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Abstract: Cancer stem cells (CSCs) are innately resistant to standard therapies, which positions CSCs in the focus 
of anti-cancer research. In this study, we investigated the potential inhibitory effect of tannic acid (TA) on CSCs. Our 
data demonstrated that TA (10 μM), at the concentration not inhibiting the proliferation of normal mammary cells 
(MCF10A), inhibited the formation and growth of mammosphere in MCF7, T47D, MDA-MB-231 cells shown as a 
decrease in mammosphere formation efficiency (MFE), cell number, diameter of mammosphere, and ALDH1 activ-
ity. NF-κB pathway was activated in the mammosphere indicated by an up-regulation of p65, a degradation of IκBα, 
and an increased IL-6. The inhibition of NF-κB pathway via gene silencing of p65 (sip65), NF-κB inhibitor (PDTC), 
or IKK inhibitor (Bay11-7082) alleviated MFE. Other CSCs markers such as an increase in ALDH1 and CD44high/
CD24low ratio were ameliorated by sip65. TA also alleviated TGFβ-induced EMT, increase in MFE, and NF-κB acti-
vation. In murine xenograft model, TA reduced tumor volume which was associated with a decrease in CD44high/
CD24low expression and IKK phosphorylation. These results suggest that TA negatively regulates CSCs by inhibiting 
NF-κB activation and thereby prevents cancer cells from undergoing EMT and CSCs formation, and may thus be a 
promising therapy targeting CSCs.
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Introduction 

Breast cancer is one of most prevalent female 
cancers, and also a leading cause of cancer-
associated death in women [1]. Although con-
ventional therapies such as surgery, chemo-
therapy, and hormone therapy have improved 
the survival rate among patients with breast 
cancer, disease recurrence and metastasis 
remain as significant problems [2, 3]. Cancer 
stem cells (CSCs) are a subset of cancer cells 
that have the ability to self-renew [4-6], and are 
regarded as being responsible for tumor initia-
tion and resistance to chemotherapy, thereby 
ultimately causing tumor metastasis and dis-
ease relapse [7, 8]. Accordingly, many studies 
to date have focused on the development of 
effective therapies targeting CSCs [9, 10]. 

Nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB)-family transcription 
factors are well established to both play key 
roles in cell survival, proliferation, inflamma-
tion, tumor invasion, and metastasis, and to be 
overexpressed or activated in breast-cancer 
cell lines and primary human breast-tumor cells 
[11, 12]. In addition, suppressing NF-κB signal-
ing has been shown to decrease the CD44high/
CD24low cell population, reduce stem cell expan-
sion, and repress the Nanog and Sox2 expres-
sion in a Her2-driven murine model of breast 
cancer [13, 14], suggesting that NF-κB signal-
ing may critically mediate the behavior of breast 
CSCs. 

The epithelial-mesenchymal transition (EMT) 
has been shown to be an early mechanism for 
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cancer invasion and metastasis [15, 16]. Morel 
et al. previously reported that human mamma-
ry epithelial cells undergoing EMT exhibited an 
increase in stem-like capability [17]. In fact, the 
EMT has been shown to enable cancer cells to 
acquire stem cell-like properties via the effects 
on a range of key signaling pathways associat-
ed with cancer-cell metastasis and drug resis-
tance, including the TGFβ, Notch, Wnt, AKT-
mTOR, MAPK/ERK, and NF-κB pathways 
[18-23]. 

A previous study conducted by our group 
screened a range of natural compounds using 
a medium-throughput automated mammo-
sphere counting method [24], and resultantly 
revealed that tannic acid (TA) exerted a sub-
stantial inhibitory effect on the formation of 
breast CSCs. TA (C76H52O46) is a specific type 
of water-soluble polyphenol tannin whose 
structure consists of numerous phenolic rings. 
TA is known to be a strong anti-oxidant that pre-
vents reactive oxygen species (ROS)-mediated 
drug toxicity [25] by scavenging free and super-
oxide radicals [26]. Similar to other polyphe-
nols, TA has been shown to induce the apopto-
sis, and inhibit the proliferation of various can-
cer cells [27-30]. Additionally, TA treatment has 
been demonstrated to inhibit the potent anti-
angiogenic factor CXCL12/CXCR4 in breast-
cancer cells, again suggesting it as a promis- 
ing therapeutic target for the disease [31]. 
However, to date, the effect of TA on breast 
CSCs has not yet been investigated. 

Thus, the present study analyzed the effects of 
TA on the formation and growth of breast CSCs, 
and also assessed the mechanisms underlying 
these effects in cultured breast cancer cells 
and in-vivo mouse xenograft model of breast 
cancer. 

Materials and methods

Reagents

All chemicals and tissue plates were obtained 
from MilliporeSigma (Burlington, MA, USA) or 
Nunc Labware (Waltham, MA, USA), unless oth-
erwise stated. 

