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Abstract

The tumor microenvironment (TME) is important for cancer growth and progress, and
the field of cancer neuroscience is now emerging. Here, we asked whether
neurogenesis and angiogenesis are associated features in breast cancer and related
to aggressive behavior. By studies of proteins and mRNA scores in human breast
cancer cohorts, we found that neurogenesis and a consolidated neuro-angiogenic
signature were linked to high-grade breast cancer characteristics and reduced survival,
also within the luminal tumor subgroup. Cases with high neuro-angiogenic score were
split in two subclusters, one hormone receptor negative and one receptor positive.
Single cell-based spatial mapping by imaging mass cytometry indicated significant
colocalization of neural and vascular structures, suggesting the presence of neuro-
vascular niches within the tumor tissue. Our findings might be relevant for improved

patient stratification and further exploration of novel treatment targets.

Introduction

Tumor-stroma communication is important for cancer progression and is suggested as
a therapeutic target. Programs of inflammation, angiogenesis, and fibroblast activation
are among the tumor microenvironment (TME) characteristics of aggressive cancer
(1). Recently, evidence has indicated links between tumor cells, nerve elements and
progressive disease (2,3), and studies suggest that cancer cells may secrete certain
factors that promote the recruitment of both sprouting axons and endothelial cells (4-

8). In breast cancer, studies of neural tissue in tumor stroma are limited (9-15), and the
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potential coexistence and coregulation of microaxons and microvessels has not been

examined in human tumor tissues.

Here, we investigated whether neurogenesis (i.e. axonogenesis) and angiogenesis are
associated features in the breast cancer microenvironment, and the relationship
between these structures and aggressive cancer phenotypes were examined. Taken
together, our tissue-based data indicate that these processes are coexisting and
appear to have an impact on disease progression in human breast cancer. Our findings
provide a basis for improved patient stratification and identification of novel targets for

precision treatment.

Results

Markers of neurogenesis and angiogenesis associate with aggressive breast
cancer

Our purpose was to study the presence and significance of neurogenesis and
angiogenesis in human breast cancer, their association, and how they are linked to
clinico-pathologic phenotypes and prognosis. We also wanted to examine the spatial
relationship between these components in the TME. First, we applied
immunohistochemistry (IHC) on tissues from 534 primary breast cancers and 95

matched lymph node metastases (Bergen Breast Cancer Cohort).

Neurogenesis in primary tumors and lymph node metastases. Among 483 primary
tumors (90%), microaxons were detected in 102 cases (21%; Figure 1a), and nerve
bundles were found in 126 cases (36%; Figure 1b); 9% of the cases had both.
Summary statistics revealed a median MAD (microaxon density) of 0.058 per mm?

(range 0-1.06), and median NBD (nerve bundle density) of 0.08 per mm? (range 0—
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0.10). Microaxons (presence vs. absence) associated with large tumor diameter, high
histologic grade, ER negativity, high tumor cell proliferation by Ki67 expression, and
molecular subtype; higher MAD was observed among HER2 positive and triple
negative tumors (Table 1). No associations were observed between NBD and features

of the primary tumors.

In lymph node (LN) metastases (n=95), 23 micrometastases and 14 additional cases
were excluded due to insufficient material. Microaxons were present in 36 of 58
metastatic lymph nodes (62%), with MAD exhibiting reduced values compared to
matched primary tumors (P=0.001). Presence of microaxons in LN metastases was
associated with larger primary tumor diameter and negative ER and PR. Again, the
aggressive molecular subtypes showed the highest values (i.e. HER2+ and ftriple
negative (borderline, p=0.07) subgroups; Supplementary Table 1). Nerve bundles

were not detected in lymph nodes with metastases.

Angiogenesis in primary tumors and lymph node metastases. We then examined
markers of angiogenesis, i.e. microvessel density (MVD, vessel count/mm?), vascular
proliferation (pMVD, count of proliferating vessels/mm?) and VPI (pMVD/MVD x 100).
Among 461 primary tumors (86%) (Figure 1c-d), summary statistics revealed median
pMVD of 3.07 (range 0-37.8/mm?), median VPI of 3.5 % (range 0-49.0), and median
MVD of 77.6 (range 13.9-318/mm?). High pMVD and VPI scores showed consistent
associations with features of aggressive tumors; scores were higher in HER2 positive,

triple negative and basal-like subtypes (Table 2; Supplementary Figure 1a-b).

Results for LN metastases paralleled the primary tumor tissues (Supplementary

Table 2). Angiogenesis by pMVD and VPI scores were reduced in LN metastases
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compared to matched primary tumors (Supplementary Table 3); VPI decreased within

all molecular subtypes (Supplementary Table 4).

Markers of neurogenesis and angiogenesis are correlated in breast cancer
tissues

By case-based correlation analysis, neurogenesis (by MAD count) and angiogenesis
(by pMVD count and VPI score) were positively correlated in primary tumors (for both:
r(s)=0.3, P<0.001); no correlation was detected between MAD and MVD counts
(Figure 1e; Supplementary Figure 2a-c). Higher VPI scores were observed in
primary tumors with presence of microaxons (P<0.001; Figure 1f); this correlation was
observed in luminal/HER2 negative and HER2 positive subtypes (Figure 1g-k). In
contrast, no associations were observed between nerve bundles and vascular
markers. Taken together, our IHC studies revealed positive correlations between

neurogenesis and angiogenesis in primary breast cancer tissues.

Spatial analysis of neural and vascular structures indicates co-localization in
breast cancer tissues

To investigate the spatial single-cell distribution and potential co-localization of neural
and vascular structures in breast cancer, we designed an imaging mass cytometry
(IMC) panel of 38 markers; 12 of these markers were used in the current project
(Supplementary Table 5) to profile 10 samples from luminal-like (n=5) and basal-like
(n=5) tumors. IMC uses isotope-labelled antibodies combined with laser ablation and
mass-spectrometry to produce high dimensional images which are further segmented
into single-cell information to investigate co-expression and spatial distribution of
various markers. Altogether, we identified 46,574 single-cells or equally denoted cell

units (i.e., 25,532 from basal-like and 21,042 from luminal-like tissues), quantifying the
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marker expression together with spatial information of each cell unit. An unsupervised
clustering approach was used to identify cell phenotype clusters of different epithelial
phenotypes, T-cells, B-cells, macrophages, endothelial cells, stromal cells (16).
Vascular proliferation was determined by dividing endothelial cells on the basis of Ki67
and CD31 co-expression, using density estimations from the flowDensity software (17),
resulting in the following four subsets (denoted as vascular phenotypes): Ki67-
low/CD31-high, Ki67-high/CD31-high, Ki67-high/CD31-low and Ki67-low/CD31-low
(Supplementary Figure 3a). Quantification of cell units in each subset (Figure 2a)
indicated that higher number of proliferating vessels was present in basal-like
compared to luminal-like tumors (69.03% vs. 30.97%). Our analysis showed that
putative pre-existing and not proliferating vessels were present in both tumors, with

luminal-like cancers having higher relative percentage.

