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A B S T R A C T

Despite the primary surgical treatment for breast cancer patients, malignant invasiveness and metastasis remain 
threatening factors for women with breast cancer. As chemotherapy yields unsatisfactory results, it prompted us 
to search for effective natural agents with few side-effects. Although andrographolide (ADGL), a natural diter
penoid lactone isolated from Andrographis paniculata, presents anticancer effects, the molecular mechanism re
mains unknown. Initially, on comparing the expression of proteins related to epithelial–mesenchymal transition 
(EMT) between nonmetastatic cancer MCF7 cells and highly metastatic cancer MDA-MB-231 cells, we found that 
MDA-MB-231 cells exhibit higher protein levels of N-cadherin and vimentin and lower protein levels of E-cad
herin when compared to MCF7 cells. Moreover, MDA-MB-231 cells also exhibited higher EGFR expression and 
activity, higher STAT1 activity and abundant HDAC4 expression. To elucidate whether these proteins are closely 
associated with EMT, EGFR, STAT1 or HDAC4, the proteins were silenced in MDA-MB-231 breast cancer cells by 
their specific siRNAs. We found that silencing these proteins reduced EMT, indicating an important role of EGFR, 
STAT1 and HDAC4 in EMT progression. When we treated MDA-MB-231 cells with ADGL as a potential thera
peutic drug, we found that ADGL treatment inhibited cell migration and invasion. Furthermore, it also recovered 
E-cadherin expression and decreased N-cadherin and vimentin protein levels. ADGL treatment reduced EGFR
expression at a lower concentration (1 μg/mL); however, STAT1 activity and HDAC4 expression was reduced by
a higher concentration (5 μg/mL) of ADGL. Moreover, we observed that the combined treatment with ADGL and
siRNAs against these proteins highly sensitized the MDA-MB-231 cells to apoptosis compared to that with ADGL
and control siRNA. Collectively, our results suggest that ADGL targets EGFR, thereby inhibiting EMT in human
breast cancer cells.

1. Introduction

Recently, the World Health Organization reported that breast cancer
is the most frequently diagnosed cancer in women worldwide, and 
comprises 16 % of all female cancers. Moreover, a major hurdle in breast 
cancer therapy is that breast cancer patient’s present metastasis after 
initial response to the standard care therapy. Epithelial–mesenchymal 
transition (EMT) imparts metastatic potential to epithelial cancer cells, 
enabling them to invade, migrate and subsequently disseminate to form 

distant metastases resulting in a noncurable disease. EMT facilitates an 
increase in the subpopulation of cancer stem cells (CSCs) and is associ
ated with a chemoresistant phenotype in breast cancer [1]. EMT is a 
multistep process involving the gradual loss of cell–cell adhesions and 
tight junctions leading to cytoskeleton reorganization and loss of apical 
polarity, which eventually enables a cancer cell of epithelial origin to 
attain spindeloid morphology. Pharmacological inhibition of EMT can 
potentially lead to reversion of aggressive breast cancer cells to a more 
differentiated epithelial phenotype by inducing mesenchymal–epithelial 
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transition (MET) in order to prevent metastasis and distant recurrence. 
In recent years, bioactive components from plants used in traditional 

