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Neural Functions Play Different
Roles in Triple Negative Breast
Cancer (TNBC) and non-TNBC

Renbo Tan(®%%¢, Haoyang Li**®, Zhenyu Huang?, Yi Zhou®?, Mingxin Tao?, Xin Gao(®" &
Ying Xu?3>°*

Triple negative breast cancer (TNBC) represents the most malignant subtype of breast cancer, and

yet our understanding about its unique biology remains elusive. We have conducted a comparative
computational analysis of transcriptomic data of TNBC and non-TNBC (NTNBC) tissue samples from
the TCGA database, focused on genes involved in neural functions. Our main discoveries are: (1) while
both subtypes involve neural functions, TNBC has substantially more up-regulated neural genes than
NTNBC, suggesting that TNBC is more complex than NTNBC; (2) non-neural functions related to cell-
microenvironment interactions and intracellular damage processing are key inducers of the neural
genes in both TNBC and NTNBC, but the inducer-responder relationships are different in the two cancer
subtypes; (3) key neural functions such as neural crest formation are predicted to enhance adaptive
immunity in TNBC while glia development, along with a few other neural functions, induce both innate
and adaptive immunity in NTNBC. These results reveal key differences in the biology between the two
cancer subtypes, particularly in terms of the roles that neural functions play. Our findings may open new
doors for further investigation of the distinct biology of TNBC vs. NTNBC.

Triple negative breast cancer (TNBC) is a most malignant subtype of breast cancer as it is more aggressive and
easier to metastasize compared to the other subtypes'?. The disease counts for about 15-20% of all breast cancer
cases. African Americans and young women in their 30’s - 40’s are known to have un-proportionally elevated
occurrence rates of TNBCs compared to other races and age groups in the USA’. TNBC gets its name from
its characteristic repression of gene expressions of its estrogen receptor (ER), progesterone receptor (PR), and
human epidermal growth factor receptor 2 (HER2) while other breast cancers generally have at least one of
these receptors over-expressed. Hence, drugs targeted at any of these receptors are not useful to TNBC patients.
Chemotherapy represents the predominant approach to treating the disease. Published data suggest that the lack
of expressions by ER, PR and HER2 may not necessarily be the reason for the deadly nature of this disease. While
substantial efforts have been invested into studies of the TNBC biology and treatment, the overall understanding
about the unique biology of the disease remains limited.

Like angiogenesis and lymphogenesis in cancer, the term “neo-neurogenesis” has been coined by cancer
researchers to study functional roles played by the neural system in cancer*®. Functional involvement of neural
processes in cancer has been studied by numerous authors, such as that (1) perineural invasion has been observed
in multiple cancer types®’; (2) cancer cells surrounding nerves tend to be more resistant to apoptosis®’; and (3)
denervation has been found to be effective in slowing down cancer progression'®-!2. Furthermore, cross-talks
have been observed between cancer cells and nerves, including neurites growing towards cancer cells and cancer
cells invading nerves'*'. It has been shown that sympathetic nerves function at the onset of the prostate cancer;
and parasympathetic nerves are involved in cancer metastasis in both xenograft and transgenic prostate cancer
mouse models'>. However, the detailed functional roles by the neural systems in cancer formation and develop-
ment, particularly in breast cancer, remain elusive.
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Neural pathways TNBC NTNBC
neurotransmitter secretion 29 0

neural crest development 10 0

axon growth and dendrite pruning 61 6
synapse formation 142 12
neuron projection and apoptosis 85 37
neural structure formation in CNS 104 69
neuron differentiation 140 84
development of glia 18 12

Total number 589 220

Table 1. Enriched neural pathways by NCN of TNBC and NTNBC.

Nervous system is one of the most sophisticated systems in human body, which is divided into the afferent
and efferent nerves. Previous studies have been largely focused on roles played by the sympathetic and parasym-
pathetic nerves in cancer development'®'%, where the two together make the autonomic nerves, a subtype of the
efferent nerve, while the functional roles by other components of the nervous system are largely unknown in
cancer formation. Development of the nervous system can be partitioned into the following four stages from early
to late: (a) neural fate commitment, neural plate formation (e.g., continuous proliferation of neural precursors)
and neural tube closure'’; (b) neuron differentiation and migration’; (c) axon growth, dendrite pruning and glial
differentiation?!; and (d) synapse formation, neurotransmitter production and synapse apoptosis®>.

We present a computational study of transcriptomic data of TNBCs and non-TNBCs (or NTNBCs) in the
TCGA database focusing on the distinct functional roles played by the neural system throughout the devel-
opment of the two subtypes of breast cancers**?%. Our main findings are: (i) numerous neural genes are found
up-regulated in both TNBC and NTNBC, but TNBCs have considerably more such genes than in NTNBC, indi-
cating that TNBCs have higher levels of neural functions; (ii) neural genes are transcriptionally correlated with
genes involved in cell-microenvironment interactions and intracellular damage response processes in both TNBC
and NTNBC but with different co-expression patterns between the subtypes; (iii) substantially more neural func-
tions are utilized in TNBC than in NTNBC; (iv) genes involved in neural crest development and neurotransmitter
secretion are predicted to regulate adaptive immunity and cell cycle only in TNBC, while genes relevant to glia
development seem to promote both innate and adaptive immunity, as well as cell cycle regulation in NTNBC.

Results
Identification of neural genes in cancer. The following is conducted to identify a maximal set of neural
genes. 18,020 human genes with functional annotations were downloaded from the Gene Ontology Database.
Genes labelled as neural function related are kept, giving rise to 4,115 neural genes, which fall into 1,225 GO
biological processes and are known to be expressed in some neural structures or neural development processes
in human.