To elucidate whether markers of neural differentiation and vasculature are co-
expressed within the same cell units (or overlapping densely packed units), we used
density estimation of the Neurofilament marker that resulted in groups of low and high
expression (Supplementary Figure 3b). Our analyses revealed that cell units of
higher vascularization (CD31-high) exhibited higher levels of neural differentiation
based on Neurofilament expression (P<0.001; Figure 2b-c). Thus, using median
expression values of CD31 and Neurofilament across the studied cell units, our
analysis indicated consolidated neurogenic and angiogenic features, i.e. the existence
of a “neuro-angiogenic profile” (Figure 2d). We then asked whether the consolidated
neuro-angiogenic profile could be used to discriminate between basal-like and luminal-
like cases at the sample level. To do so, we used as input the consolidated neuro-

angiogenic profile and projected basal-like and luminal-like samples into 2D space,


https://doi.org/10.1101/2022.01.28.477898
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.28.477898; this version posted January 28, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

using Multidimensional Scaling (MDS). We found that the basal-like samples were
projected in closer proximity to each other, and they were clearly separated from the

luminal-like samples (Figure 2e).

The identified neuro-angiogenic profiles or units were also detected visually, when cell
units were mapped to the 2D space using t-distributed stochastic neighbor embedding
(TSNE) (Figure 3a). Further, we used IMC-based images to detect areas with spatial
co-localization of neural and vascular structures. For each endothelial cell unit, we
estimated the number of neighboring cells using a k-nearest approach, and we
visualized the average distance from all cell units with high Neurofilament marker
expression. Our results indicated that proliferating vessels (Ki67-high/CD31-high) were
on average in closer proximity to cell units of high neural differentiation (by
Neurofilament expression; Kolmogorov—Smirnov statistic; Figure 3b). Our results were
validated using pseudo-colored IMC images with representative markers indicating

close proximity between neural and vascular structures (Figure 3c-d).

Taken together, our single-cell spatial analysis revealed that markers reflecting
neurogenesis (Neurofilament) and angiogenesis (CD31), are co-expressed and/or co-
localized, supporting relationships which might be functionally important. Thus, our
IMC-based data are in concordance with observations from our case-based IHC

analyses.

Proteomic analysis indicates differential expression of neurogenic and

angiogenic proteins in breast cancer tissues
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To understand the extent to which neurogenic and angiogenic proteins are differentially
expressed in luminal and basal cell types, we profiled by mass spectrometry a cohort
of 24 laser microdissected tumor epithelial samples from basal-like (n=12) and luminal-
like (n=12) breast cancer tissues. Gene Ontology (GO) annotations were then used to
identify gene sets related to axonogenic (GO:0007409), neurogenic (GO:0022008) and
angiogenic (G0O:0001525) processes. Due to the high degree of overlap between
axonogenic and neurogenic annotations from GO, these two sets were merged and
are referred to as “neurogenic” in the following. After duplicate removal, we compiled
a set of 473 genes characterizing axon morphogenesis, axon growth, neuron process
generation, nervous system cell generation, neural cell differentiation, and another set
of 494 genes characterizing blood vessel formation from proliferating pre-existing

vessels.

In our proteomic dataset of 4122 quantified proteins, we detected 102 proteins from
the neurogenesis set, and 121 proteins from the angiogenesis set. Bioinformatics
analysis revealed 967 differentially enriched proteins between basal-like and luminal-
like cases (Figure 4a); 25 proteins from the neurogenesis set, and 17 proteins from
the angiogenesis set (hypergeometric probability of 0.01). Focusing on differentially
enriched proteins from the neurogenic set, S100A6 exhibited the highest log-fold
change (~3) between basal-like and luminal-like types, whereas MAPT exhibited the
lowest log-fold change (~-5) (Figure 4b; Supplementary Table 6a). Focusing on
differentially enriched proteins from the angiogenic set, HK2 exhibited the highest log-
fold change (~3.4) between basal-like and luminal-like types, whereas AGO1 exhibited

the lowest log-fold change (~-2.1) (Figure 4c; Supplementary Table 6b).
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Collectively, our proteomics data indicates that several proteins related to
neurogenesis and angiogenesis were differentially expressed between basal-like and
luminal-like subtypes, indicating that different mechanisms of neurogenesis and

angiogenesis are likely to be present in these breast cancer subtypes.

We hypothesized that the identified protein expression profiles might characterize
aggressive tumor features. To investigate this, we projected basal-like and luminal-like
samples into a two-dimensional space, using MDS. Basal-like samples were projected
in closer proximity between each other. Similarly, the luminal-like samples were
grouped together, occupying a different space from the basal-like samples, resulting
in two sample clusters (R2~0.98; Supplementary Figure 4). Taken together, the
results from proteomics profiling are in concordance with our findings from IHC and
IMC, providing evidence of neurogenic and angiogenic features characterizing
differences between basal-like and luminal-like subtypes and aggressive breast cancer

subgroups.

Gene expression analysis support neurogenesis and angiogenesis as features
of aggressive breast cancer

Following up on our results from IHC, IMC and proteomics analyses, we wanted to
elucidate how gene expression patterns representing sprouting axons and vascular
proliferation relate to breast cancer phenotypes, by exploring gene expression
programs reflecting tumor progression. By analyses of global gene expression human
breast cancer data from METABRIC (n=1710) and TCGA (n=505), and breast cancer
cell line data from CCLE (n= 59) and in-house cell lines (n=12), we mapped gene

expression signatures reflecting stroke associated sprouting axons (18) and vascular
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proliferation (19), and estimated the sprouting axons score (SAS) and vascular

proliferation score (VPS; See Methods).

High SAS and VPS were both associated with ER and PR negative tumors (P<0.001;
data not shown), and their distribution across breast cancer subtypes revealed
consistently higher scores in basal-like and HER2 enriched categories (Figure 5a-b;
Supplementary Figure 5a-b), suggesting more neurogenesis and angiogenesis

taking place in aggressive tumor subgroups.

We have hypothesized an association between neurogenesis and angiogenesis in
human breast cancer tissues. At the gene expression level, we found significant and
strong correlations between the sprouting axons (SAS) and vascular proliferation
scores (VPS) (Figure 5c; Supplementary Figure 5c). Notably, similar and strong
positive correlations were demonstrated using breast cancer cell-line data (CCLE and
in-house), where basal-like cell-lines exhibited higher SAS and VPS compared to
luminal-like cells (Figure 5d; Supplementary Figure 6a). Consequently, our findings
indicated that neuro-angiogenic properties characterize aggressive breast cancer
subtypes, in breast cancer tissues and cell-lines. These observations are in
concordance with our findings from IHC and IMC. Collectively, our results support a

coordination of neurogenesis and angiogenesis in aggressive breast cancer.

