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ABSTRACT

D-Fraction is protein-bound b-1,6 and b-1,3 glucans (proteoglucan) extracted from the edible and
medicinal mushroom Grifola frondosa (Maitake). The antitumoral effect of D-Fraction has long been
exclusively attributed to their immunostimulatory capacity. However, in recent years increasing
evidence showed that D-Fraction directly affects the viability of canine and human tumor cells,
independent of the immune system. Previously, we have reported that D-Fraction modulates the
expression of genes associated with cell proliferation, cell death, migration, invasion, and metastasis
in MCF7 human breast cancer cells. Therefore, the purpose of the current study is to investigate if
this modulation of gene expression by Maitake D-Fraction really modulates tumor progression. In
the present work, we demonstrate for the first time that Maitake D-Fraction is able to act directly on
mammary tumor cells, modulating different cellular processes involved in the development and
progression of cancer. We demonstrate that D-Fraction decreases cell viability, increases cell
adhesion, and reduces the migration and invasion of mammary tumor cells, generating a less
aggressive cell behavior. In concordance with these results, we also demonstrate that D-Fraction
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decreases tumor burden and the number of lung metastases in a murine model of breast cancer.

Introduction

The global burden of cancer increases every year largely
because of population aging and growth as well as an
adoption of cancer-associated lifestyle (1). Based on the
GLOBOCAN 2012 estimates, about 14.1 million new
cancer cases and 8.2 million cancer deaths are estimated
to have occurred in 2012 worldwide. Breast cancer is, by
far, the most frequently diagnosed malignant neoplasia
and a leading cause of cancer death in females worldwide
(2). Despite advances in early detection and the under-
standing of the molecular bases of breast cancer biology,
the local and systemic recurrence of this disease remains
a serious problem (3).

Today, conventional cancer therapies include surgical
operation, radiotherapy, and chemotherapy, depending
on the type of cancer and the stage of tumor progression.
However, their side effects cause serious damage and suf-
fering to patients (4,5). In this context, the role of immu-
notherapy as a supportive help to conventional therapy

iS gaining increasing prominence, because it improves
the quality of life of cancer patients while helping to
overcome cancer growth (6). Biologically active metabo-
lites found in medicinal mushrooms, such as b-glucans,
are potent immunomodulators with effects on both
innate and adaptive immunity (7-10).

Grifola frondosa, commonly known as Maitake, is an
edible and medicinal mushroom that has been used for
centuries by the oriental medicine, especially in countries
like China, India, Japan, and Korea (4,11). D-Fraction is
protein-bound b-1,6 and b-1,3 glucans (proteoglucan)
extracted from the fruit bodies of Maitake (12). The anti-
tumor effect of D-Fraction has been attributed mainly to
their immunostimulatory capacity. It was found that D-
Fraction not only activates various immune effectors
such as macrophages (13-17), natural killer (18), den-
dritic cells (19), and T-helper lymphocytes (14,20) that
attack tumor cells but also potentiates the release of vari-
ous mediators including lymphokines and interleukins.
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On the other hand, increasing evidence showed that
D-Fraction has a direct antiproliferative or cytotoxic
effect on human cancer cells including PC3 (prostate)
(21), T24 (bladder), HepG2 (liver), U89 (brain), HL60
(leukemia) (22), MCF7 (breast) (22,23), and ACHN cells
(kidney) (24,25). Furthermore, it was shown that Mai-
take D-Fraction also affects the viability of three canine
cancer cells such as CF33 (mammary gland), CF21 (con-
nective tissue), and CL1 cells (lymphoma) (22). In our
previous work, we have demonstrated that Maitake D-
Fraction modulates the switching on/off of genes associ-
ated with cell proliferation, cell death, migration, inva-
sion, and metastasis in MCF7 human breast cancer cells
(26). Hence, it is necessary to confirm these results evalu-
ating the direct antitumoral actions of D-Fraction.
Therefore, the purpose of the current study was to inves-
tigate the effects of Maitake D-Fraction on the cellular
processes that govern the transformation of normal cells
into malignant ones, including cellular proliferation, cell
death, cell adhesion, cell migration, and cell invasion. In
addition, we aimed at investigating the antitumoral effect
of Maitake D-Fraction in an animal model of breast
cancer.

Materials and methods
Bioactive Maitake D-Fraction

D-Fraction is a proteoglucan extracted from the medici-
nal mushroom G. frondosa (Maitake). In this work, we
use Maitake D-Fraction =Pro 4X Liquid, which is made
from D-Fraction extract, vegetable glycerin, and water by
Mushroom Wisdom, Inc. (formerly Maitake Products,
Inc.) New Jersey, USA. Maitake D-Fraction ~Pro 4X Lig-
uid does not contain alcohol, sugar, yeast, mold, corn,
salt, wheat, artificial color, preservatives, or synthetic
pesticides or fertilizers.

Cell culture

LM3 murine mammary adenocarcinoma cells (27) were
a generous gift from E. Bal de Kier Joffé_(Instituto de
OncologiaAnbel Roffo, Buenos Aires, Argentina). The
LM3 cells lack estrogen receptor (ER) and progesterone
receptor (PR) expression (28), but they express high lev-
els of human epidermal growth factor receptor 2 (HER?2)
(29). Therefore, LM3 cells are classified as hormone-
independent breast cancer cell lines. Cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma) supplemented with 5% (v/v) fetal bovine serum
(FBS, Gibco), L-glutamine (5 mM, Gibco), penicillin
(Gibco, 100 U/mL), and streptomycin (Gibco, 100 mg/
mL) at 37°C in a humidified 5% CO, air atmosphere.

