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Abstract. Neurotrophins are a family of growth factors that are
vital to the proper development of the central nervous system.
Their effects on cells are governed by the expression and
activation of the tyrosine kinase receptors TrkA, TrkB and TrkC.
TrkB has been immensely implicated in mediating neuronal
migration, development and differentiation. It has also been
shown to protect several neuronal cell types from an array of
cytotoxic stressors after activation by its conjugate ligand brain-
derived neurotrophic factor (BDNF). Over the past two decades,
it has been shown that TrkB and BDNF are up-regulated in
many types of cancers, conferring aggressive phenotypes
underpinned by their resistance to several standard
chemotherapeutic agents. This resistance to chemotherapy is
modulated by the downstream targets of the TrkB receptor which
include the well-characterized PI3K /Akt growth pathway, a
hallmark of uncontrolled cancer cell growth and proliferation.
Pre-clinical efforts to develop inhibitors of this receptor are
promising, and such inhibitors also seem to sensitize cancer cells
to standard chemotherapies. However, new evidence suggests
that BDNF overexpression in the hypothalamus has immuno-
augmenting properties, eliciting an increased anti-tumor immune
response and reducing the activity of several proteins that would
normally confer resistance to chemotherapeutic agents. In the
current work, we provide a global analysis of the physiological
consequences of TrkB receptor activation in vitro and discuss the
dynamic consequences of TrkB activation in vivo. Finally, we
propose a clinically-feasible option for increasing BDNF
expression in the hypothalamus to more readily utilize the
oncolytic effects of BDNF.

This article is freely accessible online.

Correspondence to: Daniel P. Radin, Department of Pharmacology,
Stony Brook University School of Medicine, Stony Brook, 11790,
NY, U.S.A. Tel: +1 2016790671, e-mail: danradin] @gmail.com

Key Words: BDNF, chemotherapeutic resistance, EGFR, PI3K,
RhoA, Trkb, review.

Brain-derived neurotrophic factor (BDNF) has been widely
implicated in the development, migration, differentiation
and survival of fetal neurons (1). BDNF binds its
conjugate receptor, TrkB, and initiates a signaling cascade
marked by increased activity of the PI3K/Akt growth
pathway leading to production of pro-migratory, anti-
apoptotic and pro-survival proteins (2, 3). It has been
uniquely demonstrated that activation of the BDNF
signaling pathway transactivates the epidermal growth
factor receptor (EGFR) even in the absence of the
endogenous EGF ligand (1). As a consequence, this
augments the activity of phospholipase-C-y (PLCy) and of
downstream targets such as various protein kinase C
isoforms. BDNF/TrkB overexpression (Table I) confers a
migratory phenotype to tumor cells and primes cancer cells
to resist substantial genotoxic stressors, most of which are
front-line  chemotherapies (4-6). BDNF-mediated
activation of TrkB also results in RAS activation (7), in
turn accelerating cell-cycle progression and presumably
contributing to poor prognosis of patients with cancers
dependent on the BDNF signaling pathway (8, 9). BDNF
and Trkb overexpression has also been shown to contribute
to oncogenesis of aggressive neuroblastoma cells (10) and
to post-chemotherapeutic recurrence of highly aggressive
breast cancer stem cells (11), demonstrating that this
signaling pathway seems to be ubiquitous in the
progression of multiple cancers and dynamically regulates
several aspects of tumor cell physiology.

Until recently, BDNF-mediated activation of the TrkB
receptor was universally considered to have oncogenic
consequences (12). While the signal transduction pathways
initiated by TrkB receptor dimerization and activation are well
elucidated, cancer cells express multiple isoforms of TrkB,
which along with the tissue origin of the cancer ultimately
govern the effect BDNF has on various cellular activities (13-
15). In fact, the first truncated version of the TrkB receptor,
which we refer to as TrkB-T1, has been studied and reported
to produce disparate and tissue-dependent effects on cellular
signaling (see subsequent section).
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Table 1. Expression of BDNF and TrkB in cancerous and normal tissues (Derived from Human Protein Atlas)*.

