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Abstract: Fomes fomentarius, an edible mushroom, is known to have anti-cancer, anti-inflammatory,
and anti-diabetes effects. However, the underlying anti-cancer mechanism of F. fomentarius is
unknown. To determine the molecular mechanism of the anti-cancer effects of F. fomentarius,
various methods were used including fluorescence-activated cell sorting, Western blotting, migration,
and crystal violet assays. F. fomentarius ethanol extract (FFE) decreased cell viability in six cancer
cell lines (MDA-MB-231, MCF-7, A549, H460, DU145, and PC-3). FFE decreased the migration of
MDA-MB-231 cells without causing cell toxicity. Furthermore, FFE attenuated the expression of matrix
metalloproteinase-9 and phosphorylation of Akt as well as increased E-cadherin in MDA-MB-231 cells.
FFE arrested the S and G2/M populations by inhibiting the expression of cell cycle regulatory
proteins such as cyclin-dependent kinase 2, cyclin A/E, and S-phase kinase-associated protein
2. FFE increased the sub-G1 population and expression of cleaved caspase-9, -3, and cleaved
poly adenosine diphosphate (ADP-ribose) polymerase at 72 h and suppressed B-cell lymphoma 2.
Interestingly, FFE and AKT inhibitors showed similar effects in MDA-MB-231 cells. Additionally, FFE
contained betulin which inhibited p-AKT in MDA-MB-231 cells. Our findings demonstrate that FFE
inhibits cell motility and growth and induces apoptosis by inhibiting the phsphoinositide 3- kinase
/AKT pathway and caspase activation.
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1. Introduction

Breast cancer is one of the most common forms of cancer in women. One in eight women
is diagnosed with breast cancer and approximately 12.5% will develop invasive breast cancer [1].
Triple-negative breast cancer which is related to invasive breast cancer is a highly aggressive subtype
associated with poor prognosis; this type accounts for 20% of breast cancer cases [2]. Triple-negative
breast cancer is diagnosed based on the absence of the three most common types of receptors: Estrogen,
progesterone, and human epidermal growth factor receptor 2 (HER-2)/neu genes. Because of the lack of
these receptors on tumor cells, common treatments such as hormone therapy and HER-2 are ineffective.

The PI3K/AKT pathway is well-known as a complicated intracellular pathway that leads to
cell growth, tumor proliferation and metastasis, and endocrine resistance in breast cancer [3–5].
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Particularly, oncogenic activation of the PI3K/AKT/mTOR pathway can occur because of various
mutations including overexpression of upstream regulators, PI3K catalytic subunit alpha (PI3KCA)
mutation, and loss of phosphatase and tensin homolog (PTEN) in triple-negative breast cancer [6–8].
Because the PI3K/AKT pathway is involved in resistance to endocrine therapy, HER2-directed therapy,
and cytotoxic therapy in breast cancer, the development of inhibitors targeting the PI3K/AKT pathway
is very important, and these inhibitors are currently under development or in clinical trials [9,10].

Fomes fomentarius has been used as a folk remedy for a long time in both the West and the
East. Fomes fomentarius and its bioactive compounds possess anti-bacterial [11], anti-cancer [12–14],
anti-diabetes [15], anti-inflammatory [16], and anti-oxidant activities [17].

Additionally, F. fomentarius contains bioactive compounds that exhibit anti-cancer effects including
butulin 28-o-acetate, betulin, ∆7-ergostenol, cerevisterol, and daphnetin (7,8-dihydroxycoumarin) [18].
However, the molecular mechanism of this anti-cancer efficacy is unknown. Therefore, this study
was conducted to examine the molecular mechanism of the anti-cancer activity of F. fomentarius in
MDA-MB-231 cells.

2. Results

2.1. F. fomentarius Ethanol Extract (FFE) Exerts Anti-Proliferative and Cytotoxic Effects in
MDA-MB-231 Cells

The cells were treated with different concentrations of F. fomentarius ethanol extract (FFE) (0, 6.25,
12.5, 25, 50, 100, 200 µg/mL) for 24 h, 48 h, and 72 h and then cell viability was assessed by MTT assay.
FFE time- and dose-dependently suppressed the viability of MDA-MB-231 cells. Particularly, 100
µg/mL FFE suppressed cell viability by 35.7%, 45.8%, and 61.8% compared to the untreated control
(24 h) at 24 h, 48 h, and 72 h of treatment, respectively (Figure 1A). Consistently, a bromodeoxyuridine
(BrdU) assay showed that FFE treatment inhibited the proliferation of MDA-MB-231 cells in
concentration- and time-dependent manners (Figure 1B). Additionally, the effect of FFE on the
long-term (5 days) growth of MDA-MB-231 breast cancer cells was assessed. FFE significantly
suppressed cell growth in a dose-dependent manner (Figure 1C). Importantly, FFE suppressed cell
viability in various cancer cell lines (breast cancer cell line: MDA-MB-231 and MCF-7 cells, lung cancer
cells: A549 and H460 cells, prostate cancer cell line: DU145 and PC-3 cells) (Figure 1D).
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Figure 1. Cytotoxic and anti-proliferative effects of Fomes fomentarius ethanol extract (FFE). (A) 
Cytotoxic effect of time-dependent treatment of FFE in MDA-MB-231 cells. MDA-MB-231 cells treated 
with various doses of FFE for 24 h, 48 h, and 72 h. The cell viability valuated by MTT assay. Data 
represent mean ± SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control. (B) MDA-MB-231 
cells treated with various doses of FFE for 24 h, 48 h, and 72 h, then, cell proliferative rate measured 
using a bromodeoxyuridine (BrdU) proliferation ELISA kit. Data represent mean ± SD, * p < 0.05, ** p 
< 0.01 and *** p < 0.001 compared with control. (C) The anti-proliferation activity for long term 
treatment of FFE carried out by cell growth assay. MDA-MB-231 cells treated with various 
concentrations of FFE and maintained for 5 days. Cells stained with crystal violet and randomly 
chosen fields photographed and resolved in 70% EtOH and absorbance measured using a microplate 
reader. Data represent mean ± SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control (D). 
The cytotoxicity of FFE for 24 h analyzed by MTT assay in various cancer cell lines. Data represent 
mean ± SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control. 

