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Abstract

Background: Active crosstalk between the nervous system and breast cancer cells as well as other cell
types within the tumour microenvironment has been experimentally demonstrated in vitro and in animal
models. However, low frequencies of peripheral nerve presence in human breast cancers reported in
previous studies (~30% of cases) potentially negate a major role of the nervous system in breast cancer
development and progression. This study aimed to better define the incidence of nerves within human
breast cancers and to delineate associations with clinicopathological features.

Methods: Immunohistochemical staining was conducted in formalin-fixed paraffin-embedded breast
cancer tissue sections using antibodies against the pan-neuronal markers protein gene product 9.5
(PGP9.5) and growth-associated protein 43 (GAP-43), and the sympathetic nerve-specific marker tyrosine
hydroxylase (TH). Nerve trunks (comprised of many nerve fibres/axons) and isolated nerve fibres
(positively stained cells with or without typical morphology of axons outside definable nerve trunks) were
quantitated. The chi-squared test was used to determine the associations between nerve trunk or isolated
nerve fibre counts and clinicopathological parameters. The Log-rank test was used to compare
differences in patient progression-free survival (PFS) and overall survival (0S). A multivariate analysis
was performed according to the Cox Proportional Hazards Model to assess independent prognostic
factors.

Results: Nerve trunks and isolated nerve fibres were detected in 75% and 77% of breast cancers,
respectively. The overall frequency of peripheral nerves in breast cancers was 85%, a markedly higher
proportion than reported previously. Of note, most nerves present in breast cancers were of the
sympathetic origin (positive for TH). While high density of nerve trunks or isolated nerve fibres was
associated with poor PFS and OS of patients, high nerve trunk density appeared also to predict poor
patient PFS independently of lymph node metastasis.

Conclusions: Innervation of breast cancers is a common event correlated with poor patient outcomes.
These findings support the notion that the nervous system plays an active role in breast cancer
pathogenesis.

Background

Perineural invasion (PNI), a process in which cancer cells grow around existing nerves and/or invade the
perineural space of nerves, has long been known to be associated with metastasis and poor patient
outcomes in many cancer types [1-4]. However, the active crosstalk between the nervous system and
cancer cells as well as other types of cells in the tumour microenvironment has not been appreciated until
recently [4-6]. On one hand, neurotransmitters and growth factors secreted by nerves activate signal
pathways that promote cancer cell proliferation, invasion and metastasis [4—7]. On the other hand, cancer
cells produce neurotrophins that stimulate neural invasion of the tumour microenvironment [4-7].
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Moreover, signals generated by nerves can modulate the tumour microenvironment through regulating
angiogenesis and infiltrating immune cells [4, 5].

Through secreting neurotrophins such as nerve growth factor (NGF), breast cancer cells induce neurite
outgrowth of neuronal cells in vitro [8—11]. Indeed, denervation causes regression of established breast
cancer in ex vivo models [12], providing direct evidence that nerve supply is necessary for breast cancer
growth. Consistently, chronic neural activity can be recorded within the tumour mass of mouse breast
cancer models [13]. Of interest, sympathetic and parasympathetic nerves appear to have opposite effects
on breast cancer growth [14]: sympathetic neurostimulation accelerates, whereas parasympathetic
neurostimulation decelerates the progression of both human breast cancer xenografts and spontaneous
breast cancer models in mice [14]. Intriguing clinical evidence supporting the role of the sympathetic
nervous system in breast cancer also comes from several population-based studies involving beta
blockers, competitive antagonists that block interactions between epinephrine and norepinephrine with
adrenergic beta receptors, reducing breast cancer progression and improving patient outcomes [15-17].

Despite these advances in understanding of the role of the nervous system in breast cancer progression,
information about innervation of human breast cancers in vivo s still limited. The reported incidence of
nerves in breast cancers varied widely and was generally low, with frequencies ranging from 28-61% [8,
18, 19], potentially negating a major role of the nervous system in this disease. Moreover, whether nerve
fibre innervation of breast cancers is associated with patient outcomes remains unclear [8, 18, 19]. In
view of these, we have caried out immunohistochemistry (IHC) analysis of breast cancer innervation in a
patient cohort. Here we report that both nerve trunks that are comprised of many nerve fibres/axons and
isolated nerve fibres are present in a markedly larger proportion of breast cancers than previously
described, and that high density of nerve trunks or isolated nerve fibres is associated with poor patient
progression-free survival (PFS) and overall survival (0OS). Moreover, we demonstrate that high nerve trunk
density is potentially a predictor of poor patient PFS independently of lymph node involvement. Our
results also reveal that nerves infiltrating breast cancers are predominantly of the sympathetic origin.