TNBC and NTNBC use different neural functions. Differential expression analyses are carried out on
the 4,039 neural genes between TNBC and matching controls; and similar are done between NTNBC and cor-
responding controls. Supplementary Table S1 shows the numbers of up-regulated neural genes in TNBC and
NTNBC, respectively.

We have examined the up-regulated non-neural genes that exhibit strong co-expressions with the above neu-
ral genes in TNBC and NTNBC, respectively. Supplementary Table S2 summarizes the numbers of the neural
genes correlated with the expressed non-neural genes, or simply NCN genes across different stages of TNBC
and NTNBC, respectively. We note from the table that TNBC has considerably more NCN genes than NTNBC,
suggesting that neural genes play more significant roles in TNBC compared to NTNBCs.

Pathway enrichment analyses are carried out over the NCN genes in TNBC and NTNBC, respectively, with
each enriched pathway termed as a neural pathway. Overall 589 and 220 distinct neural pathways are enriched
in TNBC and NTNBC, respectively. These pathways were classified into eight functional categories as detailed
in Table 1.

From the table, we see: (1) more neural pathways are involved in TNBC than NTNBC in each of the eight
categories; and (2) the level of difference in four categories, namely neurotransmitter secretion, neural crest devel-
opment, axon growth and dendrite pruning, and synapse formation, is particularly prominent, where these four
categories of neural functions are generally used in late developmental stages of the neural system.

We have then classified all these neural pathways into four groups according to the relative order of their
occurrence during the developmental process of the neural system, as shown in Fig. 1(A). Specifically, group 1
consists of pathways relevant to neural fate commitment, neural plate formation and closure; group 2 is com-
posed of pathways related to neuron differentiation and migration; axon growth, dendrite protrusion, and glia
differentiation make up group 3; and group 4 is largely made of synapse formation, neurotransmitter secretion
and neuron apoptosis pathways®?. Figure 1(B) shows the number of the pathways in each group used by cancer
samples at different stages of TNBC and NTNBC, respectively.

Overall, substantially more neural pathways in every group are involved in TNBC than in NTNBC, ranging
from 1.07 to 3.12 times more from group 1 to group 4. It is noteworthy that increasingly more neural pathways
are employed in more advanced developmental groups in TNBC than in NTNBC as shown in Fig. 1(B). This is
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Figure 1. The numbers of neural pathways of different groups in distinct developmental stages in TNBC and
NTNBC, respectively. (A) Definition of four groups of neural functions. (B) The number of neural pathways in
each group in TNBC vs. NTNBC, where the color definition is given on the right side of the figure.

consistent with the data shown Table 1, which shows that TNBC utilizes more neural developmental pathways
than NTNBC.

Neural genes-related non-neural processes in TNBC vs. NTNBC. To further our understanding
of the functions played by neural genes in breast cancer, we have examined the functions of the up-regulated
non-neural genes that are positively correlated with the expressed neural genes, referred to as NNCN. 4,233 and
598 such genes are identified in TNBC and NTNBC, respectively. Pathway enrichment analyses are conducted
over the NNCN genes in TNBC and NTNBC (p-value < 0.05), respectively, using the same selection criteria for
NCN genes to select the NNCN genes. 394 and 267 pathways are enriched in TNBC and NTNBC, respectively
(Fig. 2(A)). We then binned the pathways into eight functional categories: immune response related, cell cycle and
DNA replication, transcription and translation, cytokine production, collagen synthesis, organelle assembly, and
cell adhesion related pathways. Figure 2(B,C) show the number of pathways in each category across the six stages
of TNBC and NTNBC, respectively.

We note: (1) throughout the entire development, the predominant NNCN pathways enriched in NTNBC are
cell cycle and DNA replication pathways; as a comparison, immune response pathways represent the mostly used
in TNBC with cell cycle and DNA replication pathways as the second; (2) interestingly, more organelle assembly
pathways are employed in NTNBC than in TNBC; and (3) comparable numbers of collagen synthesis as well as
cell adhesion pathways are utilized in TNBC and NTNBC.

Our interpretation of these data is: (i) the extents of neural gene-related cell cycle & DNA replication pathways
are comparable in TNBC and NTNBC, suggesting that the neural system may play similar roles in cell division
of TNBC and NTNBGC; (ii) immune responses play more significant roles in TNBC than in NTNBC, suggesting
higher levels of tissue damages in TNBC than in NTNBC, which is consistent with the observed stronger asso-
ciations between neural genes and cytokine production in TNBC; (iii) NTNBC shows stronger association with
organelle assembly, suggesting that TNBC has reduced level of activities in maintaining organelle structures,
which is consistent with the literature regarding more malignant cancer®; and (iv) overall, involvement by neural
genes in non-neural functions tend to be considerably more extensive in TNBC than in NTNBC, suggesting that
higher levels of challenges faced by TNBCs and hence requiring more involvement by the neural genes, knowing
that they tend to lead the way in various developmental processes®*?.

Functional relations between neural and non-neural functions in TNBC vs. NTNBC.  We have
examined co-expressions between neural genes and non-neural genes at each stage of the disease. Here we show
the relevant data for T3NO (advanced stage primary tumor without metastasis) and N1 with metastasis to one
lympho-node, while data for the other stages are given in Supplementary Figs. S1-4.

We have examined all non-neural genes found in Fig. 2 having Pearson correlation coefficients with neural
genes at least 0.8 and p-value < 0.05. We note: the so selected non-neural and neural genes have the following
properties: (1) the functional categories enriched by non-neural and neural genes, separately, in TNBC contain
those in NTNBC at stage T3NO, except for ECM production, which is observed only in NTNBC; (2) similar is
observed for stage N1 with one exception for calcium activity, which is observed only in NTNBGC; and (3) from
stage T3NO to stage N1, the number of neural functions involved tend to decrease in both TNBC and NTNBC
while in comparison, the associated non-neural functions tend to shift from being highly DNA-damage and
metabolism related at stage T3NO to highly cell adhesion and organelle assembly related in both TNBC and
NTNBC. All these are shown in Fig. 3.

