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Activity-Regulated Cytoskeleton-Associated Protein Gene
Expression Is Associated With High Infiltration of Stromal
Cells and Immune Cells, but With Less Cancer Cell
Proliferation and Better Overall Survival in
Estrogen Receptor-Positive/Human Epidermal
Growth Factor Receptor 2-Negative Breast Cancers
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Abstract

Background: Peritumoral lidocaine infiltration prior to excision is
associated with better survival in breast cancer (BC), which led us
to hypothesize that innervation to the tumor affects its biology and
patient survival. Activity-regulated cytoskeleton-associated protein
(ARC) gene expression is known to be regulated by neuronal activity.
Therefore, we studied the clinical relevance of ARC gene expression
as a surrogate of neuronal activity in BC.

Methods: Sweden Cancerome Analysis Network - Breast (SCAN-
B (GSE96058), n = 3,273) cohort and The Cancer Genome Atlas
(TCGA, n=1,069) were analyzed.

Results: High ARC expression was significantly associated with
smaller tumor size, without lymph node metastasis, and less stage [V
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disease in one cohort, but not validated by the other. Estrogen recep-
tor-positive (ER*)/human epidermal growth factor receptor 2-nega-
tive (HER2") and luminal A expressed significantly higher ARC com-
pared to the other subtypes in both cohorts (P < 0.005). High ARC
BC was significantly associated with lower Nottingham histological
grade and lower Ki67 gene expression consistently in ER*/HER2" but
not triple negative breast cancer (TNBC) in both cohorts (P < 0.001).
Cell proliferation-related gene sets in the Hallmark collection (E2F
targets, G2M checkpoint, and mitotic spindle) were significantly en-
riched to low ARC BC in ER"/HER2- but not TNBC in TCGA. The
stromal cells (fibroblasts, vascular endothelial cells, and adipocytes)
were all significantly infiltrated in high ARC ER*/HER2", but not in
TNBC, except for neurons. Homologous recombination deficiency,
intratumor heterogeneity, fraction altered, silent or non-silent muta-
tion rate were all significantly lower in high ARC ER"/HER2- but not
TNBC. Although there was no difference in single nucleotide variant
or indel neoantigens, tumor infiltrating lymphocytes, and cytolytic
activity by ARC expression regardless of subtype, multiple immune
cells were significantly infiltrated in high ARC ER*/HER2", includ-
ing CD8, CD4 memory cells, helper type I T cells, regulatory T cells,
M2 macrophages, and B cells (all P < 0.03 in both cohorts), but not in
TNBC. Disease-specific and overall survival were significantly im-
proved in high ARC ER*/HER2" consistently in both cohorts (all P <
0.05), but this was not the case in TNBC.

Conclusion: ARC gene expression was associated with less cancer
cell proliferation, high infiltration of stromal cells and immune cells,

and better survival in the ER"/HER2" but not TNBC subtype.

Keywords: Activity-regulated cytoskeleton-associated protein;
Breast cancer; Immunology; Molecular biology

Introduction

Breast cancer (BC) is the most common cancer worldwide and
the leading cause of cancer death among women [1]. In the
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United States, BC accounts for 30% of all new female cancers
each year. The incidence of BC has risen over the past four dec-
ades, a majority from earlier stage and hormone positive dis-
ease [2]. Several studies have shown that women diagnosed at
an early stage have better survival and lower mortality rates [1,
3, 4]. While overall mortality has decreased, 30% of patients
develop recurrent disease [5]. Therefore, the ability to study in-
terventions that may affect future metastases is of importance.

Numerous studies have investigated factors associated
with better biology [6, 7]. In the molecular era, the ability to
use biomarkers for clinical treatment and prognostication for
patients with BC is paramount [8]. Biomarkers such as estrogen
receptor (ER), progesterone receptor, human epidermal growth
factor receptor (HER) and Ki67 have been used extensively in
clinics to determine hormone, anti-HER2, and chemotherapy
treatment options [9, 10]. Indeed, we have recently shown the
utility of Ki67 in identifying hepatocellular carcinomas with
aggressive biology [11]. However, an increasing number of ad-
ditional molecular biomarkers are being studied. Genes such as
CACNG4, PKMYTI, EPYC, and CHRNAG6 which play a role
in cancer cell motility, the G2/M phase of cell cycles, extra-
cellular matrix proteins, and neuronal nicotinic acetylcholine
receptors, have been shown to be upregulated in BC patients
compared to normal samples [12]. Our group has demonstrated
that tumor infiltrating lymphocytes (TILs) in the bulk tumor
are associated with cell proliferation and better survival in BC
[13]. Additionally, high RADS51 gene expression, essential for
homologous recombination of DNA repair, was found to be
associated with aggressive cancer biology, cancer cell prolif-
eration, and poor survival in BC [14]. Another marker of BC
aggressiveness is the E2F score, which was predictive of the
responsiveness of ER-positive/HER2-negative patients to ne-
oadjuvant chemotherapy [15]. Many of these studies utilized
The Cancer Genome Atlas (TCGA) cohort[16, 17] and Sweden
Cancerome Analysis Network - Breast (SCAN-B, GSE96058)
cohort [18, 19]. Both cohorts contain clinical parameters which
are associated with full transcriptomes for every patient. Ulti-
mately, these biomarkers have prognostic significance and may
be targeted for future therapies.

