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Abstract: The prognosis of breast cancer (BC) in young women (BCYW) aged ≤ 40 years tends to
be poorer than that in older patients due to aggressive phenotypes, late diagnosis, distinct biologic,
and poorly understood genomic features of BCYW. Considering the estimated predisposition of
only approximately 15% of the BC population to BC-promoting genes, the underlying reasons for an
increased occurrence of BCYW, at large, cannot be completely explained based on general risk factors
for BC. This underscores the need for the development of next-generation of tissue- and body fluid-
based prognostic and predictive biomarkers for BCYW. Here, we identified the genes associated with
BCYW with a particular focus on the age, intrinsic BC subtypes, matched normal or normal breast
tissues, and BC laterality. In young women with BC, we observed dysregulation of age-associated
cancer-relevant gene sets in both cancer and normal breast tissues, sub-sets of which substantially
affected the overall survival (OS) or relapse-free survival (RFS) of patients with BC and exhibited
statically significant correlations with several gene modules associated with cellular processes such
as the stroma, immune responses, mitotic progression, early response, and steroid responses. For
example, high expression of COL1A2, COL5A2, COL5A1, NPY1R, and KIAA1644 mRNAs in the BC
and normal breast tissues from young women correlated with a substantial reduction in the OS and
RFS of BC patients with increased levels of these exemplified genes. Many of the genes upregulated
in BCYW were overexpressed or underexpressed in normal breast tissues, which might provide clues
regarding the potential involvement of such genes in the development of BC later in life. Many
of BCYW-associated gene products were also found in the extracellular microvesicles/exosomes
secreted from breast and other cancer cell-types as well as in body fluids such as urine, saliva,
breast milk, and plasma, raising the possibility of using such approaches in the development of non-
invasive, predictive and prognostic biomarkers. In conclusion, the findings of this study delineated
the pathogenomics of BCYW, providing clues for future exploration of the potential predictive and
prognostic importance of candidate BCYW molecules and research strategies as well as a rationale to
undertake a prospective clinical study to examine some of testable hypotheses presented here. In
addition, the results presented here provide a framework to bring out the importance of geographical
disparities, to overcome the current bottlenecks in BCYW, and to make the next quantum leap for
sporadic BCYW research and treatment.
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1. Introduction

Breast cancer (BC) is the fifth leading cause of cancer-related deaths worldwide, with
an approximately 8–12% estimated lifetime risk [1]. Although the BC-associated mortality
rate has reduced in several countries, this gain has not proportionately benefited young
women with BC in many parts of the world [2–4]. The operational definition of BC in
young women (BCYW) is generally flexible because it has been applied to BC in women
aged <35, <40, or <50 years or even to BC in premenopausal women [4]. In this study, we
defined BCYW as BC in women aged ≤40 years according to a recent consensus based on
the clinical features of tumors [5]. In general, age is considered as a risk factor for human
cancer due to cumulative dysregulated changes occurring with age in the genome and
associated pathways leading to the loss of cellular homeostasis. However, the current trend
of a high incidence of aggressive BC in women aged ≤40 or ≤35 years argues against the
validity of growing age as a risk factor for BCYW. The prevalence of BCYW is approximately
2–6% in Western countries and 10–20% in Asian countries [6], suggesting that BCYW has
become a growing concern globally, including in countries with a vast young population
such as India.

The range of clinical characteristics exhibited in BCYW is distinct from that exhibited in
older premenopausal and postmenopausal women with BC; thus, BCYW could be consid-
ered a subset of premenopausal diseases. BCYW exhibits more aggressive cancer subtypes
(such as TNBC/basal, HER2-positive, and luminal B) than BC in older patients [7–14]. The
prognosis of BCYW is generally worse than that of BC in older patients, presumably due to
its aggressive subtypes, detection at an advanced stage, and a high recurrence rate [1,6,15–19].
The occurrence of breast cancer early in life also translates into many social, economic, psy-
chologic, and medical issues, including a relatively early disease relapse as compared to
breast cancer in older age groups, even after a long tumor dormancy. The reasons for a poor
prognosis of BCYW in most cases continue to be poorly understood but are likely to involve
the dysregulation of genomic and associated cellular and stromal interactions.

Regarding the genomics of BCYW beyond mutations in specific predisposed famil-
ial genes, numerous studies over the years have described the nature of transcriptomic
changes in BCYW aged 35–45 years. These studies have reported changes in the expression
of specific genes, gene sets, or signatures in young patients as compared with those in older
patients with BC. For example, patients aged <35 years with ER-positive BC showed an
upregulation of signatures pertaining to the insulin-like growth factor receptor and stromal
microenvironment in luminal A BC subtype [20]. Patients aged <45 years with BC showed
an increased expression of growth factors and cell cycle progression genes [21]; patients
aged <45 years showed a high prevalence of the GATA3 mutation [22]; those aged <35
years showed an increased expression and/or mutations of GATA3 and ARID1A [23]; and
patients aged <40 years showed an increased expression of RANKL [24]. In addition, 38
age-associated genes were identified in normal tissues but not in matched tumor sam-
ples [25]; 63 differentially expressed genes were noted in BC patients aged ≤45 years as
compared to those aged >55 years [26]; 50 differentially expressed genes in young BC
patients, aged ≤45 years, as compared to BC patients over ≥65 years old [27]; a defec-
tive TGF-β pathway and an activated immune pathway were noted in patients with BC
aged <40 years [28], etc. In brief, many transcriptomic studies on BCYW have yielded new
information on genomic alterations in BCYW; however, a distinct gene set or sets of high
clinical significance, or predictive tissue or body fluid-based biomarkers for BCYW and/or
for general population screening, remain to be identified.

The increased incidence of relapse in BCYW is also likely to be profoundly affected by
pathways involved in the regulation of tumor dormancy and bi-directional tumor–stroma
interactions. This aspect of BC research has been generally understudied, particularly in



Cells 2022, 11, 1927 3 of 27

the context of hormone receptors, nuclear estrogen signaling, and non-genomic estrogen
signaling. Many studies in the literature have focused on the significance of stromal cell
types in the modification of BC phenotypes [29]. For example, a study on age-associated
genes derived from normal breast tissues suggested that a subset of aggressive breast
tumors in young patients expresses genes that are upregulated in young normal breast
tissues [30]. However, the reason for such upregulation and the significance of tumor-
associated genes in normal breast tissues remain unknown. Similarly, another large study
demonstrated that 1408 and 1150 upregulated and downregulated genes, respectively,
were present in the normal breast tissues from donors aged 27–66 years without a history
of breast cancer and indicated the significance of adipogenesis and inflammation in BC
progression [31].

Because the nature of the mammary gland stroma, in both normal and cancerous
tissues, is known to be markedly modified by ovarian hormones, growth factors, and
soluble factors [32,33], the genomic landscape of the normal mammary gland (as well
as breast tumors) is presumed to be further modified by the menstrual cycle phases,
breast-feeding status, and pregnancy phase - all of which are components of women’s
reproductive years. In this context, a genomic study described the nature of differentially
expressed genes (DEGs) during the luteal and follicular stages of the menstrual cycle in the
normal mammary glands of young women. This study revealed the upregulation of 221
genes in the luteal phase, many of which are known to have established functions in BC
progression [34]. These examples of genomic studies on normal breast tissues highlight the
significance of altered expression of genes or gene sets in the biology of the mammary gland
and BC. However, these studies have not considered issues pertaining to BCYW ≤ 40 years.
Therefore, the present study was undertaken to delineate the nature of transcriptomic
alterations in BC and its four subtypes in young women aged ≤40 years compared with
BC in the age groups of 41–54 and ≥55 years to determine the nature of genomic overlaps
between age-specific unique genes in BCYW and matched adjacent normal or normal breast
tissues and to explore changes in the function of BC subtypes and BC laterality by using
BC genomic datasets.