Asian medicine have been shown to be effective as potential cancer 
preventive as well as therapeutic agents. Leaves from Andrographis 
paniculata plant species have been successfully used in the traditional 
Thai medicine. A. paniculata is widely used to prevent common cough 
and colds, remove body heat, dispel toxins from the body and acts as an 
antidote against snake and insect poisons [2]. Moreover, the plant has 
been reported to exhibit various in vivo as well as in vitro biological ac
tivities such as antidiabetic [3], antiviral [4], anti-inflammatory [5], 
anti-HIV [6], immunomodulatory [7] and anticancer [8] activities. The 
medicinal benefits of A. paniculata have been attributed to a natural 
diterpenoid lactone, andrographolide (ADGL), isolated from the extract 
of A. paniculata leaves. The anticancer activities of ADGL, such as sup
pression of angiogenesis [9] and cell migration, invasion [10] and pro
liferation [11] have been reported in multiple cancer cell lines and 
tumor models. Cellular studies have provided novel insights into the 
mechanisms underlying the anticancer effects of ADGL. For example, 
ADGL inhibits the proliferation of human breast cancers via suppressing 
COX-2 expression at both protein and mRNA levels [9]. In MCF-7 breast 
cancer cells, andrographolide inhibited MMP-9 protein expression and 
its enzyme activity, and suppressed cell migration and invasion [12]. 
Moreover, ADGL reduced the levels of phosphorylated Akt (Ser473) and 
Akt (Thr308) in the treated cells [13] and inhibited matrix metal
loprotein (MMP)-mediated cell proliferation and migration in T47D and 
MDA-MB-231 cells [14]. Moreover, EGFR is upregulated in various 
cancers involving the lung [15], gliomas [16], ovaries [17] and breast 
[18]. As a result, EGFR is considered a prime target in the development 
of cancer therapies [19], and hence, is emphasized in our present study. 
Interestingly, we found that ADGL targets EGFR, thereby inhibiting EMT 
at an early stage in cancer metastasis. Therefore, the study investigated 
the potential of andrographolide, isolated from A. paniculata, in inhib
iting EMT in breast cancer cells and elucidated the underlying molecular 
mechanisms. 

2. Materials and methods 

2.1. Materials and reagents 

All the chemicals, reagents and solvents used in the study were of 
reagent grade. The cell lines namely, Human breast cancer; MCF-7 (low 
invasive, estrogen-responsive cells) and MDA-MB-231 (high invasive, 
estrogen nonresponsive) cell lines were purchased from ATCC, Mana
ssas, VA, USA. Dulbecco’s modified Eagle medium (DMEM) fetal bovine 
serum (FBS) penicillin, and streptomycin (PEN/STEP) were purchased 
from Gibco (Grand Island, NY, USA). The reagents namely, NaCl (so
dium chloride), NP-40 (nonylphenoxypolyethoxyethanol), Tris-HCl [tris 
(hydroxymethyl)-aminomethane-hydrochloric acid, Na2VO3 (sodium 
orthovanadate), NaF (sodium fluoride) and protease inhibitors were 
purchased from Sigma-Aldrich and Merck Life Science Private Limited 
(Bangkok, Thailand). The primary antibodies for western blotting assay 
namely, cleaved poly (ADP-ribose) polymerase (PARP; Asp214) and 
HDAC4 antibodies were purchased from Cell Signaling Biotechnology 
(Beverly, MA, USA), Actin (C4), STAT1, and p-STAT1 antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA), EGFR, 
p-EGFR, E-cadherin, N-cadherin and vimentin antibodies and the sec
ondary antibodies for western blotting assay namely, horseradish 
peroxidase-conjugated with rabbit or mouse immunoglobulin G were 
purchased from Abcam (Cambridge, MA, USA). The secondary antibody 
for immunofluorescence assay namely; Alexa Fluor 418-conjugated goat 
anti-mouse and donkey anti-rabbit antibody were purchased from Mo
lecular Probes (Eugene, OR, USA). The reagents for short interference 
(Si) RNA transfection namely; Sicontrol, SiEGFR, SiHDAC4 and SiSTAT1 
were purchased from Bioneer (Daejeon, Korea). Lipofectamine 2000 was 
purchased from Invitrogen (Carlsbad, CA, USA). The reagent for 
Transwell invasion assay namely; Matrigel was purchased from BD 

Biosciences (FL, USA). 

2.2. Collection of plant material 

Leaves of A. paniculata were collected in August 2018 from Songkhla 
Province, southern part of Thailand. Botanical identification was done 
by Ubonwan Upho, Ph.D. and Miss Manee Keawchanid from Thaksin 
University. A voucher specimen (No. 1(A)1) has been deposited at the 
Thaksin University Plant Herbarium. 

