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Abstract

Breast cancer is a global healthcare burden, with growing rates all over the world and
heterogeneous presentation, which affects prognosis and survival. It can be classified
according to oestrogen, progesterone and HER2 receptor status into ER+/PR+ breast
cancer, HER2+ breast cancer and triple negative breast cancer, which present the most
aggressive phenotype. Ethnic differences are present in breast cancer incidence,
mortality and biological signatures such as polymorphisms frequency, gene

expression, DNA methylation and immune infiltrate.

The aim of my project was to characterize the genetic and molecular signatures in
breast cancer from patients of different ethnicities, particularly regarding gene
expression. We performed in silico analysis on public datasets and RNAseq was
applied in a cohort of 12 TNBC European patients, and 2 HER2 + breast cancer, 7

luminal A and 4 luminal B breast tumours, belonging to different ethnicities.

On the TCGA cohort, we identified transcriptomic and mutational differences.
Different distribution of breast cancer subtypes across ethnicities was confirmed, with
HER2+ subtype being more common in Asian patients and basal subtype in African
patients. Differential expression analysis between ethnicities was then performed,
revealing lower levels of cell adhesion molecules in Black patients, while Asian
patients presented higher expression of genes of the ErbB pathway in the basal
subtype. In the HER2+ subtype and in the luminal A subtype, White patients present
an enrichment in several metabolic pathways compared to other ethnicities. Among
differentially expressed genes, some of them impacted on overall survival: these
include CXCL6 and CXCLS8, CLCA2, SCNIA KCNK3, KCNIP3 ion channels and
SLC30A10 transporter, and some IncRNAs. Caucasian patients’ enrichment of genes
involved in metabolic pathways compared to other ethnicities and KCNIP3 higher

expression in African patients were confirmed through RNAseq experiments.

Differential expression analysis between basal and other subtypes revealed
enrichment in IL-17, cell cycle, Wnt signalling pathway, and stemness, and
downregulation of tight junctions, drug metabolism and chemical carcinogenesis,
while comparison with healthy tissue revealed enrichment in cell cycle and neutrophil

trap formation, and downregulation of antigen processing and presentation, MHC II
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protein complex and cell adhesion molecules compared to healthy mammary tissue.

RNA sequencing on TNBC samples identified several novel IncRNAs, which
presented a correlation with genes involved in inflammation and various types of

breast cancer and with distant metastasis and progression free survival.

In conclusion, we identified several differences in the transcriptomic profile of breast
tumours from patients of different ethnicities, spanning from immune response,
chemokine expression to ion channels to non-protein coding genes. Pathways
enriched in Black patients, which have the most aggressive breast cancer, were often
also enriched in TNBC compared to other subtypes or healthy tissue, highlighting
their importance in cancer aggressivity and bad prognosis. lon channels and
transporters and IncRNAs demonstrated to be key genes for the characterization of

breast cancer biology.
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1. Introduction

1.1. Cancer

Cancer is a global healthcare burden, being responsible for 16.8% deaths worldwide.
Almost half of cancer diagnosis (49.2%) and 56.1% of deaths occur in Asia,
proportionally to the percentage of the global resident population. Europe, instead, has
higher cancer incidence and mortality compared to the percentage of the population
(22% vs 9%). Cancer mortality is greater in Asia and Africa, mostly due to late
diagnosis. The most common type of cancer diagnosed worldwide is lung cancer,
followed by female breast cancer, colorectal cancer, prostate cancer and stomach
cancer. The most common cause of cancer death is lung cancer, followed by
colorectal, liver, female breast and stomach cancer. In women, the most common type
of cancer and first cause of cancer death is breast cancer, while in men it is lung

cancer (Figure 1) (Bray et al., 2024).
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Figure 1. Global maps representing the incidence of the most common types of cancer

in 2022 in each country among (A) men and (B) women (Bray et al., 2024)

In men, incidence rates are the highest in Australia and New Zealand and the lowest
in western Africa, while mortality is the highest in central American countries and the

