fig. 1A-D). Furthermore, the Western
blotting analysis showed that AGG restricted the expression of SOX2,
OCT4, and nestin that support the plasticity of CSCs (Fig. 1D). Our
previous study showed that AGG inhibited activation glycogen synthase
kinase 3 β in orospheres derived from FaDu cells (Sinha et al., 2017b).
Moreover, our data showed that AGG did not show any cytotoxic effect
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on IM-PHFA (Fig. 1E), confirming AGG has no neurotoxic effect for
possible anticancer applications.

Growth factors including EGF play an intricate role in EMT, as well
as in modulating ECM degradation and facilitating the progression of
oral SCC (Baulida et al., 2015). In this study, the effect of AGG on EMT,
stemness, and invasive potential in EGF-stimulated FaDu cells was
studied. In addition, we stimulated FaDu cells with 20 ng/ml EGF for
1 h, followed by AGG treatment and observed that the E-cadherin ex-
pression increased in a dose-dependent manner in FaDu cells (Fig. 2A).
The inhibition of EMT was further shown as loss of mesenchymal
markers including N-cadherin, β-catenin, and vimentin in EGF-induced
FaDu cells (Fig. 2A). Interestingly, AGG considerably downregulated
the expression of SOX2, OCT4, and nestin in EGF-induced FaDu cells,
thereby inhibiting the pluripotency of CSCs (Fig. 2A). Furthermore,
AGG prevented the tumor cell invasive property of EGF-stimulated
FaDu cells by downregulating adisintegrin and metalloprotease

(ADAM17), which plays an implicative role in cancer cell invasion
(Fig. 2A). To emphasize our hypothesis, the invasive potential of cells
was quantified by analyzing the number of HE-stained cells that enter
into the lower chamber of Boyden chamber, which was decreased from
180 ± 6.5 (control) to 160 ± 6.8, 120 ± 7.6, and 80 ± 9 in in-
stances of 0.1, 0.5, and 1 μg/ml, of AGG, respectively (Fig. 2B and C),
confirming AGG as a potent EMT inhibitor in oral cancer.

Snail inhibition by AGG leads to p73-dependent E-cadherin-mediated EMT
regulation

Snail promotes cell migration and invasion through the suppression
of E-cadherin tumor suppressor by binding to E-boxes located in the
promoter region (Baulida et al., 2015). As Snail has a short half-life
period and gets degraded quickly (Zhou et al., 2004), we studied the
effect of AGG on Snail expression in the presence of MG132 and data

Fig. 1. AGG inhibits epithelial to mesenchymal transition and stemness in oral cancer cells. FaDu and CAL 27 cells were treated with different concentration (0.1, 0.5
and 1 µg/ml) of AGG for 24 h and analyzed for expression of E-cadherin, N-cadherin, Involucrin, Vimentin and β-catenin by fluorescence microscopy (Olympus IX71;
20×) (A and B). After 24 h of the treatment with AGG, the expression of Involucrin, E-cadherin, N-cadherin, β-catenin, Vimentin, SOX2, OCT4, Nestin and actin by
was analyzed by Western Blot (C, D). IM-PHFA cells were treated with different concentration of AGG for 24 h and cell viability was performed by MTT assay (E).
Data are reported as the mean± S.D. of three independent experiments and compared against PBS control. Densitometry was performed on the original blots,
considering that the ratio of protein to actin in control cells was 1.

N. Sinha et al. Phytomedicine 55 (2019) 179–190

182



showed that EGF-stimulated FaDu cells exhibiting a decreased expres-
sion of Snail upon AGG treatment (Fig. 3A). Furthermore, the down-
regulation of Snail was inversely correlated with p73 expression in the
presence of AGG (Fig. 3B). Our previous findings supported that AGG
effectively upregulated p73 expression in FaDu cells (Sinha et al.,
2017a). In this study, the altered p73 expression in Snail overexpressed
EGF-stimulated FaDu cells upon AGG treatment at an effective dose
(1 μg/ml; Fig. 3C and D). The overexpression of Snail inhibited cell-cell
interactions and decreased E-cadherin expression (Fig. 3D). The in-
vasive capacity of Snail overexpressed the FaDu cells, which increased
with the upregulated expression of ADAM17, compared with control
cells upon EGF stimulation. This indicates that Snail can be considered
a master gene in the EMT because of its invasive properties conferred by
the decreased cell polarity, cell dedifferentiation, changes in connec-
tions between cells, and strengthened invasive ability (Fig. 3D). More-
over, the overexpression of Snail was associated with the stemness of
FaDu cells, manifested by the upregulated expression of transcription