Materials And Methods
Patients and tissue specimens

The archival formalin-fixed paraffin-embedded (FFPE) breast cancer tissue blocks from 126 female
patients (median age 50, ranging from 26 to 81) who underwent surgery at the Department of Breast
Surgery of Shanxi Bethune Hospital, Taiyuan, China, during the period from March 2012 to December
2014 were retrieved from the Department of Pathology of the hospital. Hematoxylin and eosin (H&E)
stained sections of all 126 cases were reviewed and pathological diagnoses were confirmed by two
independent pathologists (LN Hu and L Li). Estrogen receptor (ER), progesterone receptor (PR) and
human epidermal growth factor receptor 2 (HER2) positivity was determined using
immunohistochemistry (IHC) at the time of pathological examination of surgical specimens and the
results were retrieved from medical records. The clinicopathological characteristics of the patients are
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included in Tables 1 and Supplementary Tables 1-6. All included patients were regularly followed up for
a minimal 66-month period. The study was approved by the Human Ethics Review Committee of Shanxi
Bethune Hospital. Informed consents were obtained from all patients during their hospitalization.
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Table 1

The relationship between the density of nerve fibres and clinicopathological parameters in breast cancer
(the high quartile nerve fibre count as the cut-off)

Parameter Low nerve fibre High nerve fibre counts (n = 34) pvalue?

counts (n=92)

Tumor size® 0.1837
1(n=56) 45 (80.4%) 11 (19.6%)
2 (n=61) 42 (68.9%) 19 (31.1%)
3 (n=4) 3 (75.0%) 1(25.0%)
4 (n=5) 2 (40.0%) 3 (60.0%)
Patient age® 0.0865
50< (n = 64) 51 (79.7%) 13 (20.3%)
50> (n = 62) 41 (66.1%) 21 (33.9%)
Lymph node involvement® 0.0312
0(n=71) 56 (78.9%) 15 (21.1%)
1(n=31) 24 (77.4%) 7 (22.6%)
2 (n=10) 6 (60.0%) 4 (40.0%)
3 (n=14) 6 (42.9%) 8 (57.1%)
HER2¢ 0.4858
HER2 - (n = 91) 68 (74.7%) 23 (25.3%)
HER2 + (n = 35) 24 (68.6%) 11 (31.4%)
ER® 0.4304
ER - (n = 44) 34 (77.3%) 10 (22.7%)
ER + (n = 82) 58 (70.7%) 24 (29.3%)
PR & 0.8779
PR - (n = 57) 42 (73.7%) 15 (26.3%)
PR + (n = 69) 50 (72.5%) 19 (27.5%)
0.7351

Molecular subtypef

Luminal A (n = 69)

50 (72.5%)

19 (27.5%)
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Parameter

Luminal B (n=15)
HER-2 positive (n = 20)
Triple negative (n = 22)
Pathological subtype?
IDC (n=116)

ILC (n = 6)

Others (n = 4)
Menopause
Pre-menopause (n = 69)
Post-menopause (n = 57)
The age of menarche "
<15(n=73)

>15 (n=53)

Low nerve fibre High nerve fibre counts (n = 34)

counts (n=92)

10 (66.7%)
14 (70.0%)
18 (81.8%)

85 (73.3%)
5 (83.3%)
2 (50.0%)

56 (81.2%)
36 (63.2%)

60 (82.2%)
32 (60.4%)

5 (33.3%)
6 (30.0%)
4 (18.2%)

31 (26.7%)
1(16.7%)
2 (50.0%)

13 (18.8%)
21 (36.8%)

13 (17.8%)
21 (39.6%)

aChi-squared test, a Pvalue < 0.05 was considered statistically significant.

bTumor sizes were scored according to the TNM staging system.

p-value?

0.4957

0.0235

0.0065

“Patients were arbitrarily divide into two groups according to the median age at diagnosis age 50.

dLymph node involvement was scored according to the TNM staging system.