Cell viability assays

The LM3 cells were plated at a density of 3,000 cells/well
into 96-multiwell dishes in complete medium. They were
treated with 30, 300, 750, 1500, 2250, and 3000 mg/mL
of D-Fraction or vehicle for 24, 48, and 72 h. They were
washed with phosphate-buffered saline (PBS), trypsi-
nized, suspended in 100 mL of complete medium, and
counted manually using a hemocytometer, as previously
described (30). The experiment was repeated at least
twice and performed in quadruplicate. Half-maximal
inhibitory concentrations (ICsg) of D-Fraction were cal-
culated using the sigmoidal dose-response equation
employing GraphPad Prism 5.0 program. Additionally,
cell viability was assessed by 4-[3-(4-lodophenyl)-2-(4-
nitrophenyl)-2H-5-tetrazolio]-1,3 benzene disulfonate
(WST-1) colorimetric assay (Roche). For this purpose,
after treatment with D-Fraction or vehicle, the cells were
incubated for 1 h at 37°C with the tetrazolium salt WST-
1 and the absorbance of the formazan product was read
at 440 nm. Vehicle treatment did not exert effects over
cellular viability when compared to nontreated cells.

Cell cycle analysis

Cell cycle analysis was performed as previously described
(31). In brief, LM3 cells were synchronized by depriva-
tion of FBS for 20 h. Then, they were treated with D-
Fraction (570.6 mg/mL) or vehicle for 24 h. After that,
they were trypsinized, fixed with ice-cold 70% ethanol,
stained with propidium iodide (PI, Roche), and analyzed
for DNA content by FACScan Calibur Becton Dickinson.
Data were analyzed by CellQuest software (Becton Dick-
inson). At least 100,000 cells were analyzed for each
sample.

Apoptosis analysis

Apoptosis was analyzed by flow cytometry using
Annexin V-FITC (AV)/PI double staining as previously
described (30). In brief, LM3 cells were treated with D-
Fraction (570.6 mg/mL) or vehicle for 24 h. Then, they
were washed with PBS and resuspended in binding
buffer 1£ at a concentration of 1 £ 10° cells/mL. Then,
100 mL of suspension were taken for staining with 5 mL
of AV and 10 mL of PI (50 mg/mL). The suspension was
homogenized and incubated in the dark at room temper-
ature for 15 min. Finally, 400 mL of binding buffer 1£
was added to each sample. The cells were counted using
FACScan Calibur Becton Dickinson and data were ana-
lyzed by CellQuest software (Becton Dickinson). We
determined the percentage of cells with mark AVC/IP-
(early apoptosis), AVC/IPC (late apoptosis), AV-/IPC



(necrosis), and AV-/IP- (viable cells). At least 100,000
cells were analyzed for each sample.

Cell migration assay

Cell migration was studied by employing the “wound
healing” assay as previously described (32). Briefly, LM3
cells were seeded in 35-mm Petri dishes and cultured
until confluence. The cells were treated with D-Fraction
(570.6 mg/mL) or vehicle. The cells were scraped with a
200-mL micropipette tip, denuding a strip of the mono-
layer. Then, they were observed and photographed every
4 h and for a shorter time than the doubling time (T,) of
the cell line (LM3 T, D 23 h). Images were captured with
an inverted microscope (Nikon Eclipse TE2000-S)
equipped with a digital camera (Nikon Coolpix S4). The
uncovered wound area was measured and quantified at
different intervals with Fiji (Fiji Is Just ImageJ).

Cell invasion assay

The invasion of LM3 cells was assessed in transwell cham-
bers (Millipore) with Matrigel (BD Biosciences) as previ-
ously described (30). In brief, each transwell was coated
with 100 mL of a 1:3 Matrigel in cold serum-free DMEM to
form a thin continuous film on top of the filter. The lower
chamber was filled with 600 mL of DMEM containing 5%
(v/v) FBS. D-Fraction-treated cells (570.6 mg/mL) or vehi-
cle-treated cells during 12 h (12,500 cells/well in 500 mL of
complete DMEM medium) were transferred to each trans-
well in triplicate. After incubation for 12 h at 37°C, the cells
on the upper side of the transwell membrane were removed
by cotton swab and rinsed with PBS. Cells migrating to the
lower side of the membrane were fixed in methanol 100%
(v/v) for 10 min at room temperature and stained with 0.5%
(w/v) crystal violet (Sigma) for 5 min. For each replicate, 10
randomly selected fields were photographed and the cells
were counted with Fiji (Fiji Is Just ImageJ).

Cell adhesion assay

Cell adhesion was evaluated as previously described (33),
with some maodifications. Briefly, LM3 cells were treated
with D-Fraction (570.6 mg/mL) or vehicle for 12 h. Then,
cells were seeded into 96-well culture plates (10,000 cells/
well, three wells for each condition) and were allowed to
adhere. After 30 min, 1 h, 2 h, 5 h, 8 h, and 10 h, nonadher-
ent cells were removed by gentle washing with PBS.
Attached cells were fixed in 100% methanol for 10 min and
stained with 0.1% (w/v) crystal violet (Sigma) for 20 min.
Cells attached to the culture plate were observed with an
inverted microscope (Nikon Eclipse TE2000-S), equipped
with a digital camera (Nikon Coolpix S4). For each replicate,
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ten randomly selected fields were photographed and the
cells were counted with Fiji (Fiji Is Just ImageJ).

Analysis of actin cytoskeleton

Immunofluorescence was performed as previously
described (34). Briefly, LM3 cells were seeded on glass cov-
erslips in 35-mm Petri dishes and cultured until 50% conflu-
ence. They were treated with D-Fraction (570.6 mg/mL) or
vehicle for 12 h. After treatment, they were washed three
times with PBS and fixed with paraformaldehyde 4% in PBS
for 1 h. The cells were then permeabilized with 0.1% Triton
in PBS and incubated with rhodamine-phalloidin (1:50) in
PBS for 20 min. After that they were washed twice with PBS
and finally stained with 4',6-diamidino-2-phenylindole
(DAPI; 1:10,000 in PBS). Glass coverslips were mounted on
glass microscope slides, and fluorescence images were
acquired with an inverted microscope (Nikon Eclipse
TE2000-S), equipped with a digital camera (Nikon Coolpix
S4). Lamellipodia- and filopodia-containing cells located at
the edge of the colonies were counted in 10 randomly cho-
sen fields of each experimental sample (30).

