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ABSTRACT

Aerobic capacity, which is synonymous with the term cardiorespiratory
fitness, is a strong inverse predictor of breast cancer mortality, yet the
underlying mechanisms are poorly understood. In this study, RNA
sequence data were used to interrogate the tumor microenvironment for
potential etiological clues in a rodent model for breast cancer, widely
regarded to have similar histogenesis and pathogenesis as the human
disease, including about 70 percent of the tumors being ovarian
hormone-responsive mammary carcinomas. What was novel about our
approach is that tumor microenvironment gene expression profiles were
contrasted between genetically distinct sedentary rats selectively bred to
have low vs. high inherent aerobic capacity. Inherentaerobic capacity is
generally overlooked as a variable in human populations, yet the
observed range exceeds three-fold. RNA sequence analysis was
performed on mammary carcinomas and adjacent uninvolved mammary
glands, i.e., the tumor microenvironment. Investigation of effects on
canonical signaling pathways, upstream regulators, and downstream
effectors identified differentially expressed transcriptional signatures
within the renin-angiotensin system, interferon gamma, and nitric oxide
signaling pathways, distinguishing between low or high inherent aerobic
capacity in the tumor microenvironment. Within these pathways, master
upstream regulators: interferon gamma, interleukin-1 beta, tumor
necrosis factor, and angiotensinogen emerged as part of a complex
network reflecting inherent aerobic capacity-related differences, which
were accompanied by differences in immune cell populations present
within the tumor microenvironment. The data supportthe potential value
of inherent aerobic capacity phenotypingin the developmentof precision
approachesto breastcancer treatment.

Keywords: inherent aerobic capacity; breast cancer; transcriptional signatures;
intracellular signaling; biomarkers; renin-angiotensin system; interferon
gamma; mammary gland; tumor microenvironment; nitric oxide signaling.
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1. Introduction

A physically active lifestyle is associated with a
lower risk for breast cancer’. As a result of higher
levels of physical activity, fre quently achieved through
a subset of physical activity behaviors known as
exercise, aerobic capacity is increased. Aerobic
capacity, also known as cardiorespiratory fitness,
embodies an objective and reproducible measure
of the functional consequences of physical activity
habits and reflects the amountofenergy anindividual
can generate and use on a sustained basis?3. Ithas
been hypothesized as a potential mechanism
underlying the physical activity-cancer linkage*.
Aerobic capacity has two components: inherent,
the genetic componentwith which an individual is
born, and acquired, the amount of capacity that is
gained via a physically active lifestyle and/orexercise
training®. All-cause mortality and breast cancer-
related mortality are inversely associated with
aerobic capacity®®. Inherentaerobic capacity (IAC),
estimated in sedentary individuals by measuring
VO:2max, has been shown to vary by more than 3-fold
in population studies™ ', a factor that undoubtedly
contributes to differences in mortality, yet the
underlying mechanisms remain poorly understood.

Breast canceris the most common type of cancer
newly diagnosed in women annually, accounting
for 32% of casesinthe US'™. In 2025, approximately
316,950 women will be diagnosed with invasive
breast cancer, with 59,080 new cases of ductal
carcinoma / situ, and around 42,170 women are
estimated to die from breast cancer in 2025
Higher levels of regular physical activity protect
from developing breast cancer. In a prospective
study on the association between aerobic capacity
and risk of death from breastcancerin over 14,000
women, age-adjusted breast cancer mortality rates
were 2.4-fold lower in the high vs. the low aerobic
capacity group’. In another prospective cohort
study, high aerobic capacity was associated with a
24% lower risk of breast cancer among overweight
postmenopausal Nevertheless,
chemotherapy has been shown to reduce the
aerobic capacity of breast cancer patients
concomitant with increased symptom burden™,
highlighting the importance of inherent levels of
aerobic capacity which are unaffected by lifestyle
or cancer therapy.

women'4.

In an effort to disentangle the effects of physical
activity per se from the effects of differences in

aerobic capacity, a program of selective breeding
was initiated in an outbred strain of rats (N:NIH)".
Rats were selectively bred over many generations
for inherent running capacity on a treadmill,
resulting in two distinct IAC populations, high IAC
(HIAC) and low IAC (LIAC). Using these HIAC and
LIAC models and a well-documented approach to
mammary cancer induction'®, we have previously
reported potent inhibiton of carcinogenesis in
HIAC compared to LIAC rats'. Even though both
groups of animals were sedentary, HHAC was highly
protective againstcancer. Nonetheless, tumors did
occur in both LIAC and HIAC, providing an
opportunity to investigate the effects of IAC on the
tumor microenvironment (TME) as a potential
origin of the IAC-related observed differences in
breastcancer mortality.

In general, aerobic capacity is a trait thought to
reside in cardiac and skeletal muscle, with most
research focusing on these tissues. Analysis of
skeletalmuscle from individuals differing in IAC has
shown that differences are due to minor effects
involving seemingly unrelated genes, and key
regulators have yet to be identified®?2. In this
study, the goal was to use RNA sequencing
technology to identify transcriptional signatures
whose differential regulation between HIAC and
LIAC occurred in mammary carcinomas and their
adjacent uninvolved mammary gland, which is
operationally defined as the TME. To our
knowledge, this is the first study to investigate the
mammary TME at the transcriptome level in these
distinct populations of IAC rats.

2. Materials and Methods

2.1 OVERVIEW

The RNA evaluated in this study was isolated from
tissue frozen in liquid nitrogen from a previously
published investigation'. No extraction or analysis
of RNA from that investigation has previously been
reported, and accordingly, those methods are
provided in detail.

2.2. STUDY DESIGN

Breeding pairs of HIACs and LIACs from
generation 29 of selection (n = 8/cohort) were
obtained from the Department of Anesthesiology
at the University of Michigan™. Female pups
weaned from dams at 21 days of age were
assigned to three groups: one with offspring from
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N:NIH breeding pairs, one with offspring from
LIAC breeding pairs, and the third with offspring
from HIAC breeding pairs. Rats remained
sedentary forthe entire study, i.e., they had regular
cage activity within the group housing setting (3
rats/cage). Animals were maintained in solid-
bottomed polycarbonate cages andfeda standard
laboratory diet (Harlan 2918 Teklad Lab Animal
Diet, Envigo, Indianapolis, IN, USA) ad /ibitum.
Rooms were maintained at 22 + 1 °C with 50%
relative humidity and a 12-h light/12-h dark cycle.
At 21 days of age, female rats were injected
intraperitoneally with 1-methyl-1-nitrosourea (MNU,
Ash Stevens, Detroit, MI, USA), as previously
described®. Atstudy termination, overnight fasted
animals were euthanized between 8 a.m. and 11
a.m. via inhalation of gaseous carbon dioxide. All
detectable mammary gland pathologies were
histologically ~ classified?. Excised pieces of
mammary tumors (size permitting) and mammary
gland were snap frozen in liquid nitrogen. The
experimental protocol was reviewed and approved
by the Institutional Animal Care and Use
Committee and conducted according to the
committee guidelines at Colorado State University.

