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Abstract

Mounting clinical and preclinical evidence supports a key
role for sustained adrenergic signaling in the tumor microen-
vironment as a driver of tumor growth and progression. How-
ever, the mechanisms by which adrenergic neurotransmitters
are delivered to the tumor microenvironment are not well
understood. Here we present evidence for a feed-forward loop
whereby adrenergic signaling leads to increased tumoral inner-
vation. In response to catecholamines, tumor cells produced
brain-derived neurotrophic factor (BDNF) in an ADRB3/cAMP/
Epac/JNK-dependent manner. Elevated BDNF levels in the

tumor microenvironment increased innervation by signaling
through host neurotrophic receptor tyrosine kinase 2 receptors.
In patients with cancer, high tumor nerve counts were signif-
icantly associated with increased BDNF and norepinephrine
levels and decreased overall survival. Collectively, these data
describe a novel pathway for tumor innervation, with resultant
biological and clinical implications.

Significance: Sustained adrenergic signaling promotes tumor
growth and metastasis through BDNF-mediated tumoral inner-
vation. Cancer Res; 78(12); 3233–42. �2018 AACR.

Introduction
There is increasing evidence that chronic sympathetic nervous

system activation can lead to increased norepinephrine levels in
the tumor microenvironment (1–3). However, the underlying
mechanisms behind this observation have remained largely
unknown. Increased norepinephrine in the tumor has been
associated with the induction of growth promoting signals that
are largely mediated by b-adrenergic receptors on tumor cells
(4–7). For example, increased adrenergic signaling has been

associated with increased tumor growth and progression that is
fueled by activation of protumoral factors, such as STAT-3, IL6,
VEGF, FAK, and Src (4, 8). Moreover, it has been shown that
b-blockers can reduce or abrogate the effects of chronic restraint
stress in animal models of disease (3, 4). Interestingly, although
some studies have found tumoral innervation (1, 9), the under-
lying mechanism and downstream effects of this process are not
well understood. Here, we investigated the mechanisms respon-
sible for tumor-induced innervation, allowing catecholamine
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delivery into the tumor. We found that sustained adrenergic
activation leads to increased tumor growth by promoting inner-
vation of tumors through ADRB3/cAMP/Epac-dependent induc-
tion of brain-derived neurotrophic factor (BDNF). This mecha-
nism represents a positive feedback system that collectively func-
tions to promote tumor growth and metastasis.

Materials and Methods
Cell lines

SKOV3ip1 and HeyA8 ovarian cancer cells were maintained as
previously described (4). Colon cancer cell line RKO was a gift
from Dr. Lee Ellis (Department of Surgical Oncology at The
University of Texas MD Anderson Cancer Center, Houston, TX);
cells were maintained in MEM media supplemented with 10%
FBS and 0.1% gentamycin sulfate. ID8VEGF cells were a kind gift
from Dr. George Coukos (Ludwig Institute for Cancer Research,
Lausanne, Switzerland). These were maintained in RPMI1640
supplemented with 15% FBS, insulin–transferrin–selenium and
0.1% gentamycin. All cell lines were passaged, at most, 15 times
between freeze–thaw cycles and routinely screened for Mycoplas-
ma using MycoAlert Mycoplasma Detection Kit (Lonza). Authen-
tication of cell lines was done by the Characterized Cell Line Core
Facility at The University of TexasMDAnderson Cancer Center by
the STR Method.