factors SOX2 responsible for maintaining the CSC-like phenotype
(Fig. 3D).

The cancer cells undergoing an EMT show increased resistance to
apoptosis with the potential to attain the traits of CSCs. Furthermore,
the p53 family proteins have been shown to regulate EMT (Lee et al.,
2009; Lim et al., 2010), and in this study, we investigated the role of
p73 in AGG-inhibited EMT in FaDu cells. In addition, we transiently
transfected FaDu cells with p73DD, and the p73DD-transfected FaDu
cells were stimulated by EGF, followed by a treatment with an effective
dose (1 μg/ml) of AGG. The data showed that the p73DD restored the
Snail expression compared with that in the mock cells with a decrease
in E-cadherin expression (Fig. 3E). Compared with the wild-type, the
blocked expression of p73 contributed to the invasiveness, evident from
ADAM17 expression in AGG-treated p73DD cells (Fig. 3E). The in-
creased Snail expression upon AGG treatment (1 μg/ml) in p73DD cells
corroborated with the upregulated transcription factors; SOX2 is re-
sponsible for the plasticity of CSCs (Fig. 3E). Henceforth, the disruption

Fig. 2. AGG inhibits EGF-stimulated epithelial to mesenchymal transition and stemness in FaDu cells. After EGF (20 ng/ml) stimulation for 1 h, FaDu cells were
treated with AGG (0.1, 0.5 and 1 µg/ml) for 24 h, and of the expression of E-cadherin, Vimentin, β-catenin, N-cadherin, SOX2, OCT4, Nestin and ADAM17 was
followed by Western Blot (A). After 24 h of the treatment with AGG, FaDu cells were examined by invasion assay; the cells were fixed and quantified (B, C). Data are
reported as the mean± S.D. of three independent experiments and compared against PBS control. *p-value < 0.05; **p-value < 0.01 were considered significant as
compared to control. Densitometry was performed on the original blots, considering that the ratio of protein to actin in control cells was 1.
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of E-cadherin and p73 expression with enhanced Snail expression plays
a crucial role in tumor progression, and the inhibition of Snail by AGG
may have therapeutic benefits.

p73 induction leads to Snail degradation-mediated epithelial-to-
mesenchymal transition inhibition

Snail has been shown to interact with tumor-associated proteins
including HDAC1, DNMT1, and p53 to regulate EMT, invasion, and
metastasis (Lim et al., 2010). To establish a relation between Snail and
p73, we studied their direct interaction through co-immunoprecipita-
tion. Co-immunoprecipitation studies were conducted to extract Snail
and p73 from the cell lysates using anti-Snail or anti-p73 for im-
munoprecipitation, followed by immunoblotting with anti-p73 or anti-
Snail antibody after AGG treatment in FaDu cells. The results showed

that Snail interacted with p73 in EGF-induced FaDu cells, whereas AGG
hindered this interactome, leading to the release of p73 from Snail se-
questration to modulate EMT inhibition (Fig. 4A).