2. Materials and Methods
2.1. Identification of Age Groups’ Specific Patterns of Gene Expression

We have selected the two largest annotated breast cancer datasets in the public domain
for our analysis, the TCGA Breast Invasive Carcinoma Firehose Legacy and METABRIC
datasets. First, we downloaded the clinical information for the TCGA breast cancer dataset
from the Xena browser [35]. Using the downloaded clinical data, normal and tumor
samples were classified into three main age groups: ≤40 years old (26–40 years, mean age:
36.19 years ± 3.71 SD), 41 to 54 years old (mean age: 48.10 years ± 4.01 SD), or ≥55 years
old (55–90 years, mean age: 67.27 years ± 8.92 SD) (Supplementary Table S1). The samples
under the three age groups were again subdivided into breast cancer subtype groups,
Basal, HER2-positive (HER2), Luminal A (LumA), and Luminal B (LumB). According
to anatomic neoplasm division information, we also separated the curated samples for
each age group into left and right groups. After the sample classification, we performed
differential expression analysis between the tumor and normal samples using the TCGA
Biolinks, an R package [36]. In addition to the TCGA normal-tumor analysis, we also
performed a t-test evaluation of a normal–normal analysis between the main age groups
using the Limma-R package [37]. We downloaded the breast cancer Illumina HiSeqlog
(x + 1), transformed RSEM normalized data from the Xena browser, and extracted the
normal sample dataset based on the sample ID for this analysis. The extracted normal data
were then classified into three main groups based on the age information and used for
the comparative analysis. Comparative analysis among different datasets was performed
using a Venn diagram web-based tool [38].

On the second set of analyses using the METABRIC datasets [39], the differential
expression analysis was performed using a similar analysis strategy to that used with
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the TCGA dataset. As opposed to TCGA data, the METABRIC dataset is low throughput
data. Based on the age of breast cancer patients at diagnosis as present in the provided
clinical data, the METABRIC breast tumor and normal sample list were first divided
into three main age groups. We downloaded the normalized expression data for tumors
(EGAD00010000210, EGAD00010000211) and normal samples (EGAD00010000212) of the
METABRIC dataset under the study ID EGAS00000000083 from The European Genome-
phenome Archive (EGA) after receiving the access from the Data Access Committee (DAC).
The data were downloaded using the pyEGA3, EGA download client links. We then
classified the downloaded data into different age groups using the sample IDs followed
by differential expression analysis using the Limma-R package. The results obtained from
the differential expression analysis were first reviewed based on the p-value. Genes with a
p-value less than 0.05 were shortlisted for further analysis. The shortlisted significant genes
were then classified into upregulated and downregulated ones based on a log fold change
value with a 1-fold cut-off (as well as a 2-fold cut-off). Following the differential expression
analysis, we performed a detailed overlap analysis to identify shared and unique genes
among the different age groups. Our overlap analysis led to identifying a few essential
genes, whose expression was further verified using breast cancer datasets in the cBioPortal
platform [40].

2.2. MRNA–Protein Correlation Analysis

To validate the expression of 60 genes uniquely upregulated in breast tumors from
patients aged ≤40 years from differential expression analysis, we focused the TCGA breast
invasive carcinoma database and selected the mRNA expression z-scores relative to diploid
samples (RNA Seq V2 RSEM) and protein level z-scores (mass spectrometry by CPTAC)
with ±2 as the expression cut-off value. After removing the genes with no expression of
mRNA or protein, we selected 15 genes with data at the levels of both mRNA and protein
as an example of mRNA–protein correlation and presented the expression pattern as a
heatmap.

2.3. Prognostic Significance

Selected genes from the differential expression analysis were used to determine the
prognostic significance. We performed a multivariate analysis using the GOBO and KMPlot
online platforms. Using KMPlot, we performed an overall survival analysis of breast
cancer patients using the breast cancer dataset (n = 1090) and the mean expression of the
selected genes [41]. The clinical significance of genes of interest was assessed using the
Gene Expression-Based Outcome for Breast Cancer Online (GOBO) platform. The dataset
contains Affymetrix-derived gene expression data from 1881 breast tumors (ER+ tumors,
n = 1225; ER- tumors, n = 395; untreated tumors, n = 927; and TAM-treated tumors, n = 326),
organized into 19 subtypes and untreated and tamoxifen-treated tumors [42]. The expres-
sion of the gene set of interest was stratified into high and low levels and analyzed as
Kaplan–Meier curves for overall survival (OS), relapse-free survival (RFS), or distant
metastasis-free survival (DMFS) over a period of 10 years. To assess the significance of a
gene set, the GOBO platform correlates the test gene set against 8 co-expressed gene mod-
ules such as stroma, lipid, immune response, mitotic checkpoint, mitotic progression, basal,
early response, and steroid response, and plots them as Spearman’s rank correlations [43].
All survival plots were generated using the online GOBO tools.

2.4. Gene Ontology Analysis

Gene ontology analysis for biological processes was performed using the FunRich ver-
sion 3.1.3 functional enrichment analysis on-line tools [44]. The top 10 biological processes
were reported in the Supplementary Tables S2–S8 based on the ascending order of p-value.
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2.5. Fitness Analysis

Fitness scores for breast carcinoma cell lines were collected for each gene from the
cancer dependency map [45,46] and the boxplots were generated using the ggplot2 library
in the R programming language.

2.6. Secreted Proteins

We also the possibility of the presence of dysregulated gene products secreted from
our different age-specific gene analyses. We predominantly used the Vesiclepedia and
plasma proteome databases [47–49].

3. Results
3.1. Identification of Dysregulated Genes in BCYW Aged ≤40 Years

Because age-associated changes in the expression of regulatory genes might be indica-
tive of dysregulated pathways underlying the biology of BC and its four intrinsic subtypes
in young women, we reasoned that the delineation of molecules that are selectively altered
in BCYW ≤40 years old might provide clues regarding the genomic basis of the aggressive
nature of BCYW. To explore this hypothesis, we curated The Cancer Genome Atlas (TCGA)
dataset for Breast Invasive Carcinoma (Firehose Legacy Study) from the cBioPortal for
Cancer Genomics and analyzed the genomic alterations of the following three age groups:
≤40, 41–54, and ≥55 years. While keeping a minimum cut-off of log 2-fold change over
built-in internal adjacent normal specimens, we identified genes that were upregulated
and downregulated in each age group either uniquely or commonly between two or three
age groups. For example, we observed the upregulation of 60 genes (out of 558 upregu-
lated genes with a cut-off of log 2-fold change) and downregulation of 58 genes (out of
527 downregulated genes with a cut-off of log 2-fold change) uniquely in patients with BC
aged ≤40 years (Figure 1a and Supplementary Figures S1 and S2). Additionally, 42, 51, and
405 genes were upregulated, respectively, in the age groups of ≤40 and 41–54 years; age
groups of ≤40 and ≥55 years; and all three age groups. Results from the Gene Ontology bi-
ological function analysis of 45 mapped genes out of 60 upregulated genes in breast tumors
from patients aged <40 years had diverse functions (Supplementary Table S2). As expected,
shared genes among the three age groups represented the largest set of dysregulated genes.