2.3. Isolation and characterization of andrographolide 

Ground-dried leaves of A. paniculata (500 g) were extracted with 
CHCl3 (for 72 h) at room temperature and were further evaporated 
under reduced pressure to afford a greenish crude CHCl3 extract, which 
was defatted with n-hexane and then subjected to quick column chro
matography (QCC) eluting with increasing polarities of 0–70 % v/v of 
EtOAc in n-hexane to yield 10 fractions (F1-F10). Fraction F4 was 
further separated by column chromatography (CC) with a gradient of 
0–70 % v/v of EtOAc in n-hexane to afford 5 subfractions (F4A-F4E) and 
ADGL (86.3 mg), which was recrystallized from the CHCl3-CH3OH 
(8:2 v/v) to give plate-shaped colorless single crystals of ADGL [20]. The 
structure of ADGL was analyzed by melting point, FT-IR, 1H NMR 
(Supplementary Fig. 1s and Table 1s) and 13C NMR (Supplementary 
Fig. 2 s). The purity of the compound has been evaluated with thin-layer 
chromatography (TLC) and High-performance liquid chromatography 
(HPLC) (Supplementary Fig. 3 s). 

2.4. Preparation of cell cultures 

Human breast cancer; MCF-7 (low invasive, estrogen-responsive 
cells) and MDA-MB-231 (high invasive, estrogen nonresponsive) cell 
lines were cultured in Dulbecco’s modified Eagle medium (DMEM), 
supplemented with 10 % fetal bovine serum (FBS), 1 % penicillin, and 
streptomycin at 37 

◦

C in a humidified atmosphere of 5 % carbon dioxide 
(CO2) in air. 

2.5. Western blotting assay 

MCF-7 and MDA-MB-231cell lines were harvested and lysed with the 
lysis buffer (150 mM NaCl, 1 % NP-40, 50 mM Tris-HCl pH 7.5 con
taining 0.1 mM Na2VO3, 1 mM NaF and protease inhibitors. For 
immunoblotting, proteins from the whole-cell lysates were resolved by 
10 % or 12 % sodium dodecyl sulfate (SDS)-polyacrylamide gel elec
trophoresis (PAGE) and then transferred to nitrocellulose membranes. 
Primary antibodies namely, cleaved poly (ADP-ribose) polymerase 
(PARP; Asp214) and HDAC4 antibodies. Actin (C4), STAT1 and p-STAT1 
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antibodies were used at 1:1000 or EGFR, p-EGFR, E-cadherin, N-cad
herin and vimentin antibodies were used at 1:2000 dilutions and sec
ondary antibodies, horseradish peroxidase-conjugated with rabbit or 
mouse immunoglobulin G was used at 1:2000 dilutions in 5 % nonfat dry 
milk. After the final washing step, the nitrocellulose membranes were 
subjected to an enhanced chemiluminescence assay using the LAS 4000 
mini. Densitometric analysis of protein expression levels from all ex
periments were performed using ImageJ software for density of protein 
band analysis. The visualization of β-actin was used to ensure equal 
sample loading in each lane. All experiments were repeated at least 3 
times. 

2.6. Immunofluorescence assay 

MCF-7 and MDA-MB-231cell lines were fixed with 4 % para
formaldehyde for 15 min, permeabilized with cold acetone for 15 min, 
blocked with 10 % goat serum for 30 min, and treated with primary 
antibodies (1:100 dilutions) for 30 min at room temperature. After in
cubation, the cells were washed extensively with PBS, incubated with 
Alexa Fluor 418-conjugated goat anti-mouse or donkey anti-rabbit 
antibody (1:500 dilution) in PBS for 30 min at room temperature, and 
were then washed thrice with PBS. For nuclear staining, the cells were 
incubated with DAPI for 5 min in the dark and washed thrice with PBS. 
The stained cells were mounted using PBS containing 10 % glycerol and 
the images were observed using a fluorescence microscope. The MDA- 
MB-231cell lines was treated with ADGL (5.0 μg/mL) and then was 
examined phospho-EGFR protein expression levels using immunofluo
rescence assay. 

2.7. Short interference RNA transfection 

MDA-MB-231 cell line were trypsinized and incubated overnight to 
achieve 60 %–70 % confluency before small interfering RNA (SiRNA) 
transfection. Human STAT1-siRNAs (100 nM), human HDAC4-SiRNAs 
(100 nM), or negative control SiRNAs (100 nM) were mixed with Lip
ofectamine 2000. The cells were incubated with the transfection mixture 
for 24 h and were then rinsed with DMEM medium containing 10 % fetal 
bovine serum. The cells were incubated for 24 h before harvest. In the 
ADGL combination, the transfected cell was incubated in the medium 
with or without ADGL at 5 μg/mL for 24 h after transfection with a 
control SiRNA or SiRNAs against EGFR, STAT1 or HDAC4 before harvest 
for western blotting assay. 