2.2. FFE Increases S-Phase Arrest and Apoptosis Rates and Regulates Cell Cycle- and Apoptosis-Related 
Proteins 

To evaluate the proliferation and apoptotic effects of FFE, a cell cycle assay was conducted using 
MDA-MB-231 cells treated with FFE. FFE increased S-phase arrest for 24 h and cells accumulated in 

Figure 1. Cytotoxic and anti-proliferative effects of Fomes fomentarius ethanol extract (FFE).
(A) Cytotoxic effect of time-dependent treatment of FFE in MDA-MB-231 cells. MDA-MB-231 cells
treated with various doses of FFE for 24 h, 48 h, and 72 h. The cell viability valuated by MTT
assay. Data represent mean ± SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control.
(B) MDA-MB-231 cells treated with various doses of FFE for 24 h, 48 h, and 72 h, then, cell proliferative
rate measured using a bromodeoxyuridine (BrdU) proliferation ELISA kit. Data represent mean ± SD,
* p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control. (C) The anti-proliferation activity for
long term treatment of FFE carried out by cell growth assay. MDA-MB-231 cells treated with various
concentrations of FFE and maintained for 5 days. Cells stained with crystal violet and randomly
chosen fields photographed and resolved in 70% EtOH and absorbance measured using a microplate
reader. Data represent mean ± SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control (D).
The cytotoxicity of FFE for 24 h analyzed by MTT assay in various cancer cell lines. Data represent
mean ± SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control.

2.2. FFE Increases S-Phase Arrest and Apoptosis Rates and Regulates Cell Cycle- and Apoptosis-Related Proteins

To evaluate the proliferation and apoptotic effects of FFE, a cell cycle assay was conducted using
MDA-MB-231 cells treated with FFE. FFE increased S-phase arrest for 24 h and cells accumulated
in the S and G2/M phases, followed by weak induction of the sub-G1 phase for 48 h (Figure 2A,B).
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Interestingly, FFE increased SubG1 accumulation and induced the S-phase for 72 h (Figure 2C).
Next, to confirm the molecular effect of FFE at the protein level, S phase- and G2/M phase-related
proteins (p21, CDK2, cyclin E, cyclin A, and SKP2) and apoptosis-related proteins (C-Cas9, C-Cas3,
Bcl-2, poly adenosine diphosphate (ADP-ribose) polymerase (PARP), and C-PARP) were evaluated
by immunoblotting. FFE attenuated CDK2, cyclin E, cyclin A, and SKP2 at both 24 h and 48 h.
P21 was detected only at 24 h following FFE treatment (Figure 3A,B). FFE cleaved the PARP, caspase-3,
and caspase-9 proteins and reduced Bcl-2 and total PARP levels at 72 h (Figure 3C,D).
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Figure 2. Effect of FFE on cell cycle arrest and apoptosis in MDA-MB-231 cells. MDA-MB-231 cells
treated with FFE for 24 h (A), 48 h (B), and 72 h (C). Treated cells stained with propidium iodide (PI)
and analyzed by flow cytometry. Bar graphs show quantification of the cell cycle population (%).
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Figure 3. Effect of FFE on cell cycle arrest and apoptosis in MDA-MB-231 cells. MDA-MB-231 cells 
treated with FFE for 24 h, 48 h, and 72 h. (A) Cell lysates prepared and subjected to Western blotting 
for cell cycle-related proteins (p21, CDK2, cyclin E, cyclin A, SKP2 and β actin). (B) Fold change of 
Western blot. Data represent mean ± SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control. 
(C) Levels of apoptosis-related proteins (C-Cas9, C-Cas3, Bcl-2, PARP, C-PARP and β-actin) 
determined by Western blot analysis. Fold change of Western blot. (D) Data represent mean ± SD, * p 
< 0.05, ** p < 0.01 and *** p < 0.001 compared with control. 

2.3. FFE Inhibits Cell Migration 

To determine the effect of FFE on the motility of MDA-MB-231 cells, a migration assay was 
performed by the wound healing method. The exposure of MDA-MB-231 cells to FFE significantly 
decreased serum-induced cell migration by 13.3% and 40% compared to that of untreated controls at 
25 and 50 μg/mL FFE, respectively (Figure 4A,B). To better understand the inhibitory effect of FFE 
on cell migration, changes in cell motility-related proteins (AKT, p-AKT, MMP-9, and E-cadherin) by 
FFE were examined by Western blotting. FFE reduced the phosphorylation of AKT without affecting 
the expression levels of the total AKT protein and reduced the expression of MMP-9 in MDA-MB-
231 breast cancer cells (Figure 4C, D). The expression of E-cadherin, a key component of adherent 
junctions, was dose-dependently increased in FFE-induced MDA-MB-231 cells (Figure 4C, D). 