Cancer Type Cell Type BDNF*#%* TrkBNS

Cancerous Tissue Normal Tissue Cancerous Tissue Normal Tissue
Breast Glandular Moderate ND Moderate Strong
Carcinoid Exocrine glandular Moderate ND Strong Moderate
Cervical Glandular Moderate ND Moderate/Weak Weak
Colorectal Glandular Moderate ND Moderate Moderate
Endometrial Glandular Moderate ND Moderate Moderate
Glioma Glial Moderate/Weak Weak Strong/Moderate Strong
Head and neck Glandular Weak/ND ND Moderate Moderate
Liver Bile duct Moderate ND Moderate Weak
Lung Respiratory Epithelial Moderate/Weak ND Moderate/Weak Moderate
Lymphoma Non-germinal center Weak/ND ND Moderate/Weak Moderate
Melanoma Melanocytes Moderate ND Moderate/Weak Moderate
Ovarian Epithelial Moderate/Weak NT Moderate NT
Pancreatic Exocrine glandular Moderate ND Moderate Moderate
Prostate Glandular Moderate/Weak ND Moderate Weak
Renal Cells in tubules Moderate ND Moderate Moderate
Skin Keratinocytes Weak ND Weak Moderate
Stomach Glandular Moderate/Weak ND Moderate Moderate
Testis Seminiferous Ducts Strong/Moderate ND Moderate Moderate
Thyroid Glandular Weak ND Strong Strong
Urothelial Urothelial Moderate/Weak ND Moderate Moderate

*Determined using immunohistochemical staining. ND: Not detected; NT; not tested. ***p=0.0001, Wilcoxon signed-rank test, demonstrating
significant overexpression in cancer biopsies. NSp=0.98, Wilcoxon signed-rank test, demonstrating similar expression among normal tissue and

cancer biopsies.

Recent studies have also suggested that although BDNF
administration in vitro is globally oncogenic, BDNF
administration in vivo may support an anti-tumor immune
response. Mice living in enriched environments produce
more BDNF in the hypothalamus and have significantly
less circulating leptin plasma concentrations which may
augment the cytotoxicity of multiple cell types of the
immune system to induce tumor regression in multiple
cancers (15, 16). Moreover, selective BDNF up-regulation
in the hypothalamus mimics the effects of enriched
environmental housing (15, 16). Due to the mounting
evidence challenging the canonical oncogenic role of the
BDNF/TrkB pathway, the present work seeks to provide a
global analysis of in vitro trends and dynamic in vivo
observations regarding the physiology of the BDNF/TrkB
system. We also discuss the utility of BDNF/TrkB
expression as prognostic markers and pharmacological
means of up-regulating BDNF production in key brain
regions to increase anti-tumor immune efficacy.

BDNF Mediates BDNF/TrkB Synthesis

Identifying mechanisms of BDNF synthesis and release into
the extracellular matrix could prove valuable in slowing the
growth of cancers relying on this signaling pathway. Earlier
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studies performed in primary neuronal cultures indicated that
BDNF administration increased the production of BDNF
mRNA and protein levels in a time- and dose-dependent
fashion (17, 18). This positive feedback loop was mediated
by BDNF-dependent activation of the PI3K/Akt pathway,
which led to an increase in AMPA-type glutamate receptor
levels. In turn, an increase in transmembrane AMPA receptor
levels resulted in augmented BDNF mRNA expression and
translation. Accordingly, pharmacological abrogation of the
PI3K/Akt pathway or AMPA receptor blockade eliminated
the BDNF-mediated increase in BDNF mRNA and protein
levels (17).

More recent studies have indicated that TrkB receptor
activation elicits phosphorylation of tyrosine 705 of
STAT3, which transduces to amplify c-Myc and hypoxia-
inducible Factor 1-alpha (HIF1a) mRNA levels (19). Most
notably, when the non-small cell lung cancer cell line
A549 was serum-deprived for 24 h, STAT3 activity
declined initially but rebounded after 24 h of serum
depletion, whereas pharmacological inhibition of TrkB by
K252a, a well-characterized Trk inhibitor, continued to
repress STAT3 activity. STAT3 and TrKB inhibition
resulted in diminished Akt activity, revealing STAT3 as a
potentially important signaling intermediate between TrkB
and Akt (Figure 1).
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Figure 1. BDNF mediates its own synthesis in a positive feedback manner by activating TrkB (1) and primarily signaling for increased production
of AMPA-type glutamate receptors (2). AMPA-glutamate receptor activation signals for increased BDNF expression (4). Accordingly, abrogating
AMPA receptor signaling perturbs augmented BDNF production. BDNF also enhances HIF la levels which in turn increases TrkB expression (3).