To broaden the relevance of these findings to BCYW, we also analyzed the curated datasets
from the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC)—a
United Kingdom- and Canada-based initiative [39]. Similar to our observation with the TCGA
dataset, we identified 109 upregulated (out of 300 upregulated genes) and 67 downregulated
(out of 421 downregulated genes) genes unique to BC in women aged ≤40 years with a
cut-off of log 1-fold change (Figure 1b and Supplementary Figure S3). However, there
was no significant overlap among upregulated genes in patients aged ≤40 years between
the two datasets, except for three genes (i.e., LAMP3, HAMP, and CLIC3) as well as for
two other examples of differentially expressed gene sets identified for BC <45 vs. >55
years [26] and <45 vs. >65 years [27] (Supplementary Figure S4). Because the TCGA
Firehose Legacy and METABRIC datasets were constructed using distinct patient pools and
with different sequencing and gene expression platforms, a lack of overlap between the
two analyses is understandable. Nevertheless, it underscores the critical point regarding
the existence of uniquely dysregulated genes in BCYW aged ≤40 years from different
parts of the world—highlighting the potential importance of geographical disparities. In
subsequent analyses, we used the TCGA Firehose Legacy data for examining the nature of
dysregulated genes in BCYW.
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Figure 1. Dysregulated age-associated genes in three age groups of breast cancer patients. (a) Curated
data from the TCGA Firehose Legacy breast cancer study was segregated into indicated three
age groups and transcripts with a cut-off of log 2-fold change are shown here as upregulated or
downregulated genes; (b) curated data from the METABRIC breast cancer study were divided
into three age groups and transcripts with a cut-off of log 1-fold change are shown; (c) bar chart
representing upregulated (upper panel) and downregulated (lower panel) shared genes among
≤40, 41 to 54 years, and ≥55 years age groups (upper); (d) overall survival of ER-positive (ER-pos)
lymph-node negative (LN-neg) breast cancer patients using 38 upregulated mapped genes (out of
60 genes) unique in ≤40 years age group. Tumor samples stratified into high (red curve) and low
(gray curve) expression of the genes; (e) expression of shortlisted 17 highly overexpressed genes.
The percentage adjacent to the gene symbol represents the alteration rate. The data was curated
from the cBioPortal platform; (f,g) among the 17 overexpressed genes, 11 genes were mapped in
the GOBO database and used for the survival analyses. Relapse-free survival (RFS) of ER-positive
tumor and Grade 2 tumor patients (f) and distant metastasis-free survival (DMFS) of ER-positive and
LN-negative breast tumor patients (g). Panels c through g are from the TCGA breast cancer data.
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Figure 1c illustrates the presence of upregulated or downregulated genes whose expres-
sion increased or decreased from groups aged ≤40 years to 41–54 years and to >55 years,
highlighting the shared components of age-independent dysregulated genes in BC. Next,
we assessed the significance of 60 upregulated genes in BCYW by determining the correla-
tion of gene expression with the overall survival (OS), relapse-free survival (RFS), or distant
metastasis-free survival (DMFS) of patients with BC, with a mean follow-up of 10 years, in
1881 tumor samples representing 19 cancer subtypes plus untreated and tamoxifen-treated
groups by using the Gene Expression–Based Outcome for the Breast Cancer Online (GOBO)
database platform [42]. Among the 60 upregulated genes, 38 were mapped in the database
and thus used in subsequent analyses. The expression of high and low levels of these
38 genes in BC was not significantly different according to the multivariant Kaplan–Meier
analysis for BC subtypes (Supplementary Figure S5a), expect in the ER-positive lymph-
node (LN)-negative subtype (Figure 1d, p-value = 0.00204, n = 380 patients). The expression
status of 60 upregulated genes in the cBioPortal Genomic platform indicated a substantial
upregulation (8–19%) of a subset of 17 genes in BC (Figure 1e, Supplementary Table S3).
Analysis of the clinical relevance of 11 of 17 highly upregulated genes (as 6 genes were
not mapped in the database) revealed that the overexpression of these 11 genes signifi-
cantly affected RFS (p-value = 0.00828, n = 738 patients) and the DMFS (p-value = 0.00221,
n = 856 patients) among patients with ER-positive tumors (Figure 1f,g; Supplementary
Figure S5d) in the absence of any other factor influencing the OS of young women with
BC (Supplementary Figure S5e). However, the overexpression of these 11 genes had op-
posite effects on RFS for the basal versus ER-positive breast tumors and on DMFS for
ERBB2/HER2-positive versus ER-positive LN-negative tumors in young women with BC
(Supplementary Figure S5e). Thus, the subset of 11 out of 60 upregulated genes in BCYW
aged ≤ 40 years might be associated with differential outcomes for distinct subtypes, such
as a poor outcome for ER-positive tumors and a good outcome for HER2-positive tumors.

Though preceding observations were made using the candidate mRNAs, it implied
a corresponding change in the levels of gene products/proteins. To support this notion
within the constraints of the limited availability of the mRNA and protein data from the
same set of breast tumor specimens in public databases, we examined the status of the
mRNA–protein correlation of 60 genes uniquely upregulated in breast tumors from patients
aged ≤40 years. After removing the genes with no expression of mRNA or protein, we
presented examples of genes with data at the levels of both mRNA and protein. Results
presented in the Supplementary Figure S6 suggested a similar trend of mRNA and protein
expression of 15 genes. As many of the candidate 60 genes were also detected as proteins
in secreted extracellular vesicles as well as in the human plasma database (see below),
these observations strengthen the idea of the upregulation of the corresponding proteins,
at least in part. However, these observations do not rule out the possibility of additional
post-translational modifications of these 60 upregulated genes and resulting changes in
respective proteins—an area of research not pursued in the present study.

3.2. Subset of Differentially Dysregulated and Clinically Significant Genes in BCYW

The analysis of breast cancer TCGA data provided the status of differentially expressed
genes (DEGs) in cancer tissues compared with gene levels in adjacent normal matching
tissues. Because certain genes might be common among the adjacent normal tissues of
different age groups, we next identified DRGs within adjacent normal tissues between
the specimens from the ≤40 vs. 41–54 years or ≤40 vs. >55 years age groups, and then
used these DRGs to compare with the significantly altered genes in BC tissues among
different age groups. We found 10 upregulated and 94 downregulated DEGs in matching
adjacent normal tissues of the ≤40 versus 41–54 years age groups, whereas 122 upregulated
and 200 downregulated DEGs were found in matching normal tissues of the ≤40 versus
>55 years age groups (Figure 2a). Furthermore, we determined unique or shared DEGs
in adjacent normal tissues between the age groups of ≤40 versus 41–54 years (Figure 2b)
and ≤40 versus >55 years (Figure 2c) and in breast tumors from all three age groups. The
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gene ontology analysis of biological functions suggested that 19 of these 22 genes might be
potentially involved in growth factor signaling and metabolic transport (Supplementary
Table S4). Collectively, this analysis revealed that 22 genes were downregulated in matching
normal tissues in patients aged ≤40 years but were upregulated in breast tumors of patients
from all three age groups (Figure 2b,c). Figure 2d demonstrates that the overexpression of
20 (excluding PCDH10 and C6orf223 genes) of 22 genes (named in Figure 2b,c) in breast
tumors is associated with a significant reduction in survival compared with a low expres-
sion of these genes (p-value = 0.0097). In addition, we also analyzed these 20 upregulated
genes in the GOBO database. However, only 12 out of these 20 genes were mapped in the
GOBO dataset and were, therefore, used in further analyses (Figure 2e,f; Supplementary
Figure S7a,b). The overexpression of these 12 genes in breast tumors was significantly
correlated with the reduced OS of patients with the ER-positive LN-negative (Figure 2e;
p-value = 0.00783, n = 380 cases) and PAM50 normal-like (p-value = 0.00664, n = 124 cases)
subtypes (Supplementary Figure S7b). The association between these 12 upregulated genes
and PAM50 normal-like tumors was revealing; however, it provides no clues regarding
the relevance of the observed upregulation of cancer-associated genes in normal breast
tissues. It is possible that these genes are involved in events beyond the normal physiol-
ogy in normal breast tissues, such as in disease-associated processes which have yet to
be clinically manifested. The overexpression of these 12 genes correlated well with the
improved OS of patients with the LN-positive subtype (p-value = 0.00169, n = 215 cases;
Supplementary Figure S7b). No significant effect of the 12 upregulated genes on the RFS of
patients was observed, except in patients with the LN-positive subtype. Furthermore, the
relevance of these 12 upregulated genes in breast tumors of women aged ≤ 40 years was
evident in a high Spearman correlation with 8 gene set modules [43] pertaining to stroma,
lipid, early response, and steroid responses (Figure 2f).