Restraint stress model
Experiments involving human and murine cell lines were

performed in 8- to 12-week-old female athymic nude or
C57BL/6 mice, respectively, provided by Taconic Farms. Adrenal-
ectomized mice were acquired from Taconic Farms 3 days after
surgery and given an additional 10 days to recover before restraint
stress started. TheUniversity of TexasMDAndersonCancer Center
Department of Experimental Radiation Oncology provided age-
matched C57/B6 mice with sham-surgeries for controls. The
Institutional Animal Care and Use Committee at The University
of TexasMDAnderson Cancer Center approved all animal experi-
ments. We induced stress experimentally by using a restraint
stress procedure that has been previously described (7). Tumor
cells were injected intraperitoneally intomice in all groups 1week
after the stress procedure began. Ten mice were assigned to each
group, and 5 days after tumor cell injection, treatment with siRNA
was started (control or treatment, biweekly, 3.5 mg siRNA in
DOPC or chitosan nanoparticles). The animals were sacrificed
using cervical dislocation after 28 to 35 days, and mouse weight,
tumor weight, number of tumor nodules, and distribution of
metastases were noted.

siRNA preparation and treatment
Sequence-specific siRNA for hBDNF, hNT3, hArtemin, hNGF,

hTrkB, mTrkB, and nontargeting control were obtained from
Sigma-Aldrich. For in vitro studies, Lipofectamine 2000 trans-
fection reagent (Invitrogen) was used according to manufac-
turer protocol to transiently transfect cells. For in vivo studies,
siRNA was incorporated into DOPC neutral nanoliposomes
or chitosan nanoparticles and administered as previously
described (10–12).

Quantitative PCR
Total RNA was extracted from cells using the RNAeasy Mini Kit

(Qiagen) and tissue RNA was extracted using TRIzol reagent

(Invitrogen), according to standard manufacturer protocols.
Complementary DNA was synthesized from 1 mg of total RNA
using the Verso cDNA Synthesis Kit (Thermo Scientific) according
to the supplier protocol, using random hexamers and oligo-dT
primers in a 3:1 ratio. Quantitative PCR was performed using
SYBR green and Taqman qPCR mixes on 7500 Real-Time PCR
System (Applied Biosystems) using standard protocols.

Immunohistochemistry
Both frozen and paraffin-embedded sections were used for

IHC. Paraffin-embedded sections of human ovarian cancer were
deparaffinized in xylene and dehydrated-rehydrated in alcohol
and PBS. Antigen retrieval was performed using citrate buffer
in the microwave for 10 minutes. Frozen sections were fixed in
acetone and acetone–chloroform. After endogenous peroxidase
blocking and three washes with PBS, the slides were incubated
with tyrosine hydroxylase (TH) antibody (MAB318, 1:50; Milli-
pore), BDNF (ab72439, 1:100; Abcam), or neurofilament anti-
body (ab9035, 1:100, Abcam) overnight at 4�C. Matching sec-
ondary antibodies were used for 1 hour at room temperature and
stainingwas developedusingDAB.Hematoxylinwasused to stain
nuclei. Nerves within tumors were quantified based on presence
of both individual nerves and bundles that stained positive for
neurofilament or TH.

Norepinephrine concentration
Tumor catecholamine concentrations were measured using

high-performance liquid chromatography as previously described
(2). In brief, freshly isolated 20- to 30-mg tumor samples were
frozen immediately at �80�C until extraction. The tissue was
homogenized in perchloric acid, neutralized, and adsorbed onto
alumina. Catecholamines were eluted and quantified by electro-
chemical detection. Peak chromatograph values were compared
with injections of pure standards of norepinephrine. Data were
reported as pg/mg or pmol/mL. Mouse catecholamine concentra-
tions were determined by CA ELISA Kit using procedures recom-
mended by the manufacturer (MyBioSource).

PCR neurotrophic factor array
HeyA8 cells were treatedwith 10mmol/L norepinephrine for 24

hours and total RNA was extracted using RNeasy column
(Qiagen). Gene expression array analysis was performed using
a commercially available RT2 Profiler PCR Array Human Neuro-
trophin and Receptors array (PAHS-031E-4) from SABiosciences
(Qiagen), according to the manufacturer's guidelines.