It was separately demonstrated that HIFla is a
transcriptional activator of TrkB expression. In particular,
neuroblastoma cells incubated in hypoxia (1% O,) for 24 h
up-regulated TrkB expression 30-fold whereas expression of
other neurotrophin receptors did not significantly differ (20).
Neuroblastoma cell incubation in normoxia (21% O,) with
the hypoxia mimic 2,2’-dipyridil also enhanced TrkB
expression ~8-fold. This effect was absent in cells lacking
HIF1a or diminished in cells expressing an siRNA targeting
HIFla, confirming this protein’s involvement in the
regulation of TrkB expression (20) (Figure 1). It is also
pertinent to note that cells incubated in hypoxia displayed
higher migratory activity, indicating that up-regulation of
TrkB can facilitate migration of cancerous cells (M20).
Nicotinic receptor activation has also been shown to promote
BDNF release by neuroblastoma cells, providing a causal
link between cigarette smoke and cancer facilitation (21).

BDNF role in Migration and Oncogenesis

TrkB/EGFR crosstalk: Partners in crime. The immediate
consequences of TrkB activation are vital to understanding
the physiology of this pathway. TrkB has been shown to
cross-talk with EGFR signaling pathway, a growth factor
receptor commonly up-regulated in many cancers. In non-
cancerous tissue (1) and in cancerous tissue (22), BDNF
administration results in the expected increase in TrkB
phosphorylation and also results in EGFR phosphorylation
and activation independent of EGF concentration in serum
media. EGF-mediated transactivation of TrkB is not only
vital for the migration of embryonic cortical neurons (1), but
also strongly facilitates migration of lung cancer cells (22)
and proliferation and migration of ovarian cancer cells (24).
Furthermore, BDNF administration abrogates the oncolytic
effects of EGFR inhibition, making it more difficult to
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silence constitutively active growth pathways, often
considered hallmarks of cancer. Fortunately, it has been
demonstrated that dual inhibition of EGFR and TrkB
synergistically suppresses colon cancer cell proliferation
(23). TrkB inhibition has also been shown to mitigate the
pro-migratory effects of EGF administration and EGFR
inhibition has also been shown to mitigate the pro-migratory
effects of BDNF administration in lung cancer cells (24).
Taken together, the EGFR and BDNF signaling pathways
seem to be intricately connected and are able to compensate
for one another in the case of singular inhibition, but
available evidence also suggests that their intricate
connection yields their signaling pathways susceptible to
indirect inhibition, which can aid in targeting tumors where
either pathway is constitutively active.

Role in epithelial to mesenchymal transition and anoikis.
Tumors become increasingly difficult to treat when they
metastasize to other organs in the body. This is indicative of
high-grade cancers which are usually associated with
terminal diagnoses (31). As such, much research has been
done to determine the molecular mechanisms by which
portions of solid tumors metastasize from the original
cancerous mass and migrate to other organs in the body
where nutrients are plentiful such as the lungs or the brain.
When metastasizing, tumor cells may undergo anchorage-
independent cell death or anoikis (18). The other issue is that
tumor cells must transition from an epithelial nature to a
mesenchymal one (EMT) by modulating gene expression,
where they are more equipped to survive short travel through
the blood to distant organs (18, 25).

Due to how short-lived some of these alterations in gene
expression can be, the study of anoikis and EMT has been
slow until recently. What is of considerable interest is that the
BDNF/TtkB pathway has been shown to mediate the
resistance to anoikis of multiple cancers (9, 18, 25-29). It was
shown that in multiple cancers, metastatic tumor cells have
up-regulated TrkB and BDNF compared to tumor cells that
did not metastasize (18, 26, 29). Furthermore, tumor cells
were resistant to anchorage-independent cell death, or anoikis,
because TrkB activation resulted in constitutive PI3K activity
and survival for the duration of the migration to neighboring
tissues (18), supporting the pro-survival role of BDNF as
tumor cells migrate. This data may explain previous reports
citing the general pro-migratory role of BDNF (3, 29-32).