In addition to the 20 upregulated genes in breast tumors of women aged ≤40 years,
we identified 12 genes that were upregulated in adjacent normal tissues but downregulated
in breast tumors in three age groups (Figure 2g, Supplementary Table S5). We predicted
that the loss or reduction of these genes might be involved in cancer-promoting processes.
However, this needs to be experimentally demonstrated in near future studies, perhaps
using a combinatorial gene strategy in an appropriate whole animal model. As expected,
the downregulation of these 12 genes or 10 genes (excluding TNFSF11 and VAT1L genes from
the list in Figure 2g) was associated with the reduced survival of patients with BC compared
with that of patients with an upregulation of these genes (Figure 2h). Contrary to previous
studies [50], the expression of TNFSF11/RANKL was consistently downregulated in patients
aged ≤40 years with breast tumors as compared with adjacent normal breast tissues.

Next, we determined whether 122 differentially upregulated genes in the adjacent
normal tissues from the age groups of ≤40 years versus ≥55 years also shared common
genes in the three age groups of patients with breast tumors. We found that 27 (out of 122)
DEGs were upregulated in adjacent normal breast tissues and in breast tumors from the
three age groups (Figure 3a,b, Supplementary Table S6). Of these 27 genes, 19 were mapped
in the GOBO database and used for evaluating the clinical significance of these genes. The
overexpression of these shared 19 upregulated genes was associated with a substantially
shorter OS and RFS in several breast tumor subtypes (Figure 3c) as well as average OS and
RFS in all tumors (Figure 3d; OS p-value = 0.0001, n = 737; RFS p-value = 0.0001, n = 914).
Consistent with this observation, the overexpression of these 19 genes correlated positively
with gene sets belonging to immune and mitosis processes (Figure 3e). It is possible that
such genes might be primarily involved in the cellular proliferation of breast tumors. In line
with this observation, we found that 14 of 19 genes were also fitness genes (Figure 3f) with
diverse functions (Figure 3g), that is, the individual depletion of these genes in multiple
BC cell lines led to the loss of cell viability in a CRISPER-9 database [45]. In brief, these
results suggested that several uniquely upregulated genes in breast tumors of women aged
≤40 years were also upregulated in adjacent normal breast tissues. Because many of these
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genes have known roles in cancer progression, the biological significance of cancer-relevant
upregulated genes in normal breast tissues remains unclear.

Figure 2. Comparative analysis of BCYW genes in matching normal and tumor specimens.
(a) Overlap of dysregulated genes among ≤40 vs. 41–54 years, ≤40 vs. ≥55 years, and
41–54 vs. ≥55 years age groups of adjacent matching normal breast tissue samples. Red, upreg-
ulated, and blue, downregulated genes; (b,c) bar chart showing the levels of indicated shared DRG
genes in breast tumors from groups of ≤40 versus 41–54 years (b), ≤40 versus >55 years (c), or shared
among three age groups, as well as in corresponding adjacent normal breast tissues; (d) multivariant
analysis of 20 genes (DHRS2, TCN1, SLC6A17, CPB1, NCCRP1, CST9, FIBCD1, RIMS2, CHGB,
NPY1R, SYNPO2L, ACAN, NXPH1, SERPINB7, HAMP, FOXS1, HS6ST3, MUC5B, LRRC15, and
P2RY11) for overall survival of breast cancer patients using the using the online KMPlot tools;
(e) overall survival (OS) of ER-positive (ER-pos) lymph node negative (LN-neg) breast tumors strati-
fied on the basis of high (red) and low (gray) expression of the 12 genes (TNFSF11, IL22RA2, SYCE1,
PLPPR1, VAT1L, CSRNP3, COLCA1, SLCO1A2, SPHKAP, RSPO1, EMILIN3, and SLC26A3) out of
22 upregulated genes in panels b and c; (f) Spearman correlation analysis of 12 genes in the context
of 8 preset co-expression gene modules; (g) levels of 12 genes upregulated in adjacent normal breast
samples but downregulated in tumor samples; and (h) overall survival analysis of 12 (left) or 10
(right panel, without VAT1L and TNFSF11) genes described in panel using the online KMPlot tools.
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Figure 3. Examples of genes upregulated in adjacent normal and tumor samples. (a) Venn diagram
representing the overlap of upregulated genes in all the age groups of tumor samples as well as
in ≤40 vs. ≥55 years adjacent normal tissues; (b) bar chart representing levels of 27 upregulated
genes identified from the overlap analysis in panel a; (c) Kaplan–Meier OS and RFS summaries of 19 of
27 genes mapped in the GOBO database with 1881 breast tumors; (d) OS and RFS curves using the high
(red) and low (gray) expression of 19 genes in all tumor subtypes; (e) Spearman correlation analysis
of 19 genes in the context of co-expressed 8 gene modules; (f) boxplot representing the fitness score of
indicated genes in breast cancer cell lines; and (g) GO biological functional analysis of 26 of the 27 genes,
except HMMR. All survival and correlation analyses were performed using the online GOBO tools.
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3.3. Evidence of Dysregulated Cancer Genes in BCYW and Normal Breast Tissues

As adjacent normal tissues have been shown to not always mirror normal breast tissues,
and because bi-directional cancer–stroma interactions and the resulting secreted molecules
are likely to influence the genomic alterations in adjacent normal tissue [51,52], we exam-
ined the status of dysregulated genes in breast tumors from patients aged ≤40 years in
normal breast tissues from healthy donors. To this effect, we used a recent RNA-sequencing
dataset derived from the breast tissues of 151 parous women without a history of BC, listing
1408 upregulated and 1150 downregulated genes [31]. Although this study did not con-
sider three age groups, it still served as a large gene set modulated genes for comparative
analysis with breast cancer dysregulated genes. Next, we compared 1408 upregulated
and 1150 downregulated genes in normal breast tissues [31] against dysregulated genes in
BCYW ≤40 years and shared genes between the age groups of ≤40 years and 41–54 years
or >55 years (Figure 4a,b). Among the shared upregulated genes in normal breast tissues
and breast tumors, the expression of five genes unique to young women aged ≤ 40 years
with BC (i.e., COL1A2, COL5A2, COL5A1, NPY1R, and KIAA1644) significantly affected
the OS and RFS of patients with several tumor subtypes (Figure 4a). For example, the high
expression levels of the five genes correlated well with the OS (p-value = 0.00072, n = 737)
and RFS (p-value = 0.00001, n = 914) for patients with several subtypes of BC as compared
to those with the low expression of these genes (Figure 4c,d). As collagen genes are consid-
ered crucial for the stromal microenvironment and extracellular matrix remodeling [53,54],
while hypoxia inducible NPY1R [55] has been shown to be a determinant of breast cancer
responsiveness to hormonal sensitivity and a secreted predictive marker for breast cancer
metastasis [56,57], the increased expression of these molecules might be associated with
a poor prognosis. We also noticed a significant positive Spearman correlation of these
five genes with the gene sets related to stroma, lipid, early response, and steroid response
(p(ANOVA) ≤ 0.00001; Figure 4e).

We also observed that 28 overexpressed genes in BCYW aged ≤40 years shared with
those aged 41–54 and >55 years were downregulated in normal breasts (Figure 4b). Of these
28 genes, 17 could be mapped in the GOBO database and hence were used in subsequent
analyses (Figure 4f–h). The results indicated that the overexpression of these 17 shared
genes correlates well with the OS for ER-positive PAM50 normal-like and ER-positive LN-
negative subtypes (Figure 4f, p-value > 0.01) and the RFS for all tumor subtypes (Figure 4g,h;
p-value = 0.00323, n = 914).