Studies from the growing field of tumor neurobiology
have demonstrated the role of nerves in cancer development
and how nerves drive cancer initiation and progression. Many
basic researchers are investigating the mechanisms by which
cancer spreads with the use of nerves [20, 21]. Nerves can re-
lease neurotransmitters, hormones and growth factors, all of
which can control cancer development and change the tumor
microenvironment by promoting immune evasion and cancer
progression [22, 23]. Innervation of tumors has been shown
to play a critical part in head and neck, prostate, pancreatic,
breast and gastric cancers [24]. Specifically, denervation of
prostate tumors in mice models has been shown to inhibit can-
cer progression, and higher nerve density in the tumor micro-
environment is associated with higher grade prostate cancer
[25]. Similarly, BCs with a higher density of nerves have been
found to be associated with poorer outcomes [26-28]. Dener-
vating BC tumors in mice models has been shown to lead to
volume regression [29]. While the exact molecular mechanism
remains unclear, these insights are paving the way for interven-
tions in immune-mediated diseases [30]. Recently, peritumoral

lidocaine infiltration prior to surgical removal was reported to
be associated with better survival in early-stage BC [31, 32],
which demonstrates that nerves play a significant role in BC
pathology, leaving opportunities to study the role of denerva-
tion on the tumor microenvironment.

In our modern day, the combination of clinical, pathologi-
cal and molecular data allows us to gain information on prog-
nostication and tumor microenvironment characterization [33].
The ability to create in silico models in computational biology
has allowed us to identify numerous potential targets associ-
ated with BC. For example, when looking at the association of
the angiopoietin pathway, a downstream angiogenesis cascade,
high co-expression of the Ang2 gene and its receptor Tie2 were
associated with decreased disease-free survival (DFS) and
overall survival (OS) [34]. Not only can we identify clinically
relevant gene expressions, but we can also determine RNA ed-
iting levels. We have shown that APOBEC3 enzymes, which
contribute significantly to DNA mutagenesis in cancer, occur
in BC tumors and are positively associated with increased im-
mune activity and improved survival [35]. Additionally, the
relationship between late recurrence and clinical factors, gene
expression profiles and immune status has been studied. Late
recurrence of BC has been shown to be associated with not
only host defense immunity but also pro-cancerous immune
cells and cytolytic activity of immune cells [36].

Activity-regulated cytoskeleton-associated protein (ARC)
is a unique gene in neurons that is rapidly expressed in response
to neural activity such as nerve stimulation [37]. ARC plays an
essential role in synaptic transmission and long-term memory
formation, interacting with effector proteins to modulate syn-
aptic strength using molecular mechanisms [38]. ARC is a key
regulator of synaptic plasticity, which is how synapses change
in response to neural activity, impacting long-term potentia-
tion and depression at the synapse level [39]. Although the link
between ARC and neuronal modulation within the tumor mi-
croenvironment was never explored, ARC is known as a key
molecular marker for recent neuronal activity and contributes to
processes when a nerve is stimulated at the synapse level. ARC
levels increase significantly at the stimulated synapse, allowing
for structural changes that strengthen the connection between
the neurons involved in that activity.

To this end, our overachieving hypothesis is that tumor in-
nervation affects its biology and patient survival. In the current
study, we utilized the ARC gene expression in the bulk tumor
as a surrogate to estimate the neuronal activity in BC biology
and investigated its clinical relevance in BC.

Material and Methods
BC bulk RNA sequencing cohorts

Two publicly available datasets were collected from online
sources and analyzed in this study. As the testing cohort, we
used the Pan Cancer Clinical Data Resource [40] and the cBio
Cancer Genomic Portal [41] to obtain data on tumor gene ex-
pression and clinical data from TCGA cohort, which consists
of over 11,000 patient samples, similarly to how we have pre-
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viously reported [16, 17]. Among them, 1,069 patients with
ER-positive/HER2-negative BC by pathological determina-
tion were analyzed. Nottingham histological grade of primary
breast tumors of TCGA was assessed from pathology reports
as shown previously [42]. The validation cohort used that has
gene expression and correlating clinical data was the SCAN-B
(n = 3,273), which was accessed using the cBio portal system
that our group has previously described [18, 19].