The information shown in Fig. 3 has revealed that: (1) TNBC involves considerably more interactions between
neural and non-neural functions than NTNBGC; (2) TNBC has considerably more complex co-expression patterns
between neural and non-neural genes than NTNBC, together strongly suggesting that the complexity and hence
possibly challenges in TNBC are substantially higher than in NTNBC.
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Figure 2. The numbers and distributions of enriched NNCN pathways in TNBC and NTBC, respectively. (A)
The first column is for pathway category; the second and the third are for the numbers of enriched pathways
in TNBC and NTNBC, respectively. (B) The numbers of each category across different stages of TNBC, where
red represents “immune response”; yellow for “cell cycle and DNA replication”; purple for “transcription and
translation”; dark blue for “cytokine production”; light blue for “collagen synthesis”; dark green for “organelle
assembly”; and gray for “cell adhesion”. (C) The numbers of each category across different stages of NTNBC.

We have then checked if the observed neural functions could be statistically explained by the non-neural
functions, aiming to lay a foundation for further investigation of the possible causal relationships between them.
We consider that a neural function is statistically explained by non-neural functions if changes in the expres-
sion levels of the neural genes can be well represented as a function of changes in the expression levels of the
non-neural genes. This can be done through a regression analysis of the expressions of the neural genes against
the expressions of the non-neural genes, followed by a feature-selection procedure to remove all the non-neural
genes that have insignificant contributions to the regression result. Specifically, a set of neural genes is considered
as explainable by a set of non-neural genes if the R? value of the linear regression is at least above 2/3=0.67 (with
p-value < 0.05) and this set of non-neural genes is minimal, i.e., any proper subset of the pathways could not
reach this R? level.

A regression analysis is conducted over samples in each stage of TNBC and NTNBC, respectively, with details
given in Fig. 4. The regression results have revealed a particularly interesting and unexpected relationship between
neural vs. non-neural pathways in TNBC: neural pathways predominantly correlate with pathways associated
with cytokine and chemokine production, cell adhesion, calcium sequestering, hemopoiesis, and extracellular
matrix production at T2NO and N1 while they virtually all correlate with pathways associated with cell skeleton
synthesis, DNA damage response and organelle assembly in TINO, T3NO, N2 and N3. For simplicity, we refer to
these two classes of pathways as cell-environment interactions and intracellular damage processing, respectively.
This striking behavior is shown in Fig. 4(A). Somewhat similar but clearly weaker patterns were observed in
NTNBG, as given in Fig. 4(B), namely, neural pathways mostly correlate with intracellular damage processing
activities in stages T2NO and N1 but with cell-environment interaction activities in the alternating stages. These
results are consistent with the results shown in Fig. 3. In addition, these observations are consistent with a previ-
ous study showing that more immune cells are involved in TNBC compared to NTNBC?,

Based on these data, we predict: neural functions may be activated for different reasons in TNBC vs. NTNBC.
In TNBC, the predominant reasons for neural activities are cell-environment interactions and intracellular dam-
age processing but in a mutually exclusive manner while in NTNBC, intracellular damage processing seems be
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Figure 3. Heat-maps for correlations between non-neural genes and neural genes at stages T3N0 and N1

in TNBC and NTNBC, respectively. The horizontal and vertical axes are selected neural and non-neural
genes, respectively, at T3NO (A) and N1 (C) in TNBC; and at T3NO (B) and N1 (D) in NTNBC, where the
sequential order of the neural genes is determined as follows: dark blue for neurotransmitter secretion related
genes, pink for neural crest formation related genes, light blue for axon and dendrite growth related genes,
yellow for synapse formation related genes, gray for neuron projection related genes, dark green for neural
structure formation in CNS related genes, orange for neuron differentiation related genes, and light green

for glia development related genes. Similarly, the color scheme for the non-neural genes is defined as: red for
cell adhesion; dusty blue for calcium sequestering; green for cytokine and chemokine production; gray for
regulation of cell death; white for ECM synthesis; black for hemopoiesis; purple for endocytosis; yellow for
DNA damage and metabolism; pink for organelle assembly; blue for cell skeleton synthesis; and brown for de-
development process.

the major reason for neural pathways activation while cell-environment interactions play a minor but comple-
mentary role in activating the neural pathways.

To demonstrate the possible contribution by cell-environment interaction and intracellular damage process-
ing activities to the induction of neural functions, a regression analysis for each neural function (Table 1) against
the expressions of all the non-neural pathways at each stage of TNBC and NTNBC was carried out, respectively,
again using R? > 2/3 =0.67 and p-value < 0.05 as cutoffs. The goal is to identify cell-environment interaction and
intracellular damage processing related pathways that can statistically explain each category of neural pathways,
hence providing statistical evidence for the possible causes for the activation of individual neural functions.

The regression results are shown in Supplementary Table S3, with the number of unique non-neural path-
ways belonging to “cell-environment interaction pathways” and “intracellular damage processing pathways”,
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Figure 4. Percentages of non-neural pathways that correlate with neural genes and fall into the categories of
cell-environment interaction and intracellular damage processing out of all the neural genes associated non-
neural pathways in TNBC (A) and NTNBC (B) across different stages, respectively, where the y-axis denotes
the fraction. The blue line represents the percentages of non-neural pathways related to cell-environment
interactions and the orange line for intracellular damage-processing activities. The quality of the regression
models of TNBC and NTNBC given in (C,D).

respectively. More detailed information such as the R? values and p-values of the regressions in TNBC and
NTNBC are given in Supplementary Tables S4 and S5, respectively. Also, non-neural genes belonging to
non-neural pathways, which are considered as potential explanations for specific neural functions are shown in
these two Supplementary Tables.