Figure 3. Effect of FFE on cell cycle arrest and apoptosis in MDA-MB-231 cells. MDA-MB-231 cells
treated with FFE for 24 h, 48 h, and 72 h. (A) Cell lysates prepared and subjected to Western blotting
for cell cycle-related proteins (p21, CDK2, cyclin E, cyclin A, SKP2 and β actin). (B) Fold change of
Western blot. Data represent mean ± SD, * p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control.
(C) Levels of apoptosis-related proteins (C-Cas9, C-Cas3, Bcl-2, PARP, C-PARP and β-actin) determined
by Western blot analysis. Fold change of Western blot. (D) Data represent mean ± SD, * p < 0.05,
** p < 0.01 and *** p < 0.001 compared with control.

2.3. FFE Inhibits Cell Migration

To determine the effect of FFE on the motility of MDA-MB-231 cells, a migration assay was
performed by the wound healing method. The exposure of MDA-MB-231 cells to FFE significantly
decreased serum-induced cell migration by 13.3% and 40% compared to that of untreated controls at
25 and 50 µg/mL FFE, respectively (Figure 4A,B). To better understand the inhibitory effect of FFE
on cell migration, changes in cell motility-related proteins (AKT, p-AKT, MMP-9, and E-cadherin)
by FFE were examined by Western blotting. FFE reduced the phosphorylation of AKT without
affecting the expression levels of the total AKT protein and reduced the expression of MMP-9 in
MDA-MB-231 breast cancer cells (Figure 4C,D). The expression of E-cadherin, a key component of
adherent junctions, was dose-dependently increased in FFE-induced MDA-MB-231 cells (Figure 4C,D).
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represent mean ± SD, ** p < 0.01 and *** p < 0.001 compared with control. (C) MDA-MB-231 cells treated 
with FFE (25 or 50 μg/mL) for 24 h. Cell lysates used for Western blotting (AKT, p-AKT, MMP-9, E-
cadherin and β-actin). (D) Fold change of Western blot. Data represent mean ± SD, * p < 0.05, ** p < 
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2.4. AKT Mediates FFE-Induced Suppression of Cell Proliferation and Migration 

We assessed whether FFE-mediated anti-cell proliferation and anti-migration depends on AKT 
inhibition. The AKT inhibitor wortmannin (Wort) potentiated the upregulation of P21 expression by 
FFE. Furthermore, Wort and FFE decreased the expression of CDK2, cyclin A, and SKP2 (Figure 5A, 
B). FFE and Wort decreased cell migration in a wound healing assay (Figure 5C). Consistently, the 
expression of cell motility-related proteins was altered by FFE and Wort (Figure 5D, E). 

Figure 4. Inhibitory Effect of FFE on cell migration in MDA-MB-231 cells. Cells treated with FFE for
24 h, and cell migration was assayed by wound healing assay. (A) The number of cells migrating into
the scratched area photographed (×100) and (B) calculated as a percentage of migration. Data represent
mean ± SD, ** p < 0.01 and *** p < 0.001 compared with control. (C) MDA-MB-231 cells treated with
FFE (25 or 50 µg/mL) for 24 h. Cell lysates used for Western blotting (AKT, p-AKT, MMP-9, E-cadherin
and β-actin). (D) Fold change of Western blot. Data represent mean ± SD, * p < 0.05, ** p < 0.01 and
*** p < 0.001 compared with control.

2.4. AKT Mediates FFE-Induced Suppression of Cell Proliferation and Migration

We assessed whether FFE-mediated anti-cell proliferation and anti-migration depends on AKT
inhibition. The AKT inhibitor wortmannin (Wort) potentiated the upregulation of P21 expression
by FFE. Furthermore, Wort and FFE decreased the expression of CDK2, cyclin A, and SKP2
(Figure 5A,B). FFE and Wort decreased cell migration in a wound healing assay (Figure 5C).
Consistently, the expression of cell motility-related proteins was altered by FFE and Wort (Figure 5D,E).
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2.5. Betulin and Daphnetin in FFE Decrease Phosphorylated AKT in MDA-MB-231 Cells 

Betulin and daphnetin have anti-cancer effects and were reported as chemical constituents of 
FFE [19]. 

Figure 5. Effects of AKT inhibitor wortmannin (Wort) on migration, cell cycle, and migration related
makers in FFE treated MDA-MB-231 cells. Cells treated with FFE for 24 h after 1 hour pretreatment
with Wort. (A) Cell lysates prepared and subjected to Western blotting with antibodies against p21,
CDK2, Cyclin A, SKP2 and β-actin. (B) Fold change of Western blot. Data represent mean ± SD,
* p < 0.05, ** p < 0.01 and *** p < 0.001 compared with control. (C) Cell migration assayed by wound
healing assay. The number of cells migrating into the scratched area photographed (×100). (D) Cell
lysates prepared and subjected to Western blotting with antibodies against E-cadherin, MMP-9, p-AKT,
AKT and β-actin. (E) Fold change of Western blot. Data represent mean ± SD, * p < 0.05, ** p < 0.01 and
*** p < 0.001 compared with control.