7



lowest in eastern Europe. Women also have the highest incidence in Australia and
New Zealand, while the lowest incidence rates are detected in south-central Asia.
Their mortality is the highest in central America and south-central Asia and the lowest
in Melanesia. It is predicted that cancer incidence will grow in low and medium
Human Development Index (HDI) countries (Bray et al., 2024). Cancer risk increases
with HDI level, especially in males. Prostate cancer is the most frequent cancer in
males in all countries, except in medium HDI countries, where the most common is
oral cavity cancer. In high HDI countries the highest mortality is caused by lung and
colorectal cancer, while in low HDI countries prostate and liver cancer are responsible
for the highest mortality rates. Regarding females, low-to-medium HDI countries
have higher breast and cervical cancer incidence and death, while in high HDI
countries lung, breast and colorectal cancer incidence is higher, as well as death rates
associated with lung and colorectal cancer (Cao et al., 2024). Arabian countries have
higher incidence and mortality regarding non-Hodgkin and Hodgkin lymphomas,
bladder, breast and liver cancer (Al-Muftah & Al-Ejeh, 2023). Singapore has the
highest incidence among South-east Asian countries, while mortality is the highest in
Laos (men) and Brunei (women). The most common type of cancer in women in this
area is breast cancer as well; it is also the leading cause of cancer death in several of
them, while for men the most common and responsible for the highest mortality is

lung cancer (Dee et al., 2025).

It must be pointed out that there are inequalities in the way cancer data is estimated in
each country. Only 30% of countries whose data are collected in GLOBOCAN have a
cancer registry, while for 70% of them best estimates are used (Hemminki & Kaaks,
2024). GLOBOCAN estimation of cancer incidence and mortality for sub—Saharan
Africa have poor quality for most criteria and are based on incomplete population, as
the main sources of data are hospitals, which are mostly located in major cities, and
there is a disproportion between urban and rural areas of registration of cancers

(Ayubi et al., 2024).

The incidence of oncological diseases in the young population is on the rise not only
in high HDI countries, but also in lower HDI ones, where the mortality is also higher

(Hughes et al., 2024).

1.2. Breast cancer



Breast cancer generally develops from the ductal epithelium (ductal carcinoma) or
lobule (lobular carcinoma). The breast is made of 15-20 lobes radiating from the
nipple, which is reached by a variable number of ducts (from 5 to 20) (Ramsay et al.,
2005). It is composed by glandular and adipose tissue, held together by Cooper’s
ligaments, which anchor the breast to the underlying muscle tissue. Each lobe is
composed of lobules, clusters of alveoli containing mammary epithelial cells with
secretive activity. Small ducts from the alveoli merge into a larger duct draining the
lobules, which also merge in a unique duct for each lobe. Adipose tissue is present

between lobes (Zucca-Matthes et al., 2016).
1.3. Epidemiology

Female breast cancer is the second cause of global cancer incidence, representing 11.6
% of all cancer cases and 6.9% of cancer deaths. The highest frequency has been
recorded in France, Australia, New Zealand, north America and northern Europe.
While in high HDI countries the incidence in higher, the mortality is lower compared
to transitioning countries. The highest mortality is found in Melanesia, western Africa
and Micronesia/Polynesia (Bray et al., 2024; Liao, 2024). Furthermore, breast cancer
incidence is growing in developing nations, tending to reach a pattern similar to that

of developed countries (N. Li et al., 2019).

Breast cancer is the most common type of cancer in females in several countries, such
as China, India, countries in the eastern Mediterranean region and African countries
such as Ethiopia (Dandena et al., 2024; Malvia et al., 2017; Qiu et al., 2021; Zahedi et
al., 2020).

In 2022, 2.3 million new cases and 670000 deaths from breast cancer occurred, with
annual rates increasing by 1-5%. In countries with very high HDI, mortality decreased
but by 2050, it is predicted that new cases and deaths will increase by 38% and 68%,
mostly impacting lower HDI countries (Kim et al., 2025). According to the American
cancer society, breast cancer rates vary among different ethnicities, with White
women having the highest rate, followed by African American women, Hispanic
women, native American women and, lastly Asian Americans and Pacific Islanders,

who have the lowest incidence (Menon et al., 2025).



1.4. Breast cancer classification
1.4.1. Histopathological Classification

Breast cancer is a heterogeneous disease, which has been classified in different
subtypes according to receptor expression, gene expression, and histology.
Histological type and grade are fundamental characteristics of breast cancer and
divide tumours according to their growth pattern and differentiation. Histological
grade is analysed through morphological analysis through haematoxylin-eosin

staining, by a pathologist.

Histological tumour grade is based on the differentiation of the tumour tissue and
influences survival (Rakha, Reis-Filho, Baehner, et al., 2010). Histopathological
classification is based on tumour morphology and divides breast tumours into
invasive ductal carcinoma (IDC) (50-75% of diagnosed breast cancers), lobular
adenocarcinoma (10-15% of breast cancer), and other rare breast cancer categories.
Ductal carcinoma in situ (DCIS) is the precursor lesion of invasive ductal carcinoma
(Makki, 2015), while invasive lobular carcinomas (ILC) arise from a precursor lesion
called atypical lobular hyperplasia (ALH) or from lobular carcinoma in situ. They are
typically harder to detect, exhibit a luminal subtype and are oestrogen and

progesterone positive (McCart Reed et al., 2021).

