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Abstract

Aims

There is good evidence that the tumor microenvironment plays an important role in cancer
metastasis and progression. Our previous studies have shown that brain-derived neuro-
trophic factor (BDNF) participates in the process of metastasis and in the migration of can-
cer cells. The aim of this study was to investigate the role of BDNF on the tumor cell
microenvironment, namely, the cancer cell-endothelial cell interaction of TNBC cells.

Methods

We conducted oligoneucleotide microarray analysis of potential biomarkers that are able to
differentiate recurrent TNBC from non-recurrent TNBC. The MDA-MB-231 and human
endothelial HUVEC lines were used for this study and our approaches included functional
studies, such as migration assay, as well as Western blot and real-time PCR analysis of
migration and angiogenic signaling. In addition, we analyzed the survival outcome of TNBC
breast cancer patients according to their expression level of BDNF using clinical samples.

Results

The results demonstrated that BDNF was able to bring about autocrinal (MDA-MB-231) and
paracrinal (HUVECSs) regulation of BDNF-TrkB gene expression and this affected cell migra-
tory activity. The BDNF-induced migratory activity was blocked by inhibitors of ERK, PI3K
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and TrkB when MDA-MB-231 cells were examined, but only an inhibitor of ERK blocked this
activity when HUVEC cells were used. Furthermore, decreased migratory activity was found
for ABDNF and ATrkB cell lines. Ingenuity pathway analysis (IPA) of MDA-MB-231 cells
showed that BDNF is a key factor that is able to regulate a network made up of metallopro-
teases and calmodulin. Protein expression levels in a tissue array of tumor slices were
found to be correlated with patient prognosis and the results showed that there was signifi-
cant correlation of TrkB expression, but not of BDNF. expressionwith patient DFS and OS.

Conclusion

Our study demonstrates that up-regulation of the BDNF signaling pathway seems tobe
involved in the mechanism associated with early recurrence in triple negative breast cancer
cell. In addition, BDNF can function in either an autocrine or a paracrine manner to increase
the migration ability of both MDA-MB-231 cells and HUVEC cells. Finally, overexpression of
TrkB, but not of BDNF, is significantly associated with a poor survival outcome for TNBC
patients.

Introduction

Research on triple negative breast cancer (TNBC) remains limited area compared to other sub-
types of breast cancer and exhibits novel features including heterogeneity and various stem-
ness characteristics. In spite of the availability of the multiple modalities for the treatment of
breast cancer that have been developed over the past decades, chemotherapy remains the main
treatment for TNBC. This approach does not result in survival levels and outcomes as good as
those of other subtypes of breast cancer. Overall, TNBC accounts for approximately 15% of
invasive breast cancers [1, 2] and is generally found to be high grade and have a high prolifer-
ative index. Recent evidence has suggested that TNBC may be composed of a number of dis-
tinct subtypes; these have been identified either by gene expression analysis [3]or using
clinical/pathological correlations [4]. This heterogeneity impacts on clinical survival and out-
come and differs between the various subtypes [5]. Some subtypes may relapse quickly despite
several types of therapy being used, while others may remain as a stable disease after proper
adjuvant treatment. Although some promising targets, such as PARP and the genes involved
in the DNA damage pathway, have been proposed as therapeutic targets for TNBC treatment,
the critical biomarkers that are involved in the process of early metastasis still remains to be
investigated in detail.

There has been good evidence to show that the tumor microenvironment plays an impor-
tant role in cancer metastasis and progression [6-8]. The cell types involved in the interactions
between cancer cells and their microenvironment are not limited to stromal cells [9], but other
cell types, such as macrophage and endothelial cells, are also involved. For example, Snail,
when acetylated, modulates cancer cells to promote the recruitment of macrophages [10]. In
addition, the extracellular matrix plays a crucial role in cancer cell growth and how these inter-
act with their adjacent endothelial cells [11]. Recent investigations have suggested that phos-
phorylation of Src and stromal-derived factor-1 (SDF-1a) are key factors involved in the
promotion of bone metastasis [12] and in the tumor progression of estrogen-negative breast
cancers [13]. Nonetheless, the role of brain-derived neurotrophic factor (BDNF) in the interac-
tion between breast cancer cells and endothelial cells interaction remains unknown.
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Brain-derived neurotrophic factor (BDNF), a member of the “neutrophin” family is widely
expressed in mammalian brain. BDNF is well known to support the survival of existing neu-
rons and to encourage the growth and differentiation of new neurons and synapses [14, 15].
Previous research has focused on how BDNF is involved in neural development, neural regen-
eration, muscle repair, muscle regeneration and muscle differentiation [16-18] BDNF acti-
vates various biological functions and this mainly occurs via one cell surface tyrosine kinase
receptor, namely tropomyosin receptor kinase B (TrkB). Recent evidence has emphasized the
importance of the BDNF/TrkB signaling pathway in the regulation of carcinogenesis and
metastasis [19]. Moreover, overexpression of BDNF and TrkB has been demonstrated to act as
a predictor of a poor clinical outcome and a worse survival when patients are suffering from
human bladder cancer, neuroblastoma and breast carcinoma [20-22].

BDNEF/TrkB signaling plays important roles in tumor metastasis and is recognized as a ther-
apeutic target in treatment of breast cancer [22]. While controversy that BDNF predicts
adverse pathological and clinical outcome in breast cancer patients remains [23], the precise
mechanism by which BDNF is involved in cancer cell signaling, and how BDNF affects the
microenvironment of breast cancers, is need to be further elucidated.

Previously, using genomic microarray analysis of paired (non-recurrent and recurrent)
resected tumor tissues obtained from breast cancer patients [24], activation of the BDNF path-
way has been found to be crucial to the clinical recurrence of TNBC tumors (Table 1). Further-
more, BDNF is known to modulate a number of endothelial functions, such as promoting
angiogenic tube formation [25]and increasing vascular endothelial growth factor (VEGF)
expression [26]. Accordingly, it was of interest and is important that the role of BDNF in the
tumor cell microenvironment is investigated. To try to answer these questions, in this study
we targeted the interaction of cancer cell with endothelial cells using a TNBC cell line.

Table 1. Up-regulated pathways in recurrent stage lI+llIA triple negative breast cancer.