To understand the molecular interaction between the p73 domain
and Snail, we performed a 10-ns-long MD simulation of the docked p73-
Snail complex (Fig. 4B and C). At the end of the simulation, the complex
was quite stable with a root mean square deviation value of 3 to 4.5 Å
for the Cα backbone atoms (Supplementary Section Fig. S1). MM-GBSA
method was used to calculate the binding free energy of p73 domain
with Snail protein. The binding free energy calculated using the MM-
GBSA method was− 50.561 kcal mol−1 for the complex (Supplemen-
tary Table 1). The favorable contribution from the direct electrostatic
interactions between p73 domain and Snail was recompensed by the
electrostatic desolvation free energy upon binding, which progressed to
an unfavorable contribution as a whole, consistent with other MM-

Fig. 3. Snail inhibition by AGG leads to a p73-dependent E-cadherin mediated EMT regulation in FaDu cells. FaDu cells were pre-treated with MG132 for 2 h
followed by EGF stimulation and treatment with the effective dose of AGG (1 µg/ml) to monitor the Snail expression by Western Blot (A). p73 expression was
monitored in AGG (0.1, 0.5, and 1 µg/ml) treated FaDu cells by Western Blot (B). FaDu cells were transfected with Snail and p73DD with empty backbone pcDNA3
and the expression of the target proteins was analyzed by Western blot (C). After 48 h of transfection, the cells were stimulated with EGF (20 ng/ml) for 1 h, and
treated with an effective dose of AGG (1 µg/ml) for 24 h to study the target protein expression by Western Blot (C, D, E). Densitometry was performed on the original
blots, considering that the ratio of protein to actin in control cells was 1.
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GBSA and MM-PBSA studies. In contrast, nonpolar interactions,
ΔGnonpolar (including van der Waals interactions and nonpolar solva-
tion), contribute− 154.291 kcal mol−1, which is highly favorable for
the binding process and consistent with the large hydrophobic binding
surface between p73 domain and Snail. Through the decomposition of
the binding free energy into the individual contribution from each re-
sidue, it was possible to recognize the binding hotspots for p73 domain
and Snail (Fig. 4D). In addition, this showed that the several residues of
p73 domain favorably contribute more than− 2.0 kcal mol−1: Thr5,
Gly12, Thr13, Thr14, His17, Ile155, His197, Phe203, and Ser261.
Moreover, some other residues (including Asn196, Asn259, and Ser260)
contribute more than− 1 kcal mol−1 (Fig. 4E). These key residues of
p73 domain that interact with Snail are mainly from the very first α-
helix from the N-terminus and the connecting loops between the first
and second antiparallel beta-sheets pair. Furthermore, in Snail, Thr89,
Gln101, Pro102, Pro103, and Ser103 each contribute more
than− 2.0 kcal mol−1 of the free energy, whereas Leu88, Ser92, Ser96,

Gly99, Pro105, Pro106, Ser107, Pro110, Thr116, Pro130, Gly131,
Leu132, Gly133, and Gln149 contribute more than− 1 kcal mol−1 of
the free energy (Fig. 4F). In addition, it was found that these crucial
residues on the Snail surface are mainly from the second α-helix and the
connecting loop between the second and third α-helix in the core re-
gion.

We further determined the mechanism of decreased expression of
Snail in AGG-treated FaDu cells. The confocal microscopy data showed
that the Snail protein was mainly localized in the nucleus of EGF-in-
duced FaDu cells, whereas it was mostly found in the cytoplasm of
AGG-treated cells, indicating that AGG resulted in the translocation of
Snail from the nucleus to the cytoplasm in FaDu cells (Fig. 5A). Fur-
thermore, we observed that Snail was considerably ubiquitinated in
FaDu cells in the AGG-treated group compared with that in control
group (Fig. 5B), concluding the disruption of Snail-p73 interaction by
AGG leading to the cytoplasmic translocation of Snail and degradation
through ubiquitination to cause EMT inhibition.