®HER2, ER and PR positivity defined using immunohistochemistry was recorded in the pathological
report of surgically removed breast cancer tissues.

*Molecular subtypes were defined as luminal A: ER + and/or PR+/HER2-; luminal B: ER + and/or
PR+/HER2+; HER2+; TNBC: ER-/PR-/HER2-.

9IDC: Invasive ductal carcinomas; ILC: Invasive lobular carcinomas; Others including micropapillary
carcinomas, metaplastic carcinomas and mucinous adenocarcinomas.

hPatients were arbitrarily divided into two groups according to the median age of menarche age 15.

Immunohistochemistry (lhc) And Assessment Of Ihc

Staining
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Serial four-micrometre-thick sections were prepared from each FFPE tissue block before deparaffinization
and rehydration following standard procedures. Heat induced epitope retrieval was carried out in a citrate-
based low pH buffer (Vector Laboratories) using a decloaking chamber (Biocare) at 95°C for 20 min. IHC
was then carried out using an automated immunohistochemistry system (Ventana BenchMark XT, Roche,
Switzerland). Briefly, endogenous peroxidase activity was blocked with 0.03% hydrogen peroxidase and
Fc receptors blocked with 10% normal horse serum. Antibodies (Abs) and controls were purchased from
Abcam (Abcam, Shanghai, China), including rabbit anti-human protein gene product 9.5 (PGP9.5)
monoclonal Ab (Cat: ab108986), rabbit anti-human growth associated protein 43 (GAP43) monoclonal
Ab (Cat: ab75810), rabbit anti-human tyrosine hydroxylase (TH) polyclonal AB (Cat: ab75875) and non-
immune rabbit IgG control (Cat: ab188776). ImmPRESS HRP anti-rabbit IgG (peroxidase) (Cat:
NC9294174) was then applied, and staining revealed with DAB peroxidase substrate solution (Cat:
34002). Sections were finally counterstained with Harris hematoxylin (Cat: ab220365).

The identity of positively stained nerves was readily confirmed by comparison with serial sections applied
with the non-immune rabbit IgG control. The counts of nerve trunks (comprised of many nerve
fibres/axons) and isolated nerve fibres (positively stained cells with or without typical morphology of
axons outside definable nerve trunks; hereafter referred to as nerve fibres for simplicity) were derived at
high (x400) magnification from 10 random fields using an Olympus BLISS High-Definition Virtual
Microscope (Olympus, Japan). Each slide was examined by two independent pathologists and counts of
nerve trunks and isolated nerve fibres, respectively, were recorded as averages.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism 9 and IBM SPSS Statistics 27. Progression-
free survival (PFS) and overall survival (OS) were calculated using the Kaplan-Meier univariate estimates.
Differences in PFS and OS between patients with high or low nerve fibre/trunk numbers upon various cut-
offs were compared using the Log-rank (Mantel-Cox) test. The univariate analysis was followed by
multivariate analysis according to the Cox Proportional Hazards Model to assess independent prognostic
factors. The correlation between GAP43 and PGP9.5 or TH and PGP9.5 staining were compared using
simple linear regression. Simple unadjusted associations between nerve trunks and nerve fibres and other
pathological variables were performed using the chi-squared (x?) test. A Pvalue<0.05 was considered
statistically significant.

Results

Breast cancers are frequently innervated by nerve trunks
and isolated nerve fibres

We initially carried out studies in FFPE breast cancer tissue sections from 50 patients using
immunohistochemistry with Abs against the two pan-neuronal makers, PGP9.5 and GAP43 [20, 21]. The
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results showed that both Abs identified nerve trunks and fibres with identical patterns and frequencies,
although PGP9.5 staining intensity was commonly weaker, albeit moderately, than GAP43 (Fig. 1A). Nerve
trunks were present in 38 cases (76%), whereas nerve fibres, 39 cases (78%). There was virtually perfect
correlation between the counts of nerve trunks and fibres stained by the two Abs (Fig. 1B). We thus
employed only the anti-PGP9.5 Ab for further investigation.