Next, we derived a consolidated score reflecting both sprouting axons and vascular
proliferation, termed a neuro-angiogenic score, NAS (see Methods). We found a
distinct separation between molecular subtypes, as also demonstrated in breast
cancer cell lines; the highest scores were seen in basal-like and HER2 enriched
subtypes (Figure 5e-f; Supplementary Figure 5d, Supplementary Figure 6b). NAS

correlated positively with expression of basal-like markers cytokeratin 5 and
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cytokeratin 14 in breast cancer cell lines (CCLE data; p=0.41 and 0.43, both P=0.001),
indicating neuro-angiogenic features in association with aggressive breast cancer
subgroups, as found in both breast cancer tissues and cell lines, concordant with our

findings from IHC and IMC.

High neuro-angiogenic score associates with features promoting breast cancer
progress. To elucidate features contributing to the increased cancer progress seen in
tumors with high neuro-angiogenic score, we investigated enriched gene sets
reflecting biological processes in NAS-high tumors. Signatures reflecting loss of
estrogen receptor signaling, epithelial-mesenchymal transition (EMT), stemness, and
hypoxia responses were among top ranked gene sets enriched in NAS-high tumors
(GSEA; FDR<5%). In line with this, we demonstrated down-regulation of ER signaling-
related genes like ESR1, FOXA1, GATA3 (METABRIC and TCGA; SAM;
FDR<0.005%; fold change < -5.3), adding to an association between high NAS and

ER/PR negativity.

High neuro-angiogenic score associates with signatures reflecting tumor plasticity and
stemness. Following up on the GSEA analyses demonstrating enriched gene sets
reflecting epithelial-mesenchymal transition (EMT) in NAS-high tumors, we
demonstrated strong correlations between NAS and scores for EMT (20) and TGF-3
(21) (Supplementary Figure 7a-b; Supplementary Figure 8a-b). As EMT is linked
to stemness properties (22,23), and gene sets reflecting stemness were top ranked
enriched in GSEA analyses, we assessed how NAS related to independent stemness
signatures. We found strong positive correlations between NAS and a cancer stem cell
score (24), and one novel Nestin-based stemness score (25) (Supplementary Figure
7c-d; Supplementary Figure 8c-d). We also observed strong correlations between

NAS and mammary stem cell enriched and luminal progenitor signature scores (26),
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and strong negative correlation with the mature luminal signature score (p=-0.58;
P<0.001).

Similarly, in CCLE breast cancer cell lines, NAS correlated with EMT, TGF and two
stemness scores (Supplementary Figure 9 a-d). In summary, our findings support
relations between the neuro-angiogenic profile and features of plasticity and stemness,

in breast cancer tissues and also reflected in breast cancer cell lines.

High neuro-angiogenic score associates with signatures reflecting hypoxia responses.
To further pursue our GSEA-based results, we found strong positive correlations
between NAS and independent hypoxia signature scores (27,28), both in global tissue
data and in cell lines (Supplementary Figure 7e-f; Supplementary Figure 8e-f;
Supplementary Figure 9 e-f). These correlations were significant within individual
molecular subtypes (not shown). Also, NAS significantly associated with presence of

tumor necrosis, reflecting tumor hypoxia (TCGA cohort; not shown).

Phenotypic heterogeneity among tumors with increased neurogenesis and
angiogenesis scores. When clustering dichotomized signature scores reflecting EMT,
stemness, and hypoxia, along with phenotypic clinico-pathologic markers in
accordance with high or low NAS, phenotypic subgroups among tumors were evident
(four clusters, C1-C4; Figure 6a-b). One subgroup of NAS-high tumors (C4) was ER
negative and basal-like with high scores for EMT, TGF-B activation, stemness and
hypoxia; the other subset of NAS-high cases (C3) was ER positive and non-basal but

still associated with high EMT and stemness scores.

The survival pattern for these clusters demonstrated best prognosis in cases of C1 and

poorer survival in C2-C4 (Figure 6c¢), with no differences between C2-C4 (P>0.15). To
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summarize, we demonstrate phenotypic heterogeneity in the subset of tumors with

NAS-high tumors, where ER status and hypoxia split the high-score cases.

Drug-related gene expression signatures indicate a relevance of dopaminergic
compounds in tumors with high neuro-angiogenic signature scores. Large-scale gene
expression and sequencing studies have revealed high phenotypic heterogeneity
within existing breast cancer subtypes, and few common actionable targets. Following
this rationale, we wanted to explore novel drug targets relevant to NAS-high cases by
an in-silico approach and queried the perturbation signature database CLUE (clue.io;
L1000)(29). Compound signatures of VEGFR and angiogenesis inhibitors, and of
compounds increasing the dopamine availability were top ranked, negatively enriched
in tumors of high neuro-angiogenic score (TCGA cohort; enrichment score <-0.70).
When exploring in Connectivity Map V02, the compound signatures correlated to the
genes differentially expressed between NAS-hig and -low cases, compounds with
dopaminergic action were top ranked (METABRIC; TCGA; Supplementary Table 7).
Signatures of two dopaminergic compounds were top-ranked and negatively correlated
with Luminal NAS-high cases (Monensin and Amantadine; rank 2 and 6, respectively).
Taken together, our computational analyses suggest a potential role for dopaminergic
and antiangiogenic compounds in the transformation from a NAS-high (more

aggressive) to NAS-low (less aggressive) breast cancer phenotype.

The neuro-angiogenic tumor profile associates with reduced patient survival

As we demonstrated correlations between markers of sprouting axons and

angiogenesis in breast cancer tissues and cell lines (protein and mRNA levels), and
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associations of these with aggressive breast cancer phenotypes, we next assessed

how measures of neurogenesis and angiogenesis relates to breast cancer survival.

In our in-house IHC-based tissue studies using Neurofilament positive microaxon
densities (MAD) and nerve bundles (NBD) in primary tumors and lymph node
metastases, limited prognostic information by survival analyses was found (Figure 7a-
b). Still, presence of microaxons in lymph node metastases was associated with
significantly shorter survival (Figure 7c). Angiogenesis markers (VPI, pMVD) in
primary tumors were associated with shorter survival (Figure 7d), also when adjusting
for traditional prognostic markers (in-house cohort; Supplementary Table 8), whereas
MVD was not significant. Vascular proliferation in lymph node metastases indicated
survival (p=0.05; Figure 7e). Notably, low VPI| was associated with improved survival
within the basal-like category (p=0.05; Figure 7f). When including VPI in multivariate
survival analysis, adjusting for traditional prognostic factors tumor diameter, histologic
grade, and lymph node status, VPI maintained independent prognostic value
(Supplementary Table 9). A separate multivariate model for the basal-like subgroup

showed a trend of prognostic value for VPI (P=0.07).

Both high SAS and high VPS were associated with reduced survival in univariate
survival analyses and when dichotomized (Figure 7g-h). The consolidated neuro-
angiogenic mMRNA score (NAS) was associated with shorter survival, both in univariate
and multivariate analysis, adjusting for tumor diameter, histologic grade, and lymph
node status (Figure 7i-j). When adding PAMS50-based molecular subtype to the
multivariate model, NAS independently predicted reduced survival (METABRIC,

HR=1.4; 95% CI 1.1-1.7; P=0.001). In addition, high NAS maintained independent
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association with survival within luminal tumors (HR=1.39; 95% CI 1.05-1.84; P=0.022),
with a similar trend in non-luminal tumors (P=0.09), when adjusting for tumor diameter,

histologic grade, and lymph node status.