2.3. RNA ISOLATION

Individual frozen tissue samples were placed in
liquid nitrogen filled ceramic mortars and ground
to a fine powder using a ceramic pestle. The
ground tissue powder was quickly placed in a
precooled 2 mL RNase-free microfuge tube and
frozen at -70°C prior to isolation. Samples were
removed from the -70°C freezer and immediately
placed on ice. RNA samples were isolated using
reagents from the RNeasy mini-kit (Qiagen, Inc.,
Germantown, MD, USA) according to the
manufacturer's protocol. Mammary gland samples
were isolated using Qiazol (Qiagen, Inc.) and the
chloroform extraction method, followed by RNA
isolation of the aqueous layer using the RNeasy
mini kit (Qiagen, Inc.) according to the manufacturer's
protocol. Tumor samples were isolated using the
RNeasy mini-kit (Qiagen, Inc.) with the addition of
a proteinase K digestion step for 10 min at 55 °C
between the lysis buffer and ethanol steps.

2.4RNASEQ ANALYSIS

Isolated RNA concentration and purity (260/280
and 260/230 ratios) was checked via NanoDrop
(Thermo Fisher Scientific, Waltham, MA, USA). RNA
integrity was determined using an Experion

instrument (Bio-Rad, Hercules, CA, USA). Samples
were diluted to a concentration of 4 ng/pL in 50 pL
of RNase-free water and shipped under dry ice to
the Genomics and Microarray Core at the
University of Colorado Anschutz Medical Center
(Aurora, CO, USA) for library preparation (Nugen
Universal mRNA kit Tecan Genomics, Inc.,
Redwood City, CA, USA) and RNA paired end
(2x150) sequencing using a NovaSEQ 6000
sequencer (lllumina, Inc. San Diego, CA, USA).

Demultiplexed raw fastq data files were uploaded
to the RMACC Summit super-computer at the
University of Colorado (Boulder, CO, USA)#*. A
singularity container comprised of the following
programs was used in conjunction with various
scripts to process sequencing data: fastp
(sequence trimming and quality control); hisat2
(genome alignment); and featurecounts (tabulating
the number of reads per gene),
https://github.com/rtpwilliams/Summit_ RNAseq ¢
ontainer®>#. Hisat2 indices were constructed using
the Rattus norvegicus (Rnor_6.0) gene annotation
chromosome fasta files and corresponding gtf file,
https://uswest.ensembl.org/Rattus_norvegicus/Inf
o/Index. Feature counts from individual samples
were merged into a single tab-delimited text file
using an R script. The merged feature counts tab-
delimited text file containing Ensembl IDs was
imported into the CLC Genomics Workbench v20
(Qiagen Digital Insights, Redwood City, CA, USA).
Samples were grouped by experiment conditions,
and data were normalized and log-transformed.
Differential gene expression was determined using
the 'ExactTest' for two-group comparisons developed
by Robinson and Smyth *° and incorporated in the
EdgeR Bioconductor package 3'. All comparisons
were FDR-corrected using Benjamini-Hochberg
procedure, and the resulting data were exported
to Ingenuity Pathway Analysis (QIAGEN I[PA,
Qiagen Digital Insights,
https://digitalinsights.giagen.com/IPA ) for further
analysis®2.

2.5. WESTERNBLOTTING AND NANO-CAPILLARY
ELECTROPHORESIS

Mammary gland and tumor tissue lysate were
prepared and Western blotted as previously
reported?. Briefly, tissue was homogenized in lysis
buffer [40 mM Tris-HCI (pH 7.5), 1% Triton X-100,
0.25 M sucrose, 3mM EGTA, 3 mM EDTA, 50 uM
B-mercaptoethanol, 1 mM phenyl-methylsulfonyl
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fluoride, and complete protease inhibitor cocktalil
(Calbiochem, San Diego, CA)]. The lysates were
centrifuged at 7500 x g for 10 min at 4°C and
supernatant fractions collected and stored at -80
°C. Supernatant protein concentrations were
determined by the Bio-Rad protein assay (Bio-Rad).
Western blotting was performed as described
previously. Briefly, 40 pg of protein lysate per
sample was subjected to 8-16% sodium dodecyl
sulfate-polyacrylamide gradientgel electrophoresis
(SDS-PAGE) after being denatured by boiling with
SDS sample buffer [63 mM Tris-HCI (pH 6.8), 2%
SDS, 10% glycerol, 50 mM DTT, and 0.01%
bromophenolblue]for 5 min. Afterelectrophoresis,
proteins were transferred to anitrocellulose membrane.
The amounts of target proteins were determined
using specific primary antibodies, followed by
treatment with the appropriate peroxidase-
conjugated secondary antibodies andvisualized by
LumiGLO reagentwestern blotting detection system.
The chemiluminescence signal was captured using
a ChemiDoc densitometer (Bio-Rad).

Nanocapillary electrophoresis was performed
using the Jessinstrument(ProteinSimple, San Jose,
CA, USA) as previously described with the
following changes: final concentration of the
protein lysates was 0.2 mg/ml, and each primary
antibbody was incubated for 120 min. The primary
antibbody (Santa Cruz Biotechnology, Dallas, TX,
USA) was used: rabbit anti-PPARy (cat. SC-7196).
Data were normalized by dividing the target
protein peak area by the corrected total protein
area of the sample within each capillary.

2.6. PCR-RT2 PROFILER ASSAYS

Tumor RNA from 4 LIAC and 4 HIAC animals was
run on Qiagen RT? Profiler PCR Arrays specific to
84 rat nuclear receptors and coregulators (PARN-
056Y) (Qiagen, Inc.). The arrays are pathway-
focused panels of laboratory-verified gPCR assays,
with integrated, patented controls. Each biological
replicate was run on its own RT? Profiler PCR Array.
Initially, the RT? First Strand Kit was used to
synthesize cDNA using 0.5 pg RNA and then
combined with 2X RT? SYBR Green Mastermix
according to the manufacturer’s instructions. Each
well of the PCR array was loaded with 25ulL
cDNA/SYBR green mix. Quantitative real-time PCR
was performed on an iCycler (Bio-Rad) under the
following conditions: 95°C for 10 min, followed by
40 cycles of 95°C for 15 sec and 60°C for 1 min.

Fluorescent products were detected at the last
step of each cycle. Ctvalues were exported and
uploaded for analysis using the GeneGlobe Data
Analysis Center (Qiagen Digital Insights). Fold
change and p-values were exported and uploaded
to IPA for analysis.