All RNA sequence data utilized in this study were normal-
ized and annotated to gene symbols from transcriptomics by
the time of initial publication and followed by log2 conversion
[18, 43]. Threshold values for defining “high” and “low” ARC
expression were the median ARC gene expression in each co-
hort. All patient information included in both cohorts was de-
identified; therefore, Institutional Review Board approval was
not required for this study.

Single cell RNA sequencing cohorts of the primary BC

Three cohorts including single cell RNA seq data were down-
loaded from Gene Expression Omnibus (GEO) database [44]
with the accession number of GSE255107 (n=11), GSE167036
(n = 8), and GSE161529 (n = 52); two cohorts were down-
loaded from the Broad Institute Single Cell portal with the ac-
cession number of SCP1039 (n = 26) and SCP1106 (n = 5).
A total of five cohorts were used for single cell sequencing
analysis, using a cluster annotation method developed for sin-
gle cells by the xCell research group [45-49]. These cohorts
were downloaded from the GEO database via the R package
GEOquary. GSE255107 is a cohort consisting of 11 primary
tumors of patients with BC, including six ER-positive and
five triple negative breast cancer (TNBC) [45]. GSE167036
consists of primary tumor and paired lymph node metastases
in eight BC patients, five of which were luminal subtype and
three HER2-positive [46]. GSE161529 contains data from 52
patients, four TNBC, four BRCA1 TNBC, six HER2-positive,
19 ER-positive, and six lymph node metastases of ER-positive
tumors [47]. SCP1039 contains data from 26 primary tumors,
including 11 ER-positive, five HER2-positive, and 10 TNBC
[48]. Lastly, SCP1106 contains primary tumors from five pa-
tients with TNBC [49].

Gene Set Expression Analysis (GSEA)

We performed GSEA, a computational method to investigate
the biological status of each set of genes [50], as performed in
previous studies from our group [51, 52]. GSEA analyzes the
statistical significance between two groups in the expression
of pre-defined gene collection (gene set) representing specific
biological pathways. Gene sets used in this study were from the
Hallmark and Pathway Interaction Database (PID) collection
of Molecular Signatures Database (MSigDB) [53]. The anal-
ysis was performed with GSEA software and hallmark gene
set collection for pathway analysis. To compare results across
gene sets, we used a normalized enrichment score (NES) ad-
justed for the correlation between the gene set and the expres-

sion dataset. Larger NES values indicate whether the pathway
represented by each gene set is over- or under-enriched in each
phenotype. We interpreted false discovery rate (FDR) g-values
of 0.25 or less as statistically significant following the Broad
Institute recommendations [50]. We used an FDR of 0.25 as
previously recommended for GSEA.

Statistical analysis

The composition of infiltrating immune cells and stromal cells
in the tumor microenvironment was estimated from gene ex-
pression data using xCell algorithm [54]. xCell is a web tool
[55] that integrates the deconvolution approaches used in CIB-
ERSORT [56], which is the most common method to dissect
the tumor microenvironment using gene expression profiles,
with the gene signature-based comparison method from GSEA
[50]. This algorithm estimates cell type fractions by comparing
489 gene signatures corresponding to 64 cell types, including
adaptive and innate immune cells, hematopoietic progenitor
cells, epithelial cells, and extracellular matrix cells, with the
input bulk tumor gene expression dataset.

Statistical analyses and data plotting were performed us-
ing R software and Microsoft Excel. A P-value threshold of
0.05 was used to detect statistical significance. To determine
significance among different groups, we used one-way analy-
sis of variance (ANOVA) or Fisher’s exact, as we described in
legends. For survival analysis, the Kaplan-Meier method with
log-rank test was used.

Results

ER-positive/HER2-negative and luminal A type, and T1
tumors have significantly high ARC expression

First, it was of interest whether ARC expression is related
with clinical aggressiveness of BC, such as tumor size, lymph
node metastasis, and subtypes. Thus, we analyzed the ARC
expression by American Joint Committee on Cancer (AJCC)
cancer staging and subtypes in ER-positive/HER2-negative
and TNBC in the SCAN-B and TCGA cohorts. High ARC
expression was significantly associated with smaller tumor
size (Fig. la, P <0.001) and with less lymph node metastasis
in the SCAN-B cohort (Fig. 1a, P < 0.02); however, these
results were not validated by the TCGA cohort. Although the
SCAN-B cohort did not provide AJCC staging, high ARC
expression was significantly associated with lower stage dis-
ease in the TCGA cohort (Fig. la, P < 0.02). ER-positive/
HER2-negative and luminal A type cancers expressed signifi-
cantly higher ARC compared to the other subtypes in both
cohorts (Fig. 1b, P <0.005).