We explored the possibility that a subset of genes downregulated in women
aged ≤40 years with BC might be upregulated in normal breast tissues. To this effect,
we found that 52 upregulated genes in normal breast tissues were downregulated in BC
tissues of women aged ≤40 years, of which 10 were unique to breast tumors of women
aged ≤40 years, and 42 were shared between the age groups of ≤40 and 41–54 years or
>55 years (Figure 5a). Nine of the ten downregulated genes in breast tumors of patients
aged ≤40 years were mapped in the GOBO database. High and low expression levels of
these nine genes correlated well with the RFS (but not OS) in several breast tumor subtypes
(Figure 5b) and all tumors (Figure 5c; p-value = 0.00013, n = 914), revealing the potential
role of these nine genes in the RFS of breast cancer patients. These findings were also true
for 45 downregulated genes, inclusive of 9 genes (out of 52 genes as 7 genes could not be
mapped in the GOBO database) in BCYW ≤40 years, which were upregulated in normal
breast tissues (Figure 5e,f). Both the 9 and 45 gene sets were positively correlated with gene
modules related to stroma, lipid, basal, early response, and steroid response, but negatively
related to mitotic gene modules (Figure 5d,g; p(ANOVA) ≤ 0.00001).
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Figure 4. Comparative analysis of upregulated genes in BCYW aged ≤40 years with modulated
genes in normal breast tissues. (a,b) Overlap of upregulated genes in ≤40 years age group and/or
shared upregulated genes between the ≤40 years and 41–54 years or ≥55 years age groups with
upregulated (a) or downregulated (b) genes in normal breast tissues; (c) Kaplan–Meier OS and RFS
summaries of 5 genes mapped in the GOBO database with 1881 breast tumors; (d) OS and RFS curves
using the high (red) and low (gray) expression of 5 genes in all tumor subtypes and ER-positive
(ER-pos) breast tumors; (e) Spearman correlation analysis of 5 genes in the context of co-expressed
8 gene modules; (f) Kaplan–Meier OS and RFS summaries of 17 genes mapped in the GOBO database
with 1881 breast tumors; (g) OS and RFS curves using the high (red) and low (gray) expression of
5 genes in all breast tumor subtypes; and (h) Spearman correlation analysis of 17 genes in the context
of co-expressed 8 gene modules.
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Figure 5. Comparative analysis of downregulated genes in BCYW aged ≤40 years with modulated
genes in normal breast tissues. (a) Overlap of downregulated genes in ≤40 years age group and/or
shared downregulated genes between the ≤40 years and 41–54 years or ≥55 years age groups with
upregulated genes in normal breast tissues; (b) Kaplan–Meier RFS summaries of 9 genes mapped
in the GOBO database with 1881 breast tumors; (c) RFS curve using the high (red) and low (gray)
expression of 9 genes in all breast tumor subtypes; (d) Spearman correlation analysis of 9 genes in
the context of co-expressed 8 gene modules; (e) Kaplan–Meier RFS summaries of 45 genes mapped
in the GOBO database with 1881 breast tumors; (f) RFS curves using the high (red) and low (gray)
expression of 45 genes in all breast tumor subtypes; and (g) Spearman correlation analysis of 45 genes
in the context of co-expressed 8 gene modules. All survival and correlation analyses were performed
using the online GOBO tools.

Because BCYW has been linked to menstrual cycle-associated hormonal changes [58,59],
we searched for a potential overlap of dysregulated genes in breast tumors of women aged
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≤40 years with 255 DEGs in the luteal phase as compared with the follicular phase of the
menstrual cycle in young healthy women (≤40 years, n = 17; 41–46 years, n = 3) [34]. We
found that 3 (PTPRN, HIST1H2BH, and HIST1H2AM mRNAs) of 60 upregulated genes in
breast tumors of patients ≤40 years were also upregulated in normal breast tissues in the
luteal phase (Supplementary Figure S8a). In this context, PTPRN is a hypoxia-inducible
phosphatase with a role in BC angiogenesis [60], while the expression of HIST1H2BH and
HIST1H2AM is upregulated in human tumors with a suggested prognostic role [61,62].
Because the observed upregulation of replication-dependent histones HIST1H2BH and
HIST1H2AM as the component of gene expression machinery and the process of hypoxia
are fundamental processes in normal tissues, the stimulation of molecules by yet-to-be
defined triggers in normal tissues might set the stage for early precancerous processes
over a period. In addition, the expression of TNFSF11/RANKL—which was found to be
downregulated in breast tumors of patients aged ≤40 years—was upregulated in normal
breast tissues (Supplementary Figure S8b), similar to the upregulation in another dataset of
normal breast tissues (Figure 2g).

As in the TCGA dataset breast tumors, we also noticed that 8 out of 109 upregulated
genes specific to breast tumors from patients aged ≤40 years in the METABRIC dataset were
also common to upregulated genes in normal breast tissues, while 17 were downregulated
in normal breast tissue (Supplementary Figure S8). High and low expression levels of these
16 (of 17) genes correlated well with the OS and RFS for several breast tumor subtypes
(Supplementary Figure S9c). Similarly, 124 of the upregulated genes in normal breasts
during the luteal phase of the menstrual cycle were also upregulated in METABRIC breast
tumors from patients aged ≤40 years (Supplementary Figure S9b).

3.4. Dysregulated Genes in BCYW Vary with the Intrinsic Tumor Subtype

Based on the status of ER-alpha, PR, and HER2, BC can be classified into four intrinsic
subtypes, each with characteristic clinical features. Studies have shown that BCYW is
generally more aggressive with a poorer prognosis than BC in older patients [16–18].
A high prevalence of TNBC, basal-like tumors, and luminal B exists in BCYW [10–17].
However, the effect of cancer subtypes on the genome of women with BC aged ≤40 years
remains poorly studied. While keeping a minimum log 2-fold change as a cut-off, we
determined the expression of dysregulated genes in four intrinsic breast subtypes as a
function of distinct age groups. The results indicated that the ratios of BC subtypes did
not differ significantly between the three age groups (Figure 6a). This observation is not
in line with previous data that showed a high prevalence of TNBC/basal-like cancer in
BCYW [12], presumably due to the use of a minimum log 2-fold change in computing our
findings in the present study. Figure 6b demonstrates the numbers of upregulated and
downregulated genes in each of four intrinsic breast tumor subtypes and gene overlaps
among the three age groups.

In line with the goal of the present study regarding the analysis of BCYW, we focused
on dysregulated genes unique to breast tumors of women aged ≤40 years and assessed their
potential overlap with 1408 upregulated and 1150 downregulated genes in normal breast
tissues [31]. For example, 11 upregulated genes were common in the basal tumor subtype
of patients aged ≤40 years and normal breast tissues, whereas 22 genes upregulated in
normal breast tissues were downregulated in the basal tumor subtype (Figure 6c). Ten
of eleven mapped genes upregulated in basal tumors from patients aged ≤40 years were
divided into high- and low-expressing groups in OS analysis. A high expression status
of these genes correlated well with the reduced OS of BC patients as compared with that
of low-expression groups for three tumor subtypes: luminal A, ER-positive LN-negative,
and ER-positive tumors (Figure 6d; p-value = 0.00431, n = 560 for ER-pos tumors). The
expression of these nine genes exhibited a positive Spearman correlation with immune
response and basal gene modules (Figure 6f), consistent with the basal subtype phenotype
of the tumors analyzed. However, we observed a negative correlation with gene modules
associated with stroma, lipid, early response, and steroid response.
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Figure 6. Status of BCYW genes in intrinsic breast tumor subtypes. (a) Pie chart showing distribution
of four intrinsic breast tumor subtypes in 3 age groups; (b) overlap of dysregulated DRG genes among
≤40 vs. 41–54 vs. >55 years age groups. Red arrow, upregulated, and blue arrow, downregulated
genes; (c) overlap of up- and downregulated genes in basal breast tumors from patients aged ≤40
years with upregulated or downregulated genes in normal breast tissues; (d) Kaplan–Meier OS
summaries of 10 genes, upregulated in basal breast tumors and normal breast tissues, mapped in the
GOBO database with 1881 breast tumors; (e) OS curve using the high (red) and low (gray) expression
of 10 genes in all breast tumor subtypes; (f) Spearman correlation analysis of 10 genes in the context
of co-expressed 8 gene modules; (g) Kaplan–Meier OS summaries of 21 mapped genes mapped in
the GOBO database with 1881 breast tumors; (h) OS curves using the high (red) and low (gray)
expression of 45 genes in all breast tumor subtypes; and (i) Spearman correlation analysis of 21 genes
in the context of co-expressed 8 gene modules. All survival and correlation analyses were performed
using the online GOBO tools.