2.8. Wound-healing assay 

MDA-MB-231 cell line or SiEGFR, SiHDAC4, SiSTAT1 and Sicontrol 
transfected cell line (1 × 105 cells/well) were plated in the growth 
medium in 24-well plates and incubated for 24 h. After confirming the 
formation of a complete monolayer. The monolayer was washed twice 
with PBS to remove debris or the detached cells from the monolayer, and 
then medium with or without ADGL by various concentrations (1, 5 and 
10 ug/mL) was added the cells and incubated for 24 h. Migration and 
cell movement throughout the wound area were visualized and photo
graphed under a phase-contrast microscope at 0, 12 and 24 h. The cell 
wound closure rate was calculated using the following equation: Wound 
closure = [1-(wound area at Tt/wound area at T0)] × 100, where Tt is 
the time passed since wounding and T0 is the time the wound was 
created. The experiments were performed in triplicate. 

2.9. Transwell invasion assay 

Cell invasive capacity of MDA-MB-231 cell line or SiEGFR, SiHDAC4, 
SiSTAT1 and Sicontrol transfected cell (5 × 104 cells per well) were 
determined using a Transwell Filter (8 μm pore size, Corning) with 
Matrigel. Briefly, PC cells treated with ADGL combination were trans
ferred in each upper chamber in 200 μL of serum-free medium, and then 

500 μL of complete medium was added into each bottom chamber with 
the same concentration of ADGL. After incubation for 24 h, the cells in 
the upper chamber were removed, and the invading cells in the mem
brane were stained with hematoxylin–eosin. The stained cells were 
photographed and counted under a light microscope in at least six 
randomly-selected fields. 

2.10. Cell viability assay 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay was performed for the measurement of cell survival as 
previously described [21]. Dye solution containing tetrazolium was 
added to the cells in the 96-well plate and incubated for 2 h. The 
absorbance of the formazan produced by living cells was measured at 
570 nm. The relative percentage of cell survival was calculated using the 
following equation: % cell survival = (ODT / ODC), where ODT is the 
mean absorbance of the treated cell and ODC is the mean absorbance of 
the control cell. 

2.11. Statistical analysis 

Data are presented as a means + standard deviation (S.D.) with n=3. 
Statistical analyses were performed with the One-way Anova using 
GraphPad Instat (GraphPad software, San Diego, CA, USA). Values 
significantly different from the control are presented by *P < 0.05, **P <
0.01, and ***P < 0.001. 

3. Results and discussion 

3.1. MDA-MB-231 cells exhibit more drastic features of EMT compared 
to the MCF-7 cells 

Epithelial to mesenchymal transition (EMT) progression is a crucial 
step that precedes the induction of motility and invasive potential dur
ing metastatic progression of malignant cells. Biochemical hallmarks of 
EMT reversal include gain of expression in the epithelial marker proteins 
such as E-cadherin with a concomitant decrease in the mesenchymal 
marker (e.g., vimentin and N-cadherin) expression [22]. Several studies 
have linked EMT to the invasive and metastatic potential of breast 
cancer cells [23]. A feature of EMT includes the suppression of E-cad
herin expression, which disrupts the activation of signaling pathways 
that control cell migration, invasion and metastasis [24]. To investigate 
the correlation of metastatic properties and biochemical features, we 
compared the expression of protein related to EMT between a non
metastatic cancer cell line (MCF-7) and one highly metastatic cancer cell 
line (MDA-MB-231). We found that the protein levels of N-cadherin and 
vimentin were upregulated and E-cadherin expression was decreased in 
the MDA-MB-231 cells compared to those in the MCF-7 cells (Fig. 1A). 
Immunofluorescent microscopy confirmed the lower levels of E-cad
herin in MDA-MB-231 cells and higher levels of E-cadherin in MCF-7 
cells (Fig. 1B). As we observed that upregulation of EGFR, STAT1 and 
HDAC4 was involved in drug resistance as well as EMT in the cancer 
cells overexpressing cancer upregulated gene (CUG)2 [25], we explored 
the protein levels in both breast cancer cells. MDA-MB-231 cells 
exhibited higher levels of p-EGFR, EGFR, p-STAT1 and HDAC4 
compared to those in MCF-7 cells (Fig. 1C). Moreover, enhanced levels 
of EGFR protein were detected in the MDA-MB-231 cells rather than 
MCF-7 cells (Fig. 1D). Based on this result, we thus assume that higher 
levels of p-EGFR, EGFR, p-STAT1 and HDAC4 might be involved in the 
metastatic properties of breast cancer cells as seen in the cancer cells 
overexpressing CUG2 [25]. 