2.7. INGENUITY PATHWAY ANALYSIS (IPA)
Gene Expression Core Analysis was performed in
IPA version 76765844 (Qiagen Digital Insights®) for
each tissue, comparing HIAC to LIAC differentially
expressed genes (DEGs). Briefly, identified DEGs
and their expression differences were cross-
referenced with the studies from the IPA internal
Knowledge Database and mappedto the reported
signaling pathways based on similar expression
patterns. Intrinsic IPA algorithms calculate the
overlap ratio (i.e., a rato of the number of
observed genes from our dataset divided by the
total number of genes from the IPA Knowledge
Database that map to the particular pathway); the
z-score to infer potential activation or inhibition of
the pathway (if its values exceedthe absolute value
of 2), aswell as p-value of the overlap to determine
significance (our threshold was -logpalie > 1).
Pathways with the significant p-value of overlap but
insignificant and/or unable to calculate z-scores
were included in the data analysis due to valuable
information on DEGs patterns. Quality-filtering
encompasseda p-value cutoff of 0.05 and log: fold
change of 0.58, indicating gene expression
significance. When applicable, a |zfscore > 2 was
the cutoff for a significantly activated state of
pathway/regulator, while |ztscore < -2 was
indicative of statistical inhibition. The RNA-Seq
dataset used in this work can be found in GEO
under the accession number GSE190840,
httos://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?
acc=GSE190840.

2.8. ORTHOGONAL PROJECTIONS TO LATENT
STRUCTURES FOR DISCRIMINANT ANALYSIS
(OPLS-DA)

Our approach has been previously reported®.
Briefly, orthogonal projections to latent structures
for discriminantanalysis (OPLS-DA)is a supervised,
class-based method where class membership is
assigned to samples and used to elicit maximum
data separation. Visualization of OPLS-DA Scatter
plots of the first two score vectors for each model
were drawn based on Hotelling’s multivariate T2,
to identify outliers that might bias the results of
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OPLS-DA. For OPLS-DA, class separation is shown
as the first predictive score plotted against the first
orthogonal score to visualize the within- and
between-class variability associated with the first
principal component. S-plots were constructed to
identify influential genes in the separation of HIAC
from LIAC. The model's abilty to classify
observations into defined classes is reflected in the
misclassification rates for each model, where IAC
status was determined by the modeled probability
of a single observation belonging to a particular
class. We also constructed S-plots based on the
first principal component, showing reliability
(modeled correlation) plotted against feature
magnitude (loadings or modeled covariance). If
genes have variation in correlation and covariance
between classes, this plot will assume an S-shape
(giving the plot its name), with heavily influential
features separating from other features at the
upper right and lower left tails of the feature cloud
within the model space. All analyses were done
using SIMCA-P+v.12.0.1 (Umetrics, Umea, Sweden).

3. Results

Female rats, selectively bred for high (HIAC) and
low (LIAC) inherent aerobic capacity (IAC), were
exposed  to a chemical  carcinogen
(1-methyl-1-nitrosurea, MNU) via intraperitoneal
injection in order to induce the development of
mammary adenocarcinoma. High IAC animals
exhibited prolonged cancerlatency (Mantel hazard
ratio = 4.01 (95% confidence interval = 2.02-7.93;
p =4 x 10%) compared with LIAC counterparts, as
well as significant reductionin the cancerincidence
(14.0% vs. 47.3%; p < 0.001) and multiplicity (0.18
vs. 0.85 cancers per rat; p < 0.0001). More
information on the carcinogenic response can be
found in our previous reports, indicating that high
levels of IAC are protective against mammary
carcinogenesis’®.  Despite being protected
against carcinogenesis, HIAC rats still developed
some mammary carcinoma, and thus, provided an
opportunity to investigate the impactof differences
in inherent aerobic capacity on the TME.

Total RNA was extracted from mammary carcinoma
and the uninvolved adjacent mammary gland of
HIAC and LIAC rats, and RNA-Seq analysis was
performed to infer functional differences in their
transcriptomes. We detected 18,479 differentially
expressed genes(DEGs) in HIAC tumors compared
to LIAC tumors, out of which 1474 (561 were

upregulated and 913 were downregulated) met
our processing and quality-filtering criteria and
were ready forsubsequentanalysis (Supplementary
Table S1). We detected 1859 analysis-ready DEGs
(800 were upregulatedand 1059were downregulated,
Supplementary Table S1) out of 18,575 in HIAC
comparedto LIAC mammary gland. As described
in subsequentsections, these DEGs were subjected
to the Core Expression Analysis in Ingenuity
Pathway Analysis (IPA) to infer the canonical
pathways in which they potentially participate.

3.1. MOLECULAR SUBTYPES OF BREAST CANCER.
Basedon RNAseqtranscription patterns, molecular
subtypes of breast cancer were assessed. The
expression of genes known as hallmarks for each
molecularsubtype is shownin Figure 1. Chemically
induced mammary tumors are generally considered
to be hormone responsive butare known to harbor
a heterogeneous mixture of cellular components.
Strong expression of genes associated with luminal
A and B breast cancers was observed in counts per
million reads (CPM) expression data. High IAC
tumors showed elevated expression of ERBB2
(HER2), consistent with Luminal B or HER2-like
molecular subtypes, and MMP13, indicating
Normal-like breast cancer. High 1AC tumors also
had elevated expression of ESR1 and SLC39A6
comparedto LIAC tumors, suggesting these tumors
group with the Luminal A molecular subtype.

© 2025 European Society of Medicine 5
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Mammary Gland Tumor
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Figure 1. Molecular Subtypes of Breast Cancer: Luminal A, Luminal B, HER2-enriched, Basal-like, and Normal-like. Genes are
groupedaccordingto the specific subtype theyre present. Darker redindicates a higher CPMexpressionvalue, while white indicates

no expression detected.

3.2. INHERENT AEROBIC CAPACITY-ASSOCIATED
DIFFERENCESINMAMMARY TUMORS IMPUCATE
NITRIC OXIDE SYNTHASE AND THE RENIN-
ANGIOTENSIN SYSTEM.

Differentially expressed genes (DEGs) within tumor
samples of HIAC vs. LIAC animals, significantly
mapped with 94 canonical pathways from the IPA
Database (corrected -logp.ale > 1; Supplementary
Table S2). Table 1 contains the top canonical
pathways. Nitric oxide (NO) regulation mapped to
several statistically significant NOS-associated
pathways having a strong overlap ratio with tumor
DEGs but not a significant zscore. Inducible NO
synthase (NOS2 oriNOS) showed higher expression
in HIAC tumors than LIAC (log ratio = 4.054,
p-value < 0.001). Inducible NOS2 is involved in a
reduced immune response and mapped to several
significant pathways in HIAC tumors, including the
Tumor Microenvironment Pathway, which was
activated in HIAC. Similar to iINOS, the endothelial
NO synthase (NOS3 or eNOS) Signaling pathway
had a high overlap ratio. Although NOS3 was not
detected in the RNA-seqdata, lysates blotted for
eNOS expression showed higher expression in

HIAC tumors than LIAC (log: fold change 3.39, p-
value < 0.001, data not shown).

