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ABSTRACT

The tumour and neuron interaction has a significant impact upon disease
progression and the patients quality of life. In breast cancer patients, it is known
that there is an interaction between the tumour microenvironment and the sensory
neurons to influence the progression of cancer as well as pain, though these
mechanisms still need to be clearly defined. Here it is demonstrated that in a rodent
orthotopic model of breast cancer (MDA MB 231) there was an increase in nerve
fibre innervation into the tumour microenvironment (protein gene product 9.5),
which were calcitonin gene related peptide positive C fibre nociceptors. In contrast,
there was a reduction in myelinated nerve fibres (NF200). A sensory neuronal cell
line was cultured in response to conditioned media from MDA MB231 and MCF7
as well as vascular endothelial growth factor-A (VEGF-A). All these experimental
conditions induced sensory neuronal growth, with increased formation of collateral
axonal branches. Furthermore, it was demonstrated that MDA MB231 and VEGF-A
induced sensory neuronal sensitisation in response to capsaicin a TRPV1 agonist. MDA
MB231 induced neuronal growth was suppressed by VEGFR2 inhibition (ZM323881
and neutralising antibody DC101), in addition both MDA MB231 and VEGF-A induced
neurite growth was attenuated by the inhibition of ARP2/3 complex through co-
treatment with CK666. This demonstrates that breast cancer can interact with the
sensory nervous system to drive neuritogenesis through a VEGF-A/VEGFR2/ARP2/3
mediated pathway.

INTRODUCTION

Cancer remains one of the main causes of mortality
worldwide though survival rates have greatly improved
during the last couple of decades, with many instances
of cancer survival now above 90%. It is important to
appreciate that the burden of the disease lies not only in the
mortality rates, but also in those living with this disease.
The tumour microenvironment and the tumour-stroma
interaction is well-studied to allow for the identification
of new cancer treatments; however, one aspect the tumour-
neuronal interaction, is often overlooked. The process
of cancer growth and metastasis is multi-factorial, with
the stroma consisting of a heterogenous population of
cell types due to inflammation, angiogenesis or nerve
infiltration [1]. Neural invasion of cancer is common

(breast [2] and pancreatic [3]), implicating neurons in
cancer. Neural invasion of tumour sites is deemed to be
an indicator of a poor prognosis, with increased PGP9.5
peripheral nerve fibre innervation associated with
aggressive grade III breast cancer [4] and metastasis [5].
Primary nerve fibres play a role in a multitude of
physiological functions such as by regulating vascular
function (e.g. vasodilation) through the release of pro-
angiogenic factors (e.g. calcitonin gene related peptide;
CGRP) [6]. Communication between neurons and tumour
sites utilise neuropeptides (e.g. nerve growth factor
(NGF) [2, 7]) to support those key pathological events
(angiogenesis [4] and metastasis [8]) that are key for
cancer progression. This is highlighted by tumour induced
expansion of sensory nerve fibre innervation, such as in
bone metastasis [9], or conversely perineural invasion
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of migrating cancer cells along nerve fibres utilising the
peripheral nervous system to act as a bridge to infiltrate
into the central nervous system [10]. Furthermore, one of
the key symptoms indicating tumour-nerve interactions is
pain, which is especially important for consideration of
quality of life as 85% of breast cancer patients survive
beyond 10 years [11]. Post-surgical pain is found in up
to 53% of women whom have had treatment for breast
cancer [12], and for those patients whom their disease has
metastasised to bone, pain is also common [13]. Cancer-
induced hyperalgesia and breakthrough pain has been
strongly associated with the pathological reorganisation
of sensory nerves in response to the cancer (breast,
pancreatic) environment [9, 14—16]. Aberrant nerve fibre
sprouting has been linked to pain in a number of diseases
such as arthritis [17] and breast cancer [9], where it is
deemed to an indicator of disease progression [4].

Understanding the communication pathways that
occur between tumour cells and neurons will allows us
to identify key signalling events that cause neuritogenesis
[15, 18] of sensory nerve fibres in cancer. We have
identified previously that vascular-endothelial growth
factor-A (VEGF-A) interacts with sensory neurons [19]
and is known to be upregulated in breast cancer [20]. The
hypothesis of this study is that breast cancer utilises the
innate adaptability of the sensory neuron to respond to
an environmental cue to induce sensory neuronal growth
and activation. This study highlights that metastatic breast
cancer induces sensory neuronal growth via a VEGF-A/
VEGF receptor 2-ARP2/3 mediated pathway.

RESULTS

Hyperinnervation of nerve fibres in a breast
cancer rodent model

It has been previously documented that nerve fibres
are found at high densities in breast cancer [4]. Rodent
models of bone cancer pain derived from breast [9] and
prostate [22], have identified hyperinnervation (aberrant
sensory nerve fibre growth) of CGRP and NF200 positive
sensory nerve fibres in tumourigenic tissue. Furthermore,
nerve fibres are present in the mammary gland and have
also been demonstrated in the primary breast tumour
site [4]. In this study, a breast cancer rodent model of
orthotopically injected MDA MB231 cells was used to
determine nerve fibre density in breast tumours. Normal
mammary gland was compared to those from tumour-
bearing mice (Rag2 and CD1 nude). The xenografts were
stained with the pan-nerve fibre marker protein gene
product 9.5 (PGP9.5; Figure 1A, 1C, 1E) and nociceptor
marker calcitonin gene related product (CGRP; Figure
1B, 1D, 1F). Representative no primary controls are
presented for PGP9.5 (Figure 1G) and CGRP (Figure 1H).
Image analysis showed that in the tumours there was
increased immunoreactivity for PGP9.5 (Figure 11, 1J;

nerve number/field of view; Normal = 0.46 + 0.25;
Tumour = 1.25 + 0.23) and CGRP (Figure 1K, 1L; nerve
number/field of view; Normal = 0.29 + 0.13; Tumour =
1.29 + 0.41) compared to non-tumour bearing mice. In
contrast, tumour-bearing tissue samples stained for NF200
(myelinated nerve marker; Figure 1M, 1N; nerve number;
nerve number/field of view; Normal = 0.51 + 0.33;
Tumour = 0 = 0.00) showed no significant differences with
non-tumour bearing tissue (Figure 10, 1P).

Breast cancer cell line-conditioned media
stimulates sensory neuron growth

Vascular  endothelial growth—-A  (VEGF-A)
expression is known to be upregulated in breast cancer
[23, 24] and in the breast cancer cell lines [25]. Using
an orthotopic breast cancer model (Figure 2A normal
mammary tissue, Figure 2B orthotopic breast cancer
tissue) demonstrated an increase in VEGF-A increase
in the tumour tissue (Figure 2C; Normal = 3.21 + 0.35
ID; Tumour 4.20 = 0.25 ID; ID = integrated density).
VEGFR2 is expressed in sensory nerve terminals
(Figure 2D) and is colocalised with a pan neuronal marker,
PGP9.5 (Figure 2E; Overlay Figure 2F). In addition, it is
expressed in L5 sensory DRG neurons (Figure 2G; no
primary control Figure 2H) [26, 27]. Sensory neurons
were treated with VEGF-A .a + VEGFR2 inhibitor;
ZM323881 (Figure 2I-2K; representative images).
VEGF-A a treatment induced a significant increase in
neurite growth in sensory neurons versus sensory neurons
cultured in normal media (Figure 2L; normal media =
18.88 & 7.82 um; VEGF-A  atvehicle = 82.14 + 10.83
pm). VEGFR2 activity was inhibited using ZM323881
which led to suppression of VEGF-A .a induced sensory
neuron growth (Figure 2L; VEGF-A  a+ZM323881 =
43.05 £+ 5.01 pm). Furthermore, VEGF-A a induced
increasee in total sensory neuron growth when compared
to vehicle was significantly reduced by CK666 treatment
(Figure 2M; normal media = 32.46 + 7.23 pm, VEGF-
A+Vehicle =72.84 + 11.38 um; VEGF-A+CK666 = 29.69
+ 8.57 um; Representative images Figure 2N; Normal
media, Figure 20; VEGF-A  a+Vehicle, Figure 2P;
VEGF-A165a+ CK666). Ck666 treatment did not induce
cell death (data not shown).