Cell culture

Human normal breast cells (MCF10A) and the 
human breast cancer cells (MCF7, T47D and 

MDA-MB-231) were purchased from ATCC 
(Manassas, VA, USA). The MCF10A cells were 
maintained (37°C, in a humidified incubator 
with 5% CO2) in DMEM/F12 culture medium 
(Thermo Fisher Scientific, Waltham, MA, USA) 
that was supplemented with 10% fetal bovine 
serum (FBS; Hyclone Laboratories, Logan, UT, 
USA), 20 ng/mL EGF, 0.5 mg/mL hydrocorti-
sone, 100 ng/mL cholera toxin, 10 μg/mL insu-
lin, and 100 U/mL penicillin. Likewise, the 
MCF7 cells were maintained in DMEM culture 
medium (Hyclone Laboratories) and the T47D, 
MDA-MB-231 cells were maintained in RPMI-
1640 medium (Hyclone Laboratories) that was 
supplemented with 10% FBS, 100 U/mL peni-
cillin, and 100 μg/mL streptomycin (Hyclone 
Laboratories). 

Cell proliferation and cytotoxicity assays

To determine TA concentration at which the 
viability of normal breast cells was maintained, 
the effect of TA treatment (0-100 μM) on the 
viability of both normal breast epithelial cells 
(MCF10A) and breast-cancer cells (MCF7) was 
compared to that of paclitaxel, which is one of 
the most commonly prescribed chemothera-
peutic agents in breast cancer [32]. Cell prolif-
eration was assessed using a 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-
sulfophenyl)-2H-tetra-zolium (MTS) uptake as- 
say (Promega, Madison, WI, USA) as previously 
described [33]. MCF7/MCF10A cytotoxicity 
after TA or paclitaxel treatment (48 h) was 
determined by measuring the amount of lac-
tate dehydrogenase (LDH) that was released 
into the medium using the LDH cytotoxicity 
detection kit (Roche Diagnostics, Mannheim, 
Germany). Treatment with up to 20 μM TA did 
not affect the viability nor proliferation of the 
MCF10A cells over the 48-h (Figure S1), where-
as in contrast, treatment with a paclitaxel con-
centration greater than 5 nM was shown to sig-
nificantly increase LDH release by the MCF10A 
cells (Figure S2). Therefore, TA concentrations 
of 10 and 20 μM were selected for use and 
comparison with 5 nM of paclitaxel in the sub-
sequent in-vitro experiments.

Mammosphere assays

During the sphere assay, cells (MCF7, 4 × 104 
cells/well; T47D, 2 × 104 cells/well; MDA-
MB-231, 5 × 103 cells/well) were seeded in 
ultra-low attachment 6-well plates and main-
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tained (37°C, 5% CO2) in 2 ml of complete 
MammoCultTM medium (StemCell Technologies, 
Vancouver, BC, Canada) that was supplement-
ed with 4 μg/mL heparin, 0.48 μg/mL hydro-
cortisone, 100 U/mL penicillin, and 100 μg/mL 
streptomycin. After 7 days, all primary spheres 
of 50-120 μm in diameter were counted. To 
establish secondary and tertiary mammo-
spheres, these primary mammospheres were 
harvested and pipette-mixed with 1X Trypsin/
EDTA to form a single cell suspension, before 
being plated once again using the same condi-
tions, and grown for 5 days [34]. Automated 
counting of mammospheres with a diameter > 
50 μm was achieved by using the NICE soft-
ware program to analyze scanned images that 
were captured using NIS-Elements BR 4.4 soft-
ware (Nikon, Tokyo, Japan), as previously 
described [24]. The observed mammosphere-
formation efficiency (MFE, %) was calculated to 
be the (number of spheres per well/number of 
MCF7 cells seeded per well) × 100. 

Western blot analysis

The cells were lysed in 1X RIPA buffer contain-
ing a protease inhibitor mixture. Nuclear 
extracts were isolated using a Nuclear extrac-
tion kit (Promega). The resolved proteins were 
then transferred to a polyvinylidine difluoride 
(PVDF) membrane (MilliporeSigma). The mem-
branes were blocked (30 min, room tempera-
ture) in 3% bovine serum albumin (BSA) in PBS-
Tween 20 (0.1%, v/v), and then incubated (over-
night, 4°C) with primary antibodies against 
E-cadherin, N-cadherin, Fibronectin (BD Bio- 
sciences, San Jose, CA, USA), p-IκBα, IκBα, 
CD44, pIKK, IKK (Cell Signaling Technology, 
Danvers, MA, USA), cytokeratin-18 (CK18), 
Vimentin, CD24, IL-6, ALDH1, p65, LaminB and 
β-actin (Santa Cruz Biotechnology, Dallas, TX, 
USA). After washing with 0.1% PBS-Tween 20, 
the blots were incubated with appropriate 
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies, and the resulting signal was 
detected using an enhanced chemilumines-
cence detection system (Santa Cruz Bio- 
technology). The intensity of each band was 
determined by densitometry using ImageJ soft-
ware (National Institutes of Health, Bethesda, 
MD, USA; http://imagej.nih.gov/ij).

Immunofluorescent staining of MCF7 cells

The MCF7 cells were seeded in 6-well plates 
containing coverslips, and treated (48 h) with 

TGFβ (10 ng/mL) and/or TA (10 μM). The cells 
were then fixed (5 min) with 3.7% paraformalde-
hyde, permeabilized (3 min) with 1% triton 
X-100 in PBS, blocked (30 min) with 1% BSA, 
and incubated (overnight, 4°C) with the mouse 
anti-E-cadherin antibody (1:200; BD Bios- 
cience). After washing with PBS, the cells were 
incubated (1 h, room temperature) with Alexa-
588 conjugated goat anti-mouse antibody 
(1:200; Thermo Fisher Scientific), and mounted 
on slides using mounting solution containing 
4’,6-diamidino-2-phenylindole (DAPI) (Vector 
Laboratories, Burlingame, CA, USA). Images 
were captured using a fluorescence microsc- 
ope (Carl Zeiss GmbH, Oberkochen, Germany).