3.2. Silencing EGFR, STAT1, or HDAC4 inhibits EMT in MDA-MB231 
breast cancer cells 

As we observed the elevated expression or activity of EGFR, STAT1 
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or HDAC4 in metastatic MDA-MB 231 breast cancer cells compared to 
those in nonmetastatic MCF-7 breast cancer cells (Fig. 1), we next 
investigated whether these proteins are closely associated with EMT 
progression in the MDA-MB 231 cells. To test our hypothesis, siRNAs 
against EGFR, STAT1 and HDAC4 were introduced in MDA-MB 231 
cells. Silencing EGFR, STAT1 or HDAC4 reduced wound healing of the 
scratch made in the MDA-MB-231 cells (Fig. 2A). Silencing EGFR, STAT1 
or HDAC4 also inhibited cell invasion (Fig. 2B). Supporting these results, 
the knockdown of EGFR, STAT1 or HDAC4 increased the E-cadherin 
levels and decreased N-cadherin and vimentin levels (Fig. 2C). Collec
tively, these results suggest that EGFR, STAT1 and HDAC4 protein are 
involved in EMT progression in MDA-MB-231 cells. Previous studies 
have reported that EGFR, STAT1, and HDAC4 activation is associated 
with chemoresistance [26–29] and malignant phenotypes such as EMT 
[25,30]. These studies support our finding that the suppression of EGFR, 
STAT1 and HDAC4 can inhibit malignant phenotypes, including 
migration, invasion, and adhesion in MDA-MB-231 cells. Our study 
demonstrated that the decrease in EGFR, STAT1 and HDAC4 levels by 
ADGL treatment diminished the expression of mesenchymal protein 
markers such as N-cadherin and vimentin but enhanced the expression 
of the epithelial protein marker E-cadherin. 

3.3. ADGL inhibits EMT progression in MDA-MB-231 cancer cells 

To inhibit the EMT progression of metastatic MDA-MB-231 cells, we 
isolated ADGL from A. paniculata and confirmed its structure by 1 H 

NMR. After treating the MDA-MB 231 breast cancer cells with ADGL, cell 
scratch assay was performed. Furthermore, we found that wound heal
ing was decreased in an ADGL dose-dependent manner (Fig. 3A). Cell 
migration was also reduced upon ADGL treatment in a dose-dependent 
manner (Fig. 3B). ADGL treatment increased the E-cadherin expres
sion and decreased the expression of N-cadherin and vimentin (Fig. 3C). 
These results suggest that ADGL inhibits EMT progression in MDA-MB- 
231 breast cancer cells. Some other natural compounds have also been 
shown to target EGFR, thereby inhibiting EMT [29,31,32]. For example, 
propolin C, a c-prenylflavanone from Taiwanese propolis, decreased 
EGF-mediated EMT by inhibiting the Akt-ERK signaling axis [29]. 
Honokiol, purified from the bark of traditional Chinese herbal Magnolia 
species exerted inhibitory action on the EGFR-Akt-STAT3 signaling 
pathway, leading to EMT [31]. Curcumin, a natural polyphenol com
pound derived from turmeric, also exhibited anti-inhibitory effect on 
EMT by targeting EGFR signaling [32]. 