The sensory neuronal cell line, 50B11, was
cultured in the presence of (Figure 3A) normal media,
conditioned media taken from (Figure 3B) MDA MB
231, (Figure 3C) MCF-7 or (Figure 3D) VEGF-A a as
well as (Figure 3E) unconditioned cancer cell line media
for 24 hrs to determine neurite growth. MCF-7 and
MDA MB 231 media led to increased average neurite
length (Figure 3F; Normal = 19.99 + 1.53 pm; Uncon
=18.94 + 1.37 um; MDA MB231 = 29.08 + 1.35 um,
MCF =33.43 + 1.55 um; VEGF-A =35.57 £ 2.696 pm),
total neurite number (Figure 3G), total growth per cell
(Figure 3H) and maximum neurite length (Figure 3I)
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when compared to those cells cultured in normal media
and unconditioned media. VEGF-A a has previously
been shown to induce neurite growth [19], and acts
as a positive example in these studies (Figure 3A-3I).
Furthermore, MDA MB 231 conditioned media led
to sensitisation of DRG sensory neuron responses to
capsaicin, a TRPV1 agonist when compared to normal
media (Figure 3J; Normal = 5.35 + 1.55 Ca2* AUC;
MDA MB 231 = 8.79 £+ 0.84 Ca2* AUC). In addition,
VEGF-A . also led to increased TRPV1 responses in
DRG sensory neurons when compared to vehicle (Figure
3K; Normal =0.69 + 1.17 Ca2* AUC vs VEGF-A=7.16
+ 3.89 Ca2" AUC) as previously reported [27].
Inhibition of VEGFR2 with DC 101 (rat monoclonal
antibody), led to the inhibition of MDA MB231
conditioned media induced neuritogenesis demonstrated
by reduced individual neurite length (Figure 4A; Normal
=25.04 = 1.94 um; MCF10A = 25.67 + 1.89 um; MDA
MB231 = 38.1 £ 2.23 pm; MDA MB231+IgG = 40.19
+ 1.82 um; MDA MB231+DC101 = 23.39 + 1.43 pum)
and total neurite growth (Figure 4B; Normal = 28.71 +
2.95 um; MCF10A = 26.79 + 3.92 um; MDA MB231 =

59.21 £5.92 um; MDA MB231+1gG = 47.03 + 2.72 um;
MDA MB231+DC101 = 25.04 + 2.84 um). In addition,
MCF10A, a normal epithelial breast cell line, conditioned
media did not induce neuritogenesis of the sensory
neurons (Figure 4A, 4B). Additionally, the VEGFR2
tyrosine kinase inhibitor ZM323881 was used to inhibit
MDA MB231 conditioned media induced sensory neuron
growth; average neurite length (Figure 4C; Normal =
15.46 £ 4.46 pm; MDA MB231+Vehicle = 37.81 = 4.47
pm; MDA MB231+ZM323881 = 16.13 £ 0.90 um) and
total sensory neuron growth (Figure 4D) was reduced
with ZM323881 treatment (Representative examples of
sensory neurons cultured in Figure 4E Normal; Figure 4F
MDA MB231+IgG; Figure 4G MDA MB231+ vehicle;
Figure 4H MCF10A; Figure 41 MDA MB231+DC101;
Figure 4] MDA MB231+ZM323881).

ARP2/3-mediated MDA-MB231-induced sensory
neuritogenesis

MDA MB 231-conditioned media induces
neuritogenesis (Figure 3), however evidence supports
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Figure 1: Breast cancer induced sensory nociceptor aberrant growth. (A) Pan-nerve fibre (PGP 9.5) and (B) nociceptor (CGRP)
immunoreactivity was present in the mammary tissue of an adult female mouse indicative of nerve fibre innervation. In rodent orthotopic
models (representative images of (C—D) Rag2; [E-F] CD1) of breast (MDA MB231) cancer there was an increase in (C, E, I, J) nerve fibre
innervation (PGP9.5). (D, F, K, L) There was an increase in CGRP positive nociceptor nerve fibre innervation in the tumour. Representative
images of no primary controls for (G) PGP9.5 and (H) CGRP. Myelinated nerve fibre innervation was present in the (M) normal mouse
though this was decreased in the (N-P) tumour (CD1). Arrows = nerve fibres, arrowheads = blood vessel. Scale bar = 50 um.
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that ARP2/3 is key to sensory neuron filopodia formation.
MDA MB 231 conditioned media led to increased neurite
growth of sensory neurons, demonstrated by increased
maximum neurite length (Figure SA), percentage of cells
with neurite growth (Figure 5B) and total neurite growth
per cell (Figure 5C) when compared to normal media
and unconditioned media. CK666 has previously been
shown to inhibit neurite formation [28, 29]. Application
of 100 uM CK666, ARP2/3 inhibitor, led to a significant
reduction in neurite length (Figure 5SA; MDA MB231+Veh
=87.65+5.93 um; MDA MB 231+CK666 = 37.96 + 2.99
um), percentage of cells with growth (Figure 5B; MDA
MB231+Veh = 83.7 + 4.26%; MDA MB 231+CK666 =
39.68 + 5.9%), percentage cells with multiple neurites
and total growth per cell (Figure 5C; MDA MB231+Veh
=127.00 £ 11.21 pm vs MDA MB231+CK666 = 25.18
+ 3.74 pm). Representative images of (Figure 5D
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Normal) sensory neurons in response to (Figure SE) MDA
MB231 unconditioned media, (Figure SF) MDA MB231
conditioned media+Vehicle and MDA MB231 conditioned
media +CK666 (Figure 5G).