2.5. Betulin and Daphnetin in FFE Decrease Phosphorylated AKT in MDA-MB-231 Cells

Betulin and daphnetin have anti-cancer effects and were reported as chemical constituents of
FFE [19].
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Our high-performance liquid chromatography (HPLC) data showed that FFE contains betulin
(Figure 6A,B). Several studies reported that betulin forms Fomes fomentarius and has cytotoxic effects
against cancer cells [18,20].
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Figure 6. Effect of main compounds of FFE betulin and daphnetin on p-AKT and AKT in
MDA-MB-231 cells. (A) HPLC chromatograms of betulin. (B) FFE. (C) Inhibitory effect of betulin and
daphnetin on p-AKT expression in MDA-MB-231 cells.

Betulin was used to treat MDA-MB-231 cells for 24 h to investigate the effect of inhibiting AKT.
The level of p-AKT was confirmed by Western blotting analysis. The results showed that treatment
with 5 µM of betulin decreased p-AKT in MDA-MB-231 cells (Figure 6C).

3. Discussion

In the present study, we demonstrated that FFE exerts anticancer effects by inhibiting cell
proliferation and migration and inducing apoptosis by blocking the PI3K/AKT pathway in
MDA-MD-231 cells. The PI3K/AKT pathway is crucial for cancer development and is involved
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in cell growth, survival, angiogenesis, metastasis, and resistance to chemotherapeutic agents and
apoptosis [21]. Many types of aggressive cancer show overexpression or oncogenic activity of
the PI3K/AKT pathway [22,23]. Activation of AKT leads to a significant reduction in E-cadherin
expression [24] and induction of MMP-9 expression and secretion in cancer cells [25]. Futhermore, AKT
abrogates proliferating cell nuclear antigen binding to p21cip1 and attenuates the complex formation
of p21cip1 with CDK2 and CDK4, resulting in cell proliferation [26,27]. Our results demonstrate that
non-toxic doses of FFE or Wort decreased the expression of p-AKT and MMP-9 and induced the
expression of E-cadherin, resulting in inhibition of cell invasion (Figures 4 and 5). Additionally, FFE
or Wort induced P21 expression, and decreased CDK2, cyclin A, and SKP2, resulting in inhibition of
cell proliferation (Figures 3 and 4). The effect of FFE on cell death and proliferation inhibition was
long-lasting (72 h or 5 days).

Edible mushrooms have been used for various applications, including being used as medicines
for treating diseases. Fomes fomentarius is extensively used in traditional Chinese and Korean medicine.
There are two reports of the anticancer effects of F. fomentarius. Both studies showed that this mushroom
has anti-proliferative and cytotoxic activities, but did not investigate the molecular mechanism in
different cancer cell lines [18,28]. This is the first study to examine the molecular mechanisms of FFE’s
anti-cancer effects in MDA-MB-231 cells. We also evaluated the bioactive components responsible for
these effects. A previous study reported that chemical compounds including betulin and daphnetin
have anti-cancer effects (evaluated in SGC-7901 and NCI-H 460 cells by Alamar blue staining) were
isolated from the ethanol extract of F. fomentarius. The presence of betulin and daphnetin in FFE
was investigated by HPLC. Interestingly, only betulin was confirmed to be present in FFE by HPLC,
furthermore, betulin was found to be abundant in FFE (Figure 6A,B). Additionally, betulin and
daphnetin reduced the expression of p-AKT (Figure 6C). Betulin, a triterpenoids, is reported to have
anti-cancer [29–32] and anti-inflammatory effects [33]. The research for betulin having anti-cancer
effects with relating AKT has been reported in five studies over the last three years. In one of
these studies, Hsu RJ et al. reported that betulin induces apoptosis and inhibits cell migration in
HBL-60 cells and MDA-MB-231 cells. However, they focused on the apoptotic effect of betulin
in HBL-60 cells and used higher concentrations of betulin (25 µM = 10 µg/mL) than our used
concentration. Therefore, further in-depth study of the anti-cancer mechanism of betulin in breast
cancer is required.

In summary, we demonstrated that a non-toxic dose of FFE decreased cell migration and the
expression of MMP-9 and p-AKT, and increased E-cadherin in MDA-MB-231 cells. FFE reduced cell
proliferation through S and G2M phase arrest by decreasing CDK2, cyclin A, cyclin E, and SKP-2,
and inducing P21. FFE induced apoptosis by decreasing PARP and Bcl-2 and inducing cleaved
PARP, caspase-9, and caspase-3. Interestingly, FFE and the AKT inhibitor showed similar effects on
MDA-MB-231 cells. Additionally, FFE contained betulin which inhibits p-AKT in MDA-MB-231 cells.
Our findings demonstrate that FFE inhibits cell motility and growth and induces apoptosis by inhibiting
the PI3K/AKT pathway and caspase activation.

4. Materials and Methods

4.1. Cell Culture

The human triple-negative breast cancer cell line MDA-MB-231 cells were maintained in Roswell
park memorial institute medum (RPMI) (Welgene, Daegu, Korea), supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotics (Welgene, Daegu, Korea) at 37 ◦C in 5% CO2.