Discussion

The influence of the microenvironment on tumor progress has been increasingly
recognized (30-32). In this first study of human cancer, we asked whether
neurogenesis and angiogenesis are associated in breast cancer and related to more
aggressive behavior. Tissue-based protein markers and gene expression data from
patient cohorts indicated that both neurogenesis and angiogenesis were consistently
linked to high-grade tumor features and reduced patient survival. By using spatial
mapping at the single-cell level, neural and vascular structures were significantly
colocalized. Our novel findings indicate that neurogenesis and angiogenesis might be

coordinated and closely related in aggressive breast cancer.

In this integrated study, tumor-associated neurogenesis was strongly associated with
markers of high-grade tumors, such as negative hormone receptors, tumor cell
plasticity, stemness, and hypoxia responses. The highest level of microaxon density
was found in triple negative and HER2 positive cancers, while the lowest density was
observed in the luminal A subgroup. The findings are supported by recent data (14).
Nerve bundles, assumed to be pre-existing structures, were observed in many primary
tumors but did not associate with any high-grade features. Notably, nerve bundles were
not observed in lymph node metastases, where microaxons might possibly develop de
novo from tissue based or circulating cells (33). Patient survival was reduced in cases

with presence of microaxons in lymph node metastases.
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We then asked whether neurogenesis and angiogenesis are associated features in
human breast cancer tissues. This was found to be the case, and a combined neuro-
angiogenic mMRNA-based score (NAS) was strongly linked to high-grade breast cancer
and independently related to reduced patient survival by multivariate analysis. Notably,
the neuro-angiogenic signature was even stronger than the tumor cell-based
classification. Taken together, our data support a coordinated activation of

neurogenesis and angiogenesis in human breast cancer.

Spatial mapping of single cells and exploration of potential neuro-vascular niches
indicated significant proximity of neural and vascular structures, and this was more
pronounced in basal-like as compared to luminal-like tumors. This colocalization, by
single cell-based analysis using sensitive imaging mass cytometry, support our
findings using case-based protein data and transcription profiles. Our results lend
support to a functional relationship between neural and vascular components, as
reflected in human breast cancer samples. Experimental studies have indicated
commonalities for neuronal guidance and vascular sprouting, supporting that the two
processes might be co-regulated (6,7), but this has not been previously addressed in

human cancer tissues.

The consolidated neuro-angiogenic score was associated with markers of epithelial-
mesenchymal plasticity, tumor stemness, and tumor hypoxia. These findings indicate
that the connectivity of aggressive breast cancer features, based on tumor cell markers
with characteristics of more invasive and less differentiated cells, are supplemented by
varying degrees of “aggressive stroma”. Our data suggest an existence of neuro-
vascular interactions in the TME which could potentially be targeted for more efficient

cancer management.
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Notably, when using multiple breast cancer cell lines (34), higher levels of the neuro-
angiogenic score were observed in the most aggressive cancer subtypes. This
indicates that neuro-angiogenic programs appear to be part of intrinsic tumor cell
properties and not completely independent. Still, the finding that our neuro-angiogenic
score was prognostic within the luminal-like breast cancers, and the fact that some of
the cases with high neuro-angiogenic score were hormone receptor positive, might
indicate the presence of discordant evolution of tumor cells and TME in subsets of

breast cancer.

Exploration of breast cancer cell lines indicated that dopaminergic compounds might
reduce the levels of neuro-angiogenic signals. Although previous studies have
demonstrated dopamine to have antiangiogenic properties (35-38), further studies on
the role of dopamine-related repurposing therapy to tumors showing increased neuro-

angiogenic activity would be needed.

Tumor angiogenesis is an established hallmark of cancer (1) and well described in
breast tumors (39,40). Here, we found consistent and strong associations between
activated angiogenesis and aggressive breast cancer. Vascular proliferation was
increased in basal-like cancers, as we have reported (40,41). Our previous findings
were confirmed by the present single cell analysis using imaging mass cytometry. As
novel findings, low vascular proliferation within the subgroup of aggressive basal-like
cancers indicated a significantly better prognosis compared to the others. Also,
elevated vascular proliferation in lymph node metastases was associated with reduced

survival, which has not been shown previously.

In summary, our data support that neurogenesis and angiogenesis are associated

features of aggressive breast cancer. High neuro-angiogenic score was consistently
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linked to high-grade breast cancer phenotypes and reduced patient survival. Notably,
among some hormone receptor positive cases, a high-grade subgroup could be
defined by increased neuro-angiogenic score. Single cell tissue mapping indicated
colocalization of neural and vascular structures, suggesting the presence of neuro-
vascular niches of possible functional importance. Our findings might be relevant for

improved patient stratification and exploration of novel therapy.

Methods

Patient series

The study cohort included women diagnosed with primary invasive breast cancer as
part of the prospective and population-based Norwegian Breast Cancer Screening
Program during 1996-2003 (Hordaland County, Norway; 10% of the Norwegian
population), age 50-69 years at time of diagnosis (median 59 years). Patients with
distant metastatic disease at time of diagnosis (stage 1V) were not included. From the
whole cohort, nine patients refused to participate in the study, leaving 546 cases for
inclusion; 403 screen-detected and 143 interval detected cancers. After exclusion of
12 cases due to lack of available tissue, 534 cases were finally included as previously
described (42). The patients received treatment according to the national guidelines at
the time (42). Detailed information about this study population and the specimen

characteristics is presented in Supplemental Material.

Immunohistochemistry (IHC) for breast cancer tissues

Sections from primary tumors and the matched axillary node with the largest metastatic

focus (= 2 mm) were used for assessment of nerves (Neurofilament Ab). For
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Neurofilament staining (pan-nerve marker), the monoclonal mouse antibody

Neurofilament (DAKO M0762) was used.

Sections from the same block of the primary tumor and the axillary lymph node with
metastases that were used for assessment of tumor-related nerves, were applied for
evaluation of angiogenesis markers; the polyclonal rabbit antibody (DAKO A0082) for
Factor-VIII, and a monoclonal mouse antibody (DAKO 7240) for Ki67, were used. The
blood vessels in the adjacent normal mammary or fat tissue stained with Factor-VIII
and the proliferating tumor cells stained with Ki67 were used as internal controls for
these markers. In lymph nodes, the adjacent capillaries and the proliferating lymphoid
cells were used as internal control cells for Factor-VIIl and Ki67, respectively. The
comparison with HE slides was always done to guide the location of primary tumors
and metastatic foci in the breast and affected lymph nodes. For further details from the

immunohistochemistry, see Supplemental Material.