We extended the IHC study using the anti-PGP9.5 Ab to a total of 126 breast cancers. Nerve trunks were
detected in 95 (75%) cases, and nerve fibres in 98 (77%) cases. The presence of nerve trunks, fibres or the
co-existence of nerve trunks and fibres occurred in 107 cases (85%), demonstrating that innervation of
breast cancer is a common event. Nerve fibres were most frequently observed around cancer cell nests or
alongside blood vessels in the tumour stroma (Fig. 2A-D), consistent with previous results [8]. Noticeably,
nerve fibres infiltrating into cancer cell nests were also observed (Fig. 2E), supporting the notion that
cancer cells chemoattract nerve fibres to support their malignancy [4-6].

To further characterise the nerve trunks and nerve fibres identified, we stained breast cancer tissue
sections from 20 patients that were positive for PGP9.5 using an anti-tyrosine hydroxylase (TH) Ab, a
marker of sympathetic neurons [22]. Indeed, most nerve trunks and fibres positive for PGP9.5 were also
positive for TH (Fig. 3A & B). The counts of nerve trunks identified by the anti-PGP9.5 Ab were positively
correlated with those identified with the anti-TH Ab (Fig. 3B). Similarly, TH-positive nerve fibre counts were
correlated with those positive for PGP9.5. Thus, nerves present in breast cancers are predominantly of the
sympathetic origin.

Nerve presence in breast cancer is associated with poor patient PFS

To test for associations between nerve presence and other clinicopathological characteristics, we
classified the 126 breast cancers into nerve positive and nerve negative groups, i.e. cases containing
nerve trunks or fibres, alone or in combination, or cases lacking nerve trunks and fibres. Chi-squared
analysis showed that there were no significant differences in the frequencies of nerves among breast
cancers of different clinicopathological groups defined by tumour size, lymph node involvement,
pathological and molecular subtype, patient age, and menopausal status (Supplementary Table 1).
Similarly, no significant differences were found in the frequencies of nerves among breast cancers with
and without estrogen receptor (ER), progestogen receptor, or HER2 expression (Supplementary Table 1).
Interestingly, nerves were present more frequently in breast cancers of patients with relatively late
menarche (Supplementary Table 1). The presence of nerves was observed in 79.5% of breast cancers of
patients with menarche occurring before or at age 15 (the median age at menarche of the 126 patients),
whereas 92.5% of breast cancers from those with late menarche exhibited nerve presence (P=0.0441)
(Supplementary Table 1).

We then analysed whether nerve presence is associated with patient outcomes. The Log-rank test
revealed that the presence of nerves is significantly related to poor PFS of patients [hazard ratio (HR) =
4.064, 95% confidence interval (Cl) =1.813 t0 9.111, P=0.0351] (Fig. 4A). However, it was not
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significantly associated with patient OS, although there was a consistent trend that patients with breast
cancers containing nerves had shorter 0S (HR =4.378,95% Cl=1.406 to 13.13, P=0.1136) (Fig. 4B).

High nerve fibre density is associated poor patient PFS and OS in breast cancer

We next asked whether the presence of nerve fibres alone is associated with breast cancer patient
outcomes. When the 126 breast cancers were classified into nerve fibre positive and negative groups, it
was found that patients with breast cancers displaying nerve fibres tended to have poorer PFS (HR =
2.401,95% Cl=1.188 to 4.850, P=0.0567) and OS (HR =3.367,95% Cl=1.298 to 8.734, P=0.0806),
although the differences were not statistically significant (Figs. 5A & B).

Similarly, when the cases were stratified using the median of nerve fibre counts as cut-off, there were no
significant differences between breast cancers containing high and low densities of nerve fibres for either
PFS (HR=1.293,95% Cl=0.7062 to 2.369, P = 0.4033) or OS (HR =1.656,95% Cl = 0.7309 to 3.751, P=
0.2319) between patients with breast cancers containing high and low densities of nerve fibres (Figs. 5C
& D). Nonetheless, when the high quartile of nerve fibre counts was chosen as the cut-off, the high
occurrence of denser nerve fibres was associated with significantly worse PFS (HR = 1.988,95% Cl =
0.976 to 4.051, P=0.0266) and OS (HR=2.916,95% Cl=1.119 to 602, P=0.0070) (Figs. 5E & F).
Therefore, high nerve fibre density in breast cancer is associated with compromised patient PFS and OS.