So far we have noted: (1) non-neural pathways in TNBC are involved in majority of the neural develop-
ment except for glia development, while in NTNBC, six neural functions could be statistically explained by
cell-environment interaction and intracellular damage processing activities except for neurotransmitter secre-
tion and neural-crest development; (2) in TNBC, both cell-environment interaction and intracellular damage
processing activities seem to contribute to the induction of neural functions at stage T2NO0; between the two,
cell-environment interactions seem to have higher levels of contribution to the induction; and at stage N1,
cell-environment interactions seem to play a major role in inducting the neural pathways; (3) compared to TNBC,
intracellular damage processing activities seem to be the predominant inducer of the neural functions at stages
T2NO0 and N1 in NTNBC.

Different neural functions promote the immune response and cell proliferation in TNBC vs.
NTNBC. It has been reported that the nervous system plays essential roles in changing the microenviron-
ment during cancer progression, where enhanced immune responses and cell cycle activities are observed®»*.
So far, we have statistically shown that several cell-environment interaction and intracellular damage processing
aim intend to find out which neural functions may induce some of the observed non-neural functions. We have
specifically examined which neural functions may possibly enhance immune response and promote cell cycle
and DNA replication. Similar regression analyses were conducted to those in the previous section with detailed
regression data given in Supplementary Tables S6 and S7. Tables 2 and 3 summarize the predicted level of con-
tributions to the enhanced immunity and cell proliferation by neural functions in TNBC and NTNBC across
different stages, where a neural function is considered as contributing to a specific category if the difference in R?
is >0.01 with vs. without the neural function with p-value < 0.01.

Based on the regression results, we predict: (1) neural development processes play roles in enhancing innate
and adaptive immunity in both TNBC and NTNBC with the following differences: “neural crest cell differentia-
tion” is expressed only in TNBC, while “glio-genesis” is observed only in NTNBC; (2) substantially different sets
of neural functions are involved in enhancing the cell cycle and DNA replication process in TNBC vs. NTNBC,
again highlighting the differences in the basic biology in the two subtypes of breast cancers; (3) among other neu-
ral functions, “regulation of neurotransmitter secretion” seems to be used to promote cell cycle in TNBC while
in NTNBC “glio-genesis” and “regulation of glio-genesis” may play this role; (4) “neural crest cell differentiation”
and “regulation of neurotransmitter secretion’, uniquely observed in TNBC, seems to play roles in contributing
to the induction of immunity and cell proliferation; and (5) “glio-genesis” seems to play roles in inducing both
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Table 2. Neural functions predicted to contribute to immune responses and proliferation process in TNBC
across different stages, respectively.
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Table 3. Neural functions predicted to contribute to immune responses and proliferation process across
different stages in NTNBC.

the innate and the adaptive immunity, as well as cell cycle progression in NTNBC, which is supported by the data
shown in Supplementary Table S3.

These predictions are supported by published studies as detailed below. (1) It is reported that thymus cannot
develop properly without embryonic connective tissue ablation, which originates from neural crest**. In addi-
tion, it has been reported that neural crest is indispensable in T-cell egress from thymus®. (2) Neurotransmitters,
such as neuropeptide Y are essential in proliferation of cultured fibroblasts and keratinocytes in vitro***. (3) An
immunologic function of glia in CNS is to destroy pathogens and clear dead neurons®, which are recruited by
pro-inflammation signals and act like macrophages in CNS*”*, (4) Schwann cells, the glia in PNS, participate in
innate immunity by producing proinflammatory factors, resulting in the recruitment of immune cells, and releas-
ing anti-inflammatory cytokines to modulate immunity activities*. Schwann cells can also regulate the comple-
ment cascade*’, where major histocompatibility (MHC) classes I and II help Schwann cell recognize exogenous
and endogenous antigens and present them to immune cells*'. And (5) Schwann cells are known to be reactivated
during tissue repair by stimulating proliferation of the surrounding mesenchymal precursor cells*2.
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Figure 5. A model for cross-talks between non-neural functions and neural functions in TNBC and NTNBC,
respectively, where the location of each box with respect to the middle dividing line is proportional to the
numbers of relevant pathways observed in TNBC vs. NTNBC.

Discussion

In this study, we have demonstrated that there are substantial differences in terms of the utilization of the neural
functions in TNBC vs. NTNBC; and predicted their possible causes and functions. We have statistically shown
that considerably more neural functions are involved in TNBC than NTNBC. Based on these, we have predicted
that cell-environment interactions and intracellular damage processing activities represent two large classes of
signals that may induce the neural activities in both TNBC and NTNBC, with TNBC having substantially more
interactions between neural and non-neural functions than in NTNBC. Furthermore, we have provided evidence
regarding how neural functions might have driven different immune responses in the two subtypes of breast
cancer, knowing the leading roles of neural functions in organ development and tissue repair, as well as in modu-
lating immunity response and cell proliferation**-*%. Figure 5 summarizes the cross-talks between different neural
and non-neural functions in TNBC and NTNBC.