MDA MB231 induced collateral sensory neurite
branch formation

Sensory neuronal filopodia formation via actin and
microtubule formation leads to axonal branch formation.
Representative example of neurite filopodia F actin
rich (phailloidin stained) (Figure 6A). MDA MB 231
conditioned media led to an expansion of neurite growth
cone area in relation to normal media (Figure 6B; Normal
=32.43 +4.88 pm* MDA MB 231 = 81.36 £+ 12.49 um?),
with MCF-7 and VEGF-A | a also resulting in an increase
in growth cone area versus normal media (Figure 6B;
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Figure 2: VEGF-A induced sensory neurogenesis mediated by VEGFR2-ARP2/3. (A) VEGF-A immunoreactivity in normal
mouse mammary fat pad and in an (B) MDA MB231 orthotopic model of breast cancer (CD1 mice). (C) VEGF-A is upregulated in the
breast tumour tissue. (*p < 0.05, Unpaired 7 test). (D) VEGFR2 is expressed in (E) peripheral nerve terminals (PGP9.5; (F) Overlay) in
the plantar skin and in (G) L5 DRG sensory neurons (scale bar = 50 pm). (H) No primary control of L5 DRG sensory neurons. (I) Sensory
neurons were treated with either (J) VEGF-A a + vehicle or (K) VEGF-A + ZM323881 and total neuronal growth was measured. (L)
VEGF-A a led to a significant increase in neuronal growth versus untreated cells. ZM323881 treatment attenuated VEGF-A .a induced
sensory neuron growth. (M) Furthermore, VEGF-A . a induced sensory neuron growth was inhibited following CK666 treatment to inhibit
ARP2/3 function. Representative images of (N) sensory neurons in response to either (O) VEGF-A a + Vehicle and (P) VEGF-A+CK666.
*P <0.05, ***P <0.001 Kruskal Wallis with Dunns multiple comparison. Scale bar =20 pm.
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MCF = 69.88 + 12.01 um?* VEGF-A = 79.99 + 10.25
um?). Collateral branching of the neurite (Figure 6C) was
increased (normalised collateral branch number/100 um
neurite length) with MDA MB 231 conditioned media
compared to normal and unconditioned media (Figure 6D;
Normal = 7.38 + 0.86 collateral branch number; MDA MB
231 =28.15 £ 2.55 collateral branch number), while MDA
MB231 unconditioned media 8.95 + 0.96 collateral branch
number), MCF7 conditioned media (8.32 + 1.11 collateral
branch number) and VEGF-A  a (6.91 + 1.07 collateral
branch number) did not stimulate collateral branch
formation (Figure 6D). Furthermore, this is demonstrated
by increased number of neurites expressing greater than
9 collateral offshoot branches in the MDA MB 231
conditioned media group compared to other experimental
groups (Figure 6E).
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MDA MB231

MDA MB 231 induced collateral branch
formation is ARP2/3 mediated

Sensory neuron average neurite length was
increased by incubation with MDA MB231 conditioned
media versus control (Figure 7A), with co-treatment of
MDA MB231 conditioned media with CK666 leading to a
significant reduction in average neurite length (Figure 7A;
Figure 7B; MDA MB231+Veh = 57.20 + 4.54 um; MDA
MB231+CK666 = 34.50 + 7.22 um; MCF+Veh = 53.68 +
4.45 pm; MCF+CK666 = 25.94 + 3.06 pum), compared to
normal media. There was no change in neurite length in
normal treatment treated with CK666 (Figure 7A). MCF-
7 induced neurite growth was also inhibited by CK666
treatment (Figure 7A). Both MDA MB231 and MCF-
7 induced neurite growth cone area were inhibited by
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Figure 3: MDA MB231 and MCF7 breast cancer cell lines induce sensory neuronal growth. A sensory neuronal cell line
(A) 50B11 was exposed to conditioned media from (B) MDA MB231 and (C) MCF7 breast cancer cell lines as well as (D) VEGF-A and
(E) unconditioned media. Scale bar = 20 um. Conditioned media from MDA MB231 and MCF7 as well as VEGF-A .a led to an increase
in the (F) average neurite length, (G) increased neurite number and (H) total growth per cell. (I) MDA MB231 conditioned media and
VEGF-A a led to increased maximum neurite length. (J) MDA MB231 conditioned media treated DRG sensory neurons had an increased
capsaicin responses when compared to normal media treated DRG sensory neurons. Furthermore, (K) VEGF-A  a increased capsaicin
induced sensory DRG neuronal responses versus vehicle treated DRG neurons (n = 8 per experimental group). *P < 0.05, **P < 0.01,
*#%P < (0.001 Unpaired T test or Kruskal Wallis with Dunns multiple comparison. Scale bar =20 pm.
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CK666 treatment (Figure 7B; MDA MB231+Veh = 61.66
+ 6.07 um?* MDA MB231+CK666 = 26.08 + 2.97 pm?;
MCF+Veh = 71.81 + 10.63 pm?, MCF+CK666 = 28.94 +
4.19 um?), with normal media being unaffected by CK666
treatment (Figure 7B). Tortuosity of actin filaments
were reduced by CK666 treatment in MDA MB 231
and MCF-7 conditioned media treated neurons (Figure
7C; MDA MB 231+Veh = 0.64 + 0.03 Tortuosity ratio;
MDA MB 231+CK666 = 0.77 £+ 0.01 Tortuosity ratio;
MCF+Veh = 0.62 + 0.03 Tortuosity ratio; MCF+CK666
=0.76 £ 0.01 Tortuosity ratio). Representative images of
all experimental groups + CK666 (Figure 7D normal +
vehicle; Figure 7E MDA MB231 + Vehicle; Figure 7F
MCF7 + Vehicle; Figure 7G Normal + CK666; Figure
7H MDA MB231 + CK666; Figure 71 MCF7+CK666).
MDA MB231 induced collateral neurite branch formation
was decreased by ARP2/3 inhibition through CK666
inhibition (Figure 8A, 8B; Representative images of all
experimental groups (Figure 9). Additionally, this was
represented by a CK666 inhibition of MDA MB 231

induced increase in the number of collateral branches per
neurite (Figure 8A; MDA MB231+Veh = 1542 + 1.68
vs MDA MB231+CK666 = 9.25 £+ 1.93). There was no
difference when comparing vehicle and CK666 treatment
in normal media (Figure 8A—8B). MDA MB231 led to an
increase in the number of collateral branches that were
positive for tubulin (Figures 8C, 9A—9N) therefore these
were classified as mature axonal collateral branches as
previously termed [28]. CK666 inhibited MDA MB 231
induced tubulin positive collateral branch formation
(Figures 8C, 9G-9P; MDA MB231+Veh = 64.97 £ 4.67%
vs MDA MB231+CK666 = 51.39 + 4.85%).

DISCUSSION

The role of the neuro-tumour microenvironment
is still unclear. It is appreciated that the nervous system
interacts with the tumour, leading to advancement
of breast cancer [2, 4]. Furthermore, evidence now
demonstrates that this interaction may have further
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implications in relation to tumour support and metastasis
[1, 5, 30]. Investigating the interaction between cancer
and the sensory neuron is key to providing a greater depth
of understanding in cancer biology. In this study, the
interaction between breast cancer and the sensory neurons
is explored to determine the mechanisms that underlie
breast cancer induced neuritogenesis.

Understanding the neuro-cancer interaction is
crucial as it has been implicated in disease progression
with increases in nerve innervation present in the primary
breast tumour site [4]. Current literature demonstrates a
significant neuro-cancer interaction whereby in human
and rodent studies, there is an expansion of sensory nerve
innervation patterns in tumourigenic tissue, which is
inclusive of breast [5, 9] and pancreatic [31] cancer. This
is strongly associated with pain. Here we present that

nerve fibres (PGP9.5+ive) innervate breast tumour sites
(MDA-MB231), with these determined to be nociceptive
sensory neurons (CGRP+ve). This is comparable to
previous studies [9, 14, 15]. However, in contrast to the
literature [22], myelinated NF200+ve nerve fibres did not
innervate the tumour in this breast cancer rodent cancer
model, though our study investigates a primary site versus
the published work which is a metastatic site.