We also analysed the relationship between nerve fibre presence and other clinicopathological
characteristics. The occurrence of nerve fibres was not associated with tumour size, lymph node
involvement, pathological and molecular subtype, patient age, and menopausal status, estrogen and
progestogen receptor statuses, HER2 positivity and age of menarche (Supplementary Table 2). However,
when cases were stratified into high and low nerve fibre groups using a median nerve fibre count cut-off,
later menarche compared to early menarche patients (at or before age 15) displayed higher nerve fibre
densities in breast cancer tissues (62.3% versus 42.5%, respectively; P=0.0282) (Supplementary Table 3).
Intriguingly, ER positive breast cancers appeared to have significantly more nerve fibres than non-ER
cases (P=0.0176) (Supplementary Table 3).

Analyses performed using the high quartile nerve fibre counts as the cut-off showed that a significantly
larger proportion of patients with late menarche exhibited higher density of nerve fibres compared with
those with early menarche (P=0.0065) (Table 1). Furthermore, breast cancers with increased lymph node
involvement displayed a higher density of nerve fibres (P=0.0312) (Table 1). Only 21.1% of breast
cancers without lymph node involvement displayed high density of nerve fibres compared with 57.1% of
N3-staged breast cancers (Table 1).

High nerve trunk density is associated with poor patient PFS and OS in breast cancer

While there was a clear trend between nerve fibres and patient outcomes (Fig. 5), analyses stratified by
nerve trunks alone indicated their presence was significantly related to patient PFS (HR =2.755, 95% Cl =
1.395t0 5.439, P=0.0258) and OS (HR =3.845,95% Cl=1.528 t0 9.674, P=0.0494) (Figs. 6A & B). No
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statistically significant differences were seen in either PFS or OS when cases were analysed as high or
low nerve trunk counts based on median counts as the cut-off (PFS HR =1.822,95% CI=0.9917 to 3.348,
P=0.0517 and OS HR=1.601,95% Cl =0.7040 to 3.643, P=0.2574) (Figs. 6C & D). Nevertheless, the
same tendency remained that patients with breast cancers containing more nerve trunks had worse
outcomes. Indeed, setting the high quartile of nerve trunk counts as the cut-off, the association between
high nerve trunk density and poorer patient PFS was significant (HR =2.684, 95% Cl=1.235to 5.834, P=
0.0011), with the trend of association with OS almost reaching statistical significance (HR = 2.274, 95%
Cl=0.8023 to 6.445, P=0.0530) (Figs. 6E & F).

Analysis of the relationship between nerve trunks and other clinicopathological characteristics indicated
nerve trunks were present in a larger proportion of breast cancers cases with late (86.8%) compared to
early menarche (67.1%) (P =0.0114) (Supplementary Table 4). Notably, more breast cancers from post-
menopausal patients (84.2%) showed nerve trunk presence than those from pre-menopausal patients
(68.1%) (P=0.0368) (Supplementary Table 4). However, there were no significant differences in the
frequency of nerve trunks among breast cancers grouped according to tumour size, lymph node
involvement, pathological and molecular subtype, patient age, and estrogen and progestogen receptor
status (Supplementary Table 4). Analysis of the data using cut-off values according to either median or
high quartile nerve trunk counts showed no significant differences amongst the different
clinicopathological variables (Supplementary Tables 5 & 6).

High nerve trunk density in breast cancer may predict poorer patient PFS independently of lymph node
involvement

Based on the preceding findings, we assessed the value of nerve fibre and trunk innervation as an
independent predictive factor of breast cancer outcomes, directly comparing this with lymph node
involvement, the strongest known prognostic factor in breast cancer [23-25]. Strikingly, the high density
of nerve trunks defined using the high quartile of nerve trunk counts in breast cancers appeared to predict
poorer patient PFS (HR =2.281,95% Cl =1.209 to 4.301, P=0.011) independently of lymph node
involvement (HR =1.667,95% Cl=1.279 to 2.172, P=0.000), although it did not appear to be associated
with OS (Table 2). In contrast, nerve fibre or trunk presence, high nerve fibre density defined using the
median or high quartile of counts as the cut-off, or high nerve trunk density defined using the median of
counts as the cut-off, did not appear to have an independent prognostic significance.