4.2. Fomes fomentarius Ethanol Extract Preparation

Fomes fomentarius was purchased from the Kyungdong market in Seoul, South Korea.
Ethanol extraction was conducted as previously described [34]. Briefly, the F. fomentarius were washed
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with water. The samples were lyophilized and ground into fine powder (300 g), and then extracted
into 70% ethanol on a shaking incubator. The sample was filtered and freeze-dried.

4.3. Cytotoxicity Assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide MTT assay (Sigma Aldrich, St.
Louis, MO, USA) was used to evaluate the cytotoxicity of FFE. The various concentrations of FFE (0, 25,
50, 100 µg/mL) were treated on the 2 × 104 cells per well in a 96-well for 24 h. 50 µL of MTT solution
(1 mg/mL) was added and incubated for 2 h at 37 ◦C in the dark. The formed formazan was dissolved
with dimethyl sulfoxide (DMSO). The optical density (O.D.) was measured with a microplate reader
(Molecular Devices, Sunnyvale, CA, USA) at 570 nm. Cell viability was calculated using the following
equation. Cell viability (%) = [O.D.(FFE) − O.D.(blank)]/[O.D(control) − O.D.(blank)] × 100.

4.4. Western Blotting

Cells were lysed in RIPA buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 0.25%
sodium deoxycholate, 1 M EDTA, 1 mM Na3VO4, 1 mM NaF, and protease inhibitor cocktail).
Protein samples were quantified using the Bio-Rad DC Protein Assay Kit II (Hercules, CA, USA),
separated by electrophoresis on an 8%, 10%, or 15% SDS-PAGE gel, and transferred to a Hybond
enhanced chemiluminescence (ECL) transfer membrane (Amersham Pharmacia, Piscataway, NJ, USA).
The membranes were blocked with 3% nonfat skim milk and probed with primary antibodies for P21,
CDK2, SKP2, cleaved caspase-3, cleaved caspase-9, E-cadherin (Cell Signaling Technology, Beverly,
MA, USA), cyclin E, cyclin A, B-cell lymphoma 2 (Bcl-2), PARP, AKT, p-AKT, and MMP-9 (Santa Cruz
Biotechnologies, Dallas, TX, USA), and β-actin (Sigma Aldrich). The membranes were exposed to
horseradish peroxidase-conjugated anti-mouse or rabbit secondary antibodies. Protein expression was
examined by using an enhanced chemiluminescence (ECL) system (Amersham Pharmacia).

4.5. Fluoresecence-activated cell sorting (FACS) Analysis

FFE (100 µg/mL) was treated in the MDA-MB-231 cells for 24 h, 48 h, and 72 h. The cells were
fixed in 70% ethanol and reacted with RNase A (10 mg/mL) for 1 h at 37 ◦C. One milliliter of propidium
iodide (50 µg/mL) was added to cells to stain them. The DNA contents of stained cells were analyzed
using Cellquest Software (BD Biosciences, San Jose, CA, USA) with a FACS Calibur flow cytometer
(BD Biosciences).

4.6. Crystal Violet Staining Assay, Colony Formation Assay, Cell Growth Assay

The crystal violet staining assay was used to determine the anti-proliferative effect by FFE. FFE was
treated with various concentrations (0, 50, 100 µg/mL) in MDA-MB-231 cells (1 × 105 cells/mL/well
(6 well plate)) for five days, with daily addition of fresh media and FFE. The cells were fixed with
2 mL of 1% glutaraldehyde solution (JUNSEI, Tokyo, Japan) in phosphate-buffered saline (PBS) for
15 min at 37 ◦C. After washing with PBS, 2 mL of 0.05% crystal violet (Sigma Aldrich) was added
for 30 min to stain cells. The cells were washed gently with deionized water. The plates were dried
at room temperature overnight. A 70% ethanol solution was added (2 mL/well) to each well of the
6-well plate to release crystal violet using a rotary shaker for 2 h at room temperature. The O.D. was
measured by a microplate reader (Molecular Devices) at 570 nm, with a reference filter at 405 nm.

4.7. Wound Healing Assay

Cell migration ability was assessed by conducting a wound healing assay. MDA-MB-231 cells
(1 × 106 cells/mL) were seeded into a 6-well plate and incubated at 37 ◦C. Upon reaching confluence,
the cells were scratched with a 200-µL pipette tip, followed by washing with PBS. The cells were then
treated with FFE in complete medium for 24 h. After incubation, the cells were fixed and stained
with Diff-Quick. Randomly chosen fields were photographed under a fluorescence microscope (AXIO
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Observer A1, ZEISS, Oberkochen, Germany). The number of cells that migrated into the scratched
area was calculated.

4.8. Proliferation Assay

A cell proliferation ELISA kit (Roche, Basel, Switzerland) was used to evaluate the
anti-proliferative effect of FFE treatment according to the manufacturer’s instructions. After 24-,
48-, and 72-h treatment with FFE, bromodeoxyuridine (BrdU, 10 µL/well) was added to each well
and incubated for 4 h at 37 ◦C. The BrdU solution was removed, and 200 µL of FixDenat was added
to each well and incubated for 30 min. The reacted FixDenat solution was removed, and 100 µL of
anti-BrdU-peroxiase (POD) was added to each well. After washing with PBS three times, 100 µL of
substrate solution was added to each well, and the optical density was measured at 450 nm using a
microplate reader (Molecular Devices).