Preparation of conditioned media

Secreted matrix metalloproteinase (MMP) activity was evalu-
ated in conditioned media (CM). Briefly, the LM3 cells were
plated at a density of 3,000 cells/well into 96-multiwell dishes
and grown to 80% confluence in complete medium. The cells
were treated with D-Fraction (570.6 mg/mL) or vehicle for 6
and 12 h. Then, they were incubated overnight at 37°C in a
humidified 5% CO, air atmosphere with 4 mL of serum-free
DMEM in the presence of D-Fraction (570.6 mg/mL) or vehi-
cle. CM were individually collected, cold-centrifuged, ali-
quoted, and stored at j 20°C. Finally, the cell number/well
was determined by manual counting using a hemocytometer.

Zymography for MMP-2

MMP-2 activities in CM from LM3 cells were studied by
measuring collagenolytic activity in substrate-impregnated
gels, as previously described (35) with some modifications.
Briefly, samples were collected and run on 10% SDS-poly-
acrylamide gels containing 3 mg/mL of gelatin under nonre-
ducing conditions. After electrophoresis, gels were washed
for 20 min using 2.5% Triton X-100 and subsequently incu-
bated for 24 h at 37°C in agitation with buffer containing
50 mM Tris-HCI, 200 mM NaCl, 5 mM CacCl,, and 0.02%
Triton X-100 (pH 7.4). After incubation, gels were fixed and
stained with 0.1% Coomassie Brilliant Blue G-250 in metha-
nol/acetic acid/H,O (30:10:60). Activity bands were visual-
ized by negative staining. Gelatinolytic bands were
visualized using a transilluminator and measured with Fiji
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(Fiji Is Just ImagelJ). Data were normalized to the amount of
cells/well.

Western blotting

The LM3 cells were seeded in Petri dishes with complete
medium and treated with D-Fraction (570.6 mg/mL) or
vehicle for 15 min, 30 min, 2 h, 12 h, or 18 h. The treatment
time varies according to the protein under study and, partic-
ularly for evaluating the expression of phospho-Akt (pAkt),
cells were previously deprived of FBS for 18 h. Briefly, 80 mg
or 140 mg of protein lysates was separated by SDS-PAGE on
12% and 15% gels, transferred onto nitrocellulose mem-
brane, blocked with 5% nonfat dry milk for 30 min, then
incubated with a primary antibody, washed, incubated fur-
ther with horseradish peroxidase-conjugated secondary
antibodies, and reactions were detected by enhanced chemi-
luminescence (ECL) following the manufacturer’s directions
(Amersham, ECL Plus Western Blotting Detection
Reagents, GE Healthcare). Primary antibodies used were
rabbit polyclonal anti-phospho-Akt (Ser 473) (Cell Signal-
ing, #9271S), rabbit polyclonal anti-p53 (FL-393, Santa
Cruz Biotechnology, sc-6243), rabbit polyclonal anti-pBad
(Ser 136) (Cell Signaling, #9295), rabbit polyclonal anti-Bax
(N-20) (Santa Cruz Biotechnology, sc-493), mouse mono-
clonal anti-Bcl-2 (C-2) (Santa Cruz Biotechnology, sc-
7382), and rabbit polyclonal anti-E-cadherin (H-108) (Santa
Cruz Biotechnology, sc-7870). Anti-b-actin (C-11) (poly-
clonal goat, Santa Cruz Biotechnology, sc-1615) was used as
internal control for protein loading and analysis.

Murine model of syngeneic transplantation
with LM3

In vivo studies were conducted in accordance with the
National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals. Nine-week-old virgin female
BALB/c mice, weighing around 20 g, were purchased from
Facultad de Ciencias Veterinarias (La Plata, Argentina).
Animals were given free access to water and food, and were
housed in a climate-controlled room with a 12-h light/12-h
dark cycle. Twelve animals were injected subcutaneously
with LM3 cells (4 £ 10° cells in 50 mL of serum-antibiotic-
free DMEM) at level of the inguinal mammary glands. The
cells were implanted out using 1-mL syringes with needles
(BD) 0.80 £ 25 mm (21Gx1).

When tumors reached a width > 0.2 cm, LM3 tumor-
bearing mice were randomly divided into two groups and
were injected as indicated previously (36): 1) 5 mice with D-
Fraction (15.63 mg/Kg in 50 mL of saline) and 2) 7 mice
with vehicle of D-Fraction (glycerin-water in 50 mL of
saline). Mice were injected subcutaneously in the tumor
periphery five times a week for four weeks (total doses D

20). Tumor growth was measured each other day with digi-
tal calipers and tumor volume was calculated as p/6 £
a £ b? where a is the length in centimeters, and b is the
width in centimeters. At the end-point animals were sacri-
ficed by cervical dislocation. Tumors were then removed,
weighed, measured, and put into liquid nitrogen or 10%
formalin for further study. Tumor volume was calculated as
p/6 £ a £ b £ ¢, where a, b, and c are the three tumor
dimensions. Lungs were removed and fixed in Bouin’s solu-
tion. The number of superficial lung metastases per mouse
was counted by an investigator who was unaware of the
sample assignment, with the aid of a Stereo Microscope
(Nikon SMZ1500) coupled with High-Intensity Illuminator
(Nikon NI-150) and a digital camera (Nikon DXM 1200F).
Tumors were excised, bisected along the longest axis,
fixed for 24 h in 10% formalin in PBS, and processed
into paraffin by standard procedures. In brief, after par-
affin sections were dewaxed, they were rehydrated in a
decreasing series of ethanol dilutions and either stained
with Hematoxylin and Eosin (H&E) or used for immu-
nohistochemical studies. Staining with H&E was used to
observe histopathological characteristics. Mitotic index
was calculated as the number of the mitotic figures
observed in 10 fields at a magnification of 400£ in the
H&E-stained slides. The proliferation and apoptotic pro-
cesses were studied by immunohistochemistry (IHC).