Cells with high ARC expression were lower grade, less ag-
gressive, and less proliferative

Nottingham histological grade, which pathologically assess-
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TCGA

ARC expression levels

Figure 1. Clinical parameters of breast cancers in SCAN-B and TCGA cohorts. (a) Box plots of tumor size, lymph node me-
tastasis and stage in the SCAN-B and TCGA cohorts. The Y-axis demonstrates ARC expression level. The X-axis represents
tumor size (T1, T2, T3 and T4), patients with and without lymph node metastasis, and stage (I, Il, lll and 1V) in each cohort. (b)
Box plot of the subtypes of breast cancer in SCAN-B and TCGA cohorts. The X-axis represents ER-positive/HER2-negative,
HER2-positive, TNBC, luminal A type, luminal B type, HER2-positive, basal type, or normal type. The Y-axis demonstrates ARC
expression level. The Mann-Whitney U test and Fisher’s exact test were used to calculate P-values. ARC: activity-regulated
cytoskeleton-associated protein; ER: estrogen receptor; HER2: human epidermal growth factor receptor 2; SCAN-B: Sweden
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Cancerome Analysis Network - Breast; TCGA: The Cancer Genome Atlas; TNBC: triple negative breast cancer.

es cancer cell proliferation, was significantly lower in high
ARC tumors in both TCGA and SCAN-B cohorts (Fig. 2a,
P < 0.001). Gene expression of Ki67 (MKi67), one of the
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Figure 2. Cell proliferation rates in ER-positive/HER2-negative breast cancers in SCAN-B and TCGA. (a) Box plot demonstrat-
ing histological grade in the SCAN-B and TCGA cohorts. X-axis represents grade (1, 2 and 3). Fisher’s exact test was used to
calculate P-values. (b) Box plots of MKi67 expression in SCAN-B and TCGA cohorts and within the ER-positive/HER2-negative
and TNBC subgroups. Mann-Whitney U test was used to calculate P-values. (c) GSEA of Hallmark collection (E2F targets, G2M
checkpoint, and MTOR1 signaling) and their relationship with ARC protein expression in SCAN-B and TCGA cohorts. Median
cut-off was used to perform the analysis. NES and FDR were determined with the GSEA method. ARC: activity-regulated cy-
toskeleton-associated protein; ER: estrogen receptor; FDR: false discovery rate; GSEA: Gene Set Enrichment Analysis; HER2:
human epidermal growth factor receptor 2; NES: normalized enrichment score; SCAN-B: Sweden Cancerome Analysis Network
- Breast; TCGA: The Cancer Genome Atlas; TNBC: triple negative breast cancer.

2b, P < 0.001); however, this was not the case in the TNBC.
Lastly, cell proliferation-related gene sets in the Hallmark
collection (E2F targets, G2M checkpoint, and mitotic spin-

dle) were all significantly enriched to low ARC BC in ER-
positive/HER2-negative subtype, but none in TNBC subtype
in TCGA cohort (Fig. 2c, all FDR < 0.25), but this result was
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not validated in SCAN-B cohort (data not shown, all FDR
>0.25).

High ARC was associated with significantly more stromal
cell infiltration and less mutation rates in ER-positive/
HER2-negative but not TNBC

Previously we have shown that stromal cells such as adipo-
cytes and lymphatic endothelial cells are highly infiltrated
in a less proliferative tumor microenvironment [57-59]. The
stromal cells (fibroblasts, endothelial cells, mvE and LyE
cells, and adipocytes) were all found to be significantly in-
filtrated in high ARC ER-positive/HER2-negative BC tumor
microenvironment in both cohorts (Fig. 3a, P < 0.02), but
not TNBC (Fig. 3c¢) in either cohort. When looking at neu-
rons specifically, there was significantly more infiltration of
neurons in high ARC TNBC in both cohorts (Fig. 3¢, both
P < 0.01); however, this was not seen in the ER-positive/
HER2-negative BC group in either cohort (Fig. 3a). Because
mutation load is known to correlate with cancer aggres-
sion [60-62], we examined its association with ER-positive/
HER2-negative and TNBC with low and high ARC. Using
scores pre-calculated by Thorsson et al [63], we found that
high ARC ER-positive/HER2-negative BC was significantly
associated with less homologous recombination deficiency,
intratumoral genomic heterogeneity, fraction altered muta-
tion rate, silent and non-silent mutations compared to low
ARC BC in TCGA (Fig. 3b, P < 0.04), but not TNBC (Fig.
3d). There was no difference in single nucleotide variant or
indel neoantigens between tumors with low or high ARC ex-
pression in either ER-positive/HER2-negative or TNBC.