Pathways p-value

BDNF signaling pathway 3.81E-10
Integrated Breast Cancer Pathway 4.07E-10
EGF EGFR Signaling Pathway 9.46E-10
Cytoplasmic Ribosomal Proteins 8.34E-09
TSH signaling pathway 1.04E-08
Regulation of Actin Cytoskeleton 1.75E-08
Insulin Signaling 7.48E-08
Wnt Signaling Pathway 1.78E-07
Adipogenesis 1.93E-07
TGF beta Signaling Pathway 2.43E-07
Lymphocyte TarBase 2.90E-07
Prostate Cancer 2.95E-07
Androgen receptor signaling pathway 4.69E-07
Muscle cell TarBase 4.72E-07
Focal Adhesion 6.92E-07
Wnt Signaling Pathway and Pluripotency 1.62E-06
Integrated Pancreatic Cancer Pathway 1.68E-06
Neural Crest Differentiation 1.95E-06

BDNF, brain-derived neurotrophic factor

https://doi.org/10.1371/journal.pone.0178173.t1001
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Materials and methods
Cell lines and reagents

The human TNBC cell line MDA-MB-231 (ER-low, PR-low and HER2-low) was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA) and was maintained
in F12 MEM (NO.12400-024,Gibco, NY,USA) supplemented with 2 mM L-glutamine, 10%
FBS, and penicillin/streptomycin. The cells were cultured at 37°C in a humidified atmosphere
containing 5% CO,. Human umbilical vein endothelial cells (HUVEC) (BCRC No.H-UV001)
were obtained from the Taiwan Medical Cell and Microbial Resources, Food Industry
Research Development Institute, Taiwan and were cultured in Medium 200 supplemented
with low serum growth supplement (Invitrogen, Carlsbad, CA, USA). Cells at passages from
three to ten were used for all experiments. Recombinant human BDNF (PeproTech, Rocky
Hill, NJ, USA) used as a positive control and was purchased commercially. Inhibitors of ERK
(PD98059, # P215; Sigma Aldrich Co., Saint Louis, USA), PI3K (LY-294,002, # L9908; Sigma
Aldrich Co., Saint Louis, USA), and TrkB (GNF5837, # 4559; Tocris Bioscience Co., Bristol,
UK)were commercially available. They were pre-treated 1 h before the administration of
BDNF in cell cultures.

Cell growth by trypan blue dye exclusion assay

TNBC MDA-MB-231 cells and human endothelial cell line (HUVECs) were seeded and trans-
ferred into a 12-well plates containing low serum medium (1 x 10*/well) for 1 day, 2 days and
3 days. Next the cells were washed twice with phosphate-buffered saline (PBS), pH 7.4, and
trypsinized using trypsin-ethylenediamine tetraacetic acid containing 0.05% trypsin, 0.53
mmol/L ethylenediamine tetraacetic acid I 4Na (Gibco/Invitrogen, New York, NY). The resus-
pended cells were then subjected to a trypan blue dye exclusion assay and the positive cells
counted using a hemocytometer.

Cell migration assay

Cell migration assays were performed using a cell culture insert (NO.80209, ibidi, Munich,
Germany). In brief, MDA-MB-231 cells or HUVEC cells at a density of 2x10* cells were seeded
into a 3.5 cm Petri dish containing an insert and grown overnight and this was followed by
low serum (1% FBS) starvation for 24 h. Next the cells were washed with PBS and the inserts
removed. Following this, the cells were allowed to continue to grow for another 24 h. At this
point the migrating cells were examined under a light microscope and photographed. Finally,
the percentage of migratory cells was calculated.

Western blotting analysis

Cultured cells (MDA-MB-231 or HUVECs)were lysed in a buffer containing 150 mM KCl, 10
mM Tris pH 7.4, 1% Triton X-100, phasphatase inhibitor and protease inhibitors cocktail
(Complete Mini; Roche, Mannheim, Germany). The protein concentration of each cell
homogenate was measured by the Bradford’s method [27]. In total, 30ugm of each protein
sample was loaded onto a gel in order to carry out 10% SDS-PAGE, after which the separated
proteins were transferred onto a PVDF membrane (Hybond-C; Amersham Biosciences, NJ,
USA). Following this procedure, the membrane was blocked with 5% bovine serum albumin
and then a Western blot hybridization was performed using a number of different specific pri-
mary antibodies. The individual antibodies used for the Western blotting were against p-
eNOS (Ser1177) (Cell Signaling, #9571, MA, USA), eNOS (Cell Signaling, # 5880,MA, USA),
TrkB (BD, 610101), BDNF (Genetex, GTX62495, CA, USA), VEGFA (Genetex, GTX 102643,
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CA, USA), MMP2 (Cell Signaling, #13132,MA, USA), MMP9 (Cell Signaling, #13667,MA,
USA), MMP13 (Genetex, GTX100665, CA, USA), RhoA (Cell Signaling #2117,MA, USA), p-
Racl/cdc42 Ser71 (Cell Signaling #2461,MA, USA), Rac1/2/3 (Cell Signaling, #2465,MA,
USA), cdc42 (Cell Signaling, #2466,MA, USA) and COX-2(Cayman Chem160112, Michigan,
USA).

Total RNA extraction and reverse transcription-PCR

Total RNA was isolated by a modified single-step guanidinium thiocyanate method [28] (TRI
REAGENT, T-9424, Sigma Chem. Co., St. Louis, MO, USA). Complementary DNA (cDNA)
was prepared from the total RNA using a First Strand cDNA Synthesis Kit (Invitrogen, CA,
USA). The level of de novo gene synthesis of each gene in each experimental group was mea-
sured by reverse transcriptase-polymerase chain reaction (RT-PCR). The commercially avail-
able primers pairs used in this study were TrkB (Forward5’ ~AGG GCA ACC CGC CCA CGG
AA-3’;Reverse5’ -GGA TCG GTC TGG GGA AAA GG-3' ), BDNF (Forward 5’ -TGG CTG
ACACTT TCGAACAC-3';Reverse5’ —-CCT CAT GGA CAT GTT TGC AG-3'); MMP13
(Forward 5’ -GAC TTC CCA GGAATT GGT GA-3";Reverse5’ —TGA CGC GAA CAA TAC GGT
TA-3'); MMP9 (Forward 5’ ~GCA CGA CGT CTT CCA GTA CC-3';Reverse 5/ ~GCACTG
CAG GAT GTC ATA GGT-3'); MMP2 (Forward 5’ ~GCT GGC TGC CTT AGA ACC TTT C-
3’;Reverse 5/ ~GAA CCA TCA CTA TGT GGG CTG AGA-3"); COX2 (Forward 5’ -GCT GAG
CCA TAC AGC ARA TCC-3';Reverse 5-’' GGG AGT CGG GCAATC ATC AG- 3"); VEGFA
(Forward 5’ -CTT GCC TTG CTG CTC TAC C-3’; Reverse 5/ —-CAC ACA GGA TGG CTT GAA
G-3"); VEGFR2 (Forward 5’ -GTG ACC AAC ATG GAG TCG TG-3"; Reverse 5’ —CCA GAG
ATT CCA TGC CAC TT-3"),and eNOS (Forward 5/ -CCC TTC AGT GGC TGG TAC AT-3";
Reverse5’ -TAT CCA GGT CCA TGC AGA CA-3").In order to exclude the possibility that
there was contamination of any PCR component, PCR reactions in the absence of the RT
product were also carried out (non-template controls, NTCs); these were performed simulta-
neously during each set of experiments. The RNA transcripts were quantified and the results
were expressed as either the relative expression of the mRNA of specific genes or as the Gene/
RPLPO ratio (fold change relative to the control) using the same RNA extract for the controls.
All samples were analyzed using triplicate experiments.