The increase in PGP9.5-positive staining in the
breast tumour supports the notion that cancer induces
nerve fibre growth, however the mechanisms by which
these interactions occur are still being elucidated. NGF is
a key candidate in the pathological growth and aberrant
sprouting of neurons in cancer, and has been shown to
be responsible for increased pain in cancer [9, 14]. The
fact that sensory nerves elongate in response to these
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tumour derived mediators may have implications for the
way in which we understand cancer biology. Rather than
simply causing the sprouting of existent nerves around the
tumour, these mediators may also cause nerves to grow
into the tumour, moving up NGF and VEGF gradients
[42] as well becoming hyperactive as demonstrated here
through enhancement of sensory neuronal TRPV1 activity.
This would induce peripheral nociceptor sensitisation and
lead to the development of chronic pain in cancer [32].
In addition, our study highlights not only an increase
in free nerve endings and sensory nerve activity but
also associations with increased immunoreactivity with
blood vessels. Increased nerve activity induces increased
vascular permeability via for example CGRP [6, 30] and
such activity has been linked to cancer disease progression
[30]. Therefore it is plausible that breast cancer growth
and migration, could be suppressed following inhibition
of neuronal vascular interactions.
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Cancer is associated with angiogenesis, immune
cell infiltration and in case of bone metastasis skeletal
fractures. Majority of work to date concentrates on
in vivo studies utilising a heterogeneous population of
cell types that encompass the tumour stroma [9, 22, 30]
highlighting the importance of understanding the nervous
system involvement in cancer biology. However these do
not take into account specific mechanisms by which these
pathologies develop. Such tumour environments can lead
to sensory nerve compression and sensory nerve terminal
interaction with inflammatory and cancer cell types. These
factors are all contributory to neurogenesis with a great
body of work highlighting this in cancer pain, however
still many questions remain unanswered. Stereotypically
in human and rodent studies cancer pain is attributable to
activation of the peripheral sensory neuron [32]. A number
of inflammatory mediators; that have expression increased
in cancer and accompany cancer disease progression, are
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to conditioned media from MDA MB231 cells when compared to normal media, unconditioned media, MCF7 and VEGF-A. (C) This
was further demonstrated by MDA MB231 conditioned media inducing a greater percentage of sensory neurons to have greater numbers
neurite branches (Scale bar = 20 um). Representative images of sensory neuron (D) growth cone and (E) collateral branches. *P < 0.05,

**%P <0.001 Kruskal Wallis with Dunns multiple comparison.
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granulocyte-macrophage colony-stimulating factors (GM-
CSF) [15], VEGF-A [27], nerve growth factor (NGF)
[33] and glial cell derived neurotrophic factor (GDNF)
[34] are known to induce sensory neuron activation and
pain; neuropathic and inflammatory pain [15, 27, 35, 36].
Both VEGF-A and NGF sensitise peripheral sensory
nerve fibres to a number of sensory stimuli [27, 33] and
for example lead to activation of heat sensing channel,
transient receptor vanilloid 1 channel TRPV1 [27].
Despite being best known as a pro-angiogenic factor,
recent research has shown that VEGF-A is not restricted
to its angiogenic capabilities [27]. Previous studies
demonstrate that VEGF-A can drive sensory neuronal
growth [19, 37] and is neuroprotective [38, 39]. Studies
presented here demonstrate that those tumour derived
mediators directly drive sensory neuronal function (growth
and sensory neuron TRPV1 activation) in a VEGF-A
dependent manner. In addition, MDA MB231 and MCF7
cancer cells induce sensory neurite growth. Furthermore,
inhibition of VEGFR2 through either ZM323881 or
DCI101 treatment inhibited MDA MB231 induced neurite
growth highlighting that VEGF-A/VEGFR?2 signalling is

an important regulator of breast cancer induced sensory
neuritogenesis. Therefore such a VEGF-A enriched
tumour environment would propose to induce neuronally
mediated CGRP nerve fibre branching, hyperactivity and
induce angiogenesis for tumour support.

However, there are a multitude of mediators and
mechanisms that regulate sensory neuronal function, many
of which have not been explored in relation to cancer-
neuron interactions. It is important to note that many have
investigated the molecular components of sensory neurite
growth in relation to neuroregeneration and synaptogenesis
in the nervous system, primarily targeting NGF induced
TrkA activation which in turns leads to neurite growth
[40]. NGF drives neurite growth through expansion
of the axonal growth cone as well as directionality by
targeting NGF rich areas [29, 40]. In addition to increases
in axonal length, NGF drives neurite branching along the
axonal main trunk creating collateral nerve growth [41].
The formation of such collateral branching is due to the
emergence of axonal filopodia from actin rich patches.
It has been shown that the ARP2/3 complex provides
the framework to initiate such filopodia expansion, with
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Figure 7: CK666 inhibited sensory neuritogenesis induced by both MDA-MB-231 and MCF7. MDA MB231 and MCF7
induced sensory neuron growth; (A) average neurite length and (B) growth cone area versus normal media. This was inhibited by CK666
administration. Furthermore, (C) the tortuosity of the actin filaments was increased in CK666 sensory neurons indicative of a reduction
in actin filament formation and straightness of such fibres Representative images of the sensory neuronal cell line S0B11 under varying
experimental conditions; (D) normal media + vehicle, (E) MDA MB231 conditioned media + vehicle, (F) MCF7 conditioned media +
vehicle, (G) normal media + CK666, (H) MDA MB231 conditioned media + CK666, (I) MCF7 conditioned media + CK666. *P < 0.05,
**%P <0.001 Kruskal Wallis with Dunns multiple comparison. Scale bar = 20 pm.
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NGF inducing increasing frequency of such sites along
the sensory nerve axon [28, 41]. This supports the notion
that NGF drives expansion of the sensory nerve fibres in
tumours. As well as MDA MB231 and MCF7 induced
neurite growth, the growth cone area is also increased
with these parameters of sensory neuron growth also
associated with VEGF-A treatment. It is highly plausible
that additional tumour derived factors are associated with
this as NGF secretion is not significantly different between
MCF-7 and MDA MB 231 cells [42]. Expression levels
of proteins secreted by MDA MB231 such as VEGF-A
[43, 44] and insulin-like growth factor binding proteins
are higher than in MCF-7 [45] and this is implicated
in collateral branch formation. Previous literature has
suggested that ARP2/3 is crucial for actin polymerisation,
and therefore for sensory neurite elongation and
directionality [29]. Therefore in an NGF rich environment,
as is produced by many tumours [9], ARP2/3 activation is
liable to be widespread with increase frequency in actin
rich/ARP2/3 axonal patches [28], ultimately leading to
increased neurite growth and branching. CK666 inhibition