3.4. ADGL suppresses the expression and activity of EGFR, STAT1, and 
HDAC4 in MDA-MB-231 breast cancer cells 

As we observed that ADGL treatment inhibited EMT progression in 
MDA-MB-231 breast cancer cells (Fig. 3), we investigated whether ADGL 
treatment diminishes the expression and activities of EGFR, STAT1 and 
HDAC4, thus impeding EMT progression. We examined the expressions 
and activities of EGFR, STAT1 and HDAC4. We found that ADGL treat
ment did not reduce the expression levels of EGFR even at 10 μg/mL; 

Fig. 1. MDA-MB-231 cells exhibit the elevated expression of EGFR, STAT1 and HDAC4 compared to MCF-7 cells. (A) Cell lysates from MCF-7 and MDA-MB-231 cells 
were prepared and separated by 10 % SDS-PAGE. The expression of E-cadherin, N-cadherin and vimentin was detected via immunoblotting (compared between MCF- 
7 and MDA-MB-231 cell lines, ***P < 0.001). (B) The expression of E-cadherin was detected by immunofluorescence using an Alexa Fluor 488-conjugated secondary 
antibody (green). DAPI was added for nuclear staining (blue). Scale bar indicates 10 µm. (C) Cell lysates from MCF-7 and MDA-MB-231 cells were prepared and 
separated by 10 % SDS-PAGE. The expression of EGFR, p-EGFR, STAT1, p-STAT1 and HDAC4 was detected by immunoblotting. (compared between MCF-7 and MDA- 
MB-231 cell lines, ***P < 0.001). (D) The expression of p-EGFR was detected by immunofluorescence using an Alexa Fluor 488-conjugated secondary antibody 
(green). DAPI was added for nuclear staining (blue). Scale bar indicates 50 µm. 
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however, it inhibited the phosphorylation of EGFR at 1 μg/mL, indi
cating that ADGL inhibits EGFR kinase activity at 1 μg/mL concentra
tion (Fig. 4A). Immunofluorescence also confirmed that the ADGL 
treatment decreased the fluorescent staining of phospho-EGFR intensity 
which was mainly found in the nucleus (Fig. 4B) as other studies showed 
phospho-EGFR was detected in the nucleus [33,34]. ADGL treatment did 
not decrease the STAT1 expression; however, it diminished the phos
phorylation levels of STAT1 at 5 μg/mL concentration. HDAC4 expres
sion was also decreased at 5 μg/mL of ADGL (Fig. 4A). Furthermore, 
when we treated ADGL under suppression of EGFR, STAT1 or HDAC4, 
we found that cotreatment with ADGL plus EGFR siRNA, ADGL plus 

STAT1 siRNA or ADGL plus HDAC4 siRNA highly sensitizes 
MDA-MB-231 cells to apoptosis rather than cotreatment with ADGL plus 
control siRNA (Fig. 4C). These results suggest that ADGL targets the 
EGFR-STAT1-HDAC4 signaling axis, resulting in sensitization of 
apoptosis in MDA-MB-231 cells. 

4. Conclusion 

In conclusion, we report the role of the EGFR-STAT1-HDAC4 
signaling axis in the upregulation of cell motility in addition to their 
antiapoptotic function in human breast cancer cells. Moreover, ADGL as 

Fig. 2. Silencing of EGFR, STAT1 or HDAC4 inhibits EMT in MDA-MB-231 breast cancer cells. (A) MDA-MB-231 cell migration was measured by a wound healing 
assay at 24 h post-transfection with SiRNAs against EGFR, HDAC4 or STAT1 (100 nM) and Sicontrol (compared between SiEGFR, SiHDAC4 and SiSTAT1, ***P 
<0.001). (B) An invasion assay was performed using 48-well Boyden chambers coated with Matrigel at 24 h post-transfection with siRNAs against EGFR, HDAC4 or 
STAT1 and control siRNA (compared between SiEGFR, SiHDAC4 and SiSTAT1, ***P< 0.001). (C) To examine the effect of EGFR, HDAC4 and STAT1 on the protein 
levels related to EMT signaling, the expression of EGFR, HDAC4, STAT1, p-STAT1, E-cadherin, N-cadherin and vimentin was detected by immunoblotting at 24 h 
posttreatment with SiRNAs against EGFR, HDAC4 or STAT1 and control SiRNA (compared between each proteins level of Sicontrol and SiEGFR, SiHDAC4 and 
SiSTAT1-siRNA, **P< 0.01, ***P< 0.001). 
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a natural compound can suppress breast cancer cell proliferation, 
metastasis and invasion by inhibiting the EGFR-STAT1-HDAC4 signaling 
pathway. 
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