Short hairpin RNA (shRNA) transfection

Short hairpin RNA (shRNA) was used to silence both the BDNF and the TrkB genes and these
were obtained from the Academia Sinica. One day after the MDA-MB-231 line had been sub-
cultured, the cells (30-40% confluence) were transfected for 24 h with shRNA against either
BDNF or TrkB as well as with anon-silencing control shRNA; the system used for transfection
was GenePORTER 2 transfection reagent (Genlantis, San Diego, CA, USA) dissolved in Opti-
mem (Invitrogen) at a final concentration of 80 nM. After the transfections had been carried
out the MDA-MB-231 cells were recovered and used for further experiments. After several
passages, ABDNF and ATrkB cell lines were established by puromycin selection. The transfec-
tion efficiency was validated by Western blot analysis.

Subjects

Between Jan. 2001 and Dec. 2010, patients with breast cancer were identified who had been
diagnosed with pathological proof at Taipei Veterans General Hospital, Taiwan, ROC. After
the approval of the Institutional Review Board (#2013-10-020BC) of this hospital, 95 patients’
records, including date of diagnosis, immunohistochemical (IHC) staining for estrogen recep-
tor (ER) data, progestin receptor (PR) data, IHC staining or fluorescence in situ hybridization
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(FISH) for HER2 data and subsequent outcome (disease-free survival and overall survival)
were retrospectively reviewed; the dataset was obtained from the hospital breast cancer data-
base. Since all clinical data were collected during routine clinical care at the hospital and there
had been no direct contact with the patients for the data collection and analysis, written con-
sent by the study subjects was waived by the Institutional Review Board. The mean follow up
time was > 60 months. Receptor status was defined to be positive when the ER or PR counts
were > 1%. The status was negative when the ER or PR counts were < 1%

Immunohistochemistry to measure BDNF and TrkB expression

The protein expression levels of BDNF and TrkB in a tissue array containing 95 tumor samples
from the archives of the Department of Pathology were measured after immunohistochemical
staining for BDNF (Genetex, GTX62495,CA, USA) and TrkB (BD, 610101); the slides were
evaluated by an expert in pathology. The degree of positiveness for protein expression was
measured in a semi-quantified manner and is expressed as (0), <10%, (1), 11-25%, (2), 26—
50%, (3) >50% of the tumor cells examined.

Statistical analysis

Data are expressed as the mean + SEM. Differences between time and concentration effect
were analyzed by two-way ANOVA. Differences between groups were identified by one-way
ANOVA or repeatedly measured one way ANOVA, which was followed by Dunnet’s post hoc
test. Statistical comparison between two independent groups was determined by the Mann-
Whitney U test. A p value of <0.05 was considered statistically significant compared to the
vehicle group or the no treatment group. All of the above analyses were carried out using
GraphPad Prism 5 software.

Disease-free survival (DFS) was defined as the time between initial breast cancer diagnosis
and the date of recurrence confirmed by imaging study or by pathological confirmation. Over-
all survival (OS) was calculated from the time of initial breast cancer diagnosis to the date of
death or last consultation. The Kaplan-Meier method was used to estimate the cumulative
incidence of DFS and OS and Log-rank (Mantel-Cox) Test were used for comparisons (Graph-
Pad Prism 5).

Results

The genomic microarray analysis of the resected tumor tissues obtained from breast cancer
patients (GEO, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95700) (GSE95700)
(S1 File) identified a number of possible critical signaling pathway differences between the
recurrent and non-recurrent TNBC (S1 Fig). A heat map analysis of the samples (S2 Fig)
revealed that the BDNF signaling pathway was a significant predictor of recurrence. (Table 1)

Using an in vitro system, we found that MDA-MB-231, but not other breast cancer cell
lines, secreted BDNF into the culture medium (supplementary reference 4). However, BDNF
was not able to stimulate MDA-MB-231 cell proliferation (Fig 1) (Two way ANOVA, p>0.05,
n==o6)

Treatment with BDNF was found to increase the expression of TrkB, but did not affect
gene expression of BDNF, either in protein level (Fig 2A) or mRNA level(Fig 2B, one way
ANOVA, p =0.0004, n = 4). In addition, treatment of the MDA-MB-231 cell line with BDNF
also increased cell migration (Fig 2C) with migrated area (mm?) being 0.005+0.001, 0.0884+
0.023, and 0.1087+ 0.015 in BDNF 0 -, 25-, and 50 ng/mL treatment, respectively. (one way
ANOVA, p =0.001, n = 9). In parallel, there was also a trend of increased p-Rac, CDC42, and
Rho protein (Fig 2D and 2E) (one way ANOVA, p>0.05, n = 4) and a significantly increased

PLOS ONE | https://doi.org/10.1371/journal.pone.0178173  June 12,2017 6/17


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95700
https://doi.org/10.1371/journal.pone.0178173

iggl’L‘)S;|ONE

BDNF-TrKB signaling modulates tumor microenvironment of triple negative breast cancer

Cell number (fold of control)

-0-
-
-
——

BDNF (0 ng/mL)

BDNF (12.5 ng/mL)
BDNF (25 ng/mL)
BDNF (50 ng/mL)

Day

Fig 1. Effect of brain-derived neurotrophic factor (BDNF) on the MDA-MB-231 cell line. MDA-MB-231 cells (1 x 10*/well)were
seeded and transferred into a 12-well plates containing low serum medium, followed by treatment with BDNF (0-, 12,5-, 25-, and 50 ng/
mL)for 1 day, 2 days and 3 days. Then the cells were trypsinized and subjected to a trypan blue dye exclusion assay as described in
Methods. (Two way ANOVA, p>0.05, n =6).

https://doi.org/10.1371/journal.pone.0178173.9001

gene expression of COX2 and MMP13, but not MMP2 and MMP?9, either in protein level (Fig
2F and 2G) (one way ANOVA, p< 0.05, n = 5) or mRNA level(Fig 2H) (one way ANOVA,
p< 0.05,n=4).