>

w

prevented MDA MB231, MCF7 and VEGF-A neurite
growth as well as reducing MDA MB231 and MCF7
induced growth cone expansion highlighting regulation
of VEGF-A induced neurogenesis. Additionally, ARP2/3
allows for the formation of filamentous actin, however
CK666 treatment led to a reduction in the formation of
F actin structures. Surprisingly, MDA MB231 led to
increased collateral branching from the sensory nerve
axon, whereas VEGF-A and neither MCF7 induced
increases in collateral branching. This was reduced by
CK666 treatment, with the number of mature branches
that had been penetrated by tubulin also reduced. MDA
MB231 release greater levels of VEGF-A versus MCF7
[44, 46] therefore it would be expected that MDA MB231
to induce increased neurite formation as it is demonstrated
that VEGF-A actions via VEGFR?2 induce sensory neuron
growth. However, VEGF-A alone did not induce increased
collateral branching. This could implicate as mentioned a
cocktail of mediators driving sensory neuritogenesis such
as NGF, which as mentioned induces collateral neuronal
branching, as well as plausibly epidermal growth factor
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Figure 8: MDA MB231 and MCF7 induced neuritogenesis was inhibited by CK666 administration. MDA conditioned
media induced (A) increased number of collateral branches with (B) percentage number of the neuron population had greater than 9 axonal
collateral branches. Furthermore, (C) treatment of neurons with MDA MB 231 conditioned media increased mature (tubulin positive)
axonal branches. ARP 2/3 inhibition with CK666 led to a (A) reduction in total number of collateral branches induced by MDA MB231
conditioned media treatment. In addition, CK66 administration prevented (B) the increase in the % of neurons with greater numbers
of collateral branches induced by MDA MB231 conditioned media. (C) MDA MB231 induced mature sensory axonal fibre formation
(phalloidin positive/tubulin positive) when compared to normal media treated neurons. CK666 treatment inhibited MDA MB231 induced
mature collateral branch formation. *P < 0.05, ***P < (0.001 Kruskal Wallis with Dunns multiple comparison.
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(EGF) or GM-CSF. Sensory DRG neurons express EGF
receptor [47] and it has been shown that TGFa induces
sensory activation [48] and neuronal growth [49], where
as EGF does not [49]. Furthermore, additional growth
factors TGFp inhibits neuronal growth [50] and GM-
CSF stimulates neurogenesis and bone cancer pain [15].
These alternative factors such as GM-CSF can differ
between these pathologically distinct breat cancer cell
lines such as in comparing basal like MDA MB231 and
luminal A MCF7 with distinct GM-CSF derived actions
demonstrated in MDA MB231 [51]. This differential
expression profiles of growth factors provides an
explanation for differential induction of collaternal branch
formation, and highlights the complex nature of these
neuro-cancer interactions which we begin to decipher in
this study.

These studies highlight that the tumour environment
directly acts upon the sensory neuron to drive alterations
in sensory neuronal function through VEGF-A/VEGFR2
induced sensory neuronal activation and aberrant neuronal
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NI VIDA+CK

growth. By identifying these signalling pathways it allows
for further understanding of cancer biology, providing
crucial evidence in how the sensory neuron-tumourigenic
interface controls cancer and pain development.

MATERIALS AND METHODS

All procedures involving the mice were performed
in accordance with the United Kingdom Animals
(Scientific Procedures) Act 1986, the UK Home Office
and ARRIVE guidelines under project license authority
PPL40/3559 using archived tissue. Ethical approval was
granted by the University of Nottingham Animal Welfare
and Ethical Review Board. CD-1 nude female mice at 6
to 8 weeks of age were obtained from Charles River, UK
and Rag2—/— female mice. The animals were provided
food and water ad libitum. MDA-MB-231 cells, with
viability of > 90%, which had been maintained in vitro in
RPMI culture medium (Sigma, UK) containing 10% (v/v)
heat inactivated foetal bovine serum (Sigma, Poole, UK)

Figure 9: MDA MB231 induced mature sensory axonal neurite formation via ARP2/3. MDA MB231 induced sensory
neuronal growth as well as increased neurite formation. Representative images demonstrate that when compared to (A—C) normal media
+ vehicle, (D-F) MDA MB231 conditioned media led to an increase in mature sensory neurite formation (phalloidin positive and tubulin
positive). Furthermore, treatment with CK666 did not alter sensory neuronal growth in (G—I) normal + media but (J-L) inhibited MDA
MB231 induced mature collateral branch formation. High magnification representative images demonstrate that (N) MDA MB231
conditioned media induces collateral branch formation when compared to (M, O) normal media + CK666 and (P) MDA MB231+CK666.
Low magnification images = 20 um (A-L). High magnification images = 10 um (M—P).
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& 2 mM L-glutamine (Sigma, UK) at 37°C in 5% CO,
were be re-suspended, for in vivo administration, in sterile
growth factor reduced matrigel at 2 x 10° cells/100 ul
(1to 2 x 107 cells per ml) and 100 ul of cell suspension was
injected into the mammary fatpad for tumour initiation.
For primary cell culture calcium experimentation C57B16
male mice were used.

Immunohistochemistry

MDA-MB-231 xenografts grown in the mammary
fat pad of Rag 2—/— and CDI-nude mice or tissue
from uninjected animals as control tissue were fixed
in formaldehyde and then dehydrated in sequential
concentrations of methanol, followed by immersion in
xylene and paraffin wax (BDH, cat 36107 7E). Sections
were cut at 10 um thickness at approximately 30 pm
intervals and mounted onto Thermo Scientific Menzel-
Glaser Superfrost microscope slides. The slides were then
incubated overnight at 40°C.

For immunohistochemistry sections were immersed
in xylene for 15 minutes before twice being immersed in
100% methanol. These were washed in distilled water
twice, each for five-minute intervals. The slides were then
submerged in citrate buffer (pH 6.0) and heated at 98°C
for thirty minutes. Sections were then placed under the
running water prior to use. Sections were washed three
times in PBST (0.2% triton x-100) for five minutes.
Subsequently, 3% H,O, was applied to each slide for
five minutes and then washed with PBS. This step was
repeated. Slides were then exposed to PBST for five
minutes prior to incubation in blocking solution (5% FBS
and 10% BSA in PBST) for one hour at room temperature.
Sections were then washed three times in PBS for five
minutes. Primary antibodies were prepared in blocking
solution and sections were incubated overnight at 4°C.
Primary antibodies used were: rabbit anti-VEGF-A (1 in
100 Santa Cruz A20), rabbit anti- calcitonin gene related
peptide (CGRP: 1:2000; EMD Millipore) and rabbit
anti- protein gene product 9.5 (PGP9.5; 1:250; EMD
Millipore). Slides were then washed in PBS three times
for five minutes per wash. Sections were incubated with
donkey biotinylated anti rabbit IgG (1:500; Jackson) in
PBST for 90 minutes at room temperature. ABC reagent
was prepared according to the instructions given in the
Vectastain ABC kit (Vector Laboratories) and left to
stand for 30 minutes. Sections were washed a further
three times with PBS for five minutes. Vectorstain was
applied to the slides and left for thirty minutes at room
temperature. Slides were washed in PBS washes three
times. The DAB stain (Vector Laboratories) was prepared
as indicated in the given instructions and applied to each
slide for two minutes. Each slide was then immediately
washed in distilled water for five minutes. Slides were
then washed twice in methanol, followed by xylene for
10 minutes. DPX was applied to the slides and coverslips

were applied. Slides were imaged using a Leica DMLB
microscope at 40x objective and images were collected
using Leica QWin V3 software.

Immunofluorescence

Dorsal root ganglia Lumbar (L) 5 and plantar surface
of hindpaws were excised and immersion fixed in 4%
paraformaldehyde. This was followed by tissue immersion
in 30% sucrose for 24 hours 4°C. Tissue was frozen in
OCT and stored at —80°C until processing. Tissue sections
were cut to thickness of 6 um for dorsal root ganglia and
20 pm for plantar skin. Slides were washed in PBS and
was followed by PBST for five minutes prior to incubation
in blocking solution (5% FBS and 10% BSA in PBST) for
one hour at room temperature. Sections were then washed
three times in PBS for five minutes. Primary antibodies
were prepared in blocking solution and sections were
incubated overnight at 4°C. Primary antibodies used were:
rabbit anti- vascular endothelial growth factor receptor 2
(VEGFR2: 1:100; Cell Signalling) and mouse anti- protein
gene product 9.5 (PGP9.5; 1:10; Abcam). Slides were
then washed in PBS three times for five minutes per wash.
Sections were incubated with secondary antibody (1:1000;
anti-rabbit alexafluor 488 or anti-mouse alexafluor 555)
in PBST for 90 minutes at room temperature. Slides were
washed in PBS and mounted with vectorshield (Vector
Laboratories). Images were acquired using a Leica SPE
confocal microscope.