Extraction of total RNA and real-time PCR

Total RNA was extracted using RNeasy Mini Kit 
(Qiagen, Hilden, Germany), according to the 
manufacturer’s protocol. The DNA-free RNA 
was reverse-transcribed into cDNA using the 
Superscript First Strand Synthesis system 
(MilliporeSigma). Real-time PCR was performed 
on the ABI PRISM 7000 Sequence Detection 
system using SYBR Green I as a double-strand-
ed DNA-specific dye according to the manufac-
turer’s instructions (Thermo Fisher Scientific). 
The PCR reaction was performed with 1 μL of 
cDNA, 10 μL of SYBR Green PCR master mix 
(Thermo Fisher Scientific), and 10 pM of sense 
and antisense primers of E-cadherin (forward 
primer: 5’-ACCCCTGTTGGTGTCTTT-3’, reverse 
primer: 5’-TTCGGGCTTGTTGTCATTCT-3’), CK18 
(forward primer: 5’-TCTCTGAGGCTGCCAACCG- 
3’, reverse primer: 5’-CGAAGGTGACGAGCC- 
ATTTCC-3’), N-cadherin (forward primer: 5’- 
CGAGCCGCCTGCGCTGCCAC-3’, reverse primer: 
5’-CGCTGCTCTCCGCTCCCCGC-3’), Fibronectin 
(forward primer: 5’-GGGAACGGAAAAGGAGAA- 
3’, reverse primer: 5’-AGCAAATGGCACCGAGA- 
TA-3’), and β-actin (forward primer: 5’-TTC- 
TGACCCATGCCCACCAT-3’, reverse primer: 5’- 
ATGGATGATATCGCCGCGCTC-3’) for a final vol-
ume of 20 μL per reaction. Optimal primer con-
centrations were determined by preliminary 
experiments. The PCR cycle conditions for 
human gene consisted of 95°C for 60 secon- 
ds, 55°C for 30 seconds, and 60°C for 45 sec-
onds followed by a 10 minutes extension at 
72°C (40 cycles). All PCR procedures were rep-
licated at least three times. The amount of PCR 
products was normalized with the housekeep-
ing gene, β-actin, to determine the relative 
expression ratios for each mRNA to the control 
group.
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Aldehyde dehydrogenase (ALDH) activity 

ALDH activity was measured using a commer-
cial ALDEFLUOR™ Kit (STEMCELL Technologies). 
The cells were treated with TA (24 h), and then 
incubated (30 min, 37°C) with the ALDEFLUOR 
substrate. The ALDH1 inhibitor, diethyl-amino-
benzaldehyde (DEAB) was used as a negative 
control to define the ALDEFLUOR-positive 
region. Control and treated samples were ana-
lyzed using the Acuri C6 flow cytometer (BD 
Bioscience). 

Electrophoretic mobility shift assay (EMSA)

Double-stranded oligonucleotide DNA contain-
ing the NF-kappa B binding site (5’-AGTTG- 
AGGGGACTTTCCCAGGC-3’ and 5’-GCCTGGGA- 
AAGTCCCCTCAACT-3’) were annealed, and the 
resulting double-stranded oligonucleotides 
then end-labeled with [γ-32P] dATP. Free nucleo-
tides were separated via centrifugation through 
a G-25 column (Roche Diagnostics). The end-
labeled DNA probes were incubated (20 min, 
room temperature) with nuclear extracts in a 
final volume of 20 μl EMSA buffer (comprising 
10 mM Tris pH 7.5, 5% glycerol, 1 mM EDTA pH 
7.1, 50 mM NaCl, 1 mM DTT, and 0.1 mg/ml 
poly [dI-dC]). The resulting reaction mixtures 
were separated via electrophoresis (4°C) on  
a 4% polyacrylamide non-denaturing gel in 
0.5XTBE (45 mM Tris borate and 1 mM EDTA), 
and visualized via autoradiography.

Small interfering RNA (siRNA) 

A non-specific control siRNA, and a siRNA tar-
geting human p65 mRNA (NM_021975.2), 
were purchased from Bioneer (Daejeon, Korea). 
Cells were then seeded on 6-well plates and 
grown (24 h) in cultured medium supplemented 
with 10% FBS, before being transfected with 
the p65 siRNA using Lipofectamine® RNAiMAX 
(Thermo Fisher Scientific) according to the 
manufacturer’s instructions. After 48 h, the 
cells were subjected to a western-blot an- 
alysis.

Mouse xenograft tumor model

Han’s method [20] for generating a subcutane-
ous (SQ) xenograft mouse model was modified 
for the present study. Briefly, 1.5 × 107 MCF7 
cells were suspended in a 1:1 mixture of PBS 
and matrigel, and this was implanted in 6-week-
old female Balb/c nude mice (Nu/Nu, Orient Bio 

Inc., Seongnam, Korea) via SQ injection into the 
right flank. The mice were assigned to either a 
control (N = 5), TGFβ (N = 5), or TGFβ + TA (N = 
6) group. Mice in the latter two groups received 
an intraperitoneal injection of TGFβ (40 ng/kg) 
three times/wk for 4 wks to facilitate tumor 
growth as reported [20], and those in the third 
group also received an intraperitoneal injection 
of TA (2 mg/kg) twice/wk (on alternative days to 
the TGFβ injection). Tumor growth was mea-
sured using a caliper, and tumor volume was 
calculated using the following formula: V = (d2 × 
D)/2, where d is the smallest diameter, and D is 
the largest diameter of the tumor. All animal 
experiments and procedures were conducted 
in strict accordance with a protocol approved 
by the Institutional Animal Care and Use 
Committee (IACUC) of the Ewha Woman’s 
University (ESM 16-0343). 