It is noteworthy that TNBC does not represent a homogeneous class of breast cancer. Previous stud-
ies have classified TNBC into six subgroups, namely two basal-like-related subgroups (BL1 and BL2), two
mesenchymal-related subgroups (M and MSL), one immunomodulatory subgroup (IM) and one luminal andro-
gen receptor group (LAR)*. Published data have documented that this class of heterogeneous tumors has higher
propensity for higher mutation burden, distant visceral metastasis, worse outcomes and a more aggressive pres-
entation than the other subtypes of breast cancers®. These similar aggressive behaviors suggest that TNBC tum-
ors may share some common characteristics, which are not shared by non-TNBC tumors, which forms an even
larger class of breast cancers consisting of luminal A, luminal B, HER2-enriched and basal-like tumors®!. Our
study examined some of these commonalities from the perspective of neural functions, and offered explanations
of how they drive the more aggressive behaviors of the TNBC tumors compared to the non-TNBC tumors.

Substantial interactions have been observed between breast cancer cells and the microenvironment via the
nervous system'>°>%3, namely: (i) breast cancer cells and local immune cells release neurotrophic factors (such
as nerve growth factor, NGF) to facilitate nerve invasion®*; (ii) neurotransmitter secreted by nerve sprouting
can act on both breast cancer cells and stromal cells; (iii) repression of neurotrophic factors and receptors can
slow down the disease progression®®; (iv) once cancer cells penetrate the nerve endoneuria and migrate along the
nerve fiber, relapse tends to happen more frequently”’; and (v) TNBC has higher death rate than those of the other
breast-cancer subtypes, one reason being its high recurrence rates, and the central nerve system (CNS) is one of
the most likely location of recurrence in TNBC.

Based on these observations, we aim to elucidate how the nervous system interacts with the tumor microen-
vironment to facilitate tumor growth. Specifically, we are interested in deriving information towards establishing
the possible causal relationships between the observed neural functions and the elevated non-neural functions,
based on gene-expression data. This is done largely through regression analyses between gene-expression data
associated with neural functions vs. those of non-neural functions. Statistical explainability, based on the regres-
sion results, provides the directionality of the statistical associations established via our analyses, which is further
supported by published studies on each predicted causal relationship.

The tumor microenvironment is inflammatory because of the inflammatory cells and increased cytokine con-
centrations. Previous studies have demonstrated that sensory nerves can convey peripheral inflammation signals
into the CNS, leading to the release of certain neurotransmitters and neuropeptides in autonomic nerves, trig-
gering the production of pro-inflammatory or anti-inflammatory mediators®®. It was inferred that sympathetic
nerves recruit a large number of immune cells by secreting epinephrine and norepinephrine to promote the
inflammatory responses, while parasympathetic nerves inhibit the inflammatory response by secreting acetyl-
choline®. Our data strongly suggest that neural functions participate in immune responses in both TNBC and
NTNBC but there is a clear difference in terms of the detailed neural functions. We believe that neural genes,
correlated with inflammatory tumor microenvironment signals could interact with central nervous system and
reshape the tumor microenvironment through autonomic nerves, but the mechanisms need further investigation.

Due to the limited experimental data available, considerable questions of neural functions at the tissue level
remain to be elucidated. Bioinformatics techniques provide novel angles through systematic comparative anal-
yses of gene-expression data of cancers of different subtypes. It has been widely accepted that neural functions
are indispensable in tissue repair***>-*’. For example, tissue repair in patients with nerve damages or spinal cord
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injury tends to be slow™®. In rat corneal repair, nerve sprouting towards the wound can accelerate the wound
healing process*®. These are clearly consistent with our prediction that neural functions may participate in tissue
repair. Based on this and our earlier discussion, we posit that more complex and intensive tissue repair might have
been a key reason for the worse prognoses than those involving tissue repair to lesser extent. In tumor research,
the study of regulating the balance between tissue damage and tissue repair by neural systems is of great interest
as well as challenge, which we aim to pursue further.

Opverall, our analyses suggest that the more complex and challenging microenvironments that derive the more
extensive utilization of the neural system in TNBC vs. NTNBC. To the best of our knowledge, this is the first
report regarding how extracellular and intracellular environments may have triggered extensive involvement of
neural functions in breast cancer. Clearly, further investigation is needed in figuring out the detailed regulatory
mechanisms from the intracellular and extracellular cues to the induction of the neural system.

Methods

Data sets. RNA-sequence data of 119 TNBC tumor and 11 control samples, 1,066 NTNBC tumor and 109
control samples, along with corresponding clinical information were downloaded from The Cancer Genome Atlas
(TCGA) database https://portal.gdc.cancer.gov. Each tumor sample is classified into one of the following stages
based on the clinical information: TINO, T2NO0, T3NO, N1, N2, and N3, where Ni means that a sample has metas-
tasized to i lymph nodes for i <2, and to at least 3 nodes for i = 3; and TjNO means that the non-metastasized
sample is at stage j. The detailed staging information of all the tumor samples is given in Supplementary Table S8.

Data processing and basic analyses. We have conducted differential gene-expression analyses over all
the tumor samples of each stage against controls defined above using Deseq2 in the R package®. A gene is con-
sidered differentially expressed in cancer vs. controls if its fold change is greater than 2.0 with p-value < 0.05°".

Co-expression analyses are carried out based on the transcripts per million (TPM) levels among selected
genes, measured using the Spearman’s rank correlation coefficient and R?> 0.8 and p-value < 0.05 as the
thresholds®%. Gene length is calculated using GDC reference files https://gdc.cancer.gov/about-data/
data-harmonization-and-generation/gdc-reference-files. Heatmap.2 of the gplots package of the R statistical com-
puting and graphics software environment®, was used to generate a heatmap for co-expressions between specified
neural and non-neural genes, with neural genes represented as rows and non-neural genes as columns, and the
value in each cell being the correlation level between a neural and a non-neural gene defined above. Pathway
enrichment analyses are conducted using topGO with p-value < 0.05 as the cutoff®.

Linear regression. A generalized linear regression is conducted to identify non-neural pathways whose
expressions can statistically represent (or explain) the observed expressions of a given set of neural pathways. We
have normalized all gene-expression values across all breast cancer samples, using the min-max normalization to
[0,1] after removing the unexpressed genes.