In addition to the above findings, BDNF also brought about an increased in HUVEC cells
of not only BDNF protein (Fig 3A), but also of BDNF/TrkB mRNA level (Fig 3B) (Mann-
Whitney U test, p = 0.0294, n = 4). Although there were no increased p-Rac, CDC42, and Rho
protein (Fig 3C), nor MMP2, MMP9, MMP13, and COX2 expression (Fig 3D), BDNF
increased the activation of eNOS (Fig 3E) and significantly up-regulated eNOS gene expres-
sion (Fig 3F) (Mann-Whitney U test, p = 0.0286, n = 4), but not angiogenic factors such as
VEGFA and VEGFR?2 expression.

The above results suggest that BDNF brings about autocrinal and paracrinal regulation of
BDNEF gene expression. In this context, the BDNF-induced migratory activity (Fig 4A) could
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Fig 2. The effects of brain-derived neurotrophic factor (BDNF) on autoregulation, migration and migration related proteins
signaling in MDA-MB-231 cells. MDA-MB-231 (4 X10° / well) cells cultured with low serum medium were treated with BDNF (0-, 12,5-,
25-, and 50 ng/mL) for 24 h or 6 h, and analyzed with Western blot (A) or real-time PCR (B), respectively. TkrB FL and TrkB T1 indicated
full length and T1 domain of TrkB, respectively. Cells at a density of 2x10* cells were seeded into a 3.5 cm Petri dish containing an insert
for migration assay (C) as described in Methods. Protein expressions of Rac, CDC42, and Rho (D) were quantified (E) and gene
expression of COX2, MMP2, MMP9, and MMP13 were analyzed with Western blot (F,G) and real-time PCR (H). Data were expressed
as mean + SEM. *, p< 0.05 compared to vehicle group by one way ANOVA, n = 4-5).

https://doi.org/10.1371/journal.pone.0178173.9002

be blocked in MDA-MB-231 cell line by treatment with inhibitors of ERK, PI3K and TrkB (Fig
4B)(repeatedly measured one way ANOVA, p = 0.0023, n = 9). By way of contrast, the BDNF-
induced migratory activity could not be blocked in HUVEC cell line when the cells were
treated with ERK, PI3K and TrkB inhibitors. (Fig 4B)(repeatedly measured one way ANOVA,
p>0.05,1n =9). By Western blot analysis on MDA-MB-231 cells (Fig 4C), BDNF-induced p-
NOS expression, but not COX2, was blocked by treatment of ERK inhibitor (Fig 4D)(Mann-
Whitney U test, p = 0.002, n = 4-10). Similarly, Such effects were also observed in HUVEC
cells (Fig 4E and 4F) ((Mann-Whitney U test, p = 0.0029, n = 5-9). There was no effect when
cells were treated with PI3K and TrkB inhibitors.
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Fig 3. The effects of brain-derived neurotrophic factor (BDNF) on autoregulation and the expression of angiogenesis- related
signaling proteins in HUVEC cells. HUVEC cells (4 X10°/ well) cultured with low serum medium were treated with BDNF (0-, and 50
ng/mL) for 24 h or 6 h, and analyzed with Western blot (A) or real-time PCR (B), respectively. Protein expressions of Rac, CDC42, and
Rho (C) and metastasis-related proteins such as COX2, MMP2, MMP9, and MMP13 (D) were analyzed with Western blot. The
angiogenic factors such as VEGFA, BEGFR2, and eNOS were analyzed with Western blot (E) and real-time PCR (F), respectively. Data
were expressed as mean + SEM. *, p< 0.05 compared to vehicle group by Mann-Whitney U test, n = 4).

https://doi.org/10.1371/journal.pone.0178173.9003

It should be noted that the BDNF-induced migratory activity in the MDA-MB-231 line was
found to be decreased when the parent cells were either BDNF knock down (ABDNF) or
NTRK2 (TrkB) knock down (ATrkB) (Fig 5A and 5B). In these cell lines there was also a
decrease in migratory activity (Fig 5C and 5D) (Repeatedly measured one way ANOVA,
n=>5).

To identify the possible down-stream signaling systems involved in the cross-talk within
the BDNF-TrkB pathway, BDNF was administrated to MDA-MB-231 cells, and this was fol-
lowed by RNA extraction and an examination of mRNA expression using an oligonucleotide
microarray assay. Ingenuity pathway analysis (IPA) showed that BDNF was a key factor and
was involved in regulating networks of metalloproteases in MDA-MB-231 cells (Fig 6A)
together with calmodulin (Fig 6B).

Finally, we correlated with their prognosis, protein expression levels in a tissue array made
up of tumor slices from patients; this was done relative to disease-free survival (DFS) and over-
all survival (OS). The results showed that there was no significant relationship between BDNA
expression and the patients’ DFS (Fig 7A) or OS (Fig 7B). However, by way of contrast, there
was a statistically significant relationship between TrkB expression (Fig 8A) and the patients’
DEFS (Fig 8B) and OS (Fig 8C).
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Fig 4. Effects of different inhibitors on brain-derived neurotrophic factor (BDNF) induced migratory activity in the MDA-MB-231
and HUVEC cell lines. MDA-MB-231 cells (2x10*) were seeded into a 3.5 cm Petri dish containing an insert for migration assay (A).
Inhibitors of ERK, PI3K, and TrkB were pretreated1h before administration of BDNF (50 ng/mL) for 24 h and migratory area (mm?) were
measured (B) (repeatedly measured one way ANOVA, n = 9)as described in Methods. After with or without pretreatment of inhibitors of
ERK, PI3K, and TrkB, BDNF (50 ng/mL)-induced eNOS and COX2 expression in MDA-MB-231 cells (C, D) and HUVEC line (E, F). Data
were expressed as mean + SEM. *, p< 0.05 compared to vehicle group by Mann-Whitney U test, n = 5-9).

https://doi.org/10.1371/journal.pone.0178173.g004

Discussion

Cancer metastasis is a process that requires interactions between cancer cells and the tumor
microenvironment. In this article, the modulatory effects of BDNF on the interaction between
cancer cells (MDA-MB-231) and endothelial cells (HUVEC) was investigated. Previously,

we have measured the BDNF level in the cultured media of different breast cancer cell lines
(MCEF-7, SK-BR-3, MDA-MB-231, MDA-MB-468) and the results showed that only
MDA-MB-231 cells, but not other cell types, secreted BDNF into the culture media in a time-
dependent manner (S3 Fig). To our knowledge, we are the first to investigate the role of BDNF
in cancer cell-endothelial cell interactionsusing breast cancer cells.