Role in tumor formation and relapse. BDNF has also been
implicated in mediating oncogenic transformation (10, 33)
and tumor relapse (11) after supposed successful treatment
of cancer. In a neural crest-derived cell line forced to
overexpress TrkB, such cells formed rapidly growing tumors
in mice 10 days after implantation and killed all mice within
7 days of tumor formation (10). Brain tumor-initiating cells,
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were also shown to be able to survive without canonical
growth factors as long as they overexpressed TrkB and
produced BDNF, supposedly releasing it in an autocrine
fashion to sustain their own survival (33). Tumor-initiating
cells are often referred to as cancer stem cells, due to the fact
that they are cancerous in nature but also express stem cell
markers and are slowly dividing. Therefore, front-line
chemotherapies that target rapidly dividing tumor cells are
unable to kill off these cells (11). It is believed that these
cells are the main contributors to tumor relapse after what is
considered to be successful cancer treatment (11). At the
same time, TrkB-positive cancer stem cells were shown to
play a massive role in tumor relapse after treatment of mice
harboring triple-negative breast cancers (11). These data
demonstrate that treatment with a TrkB inhibitor even after
treatment with chemotherapy may prolong disease-free
survival of cancer patients. TrkB inhibitors may also play a
large clinical role preventing tumor reformation or tumor
formation in other tissue types of patients who have been
shown to be at high risk for certain types of cancer.

BDNF: A Governor of Chemotherapeutic Sensitivity

The first report indicating that BDNF may modulate a cancer
cell’s sensitivity to chemotherapy was published two decades
ago. Researchers determined that vinblastine was significantly
less efficacious in neuroblastoma cells expressing a TrkB
plasmid. In these transfected cells vinblastine was less able
to deter tubulin polymerization and intracellular vinblastine
levels were lower in cells expressing the TrkB plasmid,
though multi-drug resistance pump (MDR) expression,
protein levels or activity were not altered by introduction of
the TrkB plasmid (34). Since then, reports have identified the
BDNF/TrkB signaling pathway as a universal attenuator of
chemotherapeutic efficacy. Jaboin et al. reported that BDNF
rescued neuroblastoma cells from cisplatin, etoposide and
vinblastine in a dose-dependent fashion whereas other
neurotrophins failed to rescue neuroblastoma cells (4, 35).
PI3K but not MAPK inhibition abrogated BDNF’s ability to
protect cancer cells from etoposide (4, 35). Chemotherapeutic
resistance conferred to head and neck squamous cell
carcinoma by BDNF administration was shown to be
mediated by an up-regulation of MDRI1 (5), contradicting the
results obtained by Scala et al. (34). This data shows that
while BDNF is universally cytoprotective in vitro, the mode
by which BDNF protects cancer cells from various
chemotherapies is probably dependent on the cell type.
BDNF-mediated protection from chemotherapy was also
mediated by the down-regulation of Bim, a pro-apoptotic
protein that facilitates mitochondrial-mediated or intrinsic
apoptosis (5, 36). Furthermore, it is possible that BDNF
promotes resistance to extrinsic apoptosis by up-regulating
production of proteins associated with halting the activation
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of transmembrane death receptors. For example, cisplatin
operates in triple-negative breast cancer cells by inducing
Fas-mediated Caspase-8-dependent apoptosis after induction
of DNA damage, but this effect is mitigated by Fas apoptotic
inhibitory molecule 2 (FAIM2) (37). Production of this
protein is directly correlated to PI3K activity, which is
downstream of TrkB. FAIM2 may serve as a viable
candidate for pinpointing a specific mechanism by which
BDNF halts cisplatin efficacy, though further studies are
needed to confirm this possibility.

It became evident that while BDNF antagonizes
chemotherapeutic efficacy, cancer cells that dependent upon
the BDNF/TrkB signaling system for sustained proliferation
and invasion would most likely be more susceptible to
chemotherapeutic treatment after genetic or pharmacological
inhibition of the BDNF pathway. Mice inoculated with breast
cancer cells and treated with antibodies against BDNF
display slower tumor progression compared to mice treated
with control antibodies (38). These results were recapitulated
in a mouse model of uterine sarcoma (39) and neuroblastoma
(40, 41). Mice flanked with choriocarcinoma xenografts and
subsequently treated with K252a exhibited drastically slower
tumor growth paralleled with a tumor-specific 15-fold
increase in caspase-3/7 levels (42).