Immunohistochemistry (IHC) of breast tumor 
tissue

Tumor tissues isolated from xenograft were 
fixed (overnight) in 4% formalin, and paraffin-
embedded tissue sections (5 μm) were depar-
affinized and rehydrated with xylene and etha-
nol, respectively. Section slides were boiled (30 
min, 100°C) in citrate buffer (pH 6.0) to facili-
tate antigen retrieval, and then blocked firstly 
(10 min, room temperature) in 3% H2O2 in meth-
anol, and subsequently with 3% BSA (30min, 
room temperature). They were then incubated 
(overnight, 4°C) with an anti-CD44 monoclonal 
antibody (1:200; Cell signaling), followed by an 
incubation with a biotinylated anti-mouse IgG 
secondary antibody (1:200; Vector Laboratories) 
for 1 h at room temperature. The resulting sig-
nals were detected via application of the ABC 
reagent (Vector Laboratories) and diaminoben-
zidine (DAB), before the tissues were hematoxy-
lin counterstained, and analyzed. 

Statistical analysis

All statistical analyses were conducted using 
GraphPad Prism version 5.0. (GraphPad Sof- 
tware, La Jolla, CA, USA). Data were presented 
as means ± SE. A student’s t test was used to 
compare the mean values of two independent 
groups. A parametric one-way ANOVA and a 
non-parametric Kruskal-Wallis test were used 
to assess statistical differences between more 
than two groups. A p-value < 0.05 was consid-
ered to indicate statistical significance.
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Figure 1. TA reduces the mammosphere forming ability of breast cancer cells. A. Spheres derived from a single-cell suspension of MCF7, T47D, and MDA-MB-231 
cells were visible after 7 days of culture with complete MammoCultTM medium. Treatment with TA (10 μM) resulted in a significant decrease in the diameter of the 
produced mammospheres. Magnification, × 200. B. Treatment with TA (10 and 20 μM) reduced the mammosphere formation efficiency (MFE) in cells assessed by 
using NICE software to count the number of spheres with a diameter > 50 μm, after histogram pitting. C. Treatment of mammospheres for 2-3 days with TA (10 μM) 
significantly decreased their number of constituent cells compared to treatment with DMSO. Cells were counted in triplicate, and the mean ± SEM plotted. D. The 
inhibitory effect of TA (10 and 20 μM) on the MFE was also observed in secondary and tertiary mammosphere assays. Representative images of tumor spheres 
with quantitation bars are shown. E. The proportion of ALDH-positive cells as quantified via an ALDEFLUOR assay was significantly decreased after TA treatment (10 
and 20 μM). The upper and lower panels show representative dot blots, in which ALDH-positive cells were treated with (upper) or without (lower) the ALDH inhibitor, 
DEAB. Values in dot plots indicate the percentage of ALDH-positive cells within a population. The data on the quantitation bar graph are the mean ± SEM of three 
independent experiments. *P < 0.05 vs. control; #P < 0.05 vs. 10 μM of TA. 
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Results

TA reduces the CSC formation of breast cancer 
cells

As the first step toward understanding whether 
TA regulates the stemness of breast cancer, the 
effect of TA on breast CSCs was assessed by 
analyzing mammosphere formation and growth 
in two luminal breast cancer cell lines (MCF7 
and T47D cells) and triple-negative breast can-
cer cell line (MDA-MB-231 cells). The TA-treated 
cells exhibited a reduced diameter of mammo-
sphere (Figure 1A) and MFE in a dose-depen-
dent manner (Figure 1B), indicating that TA 
inhibited the formation of mammospheres 
(MCF7-M, T47D-M, and MDA-MB-231-M) deri- 
ved from MCF7, T47D, and MDA-MB-231, 
respectively. In addition, TA treatment signifi-
cantly reduced the number of constituent cells 
of MCF7-M (Figure 1C). When we compared the 
effect of TA (10 μM) with paclitaxel, the most 
commonly prescribed medicine for breast can-
cer, this inhibitory effect of TA (10 μM) on the 
MFE in MCF7 cells was greater than that which 
was achieved using paclitaxel (5 nM) at the 
concentrations which did not affect cell viability 
(Figures S1, S2). Furthermore, the inhibitory 
effect of TA on sphere formation was observed 
in secondary and tertiary mammosphere 
assays (Figure 1D). The effect of TA on CSC 
ALDH activity was assessed by using an 
ALDEFLOUR assay to determine the proportion 
of ALDH-positive breast-cancer cells, which is 
regarded as another marker of tumor stemness 
[8]. TA (10 and 20 μM) for 24 hours decreased 
the proportion of ALDH-positive breast-cancer 
cells in a dose-dependent manner (Figure 1E). 