4.9. HPLC Analysis

FFE and betulin (Sigma Aldrich, St. Louis, MO, USA) were analyzed by a high HPLC system
(Agilent Technologies, Santa Clara, CA, USA) using a C18 column (250 mm, Hichrome, Ltd., Theale,
UK). The mobiles phase composed of acetonitrile–water 85:15 (v/v) at a flow rate of 1.0 mL/min.
UV detection wavelength was 210 nm, and the injection volume was 10 µL.

4.10. Statistical Analysis

All data are shown as mean ± SD. Statistically significant differences were evaluated using the
Student’s t-test and the Tukey–Kramer multiple-comparison post-test.
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Abbreviations

FFE fomentarius ethanol extract
MMP-9 matrix metalloproteinase-9
p-AKT phosphorylation of AKT
CDK2 cyclin-dependent kinase 2
SKP2 S-phase kinase-associated protein 2
BCL-2 B-cell lymphoma 2
HER-2 human epidermal growth factor receptor 2
PTEN phosphatase and tensin homolog
Wort wortmannin
HPLC high-performance liquid chromatography
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
O.D. optical density; BrdU, bromodeoxyuridine

References

1. Breast Cancer. Available online: https:www.breastcancer.org (accessed on 30 July 2001).
2. Costa, R.L.; Han, H.S.; Gradishar, W.J. Targeting the PI3K/AKT/MTOR pathway in triple-negative breast

cancer: A review. Breast Cancer Res. Treat. 2018, 169, 397–406. [PubMed]
3. Paplomata, E.; O’Regan, R. The PI3K/AKT/MTOR pathway in breast cancer: Targets, trials and biomarkers.

Ther. Adv. Med. Oncol. 2014, 6, 154–166. [CrossRef] [PubMed]

https:www.breastcancer.org
http://www.ncbi.nlm.nih.gov/pubmed/29417298
http://dx.doi.org/10.1177/1758834014530023
http://www.ncbi.nlm.nih.gov/pubmed/25057302


Int. J. Mol. Sci. 2019, 20, 1147 12 of 13

4. Manfredi, G.I.; Dicitore, A.; Gaudenzi, G.; Caraglia, M.; Persani, L.; Vitale, G. PI3K/AKT/MTOR signaling
in medullary thyroid cancer: A promising molecular target for cancer therapy. Endocrine 2015, 48, 363–370.
[CrossRef] [PubMed]

5. Shang, S.Q.; Li, J.; Li, S.Q.; Cao, Y.L. Inhibition of phosphoinositide 3-kinase delta attenuates experimental
autoimmune encephalomyelitis in mice. Int. J. Clin. Exp. Med. 2015, 8, 20645–20651. [PubMed]

6. Liu, T.; Yacoub, R.; Taliaferro-Smith, L.D.; Sun, S.Y.; Graham, T.R.; Dolan, R.; Lobo, C.; Tighiouart, M.;
Yang, L.; Adams, A.; et al. Combinatorial effects of lapatinib and rapamycin in triple-negative breast cancer
cells. Mol. Cancer Ther. 2011, 10, 1460–1469. [CrossRef] [PubMed]

7. Cossu-Rocca, P.; Orru, S.; Muroni, M.R.; Sanges, F.; Sotgiu, G.; Ena, S.; Pira, G.; Murgia, L.; Manca, A.;
Uras, M.G.; et al. Analysis of PIK3CA mutations and activation pathways in triple negative breast cancer.
PLoS ONE 2015, 10, e0141763.

8. Ooms, L.M.; Binge, L.C.; Davies, E.M.; Rahman, P.; Conway, J.R.; Gurung, R.; Ferguson, D.T.;
Papa, A.; Fedele, C.G.; Vieusseux, J.L.; et al. The inositol polyphosphate 5-phosphatase PIPP regulates
AKT1-dependent breast cancer growth and metastasis. Cancer Cell 2015, 28, 155–169. [PubMed]

9. Paplomata, E.; O’Regan, R. New and emerging treatments for estrogen receptor-positive breast cancer: Focus
on everolimus. Ther. Clin. Risk Manag. 2013, 9, 27–36. [PubMed]

10. Nahta, R. Pharmacological strategies to overcome HER2 cross-talk and trastuzumab resistance.
Curr. Med. Chem. 2012, 19, 1065–1075. [PubMed]

11. Dresch, P.; MN, D.A.; Rosam, K.; Grienke, U.; Rollinger, J.M.; Peintner, U. Fungal strain matters: Colony
growth and bioactivity of the european medicinal polypores fomes fomentarius, fomitopsis pinicola and
piptoporus betulinus. AMB Express 2015, 5, 4. [PubMed]

12. Kim, S.H.; Jakhar, R.; Kang, S.C. Apoptotic properties of polysaccharide isolated from fruiting bodies of
medicinal mushroom fomes fomentarius in human lung carcinoma cell line. Saudi J. Biol. Sci. 2015, 22,
484–490. [CrossRef] [PubMed]

13. Zang, Y.; Xiong, J.; Zhai, W.Z.; Cao, L.; Zhang, S.P.; Tang, Y.; Wang, J.; Su, J.J.; Yang, G.X.; Zhao, Y.; et al.
Fomentarols a-d, sterols from the polypore macrofungus fomes fomentarius. Phytochemistry 2013, 92, 137–145.
[CrossRef] [PubMed]