Mucinous carcinomas make up 2-5% of breast cancer are characterized by mucin
production. They can be further subdivided into mixed mucinous and pure mucinous
subtypes, with the former being associated to a better prognosis (Marrazzo et al.,
2020). Tubular carcinomas arise from cells that form glands and tubules and
constitute 1-2% of breast cancers. Both mucinous and tubular carcinomas are more
common in postmenopausal women and have a better prognosis compared to other
breast cancer histotypes (Roux et al., 2019). These tumours are for Estrogen (ER) and
Progesterone (PR) receptor positives and negative for the type 2 receptor of the
Epidermal Growth Factor (HER2) (Masood, 2016). Moreover, these two subtypes are
influenced by strong genetic predispositions and familial clustering (Henry &

Cannon-Albright, 2019).

Medullary carcinoma constitutes about 5% of all cases, is a highly aggressive poorly

differentiated tumour with high numbers of tumour infiltrating lymphocytes (TILs).
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These tumours are often present younger patients with BRCA mutations (Cserni,
2020). Apocrine breast cancer, which constitutes 1-4% of all cases, has apocrine
differentiation, lacks a peripheral myoepithelial layer and shows high histological
grade (Nascimento & Otoni, 2020; Seal et al., 2009). Apocrine carcinomas are often
triple negative, expressing basal markers (Masood, 2016), AR overexpression and

deregulation of PIK3CA and PTEN pathways (Vranic et al., 2017).

Metaplastic carcinoma represents 1% of breast cancer cases and is more common in
post-menopausal women, has a poor differentiation, larger size at presentations and
higher rates of metastasis (Nascimento & Otoni, 2020). These tumours are negative
for oestrogen, progesterone and HER2 receptors (Schwartz et al., 2013). Cribriform
carcinomas are associated with favourable prognosis, constitute 1-3% of cases and
affect older patients. They have a survival rate of 90-100% at 10 years from diagnosis
(Cong et al.,, 2015; Nascimento & Otoni, 2020). Neuroendocrine carcinomas
constitute 0.5-5% of all cases and are more common in older patients, with attributes
similar to neuroendocrine tumours of the gastrointestinal system and lung,
chromogranin A , synaptophysin and neuron specific enolase expression (Y. Li et al.,

2017; Nascimento & Otoni, 2020).
1.4.2. TNM staging

The staging of malignant tumours is carried out using TNM classification, which
evaluates the size of the tumour, and the presence of lymph node metastases and

distant metastases.

T (tumour): describes the size of the primary tumour and its invasion of adjacent
tissue, its values go from Tis (carcinoma in situ), TO (no presence of tumour) to T4.
T1 indicates tumours with size up to 0.5-1.0 cm (T1b) or 1.0-2.0cm (Tlc). T2
tumours are between 2-5 cm. T3 indicates large tumours, while T4 locally advanced

ones.

N (nodes): describes regional lymph nodes involvement, varies from N1 to N3 in an
increasing order. NX is used when lymph node invasion cannot be assessed. NO
indicates the absence of lymph node invasion. Nla indicates from 1 to 3 positive
lymph nodes, N2a from 4 to 9 while N3a indicates more than 10 positive lymph

nodes. It is a fundamental prognostic factor.
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M (metastasis): identifies the presence of distant metastasis, categorized in MO
(distant metastasis not present) and M1 (a metastasis is detected in an area distant
from the primary tumour). Metastasis is the primary cause of cancer-related mortality.
The most common sites of metastasis for breast cancer are lungs, brain, bone and liver

(Firatligil-Yildirir et al., 2023).

This system allows for the classification of tumours in stages, going from stage 0,
indicating a carcinoma in situ, to stage I (localized cancer, either T1 or T2, with no
lymph node involvement), stage II (localized cancer, presenting lymph node invasion,
T1 or T2 and N1), stage III (locally advanced cancer of bigger dimensions, from T1 to
T4, and N2-N3 node invasion) and stage IV (metastatic cancer) (Benson, 2003;
Rosen & Sapra, 2025).