BDNF promoter analysis
HeyA8 cells (3 � 105) were transfected (Lipofectamine 2000;

Invitrogen) with a 1022-base pair sequence of the human BDNF
promoter (SwitchGear Genomics) and subsequently assayed for
luciferase reporter gene expression (Promega) after 3 hours of
exposure to vehicle control, 10 mmol/L norepinephrine, or nor-
epinephrine following 5-minute pretreatment with pharmaco-
logic antagonists of b3-adrenergic receptors or Jun N-terminal
kinase (JNK). Potential Jun-responsive promoter elements were
identified by TRANSFAC bioinformatic analysis of the BDNF-
1022 sequence using the V$AP1_Q4 weight matrix (Mat_Sim
score > 0.80), and the functional significance of the two putative
Jun (AP1) response elements identified at �187 and �225 base
pairswas evaluated by site-directedmutagenesis (T >G) to disrupt
AP1 binding (13). Results represent the average fold-induction
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across at least three independent experiments, each of which
involved triplicate assays of each experimental condition.

Plasmid and transfections
Plasmid to overexpress BDNF was obtained from Origene.

SKOV3ip1 cells were stably transfected with a virus containing
control and BDNF plasmids and selected using puromycin. The
cells were grown after selection in RPMI1640 and propagated.

Patient samples
This study was conducted following the U.S. Common Rule,

with approval (including a waiver of informed consent) from the
Institutional Review Boards of the MD Anderson Cancer Center
and the University of Iowa Hospital and Clinics. A subset of
participants completed the Center for Epidemiologic Studies
Depression Scale between their preoperative appointment and
surgery. This 20-item survey assesses depressive symptoms and
is commonly used in studies of patients with cancer (2). Scores
of 16 or higher are associated with clinical depression.

Formalin-fixed, paraffin-embedded human samples were
stained for BDNF and TH. Slides were heated overnight at 65�C,
followed by deparaffinization and hydration of tissue. Antigen
retrieval was performed using citrate buffer (pH 6.0) for 10
minutes in the microwave, followed by cooling for 1 to 2 hours.
Endogenous peroxidase activity was blocked using 3% hydrogen
peroxide (in methanol) for 12 minutes. Primary antibodies were
applied at a dilution of 1:100 and incubated overnight in a
humidity chamber at 4�C. Horseradish peroxidase-conjugated
secondary antibodies (Jackson Immunoresearch) and 3,30-diami-
nobenzidine were used to visualize staining under a bright field
microscope (�7–9 minutes). Counterstaining was performed
using Gill's Hematoxylin for 10 seconds, followed by washing
with PBS. Slides were dried and mounted using Permount. For
BDNF, expression was determined by assessing semiquantitative-
ly the percentage of stained tumor cells and the staining intensity,
as described previously (14). Nerves within tumors were quan-
tified based on presence of both individual nerves and bundles
that stained positive for neurofilament or TH. An ovarian cancer
tissue lacking the primary antibodywas used as a negative control.

Results
Innervation of the tumor microenvironment

To test the biological significance of sustained adrenergic
signaling on ovarian cancer, we first evaluated the expression of
b-adrenergic receptors (ADRB) in a panel of ovarian cancer cells
(Supplementary Fig. S1A). From this panel, we selected ADRB
positive HeyA8, SKOV3ip1, and OVCA432 cells to study the
effects of restraint stress on tumor growth and innervation. To
induce tumoral catecholamine levels, we used a well-character-
ized restraint stressmodel (4, 6, 7). Restraint stress led to increased
tumor growth, nodules and enhanced pattern of spread in both
models and theOVCA432model (Supplementary Fig. S1B–S1E).
In the SKOV3ip1 model, daily restraint stress resulted in a signif-
icant increase (P ¼ 0.002) in intratumoral nerve counts, as
measured by neurofilament-L expression (Fig. 1A and B). Similar
results were found in the HeyA8model, but not in the ADRB-null
A2780 model (P ¼ 0.02; Fig. 1B; Supplementary Fig. S1F and
S1G). In the SKOV3ip1 model, tumor samples from restraint
stress animals had significantly increased intratumoral norepi-
nephrine levels compared with controls (Fig. 1C; 3.03-fold

change; P ¼ 0.03; Supplementary Fig. S1H) and these were
positively correlated with nerve counts (Fig. 1C; R ¼ 0.68; P ¼
0.01). A similar significant increase in tumor growth, metastatic
spread, and innervation in response to daily restraint stress were
also found when ovarian cancer cells were surgically implanted at
the primary site (i.e., ovary; Supplementary Fig. S1I–S1M).