Table 2. High abundance of nerve trunks is a predictive factor of PFS independently of lymph node
involvement at surgery (Multivariate Cox regression analysis)

Progression-free survival Overall survival
Factors HR (95%CI)® Pvalue®  HR (95%Cl)° Pvalue?
High nerve trunk counts 2.281(1.209-4.301) 0.011 1.832(0.764-4.394) 0.175
Lymph Node involvement  1.667 (1.279-2.172)  0.000 1.848 (1.302-2.623)  0.001
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dMultivariate Cox regression analysis with the Pvalue obtained from two-sided log-rank test. A Pvalue <
0.05 was considered statistically significant.

@HR: Hazard Ration; Cl: confidence interval

Discussion

Active crosstalk between the nervous system and cancer cells as well as other types of cells in the tumour
microenvironment has been experimentally demonstrated in an increasing variety of cancers such as
pancreatic, gastric, colon, prostate, ovary, skin and breast cancer [12, 26-33]. However, the varying
incidence of innervation in breast cancers, particularly those reports indicating a low frequency, have cast
doubts as to whether nerves play a major role in the development and progression of the disease [8, 18,
19]. We demonstrated in this study that nerves are present in 85% of breast cancers, a proportion
markedly larger than previously observed [8, 18], indicating that innervation is a common event in breast
cancers. The reason between the discrepancy between this and previous studies is not entirely clear, but it
is conceivably related to TMAs used in some studies that might underrepresent nerve presence due to
inherited bias in sampling tissues [8]. Moreover, we used two independent pan-neuronal makers in our
initial study that exhibited virtually the same expression pattern and density, indicating that the high
frequency of nerves we observed was not caused by non-specific staining of other types of cells. Our
results therefore provide strong evidence supporting the frequent occurrence of neuronal involvement in
breast cancer and establish a rational basis for active interactions between the nervous system and
human breast cancer.

Different types of nerves may exert cancer type-specific functions [4, 5]. For example, cholinergic
signalling generated from parasympathetic nerves inhibits the growth and progression of pancreatic
adenocarcinoma and breast cancer but has a strong oncogenic effect on gastric adenocarcinoma [23,
31]. We found that the vast majority of nerves infiltrating into breast cancer tissues are of the
sympathetic origin, consistent with the promoting role of sympathetic nerves demonstrated in animal
models of breast cancer [14]. In accordance, increased sympathetic nerve density in breast cancers is
associated with poor patient prognosis, whereas beta blocker intake inhibits breast cancer progression
[14]. Although how sympathetic nerves promote breast cancer progression is not fully understood, their
presence has been linked to high expression of immune checkpoint molecules such as PD-1 and PD-L1 in
the breast cancer microenvironment [14], pointing to a role sympathetic nerves in regulating the
interaction between breast cancer cells and the immune system.

An important finding of this study was that the presence of nerves identified using a pan-neuronal maker
was similarly associated with poor PFS of patients. Moreover, our quantitative analysis revealed that
when the high quartile of counts was used as the cut-off, high density of nerve trunks or isolated nerve
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fibres was associated with poor PFS as well as poor OS of patients. The presence of nerves was
previously shown to be associated with lymph node metastasis and consistently we also found that high
density of isolated nerve fibres was related to increased lymph node involvement [8]. These results
substantiate the role of the nervous system in promoting breast cancer progression and further suggest
that pathological assessment of innervation status could provide additional prognostic information.
However, this approach would require some practical considerations as nerve trunks may not always be
observed due to small size of tumours and bias in sampling of specimens. On the other hand, as we
observed in this study, isolated nerve fibres are dispersed throughout breast cancer tissues, either within
the tumour stroma or often around or infiltrating into cancer cell nests, mirroring the neurite outgrowth
induced by cancer cells in vitro [8]. Nevertheless, the density of nerve trunks but not nerve fibres was
found to predict poor patient PFS independently of lymph node involvement, the most powerful
prognostic factor in breast cancer [23—-25]. This implies that that nerve trunks and not isolated nerve
fibres are more strongly associated with breast cancer progression. Indeed, cancer cells use nerves in
addition to lymphatics and blood vessels as routes of metastasis and PNI is known to associate with
poor outcomes in many cancer types including breast cancer [18, 19].