High ARC expression in tumor microenvironment was
associated with lower immune cell infiltration and less
cytolytic activity in ER-positive/HER2-negative but not
TNBC

We investigated the relationship of ER-positive/HER2-neg-
ative and TNBC tumors with ARC gene expression in the tu-
mor microenvironment. We found that high ARC ER-positive/
HER2-negative BCs were significantly associated with lower
IFN-gamma response in TCGA (Fig. 4a, P < 0.01), but was not
statistically significant in the TNBC group (Fig. 4a). TIL region-
al fraction score (Fig. 4a) nor cytolytic activity (Fig. 4b), which
reflects overall anti-cancer immunity, was not statistically sig-
nificant for either ER-positive/HER2-negative or TNBC groups.
However, multiple immune cells were significantly infiltrated
in high ARC ER-positive/HER2-negative BC, including CD8,
CD4 memory cells, helper type II T cells, regulatory T cells,
B cells, M2 macrophages, and dendritic cells (Fig. 4c, all P <
0.01 in both cohorts). In contrast, there was not as not much
difference between immune cell infiltration between high and
low ARC TNBC. The high ARC TNBC had significantly less
infiltration of M1 macrophages (P < 0.03 for both cohorts), and
significantly less CD8, CD4 memory, and B cells (P < 0.04 in
SCAN-B) (Fig. 4d).

Better OS was found in BCs with high ARC expression,
particularly ER-positive/HER2-negative BC

Given the difference in tumor size, grade and AJCC stage be-
tween high and low ARC tumors, it was of interest to look
at survival outcomes in the SCAN-B and TCGA cohorts. We
found that OS was significantly better in high ARC BC in the
ER-positive/HER2-negative subtype consistently in both co-
horts (Fig. 5a, P < 0.01). However, no significant difference in
OS or disease-specific survival (DSS) was found between low
and high ARC gene expression in TNBC in either cohort (Fig.
5b). In fact, for TNBC, there was a trend of decreased OS and
DSS for high ARC tumors in both SCAN-B and TNBC, but
this was not statistically significant.

Single cell analysis demonstrates inconsistent expression
of ARC amongst cell types

Because ARC has been found to be expressed in neurons and
involved with the synaptic transmission activity, it was of in-
terest to see which cells within BC tumors express the ARC
gene. On analysis of the single cell RNA sequencing results,
the bulk of ARC expression was attributable to T cells in
the ER-positive group and epithelial cells and neutrophils in
the TNBC group in the GSE255107 cohort (Fig. 6a). In the
GSE161529 cohort, ARC expression was attributable to epi-
thelial and stem cells in both ER-positive and TNBC groups.
Lastly in the SCP1039 cohort, ARC expression was attribut-
able to normal epithelial cells in both ER-positive and TNBC
groups. ARC expression was not preferentially expressed in
any cell type in GSE167036 and SCP1106 (Fig. 6b).

Discussion

The aim of our study was to use ARC gene expression as a
surrogate for neuronal activity and investigate the clinical rel-
evance of its activity in the BC tumor microenvironment us-
ing SCAN-B and TCGA cohorts. When looking at the clinical
parameters of tumors with high ARC, we found that high ARC
expression was associated with ER-positive/HER2-negative
and luminal A type BCs in both SCAN-B and TCGA cohorts.
High expression of ARC was associated with smaller tumor
size and lack of lymph node metastases in SCAN-B, but not
in TCGA, most likely due to cohort sample size where SCAN-
B has three times more power compared to TCGA. Further-
more, high ARC tumors were associated with lower grade and
Ki67 gene expression in both SCAN-B and TCGA cohorts.
We found that high ARC tumors were associated with lower
Nottingham histological grade and lower Ki67 gene expres-
sion, both of which are well-established biomarkers of cancer
cell proliferation, consistently in SCAN-B and TCGA cohorts.
On the other hand, given that there was no consistent enrich-
ment of Hallmark cell proliferation-related gene sets by ARC
expression in the two cohorts, ARC expression may not be a
strong biomarker to guide therapeutic decisions or prognosti-
cation in clinical practice, unlike the ones previously reported

Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™ |  https://wjon.elmerpub.com 21