We analyzed 21 mapped genes out of the 22 shared genes upregulated in normal
breast tissues and downregulated in breast tumors of women aged ≤40 years. We found
that the difference between the high- and low-expression tumors significantly affected
OS for all tumor subtypes, including ER-positive and LN-positive subtypes (Figure 6g,h).
However, as opposed to the 10 genes upregulated in both breast tumors and normal breast
tissues (Figure 6d,e), a low expression of 21 genes was associated with the reduced OS
of BC patients compared with the high expression of those 21 genes for all tumor sub-
types (Figure 6g) as well as for ER-positive (p-value = 0.00424, n = 560) and LN-positive
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(p-value = 0.00056, n = 215) subtypes. The correlation of these 21 genes with all eight func-
tional gene modules was opposite to that of the 10 genes upregulated both in breast tumors of
patients aged ≤40 years and normal breast tissues (Figure 6i). This might be associated with
the opposite expression of these genes—the upregulation of 10 genes and downregulation of
21 genes—in patients aged ≤40 years with breast tumors, providing clues regarding the role
of some of these downregulated genes in stromal functions in BCYW.

We also performed the above analysis for HER2, luminal A, and luminal B subtypes.
In the case of HER2-positive breast tumors, 52 downregulated genes in the breast tu-
mors of women aged ≤40 years were found to be upregulated in normal breast tissues
(Supplementary Figure S10a). Of the 52 genes, 44 were mapped in the GOBO database. The
difference in high and low expression levels of these 44 genes was significantly correlated with
OS for only LN-positive tumors (Supplementary Figure S10b,c; p-value = 0.000229, n = 215).
However, the levels of expression of these 44 genes significantly correlated with the RFS of
ER-positive, LN-negative, and LN-positive and grade 2 tumors (Supplementary Figure S10d)
as well as the mean of all tumor subtypes (Supplementary Figure S10e, p-value = 1 × 10−5).
As in HER2-positive tumors, the expression of 44 genes is associated with stroma and lipid
gene modules but not with mitotic progression (Supplementary Figure S10f). Contrary
to basal and HER2-positive tumors, no significant correlation was observed between OS
and the expression levels of 8 genes that were upregulated in normal breast tissues but
downregulated in luminal A tumors (Supplementary Figure S11a,b). However, 11 of the
mapped genes out of the 14 genes downregulated in normal breast tissues and upregu-
lated in luminal A tumors were significantly correlated only with ER-positive LN-negative
tumors (Supplementary Figure S11a). Likewise, the expression levels of 7 genes upregu-
lated in luminal B but downregulated in normal breast tissues correlated well with the
OS and RFS for several tumor subtypes as well as for the mean of all the tumor subtypes
(Supplementary Figure S12b). In brief, these results revealed that several genes that sig-
nificantly affect OS, RFS, or both and are uniquely expressed in breast tumors in women
aged ≤40 years were common to normal tissues and that such gene overlaps were tumor
subtype specific.

3.5. Tumor Laterality and Age-Associated Dysregulated Genes

Numerous studies have suggested a higher percentage of BC in the left breast than in
the right breast [63–65], including in the cases of bilateral BC [66]. Furthermore, studies
have shown a poor OS of patients with tumors in the left breast and that such tumors
were highly angiogenic in nature [67]. Moreover, certain aspects of BC laterality have
been validated in a transgenic EERB2 murine model [68], showing differences in gene
expression in both control and transgenic tumor-bearing mice. Recent studies have shown
differences in DNA methylation and gene expression patterns between the left and right
breast tumors [69] and a greater involvement of estrogen receptor signaling in the right
breast tumors than in left breast tumors [70]. As the underlying basis of BC laterality in the
context of age and BCYW remains unknown, we examined the prevalence of age-associated
transcriptomic changes in breast tumors. Figure 7a demonstrates the existence of distinct
as well as shared gene expression between the left and right breast tumors for all three
age groups. For example, 124 and 35 genes were upregulated in the left and right breast
tumors, respectively, in women aged ≤40 years (Figure 7b, Supplementary Table S7 for
upregulated genes). Of 124 upregulated genes in the left breast tumors, 76 were mapped in
the GOBO database. We found that the high expression of these 76 upregulated genes in
left breast tumors correlates well with the significantly poor OS and RFS of patients with all
subtypes (OS, p-value = 1 × 10−5, n = 737; RFS, p-value ≤ 0.00001, n = 914), including for ER-
positive, LN-negative, and ER-positive LN-negative subtypes (Figure 7c,d). Furthermore,
increased gene expression positively correlated with cell cycle mitotic progression gene
sets (Figure 7e). Interestingly, 12 of 76 mapped genes are highly upregulated in breast
tumors in the cBioportal dataset (Figure 7f) and 11 of these genes have been shown to be
involved in metabolism (Supplementary Table S8). In contrast to left tumors, the high
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or low expression of 18 of 35 upregulated genes in the right breast tumors did not show
any significant differences in OS (Supplementary Figure S13). Similarly, upregulation and
downregulation of distinct sets of DEGs were observed between the left and the right
adjacent normal breast tissues from the TCGA breast cancer Firehose dataset, as expected
(Supplementary Figure S14). As these results were derived from a small number of adjacent
normal breast tissues, clearly these preliminary results need to be tested in a larger clinical
trial in the future.

Figure 7. Breast cancer tumor genes from patients aged ≤40 years and tumor laterality. (a) Status of
dysregulated DRG genes in the left and right breast tumors from three age groups; (b) overlap of
dysregulated DRG genes within left tumors or right tumors from three age groups; (c) Kaplan–Meier
OS and RFS summaries of 76 of 124 genes upregulated in the left breast tumors from patients aged
≤40 years; (d) OS and RFS curves using the high (red) and low (gray) expression of 76 genes in all
breast tumor subtypes; (e) Spearman correlation analysis of 76 genes in the context of co-expressed
8 gene modules; and (f) expression of shortlisted 12 highly overexpressed genes. The percentage
adjacent to the gene symbol represents the alteration rate. The data were curated from the cBioPortal
platform. All survival and correlation analyses were performed using the online GOBO tools.
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In brief, the results presented here suggest that a subset of genomic changes (and
consequently, cellular pathways) of breast tumors in young women are likely to be laterally
linked and associated with the left breast tumors. Because such changes are also reflected
in the adjacent normal breast tissues, laterality-associated inter-connected genomic changes
are possible under the influence of hormonal and metabolic alterations, and such changes
might be further increased in breast tumors.

3.6. Secretory Nature of Dysregulated Gene Products in Young Women’s Breast Tumors

BCYW shows the dysregulation of age-associated cancer-relevant genes in a subtype-
specific manner; many of these genes are also dysregulated in adjacent matched normal
or normal breast tissues. Uniquely dysregulated molecules in BCYW are likely crucial
potential predictive or prognostic markers for BCYW and probably for BC at large. Because
the results presented were derived from the analysis of breast tissues, the determination of
whether some of these molecules are also secretory in nature and found in extracellular
microvesicles/exosomes secreted from BC cell lines and in body fluids, such as plasma,
urine, or saliva, is crucial. Therefore, we determined the presence of distinct subsets of
dysregulated genes in secretome and plasma proteome databases.