For a set of given neural pathways and their genes {g,, g,,---, g },letY € R"™* be its gene-expression matrix
over m samples and k genes. Our goal is to identify a set of non-neural pathways and their genes X € R"”" and
finda matrixB € R"* so that ||E|| is as small as possible, where E = Y — XB s an error matrix. This problem
can be formulated as the following linear regression problem with lasso penalty to avoid selecting too many
non-neural genes to represent the given neural genes, where (3 refers to an element of B, k is the number of genes
in'Y, and n is the number of genes in X.

, (if)=(nk) 5
min [[IV = XBIF + A > |8, |
A>0, B, (i,j)=(1,1)

This problem can be considered as a Ridge regression problem and solved using the ridge function in the
R package in an iterative fashion®. Initially, all up-regulated non-neural pathway genes are included as candi-
date genes for explaining the Y genes. For each round of regression, the program calculates a coeficient matrix
B to give rise to a (local) minimal objective value along with an estimate of the level of contribution by each
non-neural gene, measured using a p-value. Before the next iteration, the procedure removes those non-neural
genes with insignificant p-values and then repeat the repression process using the selected genes until the proce-
dure converges.

The calculated parameters in the final regression model for each category of neural functions along with
the p-values of the selected non-neural genes are given in Supplementary Tables S4-S7. Three parameters: R?,
adjusted R? and p-value of the adjusted R? are used to assess the quality of a regression result, where p-value is
calculated based on random permutations repeated 10,000 times®’.

Data availability
Gene expression counts and clinical information of TNBC and NTNBC samples are available from The Cancer
Genome Atlas (TCGA) database https://portal.gdc.cancer.gov.

Received: 30 August 2019; Accepted: 4 February 2020;
Published online: 20 February 2020

References
1. Anders, C. K. & Carey, L. A. Biology, Metastatic Patterns, and Treatment of Patients with Triple-Negative Breast Cancer. Clin. Breast
Cancer 9, S73-S81 (2009).
2. Kalimutho, M. et al. Targeted Therapies for Triple-Negative Breast Cancer: Combating a Stubborn Disease. Trends Pharmacol. Sci.
36, 822-846 (2015).

SCIENTIFIC REPORTS |

(2020) 10:3065 | https://doi.org/10.1038/s41598-020-60030-5


https://doi.org/10.1038/s41598-020-60030-5
https://portal.gdc.cancer.gov
https://gdc.cancer.gov/about-data/data-harmonization-and-generation/gdc-reference-files
https://gdc.cancer.gov/about-data/data-harmonization-and-generation/gdc-reference-files
https://portal.gdc.cancer.gov

www.nature.com/scientificreports/

12.
. Gil, Z. et al. Paracrine Regulation of Pancreatic Cancer Cell Invasion by Peripheral Nerves. INCI J. Natl. Cancer Inst. 102, 107-118

14.
15.
16.
17.
18.
19.
20.

21.

34.
35.

36.
37.

38.
39.

40.
41.
42.
43.

44,
45.

46.
47.

48.
49.
50.
51.
52.

. Kappos, E. A. et al. Denervation leads to volume regression in breast cancer. J. Plast. Reconstr. Aesthet. Surg. 71, 833-839 (2018).
54.

. Dignam, J. Efficacy of Systemic Adjuvant Therapy for Breast Cancer in African- American and Caucasian Woman. J Natl Cancer Inst

Monogr. 30, 36-43 (2001).

. Ayala, G. E. et al. In vitro dorsal root ganglia and human prostate cell line interaction: Redefining perineural invasion in prostate

cancer. The Prostate 49, 213-223 (2001).

. Entschladen, E, Palm, D., Lang, K., Drell, T. L. & Zaenker, K. S. Neoneurogenesis: Tumors may initiate their own innervation by the

release of neurotrophic factors in analogy to lymphangiogenesis and neoangiogenesis. Med. Hypotheses 67, 33-35 (2006).

. Kuol, N., Stojanovska, L., Apostolopoulos, V. & Nurgali, K. Role of the nervous system in cancer metastasis. J. Exp. Clin. Cancer Res.

37,1-5(2018).

. Liebig, C., Ayala, G., Wilks, J. A., Berger, D. H. & Albo, D. Perineural invasion in cancer: A Review of the Literature. Cancer 115,

3379-3391 (2009).

. Ayala, G. E. et al. Growth and Survival Mechanisms Associated with Perineural Invasion in Prostate Cancer. Cancer Res. 64,

6082-6090 (2004).

. Dai, H. et al. Enhanced survival in perineural invasion of pancreatic cancer: an in vitro approach. Hum. Pathol. 38, 299-307 (2007).
10.
11.

Coarfa, C. et al. Influence of the neural microenvironment on prostate cancer. The Prostate 78, 128-139 (2018).

Liu, V. et al. Extrinsic intestinal denervation modulates tumor development in the small intestine of ApcMin/+ mice. J. Exp. Clin.
Cancer Res. 34, 34-39 (2015).

Zhao, C.-M. et al. Denervation suppresses gastric tumorigenesis. Sci. Transl. Med. 6, 250ral15-250ra115 (2014).

(2010).

Jobling, P. et al. Nerve-Cancer Cell Cross-talk: A Novel Promoter of Tumor Progression. Cancer Res. 75,1777-1781 (2015).

Isaacs, J. T. Prostate Cancer Takes Nerve. Science 341, 134-135 (2013).

Fernandez, E. V., Price, D. K. & Figg, W. D. Prostate cancer progression attributed to autonomic nerve development: Potential for
therapeutic prevention of localized and metastatic disease. Cancer Biol. Ther. 14, 1005-1006 (2013).