ARC Gene Expression in ER*/HER2- BC World | Oncol.2025;16(1):16-29

22

a Fibroblasts Endcfl?: o mvE cells LyE cells Adipocytes Neurons
p<0.001 p=0.001 p<0.001 p<0.001 : p=0.886
T TR T s IR T T

¥

0004

0.04

N i
N H
2 H
Q\E
N N
=

SCAN-B
(ER+HER2-)
0 0.1 0.2

0.00 0.08 010 018 020

0.00 ood
bii]

0.00 0.08 010 0.8 0.20

—— - P

ez
i

0.000

sl E = = = !
Low Hgh Low Hgh
p<0.001 p=0.062

o1z

{
1,/
1’/

0.00 008 010 08 0.20
m’
/D]

020
ST
I @J/
| /<|l:|:|
004
’@/
- [D
000 010 020 03

rd
one
-

TCGA
(ER+HER2-)

0.008 0018 0028

|
|
0.00 0.10

Hgh Low Low Hgh Low Hgh
b Fracti Non-silent SNV
Altered tation Neoantig N
p<0.001 p=0.033 p=0.973
— B -] = L Eaee—— -] =
gl : sNi | @ s s | I T
Su M 2 ] ‘ ] E I 24\ BN
T ] " \ < a |\ E 2\ H
d 3 3 ] ] 2 i
HIE : 10 B8 88 Dy
Low Hgh : L;w D;l : b;ll Hgh : : Low Hgh Law f;s L;'l P;I
Endothelial
C Fibroblasts cells LyE cells Adipocytes Neurons
p=0.512 p=0.428 p=0.333 p=0.981 p<0.001
8 ~ N e T Rl T
o - ° \;_ ] E N\ ! 5 2 ] g . E i
Ol %) g ] N { ¢ ! N
Zm ° N ] g N ; 2 . : N\
gz| e i A \ I A i T g
¢ eg el el el ol
gl ~ | g]l ¥ N | g . |[E=80| ,|EH g
Low Hgh Low Hgh Low Hgh Low Hgh
p=0.595 p=0.105 p=0.057 p=0.638
— 84 — — —
N T °N T 3 BN Tl e lT T s
<O S i N N\ i i s
o@| o| N 84N 3 84 % gl \ 2
'L_' =z . . AN - = AN =N E
o) el Hil B
b4 o | = = o |
gl & N g ] &N g g ~ N gl TN g
= Pr—T = L — = o L — ] L E— o
d Low Hgh Low Hgh Low Hgh Low Hgh
Intratumor Non-silent SNV
heterogeneity mutation Neoantigens Neoantigens
p=0.925 p=0.101 p=0.313 p=0.7! p=0.198
SRS EREE SN IEIND TN
ag : g . SN e 2 Eload N RN BN
LSS pe B8 8 (B8 -pE
2 YiooN (1 d s - -]
I I D S [ Nl N | 1N N AN . E\_
Law Hgh ° L;w N"V L;w ';' Law ';' LG'W 'ﬁ"! Low Hgh LG‘* Hgh