Immunohistochemistry

IHC was performed as previously described (37). IHC was
carried out with the avidin-biotin complex immunoperoxi-
dase technique. Five-mm sections of paraffin-embedded
specimens were mounted on glass slides, deparaffinized
with xylene, and rehydrated with graded alcohol. They
were incubated for 15 min in 3% hydrogen peroxide in eth-
anol at 96°C to quench endogenous peroxidase. After wash-
ing in PBS, the sections were blocked for 30 min in 2%
bovine serum albumin (in PBS) and then incubated over-
night at 4°C with primary antibodies. After that, they were
incubated with diluted biotinylated secondary antibody for
30 min and then incubated with VECTASTAIN ABC
reagent (Vector Laboratories Inc.) for 30 min. Diaminoben-
zidine/H,0, were used as substrates for the immunoperoxi-
dase reaction. They were lightly counterstained with Harris
Hematoxylin (Zymed Laboratories), dehydrated through
graded ethanol and xylene, mounted with Permount
(Fisher Scientific) for analysis by bright-field microscopy,
and examined under an Olympus microscope (CX31). For
negative controls, the slides were subjected to the same IHC
process omitting the primary antibody. Primary antibodies
used were goat polyclonal anti-Ki-67 (M-19, sc-7846) and
rabbit polyclonal anti-Bax (N-20, sc-493) from Santa Cruz
Biotechnology.



Evaluation of immunohistochemical staining

Immunostained sections were scored semiquantitatively
based upon the proportion of tumor cells stained and the
staining intensity, using the Immunoreactive Score (IRS)
system (combining positive cell ratio and staining intensity)
as suggested by Remmele and Stegner (38). Bax expression
was evaluated as previously described (37). The IRS was cal-
culated as the product of the staining intensity (graded as:
0 D no, 1 D weak, 2 D moderate, and 3 D strong staining)
by the percentage of positively stained cells (0 D less than
10% of stained cells, 1 D 11-25% of stained cells, 2 D 26—
75% of stained cells, and 3 D more than 75% of stained
cells). The mean IRSs for Bax in 10 randomly chosen fields
of the sample (400£ magnification) were determined. Ki-67
expression was calculated by the percentage of positively
stained cells (0 D less than 10% of stained cells, 1 D 11-25%
of stained cells, 2 D 26—-75% of stained cells, and 3 D more
than 75% of stained cells).

Statistical analysis

The GraphPad Prism software package, version 5.00 was
used for collection, processing, and statistical analysis of all
data. Cell viability, adhesion, migration, cell cycle assays, and
in vivo comparison of the tumor volume were analyzed with
two-way Analysis of Variance (ANOVA) and Bonferroni
post-tests. Cell invasion assay and effects on actin cytoskele-
ton were analyzed with Student's ¢-test and Chi-square test,
respectively. Comparison of the tumor burden and number
of lung metastases among different groups and IRS of IHC
were analyzed by the nonparametrical Mann-Whitney U
test. Statistical significance was determined at P < 0.05 level.

Results

Maitake D-Fraction decreases LM3 cell viability
through induction of apoptosis

One of the most prominent characteristics of a cancer cell is
its ability to proliferate constantly generating its own growth
signals, being insensitive to antigrowth signals and evading
apoptosis (39). So, to investigate the antitumor effects of D-
Fraction in LM3, we first examined its effects on cell viabil-
ity. LM3 cells were treated with different concentrations of
D-Fraction (30, 300, 750, 1500, 2250, and 3000 mg/mL) and
different treatment times (24, 48, and 72 h). Then, manual
cell counting under Neubauer chamber and WST-1 assay
were performed. As shown in Fig. 1A, a decrease in LM3
cell count was observed from 30 mg/mL of D-Fraction (P <
0.05) and 24 h onwards compared to vehicle-treated cells.
This effect was dose- and time-dependent, and the 1Cx, val-
ues of D-Fraction at 24, 48, and 72 h were 570.6 mg/mL,
2744 mg/mL, and 210.75 mg/mL, respectively. The
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colorimetric WST-1 assay confirmed the decrease of cell via-
bility induced by D-Fraction in the murine mammary ade-
nocarcinoma LM3 cells (data not shown).

In order to determine whether D-Fraction exerts a cyto-
static or apoptotic effect on the tumor LM3 cell line, we per-
formed PI staining followed by flow cytometry analysis.
LMS3 cells were treated with D-Fraction (570.6 mg/mL) or
vehicle for 24 h. We found that D-Fraction decreases the
number of LM3 cells in the Go/G; phase, compared to vehi-
cle (D-Fraction D 41.89% vs. vehicle D 58.65%, P < 0.001).
This decrease in Go/G; phase was accompanied by an
increase in the number of cells in the subGy/G; phase (D-
Fraction D 2391% vs. vehicle D 10.76%, P < 0.001)
(Fig. 1B). In order to corroborate if this increase in the num-
ber of cells in the subGy/G; phase was due to an induction
of apoptosis, AV/PI double staining was performed and
examined by flow cytometry after 24 h of D-Fraction
(570.6 mg/mL) or vehicle treatment. As shown in Fig. 1C,
the cell population in early apoptosis (AVC/PI j ) increased
from 4.38% in the vehicle-treated cells to 11.45% in the D-
Fraction treated cells (P < 0.05). This shows that Maitake
D-Fraction decreases LM3 cell viability through apoptosis,
without affecting cell cycle progression.