Another pathway with a high overlap ratio was
Apelin Cardiac Fibroblast Signaling Pathway (Table
1) due to low expression of its receptor APLNR
(expressionlogratio =-0.96, p-value < 0.01), which
IPA predicts would lead to the development of
fibrosis. Furthermore, within this pathway, HIAC
tumors also exhibited higher expression of AGTR1
(expression log ratio = 0.83, p-value = 0.037) and
downstream SERPINE1 (expression log ratio =
1.23, p-value = 0.012) relative to LIAC tumors,
suggesting involvement in the canonical RAS
pathway. Expression ofestrogenreceptors in HIAC
tumors was inhibited (ESR1/2, expression log ratio
< -2, p-value < 0.05), consistent with the predicted
reduction in Estrogen Receptor Signaling. The full
list of canonical pathways differentially activated in
HIAC vs. LIAC can be found in the supplementary
materials (Supplementary Table S2).
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Table 1. Canonical Pathways enriched in the tumor tissue of the HIAC compared to LIAC rats according to

the IPA Database.

Ingenuity Canonical Pathways -logp-vatie z-score? Ratio
nNOS Signaling in Skeletal Muscle Cells 5.65 — 31%
eNOS Signaling 3.97 -0.94 15.7%
Nitric Oxide Signaling in the Cardiovascular System 2.6 -0.91 15%
Tumor Microenvironment Pathway 1.34 1.41 10.6%
Apelin Cardiac Fibroblast Signaling Pathway 252 -2.45 17%
Estrogen Receptor Signaling 0.89 -1.67 9.5%

' p-valueswere adjusted for the multiple testing via the Benjamini-Hochberg procedure.

2z scores indicating activation (positive values) or inhibition (negative values).

Differentially expressed genesintumors of HIAC vs
LIAC rats were also assessed for the biological
functions to which they mapped in the IPA Core
Analysis, with a specific focus on the Molecularand
Cellular Functions, as well as Physiological System
Developmentand Function. Figure 2 illustrates the
top 10 biological functions that were the most
significantly enrichedin the HIAC tumors compared
to their LIAC counterparts. Tumor DEGsoverlapped

351
30 1
25 1
20 1
151

-log(B-H p-value)

104

= (%]
I L

with the Skeletaland Muscular System Development
and Function. Considering that originally aerobic
capacity has been studied as a function of skeletal
muscle, this indicated that inherent aerobic
capacity differences translate to the tumor tissue.

Skeletal and Muscular System
Development and Function
Cardiovascular System
Development and Function
Organismal Development
Cellular Development

Cellular Growth and Proliferation

Organ Morphology |

Organ Development
Tissue Development
Organismal Survival

Embryonic Development

Figure 2. Biological functions enriched in the tumors of HIAC vs. LIAC ratsaccording to the -logp.aie 0f overlap with the respective DEGs. Correction
for multiple testingwas performed using the Benjamini-Hochbergmethod in the IPA Core Analysis engine.

Upstream regulator analysis revealed potential
activation or inhibiton of molecules upstream of
signaling pathways based on the patterns of
expression. Among the top upstream regulators,
activation of IFNG and TNF was predicted, as well
as inhibiton of PPARG and VEGF family in HIAC
relative to LIAC tumors (Figure 3a). Additionally,
upstream regulator analysis revealed activation of
SPP1, PTGS2, PLAU, PDGF (complex), NFKB1-
RELA (complex), MAPK3K14, ITGAS5, HGF, FN1,
ERK1/2 (family), and AP1(complex), molecules that
are involvedin the Tumor Microenvironment Pathway
according to the IPA Ingenuity Database (Figure

3b). Collectively, the upstream regulator data
indicate that IAC status exerted distinct effects on
the TME. The complete list of upstream regulators
can be found in Supplementary Table S3.
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Figure 3. Upstream regulator analysis of expression patterns in HIAC vs. LIAC tumors. (a) Volcano plot shows top 25 molecules with the highest

number of downstream DEGs; (b) IPA Tumor Microenvironment Pathway: activated (red) and inhibited (blue) upstream regulators, arrows indicate
end-point activation (orange), inhibition (blue), or contradicting (yellow) relationships.
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Next, total RNA isolated from the tumor obtained
from HIAC and LIAC was assessed for gene
expression using RT? Profiler PCR Arrays as
described in the Materials and Methods. The RT?
Profiler module focused on 84 genes involved in
upstream nuclear regulation. The LIAC tumors
were used as the reference group. The relative
gene expression from the RT? Profiler is
summarized and shows validation of RNAseq CPM
expression data by a similar hierarchical clustering
of the same genes (Supplementary Table S4 and
Figure S1). However, only two transcripts from the
RT?2 Profiler PCR Arrays had statistically significant
differential expression based on IAC: androgen
receptor (AR) (fold change -2.98, p-value 0.043)
and NR2F1 (fold change -3.86, p-value 0.046),
which were both inhibited in HIAC tumors. Along
with AR and NR2F1, many of these transcripts are
important regulators of breastcarcinogenesis (i.e.,
ESR2 and PPARy) and show downregulation in
HIAC tumors compared to LIAC tumors, although
not with a statistically relevant p-value below 0.05,
suggesting different signaling of tumor development
dependenton IAC status.

3.3. INHERENT AEROBIC CAPACITY-DRIVEN
DIFFERENCES IN THE UNINVOLVED MAMMARY
GLAND IN  THE MAMMARY TUMOR
MICROENVIRONMENT IMPLICATENITRICOXIDE
SYNTHASE, THE RENIN-ANGIOTENSIN SYSTEM,
AND INTERFERON-GAMMA SIGNALING.

To further understand the differences that|AC may
exerton the TME, we compared the transcriptomes

of the adjacent uninvolved mammary gland tissue
of HIAC to LIAC rats, given that the tissue's
proximity to mammary carcinoma is part of the
TME. Differences in the signaling pathways of the
mammary tissues based on observed DEGs were
reflective of previously mentioned patterns
determined in their adjacent tumors (Table 2,
Supplementary Table S2). Ingenuity pathway
analysis mapped HIAC DEGs to NO-related
pathways with statistical significance (nNOS
Signaling in Neurons and Skeletal Muscle Cells;
Supplementary Table S2). The expression level of
NOS1 was elevated in HIAC mammary gland
compared to LIAC counterparts (expression log
ratio = 1.036, p-value < 0.01), unlike their tumors.
NOS2 was not detected among DEGs of HIAC vs.
LIAC mammary glands, but among the elements of
previously mentioned pathways, VEGFA had an
expression log ratio = 0.695, p-value = 0.006. AKT
and ERK1/2 signaling cascades were also
downregulated in the mammary tissue of HIAC
(Supplementary Table S3).

Table 2. Canonical Pathways enriched in the mammary gland tissue of the HIAC compared to LIAC rats

according to the IPA Database.

Ingenuity Canonical Pathways -logp-vae’ z-score? Ratio
Coronavirus Pathogenesis Pathway 0.79 1.96 10.3%
LXR/RXR Activation 4.67 4.08 21.1%
nNOS Signaling in Neurons 142 -1.63 19.1%
Apoptosis Signaling 1.39 -1.6 14.4%
Tumor Microenvironment Pathway 1.51 -1.46 12.8%

' p-valueswere adjusted for the multiple testing via the Benjamini-Hochberg procedure.