14. Chen, W.; Zhao, Z.; Chen, S.F.; Li, Y.Q. Optimization for the production of exopolysaccharide from fomes
fomentarius in submerged culture and its antitumor effect in vitro. Bioresour. Technol. 2008, 99, 3187–3194.
[CrossRef] [PubMed]

15. Lee, J.-S. Effects of fomes fomentarius supplementation on a17ntioxidant enzyme activities, blood glucose,
and lipid profile in streptozotocin-induced diabetic rats. Nutr. Res. 2005, 25, 187–195. [CrossRef]

16. Park, Y.-M.; Kim, I.-T.; Park, H.-J.; Choi, J.-W.; Park, K.-Y.; Lee, J.-D.; Nam, B.-H.; Kim, D.-G.; Lee, J.-Y.;
Lee, K.-T. Anti-inflammatory and anti-nociceptive effects of the methanol extract of fomes fomentarius.
Biol. Pharm. Bull. 2004, 27, 1588–1593. [CrossRef] [PubMed]

17. Committee, S.D.W.; Council, N.R. Drinking Water and Health; National Academies Press: Washington, DC,
USA, 1977; Volume 1.

18. Huang, T.; Du, D.; Chen, Y.; Yuan, B.; Ju, X.; Feng, Y.; Wang, L.; Jiang, J. Chemical constituents and antitumor
activity of fruiting body of fomes fomentarius. Mycosystema 2012, 5, 775–783.

19. Grienke, U.; Zoll, M.; Peintner, U.; Rollinger, J.M. European medicinal polypores—A modern view on
traditional uses. J. Ethnopharmacol. 2014, 154, 564–583. [CrossRef] [PubMed]

20. Mbaveng, A.T.; Fotso, G.W.; Ngnintedo, D.; Kuete, V.; Ngadjui, B.T.; Keumedjio, F.; Andrae-Marobela, K.;
Efferth, T. Cytotoxicity of epunctanone and four other phytochemicals isolated from the medicinal
plants garcinia epunctata and ptycholobium contortum towards multi-factorial drug resistant cancer cells.
Phytomed. Int. J. Phytother. Phytopharm. 2018, 48, 112–119. [CrossRef] [PubMed]

21. Arcaro, A.; Guerreiro, A.S. The phosphoinositide 3-kinase pathway in human cancer: Genetic alterations
and therapeutic implications. Curr. Genom. 2007, 8, 271–306. [CrossRef] [PubMed]

22. Ghayad, S.E.; Cohen, P.A. Inhibitors of the pi3k/akt/mtor pathway: New hope for breast cancer patients.
Recent Pat. Anti-Cancer Drug Discov. 2010, 5, 29–57. [CrossRef]

23. Porta, C.; Paglino, C.; Mosca, A. Targeting PI3K/AKT/MTOR signaling in cancer. Front. Oncol. 2014, 4, 64.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12020-014-0380-1
http://www.ncbi.nlm.nih.gov/pubmed/25115638
http://www.ncbi.nlm.nih.gov/pubmed/26884985
http://dx.doi.org/10.1158/1535-7163.MCT-10-0925
http://www.ncbi.nlm.nih.gov/pubmed/21690228
http://www.ncbi.nlm.nih.gov/pubmed/26267533
http://www.ncbi.nlm.nih.gov/pubmed/23345981
http://www.ncbi.nlm.nih.gov/pubmed/22229414
http://www.ncbi.nlm.nih.gov/pubmed/25642401
http://dx.doi.org/10.1016/j.sjbs.2014.11.022
http://www.ncbi.nlm.nih.gov/pubmed/26150756
http://dx.doi.org/10.1016/j.phytochem.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23747096
http://dx.doi.org/10.1016/j.biortech.2007.05.049
http://www.ncbi.nlm.nih.gov/pubmed/17624770
http://dx.doi.org/10.1016/j.nutres.2005.01.001
http://dx.doi.org/10.1248/bpb.27.1588
http://www.ncbi.nlm.nih.gov/pubmed/15467201
http://dx.doi.org/10.1016/j.jep.2014.04.030
http://www.ncbi.nlm.nih.gov/pubmed/24786572
http://dx.doi.org/10.1016/j.phymed.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/30195869
http://dx.doi.org/10.2174/138920207782446160
http://www.ncbi.nlm.nih.gov/pubmed/19384426
http://dx.doi.org/10.2174/157489210789702208
http://dx.doi.org/10.3389/fonc.2014.00064
http://www.ncbi.nlm.nih.gov/pubmed/24782981


Int. J. Mol. Sci. 2019, 20, 1147 13 of 13

24. Barber, A.G.; Castillo-Martin, M.; Bonal, D.M.; Jia, A.J.; Rybicki, B.A.; Christiano, A.M.; Cordon-Cardo, C.
PI3K/AKT pathway regulates e-cadherin and desmoglein 2 in aggressive prostate cancer. Cancer Med. 2015,
4, 1258–1271. [CrossRef] [PubMed]

25. Li, H.; Qiu, Z.; Li, F.; Wang, C. The relationship between MMP-2 and MMP-9 expression levels with breast
cancer incidence and prognosis. Oncol. Lett. 2017, 14, 5865–5870. [CrossRef] [PubMed]