Neuronal growth assay

A sensory neuronal cell line, 50blls, was used
as previously described [19, 21]. Cells were cultured
in Neurobasal Media (ThermoFisher Scientific)
supplemented with 10% FBS, 0.5 mM L-Glutamine, 1%
B27 and 0.2% glucose. A 24 well plate had cover slips
inserted and sterilised with ethanol. 5000 cells were
placed in each well and were left for 24 hours prior to
incubation in experimental culture condition. In each case
75 uM Forskolin was added as previously described [19].
Experimental groups for conditioned media experiments
were as follow:- (a) 400 pl complete neurobasal media, (b)
400 pl unconditioned media, (c) 400 ul MDA conditioned
media, (d) 400 ul MCF10A-conditioned media, (e) 400
pl MCF-7-conditioned media, or (f) 400 pl 2.5 nM
VEGF in complete neurobasal media. Conditioned media
was extracted from cells having been exposed to either
MDA MB231 (RPMI supplemented with 10% FBS and
2 mM l-glutamine), MCF-7 (Phenol Red free RPMI
supplemented with 10% FBS and 2 mM I-glutamine) or
MCF10A (HUMEC serum free medium supplemented
with Bovine Pituitary Extract (BPE), HUMEC supplement
and 100 ng/ul cholera toxin) cells for 3 days. All wells
were made up to 800 pul by adding 400 pl supplemented
neurobasal media. Drugs applied were DC101 8.05 pg/ml
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(versus equivalent rat IgG control) (BioXcell), VEGF-A
(2.5 nM R&Dsystems), ZM 323881 (100 nM Tocris) or
CK666 (100 uM Sigma-Aldrich). Experimental repeats
were a minimum of 4 wells per plate, with a minimum of
3 plates per experiment.

Immunocytochemistry

Experimental plates were cultured for 24 hours and
4% paraformaldehyde was then applied for 15 minute.
Wells were then washed in PBS three times with PBS
cells prior to incubation in blocking solution (PBS + 0.2%
Tritonx-100, 5% BSA and 10% FBS) for 30 minutes.
Phalloidin alexafluor 488 was made up in 0.2% triton
in PBS (1 in 500 in block solution; Life Technologies)
and added to the slides. For tubulin and actin imaging;
cells were incubated in 4% paraformaldehyde (made up
in PHEM buffer; 60 mM PIPES, 25 mM HEPES, 10 mM
EGTA, 2 mM MgCl,, pH6.9) for 15minutes. Phalloidin
Alexfluor 488 was added in addition to anti alpha tubulin
(mouse; 1 in 500) for 1 hr. Coverslips were washed three
times with PBS. For tubulin imaging anti-mouse Alexfluor
555 (1 in 10000, Life Technologies) was added in PBS
0.2% triton X-100). Coverslips were washed three times
with PBS. Coverslips were removed and placed on slides
with Fluorsave (DAPI containing, Sigma). Slides were
imaged using a Leica SPE Confocal Microscope.

Calcium imaging

Dorsal root ganglia (DRG) sensory neurons were
dissected from 4 mice per plate. Each assay contained a
minimum of 8 wells per condition with each experiment
repeated (minimum of 8 mice per preparation). All DRGS
were incubated in F12 media (supplemented with 1ml
Penicillin/Streptomycin, 15% BSA and N2). DRGs were
added to F12 media and 0.125% collagenase (Sigma)
for 2 hrs at 37°C. DRGs were triturated to form a cell
suspension, which was then added to the top of a 15%
bovine serum albumin solution. This was spun at 1900
rpm for 10 minutes. Supernatant was disposed and pellet
was resuspended in supplemented F12 media. 2000 cells
per well were added to a 96 well plates that had been
treated with poly L lysine and laminin. Cells were left for
48 hrs prior to administration of experimental conditions
(100 ul per well): 2.5 nM VEGF-A a and MDA MB231
conditioned media. Fluo4 direct assay (supplier) was used
as according to manufacturer’s instructions. Fluo4 was
made up 10 ml with the supplied Fluo4 direct calcium
assay buffer. 5 mM probenecid was added. 60 ul of media
was removed following 24 hrs exposure to experimental
conditions. 40 ul of fluo4 was then added and left for
1 hr at 37°C. The plate was then placed in a Victor Perkin
Elmer plate reader. A baseline measurement was recorded
from each well prior to drug stimulation. 20 pl of vehicle
or 5 uM capsaicin (final working concentration 1 uM) was

added to each well. Fluorescence emission was recorded
and analysed.

Statistical analyses section

All data are represented as mean £+ SEM and
n numbers are presented in the accompanying figure
legends. All results were analysed using Graphpad Prizm
v7, Microsoft Excel and Image J. At least 5 sections
per animal were taken from the normal and tumour
bearing samples. The total number of CGRP or PGP9.5
positive nerve fibres were counted per acquired image,
and was represented as an average per animal. VEGF-A
immunoreactivity was measured using integrated density
(Image J plugin). Calcium responses were determined by
calculated normalised baseline (Fresponses) and post
drug capsaicin (F,) induced responses from obtained
raw data values. Consequently drug responses (F,) were
determined as a fold change from F and represented as
AUC.

All in vitro experimentation was carried out
via acquisition of a minimum of 5 images per well. A
minimum of 4 wells per experimental replicate was
carried out and these studies were repeated. Neurite was
determined as a phalloidin stained extension from the cell
body, with all measurements taken from this reference
point. Neurite parameters (average length, total neurite
growth, neurite number and longest neurite) were all
determined from images analysed using Image J. Image
scale was determined and ImageJ calibrated accordingly.
Growth cone area was determined as an outlined area
defined in Image J. The number of phalloidin stained
collateral branches/offshoots extending from the neurite
were counted and normalised to length of neurite to
allow for number per 100 um neurite length. This was
due to experimental conditions leading to alterations in
neurite length thus the normalisation allowed for direct
comparison between groups. The number of phalloidin
and tubulin positive neurites were counted and presented
as the percentage of phalloidin positive neurites that were
also tubulin positive.

Abbreviations

VEGF-A: vascular endothelial growth factor A;
VEGFR?2: vascular endothelial growth factor receptor 2;
DRG: dorsal root ganglia; PGP9.5: protein gene product
9.5; NF200: neurofilament 200; TRPV1: transient receptor
potential vanilloid 1; ARP2/3: actin related proteins 2/3;
CGRP: calcitonin gene related peptide; NGF: nerve
growth factor; PBST: phosphate buffered saline, triton
x-100; BSA: bovine serum albumin; GMCSF: granulocyte
macrophage colony stimulating factor; GDNF: glial cell
line derived neurotrophic factor; TrkA: tropomyosin
receptor kinase A; F actin: filamentous actin; EGF
epidermal growth factor; TGF: transforming growth factor.

www.impactjournals.com/oncotarget

76618

Oncotarget



ACKNOWLEDGMENTS AND FUNDING

All authors were involved with the experimental
design, performed the research, and analysed data as
well as having read and approved final version of the
manuscript. We would like to acknowledge assistance/
advice given by Prof DO Bates (School of Medicine,
University of Nottingham). This work was supported by
the National Centre for the Replacement Refinement and
Reduction of Animals in Research [grant number NC/
L001861/1] through a NC3Rs-EPSRC award to AG; and
the University of Nottingham. There are no conflicts of
interest to disclose.