Although BDNF is well known to be involved in neural development, regeneration and dif-
ferentiation [16, 17], several lines of evidence have recently suggested that BDNF and its nega-
tive regulatory microRNA may play important roles in cell proliferation and in the metastasis
of breast cancer [22, 29]and non-small lung cancer [30]. Moreover, BDNF has been shown to
promote non-small lung cancer proliferation in an autocrine manner and metastasis of neuro-
blastoma through STAT3 and PI3K and MAPKsingalling pathway, respectively [21, 31].

In this study, we demonstrate that BDNF affects not only MDA-MB-231 itself in an auto-
crine manner, but also affects HUVEC cells in a paracrine manner. These results are in agreet-
ment with previous investigations that have described the role of BDNF in the regulation of
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Fig 5. The effects of brain-derived neurotrophic factor (BDNF) and TrkB on the migratory activity of the
MDA-MB-231 line. The cell morphology is presented (A) and the protein expression of BDNF and TrkB (B) were

validated in the parent, the ABDNF cell line and the ATrkB cell line. MDA-MB-231 parent cells or the ABDNF and the
ATrkB cell lines (2x10%) were seeded into a 3.5 cm Petri dish containing an insert for migration assay (C). The migratory

area was quantified (D). Data were expressed as mean = SEM. *, p< 0.05 compared to vehicle group; #, p< 0.01

compared to positive control group by Repeatedly measured one way ANOVA, n =5).

https://doi.org/10.1371/journal.pone.0178173.g005

cell survival/growth in breast cancer [29, 32], in neuroblastoma and in myeloma, either in an
autocrinal manner or in a paracrinal manner [33, 34].

The interactions of cancer cells with their microenvironment are an essential feature of
tumor progession and metastasis. The cell types involved in such interactions are not necessar-
ily stromal cells [9], but may include macrophages [10], endothelial cells [11], and T cells [35].
Many factors are well known to be related to the metastatic or invasive potential of human can-
cer cells. For examples, nitric oxide promotes the invasive activity in lung cancer cells [36]; and
changes energy metabolism (increased glycolysis), which affects the tumor-endothelial interac-
tion of bladder carcinoma [37]. Recent evidence has suggested that calmodulin plays a crucial
role in the modulation of cancer metastasis during gastric cancer [38]. In addition, the matrix
metalloproteases are known to be involved in tumor metastasis [39]. Our results obtained
using ingenuity pathway analysis demonstrate that there is linkage between calmodulin
expression, expression of MMPs and BDNF expression and it should be noted that this is con-
sistent with above literature. It is also important to note that BDNF and VEGF/VEGER play
different roles in the multi-step process that makes up cancer metastasis [40]. The former
promotes the transendothelial migration of cancer cells into vessels and the cells’ survival in
the circulatory system, while the latter enhances subsequent vascular proliferation at the
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Fig 6. Ingenuity pathway analysis (IPA) of gene expression levels in MDA-MB-231 cells. MDA-MB-231 cells (4 X10° / well) cultured
with low serum medium were treated with brain-derived neurotrophic factor (BDNF) (50 pug/mL), followed by RNA extraction and analysis
of gene expression by oligonucleotide microarray assay. Then, the possible BDNF-related pathway was analyzed using Ingenuity
pathway analysis (IPA). The metalloprotease network (A) and the calmodulin (B) network were modulated by BDNF treatment.

https://doi.org/10.1371/journal.pone.0178173.9006

colonization site. Our results have shown that BDNF increased eNOS, but not VEGF/
VEGFR?2, expression, and this supports the above hypothesis [41].

In terms of the protein’s molecular and clinical roles, BDNF has been reported to be a target
marker for predicting clinical outcomes in breast cancers [23, 32]. Nevertheless, controversy
still exists as to the exact role of BDNF in tumor suppression and promotion [42]. Our clinical
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Fig 7. Correlation with their prognosis of brain-derived neurotrophic factor (BDNF) expression levels using a tissue array of
tumor slices from patients. The protein expression levels of BDNF in a tissue array were measured after immunohistochemical
staining. The degree of positiveness for protein expression was measured in a semi-quantified manner and is expressed as (0), <10%,
(1), 11-25%, (2), 26-50%, (3) >50% of the tumor cells examined. Disease-free survival (DFS) and Overall survival (OS) were defined in
Methods. The Kaplan—Meier method was used to estimate the cumulative incidence of DFS and OS and Log-rank (Mantel-Cox) Test

were used for comparisons.

https://doi.org/10.1371/journal.pone.0178173.9007
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Fig 8. Correlation with their prognosis of TrkB expression levels using a tissue array of tumor slices from patients. The protein
expression levels of TrkB in a tissue array were measured afterimmunohistochemical staining (A). The degree of positiveness for protein
expression was measured in a semi-quantified manner and is expressed as (0), <10%, (1), 11-25%, (2), 26—50%, (3) >50% of the tumor
cells examined. Disease-free survival (DFS, B) and Overall survival (OS, C) were defined in Methods. The Kaplan—Meier method was
used to estimate the cumulative incidence of DFS and OS and Log-rank (Mantel-Cox) Test were used for comparisons.

https://doi.org/10.1371/journal.pone.0178173.g008

dataset shows that there is a good correlation between TrkB expression and patients’ outcomes,
but not BDNF expression and patients’ outcomes, in terms of disease-free survival and overall
survival. We attribute the discrepancy in these results to the characteristics of BDNF, which
can be secreted outside cells and thus is able to affect the adjacent microenvironment. This
may make the quantification of cellular BDNF expression unreliable. However, there is a need
for more evidence in order to clarify the exact role of BDNF when predicting patient
prognosis.

In summary, we have demonstrated that BDNF-TrkB signaling plays an important role in
the interaction between cancer cells (MDA-MB-231) and endothelial cells (HUVEC) and that
TrkB expression in tumor cells is correlated with a poor prognosis of patients with TNBC sub-
ype cancers.
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Supporting information

S1 File. Gene expression omnibus. The data includes the name of the repository (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95700) and the relevant accession numbers
(GSM list).

(PDF)

S1 Fig. Experimental design. The genomic microarray analysis of the resected tumor tissues
obtained from breast cancer patients identified a number of possible critical signaling pathway
differences between the recurrent and non-recurrent TNBC.