Figure 3. Stromal cell infiltration and mutation rates amongst ER-positive/HER2-negative and TNBC in SCAN-B and TCGA. (a)
Box plots of stromal cells, including fibroblasts, endothelial cells, mvE cells, LyE cells, and adipocytes, and neurons in the ER-
positive/HER2-negative patients in SCAN-B and TCGA cohorts. Box plot of stromal fraction based on Thorrson et al. (b) Box
plots show HRD, intratumoral heterogeneity, fraction altered, silent and non-silent mutation rate, and SNV and indel neoantigens
in the ER-positive/HER2-negative patients within the TCGA cohort based on scoring by Thorsson et al. P-values were deter-
mined using Mann-Whitney U test. (c) Box plots of stromal cells, including fibroblasts, endothelial cells, mvE cells, LyE cells, and
adipocytes, and neurons in the TNBC patients in SCAN-B and TCGA cohorts. Box plot of stromal fraction based on Thorrson et
al. (d) Box plots show HRD, intratumoral heterogeneity, fraction altered, silent and non-silent mutation rate, and SNV and indel
neoantigens in the TNBC patients within the TCGA cohort based on scoring by Thorsson et al. P-values were determined using
Mann-Whitney U test. ER: estrogen receptor; HER2: human epidermal growth factor receptor 2; HRD: homologous recombina-
tion deficiency; SCAN-B: Sweden Cancerome Analysis Network - Breast; SNV: single nucleotide variant; TCGA: The Cancer
Genome Atlas; TNBC: triple negative breast cancer.
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Figure 4. Immune response in ER-positive/HER2-negative and TNBC tumor microenvironment. (a) Box plots of TILs regional
fraction and INF-gamma response based on Thorrson et al in the ER-positive/HER2-negative and TNBC patients within the
TCGA cohort. (b) Box plots of cytolytic activity in ER-positive/HER2-negative and TNBC patients within the SCAN-B and TCGA
cohorts. (c) Box plots of immune cells, including CD8 cells, CD4 memory cells, Th1, Th2, Tregs, M1 and M2 macrophages, DCs,
and B cells in the ER-positive/HER2-negative patients in the SCAN-B and TCGA cohorts. Mann-Whitney U test was used to
determine P-values. (d) Box plots of immune cells, including CD8 cells, CD4 memory cells, Th1, Th2, Tregs, M1 and M2 mac-
rophages, DCs, and B cells in the TNBC patients in the SCAN-B and TCGA cohorts. Mann-Whitney U test was used to determine
P-values. DCs: dendritic cells; ER: estrogen receptor; HER2: human epidermal growth factor receptor 2; SCAN-B: Sweden
Cancerome Analysis Network - Breast; TCGA: The Cancer Genome Atlas; Th1: T helper type 1; Th2: T helper type 2; TILs: tumor-
infiltrating lymphocytes; TNBC: triple negative breast cancer; Tregs: regulatory T cells.
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Figure 5. OS and DSS of ER-positive/HER2-negative and TNBC in the SCAN-B and TCGA cohorts. (a) Kaplan-Meier plots for
OS in SCAN-B (n = 3,273) cohort and DSS and OS in TCGA (n = 1,069) cohorts within ER-positive/HER2-negative breast can-
cers. (b) Kaplan-Meier plots for OS in SCAN-B (n = 3,273) cohort and DSS and OS in TCGA (n = 1,069) cohorts within TNBC.
Log-rank test was conducted to determine P-values. The red lines represent high ARC protein expression, and the blue lines
represent low ARC protein expression. ARC: activity-regulated cytoskeleton-associated protein; ER: estrogen receptor; HER2:
human epidermal growth factor receptor 2; OS: overall survival; DSS: disease-specific survival; SCAN-B: Sweden Cancerome
Analysis Network - Breast; TCGA: The Cancer Genome Atlas; TNBC: triple negative breast cancer.

[8, 13, 52, 64]. There was no consistent enrichment of Hall-
mark cell proliferation-related gene sets by ARC expression in
the two cohorts. We found that tumors expressing high ARC
had significantly more stromal cells infiltrated and decreased
mutation rates in ER-positive/HER2-negative cancers, but
not TNBC. Because cancer aggressiveness is not only about
the tumor itself but also its microenvironment, we analyzed
the relationship between ARC expression and immune cells
in the tumor microenvironment. ER-positive/HER2-negative
cancers with high ARC had less immune cell infiltration and
less cytolytic activity. OS was significantly higher with high
ARC in ER-positive/HER2-negative BCs in both SCAN-B
and TCGA, but not in TNBC. Surprisingly, ARC expression
was inconsistently expressed amongst varying cell types in
the tumor microenvironment when single cell analysis of ER-
positive/HER2-negative and TNBC was analyzed.

There have been multiple studies reporting that innerva-
tion of a tumor plays an active role in its progression over the
past decade. The elimination of specific nerves can halt the
growth of a tumor depending on how that tumor is innervated
in a particular tissue. Additionally, tumors themselves are like-
ly to have a higher density of nerves compared to their original

tissue. Because the innervation of tumors is not like that of
normal tissue, it is of interest to understand how tumors be-
come innervated in the first place and what relationship nerves
may have with the molecular constitution of a tumor [65].

Sensory nerves that respond to pain may send damaging
stimuli to the brain to help avoid future possible threats to an
organism. Any type of harm to the body is usually associated
with pain. More studies are showing that there is an overlap in
pathways shared between nociceptors and the immune system
which are playing a role in diseases and the body’s response
to threats. For example, both immune cells and nociceptors re-
lease cell factors at the synaptic terminal in peripheral nerves
of the spinal cord. The release of these factors plays a role in
changing not only the immune system, but also the sensitivity
of cells. It appears that this crosstalk between nociceptors and
the immune system occurs at critical points in the body’s reac-
tion to pain or inflammation [66].