TA blocks the NF-κB pathway in the mammo-
spheres derived from MCF7, T47D, and MDA-
MB-231 cells 

Given the known association between CSC for-
mation and NF-κB pathway activation [35, 36], 
the effect of TA treatment on NF-κB signaling in 
breast CSCs was next examined. The expres-
sion of p65 was found to be increased in the 
MCF7-M, T47D-M, and MDA-MB-231-M com-
pared to MCF7, T47D, and MDA-MB-231 with a 
reduction in IκBα expression. (Figure 2A). TA 
treatment both dose-dependently reduced the 
nuclear p65 expression (Figure 2B), and 
reversed the IκBα degradation exhibited by 
MCF7-M, T47D-M and MDA-MB-231-M (Figure 
2C). TA also decreased the nuclear p65 DNA 

binding in MCF7-M, as revealed via EMSA which 
utilized a P32-labeled p65 probe (Figure 2D). 
The levels of IL-6, which is one of the most high-
ly induced NF-κB-dependent cytokines [37], 
were also increased in MCF7-M compared to 
the MCF7 cells, which was significantly inhibit-
ed by TA (Figure 2E, 2F). These findings suggest 
that NF-κB/IL-6 signaling is activated in breast 
CSCs, and that this activation is inhibited by 
treatment with TA. 

Inhibition of NF-κB signaling decreases the 
formation of breast CSCs

To verify the role of NF-κB signaling in the for-
mation of breast CSCs, we investigated the 
effect of specific gene silencing or correspond-
ing inhibitors of the components of NF-κB path-
way. siRNA-induced silencing of p65 expres-
sion was shown to reduce the formation of 
mammosphere in MCF7, T47D, and MDA-
MB-231 cells (Figure 3A). As shown in Figure 
3B and 3C, treatment with either PDTC (a NF-κB 
pathway-specific inhibitor) or BAY 11-7082 (an 
irreversible inhibitor of IKK) resulted in a signifi-
cant decrease in the formation of mammo-
sphere expressed as a decrease in MFE from 
the concentration of 5 μM and 2 μM, respec-
tively (Figure 3B and 3C). p65 silencing also 
reduced the expression of ALDH1, and the 
exhibited CD44high/CD24low ratio (Figure 3D). 
These findings suggest that NF-κB signaling 
critically regulate CSC formation in breast 
cancer. 

TA reduces TGFβ-induced EMT and CSC forma-
tion in MCF7 and T47D cells

Since the EMT is regarded as a key process 
required for CSC formation [21], the effect of TA 
treatment on TGFβ-induced EMT in MCF7 cells 
was next assessed. TGFβ is a representative 
cytokine known to enhance the ‘stemness’ of 
tumor cells [38, 39]. In the present study, TGF-β 
(10 ng/mL) induced EMT of MCF7 and T47D, as 
indicated by morphologic transition from cuboi-
dal cells to elongated mesenchymal phenotype 
with a loss of cell-to-cell contact (Figure 4A). In 
parallel, this morphologic transition was accom-
panied with a decreased expression of epithe-
lial cell markers (E-cadherin and CK18) and an 
increased expression of mesenchymal cell 
markers such as N-cadherin and fibronectin 
(Figure 4B-D). Notably, TA treatment (10 μM) 
alleviated TGFβ-induced EMT, demonstrated as 
a reversal of cell morphology and altered 
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expression of E-cadherin, CK18, N-cadherin 
and fibronectin.

TGFβ treatment was furthermore shown to pro-
mote mammosphere formation and growth, 
indicated by an observed increase in both MFE 
and the average mammosphere diameter 
(Figure 4E, 4F). TA treatment significantly 
reduced both the number and size of TGFβ-
induced mammospheres (Figures 4E, 4F, S3, 
S4). Consistent with this result, TGFβ increased 
CD44high/CD24low ratio in MCF7 and T47D cells, 
which was inhibited by TA (Figure 4G). These 
data indicate TA inhibits TGFβ-induced CSC for-
mation, which can be mediated by an ameliora-
tion of EMT of breast cancer cells.

TA reduces the TGFβ-induced NF-κB pathway 
activation in the MCF7 cells

Given the crucial role of NF-κB signaling and 
TGFβ activity in breast CSC formation, the 
effect of TA on TGFβ-induced NF-κB signaling 
was assessed. TGFβ treatment increased the 
nuclear translocation of p65, as well as the 
phosphorylation levels of both IκBα and IKK 
(Figure 5A-C). In addition, treatment of MCF7 
cells with p65 siRNA or PDTC alleviated the 
observed TGFβ-induced EMT (Figure 5D, 5E). 
TA significantly alleviated TGFβ-induced activa-
tion of NF-κB signaling (Figure 5A-C). Colle- 
ctively, these results suggest that the NF-κB 
pathway plays a key role in TGFβ-induced EMT 
in breast cancer, and effect of TA on TGFβ-
induced CSC formation is mediated by an inhi-
bition of NF-κB signaling. 