Fig. 4. Snail translocation to cytosol followed by its ubiquitination in FaDu cells. EGF (20 ng/ml) induced FaDu cells were treated with AGG for 24 h and expression
of Snail was examined by confocal microscopy (Leica TCS SP8; 630×) (A). After treatment with AGG, Snail/Ub interaction in FaDu cells was studied by im-
munoprecipitation analysis. Data are reported as of three independent experiments and compared against PBS control. Densitometry was performed on the original
blots, considering that the ratio of protein to actin in control cells was 1.
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AGG regulates EMT, stemness, and invasion through ERK inhibition

Cytoplasmic/nuclear β-catenin expression has been found to con-
siderably associate with EGFR expression in OSCC (Zhang et al., 2014).
The EGFR overexpression has been demonstrated in approximately 90%
of head and neck cancers (Mishima et al., 1998; Gkouveris et al., 2014),
and our data showed the downregulation of EGFR in AGG-treated EGF-
induced FaDu cells in a dose-dependent manner (Fig. 6A). Furthermore,
the oral SCC has been reported to use alternative signaling pathways
including PI3K/Akt, MEK/ERK, or Wnt/β-catenin pathway for tumor
progression. In the presence of different growth signals including EGF,
Snail expression is modulated through ERK and serine/threonine ki-
nases, resulting in increased cell spreading and greatly enhanced cell
survival. This study showed that AGG downregulated the activated
ERK1/2 in response to EGF stimulation in FaDu cells (Fig. 6B). On in-
troduction of PD98059, a highly selective flavonoid that specifically
binds to the inactive forms of MEK1 and inhibits both MEK 1 and MEK2
activation in vitro with varying IC50 values ameliorated ERK inhibition
in the presence of AGG (Fig. 6C). In addition, the downstream molecule
of ERK and Snail expression decreased in FaDu cells. Following the
downregulation of Snail, E-cadherin, one of the structural proteins re-
garded as caretakers of the epithelial phenotype, was upregulated
shunting the expression of SOX2, OCT4, and nestin transcriptional
factors responsible for the stemness and invasive marker ADAM17 in
EGF-stimulated FaDu cells (Fig. 6D). The molecular mechanisms in-
volved in ERK1/2-mediated EMT inhibition and cell death in oral
cancer are largely unknown. In this study, data showed that AGG de-
activated ERK1/2 and prompted an increased p73 expression in EGF-
induced FaDu cells, concluding that p73 acts downstream of MEK ac-
tivation and plays a crucial role in Snail inhibition.

Effect of AGG on the expression of EMT modulators in FaDu xenograft tissue

To further uphold our in vitro finding under in vivo conditions, we
then examined the effect of AGG on the expression of E-cadherin, Snail,
p73, vimentin, and SOX2 in FaDu xenograft tissues. In a previous study,
we investigated that AGG strongly (50 μg/kg body weight) inhibited
the xenograft tumors of FaDu cells in athymic nude mice. The tumor
tissues were subjected to immunohistochemistry analysis to examine
the status of molecules involved in the EMT and stemness. In addition,
the analysis of FaDu xenograft tissue sections revealed that there was a
remarkable increase in the expression of E-cadherin and p73 with a
decrease in the expression of Snail, vimentin, and SOX2 in the AGG-
treated group compared with that in the control group (Fig. 7A). The
immunoreactivity score clearly distinguished the expression of E-cad-
herin as low and moderate, p73 as low and high in control and treated
groups, and Snail as moderate and low in control and treated groups,
followed by vimentin and SOX2 with high and low immunoreactivity
score in the control and treated groups (Fig. 7B). Overall, these findings
suggest that AGG suppressed the expression of the mesenchymal phe-
notypes and stemness in vivo along with the upregulation of E-cadherin
and p73 as a part of its anticancer efficacy against HNSCC (Fig. 7C).

Discussion

Despite progress in the available successive treatments, oral cancer
is associated with high morbidity and poor prognosis because of local
invasiveness and distant metastasis (Sinha et al., 2013; Naik et al.,
2016). The metastasis progression is due to the aggressive phenotypical
change through the induction of EMT, and the inhibition of EMT can be
a critical strategy for preventing or delaying cancer progression (Li
et al., 2013; Lee et al., 2015; Pan et al., 2015; Su et al., 2015; Jiao et al.,