Previous studies have suggested that many cancer-relevant upregulated genes in
breast cancer are also components of the cargos, packed in the extracellular microvesicles
(EVs or exosomes) secreted by cancer cells [71], and thus are detectable either as mRNAs,
proteins, or both in the EVs database, and that such gene products could also be found
in the human plasma proteome database [47–49]. Accordingly, many of the molecules
associated with BCYW aged ≤40 years and/or upregulated genes shared with normal
breast tissues were detectable as proteins in EVs secreted from breast and cancer cell lines
as well as in human body fluids such as urine, saliva, breast milk, and plasma. For example,
among 60 upregulated genes unique to those aged ≤40 years, 16 gene products were found
to be present in EVs secreted by breast cancer cell lines, of which 7 proteins (i.e., PGBD5,
NPY1R, PLA2G2D, SLC38A5, F5, COL5A2, and COL5A1) were also common to other
cancer cell lines, 4 proteins (i.e., LLGL2, TLL2, APT6V0D2, and HIST1H2AE) were in urine,
saliva, or breast milk, and 5 proteins (i.e., NME1, COL1A2, HSPB1, DHRS2, and APOC2)
were in breast cancer cell lines and human body fluids such as urine, saliva, breast milk, and
plasma (Figure 8). The results of various comparative analyses presented in the preceding
sections (i.e., Figures 1d,e; 2b,c; 3; 4a,b; 6d and 7c) are summarized in Supplementary
Tables S9 and S10. Overall, we noted a significant overlap between the BCYW-relevant
gene products secreted by breast cancer cell lines and human body fluids such as urine,
saliva, breast milk, and plasma (Supplementary Figure S15).

As with these TCGA dataset-based results, we also noticed that several of the 44 upregu-
lated genes specific to breast tumors from patients aged ≤40 years in the METABRIC dataset
(Supplementary Figure S8) were also secreted as cargo in extracellular vesicles/exosomes
by breast and cancer cell lines and components of body fluids such as urine, saliva, breast
milk, and plasma (Supplementary Figure S16). Though these findings need to be validated
in prospective, well-controlled clinical trials, it underscores the critical point that many of
the dysregulated genes/proteins in BCYW might be secreted in body fluids and thus could
be pursued as the next generation of predictive biomarkers for the development and/or
progression of BCYW.
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Figure 8. Secretory nature of upregulated genes in BCYW aged ≤40 years. Overlap of secreted
proteins from breast cancer cell lines, cancer cell lines, body fluids such as urine, saliva, and breast
milk, or plasma.

4. Discussion

The present study delineated the nature of transcriptomic alterations in breast tumors
in patients aged ≤40 years, four intrinsic BC subtypes, and their relationship with breast
tumor laterality—all in comparison to breast tumors in the age groups of 41–54 or >55 years
(see the summary of key observations in Supplementary Table S10 and Figure 9). We found
that BCYW exhibits upregulation of 60 genes and downregulation of 58 genes, not shared
with breast tumors from patients aged 41–54 or >55 years. Similar to these findings,
using the TCGA breast tumor dataset, we also found the upregulation of 109 genes and
downregulation of 67 genes in breast tumors from patients aged ≤40 years, but not in the
other two age groups in the METABRIC breast tumor dataset. However, no significant
overlap was observed among these unique gene sets between the two large datasets, except
for LAMP3, HAMP, and CLIC3, which might be due to the use of different sequencing and
gene expression platforms as well as differences in patient populations from different parts
of the world. Nevertheless, these results reinforce the notion of the existence of unique and
shared age-associated genomic and cellular insights of BCYW as well as the existence of
geographical molecular disparities among BCYW from different parts of the world.

The overexpression of a subset of 60 upregulated genes was found to be clinically
relevant, as evident through significant differences in the OS between the high- and low-
expressing ER-positive LN-negative breast tumors. For example, 17 out of 60 genes were
found to be highly overexpressed in BC, implying a wider significance of these genes
beyond BCYW. We also recognized that the overexpression of 11 of these 17 genes resulted
in significant differences in RFS or DMFS, but not in OS, for several breast tumor subtypes,
such as basal and ER-positive. Interestingly, the overexpression of a gene set in tumor
subtypes was not always associated with the reduced survival of patients with BC. For
example, we found that the reduced expression of 11 genes was associated with a reduced
RFS as compared to basal breast tumors with a high expression of these genes, whereas
the reverse was true for ER-positive tumors, suggesting that dysregulated genes might
exhibit tumor subtype-specific cellular and phenotypic effects. It remains unknown why
certain gene sets might be more relevant for relapse-free survival but not overall survival.
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As the process of relapse is not only driven by the biology of the primary tumors but also
by the ability of dormant tumor cells to reactivate and a small percentage of therapeutic-
sensitive cells to acquire resistance over time, in addition to other cellular processes, the
authors believe that the noted clinical differences are driven by the functions of the gene
products as modulated by age-associated epigenomic and gene–environmental interactions.
Unfortunately, due to the complex nature of such interactions and the inherent polygenic
nature of breast cancer, it would be difficult to assign the noted clinical changes to specific
genes as the field lacks valid model systems to test such hypotheses.

Figure 9. Summary of the observations discussed in the present study.

Our analysis also allowed us to identify genes that are downregulated in normal
breast tissues but upregulated in breast tumors of women aged ≤40 years (as well as in
the other two age groups), and that a high expression of such genes leads to the reduced
survival of patients with BC. Conversely, 12 genes were upregulated in normal breasts but
downregulated in BCYW aged ≤40 years and in the other two age groups. As expected, a
low expression of these genes was correlated with the reduced survival of patients with BC
compared with that of patients with a high expression of these genes. Similarly, 5 of 60 or
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11 of 60 uniquely upregulated genes in breast tumors of patients aged ≤40 years were also
upregulated or downregulated, respectively, in normal breast tissues from healthy donors.
The expression levels of these genes correlated significantly with OS and RFS between the
high- and low-expression groups. In addition, we also noticed examples of upregulated
gene sets where there was a significant difference in the RFS or OS in the absence of OS or
RFS, respectively, for a given tumor subtype among high- and low-expressing groups. As
expected, this might be due to the potential involvement of a distinct set of pathways in
regulating the processes that govern the survival versus relapse of breast tumors.

Another noticeable finding here is that both the nature of the uniquely dysregulated
genes in breast tumors of patients aged ≤40 years and their overlap in normal breast tissues
appear to be intrinsic and tumor subtype dependent. This suggests that the noticed pheno-
typic differences and worst prognosis of some BCYW cases might be explained, at least in
part, by such subtype-specific genomic dysregulation. For example, the overexpression
of 10 shared genes in basal breast tumors of patients aged ≤40 years as well as in normal
breast tissues correlated with a substantial reduction in the OS of patients with BC, whereas
the downregulation (but upregulation in normal breast tissues) of 21 genes in basal breast
tumors of patients aged ≤40 years were associated with the reduced OS of patients with
BC. As for the physiologic significance of these tumor-associated upregulated genes in the
biology of normal breasts, the authors favor the hypothesis that many of these upregulated
genes in the stromal or mammary epithelium might be an indication of dormant hyperac-
tive pathways that could contribute to the development of BC later in life in response to an
appropriate trigger or triggers. In addition, the findings presented here provide evidence
to support the hypothesis that certain aspects of the genomic landscape of the left breast
tumors might be different from those of the right breast tumors in women aged ≤40 years.
For example, the upregulation of 76 genes in young women with left BC correlated well
with the reduced OS and RFS in patients with breast tumors of different subtypes. As the
transcriptomic landscape of breast cancer is also known to be influenced by epigenetic
modifiers and chromatin remodeling processes, as well as by the subcellular localization of
ER-alpha, etc. [72–75], it would be important to further examine the contribution of these
upstream modifiers of transcriptome in BCYW.