26. Rossig, L.; Jadidi, A.S.; Urbich, C.; Badorff, C.; Zeiher, A.M.; Dimmeler, S. Akt-dependent phosphorylation
of p21(cip1) regulates pcna binding and proliferation of endothelial cells. Mol. Cell. Biol. 2001, 21, 5644–5657.
[CrossRef] [PubMed]

27. Ando, T.; Kawabe, T.; Ohara, H.; Ducommun, B.; Itoh, M.; Okamoto, T. Involvement of the interaction
between p21 and proliferating cell nuclear antigen for the maintenance of G2/M arrest after DNA damage.
J. Biol. Chem. 2001, 276, 42971–42977. [CrossRef] [PubMed]

28. Shnyreva, A.V.; Shnyreva, A.; Espinoza, C.; Padrón, J.M.; Trigos, Á. Antiproliferative activity and cytotoxicity
of some medicinal wood-destroying fungi. Int. J. Med. Mushrooms 2018, 20, 1–11. [CrossRef] [PubMed]

29. Cheng, Z.; Yao, W.; Zheng, J.; Ding, W.; Wang, Y.; Zhang, T.; Zhu, L.; Zhou, F. A derivative of betulinic
acid protects human retinal pigment epithelial (rpe) cells from cobalt chloride-induced acute hypoxic stress.
Exp. Eye Res. 2019, 180, 92–101. [CrossRef] [PubMed]

30. Cháirez-Ramírez, M.; Moreno-Jiménez, M.; González-Laredo, R.; Gallegos-Infante, J.; Rocha-Guzmán, N.E.
Lupane-type triterpenes and their anti-cancer activities against most common malignant tumors: A review.
EXCLI J. 2016, 15, 758. [PubMed]

31. Härmä, V.; Haavikko, R.; Virtanen, J.; Ahonen, I.; Schukov, H.-P.; Alakurtti, S.; Purev, E.; Rischer, H.;
Yli-Kauhaluoma, J.; Moreira, V.M. Optimization of invasion-specific effects of betulin derivatives on prostate
cancer cells through lead development. PLoS ONE 2015, 10, e0126111. [CrossRef] [PubMed]

32. Hsu, R.J.; Hsu, Y.C.; Chen, S.P.; Fu, C.L.; Yu, J.C.; Chang, F.W.; Chen, Y.H.; Liu, J.M.; Ho, J.Y.; Yu, C.P.
The triterpenoids of hibiscus syriacus induce apoptosis and inhibit cell migration in breast cancer cells.
BMC Complement. Altern. Med. 2015, 15, 65. [CrossRef] [PubMed]

33. Ci, X.; Zhou, J.; Lv, H.; Yu, Q.; Peng, L.; Hua, S. Betulin exhibits anti-inflammatory activity in
lps-stimulated macrophages and endotoxin-shocked mice through an AMPK/AKT/NRF2-dependent
mechanism. Cell Death Dis. 2017, 8, e2798. [PubMed]

34. Lee, M.-S.; Cho, S.-M.; Kim, J.-S.; Kim, S.-H.; Lee, H.-J. Ethanol extract of the pinus koraiensis leaves
anti-obesity and hypolipidemic effects by activating the ampk signaling. Nutr. Food Sci. 2016, 16, 51.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/cam4.463
http://www.ncbi.nlm.nih.gov/pubmed/26033689
http://dx.doi.org/10.3892/ol.2017.6924
http://www.ncbi.nlm.nih.gov/pubmed/29113219
http://dx.doi.org/10.1128/MCB.21.16.5644-5657.2001
http://www.ncbi.nlm.nih.gov/pubmed/11463845
http://dx.doi.org/10.1074/jbc.M106460200
http://www.ncbi.nlm.nih.gov/pubmed/11559705
http://dx.doi.org/10.1615/IntJMedMushrooms.2018025250
http://www.ncbi.nlm.nih.gov/pubmed/29604909
http://dx.doi.org/10.1016/j.exer.2018.12.011
http://www.ncbi.nlm.nih.gov/pubmed/30578788
http://www.ncbi.nlm.nih.gov/pubmed/28337107
http://dx.doi.org/10.1371/journal.pone.0126111
http://www.ncbi.nlm.nih.gov/pubmed/25965345
http://dx.doi.org/10.1186/s12906-015-0592-9
http://www.ncbi.nlm.nih.gov/pubmed/25885960
http://www.ncbi.nlm.nih.gov/pubmed/28518138
http://dx.doi.org/10.1186/s12906-016-1031-2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	F. fomentarius Ethanol Extract (FFE) Exerts Anti-Proliferative and Cytotoxic Effects in MDA-MB-231 Cells 
	FFE Increases S-Phase Arrest and Apoptosis Rates and Regulates Cell Cycle- and Apoptosis-Related Proteins 
	FFE Inhibits Cell Migration 
	AKT Mediates FFE-Induced Suppression of Cell Proliferation and Migration 
	Betulin and Daphnetin in FFE Decrease Phosphorylated AKT in MDA-MB-231 Cells 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Fomes fomentarius Ethanol Extract Preparation 
	Cytotoxicity Assay 
	Western Blotting 
	Fluoresecence-activated cell sorting (FACS) Analysis 
	Crystal Violet Staining Assay, Colony Formation Assay, Cell Growth Assay 
	Wound Healing Assay 
	Proliferation Assay 
	HPLC Analysis 
	Statistical Analysis 

	References