(TIF)

S2 Fig. Heat map analysis. Heat map analysis showed the differentially expressed genes
between non-recurrent and recurrent triple negative breast cancer (TNBC). Yellow

box contained up-regulated genes in recurrent TNBC compared to non-recurrent tumors.
(TIF)

S3 Fig. BDNF level in the cultured media of different breast cancer cell lines. The BDNF
level in the cultured media of different breast cancer cell lines (MCF-7, SK-BR-3, MDA-MB-
231, MDA-MB-468) were measured and the results showed that only MDA-MB-231 cells, but
not other cell types, secreted BDNF into the culture media in a time-dependent manner.
(TIF)

Acknowledgments

We are in debt to Miss Ballard Alice for her excellent editing assistance. We thank the Genome
Research Center, National Yang-Ming University for the assistance on oligonucleotide micro-
array analysis.

Author Contributions
Conceptualization: JHC.
Data curation: YFT.

Formal analysis: YFT.
Funding acquisition: JHC.
Investigation: YFT LMT JHC.
Methodology: JHC LMT.
Project administration: LMT.
Resources: MHY YMS.
Software: YFT JHC.
Supervision: LMT MHY.
Validation: CYH JHC LMT.
Visualization: YFT JHC LMT.
Writing - original draft: YFT.

Writing - review & editing: JHC.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178173  June 12,2017 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178173.s001
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95700
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE95700
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178173.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178173.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178173.s004
https://doi.org/10.1371/journal.pone.0178173

@° PLOS | ONE

BDNF-TrKB signaling modulates tumor microenvironment of triple negative breast cancer

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, Sawka CA, et al. Triple-negative breast cancer:
clinical features and patterns of recurrence. Clinical cancer research: an official journal of the American

Association for Cancer Research. 2007; 13(15 Pt 1):4429-34. https://doi.org/10.1158/1078-0432.CCR-
06-3045 PMID: 17671126.

Carey LA, Perou CM, Livasy CA, Dressler LG, Cowan D, Conway K, et al. Race, breast cancer sub-
types, and survival in the Carolina Breast Cancer Study. Jama. 2006; 295(21):2492-502. https://doi.
org/10.1001/jama.295.21.2492 PMID: 16757721.

Lehmann BD, Bauer JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y, et al. Identification of human
triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies. The
Journal of clinical investigation. 2011; 121(7):2750-67. https://doi.org/10.1172/JC145014 PMID:
21633166.

Lehmann BD, Jovanovic B, Chen X, Estrada MV, Johnson KN, Shyr Y, et al. Refinement of Triple-Neg-
ative Breast Cancer Molecular Subtypes: Implications for Neoadjuvant Chemotherapy Selection. PloS
one. 2016; 11(6):e0157368. https://doi.org/10.1371/journal.pone.0157368 PMID: 27310713.

Kassam F, Enright K, Dent R, Dranitsaris G, Myers J, Flynn C, et al. Survival outcomes for patients with
metastatic triple-negative breast cancer: implications for clinical practice and trial design. Clinical breast
cancer. 2009; 9(1):29-33. https://doi.org/10.3816/CBC.2009.n.005 PMID: 19299237.

Salvatore V, Teti G, Focaroli S, Mazzotti MC, Mazzotti A, Falconi M. The tumor microenvironment pro-
motes cancer progression and cell migration. Oncotarget. 2016. https://doi.org/10.18632/oncotarget.
14155 PMID: 28030810.

Burks H, Pashos N, Martin E, McLachlan J, Bunnell B, Burow M. Endocrine disruptors and the tumor
microenvironment: A new paradigm in breast cancer biology. Molecular and cellular endocrinology.
2016. https://doi.org/10.1016/j.mce.2016.12.010 PMID: 28012841.

Coughlin T, Moreno RR, Mason D, Nystrom L, Boerckel J, Niebur G, et al. Bone: A Fertile Soil for Can-
cer Metastasis. Current drug targets. 2016. PMID: 28025941.

Nitsche U, Stangel D, Pan Z, Schlitter AM, Esposito |, Regel |, et al. Periostin and tumor-stroma interac-
tions in non-small cell lung cancer. Oncology letters. 2016; 12(5):3804—10. PMID: 27895734.

Hsu DS, Wang HJ, Tai SK, Chou CH, Hsieh CH, Chiu PH, et al. Acetylation of snail modulates the cyto-
kinome of cancer cells to enhance the recruitment of macrophages. Cancer cell. 2014; 26(4):534—48.
https://doi.org/10.1016/j.ccell.2014.09.002 PMID: 25314079.

Romero-Lopez M, Trinh AL, Sobrino A, Hatch MM, Keating MT, Fimbres C, et al. Recapitulating the
human tumor microenvironment: Colon tumor-derived extracellular matrix promotes angiogenesis and
tumor cell growth. Biomaterials. 2017; 116:118-29. https://doi.org/10.1016/j.biomaterials.2016.11.034
PMID: 27914984.

Singh R, Pohorelic B, Yang A, Egan C, Magliocco AM. Breast cancer metastasis to bone: A role for Src
in tumor microenvironment. Journal of clinical oncology: official journal of the American Society of Clini-
cal Oncology. 2011; 29(15_suppl):e11076.

Ouyang L, Chang W, Fang B, Qin J, Qu X, Cheng F. Estrogen-induced SDF-1alpha production pro-
motes the progression of ER-negative breast cancer via the accumulation of MDSCs in the tumor micro-
environment. Scientific reports. 2016; 6:39541. https://doi.org/10.1038/srep39541 PMID: 27996037.

Acheson A, Conover JC, Fandl JP, DeChiara TM, Russell M, Thadani A, et al. A BDNF autocrine loop in
adult sensory neurons prevents cell death. Nature. 1995; 374(6521):450-3. https://doi.org/10.1038/
37445020 PMID: 77003583.

Huang EJ, Reichardt LF. Neurotrophins: roles in neuronal development and function. Annual review of
neuroscience. 2001; 24:677-736. https://doi.org/10.1146/annurev.neuro.24.1.677 PMID: 11520916.

Ernfors P, Kucera J, Lee KF, Loring J, Jaenisch R. Studies on the physiological role of brain-derived
neurotrophic factor and neurotrophin-3 in knockout mice. The International journal of developmental
biology. 1995; 39(5):799-807. PMID: 8645564.

Lu B, Nagappan G, Guan X, Nathan PJ, Wren P. BDNF-based synaptic repair as a disease-modifying
strategy for neurodegenerative diseases. Nature reviews Neuroscience. 2013; 14(6):401-16. Epub
2013/05/16. https://doi.org/10.1038/nrn3505 PMID: 23674053.

Pedersen BK. Muscle as a secretory organ. Comprehensive Physiology. 2013; 3(3):1337-62. Epub
2013/07/31. https://doi.org/10.1002/cphy.c120033 PMID: 23897689.