Cisplatin was also shown to increase production of
microRNA-16 (miR-16) in neuroblastoma cells, which in turn
reduced the levels of BDNF in a concentration-dependent
manner (43). Inhibition of BDNF production resulted in
stunted neuroblastoma tumor growth in vivo (43) suggesting
that, at least in part, BDNF’s antagonism of cisplatin efficacy
is due to the compensation of decreased BDNF levels
mediated by cisplatin’s activation of miR-16. Other miRs that
act antagonistic to BDNF production include MiR-206 in
gastric cancer (44) and MiR-107 in non-small cell lung
cancer (2). Most notably, BDNF pathway inhibition sensitized
Ewing sarcoma cells to a myriad of chemotherapies (6).
Pharmacological inhibition of Trk by the use of K252a
strongly potentiated the effects of vincristine, etoposide and
doxorubicin (6). This recent report lends strong credibility to
the notion that Trk inhibition would have massive utility in
the clinic, either as a sole treatment regimen or as a
neoadjuvant treatment to sensitize cancers to the oncolytic
effects of standard chemotherapies on the market.

BDNF’s Disparate Effects on RhoA GTPase

Though BDNF largely exerts an oncogenic effect and induces
massive chemotherapeutic resistance in many cancers, the
specific effects are dependent on the cellular context. For
example, reports have indicated that BDNF positively
regulates migratory behavior in non-small cell lung cancer (2),
gastric cancer (44) and nasopharyngeal carcinoma. However,
direct BDNF injection into murine glioma xenografts results

in decreased propensity toward migration (15), suggesting
some heterogeneity in the cellular response to BDNF. A
potential insight to this quandary can be uncovered by
examining the specific isoform of TrkB predominantly
expressed from cancer to cancer. In hepatocellular carcinoma,
activation of the full length TrkB by BDNF initiates a
signaling cascade that results in increased activity of RhoA, a
small G protein belonging to the Ras superfamily (45). This
G protein dynamically regulates actin polymerization which
in turn governs cellular locomotion. The truncated form of
TrkB, Trkb-T1, physically dissociates from an endogenous
inhibitor of RhoA following BDNF administration, known as
Rho guanine nucleotide dissociation inhibitor (Rho GDI) (13,
15), which suppresses metastasis. Conversely, activation of
Trkb-T1 in pancreatic adenocarcinoma has been shown to
sequester Rho GDI and induce pancreatic cancer metastasis
(46), suggesting that more work is required to be able to
precisely predict what effect BDNF administration will have
on RhoA and subsequently the migratory phenotype of the
cancer of interest.

Immunoaugmentation:
Awakening the Sleeping Giant

It is of critical importance for anti-cancer agents entering the
clinic to be vigorously studied on not only the effect it has
on the cancer of interest, but on other bodily systems such
as the immune system, neuronal cell types and other rapidly
dividing cells of non-malignant origin. Oftentimes, anti-
cancer agents target at least one of these types of tissues,
underpinning their propensity for exhibiting large side
effects. With specific emphasis on the immune system,
oftentimes immunodeficient mice are needed to test the
efficacy of candidate drugs on human cancer xenografts.
While such pre-clinical models tend to hold up in the clinic,
the use of this model ignores the potential effects oncolytic
drugs may have on the immune system.