Evaluation of tissue-based IHC for neurogenesis and angiogenesis markers

Microaxon and nerve bundle density. Microaxon and nerve bundle densities for each
case were assessed separately in the whole tumor area using light microscopy
(MAD=microaxon density; NBD=nerve bundle density). Microaxons were observed as
single, small, and thin structures (Figure 1a), while a nerve bundle was identified as a
group of axons (Figure 1b). The number of microaxons or bundles per mm? were

determined.

Microvessel density (MVD). As a measure of angiogenesis, the count of all vessels in
ten high power visual fields (HPF x400) was performed as described (39), and reported

as counts/mm2. Microvessels included both vessel-like structures with a visible lumen
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and single endothelial cells or cell clusters (Figure 1c), as defined by Factor-VIII

positivity according to Weidner (43).

Proliferating microvessel density (pMVD). Using the same ten microscopic fields
(x400) that were used for microvessel density counts, vessels containing Ki67 positive
endothelial cells were counted. Thus, pMVD represents a separate count of vessels

with proliferating endothelial cells and was reported as count/mm? (Figure 1d).

Vascular proliferation index (VPI). For estimation of activated angiogenesis, the
proportion (%) of vessels with proliferating endothelial cells of the total number of

microvessels counted in ten fields (Vascular proliferation index; VPI) was calculated.

Imaging mass cytometry (IMC)

Antibodies

The panel used in this study consisted of 36 metal-conjugated antibodies and two free
metals, iridium, which binds double stranded DNA, and ruthenium, which binds tissue
structures, seemingly non-specifically(44). Antibodies against cytokeratin (clones
C11/AE1/AE3) and CD31 (clone EPR3094) were purchased pre-conjugated
(Fluidigm), while CD34 (clone ICO115; Cell signaling technologies) and neurofilament
(clone C28E10; Abcam) were conjugated in-house using the Maxar X8 Multimetal

Labeling Kit (Fluidigm).

IMC staining protocol

Antibody hybridization was performed as described in the “Imaging Mass Cytometry
Staining Protocol for FFPE Sectioned Tissue” (Fluidigm) with a few modifications. In
short, a freshly cut TMA slide were dewaxed and rehydrated before antigen retrieval
was performed in a Ventana Discovery Ultra Autostainer. The antibody mix was applied

to the slide, which was then stored overnight at 4°C in a hydration chamber. After
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antibody incubation, the slide was incubated first in 0.3 uM Iridium (Ir)-intercalator
(Fluidigm), washed, and then in 0.0005% Ruthinium (RuO4)/PBS (Electron Microscopy
Sciences) (44). Finally, the slides were washed in Maxpar Hz20, air-dried, and stored

at4 °C.

Antibody validation

All antibodies were validated by IHC using a test-TMA with positive control tissues for
all antibodies included in the panel: tonsil, placenta, hippocampus, cerebellum,
autonomic ganglion and peripheral nerve tissue, normal breast tissue, and selected
breast carcinomas (ER+/PR+, HER2+, ER-/PR-/HER2- and basal-like breast
carcinomas). In some cases, our IHC staining was compared to staining performed by
the Human Protein Atlas (proteinatlas.org). A pilot-TMA was also established and

stained (five basal-like; five luminal-like).

IMC analysis and pre-processing

Data from the 10 pilot-TMA breast cancer cases were acquired by a Helios time-of-
flight mass cytometer (CyTOF) coupled to a Hyperion Imaging System (Fluidigm) and
administered using the CyTOF Software (v7.0.8493; Fluidigm). The square inscribed
in the circular TMA cores were laser ablated at 200 Hz at a resolution of approximately

1um?2.

The acquired were was processed using the ImcSegmentationPipeline(45) to segment
the highly multiplexed data into spatial regions corresponding to single cells. First, the
IMC output (.txt files) were converted to tiff-images (ImcTools v2.1.7), which were used
for pixel classification (llastik v1.3.3post2) to generate probability maps of nuclei,
cytoplasm/membrane, and background. Each probability map, corresponding to one

TMA core, were then segmented into single cells, with output as a cell mask image,
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using Cell Profiler (v4.0.7). The pre-processed data were imported into Histocat
(v1.7.6; (46)) and immediately exported as csv-files to be used in down-stream
analyses. We note that even with high-quality segmentation, the imaging of tissue
segments cannot rule out cases of “overlapping cell units” that do not capture the
nucleus of an individual cell. Therefore, in a few cases nuclei-mismatched signal can

be assigned to neighboring cells, especially in (cellular) dense areas.

IMC data normalization and analysis workflow

For each marker, the total intensity per cell unit was computed. Values were divided
by the cell size and were arcsinh-transformed. The single-cell data per channel were
censored at the 99" percentile to remove outliers. Single-cell annotation was
performed in a hierarchical scheme using unsupervised clustering/meta-clustering and
prior-knowledge of cell type defining markers of our antibody panel similar to the
methodology presented in (16). The procedure operates in two steps: initially, single
cells are categorized as Immune and Non-Immune. FlowSOM (47) is used to cluster
the data into 120 clusters, that further merged based on cluster profile similarity. After
this step, Phenograph (48) is used to refine the annotation and split Immune cells to
three groups (B cells, T cells, macrophages), and non-Immune cells to three groups
(epithelial cells, and the groups of endothelial, stromal cells). For the clustering

approach, data were standardized across markers using standard normalization.

To characterize vascular proliferation, we focused on the endothelial phenotype. All
endothelial cells were gated into four subgroups (Ki67-low/CD31-high, Ki67-
high/CD31-high, Ki67-high/CD31-low and Ki67-low/CD31-low) on the basis of CD31
and Ki-67 marker expression, using the flowDensity software (17). flowDensity is a
supervised clustering algorithm based on density estimations that is designed to

overcome the tedious work of setting static gates. flowDensity was also used to stratify
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single cells to Neurofilament high and Neurofilament low expression groups, given the
density estimation of the Neurofilament marker, see Supplemental Material for further

details on the evaluation of the tissue-based neurogenesis and angiogenesis markers.

For visualizations of cell units, high-dimensional single-cell data were mapped to 2D
using the t-distributed stochastic neighbor embedding algorithm TSNE (49). We
applied the Barnes—Hut implementation in R, with default parameters (seven initial
dimensions: expression levels of Ki67, CD31, Neurofilament, Vimentin, aSMA, CD45,

panCK; perplexity=30; 6=0.5).

For visualization of IMC samples to the 2D space, we used the Multidimensional
Scaling (MDS) method (50) implemented in R with seven initial dimensions per sample:
average marker expression of Ki67, CD31, Neurofilament, cell unit abundance (%) of
Ki67-low/CD31-high, Ki67-high/CD31-high, Ki67-high/CD31-low and Ki67-low/CD31-

low cells (ref).

To estimate the distance of endothelial cells, to Neurofilament-high cells, we used a k-
nearest neighbor approach. For every cell of the Ki67-low/CD31-high, Ki67-high/CD31-
high, Ki67-high/CD31-low and Ki67-low/CD31-low phenotype, we first selected the k-
closest cells. From the set of k-closest cells we filtered the ones with Neurofilament
high expression, and we estimated the Euclidean distance from the corresponding
endothelial cells of interest. The average log2-transformed distance was used for
visualizations, and the procedure was repeated for different k values starting from 3 to

10 to assess reproducibility.