The phosphoinositide-3-kinase (PI3K)/protein kinase B
(Akt) pathway is frequently hyperactivated in many solid
tumors such as breast cancer (40). This pathway regulates
critical cellular functions including growth, proliferation,
survival, and apoptosis, among others (41,42). Given the
important role of PI3K-Akt signaling pathway in the cancer
pathogenesis, we evaluated the effect of D-Fraction on Akt
activation, which acts as the central mediator of the path-
way, and some of their downstream targets. We found that
Maitake D-Fraction treatment delays Akt phosphorylation
at Ser 473 (pAkt-S473) in LM3 cells (Fig. 2A). In concor-
dance with this, we found that the expressions of pBad and
Bcl-2 were decreased after D-Fraction treatment, whereas
the levels of p53 and Bax remained constant (Fig. 2B). Alto-
gether these results suggest that D-Fraction could induce
apoptosis through a decrease in PI3K-Akt pathway and a
modulation of the Bax/Bcl-2 ratio.

Maitake D-Fraction decreases the migratory and
invasive capability of LM3 cells in culture

Metastases are the cause of 90% of human cancer deaths
(39). Tumor cells must acquire the capability to migrate and
invade surrounding tissue to begin the physical transloca-
tion from the primary tumor to the site of spread (first phase
of metastatic cascade) (43). So, to evaluate the effect of D-
Fraction on migration of tumor cells, wound healing assays
were performed. Confluent monolayers of LM3 cells were
wounded. Wound closure was observed by optical micros-
copy during 20 h of treatment. Under treatment with
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Figure 1. Maitake D-Fraction decreases LM3 cell viability through induction of apoptosis. A: Cell count was assessed in LM3 cells after 24, 48 or
72 h of treatment with different concentrations of D-Fraction or vehicle (glycerol-water). Data show the percentage of cells in relation to vehicle-
treated cells. Dots: mean of at least two independent experiments performed in quadruplicate; bars: SEM. B: Cell cycle analysis of LM3 cells
treated with D-Fraction (570.6 mg/mL) or vehicle for 24 h. Cells were stained with Pl and analyzed for DNA content with FACScan Calibur Becton
Dickinson. The increase of subGy/G; and the decrease of Go/G, cell populations are indicated by arrows and plotted in a graph (below). C: Apo-
ptosis analysis of LM3 cells treated with D-Fraction (570.6 mg/mL) or vehicle for 24 h. Cells were stained with AV/Pl and analyzed with FACScan
Calibur Becton Dickinson. Representative images of AV/PI staining in LM3 cells following treatments are shown. Quantification of AV/PI stained
cells is plotted in a graph (below). Two-way ANOVA and Bonferroni post tests. “p < 0.05, **p < 0.01, ***p < 0.001.

D-Fraction (570.6 mg/mL), LM3 cells decreased their migra-
tory capability. Such effect was observed from 16 h of treat-
ment onwards, when uncovered wound area in D-Fraction-
treated cells was 46.94% vs. 23.20% in vehicle-treated cells
(P < 0.001, Fig. 3).

Then, to study the invasive capacity of LM3 cells we used
transwell chambers (Millipore) with Matrigel. Maitake D-
Fraction treatment reduced the invasiveness of LM3 when
compared with vehicle treatment (mean value of vehicle
treatment D 65.67 vs. D-Fraction treatment D 58.67, P <
0.05) (Fig. 4).

Maitake D-Fraction increases LM3 cell adhesion

Adhesion is an important feature related to migration
and invasion on metastasis development (44). To
evaluate if Maitake D-Fraction is capable of modulat-
ing tumor cell adhesion, LM3 cells were treated with

D-Fraction (570.6 mg/mL) or vehicle for 12 h. Then,
LM3 cells were incubated for different times in 96-
well plates. As shown in Fig. 5, after incubating cells
for 2 h (vehicle D 4.42 vs. D-Fraction D 17.81) and
5 h (vehicle D 5.50 vs. D-Fraction D 14.39), D-Frac-
tion significantly increased LM3 cell adhesion com-
pared to vehicle (P < 0.001). Therefore, Maitake D-
Fraction is capable of modulating the adhesive
response of LM3 cells, further confirming that D-
Fraction induces a less malignant phenotype.

Maitake D-Fraction decreases the number of
filopodia and lamellipodia in LM3 cells

In most types of cell migration, the actin cytoskeleton
is dynamically remodeled, resulting in the formation
of protrusive structures and in the generation of
intracellular forces that lead to cellular movement.
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Figure 2. Maitake D-Fraction decreases antiapoptotic PI3K-Akt pathway and affect the balance Bax/Bcl-2 in LM3 cells. A: Following
serum starvation, LM3 cells were subsequently treated with D-Fraction (570.6 mg/mL) or vehicle for 15, 30, or 120 min and cell lysates
were subjected to WB analyses to detect pAkt-S473. B: LM3 cells were treated with D-Fraction (570.6 mg/mL) or vehicle for 18 h and
cell lysates were subjected to WB analyses to detect pBad, Bcl-2, Bax, and p53. Protein loading was normalized with actin. The blots are
representative of at least two independent experiments. The graph shows the densitometry of bands. V D vehicle, DF D D-Fraction,
NC D negative control (LM3 cells deprived of FBS for 20 h).
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Figure 3. Maitake D-Fraction decreases migration of LM3 cells. A: Representative phase-contrast pictures of the wound healing assay in
LM3 cells. A linear scratch wound was made along the culture plate, and cells were treated with D-Fraction (570.6 mg/mL) or vehicle.
Wound closure was monitored during 20 h and photographed at 0, 16, and 20 h. Magnification: 200x, scale bars represent 125 mm. B:
The graph represents the mean percentage (8SD) of uncovered wound area taking the value at 0 h as 100% of one representative
experiment. Two-way ANOVA and Bonferroni post tests. ***p < 0.001.
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Figure 4. Maitake D-Fraction decreases invasion of LM3 cells. LM3 cells were treated with D-Fraction (570.6 mg/mL) or vehicle
for 12 h and cell invasion was analyzed using Matrigel-coated transwell inserts. A: The graph represents the mean 8 SEM num-
ber of invasive cells after treatment with D-Fraction or vehicle. Each assay was performed in triplicate and ten fields from each
insert were counted. Students# test; "p < 0.05. B: Representative pictures of cell invasion assays in LM3. Magnification: 400x,
scale bars represent 50 mm.
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Figure 5. Maitake D-Fraction increases LM3 cell adhesion. LM3 cells were treated with D-Fraction (570.6 mg/mL) or vehicle for 12 h.
Then, they were seeded into 96-well culture plates and were allowed to adhere for different times. A: The graph represents the number
of adhered cells after treatment with D-Fraction or vehicle. Each assay was performed in triplicate and ten fields from each well were
counted. Data show mean 8 SD of one representative experiment. Two-way ANOVA and Bonferroni post tests. **p < 0.001. B: Repre-
sentative pictures of cell adhesion assay in LM3. Magnification: 400x, scale bars represent 50 mm.