Magnon, C. Role of the autonomic nervous system in tumorigenesis and metastasis. Mol. Cell. Oncol. 2, €975643 (2015).

Magnon, C. et al. Autonomic Nerve Development Contributes to Prostate Cancer Progression. Science 341, 10 (2013).

Greene, N. D. E. & Copp, A. J. Development of the vertebrate central nervous system: formation of the neural tube. Prenat. Diagn.
29, 303-311 (2009).

Paridaen, J. T. & Huttner, W. B. Neurogenesis during development of the vertebrate central nervous system. EMBO Rep. 15, 351-364
(2014).

Wakamatsu, Y. Understanding Glial Differentiation in Vertebrate Nervous System Development. Tohoku J. Exp. Med. 203, 233-240
(2004).

. Gilbert, S. F. Developmental Biology, Ninth Edition. (Sinauer Associates, Inc, 2010).
. Abramson, V. G., Lehmann, B. D, Ballinger, T. J. & Pietenpol, J. A. Subtyping of triple-negative breast cancer: Implications for

therapy: Subtyping Triple-Negative Breast Cancer. Cancer 121, 8-16 (2015).

. Ciriello, G. et al. Comprehensive Molecular Portraits of Invasive Lobular Breast Cancer. Cell 163, 506-519 (2015).

. Baba, A. & Cétoi, C. Comparative Oncology. (Bucharest: The Publishing House of the Romanian Academy, 2007).

. Dorus, S. et al. Accelerated Evolution of Nervous System Genes in the Origin of Homo sapiens. Cell 119, 1027-1040 (2004).

. Kandel, E. R., Schwartz, J. H. & Jessell, T. M. Principles of Neural Science, Fourth Edition. (McGraw-Hill Medical, 2000).

. Liu, Z,, Li, M, Jiang, Z. & Wang, X. A Comprehensive Immunologic Portrait of Triple-Negative Breast Cancer. Transl. Oncol. 11,

311-329 (2018).

. Ayala, G. E. et al. Cancer-Related Axonogenesis and Neurogenesis in Prostate Cancer. Clin. Cancer Res. 14,7593-7603 (2008).
. Demir, I. E. Nerve-cancer interactions in the stromal biology of pancreatic cancer. Front. Physiol. 3, 1-11 (2012).
. Kranz, A., Kendall, M. D. & von Gaudecker, B. Studies on rat and human thymus to demonstrate immunoreactivity of calcitonin

gene-related peptide, tyrosine hydroxylase and neuropeptide. J. Anat. 191, 441-450 (1997).

. Kendall, M. D. Functional anatomy of the thymic microenvironment. ] Anat. 177, 1-29 (1991).
. Zachariah, M. A. & Cyster, J. G. Neural Crest-Derived Pericytes Promote Egress of Mature Thymocytes at the Corticomedullary

Junction. Science 328, 1129-1135 (2010).

Medeiros, P. J. et al. Neuropeptide Y stimulates proliferation and migration in the 4T1 breast cancer cell line. Int. J. Cancer 131,
276-286 (2012).

Schaffer, M., Beiter, T., Becker, H. D. & Hunt, T. K. Neuropeptides: Mediators of Inflammation and Tissue Repair? Arch. Surg. 133,
1107-1116 (1998).

Aloisi, FE. Immune function of microglia. Glia 36, 165-179 (2001).

Vallejo, R, Tilley, D. M., Vogel, L. & Benyamin, R. The Role of Glia and the Immune System in the Development and Maintenance
of Neuropathic Pain: Role of Glia in Neuropathic Pain. Pain Pract. 10, 167-184 (2010).

Hartenstein, V. & Giangrande, A. Connecting the nervous and the immune systems in evolution. Commun. Biol. 1, 64 (2018).
Meyer Zu Hérste, G., Hu, W,, Hartung, H.-P,, Lehmann, H. C. & Kieseier, B. C. The immunocompetence of Schwann cells. Muscle
Nerve 37,3-13 (2008).

Ramaglia, V., Daha, M. R. & Baas, E The complement system in the peripheral nerve: Friend or foe? Mol. Immunol. 45, 3865-3877
(2008).

Ydens, E. et al. The neuroinflammatory role of Schwann cells in disease. Neurobiol. Dis. 55,95-103 (2013).

Carr, M. J. & Johnston, A. P. Schwann cells as drivers of tissue repair and regeneration. Curr. Opin. Neurobiol. 47, 52-57 (2017).
Ashrafi, M., Baguneid, M. & Bayat, A. The Role of Neuromediators and Innervation in Cutaneous Wound Healing. Acta Derm.
Venereol. 96, 587-594 (2016).

Ellisen, L. W. A wound-healing program is hijacked to promote cancer metastasis. J. Exp. Med. 214, 2813-2815 (2017).

Emmerson, E. Efficient Healing Takes Some Nerve: Electrical Stimulation Enhances Innervation in Cutaneous Human Wounds. J.
Invest. Dermatol. 137, 543-545 (2017).

Hanna, K. R. & Katz, A. J. An Update on Wound Healing and the Nervous System. Ann. Plast. Surg. 67, 49-52 (2011).

Pirotte, N., Leynen, N., Artois, T. & Smeets, K. Do you have the nerves to regenerate? The importance of neural signalling in the
regeneration process. Dev. Biol. 409, 4-15 (2016).

Song, B. Nerve regeneration and wound healing are stimulated and directed by an endogenous electrical field in vivo. J. Cell Sci. 117,
4681-4690 (2004).

Bareche, Y. et al. Unravelling triple-negative breast cancer molecular heterogeneity using an integrative multiomic analysis. Ann.
Oncol. 29, 895-902 (2018).