To characterize intratumoral nerves, we performed immuno-
histochemical analyses for other nerve markers. We found nerves
that were positive for b3-tubulin, PGP9.5 and peripherin, choline
acetyltransferase and tyrosine hydroxylase (Supplementary
Fig. S2A and S2B). In addition, we observed the presence of TrkB,
pTrkB, and tyrosine hydroxylase positive nerves and absence of
GFAP5 (Supplementary Fig. S2C and S2D). To determine if a
population of intratumoral nerves were covered with myelin, we
analyzed tumor samples by coherent anti-stokes Raman scattering
(CARS) imaging. Our data show the presence of myelin-covered
nerves (Supplementary Fig. S2E and Supplementary Movie S1–
S2). Together, these data are suggestive of a heterogeneous pop-
ulation of intratumoral nerves that includes TH-positive nerves.

Catecholamines can be delivered locally by sympathetic nerve
endings or by systemic release from the adrenal gland. Therefore,
we examined the role of nerve endings as a source of catechol-
amine release into the tumor. Mice inoculated with SKOV3ip1
cells were subjected to daily restraint stress and treated with
hexamethonium bromide, a quaternary ammonium compound
that blocks ganglionic transmission by antagonizing neuronal
nicotinic acetylcholine receptors in the peripheral nervous system.
As expected, restraint stress significantly induced tumor growth by
5.5-fold, whereas hexamethonium bromide completely abrogat-
ed this effect (Fig. 1D; Supplementary Fig. S2F). Tumor samples
from animals exposed to daily restraint stress had significantly
more innervation and cAMP accumulation than tumor samples
from control animals (Fig. 1E; 2.52-fold change; P < 0.01; Sup-
plementary Fig. S2G); this increase was completely blocked by
hexamethonium bromide (Fig. 1E). Daily restraint stress
increased norepinephrine blood and tumor levels, but hexame-
thonium bromide did not block this effect, suggesting that the
contribution of blood-delivered norepinephrine isminimal (Sup-
plementary Fig. S2H). Moreover, hexamethonium bromide treat-
ment resulted in a significant decrease in infiltration of F4/80þ
macrophages (Supplementary Fig. S2I). To further confirm the
role of sympathetic nerve endings in catecholamine-mediated
tumor growth, we treated tumor bearing animals with cytisine, a
nicotinic acetylcholine agonist that does not cross the brain-blood
barrier. Our data show that cytisine administration leads to
increased tumor growth (P ¼ 0.058) and mimics the effects of
restraint stress on F4/80þ macrophage infiltration (Supplemen-
tary Fig. S2J and S2K). To test the role of adrenal glands as a source
of tumoral norepinephrine, we inoculated adrenalectomized
mice with ID8-VEGF ovarian cancer cells and subjected them to
daily restraint stress. Adrenalectomy had no significant effect on
restraint stress induced tumor growth, nerve counts, and blood
norepinephrine, whereas increases in tumor norepinephrine were
abrogated (Fig. 1F and G; Supplementary Fig. S2L–S2M).