2z-scores indicating activation (positive values) or inhibition (negative values).

Among pathways that differed from the
comparison of their tumor counterparts, the Tumor
Microenvironment Pathway was downregulated in
HIAC mammary gland (z-score -1.46), as was
Apoptosis Signaling (z-score -1.6). The highest
activation z-score in the mammary gland of HIAC
rats was in LXR/RXR Signaling (z-score 4.08), where
this pathway showed downregulation in the tumor
(z-score = -1.73). Retinoid X receptors (RXRs)

mediate transcription of genes involved in lipid
metabolism, inflammation, apolipoprotein,
xenobiotic transporters, and cholesterol to bile
acid metabolism. Among the
constituting activation of this pathway is AGT
(expression log ratio = 1.184, p-value = 0.001) and
the downstream target of its receptor—SERPINA1
(expressionlogratio = 2.867, p-value < 0.001). The
latter affects many of the commontargets with RXR

molecules
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signaling, including the immune response agents.
Angiotensinogen (AGT) is also part of the
Coronavirus Pathogenesis Pathway, activated in
the HHAC mammary gland, and the RAS Pathway.

The IPAalgorithm predictedthatthe HIAC mammary
gland downregulates additional signaling nodes.
TNF-mediated proinflammatory and adaptive immune
responses, as well as activation and migration of
dendritic cells, were downregulated (TNF, log ratio
=-2.073, p-value < 0.01). IFN-y signaling was also
predicted to be downregulated due to lower
expression of CAMKII (log ratio < -2, p-value <
0.05), TNF, and FAS (FASLG, log ratio = -1.573,
p-value <0.05) in the HHAC mammary tissue.

As an independent approach from the use of the
IPA bioinformatics platform for identification of
transcriptional signatures, we took the list of
significantly affected upstream regulators and
subjected the CPM mapped expression data from
each animal’s tissues to orthogonal projections to
latent structures for discriminant analysis (OPLS-
DA), a widely used machine learning tool. To
determine contributing sources of variation, the
scatter plot represents supervised analysis of the 2-
class OPLS-DA model, which rotates the model
plane to maximize separaton due to class

60

20

M HIAC
WLAC

assignment. The resulting score plots show
separation by IAC (Figure 4a). The accompanying
S-plot was constructed by ploting modeled
correlation the first predictive principal
component against modeled correlation from the
first predictive componentto identify the upstream
regulators that contribute most to the separation
between HIAC and LIAC mammary glands (Figure
4b). Of particular interest was the identification of
AGT, a regulator of the Renin-Angiotensin System
(RAS), as the most influential transcript
distinguishing the transcriptome obtained from
HIAC vs. LIAC mammary glands. While probing for
evidence of downstream effects of RAS in the
mammary gland from HIAC relative to LIAC rats,
lysates were blotted for proteins within the RAS
pathway reported to be reduced either by
inhibition of canonical RAS signaling in the breast
or via exercise training that suppresses canonical
RAS 337 As shown in the Supplementary Figure
S2, there are significant reductions in levels of
cAMP, activated PKA, SRC, STAT3, and MAPK
(ERK2, p38) and an increase in SIRT1 in HIAC vs.
LIAC. Additionally, OPLS-DA data for mammary
carcinoma are shown in Supplementary Materials
(Supplementary Figure S3).
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Figure 4. Orthogonal projections to latent structures for discriminant analysis (OPLS-DA) of upstream regulators found among the DEGs of the mammary gland in HIAC
vs. LIAC rats: (a) OPLS scores plot: computed by the SIMCA software that was used for the analysis based on the Hotelling T? statistic discriminant model; samples of
HIAC rats indicated in green color, whereas samples of the LIAC rats—in blue color. (b)S-plot: upper right and lower left regions of S-plots contain candidate DEGs as
upstream regulators with both high reliability and high magnitude of discrimination between classes.

© 2025 European Society of Medicine

10



3.4. INTERACTIONS WITHIN THE TUMOR

MICROENVIRONMENT COMPARTMENTS

DISTINGUISHED BY INHERENT AEROBIC CAPACITY.
Tumors DEGs were contrasted to DEGs in adjacent
uninvolved mammary glands in each cohort of
animals with high and low IAC. Figure 5 contains
the most significant canonical pathways revealed
by the IPA analysis of gene expression. In both
HIAC and LIAC mammary glands, there was a
significant  upregulaton of many oncogenic
pathways, among which fibrotic ones had the
highest z-scores (Supplementary Table S2).
Patterns of gene expressionin both HIAC and LIAC
also mapped to many carcinogenic pathways,
namely activation of acute myeloid leukemia, basal
cell carcinoma, bladder cancer, colorectal cancer
metastasis, HER-2 signaling in breastcancer, MSP-
RON signaling in cancer cells, regulation of the
epithelial-mesenchymal transiton by growth
factors, and the TME canonical pathways. Thus, the
majority of canonical pathways that were mapped
indicated that carcinogen treatment induced
functionally common gene expression patterns.
However, some pathways reaching significant
overlaps with expression patterns were different in
the HIAC compared with the LIAC animals. Tumors
of HIAC animals showed upregulaton of
adrenomedullin signaling, cell cycle control of
chromosomal replication, glioma signaling, HIF1a
signaling, interferon signaling, and downregulation

=positive z-score z-score = (Enegative z-score "no activity pattern available

of PTEN signaling pathways compared to HIAC
mammary glands. In contrast, IL-7 signaling,
pancreatic adenocarcinoma signaling, Renin-
Angiotensin  signaling, UVC-induced MAPK
signaling, and VEGF signaling were upregulated in
LIAC tumors vs. mammary glands, whereas the
antioxidant action of vitamin C and PPAR signaling
pathways were inhibited. Protein analysis by JESS
(nanocapillary electrophoresis) showed that PPARy
protein expression is strongly decreased in both
HIAC and LIAC tumor tissue compared to adjacent
mammary gland (Supplementary Figure S4). These
pathways could help elucidate the regulators of
IAC on the TME.
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Figure 5. Canonical Pathways enriched in the tumors compared to the adjacent healthy mammary gland tissue of the HIAC (a) and LIAC (b) rats
according to the IPA Database. |4-scores = 2 indicate significant activation (positive values, highlighted in orange shades) or inhibition (negative
values, highlightedin blue shades). Adjusted for the multiple testing p-values of overlap < 0.1.

HIAC mammary tissue had the largestoverlap with
the DEGs that mapped to interferon signaling
(Supplementary Table S2). IPA predicted it to be
upregulated based on the higher expression of
IFN-y receptor (IFNGR2, log ratio = 0.636, p-value
= 0.013) and its JAK2/STAT1-mediated target
genes, among which there is IRF1 and its
downstream upregulated BAK1 and BAX which
also were more expressed in HIAC tumors
compared to their adjacent mammary gland
(expression log rato = 0.74 and 0.793,
respectively, p-value < 0.01). Additionally, ACE, a
well-known component of RAS signaling, despite
having higher expression in both HIAC and LIAC
tumors compared to their respective adjacent
mammary gland tissues, RAS pathway was
activated only in the LIAC animals (z-score 2.24).
VEGF is predicted to have a stimulatory effecton
ACE expression within this pathway.