TA reduces the tumor growth and stemness 
markers in a mouse xenograft model 

Based on the aforementioned role of TA in the 
formation of CSCs and NF-κB signaling, we fur-

ther evaluated the effect of TA on tumor growth 
in a mouse xenograft model of breast cancer. 
As shown in Figure 6A, when tumors reached a 
volume of 70-100 mm3 after SQ implantation of 
MCF7 cells, tumor-bearing mice were treated 
with TGFβ (40 ng/kg) three times/wk facilitate 
tumor growth with or without TA (2 mg/kg) 
twice/wk (on alternative days to the TGFβ injec-
tion) for 4 weeks. Tumor growth was significant-
ly accelerated by TGFβ injection despite com-
parable body weight with other groups (Figure 
6B). TA treatment significantly inhibited tumor 
growth, as indicated by a reduction in both the 
weight and volume of the observed tumor mass 
(Figure 6C). On day 31 after treatment initia-
tion, the tumors resected from in TGFβ + TA 
group were significantly smaller than those 
exhibited by TGFβ group. Specifically, the tumor 
weights observed in the Vehicle, TGFβ, and 
TGFβ + TA groups were 73.58 ± 17.21, 308 ± 
53.04, and 113.7 ± 7.041 mg, respectively (P < 
0.01 by ANOVA). Similarly, the tumor volumes 
observed in each group were 141.2 ± 44.49, 
429.5 ± 61.97, and 126.1 ± 25.64 mm3, 
respectively (P < 0.01 by ANOVA) (Figure 6D). 

To demonstrate the effect of TA on cancer 
stemness and NF-κB signaling in-vivo, we per-
formed the IHC and western blotting of resect-
ed tumor tissue. Abundant expression of ALDH1 
and CD44, as well as reduced CD24 levels and 
IKK activation were observed in the breast-
tumor tissues of TGFβ group compared to the 
control group; which were attenuated in TGFβ + 
TA group (Figure 6E-G). 

Discussion

The present study demonstrated that TA treat-
ment exerts an inhibitory effect on the forma-
tion and growth of breast CSCs in vitro by inhib-
iting NF-κB signaling, as indicated by the 

Figure 2. TA blocks the NF-κB pathway activation in mammospheres. (A) p65 expression was increased in the 
breast cancer cell-derived mammosphere (MCF7-M, T47D-M, and MDA-MB-231-M) compared to the breast cancer 
cells (MCF7, T47D, and MDA-MB-231) whereas IκBα expression was decreased in MCF7-M, T47D-M, and MDA-
MB-231-M. (B, C) TA treatment (10 μM) decreased the p65 expression in the nuclear protein extracted from the 
breast cancer cell-derived mammosphere (B), and also blocked IκBα degradation in a dose-dependent manner (C). 
β-actin and Lamin B were used as loading controls for the whole-cell and nuclear protein extracts, respectively. (D) 
TA treatment (10 μM) decreased the DNA/p65 interaction in the mammospheres. A presentative EMSA assay using 
nuclear protein extracted from MCF7-derived mammospheres is shown. Lane 1, nuclear extracts with probe; lane 
2, TA (10 μM)-treated nuclear extracts with probe; lane 3, TA (20 μM)-treated nuclear extracts with probe. (E, F) The 
IL-6 concentration in both whole-cell lysate (E, western blotting) and cell-culture supernatant of MCF7-M (F, ELISA) 
was higher than that exhibited by the MCF7 cells, which was decreased in response to TA treatment (10 μM). Repre-
sentative western blots with quantitative analyses are shown (A-C, E). The data shown are the mean ± SEM of three 
independent experiments. *P < 0.05 vs. others; #P < 0.05 vs. 10 μM of TA.
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Figure 3. Blocking NF-κB signaling inhibits the formation of breast CSCs. (A-C) NF-κB signaling inhibition, induced via p65 siRNA transfection (A), or via treatment 
with either a NF-κB pathway-specific (PDTC; 5 and 10 μM, B) or IKK-specific inhibitor, (Bay11-7082; 2 μM, C), resulted in a significant decrease in the MFE in 
MCF7, T47D, and MDA-MB-231 cells. Magnification, × 200. (D) siRNA-induced silencing of p65 decreased the expression of CSC markers, (e.g. ALDH1 expression, 
CD44high/CD24low ratio) in MCF7-M, T47D-M, and MDA-MB-231-M. A representative images of mammosphere (A-C) and western blot with quantitation bar (D) are 
shown. The data shown are the mean ± SEM of three independent experiments. *P < 0.05 vs. others.
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observed reduction in the rate of nuclear p65 
translocation, and by the increased and 
decreased production of IκBα and IL-6, respec-
tively. TA treatment also prevented TGFβ-
induced EMT and NF-κB-pathway activation, 
and thereby prevented the TGFβ-induced 
increase in CSC formation and stemness- 
marker expression by breast-cancer cells. 
Importantly, TA treatment was also shown to 
decrease tumor growth and cancer stemness-
marker expression in xenograft tumor trans-
plant model in Balb/c nude mice.