Norepinephrine induces BDNF expression through an ADRB3/
cAMP/Epac/Jnk signaling axis

To elucidate the mechanism used by tumor cells to induce
nerve growth, we analyzed microarray data obtained from
HeyA8 and SKOV3ip1 cells exposed to norepinephrine for
3 hours to identify functional networks that play a role in
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neuronal growth and function. To perform these analyses, we
employed Affymetrix U133A high-density oligonucleotide
arrays (data deposited at NCBI GEO as GSE34405; ref. 4). Data
collected from this approach was subjected to pathway enrich-
ment analyses using NetWalker (15). Top interacting networks
that were most differentially expressed between untreated and
norepinephrine-treated cells. Common networks identified in
both cell lines are shown in Fig. 2A. These analyses revealed that
networks related to neuronal growth and functions were among

the most significantly upregulated pathways following norepi-
nephrine treatment in both cell lines (Supplementary Table
S1). Six genes were identified to be common contributors of
these pathways (Fig. 2A). Out of these genes, we focused on
BDNF and its role in tumor cell-induced neuronal growth
because it was upregulated in both cell lines by more than
2.5-fold (Fig. 2A). To validate these findings, we treated SKO-
V3ip1 cells with norepinephrine and analyzed changes in 84
known neurotrophic factors. This analysis identified BDNF as

Figure 1.

Sustained adrenergic signaling increases nerve counts in tumors. A, Neurofilament expression in orthotopic SKOV3ip1 tumors in control and mice exposed to
restraint stress. B, Nerve counts in orthotopic SKOV3ip1 and HeyA8 tumors. C, Norepinephrine (NE) levels in SKOV3ip1 tumors and correlation with nerve
counts within the tumors. D and E, Tumor growth (D) and nerve counts (E) in SKOV3ip1 tumors exposed to hexamethonium bromide and restraint stress.
F and G, Tumor growth (F) and nerve counts (G) in sham and adrenalectomized mice exposed to restraint stress. Results represent the mean � SEM; n ¼ 10 mice
per group. � , P < 0.05. Scale bar, 50 mm.
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one of the most upregulated genes after norepinephrine treat-
ment (Supplementary Fig. S3A). Quantitative RT-PCR analyses
of several of these factors confirmed that BDNF is significantly
upregulated after norepinephrine treatment (Supplementary
Fig. S3B). Next, we compared BDNF expression in a panel that
included normal ovarian epithelial cells and ovarian cancer cell
lines. Ovarian cancer cells have significantly higher levels of
BDNF when compared with normal ovarian epithelial cells
(Supplementary Fig. S3C). Furthermore, to extend these data to
our in vivo models, we analyzed samples from tumor-bearing
mice that were subjected to 1, 2, or 3 weeks of daily restraint
stress and determined tumoral BDNF levels by qRT-PCR. BDNF
levels were significantly increased in a time-dependent manner
(Supplementary Fig. S3D). Next, we confirmed the efficacy of
siRNA for silencing BDNF levels in SKOV3ip1 cells as these will
be used throughout the experiments presented here (Supple-
mentary Fig. S3E and S3F).

Next, we examined the potential underlying mechanisms by
which catecholamines induce BDNF levels. Given that norepi-
nephrine can affect a- and b-adrenergic receptors, we first tested
the individual contribution of each receptor to norepinephrine-
induced BDNF expression. Norepinephrine treatment significant-
ly increased BDNF gene and protein levels (Fig. 2B; Supplemen-
tary Fig. S4A; P < 0.05) in ovarian cancer cells. Next, we validated
specific adrenergic agonists and antagonists by measuring intra-
cellular cAMP levels in response to them (Supplementary Fig.
S4B). Exposure to specific blockers followed by norepinephrine
demonstrated that only inhibition of ADRB3 abrogated norepi-
nephrine-induced BDNF gene or protein expression (Fig. 2A;
Supplementary Fig. S4C and S4D). Conversely, the use of
an ADRB3 agonist induced BDNF gene and protein expression
(P < 0.05; Fig. 2C; Supplementary Fig. S4E).

Next, we examined the downstream signaling activated
in response to norepinephrine. Forskolin, a cAMP agonist,

Figure 2.