Lamellipodia and filopodia are actin-rich structures
that typically are associated with cell migration
(45,46). Having seen the effect of Maitake D-Fraction
on the cellular migration of LM3 cell line, we ana-
lyzed if this affected the actin cytoskeleton by staining
F-actin with rhodamine-conjugated phalloidin. As
observed in Fig. 6, we found that the number of LM3
cells with cytoplasmic protrusions (lamellipodia and
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filopodia) were reduced from 4786 8 531 to
2955 8 1.09 (P < 0.05) after 12 h of Maitake D-
Fraction treatment (570.6 mg/mL). Thus, Maitake D-
Fraction reorganizes the actin cytoskeleton in LM3
cells and decreases the cellular motility. This result is
in agreement with the decreased migration of D-Frac-
tion-treated LM3 cells observed in the wound healing
assay.

DAPI Merge

D-Fraction

Figure 6. Maitake D-Fraction decreases the number of filopodia and lamellipodia in LM3 cells. LM3 cells were treated with D-
Fraction (570.6 mg/mL) or vehicle for 12 h. Cells were fixed, stained with rhodamine-conjugated phalloidin (F-actin) and DAPI
(nuclei). The images were acquired with a light fluorescence microscope. A: Representative fluorescence images. Arrows indicate
cytoplasmic protrusions (lamellipodia or filopodia). Magnification: 400x, scale bars represent 20 mm. B: Cells were scored for the
presence of cytoplasmic protrusions (lamellipodia or filopodia) and these were counted in 10 randomly chosen fields. The assay
was performed in triplicate. Values are the mean & SD of three independent experiments. Chi-square test was applied. p <

0.05.



Maitake D-Fraction decreases activity of MMP-2
secreted by LM3 cells and increases E-cadherin
expression

It is known that degradation of the extracellular matrix
(ECM) is a key event for invasion and metastasis of
tumor cells (47,48). MMPs are a family of endopepti-
dases capable of degrading essentially all components of
the ECM (49) and, hence, their high activity has been
associated with tumor progression of many cancer types
(50,51). To explore the mechanism by which D-Fraction
decreases the invasiveness of LM3 cells, we evaluated
their effect on MMP-2 activity by zymography. As
shown in Fig. 7A, we found that Maitake D-Fraction
decreased secreted MMP-2 activity by LM3 cells after
18 h and 24 h of treatment, compared to vehicle. These
results suggest that D-Fraction reduces the invasion of
LM3 cells, at least in part, through the decreased activity
of MMP-2.

In addition, we evaluated if Maitake D-Fraction
affects the expression of E-cadherin in LM3 cells. E-cad-
herin is one of the main cell adhesion molecules between
epithelial cells (52,53) and has been shown to play an
important role in epithelial-mesenchymal transition
(EMT), a process that promotes the development of can-
cer metastasis (54, 55). As shown in Fig. 7B, we found
that D-Fraction (570.6 mg/mL) treatment increases the
expression of E-cadherin in LM3 cells compared to
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vehicle treatment. This result suggests that D-Fraction
promotes the epithelial phenotype of tumor cells, thus
decreasing their invasive potential.

Maitake D-Fraction reduces tumor burden and lung
metastases in a LM3 syngeneic mammary carcinoma
murine model

Given the potent effects of Maitake D-Fraction on LM3
cells observed in culture, we decided to investigate if sim-
ilar results could be observed in vivo. To this end, we
used a murine model of subcutaneous syngeneic LM3
cellular transplantation. Treatment of animals with D-
Fraction or vehicle was performed as described in Mate-
rials and methods. First, we evaluated the effect of D-
Fraction on the primary tumor volume and weight. As
shown in Fig. 8A, Maitake D-Fraction retarded tumor
growth when compared to the vehicle-treated mice. After
18 doses, D-Fraction-treated mice had significantly
smaller tumors than vehicle-treated mice (D-Fraction D
0.66 cm® vs. vehicle D 1.39 cm®, P < 0.01). Furthermore,
the ex vivo tumor volume (Fig. 8B) and weight (Fig. 8C)
were significantly decreased by Maitake D-Fraction
treatment, compared to vehicle treatment (0.99 cm? vs.
1.81 cm?® P < 0.05and 0.94 g vs. 1.69 g, P < 0.05).