Animals with HIAC had more DEGs in tumor vs.
mammary gland tissues comparedto the LIAC rats,
inferring that low levels of IAC render the
mammary gland to tumor progression (Figure 6a).
To assess this observaton more deeply, we
identified 378 shared DEGs between the tumor
and the mammary gland tissues in both HIAC and
LIAC rats (Supplementary Figure S5). In contrast,
DEGs that were unshared by the latter would point
to differential effects of IAC levels on field

cancerization-TME interactions (Supplementary
Figure Sé). Both cohorts underwenta Core Analysis
in IPA platform separately. Additionally, the
Upstream Analysis was performed to determine
significant upstream regulators of shared and
unshared DEGs. In short, the IPA algorithm
predicts the upstream signaling molecules,
regardless of their presence in the dataset, that
regulate the observed downstream DEGsbased on
their expression patterns. This allowed IPA to
calculate z-scores and infer the activation or
inhibition state of the regulator. The highest
absolute z-score values in both HIAC and LIAC
animals were calculated for AGT, IL-4, VEGF, TNF,
and NF-kB complex, all of which were predicted to
be activated based on the shared DEGs (Figure
6b). Among the unshared DEGs, none of the
canonical pathways were significantly enriched in
the LIAC tumors compared to their mammary
glands, according to non-stringent corrected for
multiple testing -logpwie < 1; perhaps, due to the
low amount of analyzed DEGs. InHIAC rats, tumors
upregulatedintegrin signaling, leukocyte extravasation
signaling, immunogenic cell death signaling
pathway, coronavirus replication pathway, and
interferon signaling compared to their adjacent
mammary glands (Supplementary Figure S6). Inthe
Upstream Analysis results, this corresponded to
IFNG being on the top of the predicted upstream
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regulatorsin HIAC rats (Figure 6c). Analysis of LIAC
samples demonstrated that their tumors are
expected to upregulate EGF and IL1B (together
with HIAC cohort), as well as activate HIF1A,
STAT3, and IGF1 based on their unshared DEGs
with the HIAC cohort DEGs in tumors vs mammary

tissue (Figure 6c). IGF1 was previously identified
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through OPLS as an upstream regulator in the
uninvolved mammary gland differentiating HIAC
and LIAC (Figure 4b). Altogether, there were more
DEGs and canonical pathways associated with
HIAC mammary tissue compared with the LIAC.
Full comparison of shared results can be found in
the Supplementary Figure S7.

LIAC

cHIAC
cLIAC

dHIAC
' dLIAac

Figure 6. Similarities and differences in DEGs of the HIAC and LIACrats: (a) Venn diagram of shared DEGs by the HIACand LIAC animals. Heatmaps
ofthe top predicted upstream regulators thatexplain the observed shared (b) and unshared (c) DEGs expressionchanges (activation, zscore > 2,in
orange; inhibition, z-score < -2, in blue). Dots indicate insignificant | z/score < 2.
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3.5. UPSTREAM REGULATORS DISTINGUISHED
BY INHERENT AEROBIC CAPACITY.

The crosstalk between the signaling cascades,
ranging from contraction regulation, carcinogenesis,
and the immune response, is noticeable, so to
elucidate the bigger picture, the Upstream Analysis
function in IPA was utilized. We focused on the
common upstream regulators when contrasting
HIAC vs. LIAC tissues as wellas tumors vs. adjacent
mammary glands to elucidate shared factors of
|AC-affected carcinogenesis. Among the shared
upstream regulators found to be regulating the
most DEGs, Table 3 contains the topmost

significant shared upstream regulators (ranked by
FDR-adjusted p-values of overlap). Consistent with
our previous analyses, IFN-y, TNF and IL1B were
present on this list, and stand out as master
upstream regulators differentially activated by IAC
status. AGT is an important regulator with altered
activity during the tumor transformation process;
however, its primary contribution is evident in the
downstream molecules. These four upstream
regulators are well-characterized and known to
affect many different pathways. They appear to be
prime candidates for highlighting the distinction
between the TME in high and low IAC.

Table 3. Top Upstream Regulators across the analysis according to the B-H-corrected p-values and their

activation z-scores’

Tumorvs. Adjacent Mammary Gland HIAC vs. LIAC
HIAC LIAC Molecule Tumor Mammary Gland
1.938 0.349 IFNG 2.676 -2.461
2.267 1.072 TNF 2.123 -2.553
1.247 0.687 IL1B 2.145 -2.825
2.365 2.617 AGT -0.201 -0.086

'z-scores indicating activation (positive values) or inhibition (negative values), z-scores > 2 indicate significant activation (highlighted in red) or z

scores < -2 indicate significantinhibition (in blue).

3.6. INHERENT AEROBIC CAPACITY IMPACT ON
THE IMMUNE CELL PROFILE.

Harnessing the ability of the immune system during
tumorigenesis can have a significant impact on
cancer treatment outcomes. We subjected gene
expression data to the ImmuneCellAl platform in
orderto infer the distribution ofimmune cellsin the
tumor tissue samples with high and low IAC.
Dendritic cells, natural killer cells, CD4 and CD8 T
cells are immune cells elevated in luminal A and B
breast cancer subtypes that are associated with
improved response to treatment. ImmuneCelAl
was used to estimate the abundance of immune
celltypes based on RNAseq gene expression data
from the TME of HIAC and LIAC animals. Relevant
immune cells that were assessed are shown in
Figure 7a. Dendritic cells, responsible for antigen
presentation and activating an immune response,
and natural killer cells, that promote cytokine
production and stimulate the immune system, are
increasedinboth HIAC and LIAC tumors compared
to uninvolved mammary gland tissue (selected
data shown in Figure 7b). CD4 T cells, which
coordinate the adaptive immune response, are
also increased in HIAC and LIAC tumors. CD8 T
cells, recruited by CD4 T cells to kill tumor cells,
were increasedsignificantly in HHAC tumors butdid

not show any change in LIAC tumors compared to
the mammary gland. CD8 enhancementhas been
linked with greater survival and a more favorable
prognosis in luminal A and B breast cancer.
Increased CD4 T cells stimulate the production of
IFN-y, which contributes to tumor necrosis and is
linked with successful immunotherapy treatment
High IAC and LIAC tumors both showed activated
IFNG compared to the mammary gland in [PA’s
upstream regulator model, consistent with the
increased CD4 T cells. The presence of M1
macrophages increased in HIAC tumors compared
to LIAC tumors. M1 macrophages have anti-tumor
activities, while M2 macrophages are pro-
tumorigenic and contribute to immunosuppression.
M2 macrophages were unchanged from HIAC to
LIAC tumors. Neutrophiles, which can initially
hinder tumor progression but then aid the tumor
by promoting angiogenesis, were increased in
HIAC tumors over LIAC tumors. RNAseq
expression of genes involved in the cGAS/STING
pathway related to the innate immune response is
shown in Supplementary Figure S8.
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Transcriptional Signatures Connecting Inherent Aerobic Capacity to the Breast Tumor Microenvironmentin Rats: Implications for Precision Oncology
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Figure 7. Immune cell differencesin HIAC and LIAC populations within tumor and mammary gland tissue. (a) TMEimmune cells with effects during
tumorigenesis. (b) Boxplots of predictedimmune cell amounts with associated p-values.