Our finding that many upregulated genes in BCYW that are also upregulated in nor-
mal breast tissues encode proteins secreted in EVs or body fluids such as urine, saliva,
breast milk, and plasma is important as it raises the possibility of developing non-invasive
predictive biomarkers for the general screening of younger women who are currently ex-
cluded from the guidelines to use mammography and/or individuals without predisposed
breast cancer genes. Following a somewhat similar line of thinking, but in the context of
prognosis, a recent study suggested differences in the nature of cargo EVs purified from
the plasma of young BC patients as compared to those from healthy donors [76]. As a
good percentage of breast cancers in young women are of the TNBC subtype, it would be
important to understand the nature of biomaterial packed within the circulating EVs from
different subtypes of BCYW. In this context, the nature of the exosomal microRNA profile
of TNBC BC patients has been shown to be different from those of HER2 positive patients
in neoadjuvant treatment studies [77], and it has been shown that EVs from certain TNBC
cases have the potential to modify the tumor immune microenvironment in favor of an
improved prognosis [78]. Likewise, increased levels of microRNA-1246 and microRNA-155
in circulating exosomes from HER2-positive, transtuzumab-resistant breast cancer patients
have been shown to be different from transtuzumab-resistant cases [79], raising the possi-
bility of using the content of EVs in predicting the acquired therapeutic resistance. Though
these observations did not consider the 3 age groups of BC patients—the focus of the
present study—they provide preliminary support for the need to examine the nature of EVs
in future clinical trials with BCYW patients. In addition, these observations also suggest
that certain dysregulated genes in BCYW could be involved in cellular communications
and interactions between the normal and tumor tissues.



Cells 2022, 11, 1927 22 of 27

One of the continuing bottlenecks in BCYW research is the lack of a predictive gene
signature or signatures about the clinical manifestation of the disease and/or predicting
the probability of developing sporadic BCYW in healthy young women. The observations
presented here provide clues that such gene signatures might not be universal in nature and
are likely to be somewhat different for distinct geographical populations and further modi-
fied by the sub-types and/or pathobiology of BCYW. As the manifestation of transcriptome
is tightly governed by upstream epigenetic regulatory pathways which in turn are known
to be modified by lifestyle and environmental variables [80,81], the authors hypothesize
that a portion of the genome is expected to be differentially modified/regulated in different
geographic populations—presumably due to region- and/or population-specific lifestyle
and epigenome–environmental interactions. Our observation that even the two largest
publicly available breast tumor sequencing databases (i.e., TCGA and METABRIC) contain
a limited number of adjacent matching normal breast tissues for patients aged ≤40 years
points to a major challenge for using such datasets for developing such gene signatures,
unless we substantially increase the sample-size of matching adjacent normal breast speci-
mens as well as start including age-matched normal breast tissues from donors with no
history of breast cancer. In this context, the current common approach of cross-comparison
among tumors from different age groups has provided interesting insights of breast tumors
as a function of age. However, this might not be sufficient to start developing predictive
biomarkers for sporadic BCYW to capture the cases at early, precancerous stages among
young women. From the point of evolving predictive biomarkers for the purpose of screen-
ing, it would be highly desirable to start developing non-invasive predictive biomarkers
of BCYW. To this effect, the results presented here provide clues about the existence of
relevant overexpressed gene products in human body fluids such as urine, saliva, breast
milk, and plasma, and support the feasibility further developing such research themes.

From the clinical point of view, it would be important to identify shared genes and
unique signature(s) for each of the three age groups, if any, in addition to BCYW aged
≤ 40 years, in the context of nodal status and tumor subtypes, and if such signatures
in BCYW are affected by the menstrual cycle. In this context, one cannot rule out the
possibility of over- and/or persistent stimulation of certain breast cancer-promoting genes
via the hyperactivation of converging master cellular router pathways (i.e., inflammation,
metabolic and immunologic responses) due to life-style variables such as stress, diet, and
genotoxic environmental signals. In addition, it remains possible that exposure to certain
environmental carcinogens in some individuals might be associated with the stimulation
of cellular genes and/or transcriptional factors and, in turn, the activation of cancer-
promoting pathways. For example, activation of the aryl hydrocarbon receptor (AHR)
transcription factor by a range of upstream activators could promote its translocation
to the nucleus, allowing its interactions with binding factors and binding to xenobiotic
response elements in the target genes to stimulate the expression of target genes, including
cytochrome P450, with roles in breast cancer progression [82]. At the moment, we do
not understand the nature of such gene–environmental interactions as a function of age
that might be preferentially engaged in BCYW. In conclusion, the study findings delineate
the genomics of BCYW and provide several new insights into BCYW pathology, laying
a foundation for the development of several dysregulated molecules as predictive or
prognostic biomarkers for BCYW. The authors believe that scientific progress in further
understanding the underlying reasons of the noticed increased or decreased expression
of cancer-associated genes in the normal breast and, in turn, their causative relationship
with specific life-style variables will constitute a quantum leap for BCYW research and
treatment, and perhaps breast cancer at large.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11121927/s1, Supplementary Figures S1–S16 followed by
Supplementary Tables S1–S10. Figure S1: Overlap of upregulated genes among ≤40, 41–54 and
≥55-years old age groups in in the TCGA breast carcinoma dataset, Figure S2: Overlap of upregulated
genes among ≤40, 41–54 and ≥55-years old age groups in in the TCGA breast carcinoma dataset,
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Figure S3: Overlap of up (red)- and down (black)-regulated genes among ≤40, 41–54 and ≥55 years
old age groups in the METABRIC breast tumor dataset, Figure S4: Overlap of upregulated genes
among four sets of differentially expressed genes reported in young women breast cancer, Figure
S5: Clinical significance of a subset of upregulated genes specific to ≤40 years with no overlaps
with other age-groups, Figure S6: Heatmap representing the expression of indicated at the levels of
mRNA and protein in the same set of TCGA breast cancer samples, using the dataset curated from the
cBioPortal platform, Figure S7: Examples of genes upregulated in breast tumors but downregulated
in adjacent normal breast tissues, Figure S8: Dysregulated genes in BCYW aged ≤40 years with DEGs
specific to the menstrual cycle phases; Figure S9: Clinical significance of a subset of upregulated genes
specific to ≤40 years in the METABRIC breast tumor dataset, Figure S10: Status of BCYW genes in
intrinsic HER2 breast tumor subtype, Figure S11: Status of BCYW genes in intrinsic luminal A breast
tumor subtype, Figure S12: Status of BCYW genes in intrinsic luminal B breast tumor subtype, Figure
S13: Breast cancer genes in right breast tumors aged ≤40 years, Figure S14: Comparative analysis of
dysregulated genes in matching normal specimens. Figure S15: Summary of exemplified comparative
analyses to highlight the noticed overlap among secreted proteins by breast cancer cell lines, cancer
cell lines, and three human body fluids such as urine, saliva and breast milk and plasma, Figure S16:
Summary and overlap of secreted proteins, identified in the METABRIC dataset for breast tumors
aged ≤40 years, by breast cancer cell lines, cancer cell lines, human body fluids such as urine, saliva
and breast milk, and plasma. Table S1: Summary of clinical features of the breast tumor specimens in
the TCGA Firehose legacy breast cancer study, Table S2: Gene Ontology biological function analysis
of 45 mapped genes out of 60 upregulated genes in Figure 1a. Table S3: Gene Ontology biological
function analysis of 14 mapped genes out of highly upregulated 17 genes in Figure 1e, Table S4: Gene
Ontology biological function analysis of 19 mapped genes out of 22 upregulated genes in Figure 2b,c,
Table S5: Gene Ontology biological function analysis of 8 mapped genes out of 12 downregulated
genes in Figure 2g, Table S6: Gene Ontology biological function analysis of 26 mapped genes out
of 27 upregulated genes in Figure 3b, Table S7: Gene Ontology biological function analysis of 95
mapped genes out of 124 upregulated genes in Figure 7b (left breast cancer), Table S8: Gene Ontology
biological function analysis of 11 highly upregulated genes in Figure 7f, Table S9: Examples of
secreted gene products relevant to the biology of BCYW, aged ≤40 years; Table S10: Examples of
secreted gene products relevant to the biology of BCYW, aged ≤40 years.
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