Fig. 5. Snail interacts with p73. FaDu cells were treated with AGG for 24 h and immunoprecipitated with anti–p73or anti–Snail followed by immunoblotting with
anti–Snail or anti–p73 antibodies (A). Data are reported of three independent experiments and compared against PBS control. Densitometry was performed on the
original blots, considering that the ratio of protein to actin in control cells was 1. A schematic ribbon representation of the predicted structures of (A) p73 and (B)
Snail from ab initio modeling by I-TASSER protein structure prediction software is given. A schematic ribbon representation of the p73-Snail complex structure is
shown in different colors. P73 domain is shown in green color while the Snail structure is shown in purple color. Residues showing the interactions are shown as
sticks along domain interface for both p73 and Snail. Black dashed lines show the polar contacts between the residues. The decomposition of ΔG on a per-residue
basis or the pair interaction energy between p73 domain and Snail: (a) the contribution of each residue in p73 to Snail domain binding; (b) the contribution of each
residue in Snail to p73 domain binding. The distributions of the identified hotspot residues on the p73 domain in surface representation. Colored bars show the range
of contributions by residues in the unit kcal/mol. The distributions of the identified hotspot residues on the Snail in surface representation. Colored bars show the
range of contributions by residues in the unit kcal/mol.
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2016). Phytotherapeutic agents with multiple molecular targets can be
a novel effective drug for metastatic oral cancer. Natural molecules
including curcumin (Lee et al., 2015; Jiao et al., 2016), plumbagin
(Pan et al., 2015), pterostilbene (Su et al., 2015), and resveratrol
(Li et al., 2013) have been successfully established as anti-invasive and
anti-metastatic compounds. AGG displays potent anticancer activities
through its inhibitory effects on multiple signaling pathways, including
angiogenesis, autophagy, and apoptosis. In this study, AGG treatment
can reduce EMT progression with the re-establishment of E-cadherin
expression, followed by Snail inhibition, and rescued apoptotic poten-
tial of inactivated p73 in oral cancer (Fig. 8).

EMT is a key step toward cancer progression through the loss of E-
cadherin expression in different types of cancer including oral cancer
(Smith et al., 2013). Interestingly, the overexpression of E-cadherin in
the invasive carcinoma of colorectal cancer can inhibit metastatic
abilities (Lee et al., 2012). Furthermore, CSCs can display EMT

phenotypes with the loss of E-cadherin expression, and these stem cells
may migrate to a distant site and be responsible for metastatic relapse,
particularly after cancer surgery (Zhu et al., 2012; Zhang et al., 2014).
Our data revealed that AGG inhibited the cells undergoing EMT,
characterized by the upregulation of E-cadherin and involucrin and
downregulation of N-cadherin and vimentin in different types of oral
cancer cells. Subsequently, CSC markers were quantified in oral cancer
cells, and data showed that the expression of OCT4, SOX2, and β-ca-
tenin decreased upon AGG treatment. Notably, we demonstrated the
ability of AGG to inhibit the acquisition of mesenchymal phenotype and
stemness in vivo, indicating AGG targets both EMT and stemness as part
of its anticancer efficiency in oral cancer.

Several transcription factors have been implicated in the suppres-
sion of E-cadherin expression including Snail, ZEB–1, Slug, and Twist.
The loss of E-cadherin expression is influential because of the over-
expression of Snail or Twist that plays a distinct role in tumor