4. Discussion

A strong inverse relationship exists between
aerobic capacity and all-cause mortality, and this
association includes breast cancer mortality8 A
wide range of published studies addressing
aerobic capacity predominantly focus on the
changes in its levels due to various types of
physical activity but fail to provide a consensusin
understanding the mechanisms of its effects. Itis
also not widely appreciated that there is a
significant  heritable contribution to aerobic
capacity, and thus the extent to which IAC
contributes to the inverse relationship between
aerobic capacity and breast cancer mortality is
poorly understood. We identified |AC association
with  cellular immune responses, involving
interferons, various interleukins, and other
inflammatory agents. Evidence of participating
immune cells in IAC levels effect on carcinogenesis
also involves NO signaling and the RAS.

4.1. INTERFERON-GAMMA.

Interferons, and particularly IFN-y, appeared to be
among the topmost influential components of the
cellular signaling network distinguishing low and
high IAC. IFN-y is produced by the innate immune
cellsand binds its receptor IFNGR onvarious target
non-immune cells, rendering them exposed to
adaptive immune response and surveillance“*4,
IFN-y exerts both pro- and anti-tumorigenic effects.
Among the latter, IFN-y can induce apoptosis;
reduce angiogenesis via reducing VEGF and NO
production; recruittumor-associated macrophages
(TAMs) to reduce cancer growth and/or induce
senescence thereof via cooperation with TNF

signaling; improve cancer immunotherapy by anti-
PD-1 effects, IL-12 production, and immunity
stimulation with HIF1a. Itactivates canonically JAK
kinases and downstream STAT1 and IRF1
transcription factors, which predominantly induce
respective gene expression programs, and in the
context of cancer, such activity of IFN-y has been
associated with anti-tumor actions facilitating
eliminaton of tumor cells by immunologic
response. However, IFN-y may also induce PD-1,
PD-L1, TNFRSF14, MHCII, and CD86 production,
which have pro-carcinogenic properties®. Altematve
IFN-y signaling via STAT3/5, NF-kB, P13K, or ERK1/2
is rather associated with pro-tumorigenic and
immunosuppressive phenotype. High IAC tumors
downregulated these pathways. In addition, high
IAC TME expresses more NOS2, which potentially
may have tumoricidal and cytostatic properties of
IFN-y, thereby inhibiting immune evasion potential.
Immune-associated TME potentially may be shaped
by levels of IAC via STING1. Mammary glands of
HIAC animals upregulated HLA-A, MX1, PLAUR,
and downregulated CXCL2, IFIT1B, IL18, and IL1A
downstream of STING1, suggestive of high IAC-
induced protection from MNU-induced carcinogenesis.
Nevertheless, IFIT1Band IL18 were reduced while
MX1 and PLAUR were increased in HIAC tumors vs
their LIAC counterparts, just like in the respectve
mammary glands. Unlike LIAC tumors, HIAC tumors
also had increased MX1 compared to their adjacent
HIAC mammary glands. IL18 expression levels were
increased in tumors vs adjacent mammary glands
in both HIAC and LIAC animals; however, HIAC
animals still had lower levels thereof compared to
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LIAC animals. Among other STING1-associated
molecules, tumors of HIAC vs LIAC had increased
CCL3L3 cytokine, IFIT1,IL1B, Serpina3g, and LCN2
(which was also increased in HIAC tumors vs HIAC
mammary glands); as wellas reduced CHIT1, OAST1,
PLEKHA4, and TNRSF11B. Another downstream
targetof STING1is NOS2%44 which was upregulated
in tumors with high vs low IAC, interconnecting
NO-signaling further into immune regulation.

4.2. RENIN-ANGIOTENSIN SYSTEM.

The RAS (renin-angiotensin system) has been
studied for over a century with a primary focus on
its role in the regulation of blood pressure and
electrolyte balance which can be broadly divided
into investigations of systemic orlocaleffects 345,
What emerges from that literature is that RAS
produces six peptides, two of which (Angiotensin I
and Ang 1-7) are hormones that exert opposing
effects. The endocrine effects of these hormones
result from the secreted products of three tissues:
liver (angiotensinogen, AGT), kidney (renin, REN),
and lung (angiotensin converting enzyme, ACE).
However, the genesinvolvedin the synthesis ofthe
initial substrate (AGT), its conversion to active
hormones (ACE, ACE-2, neutral peptidase), as well
as their receptors (AT1R, AT2R, MAS) are also
active in most tissues of the organism. Therefore,
the RAS system has organ- and tissue-specific
paracrine, autocrine, and intracrine activities that
alter cell function in a corresponding manner with
the consequent systemic changes. AGT is a
component of the RAS that is responsive to
exercise training*+*® and that has been shown to
vary in studies of IAC#*%and to be involved in the
developmentof breastcancer®'=2.

Following the classical (or canonical) RAS, an
increase in AT1R and its ligands, including
Angiotensin Il, has been shown to exert negative
downstream effects, such as vasoconstriction,
proinflammation, and profibrotic effects3>4>4. The
counter-regulatory RAS occurs when ACE2
converts angiotensin |l to Ang 1-7, a ligand for
MAS receptor binding. An increase in MAS
transcription and  binding  contributes  to
vasodilation, antiproliferation, anti-inflammation,
and antifibrotic effects, correspondingly "2, At
first this might seem unlikely because the focus of
RAS research for decades has been on pathogenic
aspects of systemic RAS, i.e., the classic deleterious
effects of angiotensin | and Il. However, RAS is also

expressedinadipose and epithelialtissues, including
the breast, where it regulates mostof the processes
associated with the hallmarks of cancer®*
Additionally, over the past decade, emerging
evidence demonstrates dynamic regulation of RAS
via a “counter-regulatory” pathway such that some
RAS peptides are required for normal physiological
function of the tissues in which they are produced,
and these functions are integrated with the systemic
regulation of RAS®®. Unbalanced regulation of RAS,
therefore, heightensthe risk ofdisease development
in the form of obesity, cardiovascular dysfunction,
and many typesofcancer. Nonetheless, because of
the complexity of RAS and its pro-carcinogenic and
anti-carcinogenic effects, future studies must be
designedto further dissectboth classicaland counter-
regulatory pathways in the regulation of aerobic
capacity and consequential impact on the TME.