Proteomic analyses of microdissected breast cancer epithelial cells
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Proteins were extracted using the filter-aided sample preparation (FFPE-FASP)
protocol (51) and analyzed by liquid-chromatography tandem mass spectrometry (LC-
MS/MS). Raw data were analyzed using the freely available Maxquant software
(v1.6.0.16) with recommended settings for label-free quantification (52) (see
Supplemental Material for an extended description of methods). Gene ontology
datasets were collected from the AmiGO 2 resource (version 2.5.12). Protein
intensities were compared between groups (basal-like and luminal-like) using the
Students t-test. Correction for multiple hypothesis testing was done with the Benjamini-
Hochberg method (53). Differential analysis of protein expression was performed using
the DEP R package (54). Volcano plots and other visualizations of the proteomics

results were performed in R.

Gene expression (MRNA) analyses of breast cancer tissues and cell lines

In-house cell lines. Six basal-like and six luminal-like breast cancer cell lines were
obtained from the American Type Culture Collection (ATCC, Manassas, VA). Total
RNA from the cells was isolated with miRNeasy mini kit according to protocol (Qiagen,
Venlo, NL). The global mRNA expression was examined by the Illlumina Bead Array
Technology (HumanHT-12 v4 Expression Bead Chip; lllumina, CA, USA). Microarray
data were feature extracted using Genome Studio Software (lllumina, CA; USA), with
default parameters with respect to the control categories (55) as part of the Whole-
Genome Gene Expression Direct Hybridization Assay system. For further details about

in-house cell lines and MRNA processing and analyses, see Supplementary Material.

External data sets. For the exploration of gene expression patterns related to
neurogenesis and angiogenesis in breast cancer, publicly available microarray mRNA
gene expression profiles, with information on clinico-pathologic and follow-up data, and

molecular subtypes were analyzed. 1) the Molecular Taxonomy of Breast Cancer
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International Consortium (METABRIC) cohorts (discovery cohort, n=939 and validation
cohort, n=845)(56); 2) the Gene Expression Omnibus GSE25066 cohort
(n=464)(57,58); and 3) The Cancer Genome Atlas (TCGA) breast cancer cohort
(n=520) (59). Intrinsic molecular subtypes based on PAM50 classification (60) were
available for all cohorts. Normal-like cases were excluded from all mRNA data sets.
Further, we applied the breast cancer subset of the Cancer Cell Line Encyclopedia
(CCLE) data, including 59 breast cancer cell lines (47 of these with the molecular

subtype described) (34).

Sprouting axons and angiogenesis signatures. Previously published mRNA expression
signature reflecting the transcriptional pattern of stroke-related sprouting axons in an
experimental model of young mice (18), and a 32-gene signature (vascular proliferation
score; VPS) previously associated with increased tissue-based microvessel
proliferation (pMVD) in endometrial carcinomas (19) were mapped to the METABRIC,
GSE25066, TCGA cohorts, and CCLE data. For details about the signatures and the

derivation of the corresponding signature scores, see Supplemental Material.

Consolidated neuro-angiogenesis profile. A combined neuro-angiogenic score (NAS),

was derived by summarizing the sprouting axons and vascular proliferation scores.

Other gene expression signatures. For correlation analyses, we mapped two hypoxia
signatures (27,28), an EMT signature (20), a TGF-B signature (21), two signatures
reflecting stemness features (24,25), and the OncotypeDx signature (61) to the mRNA
data we analyzed. For further detailed information about gene expression analyses,

see Supplementary Material.

Connectivity Map analyses. Correlations between the global expression pattern of

cases with high NAS and drug signatures in the Connectivity Map (CMap V2.0;
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available from https://clue.io/cmap) (62) were explored for the TCGA and METABRIC
cohorts. Differentially expressed genes between tumor subsets of low and high NAS
were included in the signature analyses using CMap (FDR<0.1; fold change >1.5 or

<-1.5),

Statistics and survival analyses

Data were analyzed using SPSS (Statistical Package of Social Sciencles), Version
25.0 (Armonk, NY, USA; IBMM, Corp) and R-package via Rstudio interface
version1.3.9. A two-sided P-value less than 0.05 was considered statistically
significant. A two-sided P-value less than 0.05 was considered statistically significant.
A P-value of 0.05-0.10 was considered to represent a statistical trend. Categories were
compared using Pearson's chi-square or Fisher's exact tests when appropriate. Non-
parametric correlations were tested by Spearman’s rank correlation, while Mann-
Whitney U and Kruskal-Wallis tests were used for comparing continuous variables in
groups. Wilcoxon Signed Rank test was used to compare the differences between two
continuous variables. The Kolmogorov—Smirnov statistic was used to quantify a
distance between the between the empirical distribution functions of two samples.
Odds ratios (OR) and their 95% confidence intervals were calculated by the Mantel-
Haenszel method. Kappa statistics were used to test inter- and intra-observer
agreement of categorical data. For survival analyses, the endpoint was breast cancer
specific survival, defined as the time in months from the date of histologic diagnosis to
the date of death of breast cancer. Univariate survival analysis (Kaplan-Meier method)
was performed using the log-rank test to compare differences in survival time between
categories. Patients who died of other causes or who were alive at last date of follow-

up were censored in the analyses. The influence of co-variates on breast cancer
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specific survival was analyzed by Cox’s proportional hazards method and tested by
the backward stepwise likelihood ratio (Iratio) test. All variables were tested by log-
minus-log plots to determine their ability to be incorporated in multivariate modelling.
When categorizing continuous variables, cut-off points were based on median or
quartile values, also considering the distribution profile, the size of subgroups, and

number of events in survival analyses.

Study approval

This study was approved by the Western Regional Committee for Medical and Health
Research Ethics, REC West (REK 2014/1984). Written informed consent was not
obtained from the patients, but in accordance with national ethics guidelines and
procedures for retrospective studies, all participants were contacted with written
information on the study and asked to respond if they objected. In total, 9 patients

(1.7%) did not approve participation.
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Table 1. Associations between presence of axons and clinico-pathologic features of primary tumors
(n=483)