Fig. 6. AGG regulates EMT, stemness, invasiveness through ERK inhibition. FaDu cells were stimulated with EGF (20 ng/ml) for 1 h and were treated with AGG for 24
h and the expression of EGFR was examined by Western blot (A). After treatment with AGG (1 µg/ml), FaDu cells were analyzed for ERK expression by Western blot
(B). On introduction of PD98059, a highly selective flavonoid that specifically binds to inactive forms of MEK1, the expression of ERK in presence of effective dose of
AGG (1 µg/ml) was monitored (C), followed by evaluation of Snail, E-cadherin, p73, ADAM17, OCT4, and SOX2 by Western Blot (D). Data reported as three
independent experiments and compared against PBS control. Densitometry was performed on the original blots, considering that the ratio of protein to actin in
control cells was 1.
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progression identified in various types of epithelial tumors, including
gastric, prostate, breast, and head and neck cancers (Baritaki et al.,
2009; Lim et al., 2010; Smith et al., 2013 Zander et al., 2014; Smith
et al., 2014). In addition, the overexpression of Snail in the nonmeta-
static LNCaP cells resulted in EMT induction and acquisition of more
mesenchymal phenotype than the wild-type cells (Baritaki et al., 2009).
AGG controlled the Snail-mediated EMT and thus restricted the ability
of tumor cells to invade and metastasize, with a decrease in the ex-
pression of ADAM17 in EGF-induced FaDu cells. Interestingly, the
overexpression of Snail in FaDu cells modulated EMT and E-cadherin
expression in the presence of AGG. The tumor suppressor p53 family
proteins play crucial roles in controlling cancer invasion and metastasis
(Powell et al., 2014). For example, p53 knockdown in hepatocellular
carcinoma cells played a pivotal role in EMT and metastasis through its
regulation in vitro and in vivo by modifying β-catenin signaling
(Lim et al., 2010). Another member p73 acts as a negative regulator of
EMT for maintaining the normal cell polarity in mammary epithelial
cells (Zhang et al., 2012). In association with this, this study showed
that AGG-induced p73 inhibited EMT and invasion in FaDu cells, which
was reversed in p73-deficient FaDu cells. A previous study showed that
curcumin treatment stimulated p53 expression to inhibit EMT and
metastasis in oral SCC (Lee et al., 2015). The activation of EMT through
Snail has been observed to be associated with ERK signaling in cancer
and the inhibition of p-ERK with UO126 that resulted in a decrease in
Snail expression and reverted EMT in breast cancer (Smith et al., 2014).
Notably, a natural compound Oroxylin A inhibited EMT by suppressing
ERK/GSK–3β/Snail signaling in nonsmall-cell lung cancer cells

Fig. 7. AGG inhibits the expression of EMT regulators and stemness in FaDu xenograft tissue. FaDu xenograft tissues were harvested followed by fixation with
formalin and paraffin-embedded sections were immunostained for E-cadherin, p73, Snail, Vimentin, and SOX2 in control and treated groups (A). The semi-
quantitative immunoreactive analysis of PCNA and active caspase–3 was carried out by histoscore method (C). Data are reported as the mean±S.D. of three
independent experiments and compared against PBS control. *p value < 0.05 was considered significant as compared to control.

Fig. 8. A flowchart depicting the mechanism of snail degradation by AGG is
given. AGG treatment in EGF-induced FaDu cells induces p73 activation and
inhibits Snail-p73 interaction for Snail degradation resulting in the upregula-
tion of epithelial marker and downregulation of mesenchymal markers and
stemness.
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(Wei et al., 2016). Accordingly, this study showed that AGG attenuated
the activation of ERK1/2 to reduce the Snail level in EGF-stimulated
FaDu cells for regulating EMT as a promising process for targeting
tumor metastasis.

The degradation of Snail to regulate the protein level plays a crucial
role in inhibiting Snail-induced tumor malignancy. For instance,
FBXO11 promoted the ubiquitination and degradation of Snail through
protein kinase D1 phosphorylation at Ser–11 in Snail to inhibit Snail-
dependent EMT and metastasis in multiple breast cancer cells
(Zheng et al., 2014). Similarly, the interaction between the Notch1
intracellular domain and Snail resulted in the MDM2-dependent de-
gradation of Snail to block Snail-regulated invasive properties in he-
patocellular carcinoma (Lim et al., 2011). Moreover, the degradation of
Snail/Slug is controlled by p53 protein (Lim et al., 2010). Although p73
plays a role in EMT, its association with Snail has not been interpreted
previously. This study showed that AGG-induced p73 has an essential
role in Snail translocation and degradation to regulate EMT in FaDu
cells. The molecular mechanism of p73-dependent Snail degradation
and contribution of key molecules in this process to inhibit EMT are yet
to be investigated. In conclusion, AGG inhibits invasion and stemness
through Snail degradation in a p73-dependent pathway (Fig. 8), which
may be a potent therapeutic agent for a metastatic tumor in oral cancer.
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