Lin, N. U. et al. Sites of distant recurrence and clinical outcomes in patients with metastatic triple-negative breast cancer: High
incidence of central nervous system metastases. Cancer 113, 2638-2645 (2008).

Bianchini, G., Balko, . M., Mayer, I. A., Sanders, M. E. & Gianni, L. Triple-negative breast cancer: challenges and opportunities of a
heterogeneous disease. Nat. Rev. Clin. Oncol. 13, 674-690 (2016).

Hondermarck, H. Neurotrophins and their receptors in breast cancer. Cytokine Growth Factor Rev. 23, 357-365 (2012).

Aloe, L., Rocco, M. L., Balzamino, B. O. & Micera, A. Nerve growth factor: role in growth, differentiation and controlling cancer cell
development. J. Exp. Clin. Cancer Res. 35 (2016).

SCIENTIFIC REPORTS |

(2020) 10:3065 | https://doi.org/10.1038/s41598-020-60030-5


https://doi.org/10.1038/s41598-020-60030-5

www.nature.com/scientificreports/

55. Mancino, M., Ametller, E., Gascon, P. & Almendro, V. The neuronal influence on tumor progression. Biochim. Biophys. Acta BBA -
Rev. Cancer 1816, 105-118 (2011).

56. Boilly, B., Faulkner, S., Jobling, P. & Hondermarck, H. Nerve Dependence: From Regeneration to Cancer. Cancer Cell 31, 342-354
(2017).

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

58. Chavan, S. S., Pavlov, V. A. & Tracey, K. J. Mechanisms and Therapeutic Relevance of Neuro-immune Communication. Immunity
46,927-942 (2017).

59. Hanoun, M., Maryanovich, M., Arnal-Estapé, A. & Frenette, P. S. Neural Regulation of Hematopoiesis, Inflammation, and Cancer.
Neuron 86, 360-373 (2015).

60. Love, M. I, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

61. Storey, J. D. The positive false discovery rate: a Bayesian interpretation and the q -value. Ann. Stat. 31, 2013-2035 (2003).

62. Wagner, G. P, Kin, K. & Lynch, V.]. Measurement of mRNA abundance using RNA-seq data: RPKM measure is inconsistent among
samples. Theory Biosci. 131, 281-285 (2012).

63. Zar, ]. H. Significance Testing of the Spearman Rank Correlation Coefficient. J. Am. Stat. Assoc. 67, 578-580 (1972).

64. Schoggins, J. W. et al. Pan-viral specificity of IFN-induced genes reveals new roles for cGAS in innate immunity. Nature 505,
691-695 (2014).

65. Alexa, A., Rahnenfuhrer, J. & Lengauer, T. Improved scoring of functional groups from gene expression data by decorrelating GO
graph structure. Bioinformatics 22, 1600-1607 (2006).

66. Cule, E. & De Iorio, M. Ridge Regression in Prediction Problems: Automatic Choice of the Ridge Parameter: Ridge Regression in
Prediction Problems. Genet. Epidemiol. 37,704-714 (2013).

67. Phipson, B. & Smyth, G. K. Permutation P-values Should Never Be Zero: Calculating Exact P-values When Permutations Are
Randomly Drawn. Stat. Appl. Genet. Mol. Biol. 9 (2010).

Acknowledgements

The authors thank Professor Sha Cao of Indiana University Biostatistics Department for the advice regarding data
analytics. The senior author thanks the financial support from both Georgia Research Alliance and the China-
Japan Union Hospital of Jilin University.

Author contributions

Y.X. and R.T. formulated the research question and study design. Y.Z. and M.T. downloaded the data. Z.H. carried
out preliminarily analysis. H.L. designed methods for regression. R.T. analysis the results. R.T. and H.L. wrote the
manuscript with the help from all the other authors, especially Y.X. The manuscript has been read and approved
by all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-60030-5.

Correspondence and requests for materials should be addressed to Y.X.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:3065 | https://doi.org/10.1038/s41598-020-60030-5


https://doi.org/10.1038/s41598-020-60030-5
https://doi.org/10.1038/s41598-020-60030-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Neural Functions Play Different Roles in Triple Negative Breast Cancer (TNBC) and non-TNBC

	Results

	Identification of neural genes in cancer. 
	TNBC and NTNBC use different neural functions. 
	Neural genes-related non-neural processes in TNBC vs. NTNBC. 
	Functional relations between neural and non-neural functions in TNBC vs. NTNBC. 
	Different neural functions promote the immune response and cell proliferation in TNBC vs. NTNBC. 

	Discussion

	Methods

	Data sets. 
	Data processing and basic analyses. 
	Linear regression. 

	Acknowledgements

	Figure 1 The numbers of neural pathways of different groups in distinct developmental stages in TNBC and NTNBC, respectively.
	Figure 2 The numbers and distributions of enriched NNCN pathways in TNBC and NTBC, respectively.
	Figure 3 Heat-maps for correlations between non-neural genes and neural genes at stages T3N0 and N1 in TNBC and NTNBC, respectively.
	Figure 4 Percentages of non-neural pathways that correlate with neural genes and fall into the categories of cell-environment interaction and intracellular damage processing out of all the neural genes associated non-neural pathways in TNBC (A) and NTNBC 
	Figure 5 A model for cross-talks between non-neural functions and neural functions in TNBC and NTNBC, respectively, where the location of each box with respect to the middle dividing line is proportional to the numbers of relevant pathways observed in TNB
	Table 1 Enriched neural pathways by NCN of TNBC and NTNBC.
	Table 2 Neural functions predicted to contribute to immune responses and proliferation process in TNBC across different stages, respectively.
	Table 3 Neural functions predicted to contribute to immune responses and proliferation process across different stages in NTNBC.