Lawn S, Krishna N, Pisklakova A, Qu X, Fenstermacher DA, Fournier M, et al. Neurotrophin signaling
via TrkB and TrkC receptors promotes the growth of brain tumor-initiating cells. The Journal of biological
chemistry. 2015; 290(6):3814—24. https://doi.org/10.1074/jbc.M114.599373 PMID: 25538243.

Lai PC, Chiu TH, Huang YT. Overexpression of BDNF and TrkB in human bladder cancer specimens.
Oncology reports. 2010; 24(5):1265-70. PMID: 20878119.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178173  June 12,2017 15/17


https://doi.org/10.1158/1078-0432.CCR-06-3045
https://doi.org/10.1158/1078-0432.CCR-06-3045
http://www.ncbi.nlm.nih.gov/pubmed/17671126
https://doi.org/10.1001/jama.295.21.2492
https://doi.org/10.1001/jama.295.21.2492
http://www.ncbi.nlm.nih.gov/pubmed/16757721
https://doi.org/10.1172/JCI45014
http://www.ncbi.nlm.nih.gov/pubmed/21633166
https://doi.org/10.1371/journal.pone.0157368
http://www.ncbi.nlm.nih.gov/pubmed/27310713
https://doi.org/10.3816/CBC.2009.n.005
http://www.ncbi.nlm.nih.gov/pubmed/19299237
https://doi.org/10.18632/oncotarget.14155
https://doi.org/10.18632/oncotarget.14155
http://www.ncbi.nlm.nih.gov/pubmed/28030810
https://doi.org/10.1016/j.mce.2016.12.010
http://www.ncbi.nlm.nih.gov/pubmed/28012841
http://www.ncbi.nlm.nih.gov/pubmed/28025941
http://www.ncbi.nlm.nih.gov/pubmed/27895734
https://doi.org/10.1016/j.ccell.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25314079
https://doi.org/10.1016/j.biomaterials.2016.11.034
http://www.ncbi.nlm.nih.gov/pubmed/27914984
https://doi.org/10.1038/srep39541
http://www.ncbi.nlm.nih.gov/pubmed/27996037
https://doi.org/10.1038/374450a0
https://doi.org/10.1038/374450a0
http://www.ncbi.nlm.nih.gov/pubmed/7700353
https://doi.org/10.1146/annurev.neuro.24.1.677
http://www.ncbi.nlm.nih.gov/pubmed/11520916
http://www.ncbi.nlm.nih.gov/pubmed/8645564
https://doi.org/10.1038/nrn3505
http://www.ncbi.nlm.nih.gov/pubmed/23674053
https://doi.org/10.1002/cphy.c120033
http://www.ncbi.nlm.nih.gov/pubmed/23897689
https://doi.org/10.1074/jbc.M114.599373
http://www.ncbi.nlm.nih.gov/pubmed/25538243
http://www.ncbi.nlm.nih.gov/pubmed/20878119
https://doi.org/10.1371/journal.pone.0178173

@° PLOS | ONE

BDNF-TrKB signaling modulates tumor microenvironment of triple negative breast cancer

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hua Z, Gu X, Dong Y, Tan F, Liu Z, Thiele CJ, et al. PI3K and MAPK pathways mediate the BDNF/
TrkB-increased metastasis in neuroblastoma. Tumour biology: the journal of the International Society
for Oncodevelopmental Biology and Medicine. 2016. https://doi.org/10.1007/s13277-016-5433-z PMID:
27752996.

Tajbakhsh A, Mokhtari-Zaer A, Rezaee M, Afzaljavan F, Rivandi M, Hassanian SM, et al. Therapeutic
Potentials of BDNF/ TrkB in Breast Cancer; Current Status and Perspectives. Journal of cellular bio-
chemistry. 2017. Epub 2017/02/24. https://doi.org/10.1002/jcb.25943 PMID: 28230291.

Patani N, Jiang WG, Mokbel K. Brain-derived neurotrophic factor expression predicts adverse patholog-
ical & clinical outcomes in human breast cancer. Cancer cell international. 2011; 11(1):23. https://doi.
org/10.1186/1475-2867-11-23 PMID: 21767406.

Tsai CH, Chiu JH, Yang CW, Wang JY, Tsai YF, Tseng LM, et al. Molecular characteristics of recurrent
triple-negative breast cancer. Molecular medicine reports. 2015; 12(5):7326—-34. https://doi.org/10.
3892/mmr.2015.4360 PMID: 26458489.

Deindl E. Mechanistic insights into the functional role of vascular endothelial growth factor and its signal-
ling partner brain-derived neurotrophic factor in angiogenic tube formation. Acta physiologica (Oxford,
England). 2014; 211(2):268-70. Epub 2014/04/12. https://doi.org/10.1111/apha.12299 PMID:
24720532.

Lin CY, Hung SY, Chen HT, Tsou HK, Fong YC, Wang SW, et al. Brain-derived neurotrophic factor
increases vascular endothelial growth factor expression and enhances angiogenesis in human chon-
drosarcoma cells. Biochemical pharmacology. 2014; 91(4):522—33. https://doi.org/10.1016/j.bcp.2014.
08.008 PMID: 25150218.

Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utiliz-
ing the principle of protein-dye binding. Analytical biochemistry. 1976; 72:248-54. PMID: 942051.

Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid guanidinium thiocyanate-phe-
nol-chloroform extraction. Analytical biochemistry. 1987; 162(1):156—9. PMID: 2440339.

Gao B, Hao S, Tian W, Jiang Y, Zhang M, Guo L, et al. MicroRNA-107 is downregulated and having
tumor suppressive effect in breast cancer by negatively regulating BDNF. The journal of gene medicine.
2016. Epub 2016/11/05. https://doi.org/10.1002/jgm.2932 PMID: 27813254.

Xia H, Li Y, Lv X. MicroRNA-107 inhibits tumor growth and metastasis by targeting the BDNF-mediated
PI3K/AKT pathway in human non-small lung cancer. International journal of oncology. 2016; 49
(4):1325-33. Epub 2016/08/09. https://doi.org/10.3892/ij0.2016.3628 PMID: 27498977.

Chen B, Liang Y, He Z, An Y, Zhao W, Wu J. Autocrine activity of BDNF induced by the STAT3 signaling
pathway causes prolonged TrkB activation and promotes human non-small-cell lung cancer prolifera-
tion. Scientific reports. 2016; 6:30404. https://doi.org/10.1038/srep30404 PMID: 27456333.