Norepinephrine induced BDNF expression.A,Networkmap of upregulated genes involved in neuronal growth and function. B, Relative expression levels of BDNF in
norepinephrine (NE)-treated cells with nonspecific and specific ADRB blockers. C, After treatment with norepinephrine, Iso, or ADRB3-specific agonist. D, After
treatment with forskolin. E, After treatment with Brefeldin A (Epac antagonist) or 8CPT-2Me-cAMP (Epac agonist). F, After treatment with SP600125 (Jnk
antagonist) and norepinephrine. BDNF promoter activity after treatment with norepinephrine (G) or norepinephrine and SP600125 (Jnk antagonist) or
norepinephrine and SR59230A (ADRB3 blocker; H). � , P < 0.05.
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significantly increased BDNF gene and protein production (Fig.
2D; Supplementary Fig. S4D;P<0.01). Given that cAMP increases
can be associated with parallel PKA, PKC, or Epac activity, we
investigated their potential role in adrenergic mediated BDNF
induction. PKA or PKC inhibitors failed to abrogate norepineph-
rine-induced BDNF expression (Supplementary Fig. S4F). The

Epac inhibitors, Brefeldin A and ESI-05, significantly abrogated
norepinephrine-induced BDNF expression, whereas 8CPT-2Me-
cAMP (Epac activator) significantly increased BDNF expression
(Fig. 2E; P< 0.01; Supplementary Fig. S4G). To elucidate potential
downstream signaling events mediated by the ADRB3/Epac sig-
naling axis, we used JNK, MEK, PLC, PI3K, MAPK, and PKA

Figure 3.

Increased nerve counts are driven by BDNF induction. A, Tumor weight in restraint stress orthotropic mouse model with control or BDNF siRNA-DOPC.
B, Nerve counts of tumors in each group in the SKOV3ip1 model. C, Intratumoral norepinephrine (NE) levels in each group in the SKOV3ip1 model. D, Tumor
weight in restraint stress orthotopic models treated with control or BDNF-DOPC siRNA. E, Nerve counts of tumors in each group in the HeyA8 model. F,
Tumor weight in restraint stress orthotopic RKO colon cancer model. G, Nerve counts of tumors in each group in the RKO model. H, Tumor weight in control
and BDNF overexpressing SKOV3ip1 model. I, Nerve counts of tumors in each group. Means and SE of the mean are shown. N ¼ 10 mice per group.
� , P < 0.05. Scale bar, 50 mm.
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inhibitors and studied their effect on norepinephrine-induced
BDNF expression. JNK was found to be the key downstream
mediator of norepinephrine induced BDNF gene and protein
induction (Fig. 2F; Supplementary Fig. S4H–S4J). JNK exerts this
control through the regulation of AP-1. To understand howBDNF
gene expression is regulated by AP-1, we performed promoter
luciferase assays. Norepinephrine increased BDNF promoter
activity, and this induction was blocked by mutation of the
AP-1 binding site 187 bp upstream of the BDNF transcription
start site (but not the AP-1 site 225 bp upstream), and blocked by
an ADRB3 blocker and by a JNK inhibitor (Fig. 2G and H;
Supplementary Fig. S4H–S4J).

Sustained adrenergic signaling requires tumor-derived BDNF
to promote innervation