The LM3 syngeneic murine model of breast cancer
produces lung metastases (27), and therefore it is
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Figure 7. Maitake D-Fraction decreases the activity of MMP-2 secreted by LM3 cells and increases E-cadherin expression. A: LM3 cells
were pretreatment with D-Fraction (570.6 mg/mL) or vehicle for 6 h or 12 h and then they were incubated in serum-free medium for
12 h in presence of D-Fraction or vehicle. Conditioned media were collected. Gelatinolytic bands were visualized using a transilluminator
and measured with Fiji (Fiji Is Just ImageJ). Data were normalized to the amount of cells/well. Data are representative of at least two
independent experiments. B: LM3 cells were treated with D-Fraction (570.6 mg/mL) or vehicle for 12 h and cell lysates were subjected
to WB analyses to detect E-cadherin. Protein loading was normalized with actin. The blots are representative of at least two independent

experiments. The graph shows the densitometry of bands.
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Figure 8. Maitake D-Fraction reduces tumor burden in LM3 syngeneic mammary carcinoma murine model. Tumor-bearing BALB/c mice
were treated with D-Fraction (15.63 mg £ Kg i £ dil’; n D 5) or vehicle (n D 7). A: Graph showing the kinetic of tumor growth. The
tumor volume was calculated as p/6 £ a £ b?, where a is the length and b is the width of the tumor. Shown is the mean & SD. Two-
way ANOVA and Bonferroni post-test. BS* means before the sacrifice. B: Graph showing the tumor volume. Ex vivo tumor volume was
calculated as p/6 £ a £ b £ ¢, where a, b, and c are the three tumor dimensions. Each point represents the volume of each tumor and
the lines represent the median value. C: Graph showing the tumor weight. Each point represents the weight of each tumor and the lines
represent the median value. D: Representative pictures of the tumors from mice treated with D-Fraction or vehicle. Mann-Whitney U

test. *p < 0.05, “*p < 0.01, ™*p < 0.001.

possible to study the effect of D-Fraction on this process.
As shown in Fig. 9 and in concordance with the previ-
ously observed effect on LM3 cell migration and inva-
sion, we found a lower number of lung metastases per
animal in D-Fraction-treated mice (median D 0, range
0-1) than in the vehicle-treated mice (median D 2, range
0-12) (P < 0.05).

Since a reduction in tumor burden was observed with
Maitake D-Fraction treatment, we aimed at studying
whether apoptosis and/or proliferation processes were
affected in animal primary tumors. To study cellular pro-
liferation we quantified the number of mitotic figures in
H&E-stained tumor slides and Ki-67 expression by IHC
and to analyze apoptosis we evaluated Bax expression
by IHC. The number of mitotic figures (D-Fraction
median D 50 vs. vehicle D 70) and the expression of
Ki-67 (D-Fraction median D 0.125 vs. vehicle D 0.2) in
tumors did not change significantly in Maitake D-Frac-
tion-treated mice compared to vehicle-treated animals
(Fig. 10). On the contrary, the expression of Bax in
tumors increased in D-Fraction-treated mice compared
to vehicle-treated mice (median IRS D 1.9 vs. 0.4, respec-
tively; P < 0.05, Fig. 10). These results suggest that Mai-
take D-Fraction in vivo impairs tumor growth by
inducing apoptosis.

Discussion

Medicinal mushrooms have been shown to exert thera-
peutic action against the development of cancer, primar-
ily because they contain a number of biologically active
compounds (4). These include high-molecular-weight
compounds (HMW) such as polysaccharides (b-glu-
cans), glycoproteins, proteins, proteoglycans, as well as
low-molecular-weight compounds (LMW) such as qui-
nones, isoflavones, catechols, triacylglycerols, sesquiter-
penes, and steroids (56). For a long time, each of these
groups of mushroom metabolites was linked to an exclu-
sive antitumor action. So, while HMW exerted their anti-
tumor action by activation of the immune response of
the host organism, LMW acted directly on the tumor cell
interfering with particular cellular signal transduction
pathways linked to cancer development and progression
(5,56-59). For example, it has been shown that LMW are
able to inhibit molecular targets, such as Nuclear Factor
kappa B, mitogen-activated protein kinases, aromatase
and sulfatase, matrix metalloproteinases, cyclooxygenase,
DNA topoisomerases, and DNA polymerase (59). How-
ever, increasing evidence shows that some polysacchar-
ides (HMW) also have direct action on the tumor cells
(10). Such is the case of Maitake D-Fraction.
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Figure 9. Maitake D-Fraction reduces lung metastases in LM3 syngeneic mammary carcinoma murine model. A: Representative
pictures of the metastases macroscopically observed in the lungs from mice treated with vehicle and D-Fraction. B: Graph show-
ing the quantification of the number of lung metastases per mouse. The lines represent the median value. C: Representative
pictures of the metastases observed in H&E-stained lung slides from mice treated with vehicle and D-Fraction. Magnification:
40x and 100x, scale bars represent 320 mm for the inserts. D: Graph showing the quantification of the number of lung metasta-
ses. One slice per lung and per animal was performed and the number of metastases was quantified. The lines represent the
median value. Mann-Whitney U test. *p < 0.05.
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Figure 10. Maitake D-Fraction does not affect the mitotic index or Ki-67 expression but increases Bax expression in LM3 syngeneic mammary
carcinoma murine model. Representative micrographs of H&E-stained tumor tissues showing mitotic figures and of immunohistochemical stain-
ing of tumor tissues showing Bax and Ki-67 expression and their respective quantifications. The quantifications were performed in 10 randomly
chosen fields. Lines indicate the median value. Mann-Whitney U test. “p < 0.05. Magnification: 400x, scale bars represent 60 mm.
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It has been shown that Maitake D-Fraction has antiproli-
ferative or cytotoxic activity on canine and human cancer
cells, implying that D-Fraction is capable of crossing the spe-
cies barrier (21-25). Furthermore, we have previously
reported (23,26) that Maitake D-Fraction modulates the
expression of genes associated with cell proliferation, cell
death, migration, invasion, and metastasis among others, in
human breast cancer cells (MCF7). Of all capabilities that
enable tumor growth and metastatic dissemination (the
hallmarks of cancer) (60), Maitake D-Fraction has only
been studied in relation to cellular viability. Hence, it is now
necessary to investigate the direct effects of Maitake D-Frac-
tion on the cellular processes that govern the transformation
of normal cells into malignant ones, including cellular pro-
liferation, cell death, cell adhesion, cell migration, and cell
invasion.