Variable Axons (primary tumor)
Absent Present
n (%) n (%) OR (95% CI) pc
Tumor diameter
<2cm 302 (82) 65 (18) 1.0 0.001
>2 cm 79 (68) 37 (32) 22 (1.4-35)
Histologic grade
Grade 1-2 325 (82) 71 (18) 1.0 <0.001
Grade 3 56 (64) 31 (36) 25 (1.5-4.2)
Lymph node metastasis
No 281 (81) 68 (19) 1.0 NS
Yes 96 (74) 33 (26) 1.4 (0.9-2.3)
ER
Positive 326 (81) 78 (19) 1.0 0.027
Negative 55 (70) 24 (30) 1.8 (1.1-3.1)
PR
Positive 270 (81) 65 (19) 1.0 NS
Negative 111 (75) 37 (25) 14 (0.9-2.2)
HER?2 status
Negative 335 (81) 81 (19) 1.0 0.027
Positive 46 (69) 21 (31) 1.9 (1.1-3.3)
Ki-67 %"
Low 291 (85) 53 (15) 1.0 <0.001
High 90 (65) 49 (35) 3.0 (1.9-4.7)
Molecular subtype®
Luminal A 165 (88) 23 (12)
Luminal B/ HER2 - 138 (76) 44 (24) 0.003
Luminal B / HER2+ 30 (70) 13 (30) 0.003
HER2 + 16 (67) 8 (33) 0.006
Triple negative 32 (70) 14 (30) 0.002
Basal-like phenotype (CK5/6)
Negative 336 (80) 84 (20) 1 0.09
Positive 45 (71) 18 (29) 1.6 (0.9-2.9)

n: number of patients; OR: odds ratio; Cl: confidence interval; ER: Estrogen receptor; PR:
Progesterone receptor; HER2: Human epidermal growth factor 2; CK5/6: Cytokeratin 5/6. “Cut-off
30% (upper quartile); BAccordingly St. Gallen 2013; “P-values by Pearson’s chi-square test. Missing
data on lymph node status, n=5.
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Table 2. Associations between markers of vascular proliferation (pMVD, VPI) and clinico-pathologic
features of primary tumors (n=461).

Variable n (%) pMVDP  PE VPI®  PE
Tumor diameter 0.007 0.002
<2cm 344 (75) 2.6 3.07
>2 cm 117 (25) 4.3 5.97
Histologic grade <0.001 <0.001
Grade 1-2 378 (82) 2.2 2.78
Grade 3 83 (18) 7.0 9.62
Lymph node metastasis® 0.033 0.023
No 331 (72) 2.6 3.15
Yes 127 (28) 4.3 4.13
ER <0.001 <0.001
Positive 385 (83) 2.1 2.8
Negative 76 (17) 7.8 10.8
PR <0.001 <0.001
Positive 322 (70) 2.1 2.80
Negative 139 (30) 5.0 7.47
HER2 status 0.001 <0.001
Negative 396 (86) 2.6 2.90
Positive 65 (14) 6.1 8.88
Ki-67 %" <0.001 <0.001
Low 328 (71) 1.7 2.29
High 133 (29) 7.4 9.62
Molecular subtype® <0.001 <0.001
Luminal A 179 (39) 1.3 1.56
Luminal B/ HER2 - 171 (37) 35 4.03
Luminal B/ HER2+ 44 (9) 5.0 6.01
HER2 + 21 (5) 7.0 12.4
Triple negative 46 (10) 8.5 10.5
Basal-like phenotype (CK5/6) <0.001 <0.001
Negative 399 (87) 2.6 3.02
Positive 62 (13) 6.7 8.83

n: number of cases; MVD: microvessel density; pMVD: proliferating vascular density; VPI: Vascular
Proliferation Index; ER: estrogen receptor; PR: Progesterone receptor; HER2: Human epidermal
growth factor 2. A Missing information on lymph node metastasis, n=3; & Cut off: 30% (upper
quartile); ¢ St.Gallen 2013; P Continuous variables (median value reported for each category); E Mann-
Whitney U test.
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Figure 1. Immunostaining for markers of angiogenesis and neurogenesis and their associations in primary breast
cancer (Bergen Breasat Cancer cohort, n=461-483). a) Immunostaining with Neurofilament antibody (x400), illustrating
the positivity in the microaxons between the cords and glands of tumor tissue; b) Presence of thick Neurofilament
positive nerve bundles; c¢-d) Dual immunostaining with Factor VIII (red) for endothelial cells and Ki67 (blue) for
proliferation cells (x400). Vessels with no proliferative activity in (¢), and Ki67 positive dividing endothelial cells in

(d) (highlighted with arrows); e) Correlation plot showing pairwise correlation between proliferating microvessel density
(pPMVD), microvessel density (MVD), vascular proliferation index (VPI), and microaxon density (MAD). The lower
triangular part shows the Spearman’s correlation coefficient, the upper triangular part shows the same correlation as
areas of circles; f-k) Boxplots showing the Vascular proliferation index (VPI) across breast cancer cases with stromal
micoraxons absent or present (primary tumors; All P values were based on Mann-Whitney U test): (f) All primary tumors
(n=461), (g) Luminal A (n=179), (h) Luminal B/HERZ2 negative (n=171), (i) Luminal B/HER2 positive (n=44), (j) HER2
positive (n=21) and (k) Triple negative (n=46).
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Figure 2. Investigating features of neurogenesis and angiogenesis in breast cancer using Imaging Mass Cytometry
(IMC) data. a) Heatmap showing proportion (%) of single-cells from basal-like and luminal-like IMC samples. The
endothelial cells were gated into four subgroups namely Ki67-low/CD31-high, Ki67-high/CD31-high, Ki67-high/CD31-
low, and Ki67-low/CD31-low, on the basis of their Ki67 and CD31 antibody intensities; b) Boxplots showing the
Neurofilament antibody intensity (log2 transformed) of all endothelial single-cells, stratified into four Ki67/CD31
subgroups from (a); ¢) Boxplot showing CD31 antibody intensity (log2 transformed) of single-cells stratified to high and
low subgroups of Neurofilament antibody intensity; d) Scatter plot showing the median intensity values of CD31 and
Neurofilament antibodies. Data points were annotated on the basis of their molecular subtype (basal-like vs.
luminal-like), and their corresponding Neurofilament intensity subgroup (high vs. low); e) Multidimensional scaling plot
of all basal-like and luminal-like IMC (n=10) samples included in the study. The plot visualizes the 2D mapping of
samples based on an initial set of features describing neural and vascular characteristics.


https://doi.org/10.1101/2022.01.28.477898
http://creativecommons.org/licenses/by-nc/4.0/

a bioRxiv preprint doi: https://doi.org/10.1101/2022.01.28.477898; this version posted January 28, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the, author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made availgble under aCC-BY-NC 4.0 International license.

o
Ki67-high/CD31-high

L
2 . ROV 4 Ki67-high/CD31-low
d f{ Ki67-low/CD31-high
- (4 » - 4
0 e t T Ki67-low/CD31-low
N
= *.a ’30 } ﬂ
% “ ) ’ Neurofilament . .
T N - 0.00 0.25 0.50 0.75 1.00
8
TSNE2 ' ' TSNE2
b
1,004 Ki67-high/CD31-high
Ki67-high/CD31-low
N . .
@ (751 Ki67-low/CD31-high
8 Ki67-low/CD31-low
T
2 0501
(o]
©
[
L
0.251
0.001

1 2 3 4 5
Distance to Neurofilament high cells (log2)