CONFLICTS OF INTEREST

None.

REFERENCES

1. Jobling P, Pundavela J, Oliveira SM, Roselli S, Walker
MM, Hondermarck H. Nerve-Cancer Cell Cross-talk: A
Novel Promoter of Tumor Progression. Cancer Res. 2015;
75:1777-1781.

2. Pundavela J, Roselli S, Faulkner S, Attia J, Scott RJ,
Thorne RF, Forbes JF, Bradshaw RA, Walker MM,
Jobling P, Hondermarck H. Nerve fibers infiltrate the tumor
microenvironment and are associated with nerve growth
factor production and lymph node invasion in breast cancer.
Mol Oncol. 2015; 9:1626-1635.

3. Wang PH, Song N, Shi LB, Zhang QH, Chen ZY. The
relationship between multiple clinicopathological features
and nerve invasion in pancreatic cancer. Hepatobiliary
Pancreat Dis Int. 2013; 12:546-551.

4. Zhao Q, Yang Y, Liang X, Du G, Liu L, Lu L, Dong J,
Han H, Zhang G. The clinicopathological significance of
neurogenesis in breast cancer. BMC Cancer. 2014; 14:484.

5. Huang D, Su S, Cui X, Shen X, Zeng Y, Wu W, Chen J,
Chen F, He C, Liu J, Huang W, Liu Q, Su F, et al. Nerve
fibers in breast cancer tissues indicate aggressive tumor
progression. Medicine (Baltimore). 2014; 93:¢172.

6. Aubdool AA, Graepel R, Kodji X, Alawi KM, Bodkin JV,
Srivastava S, Gentry C, Heads R, Grant AD, Fernandes ES,
Bevan S, Brain SD. TRPAI is essential for the vascular
response to environmental cold exposure. Nat Commun.
2014; 5:5732.

7. Romon R, Adriaenssens E, Lagadec C, Germain E,
Hondermarck H, Le Bourhis X. Nerve growth factor
promotes breast cancer angiogenesis by activating multiple
pathways. Mol Cancer. 2010; 9:157.

8. Campbell JP, Karolak MR, Ma Y, Perrien DS, Masood-
Campbell SK, Penner NL, Munoz SA, Zijlstra A, Yang X,
Sterling JA, Elefteriou F. Stimulation of host bone marrow
stromal cells by sympathetic nerves promotes breast cancer
bone metastasis in mice. PLoS biology. 2012; 10:e1001363.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Bloom AP, Jimenez-Andrade JM, Taylor RN, Castaneda-
Corral G, Kaczmarska MJ, Freeman KT, Coughlin KA,
Ghilardi JR, Kuskowski MA, Mantyh PW. Breast cancer-
induced bone remodeling, skeletal pain, and sprouting of
sensory nerve fibers. J Pain. 2011; 12:698-711.

Amit M, Na’ara S, Gil Z. Mechanisms of cancer dissemination
along nerves. Nat Rev Cancer. 2016; 16:399-408.

Soerjomataram I, Louwman MW, Ribot JG, Roukema JA,
Coebergh JW. An overview of prognostic factors for long-
term survivors of breast cancer. Breast Cancer Res Treat.
2008; 107:309-330.

Mejdahl MK, Andersen KG, Gartner R, Kroman N,
Kehlet H. Persistent pain and sensory disturbances after
treatment for breast cancer: six year nationwide follow-up
study. MMBJ. 2013; 346:f1865.

Koizumi M, Yoshimoto M, Kasumi F, Iwase T, Ogata E.
Post-operative breast cancer patients diagnosed with
skeletal metastasis without bone pain had fewer skeletal-
related events and deaths than those with bone pain. BMC
Cancer. 2010; 10:423.

Mantyh WG, Jimenez-Andrade JM, Stake JI, Bloom AP,
Kaczmarska MJ, Taylor RN, Freeman KT, Ghilardi JR,
Kuskowski MA, Mantyh PW. Blockade of nerve sprouting
and neuroma formation markedly attenuates the development
of late stage cancer pain. Neuroscience. 2010; 171:588-598.

Schweizerhof M, Stosser S, Kurejova M, Njoo C,
Gangadharan V, Agarwal N, Schmelz M, Bali KK,
Michalski CW, Brugger S, Dickenson A, Simone DA,
Kuner R. Hematopoietic colony-stimulating factors mediate
tumor-nerve interactions and bone cancer pain. Nat Med.
2009; 15:802-807.

Sevcik MA, Ghilardi JR, Peters CM, Lindsay TH,
Halvorson KG, Jonas BM, Kubota K, Kuskowski MA,
Boustany L, Shelton DL, Mantyh PW. Anti-NGF therapy
profoundly reduces bone cancer pain and the accompanying
increase in markers of peripheral and central sensitization.
Pain. 2005; 115:128-141.

Jimenez-Andrade JM, Mantyh PW. Sensory and
sympathetic nerve fibers undergo sprouting and neuroma
formation in the painful arthritic joint of geriatric mice.
Arthritis Res Ther. 2012; 14:R101.

Mantyh P. Bone cancer pain: Causes, consequences, and
therapeutic opportunities. Pain. 2013.

Vencappa S, Donaldson LF, Hulse RP. Cisplatin induced
sensory neuropathy is prevented by vascular endothelial
growth factor-A. Am J Transl Res. 2015; 7:1032-1044.
Gasparini G. Prognostic value of vascular endothelial
growth factor in breast cancer. Oncologist. 2000; 5:37—44.
Chen W, Mi R, Haughey N, Oz M, Hoke A.
Immortalization and characterization of a nociceptive
dorsal root ganglion sensory neuronal line. J Peripher
Nerv Syst. 2007; 12:121-130.

Jimenez-Andrade JM, Bloom AP, Stake JI, Mantyh WG,
Taylor RN, Freeman KT, Ghilardi JR, Kuskowski MA,

www.impactjournals.com/oncotarget

76619

Oncotarget



23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Mantyh PW. Pathological sprouting of adult nociceptors
in chronic prostate cancer-induced bone pain. J Neurosci.
2010; 30:14649—-14656.

Liu Y, Tamimi RM, Collins LC, Schnitt SJ, Gilmore HL,
Connolly JL, Colditz GA. The association between vascular
endothelial growth factor expression in invasive breast
cancer and survival varies with intrinsic subtypes and use of
adjuvant systemic therapy: results from the Nurses’ Health
Study. Breast Cancer Res Treat. 2011; 129:175-184.
Konecny GE, Meng YG, Untch M, Wang HJ, Bauerfeind I,
Epstein M, Stieber P, Vernes JM, Gutierrez J, Hong K,
Beryt M, Hepp H, Slamon DJ, et al. Association between
HER-2/neu and vascular endothelial growth factor
expression predicts clinical outcome in primary breast
cancer patients. Clin Cancer Res. 2004; 10:1706—-1716.
Syed Khaja AS, Dizeyi N, Kopparapu PK, Anagnostaki
L, Harkonen P, Persson JL. Cyclin A1 modulates the
expression of vascular endothelial growth factor and
promotes hormone-dependent growth and angiogenesis of
breast cancer. PLoS One. 2013; 8:¢72210.

Sondell M, Kanje M. Postnatal expression of VEGF and
its receptor flk-1 in peripheral ganglia. Neuroreport. 2001;
12:105-108.