In a pioneering study by Cao et al. (16), researchers found
that housing mice receiving melanoma xenografts in
enriched environmental (EE) housing starkly halted tumor
growth when compared to that of mice living in standard
environments (SE). Tumors of EE mice exhibited reduced
Aakt activity and reduced expression of several pro-survival
proteins such as VEGF, IGF-1 (47) and p-ERK (16). Natural
killer and T-cell cytotoxicity was significantly augmented in
EE mice, which researchers believed governed the oncolytic
effect of EE housing. BDNF expression increased in the
hypothalamus of EE mice over the course of the monitoring
period. Hypothalamic knockdown of BDNF abrogated the
EE-induced tumor resistance (16), highlighting BDNF as a
major player in mediating the oncolytic effects of EE
housing. These data were comparable to that obtained in
mice transplanted with breast cancer cells (47 2014). Most

3987



ANTICANCER RESEARCH 37: 3983-3990 (2017)

intriguing was that in both studies, hypothalamic BDNF up-
regulation did not exert an anti-tumor phenotype if the mice
were overweight (16, 47), suggesting that BDNF up-
regulation in the hypothalamus is not solely sufficient to
ensure tumor regression in mice.

Follow-up studies indicated that environmental and
genetic activation of hypothalamic BDNF augments T-cell
cytotoxicity to confer an anti-cancer phenotype in melanoma
(48) and in glioma (15). This suggests that while autocrine
BDNF signaling will most likely promote cancer progression
and aggressiveness, BDNF up-regulation restricted to the
central nervous system more readily produces a shift toward
oncolysis rather than oncogenesis, even if the tumor is
localized to the central nervous system (15). The
immunoaugmenting capacity of BDNF may be explained by
the fact that BDNF is required for proper T-cell maturation
(49). These data also indicate that the environment in which
cancer patients find themselves during the course of
treatment may significantly influence clinical outcomes.

Moving Forward

The available literature virtually demonstrates in all cases
that BDNF accelerates cancer progression in many areas of
its physiology and that this effect is observed in many
cancers. Thus, it would be impractical to continue to study
the effects of BDNF on the full TrkB isoform because of
how well the cellular consequences have already been
characterized. It would be fruitful to continue to investigate
the in vivo effects of BDNF since recent literature has
demonstrated the various oncolytic effects of BDNF
administration observed in vivo. Furthermore, efforts should
be directed toward increasing BDNF production in the
hypothalamus since pre-clinical reports suggest that
augmenting BDNF production in this brain region can induce
massive tumor regression in multiple types of cancer.

The search for a drug that can increase BDNF production
in the CNS began long before the connection was made
between BDNF and cancer. BDNF possesses many corrective
properties in multiple neurodegenerative and neuropsychiatric
disorders  (50-52). Cortex Pharmaceuticals, Lilly
Pharmaceuticals and Servier Pharmaceuticals have all spent
decades trying to establish drugs that could safely augment
BDNF levels in the brain in an effort to mitigate the effects
of neurodegenerative diseases. Most of these efforts have
been put into developing positive allosteric modulators of the
AMPA receptor, as they have shown to increase BDNF
production in several brain regions up to 20-fold within a few
days of acute administration. While such encouraging early
pre-clinical results seem promising, efforts to get these drugs
into the clinic have been halted by the unintended
seizurogenic effects at doses related to what would be needed
to achieve BDNF augmentation. Serendipitously, RespireRx
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(previously Cortex) Pharmaceuticals recently reported on one
of the first AMPA receptor positive allosteric modulator
(termed Ampakines) that corrects age-related deficits in
memory while not exhibiting the seizurogenic side effects of
predecessor compounds (53). The predecessor compounds of
this drug, CX1846, have all been shown to elevate BDNF
levels at doses CX1846 corrects age-related memory issues
without exerting unwanted side effects. It would be of
considerable clinical interest to investigate Ampakines as a
means to up-regulate BDNF in the hypothalamus by
positively modulating hypothalamic AMPA receptors (54)
since targeted genetic therapy is at its infancy.

Concluding Remarks

In the past two decades, considerable strides have been made
in understanding the relevance of BDNF physiology in
multiple areas of cancer progression. TrkB antagonists in
clinical development should certainly reduce cancer burden
for patients, augment the oncolytic effects of widely used
cancer drugs, prevent new cancers from forming and
hopefully prevent cancer relapse by eliminating TrkB-
positive cancer stem cells. Research should continue to
examine the disparate effects of TrkB isoforms and
especially examine what signaling pathways predominate
when tumors express multiple isoforms. Finally, researchers
should begin to examine clinically relevant means of up-
regulating BDNF in the hypothalamus to induce an anti-
tumor immune response which may also increase the
efficacy of common anti-cancer drugs.
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