CKAE1/AE3

Figure 3. Co-expression and spatial co-localization of neural and vascular structures. a) 2D map generated using TSNE
of all endothelial single cells (n=1,868) from 10 IMC breast cancer tumors. The left-most map is colored using the
Neurofilament antibody intensity levels of single cells. The right-most subpanel shows the same 2D map, annotated
based on the identified endothelial subgroups; b) Log2-transformed average distances of endothelial cells to their
neighboring cells of Neurofilament high expression. The distance estimation is based on k=5 nearest neighbors from the
endothelial cells of interest; c-d) Representative IMC images showing spatial co-localization of neural and vascular
structures. The images are pseudo colored using the antibody intensity values of Neurofilament (green), CD31/34 (red)
and the cytokeratin CKAE1/AE3 (white/grey). Focal co-expression of Neurofilament and CD31/CD34 is observed (yellow).
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Figure 5. Gene expression analysis of neurogenic and angiogenic features across molecular breast cancer subtypes,
METABRIC cohort, n=1791; Cancer Cell Line Encyclopedia (CCLE), Breast Cancer cell lines, n=47. a) Bee swarm plots
showing the distribution of Sprouting axons score (SAS) across molecular subtypes of breast cancer; b) Bee swarm plots
showing the distribution of Vascular proliferation score (VPS) across molecular subtypes of breast cancer; ¢) Scatter plot
showing the relationship between Sprouting axons score and Vascular proliferation score using data from the METABRIC
cohort; d) Scatter plot showing the relationship between Sprouting axons score and Vascular proliferation score, using
data from all CCLE breast cancer cell lines; e) Boxplots showing the distribution of Neuro-angiogenic score across
molecular subtypes using data from the METABRIC cohort; f) Boxplots showing the distribution of Neuro-angiogenic
score across molecular subtypes using data from CCLE breast cancer cell lines. Mann-Whitney U or Kruskal-Wallis

tests were used for comparing continuous variables in different groups. Correlations were tested by Spearman’s rank
correlation test, and the Spearman’s correlation coefficient (p) is reported. Molecular subtypes are indicated with different
colors. In METABRIC data: Luminal A - blue; Luminal B — green; HER2 enriched — purple; Basal-like - red. In the

CCLE data: Luminal-like — blue; Basal-like — red.
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Figure 6. Exploratory analysis of heterogeneous phenotypes among breast cancers with high/low Neuro-angiogenic
score. a-b) Heatmap showing the results of hierarchical clustering analysis conducted on patients from: a) the
METABRIC discovery cohort (n=939), and b) the TCGA cohort (n=505). Clustering was conducted on binary variables
reflecting either high (red color) / low (gray color) signature scores, positivity (red color) / negativity (gray color) for ER
and HER2, or presence (red color) / absence (gray color) of histologic grade 3, and basal-like phenotype from PAMS50.
Four cluster groups were evident visually, and the tree was cut horizontally to further explore these clusters marked as
C1, C2, C3, C4; ¢) Kaplan-Meier curve illustrating the difference in survival between patients in the cluster groups
C1-C4 using data from the METABRIC discovery cohort from (a). Differences in breast cancer specific survival between

groups were tested using the log-rank test.


https://doi.org/10.1101/2022.01.28.477898
http://creativecommons.org/licenses/by-nc/4.0/

bioRxi i i-https://doi.org/f).1103/2022.0, 4 i4hi{s version poste qry 28 J ight holder for this
a 10/ gm&ﬁ%&@not certified by pée? #evi \ géqjgwgogr%gr%er, who has grgﬁlgdr&m i 'égﬁsg@%%ay the preprint in
_ perpetuity. It i made available CC-BY-NC 4.0 Internafional,li
T 08 % 081 NBD >0 (21/126) 2081
s Low MAD (16/88) s s
] 3 3
,g 0.6 ..g 0.6 1 go.s-
> > > MAD > 0 (16/36)
Z 04; T 047 =041
® © (]
8 S S
& 0.2 { Primary tumors & 0.2 Primary tumors & 0.2 { Lymph node metastases
Micro axon density (MAD) Nerve bundles absent/present Axons absent/present
00{P=04 00{P=089 004 P=002
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Follow-up time (months)
d e fio
1.0 1 Low VPI (43/346) 1.0 ] VPI=0 (19/62) Low VPI (10/46)
I 3 208
2 0.8 = 0.8 2
s s g
3 ? 206
%5 0.6 5 0.61 ° High VPI (7/15)
> > =
= = VPI>0 (17/40 =
3 041 S 0.4 (17/40) 504+
© © a
S S °
e = 0.2 i
& 029 primary tumors @ 02| ymph node metastases . Basal-like breast cancer
Vascular Proliferation Index (VPI) Vascular proliferation absent/present Vascular proliferation index|(VP1)
0.0{P=0.010 0.0{p=0.05 0.0 {P=0.050
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Follow-up time (months)
g h '
S 1.0 S 1.0 4 S 1.04
2 2 2
g ow SAS (342/1354) g Low VPS (331/1335) g Low NAS (330/1334)
o 0.8 » 0.8 4 » 0.8
G G ks
> 06 206 2 0.6
3 High SAS (121/428 3 3
8 04 9 ( ) 8 04 . High VPS (132/437) S 04 High NAS (133/439)
[e] [e] [e]
& 0.2 {METBRIC ® 0.2 {METABRIC % 0.2 { METABRIC
SAS VPS NAS
0.0 {1 P=0.002 0.0 {P=0.001 0.0 { P<0.001
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25
Follow-up time (years)
. Hazard ratio
J :
i i G1-G2 1 .
Histologic grade (N=879) l
G3 1.4 . . ok
(N=891) (1.2-1.7) : = <0.001
; <=20mm 1 :
o Tumor size (N=728) l
[¢] 3
0 >20mm 1.7 : = | <0.001 ***
8 (N=982) (1.3-2.0)
(] .
= i No
é LN metastasis (N=872) l
(o)) :
o Yes 2.2 8 4 e
s (N=838) (1.6 =2.6) - . e
Low !
NAS (N=1282) :
= J 0.001 **

High 1.4
(N2X28) (1.1-1.7)
1.2 14 16 1.8 2.0 2224262.83.0

Figure 7. Markers of angiogenesis, neurogenesis, and neuro-angiogenesis and their association with survival in breast
cancer. a-b) Microaxon density (MAD), and nerve bundle density (NBD) do not associate with survival in primary breast
cancers; ¢) Presence of microaxons in lymph node (LN) metastases associates with reduced breast cancer specific
survival; d-f) High vascular proliferation index (VPI) in primary breast cancer, and LN metastases associates with
reduced cancer specific survival, also in the subset of primary basal-like breast cancers; g-h) High Sprouting axons
score (SAS, Vascular proliferation score (VPS), and Neuro-angiogenic score (NAS) associate with reduced breast cancer
specific survival in patients from the METABRIC cohort. In all Kaplan-Meier analyses the log-rank test was used to
quantify differences. Next to every survival curve we report the number of breast cancer deaths, out of the total number
of cases in the category; j) Cox’ proportional hazard modelling shows that the Neuro-angiogenic score demonstrates
independent prognostic value in multivariate survival analysis, adjusting for tumor size, histologic grade, and LN status
using data from the combined METABRIC cohort.
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