Another pertinent consideration involves the potential links between cancer neuroscience and psycho-
oncology, another rapidly growing interdisciplinary field [35-38]. Many clinical studies have established
links between psychological stress and breast cancer progression and treatment resistance, with
associations with poor patient prognosis [35-37, 39]. Although the molecular mechanism(s) responsible
remains to be fully elucidated, it is known that psychological stress triggers alterations in neuronal
secretions [38, 40, 41], whereas a number of neurotransmitters such as dopamine and norepinephrine can
regulate the migration of the breast cancer cells [42]. Moreover, stress may stimulate angiogenesis
directly through sympathetic nerve activation within the cancer microenvironment [30, 43-45]. Our
findings that innervation is common in breast cancer and high nerve density is associated with poor
patient outcome support the notion that there is a close association between psychological stress and
breast cancer pathogenesis and progression.

It is intriguing that breast cancers from patients with later menarche commonly contain more nerves,
implying that these patients may have worse prognosis than those whose menarche occurs at younger
age. However, early menarche is a well-established breast cancer risk factor and is also associated with
the risk of lymph node metastasis and poor patient prognosis [46, 47]. Similarly, our results showed that
ER* breast cancers displayed higher densities of nerve fibres, implicating worse outcomes of these
patients. However, ER* breast cancer patients tend to have better survival outcomes related to benefits
associated with treatment efficacy and the long-term tolerability of endocrine therapy [48, 49]. Moreover,
we also found that breast cancers of post-menopausal patients tended to have high densities of nerves,
suggestive of poorer prognosis of these patients. Indeed, older breast cancer patients commonly have
worse survival than those diagnosed at younger ages [50, 51]. Nevertheless, we did not identify
differences in breast cancer innervation among different age groups. What causes these paradoxes is
unknown, but our results suggest that the innervation status be considered in stratifying patients in future
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studies. Large cohorts of breast cancers need to be analysed to draw more explicit conclusions about the
clinical usefulness of qualitative and quantitative analysis of nerve trunks and fibres in breast cancer
tissues. Furthermore, it would be interesting to interrogate whether the presence of nerves is associated
with breast cancer responses to systematic treatments.

Conclusions

Our results indicate that innervation of breast cancers is a common event and reveal a correlation
between high nerve density in breast cancers and poor patient outcomes. These findings support the
notion that the nervous system plays an active role in breast cancer pathogenesis and call for further
exploration of approaches to disrupt the effects of nerves on breast cancer cells and the tumour
microenvironment for the treatment of the disease.
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IHC staining of PGP9.5 and GAP43 identified nerve trunks and fibres with similar patterns and
frequencies in breast cancer tissues. A. Representative microphotographs of IHC staining of PGP9.5 and
GAP43 in serial breast cancer tissue sections. Scale bar, 100um. B. The positive correlation in the counts
of nerve trunks (left) or fibres (right) identified by staining of PGP9.5 and GAP43 with IHC (regression
analysis).
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Figure 2

Representative microphotographs of IHC staining of PGP9.5 showing nerve trunks (A) and nerve fibres
around cancer cell nests (B), alongside blood vessels (C), next to adipocytes and infiltrating into cancer
nests (D).
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Figure 3

Nerve trunks and fibres present in breast cancer tissues are predominantly of the sympathetic nervous
system. A. Representative microphotographs of IHC staining of PGP9.5 and TH in serial breast cancer
tissue sections. Scale bar, 100um. B. The positive correlation in the counts of nerve trunks (left) or fibres
(right) identified by staining of PGP9.5 and TH using IHC (regression analysis).
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Figure 4

Log-rank analysis of the probability of PFS (A) and OS (B) of patients of breast cancers with or without
the presence of nerves.
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Figure 5

Log-rank analysis of the probability of PFS and OS of patients of breast cancers with or without the
presence of nerve fibres (A & B), with high or low densities of nerve fibres defined with the median (C & D)
or high quartile (E & F) of nerve fibre counts as the cut-off (C & D).
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Figure 6

Log-rank analysis of the probability of PFS and OS of patients of breast cancers with or without the
presence of nerve trunks (A & B), with high or low densities of nerve trunks defined with the median (C &

D) or high quartile (E & F) of nerve trunk counts as the cut-off (C & D).
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