Zhao et al found that denervation suppresses gastric tumo-
rigenesis while studying all stages of gastric tumorigenesis in
mouse models [67]. They showed that tumor stage correlated
with neural density, and denervation by vagotomy decreased
the risk of gastric cancer.
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Figure 6. ARC gene expression by cell types in the tumor microenvironment amongst multiple single cell sequence cohorts.
ARC expression of each cell type by subtype, ER*/HER2- in the upper row, and TNBC in the lower row, analyzed by single cell
RNA sequencing in GSE255107, GSE161529, and SCP1039 cohorts (a) and GSE167036 and SCP1106 cohorts (b). Size of the
circles indicates the percent of cells expressed ARC, and the darkness of the blue color indicates the average ARC expression in
the cell type. “n” indicates the number of patients analyzed in the cohort. ARC: activity-regulated cytoskeleton-associated protein;
ER: estrogen receptor; HER2: human epidermal growth factor receptor 2; TNBC: triple negative breast cancer.

It is not clear what role nerves play in the BC tumor mi- to the makeup of the skin and nipple, and blood vessels and
croenvironment. It is known that both sensory and sympa- ducts. As a result, it is possible that breast tumors also contain
thetic nerves exist in normal human breast tissue, contributing nerves, and more so than usual with the help of growth factors
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released by cancer cells. BC cells may secrete more than the
usual amount of growth factors, thereby resulting in increased
density of nerves within breast tumors [27].

Recently, a randomized clinical trial of peritumoral injec-
tion of lidocaine before BC surgery demonstrated significantly
improved DFS and OS [31]. Given that lidocaine is one of the
most commonly used local anesthetics, we cannot help but
speculate that this result may implicate that numbing nerves to
the tumor may suppress aggravation of the cancer cells during
the resection of the tumor [32].

ARC is a gene coding for activity-regulated cytoskeleton-
associated protein, which is a plasticity protein. ARC mRNA
is derived from a retrotransposon [37] and is localized in acti-
vated synaptic sites, where the translated protein signaling via
N-methyl-D-aspartate (NMDA) receptor [68, 69] plays a criti-
cal role in learning and memory-related molecular processes
[70]. Dysfunction in the production of Arc protein can lead
to various neurological disorders, such as Alzheimer’s disease
[71] and amnesia [72]. ARC has been described as a critical
regulator of dendritic cell migration in autoimmune diseases,
and it was recently shown to enhance dendritic cell vaccination
in experimental melanoma [73].

Our study showed that high ARC gene expression was as-
sociated with lower grade and less aggressive cancers with bet-
ter survival. On the other hand, several studies have found that
increased nerve density was associated with worse or invasive
cancers. For example, Zhao et al found that neurogenesis was
associated with aggressive features of invasive ductal carci-
noma, tumor grade and patient survival, especially in ER-neg-
ative subtype, and not in ductal carcinoma in situ and fibroad-
enoma [74]. Pundavela et al similarly found that more nerve
fibers were found in invasive ductal carcinoma compared to
invasive lobular carcinoma (28% versus 12%), and even less
so in ductal carcinoma in sifu (8%) (P < 0.0003). Tumors that
were lymph node positive had more nerve fibers than tumors
that were lymph node negative (28% versus 15%, P < 0.0031),
suggestive of metastatic potential [27]. In an analysis by Li
et al, majority of the nerves in BC were sympathetic fibers.
Patients with decreased survival were associated with tumors
containing higher nerve density, regardless of lymph node me-
tastasis [26]. Interestingly, Huang et al found that not just the
presence of nerve fibers within BC tumors mattered, but also
the thickness of the nerve. Higher stage tumors and those that
were poorly differentiated were associated with thicker tumor
nerve fibers. Interestingly, TNBC was also associated with
thicker tumor nerve fibers [28]. While neurons clearly play a
role in BC progression, it remains to be seen which subtype
may benefit from neuronal intervention. Taken together, we
cannot help but speculate that amount of nerve fibers is associ-
ated with aggressive BC, whereas ARC expression that reflects
synaptic transmission is associated with less aggressive cancer.

Our study has some limitations. This is a retrospective study
with possible selection bias, as the data were collected decades
ago and do not include the prognostic impact of updated treat-
ments. Additionally, sampling bias may exist due to the varia-
tions within bulk tumor samples because of the differences in
proportion of the stromal area. Single-cell annotations are re-
flective of those used at the time of that cohort’s publication
and are limited to single-cell annotation techniques at that time.

Lastly, our data are derived in silico analysis and do not include
experimental validation of the data. To this end, there is no proof
of causality and exploration of a more detailed mechanistic link
between ARC expression and cancer biology is expected to en-
hance understanding of role of tumor innervation in BC.

In conclusion, ARC gene expression as a surrogate of neu-
ronal activity in BC was associated with high infiltration of
stromal cells and immune cells but with less cancer cell prolif-
eration and better OS, particularly in the ER-positive/HER2-
negative subtype.
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