It is already known that TA has anti-proliferative 
effect on cancer cells with an induction of 
apoptosis [27-30]. In addition to its well-known 
anti-oxidant effect [25], TA is reported to sup-
press the activity of tyrosine kinase and to 
serve as anti-angiogenic factor of breast can-
cer [31]. A recent study showed that TA treat-
ment was sufficient to inhibit EGFR/STAT3 acti-
vation and enhance p38/STAT1 signaling, and 
thereby cause G1 arrest and intrinsic apoptosis 
in breast cancer cells [29, 30]. However, despite 

several studies demonstrating the potential 
anti-cancer effect of TA, no data is currently 
available detailing its effect on CSCs. Thus, the 
present study is the first to demonstrate an 
inhibitory effect of mammosphere formation, 
and by TA on the formation and growth of breast 
CSCs, as indicated by the decrease in mammo-
sphere diameter, and number of constituent 
mammosphere cells. These effects were fur-
thermore maintained during secondary and ter-
tiary mammosphere assays. The low MFE 
achieved during TA treatment was associated 
with a low reduction in the expression of stem-
cell markers, including ALDH1 activity and the 
CD44high/CD24low ratio. This result is particular-
ly interesting given that the dose of TA adminis-
tered in the present study was less than half 
that used in previous studies [29]. The concen-
trations of TA used in the present study were 10 
and 20 μM, as these were the doses deter-
mined via the preliminary experiment to not 
affect the viability or proliferation of normal 
breast cells, as compared to the higher concen-
trations (e.g. 60 μM) used by previous studies 

Figure 4. TA reduces TGFβ-induced EMT and cancer stem cell properties in MCF7 and T47D cells. (A) TGFβ treat-
ment (10 ng/ml) induced morphological changes in the MCF7 and T47D cells, (including a loss of cell contact and 
elongation), which was ameliorated by treatment with TA (10 µM). (B) TA treatment alleviated the TGFβ-induced 
decrease and cytoplasmic localization of E-cadherin (red) in the MCF7 cells. Representative photos of cell morphol-
ogy and immunofluorescent staining are shown, Nuclei are stained with DAPI (blue). Magnification × 200. (C, D) 
Real-time PCR (C) and western blot analysis (D) (with quantitation bar) showing the TGFβ-induced EMT shown as the 
decreased expression of the epithelial cell marker, E-cadherin (E-cad), cytokeratin 18 (CK18), and increased expres-
sion of the mesenchymal marker, N-cadherin (N-cad), Vimentin and Fibronectin. (E, F) TGFβ treatment enhanced 
mammosphere formation on days 3 and 7 after the initiation of treatment. TA treatment (10 μM) subsequently 
reduced both the MFE and average mammosphere size. Representative photos of mammosphere are shown (E). 
Scale bar = 100 μm. (G) TA treatment ameliorated the TGFβ-induced alteration in CD44high/CD24low expression. 
β-actin was used as a loading control. The data shown represent the mean ± SEM of four independent experiments. 
*P < 0.05 vs. control; #P < 0.05 vs. TGFβ.
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Figure 5. TA reduces the TGFβ-induced NF-kB pathway activation in MCF7 cells. (A-C) TGFβ treatment enhanced the nuclear translocation of p65 (2 h), the phos-
phorylation of IκBα (30 min) and IKK (4 h), all of which were inhibited upon treatment with TA. (n = 4). (D, E) p65 siRNA transfection and/or PDTC ameliorated the 
TGFβ-induced alteration of E-cadherin and N-cadherin expression (n = 3). Representative western blots are shown with quantitation bars (A-E). β-actin was used as 
a loading control. The data shown represent the mean ± SEM. *P < 0.05 vs. control; #P < 0.05 vs. TGFβ.
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to demonstrate the anti-proliferative and pro-
apoptotic effects of TA in MCF7 cells [30]. 
Furthermore, treatment with paclitaxel, which 
is the most commonly prescribed medicine for 
breast cancer, did not inhibit mammosphere 
formation at a concentration of 5 nM, which 
was the maximum concentration shown to not 
impact the viability of normal breast cells 

(Figure S2). These findings are consistent with 
clinical data demonstrating the ineffectiveness 
of paclitaxel treatment to prevent chemo-resis-
tance or metastasis [40, 41]. 

One of the potential mechanisms by which TA 
prevents breast CSC formation is the inhibition 
of NF-κB signaling. Previous studies have dem-

Figure 6. TA reduces the tumor growth and markers of stemness in a mouse xenograft model. (A) Schematic proto-
col of in-vivo experiment. MCF7 breast cancer cell lines (1.5 × 107 cells) were injected into Balb/c nu-nu mice via 
subcutaneous route. Phosphate buffered saline, TGFβ and TA were injected intraperitoneally at the time indicated. 
The mice were sacrified on day 31. (B-D) The body weights of the mice throughout the study were comparable 
among the treatment groups. TGFβ administration resulted in a significant increase in tumor volume compared to 
control group. Tumor weight and volume were found to be lower in the TGFβ + TA compared to the TGFβ group. *P < 
0.05 vs. control; #P < 0.05 vs. TGFβ + TA. (E, F) The expression of ALDH1 and CD44high/CD24low in tumor tissues was 
enhanced in the TGFβ group, as assessed via western blot analysis (E) and immunohistochemistry (F; magnification 
× 400). These effects were rescued by TA treatment. (G) TGFβ injection resulted in an increased level of IKK phos-
phorylation in the tumor tissues, which was inhibited by treatment with TA. Representative western blots are shown 
with quantitation bars (E, G). *P < 0.05 vs. others. 
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onstrated that NF-κB and its target genes are 
upregulated in the majority of cancer types, 
including breast cancer [13, 36]. Once activat-
ed, the NF-κB pathway regulates a wide variety 
of target genes to support cancer-cell survival 
by inducing cell proliferation, inflammation, and 
the formation of a favorable tumor microenvi-
ronment. In the present study, increased p65 
expression, and decreased IκB production, 
altered rates of nuclear p65 translocation, and 
elevated IL-6 production were all observed in 
the mammospheres derived from two luminal 
breast cancer cell lines (MCF7 and T47D cells) 
and triple-negative breast cancer cell line 
(MDA-MB-231 cells), consistent with enhanced 
NF-κB signaling. Secreted IL-6 is known to be 
an important CSC survival factor, and similarly, 
high levels of circulating IL-6 are correlated with 
poor patient prognosis in breast cancer [42]. 
Inhibition of the NF-κB pathway via IKKα upreg-
ulation has been previously shown to lead to a 
decrease in the self-renewal and senescence 
of breast CSCs [14]. In addition to its role in 
CSC formation and expansion, NF-κB signaling 
has also been established to contribute to the 
invasiveness and metastatic characteristics of 
CSCs [13, 14], often via an induced EMT. The 
present study confirmed that the NF-κB path-
way plays a key role in mammosphere forma-
tion, and the induction of EMT in breast-cancer 
cells. Inhibiting NF-κB activation via p65 gene 
silencing, and preventing nuclear translocation 
of p65 (using PDTC) or IkB phosphorylation 
(using BAY 11-7082) all reduced the exhibited 
MFE, ALDH1 activity, and CD44/CD24 ratio. 
Importantly, TA reduced the levels of nuclear 
p65 protein and NF-κB DNA binding activity, 
and inhibited the phosphorylation of both IKK 
and IκBα, thereby reducing the production of 
IL-6. 