In this study, we demonstrated for the first time that
Maitake D-Fraction is able to act directly on murine mam-
mary tumor cells, modulating different cellular capabilities
involved in the development and progression of cancer.

The present data show that Maitake D-Fraction
decreases the viability of LM3 hormone-independent
breast cancer cells. We also demonstrate that D-Fraction
induces apoptosis in these cells. In our previous work
(23), we have demonstrated that Maitake D-Fraction
also decreases the viability of human mammary adeno-
carcinoma MCF7 cells. Unlike LM3, MCF7 cells are hor-
mone-dependent. They express ER and PR (61,62) but
lack expression (62) or only express very low levels (29)
of HER2. These results suggest that Maitake D-Fraction
affects breast cancer cell viability regardless of hormonal
receptor status. In this regard, it has been proposed that
b-glucans could affect the viability of breast cancer cells
by regulating expression of genes associated with endo-
crine resistance (63).

PI3K-Akt pathway is perhaps the most commonly
activated signaling pathway in human cancer. Akt is a
downstream multifunctional kinase, which acts as the
central mediator of the PI3K-Akt pathway (42). It is well
known that the full activation of Akt requires its phos-
phorylation at serine 473 (pAkt-S473) (64). Upon activa-
tion, pAkt phosphorylates a large number of
downstream substrates. Particularly, pAkt promotes cel-
lular survival through direct inactivation by phosphory-
lation of multiple proapoptotic proteins including Bad
(42,65). Bad can form a heterodimer with survival fac-
tors: Bcl-2 and Bcl-xL. However, the phosphorylation of
Bad by pAkt-S473 prevents this interaction, inactivating
its proapoptotic function and restoring antiapoptotic
function of Bcl-2 or Bcl-xL (64,66). Here, we demon-
strated that Maitake D-Fraction delays Akt phosphoryla-
tion at Ser 473 and therefore decreases Akt activity (67).
In concordance with PI3K-Akt pathway, we also

demonstrated that D-Fraction decreases Bad phosphory-
lation. Therefore, these results show that, at least in part,
the apoptotic effect of D-Fraction is mediated by attenu-
ation of the PI3K/Akt/Bad pathway. Furthermore, in cul-
ture we detected that D-Fraction markedly decreased
Bcl-2 expression without affecting the expression of Bax.
Thus, these results suggest that D-Fraction induce apo-
ptosis through modulation of proapoptotic and antia-
poptotic proteins.

Although much progress in both diagnostic and thera-
peutic approaches has been made in the treatment of breast
cancer, metastases remain the leading cause of death of this
disease. The metastatic process involves detachment from
the primary tumor, invasion into the surrounding tissue,
intravasation, extravasation, and colonization of the target
organ (43). In this work, we demonstrate that Maitake D-
Fraction increases LM3 breast cancer cell adhesion, thereby
decreasing the metastatic ability of these cancer cells. It has
been shown that expression of fibronectin (FN) in the
LMM3 cells (which originated from a more metastatic
tumor than LM3) increases their adhesiveness and reduces
their migratory capacity (68). Hence, it is possible that Mai-
take D-Fraction could increase the expression of FN in LM3
cells, leading to the increased cell adhesion that we demon-
strated. In agreement with this, we also demonstrated that
D-Fraction decreases the migratory and invasive capability
of LM3 in culture.

It is well known that many of the steps involved in the
metastatic process require cell motility (69). Reorganiza-
tion of the actin cytoskeleton is the primary mechanism
of cell motility and is essential for most types of cell
migration (46). Two cellular features are typically associ-
ated with motile cell migration: lamellipodia and filopo-
dia, which are actin-rich protrusive structures (45). Here,
we demonstrated that Maitake D-Fraction decreases the
number of lamellipodia and filopodia in LM3 cells
thereby decreasing their motility.

Furthermore, MMPs have been widely associated with
the metastatic process. Particularly, it has been suggested
that the modulation of expression, secretion, and/or activa-
tion of MMP-2 may provide new strategies for breast cancer
treatment (70,71). Moreover, it has been shown that low lev-
els of MMP-2 are associated with a favorable prognosis in
patients with hormone-receptor-negative breast tumors
(72). In this work, Maitake D-Fraction was shown to
decrease the activity of MMP-2 secreted by LM3 cells. This
explains, at least in part, the mechanism by which D-Frac-
tion reduces the invasive capability of LM3.

Finally, the antitumoral effects of Maitake D-Fraction
that we demonstrated in culture were corroborated in
vivo. In a murine model of subcutaneous syngeneic LM3
cell transplantation, we found that Maitake D-Fraction
treatment decreases tumor burden. The observed



increase in Bax protein in the animal primary tumor tis-
sues suggest that this decrease in tumor growth could be
produced through apoptosis induction. Furthermore, we
found that Maitake D-Fraction treatment decreases the
number of lung metastases in the LM3-BALB/c animal
model. It is likely that this in vivo antimetastatic effect of
D-Fraction is the result of increased adhesion and
decreased motility, migration, and invasion produced by
Maitake D-Fraction on LM3 cells.

Having established the direct antitumoral effect of the
proteoglucan D-Fraction, further investigation is warranted
addressing if these antitumoral effects are due to the D-Frac-
tion components acting cooperatively or if they are exerted
by an individual component of the extract.

Conclusions

We provided evidence that Maitake D-Fraction, proteo-
glucan obtained from edible and medicinal mushroom
G. frondosa, has a direct antitumoral action on LM3
murine mammary adenocarcinoma cells. We demon-
strate that Maitake D-Fraction decreases cell viability,
increases cell adhesion, and reduces the migration and
invasion of LM3 cells, generating a less aggressive cell
behavior. In concordance with these results, we also
demonstrate that Maitake D-Fraction decreases tumor
burden and the number of lung metastases in a murine
model of syngeneic transplantation of LM3 cells.
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