We next investigated the role of BDNF in the promotion of
tumor innervation in response to sustained adrenergic signaling.
Mice inoculated with SKOV3ip1 or HeyA8 cells were subjected to
daily restraint stress and treated with either control siRNA-DOPC
or BDNF siRNA-DOPC. In bothmodels, restraint stress resulted in
increased tumor growth,whereas BDNF siRNA-DOPCcompletely
abrogated this effect (Fig. 3A–E; Supplementary Fig. S5A and
S5B). A second BDNF siRNA sequence had the same effect seen
in the previous experiment (Supplementary Fig. S5C and S5D).
The increase in tumor growth in response to daily restraint
stress was also accompanied by increased nerve counts and
tumoral norepinephrine levels, but both of these effects were
blocked by BDNF siRNA-DOPC (Fig. 3A–E). Moreover, BDNF
gene and protein levels were significantly elevated after restraint
stress and significantly reduced after treatmentwith BDNF-siRNA-
DOPC (Supplementary Fig. S5E and S5F). To determine whether
similarfindingswould be noted in other types of cancer, we used a
well-characterized colon cancer model. For this model, RKO cells
were selected due to their sensitivity to ADRB signaling, as
measured by increased BDNF gene levels upon norepinephrine
treatment (Supplementary Fig. S5G). In tumors derived from the
RKO colon cancer cell line, we found significant increases in
tumor weight and nerve counts following daily restraint stress
and these effects were abrogated by treatment with BDNF siRNA-
DOPC(Fig. 3F andG).We then generated stable SKOV3ip1 clones
that overexpress BDNF to assess whether increased BDNF levels
were sufficient to stimulate tumor innervation and tumor growth.
After confirming BDNF overexpression (Supplementary Fig.
S5H), we inoculated mice with either BDNF overexpressing cells
(BDNF OE) or control vector SKOV3ip1 cells. After four weeks,
mice were sacrificed and tumor growth and innervation were
examined. BDNF OE resulted in significantly increased tumor
growth and nerve counts when compared with the control group
(Fig. 3H and I).

We next considered whether increased BDNF levels could drive
tumor growth by signaling through tumor cell or nerve TrkB
receptors. To study the contribution of these independent path-
ways, we subjected SKOV3ip1 tumor bearing mice to daily
restraint stress and either control siRNA-DOPC or a validated
human TrkB siRNA-DOPC (Supplementary Fig. S6A and S6B).
Human TrkB siRNA (targeting cancer cell line) did not block
stress-induced tumor growth and increased innervation (Fig. 4A
and B; Supplementary Fig. S6C). Conversely, use of a validated
murine TrkB siRNA delivered in a chitosan nanoparticle entirely
abrogated restraint stress–induced tumor growth and innervation
(Fig. 4C andD; Supplementary Fig. S6D–S6F). To further validate

these results, we utilized a TrkB Kinase-Switchmousemodel (16),
which allows for inducible, reversible inhibition of TrkB receptors
when 1NaPP1 is administered. These mice were inoculated with
ID8-VEGF and subjected to daily restraint stress and treated with
daily vehicle or 1NaPP1. Restraint stress induced tumor growth
and innervation in vehicle treated groups, whereas TrkB inhibi-
tion completely blocked restraint stress induced tumor growth
and innervation (Fig. 4E and F; Supplementary Fig. S6G). These
data suggest that adrenergic-induced tumoral BDNF production
leads to a feed-forward loop in which tumor growth is increased
by the promotion of nerve growth.

High BDNF expression and tumor nerve counts are associated
with poor outcome in patients with ovarian cancer

We first characterized the degree of BDNF protein expression
and nerve counts in tumors from a cohort of patients with
ovarian cancer (n ¼ 108) and examined if there was an
association with survival and clinicopathologic variables.
Eighty-eight percent of the examined patients had tumors with
serous histology and 87% had high-grade carcinomas. Eighty-
three percent of patients had advanced stage disease at initial
diagnosis and 74% had associated ascites. Of the tumor speci-
mens evaluated, 47% had high BDNF expression and 53% had
low expression (Fig. 5A; Supplementary Table S2). High BDNF
was significantly associated with advanced tumor stage,
presence of ascites, suboptimal cytoreduction, and increased
mortality in these patients (Fig. 5A; Supplementary Table S2).
We also determined the extent of innervation in this cohort.
High nerve counts were significantly associated with advanced
stage, presence of ascites and decreased survival (Fig. 5B;
Supplementary Table S3). To determine whether nerve counts
were independently associated with patient survival, a multi-
variable analysis was performed that controlled for patient age,
tumor stage, histology, and degree of cytoreduction. Similar to
the results above, increased nerve counts remained statistically
significantly associated with patient survival (P < 0.001). Fur-
thermore, in a subset of samples, we found a positive correla-
tion between BDNF, nerve counts, and intratumoral norepi-
nephrine (Fig. 5C and D; R ¼ 0.77; P < 0.001).