Another important finding of the present study 
was that TGFβ treatment promoted the expres-
sion of stemness markers by breast cancer 
cells, significantly increased mammosphere 
formation and growth, and increased the exhib-
ited CD44high/CD24low ratio. TGFβ treatment 
also induced the EMT of MCF7 and T47D cells, 
as evidenced by their altered morphology and 
expression of epithelial and mesenchymal cell 
markers. TGFβ is well known to induce EMT, as 
required for cancer cells to acquire their char-
acteristic motile and invasive phenotype [43]. 
TGFβ-induced EMT observed in the present 

study occurred via the activation of NF-kB sig-
naling, since it was able to be prevented by the 
inhibition of p65 expression and/or nuclear 
p65 translocation in the MCF7 cells. Fur- 
thermore, exogenous TGFβ administration in 
the mouse xenograft model used in the present 
study was shown to promote tumor growth, 
which was again accompanied by increased 
IKK phosphorylation, and by the elevated 
expression of stemness markers such as 
ALDH1 and CD44high/CD24low. A recent study 
similarly detected the evidence of an induced 
EMT and CD44 upregulation, as well as ERK/
NF-κB/Snail pathway activation in a mouse 
xenograft model of breast cancer [20]. Arsura 
et al. also demonstrated NF-κB signaling to be 
a downstream target of TGFβ signaling [44], 
and showed that TGFβ treatment was sufficient 
to cause a transient upregulation of NF-κB 
activity via activation of the TAK1/IKK complex, 
leading to the inhibition of AP-1 complex activity 
in liver cancer [45].

In summary, the present study showed that TA 
treatment alleviated the formation and growth 
of breast CSCs, and prevented them from 
undergoing an EMT, via the induced inhibition 
of NF-κB signaling. These data strongly support 
TA as a promising therapeutic agent for the 
treatment of breast cancer, either alone, or in 
combination with other therapeutic strategies 
to inhibit cancer cell metastasis and prevent 
chemo-resistance.
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Figure S1. Effect of tannic acid (TA) on the proliferation and viability of breast cells. (A) TA inhibited cell proliferation 
(as assessed by MTT assay), and (B) increased the rate of LDH release, when administered at the concentrations 
of 50 μM or higher for 48 h in MCF7 and MCF10A cells. The data shown represent the mean ± SEM. *p < 0.05 vs. 
others.

Figure S2. Effect of paclitaxel and tannic acid (TA) on the proliferation, viability and MFE of breast cells. A. Paclitaxel 
treatment inhibited the proliferation of MCF7 and MCF10A cells at the concentrations higher than 10 nM and 5 nM, 
respectively (over 48 hours), as assessed by MTT assay. B. Paclitaxel also increased the LDH release by MCF7 and 
MCF10A cells at the concentrations higher than 10 nM and 5 nM, respectively. C. In MCF7 cell, paclitaxel did not 
inhibit mammosphere formation at a concentration of 5 nM, whereas TA treatment (20 μM) significantly decreased 
mammosphere formation. The data shown represent the mean ± SEM. *p < 0.05 vs. others.
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Figure S3. TGFβ enhances the mammosphere forming ability in MCF7 cells. Representative images of tumor 
spheres are shown. TGFβ treatment (10 ng/mL) enhanced mammosphere formation on day 2 after treatment initia-
tion. Lower panel indicates the magnified views in the yellow boxes. Scale bar = 100 μm.

Figure S4. Tannic acid (TA) reduces the TGFβ-induced 
mammosphere formation in MCF7 cells. Representa-
tive images of tumor spheres are shown. TA treatment 
(10 μM) significantly inhibited the TGFβ-induced forma-
tion of mammospheres on day 7. The data shown are 
the mean ± SEM of three independent experiments 
(mean diameter 131.7 ± 10.2 vs. 45.47 ± 3.32, p < 
0.01). Scale bar = 100 μm. *p < 0.05 vs. TGFβ only.