4.3. NITRIC OXIDE SYNTHASE.

Nitric oxide synthase (NOS) induction with
increased nitric oxide production is associated with
cardiovascular health but negatively associated
with cancer outcomes. Nevertheless, it may be
argued that vascular homeostasis is of value to the
host in terms of downregulating the phenotypes
associated with tumor angiogenesis and in
reducing cancer-associated comorbidities. In
tumors and the mammary gland, different NO-
synthases were predicted to be upregulated
differently. NO synthase 1 (NOS1) was significantly
downregulated in HIAC tumors relative to LIAC
tumors. However, not much is known about the
role of NOS1 and breast cancer. Many signaling
networks overlap with canonical pathways of
interest. Inhibition of signaling networks such as
PI3K-AKT-mTOR-S6K, Src-STAT3-Cyclin D1, MAP
2K-ERK1/2-Jun/Fos, MAP3K-p38, and IKK-NF-kB
leads to lower protein synthesis, cell proliferation,
and inflammatory response. Many of these
ubiquitous signaling molecules were previously
reported by us to be associated with breastcancer
development and IAC®. Interestingly, NF-«B is
involved in the expression of another NO
synthase—NOS2, which was more expressed in
HIAC tumors than LIAC.

4.4, CROSSTALK BETWEEN NITRIC OXIDE
SYNTHASE, THE RENIN-ANGIOTENSIN SYSTEM
AND INTERFERON-GAMMA.

An initial inspection of the value of NOS and the
RAS as interrelated biomarkers of association
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generated valuable insights. Activation of AGTR1
and SERPINE1 leads to activation of fibroblasts
with concomitant reactive oxygen species (ROS)
generation and  hypertension,  suggesting
involvement of the Renin-Angiotensin System
(RAS). Interestingly, angiotensin Il (Ang |1) receptor
AGTR1 was also involved in inhibitng CREB
Signaling (in HIAC vs. LIAC tumor) and may also be
activated by angiopoietin 2, whose levels are
predicted to be elevated due to suppression of its
inhibitory ACE2, owing to predicted lack of AKT-
mediated activation of another NO synthase—
NOS3. NO, TGF-B1, indoleamine-pyrrole 2,3-
dioxygenase, PGE2, PD-L1, and PD-L2 have
immunosuppressive properties®®, and RAS may
enhance them via NOS2 and CXCL12
upregulation®. Angiotensin Il, part of the classical
RAS, drives angiogenesis in the TME as it regulates
secretion of IL-6, IL-8, and VEGF via [FN-y-
associated NF-kB and STAT signaling®.

4.5. TRANSLATIONAL RELEVANCE.

N-methyl-N-nitrosourea (MNU) is a chemical
carcinogen widely used to induce mammary
tumors in rat models, which are valuable for
studying human breast cancer due to their
comparable histopathology ~and  hormone
dependency*’*8. The tumors induced by MNU in
rats predominantly exhibit characteristics of
estrogen receptor (ER)-positive breast cancer
molecular subtypes, closely mimicking human
luminal A and luminal B subtypes, which is
consistent with the heatmap shown in Figure 1.
Luminal A, make up the majority of breast cancer
cases, up to 60%, and have the highest survival
rate, while Luminal B includes up to 20% of breast
cancer cases and exhibits faster-growing tumors
and a lower survival rate. However, biomarkers of
other molecular types were also presentin MNU-
induced tumors. Therefore, regardless of IAC
levels, the tumors analyzed herein are rather
heterogenous in their molecular subtyping and
thus our findings should have broad translatability.

4.6. THERAPEUTIC CONSIDERATIONS.

Immunotherapy represents a transformative approach
in the treatment of breast cancer, leveraging the
body's intrinsic immune system to combat
malignancies®. Historically, breast cancer was
often perceived as an immunologically "cold"
tumor, less responsive to immunotherapy compared
to other cancerslike melanoma or lung cancer®'.

However, recent advancements and clinical trials
have demonstrated that certain breasttumors can
indeed elicit potent cytotoxic T-cell responses,
suggesting that immunotherapy can be an
efficacious therapeutic option for select patients.
This approach aims to enhance the immune
system's natural ability to identify and eliminate
cancer cells, offering the potential for improved
outcomes and quality of life for patients.

We posit that the choice of cancer treatment
therapies can be influenced by identifying a
patient's |AC status. High IAC TME gene
expression signature in terms of RAS, IFN-y, and
NOS signaling suggests that the HIAC population
may be exceptionally responsive to targeted
immuno-cancer therapies. Angiotensin receptor
blockers (ARBs) and ACE inhibitors (ACEls) have
shown anti-proliferative effects in preclinical breast
cancer models. Given the upregulation of ATIR
expression in HIAC, this population may benefit
more from ARBs that inhibit RAS than LIAC cancer
patients. Similarly, HIAC patients may benefit from
targets seeking to reduce NO levels or targets of
specific NOS isoforms. As both iINOS and eNOS
are elevated in HIAC tumors, the HIAC patients
seem more likely to benefit from these targeted
interventions. Inducible NOS is upregulated in ER-
negative tumors, so combining an individual’s 1AC
status with their molecular subtype of cancer can
further the impact of the development of targeted
treatment plans for the individual. Additionally,
strategies that inhibit IFN-y can directly reduce
iNOS and cripple its ability to produce cytotoxic
NO. Inhibiton of IFN-y would also hinder the
canonical RAS, including downregulating ATIR,
leading to decreased vasoconstricton and
inflammation. IFN-y can also have a positive effect
by activating immune cells to inhibit tumor growth,
so the modulation of IFN-yis very important during
cancertreatment.

4.7.HOW MIGHT INHERENT AEROBIC CAPACITY
DRIVE THE OBSERVED EFFECTS?

As reported in Figure 2, a pattern of differential
regulaton of the skeletal muscle-related
transcriptome was observed in the breast TME.
Recognizing that an essential driver of the co-
evolution of field cancerization and the TME is
hypoxia®?, it is expected that cells within the HIAC
TME would be more resilient to hypoxic challenge
due to innate differences in metabolism that favor
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aerobic metabolism, perhaps mediated by
differences in the distance electrons must tunnel
during electron transport within mitochondria ¢3¢,
Given the high heritability of IAC?, the maternal
pattern of mitochondrial DNA inheritance®, and
the existing evidence that differences in electron
tunneling are associated with |AC status®’-%8. Such a
simple but powerful explanation might lead to the
unraveling of the mystery of the profound
predictive value of inherent and induced aerobic
fitness on breastcancer-specific as wellas all-cause
mortality, which has few rivals.

5. Conclusions

We postulate that the IFN-y and NOS signaling in
conjunction with the RAS are relevant pathways
mediating |AC effects within the TME. Within these
pathways, potential mediators of activation (TNF,
IFNG, IL1B) andinhibition (PPARG, VEGF), including
AGT, show persuasive evidence for involvement in
carcinogenesis based on |AC status, which could
aid in the development of oncoimmunological
targeted breastcancer therapies.
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