Vanhecke E, Adriaenssens E, Verbeke S, Meignan S, Germain E, Berteaux N, et al. Brain-derived neu-
rotrophic factor and neurotrophin-4/5 are expressed in breast cancer and can be targeted to inhibit
tumor cell survival. Clinical cancer research: an official journal of the American Association for Cancer
Research. 2011; 17(7):1741-52. https://doi.org/10.1158/1078-0432.CCR-10-1890 PMID: 21350004.

Pearse RN, Swendeman SL, Li Y, Rafii D, Hempstead BL. A neurotrophin axis in myeloma: TrkB and
BDNF promote tumor-cell survival. Blood. 2005; 105(11):4429-36. https://doi.org/10.1182/blood-2004-
08-3096 PMID: 15657181.

Brodeur GM. Neuroblastoma: biological insights into a clinical enigma. Nature reviews Cancer. 2003; 3
(3):203-16. Epub 2003/03/04. https://doi.org/10.1038/nrc1014 PMID: 12612655.

Martinenaite E, Munir Ahmad S, Hansen M, Met O, Westergaard MW, Larsen SK, et al. CCL22-specific
T Cells: Modulating the immunosuppressive tumor microenvironment. Oncoimmunology. 2016; 5(11):
€1238541. https://doi.org/10.1080/2162402X.2016.1238541 PMID: 27999757.

Zhang L, LiuJ, Wang X, Li Z, Zhang X, Cao P, et al. Upregulation of cytoskeleton protein and extracellu-
lar matrix protein induced by stromal-derived nitric oxide promotes lung cancer invasion and metastasis.
Current molecular medicine. 2014; 14(6):762—71. PMID: 25056538.

Zhu G, WangD, Li S, Yang X, Cao Y, Wang Y, et al. Acute effect of lactic acid on tumor-endothelial cell
metabolic coupling in the tumor microenvironment. Oncology letters. 2016; 12(5):3478-84. hitps://doi.
org/10.3892/01.2016.5047 PMID: 27900024.

LiuZ, Han G, Cao Y, Wang Y, Gong H. Calcium/calmodulindependent protein kinase |l enhances
metastasis of human gastric cancer by upregulating nuclear factorkappaB and Aktmediated matrix
metalloproteinase9 production. Molecular medicine reports. 2014; 10(5):2459-64. Epub 2014/09/02.
https://doi.org/10.3892/mmr.2014.2525 PMID: 25174603.

Deryugina El, Quigley JP. Matrix metalloproteinases and tumor metastasis. Cancer metastasis reviews.
2006; 25(1):9-34. Epub 2006/05/09. https://doi.org/10.1007/s10555-006-7886-9 PMID: 16680569.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178173  June 12,2017 16/17


https://doi.org/10.1007/s13277-016-5433-z
http://www.ncbi.nlm.nih.gov/pubmed/27752996
https://doi.org/10.1002/jcb.25943
http://www.ncbi.nlm.nih.gov/pubmed/28230291
https://doi.org/10.1186/1475-2867-11-23
https://doi.org/10.1186/1475-2867-11-23
http://www.ncbi.nlm.nih.gov/pubmed/21767406
https://doi.org/10.3892/mmr.2015.4360
https://doi.org/10.3892/mmr.2015.4360
http://www.ncbi.nlm.nih.gov/pubmed/26458489
https://doi.org/10.1111/apha.12299
http://www.ncbi.nlm.nih.gov/pubmed/24720532
https://doi.org/10.1016/j.bcp.2014.08.008
https://doi.org/10.1016/j.bcp.2014.08.008
http://www.ncbi.nlm.nih.gov/pubmed/25150213
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://www.ncbi.nlm.nih.gov/pubmed/2440339
https://doi.org/10.1002/jgm.2932
http://www.ncbi.nlm.nih.gov/pubmed/27813254
https://doi.org/10.3892/ijo.2016.3628
http://www.ncbi.nlm.nih.gov/pubmed/27498977
https://doi.org/10.1038/srep30404
http://www.ncbi.nlm.nih.gov/pubmed/27456333
https://doi.org/10.1158/1078-0432.CCR-10-1890
http://www.ncbi.nlm.nih.gov/pubmed/21350004
https://doi.org/10.1182/blood-2004-08-3096
https://doi.org/10.1182/blood-2004-08-3096
http://www.ncbi.nlm.nih.gov/pubmed/15657181
https://doi.org/10.1038/nrc1014
http://www.ncbi.nlm.nih.gov/pubmed/12612655
https://doi.org/10.1080/2162402X.2016.1238541
http://www.ncbi.nlm.nih.gov/pubmed/27999757
http://www.ncbi.nlm.nih.gov/pubmed/25056538
https://doi.org/10.3892/ol.2016.5047
https://doi.org/10.3892/ol.2016.5047
http://www.ncbi.nlm.nih.gov/pubmed/27900024
https://doi.org/10.3892/mmr.2014.2525
http://www.ncbi.nlm.nih.gov/pubmed/25174603
https://doi.org/10.1007/s10555-006-7886-9
http://www.ncbi.nlm.nih.gov/pubmed/16680569
https://doi.org/10.1371/journal.pone.0178173

o @
@ : PLOS | ONE BDNF-TrKB signaling modulates tumor microenvironment of triple negative breast cancer

40. van Zijl F, Krupitza G, Mikulits W. Initial steps of metastasis: cell invasion and endothelial transmigra-
tion. Mutation research. 2011; 728(1-2):23-34. https://doi.org/10.1016/j.mrrev.2011.05.002 PMID:
21605699.

41. LuX, Kang Y. Hypoxia and hypoxia-inducible factors: master regulators of metastasis. Clinical cancer
research: an official journal of the American Association for Cancer Research. 2010; 16(24):5928-35.
https://doi.org/10.1158/1078-0432.CCR-10-1360 PMID: 20962028.

42. HuthL, Rose M, Kloubert V, Winkens W, Schlensog M, Hartmann A, et al. BDNF is associated with
SFRP1 expression in luminal and basal-like breast cancer cell lines and primary breast cancer tissues:
a novel role in tumor suppression? PloS one. 2014; 9(7):e102558. Epub 2014/07/19. https://doi.org/10.
1371/journal.pone.0102558 PMID: 25036590.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178173  June 12,2017 17/17


https://doi.org/10.1016/j.mrrev.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21605699
https://doi.org/10.1158/1078-0432.CCR-10-1360
http://www.ncbi.nlm.nih.gov/pubmed/20962028
https://doi.org/10.1371/journal.pone.0102558
https://doi.org/10.1371/journal.pone.0102558
http://www.ncbi.nlm.nih.gov/pubmed/25036590
https://doi.org/10.1371/journal.pone.0178173