Discussion
Here, we report a feed-forward loop that provides the under-

lying mechanism by which sustained adrenergic signaling can
increase tumor innervation, resulting in increased norepineph-
rine accumulation and enhanced tumor growth. Other studies
have reported that prostate tumors are infiltrated by autonomic
nerve projections (9), but the underlying mechanisms were not
fully understood. It is likely that tumoral innervation is a key
component of the tumor microenvironment that fuels cancer
progression since the newly developed nerve endings can
release growth promoting catecholamines. The presence of
neurotrophic factors and neuronal markers in the tumor micro-
environment has been correlated with worse prognosis among
patients with cancer, but the underlying mechanisms were not
well understood. Here, we report on the role of cancer cells as
inducers of innervation and the biological consequences of this
process. Upon adrenergic stimulation, mediated through the
ADRB3 receptor, cancer cells secrete BDNF, which signals
through the nerve TrkB receptor and results in increased inner-
vation. This process is likely due to the recruitment of
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mesenchymal stem cells from the bone marrow and/or arbor-
ization of established nerves into the tumor microenvironment.
Our results also showed that increased nerve counts are asso-
ciated with higher intratumoral norepinephrine. These data
provide the underlying mechanism behind how stress hor-
mones get to the tumor microenvironment, activate ADRB-
dependent pathways and result in increased angiogenesis (e.g.,
VEGF, IL6) and metastasis (e.g., FAK, Src, MMPs; refs. 4, 6, 7,
17, 18). Moreover, innervation of the tumor microenvironment
was largely dependent on stress hormones delivered directly

into the tumor by nerve endings and not from adrenal glands.
Although our findings indicate that tumoral innervation is
driven by the ADRB3/BDNF axis, it is possible that other factors
might play a role. For example, we found that the tumor
microenvironment is innervated with sensory, motor, and
adrenergic nerves, suggesting nerve heterogeneity and function.
Furthermore, our data show that norepinephrine stimulation
results in BDNF induction that is mediated by ADRB3 and
not by other adrenergic receptors. Activation of specific
downstreammachinery by each ADRB receptor is not surprising

Figure 4.

Adrenergic-mediated mTrkB activation leads to increased tumor growth and nerve counts. A, Tumor weight in restraint stress orthotopic SKOV3ip1 models
treated with control or hTrkb siRNA-DOPC. B, Nerve counts of tumors in each group in the hTrkb siRNA SKOV3ip1 model. C, Tumor weight in restraint stress
orthotopic SKOV3ip1 mouse models treated with control or mTrkB siRNA-chitosan. D, Nerve counts of tumors in each group in the mTrkB siRNA SKOV3ip1 model.
E, Tumor weight in restraint stress þ/þTrkBF616A mouse models treated with vehicle or 1NaPP1. F, Nerve counts of tumors in each group in the ID8-VEGF
tumor-bearing þ/þTrkBF616A mouse model. Means and SE of the mean are shown; n ¼ 10 mice per group. � , P < 0.05. Scale bar, 50 mm.
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as emerging data points toward a more complex adrenergic
mediated signal transduction pathway than the classical ADRB/
G-coupled subunits/AC system (19–21). Together, these data
implicate tumor innervation as an important driver of tumor
growth.

This work resolves key mechanisms underlying the mounting
data regarding the relevance of targeting sustained adrenergic
signaling in the treatment of patients with cancer. It identifies
ADRB3 blockers as a potential strategy for blocking the deleteri-
ous effects of altered neuroendocrine factors and improving
patient outcomes. Ourwork also provides a rationale for targeting
the BDNF/TrkB signaling axis, which creates a hospitable tumor
microenvironment when influenced by sustained adrenergic
signaling. These mechanisms, by which nerves infiltrate
the tumor microenvironment, rewire the host and assert
ultimate sovereignty.
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