Hulse RP, Beazley-Long N, Hua J, Kennedy H, Prager J,
Bevan H, Qiu Y, Fernandes ES, Gammons MV, Ballmer-
Hofer K, Gittenberger de Groot AC, Churchill AJ, Harper
SJ, et al. Regulation of alternative VEGF-A mRNA splicing
is a therapeutic target for analgesia. Neurobiol Dis. 2014;
71:245-259.

Spillane M, Ketschek A, Donnelly CJ, Pacheco A, Twiss
JL, Gallo G. Nerve growth factor-induced formation of
axonal filopodia and collateral branches involves the intra-
axonal synthesis of regulators of the actin-nucleating Arp2/3
complex. J Neurosci. 2012; 32:17671-17689.

San Miguel-Ruiz JE, Letourneau PC. The role of Arp2/3
in growth cone actin dynamics and guidance is substrate
dependent. J Neurosci. 2014; 34:5895-5908.

Toda M, Suzuki T, Hosono K, Hayashi I, Hashiba S, Onuma
Y, Amano H, Kurihara Y, Kurihara H, Okamoto H, Hoka S,
Majima M. Neuronal system-dependent facilitation of tumor
angiogenesis and tumor growth by calcitonin gene-related
peptide. PNAS. 2008; 105:13550-13555.

Lindsay TH, Jonas BM, Sevcik MA, Kubota K, Halvorson KG,
Ghilardi JR, Kuskowski MA, Stelow EB, Mukherjee P,
Gendler SJ, Wong GY, Mantyh PW. Pancreatic cancer pain and
its correlation with changes in tumor vasculature, macrophage
infiltration, neuronal innervation, body weight and disease

progression. Pain. 2005; 119:233-246.

Hamamoto DT, Khasabov SG, Cain DM, Simone DA. Tumor-
evoked sensitization of C nociceptors: a role for endothelin. J
Neurophysiol. 2008; 100:2300-2311.

Hirth M, Rukwied R, Gromann A, Turnquist B, Weinkauf B,
Francke K, Albrecht P, Rice F, Higglof B, Ringkamp M,
Engelhardt M, Schultz C, Schmelz M, et al. Nerve growth

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

factor induces sensitization of nociceptors without evidence
for increased intraepidermal nerve fiber density. Pain. 2013;
154:2500-2511.

He S, Chen CH, Chernichenko N, Bakst RL, Barajas F,
Deborde S, Allen PJ, Vakiani E, Yu Z, Wong RJ. GFRal
released by nerves enhances cancer cell perineural
invasion through GDNF-RET signaling. PNAS. 2014;
111:E2008-2017.

Hulse RP, Drake RA, Bates DO, Donaldson LF. The control
of alternative splicing by SRSF1 in myelinated afferents
contributes to the development of neuropathic pain.
Neurobiol Dis. 2016; 96:186-200.

Ro LS, Chen ST, Tang LM, Jacobs JM. Effect of NGF and anti-
NGF on neuropathic pain in rats following chronic constriction
injury of the sciatic nerve. Pain. 1999; 79:265-274.

Sondell M, Lundborg G, Kanje M. Vascular endothelial
growth factor has neurotrophic activity and stimulates
axonal outgrowth, enhancing cell survival and Schwann cell
proliferation in the peripheral nervous system. J Neurosci.
1999; 19:5731-5740.

Beazley-Long N, Hua J, Jehle T, Hulse RP, Dersch R,
Lehrling C, Bevan H, Qiu Y, Lagreze WA, Wynick D,
Churchill AJ, Kehoe P, Harper SJ, et al. VEGF-A165b Is
an Endogenous Neuroprotective Splice Isoform of Vascular
Endothelial Growth Factor A in Vivo and in Vitro. Am J
Pathol. 2013; 183:918-929.

Hulse RP, Beazley-Long N, Ved N, Bestall SM, Riaz
H, Singhal P, Ballmer Hofer K, Harper SJ, Bates D,
Donaldson LF. Vascular endothelial growth factor-A165b
prevents diabetic neuropathic pain and sensory neuronal
degeneration. Clin Sci. 2015; 129:741-756.

Gallo G, Lefcort FB, Letourneau PC. The trkA receptor
mediates growth cone turning toward a localized source of
nerve growth factor. J Neurosci. 1997; 17:5445-5454.
Spillane M, Ketschek A, Jones SL, Korobova F, Marsick B,
Lanier L, Svitkina T, Gallo G. The actin nucleating Arp2/3
complex contributes to the formation of axonal filopodia and
branches through the regulation of actin patch precursors to
filopodia. Dev Neurobiol. 2011; 71:747-758.

Dollé L, El Yazidi-Belkoura I, Adriaenssens E, Nurcombe V,
Hondermarck H. Nerve growth factor overexpression and
autocrine loop in breast cancer cells. Oncogene. 2003;
22:5592-5601.

Luo M, Hou L, Li J, Shao S, Huang S, Meng D, Liu L,
Feng L, Xia P, Qin T, Zhao X. VEGF/NRP-1axis promotes
progression of breast cancer via enhancement of epithelial-
mesenchymal transition and activation of NF-kappaB and
beta-catenin. Cancer Lett. 2016; 373:1-11.

Timoshenko AV, Chakraborty C, Wagner GF, Lala PK.
COX-2-mediated stimulation of the lymphangiogenic
factor VEGF-C in human breast cancer. Br J Cancer. 2006;
94:1154-1163.

Dubois V, Couissi D, Schonne E, Remacle C, Trouet A.
Intracellular levels and secretion of insulin-like-growth-

WWW

.impactjournals.com/oncotarget

76620

Oncotarget



46.

47.

48.

factor-binding proteins in MCF-7/6, MCF-7/AZ and
MDA-MB-231 breast cancer cells. Differential modulation
by estrogens in serum-free medium. Eur J Biochem. 1995;
232:47-53.

Dore-Savard L, Lee E, Kakkad S, Popel AS, Bhujwalla ZM.
The Angiogenic Secretome in VEGF overexpressing Breast
Cancer Xenografts. Sci Rep. 2016; 6:39460.

Huerta JJ, Diaz-Trelles R, Naves FJ, Llamosas MM, Del
Valle ME, Vega JA. Epidermal growth factor receptor in
adult human dorsal root ganglia. Anat Embryol. 1996;
194:253-257.

Vongthavaravat V, Saymeh LA, Mesiya SA, Dunn ST,
Harty RF. Functional interaction between transforming
growth factor alpha and capsaicin-sensitive sensory neurons
in the rat stomach. Regul Pept. 2004; 119:163-167.

49.

50.

51.

Chalazonitis A, Kessler JA, Twardzik DR, Morrison RS.
Transforming growth factor alpha, but not epidermal growth
factor, promotes the survival of sensory neurons in vitro.
J Neurosci. 1992; 12:583-594.

Han QJ, Gao NN, Guo Q, Zhang ZN, Yu WH, Pan J, Wang
Q, Zhang X, Bao L. IPPS inhibits neurite growth in primary
sensory neurons by maintaining TGF-beta/Smad signaling.
J Cell Sci. 2013; 126:542-553.

Ghirelli C, Reyal F, Jeanmougin M, Zollinger R, Sirven P,
Michea P, Caux C, Bendriss-Vermare N, Donnadieu MH,
Caly M, Fourchotte V, Vincent-Salomon A, Sigal-Zafrani B,
et al. Breast Cancer Cell-Derived GM-CSF Licenses
Regulatory Th2 Induction by Plasmacytoid Predendritic
Cells in Aggressive Disease Subtypes. Cancer Res. 2015;
75:2775-2787.

www.impactjournals.com/oncotarget

76621

Oncotarget