1.4.3. Tumour grade

Tumour grade evaluates the tumour cells differentiation. G1 tumours are well
differentiated, with cells resembling healthy mammary cells, while high grade
tumours (G3-G4) are poorly differentiated and are more aggressive. G2 tumours are

moderately differentiated, with an intermediate behaviour (Telloni, 2017).
1.4.4. The Nottingham prognostic index

Nottingham prognostic Index (NPI) is a prognostic model based on lymph node
stage, tumour size and pathological grade, dividing patients in three prognostic
groups (Haybittle et al., 1982), which were then amplified to five (Todd et al., 1987)
and later six: excellent prognostic group (EPF), good (GPG), moderate I (MPG),
moderate II (MPG), poor (PPG) and very poor (VPG) (Blamey et al., 2007). This
model retains its predicting ability in most independent populations, and it’s useful for
prognosis prediction (Phung et al., 2019). Nottingham grade I tumours form a
homogeneous group, with survival being influenced by lymph node status. Grade 2
tumours, other than lymph node status, are also influenced by PR and HER2
expression. Grade 3 tumours show overexpression of genes participating in cell cycle
regulatory pathways (BIRCS5, CDC6, FOXMI1, TOP2A4, MYBL2, UBE2(C), higher rates
of disease recurrence and poor overall survival (OS) and disease free survival (DFS);
they have a significant recurrence free survival (RFS) difference with grade 1 tumours

(Freitas et al., 2025; Peiris et al., 2017). NPI is used for both prognosis and survival at
12



15 years from the diagnosis and suitability of treatments in primary breast cancer

(Galea et al., 1992).
1.4.5. Breast cancer molecular classification

Breast cancer can be classified according to expression of hormonal receptors:
oestrogen receptor (ER), progesterone receptor (PR/PgR), and human epidermal
growth factor receptor 2 (HER2/neu). In the latest years, hormonal receptor
expression, histological grade and multigene prognostic markers have been added in

the prognostic staging system (Sawaki et al., 2019).

There are different oestrogen receptors: Era, Erf, and G-protein coupled ERs (GPR30
and GPER). ERo/ESR1 is the oestrogen receptor most involved in breast cancer. It
contains six domains: the N-terminal domain which can activate gene transcription,
the C-terminal domain, containing the DNA binding domain (DBD) which also
enables homodimerization, the D domain, enabling nuclear translocation, the ligand
binding domain and the F domain (Habara & Shimada, 2022). The oestrogen
receptor’s physiological signalling pathway provides that, after binding of oestrogen
to ERa, the receptor translocates into the nucleus, activating the transcription of target
genes. In breast cancer, it also has extranuclear functions, promoting the stimulation
of Src, MAPK, PI3K and protein kinase C in the cytosol, stimulating cell migration.
ERa signalling has a role in metastasis, regulation of cell migration and EMT (Y. Li

et al., 2010; Saha Roy & Vadlamudi, 2012).

Progesterone receptor is a nuclear receptor composed of a DNA binding domain
(DBD), a C-terminal ligand binding domain (LBD) and an N-terminal domain. It is
one of the oestrogen receptors target genes, being upregulated by it (Z. Li et al,,
2022). Following progesterone binding, it upregulates the expression of RANKL and
NFkB pathway (Pecci et al., 2022)

HER2/neu, whose coding gene is ERBB2 localized in the chromosome 17q21, is a
tyrosine kinase receptor, able to heterodimerize with EGFR. In the nucleus, it
stimulates breast cancer cell proliferation by acting as a coactivator of STAT3
(Teklemariam et al., 2024). Its structure includes an extracellular, ligand binding
domain, a transmembrane domain and an intracellular domain with tyrosine kinase

activity. It does not have a natural ligand and is constitutively active. In breast cancer,
13



it promotes proliferation due to its overexpression (Moasser, 2007).

Oestrogen receptor positive tumours comprise the majority of breast cancers (75%),
while progesterone receptor is present in 55-65% of them. ER and PR are often co-
expressed; the lack of PR in ER+ tumours correlates with resistance to endocrine
therapy. Oestrogen receptor positive breast cancers generally have a better prognosis.
Quantification of ki67, a proliferation index, is performed on tumour samples through
immunohistochemistry, in order to stratify tumours, and as a prognostic tool (Rakha
& Green, 2017). HER2 protein expression and/or gene amplification is present in 13-
20% of breast tumours, with its expression being inversely correlated with the
expression of ER and PR. Both the oestrogen receptor and HER2 can represent
therapeutic targets (Rakha, Reis-Filho, & Ellis, 2010). Tumours lacking the
expression of these biomarkers are called triple negative (TNBC). ER+/PR+ breast
tumours have a better prognosis compared to both TNBC and HER2+ (Rakha, Reis-
Filho, & Ellis, 2010).

Triple negative breast cancer constitutes around 15-20% of breast cancers and is the
most aggressive form of this disease. TNBC patients are significantly younger than
breast cancer patients diagnosed with other breast cancer subtypes, present larger
tumours, a higher frequency of lymph node positivity, and higher probability of
recurrence and distant metastasis occurrence, also due to the lack of therapeutic
targets (Dent et al.,, 2007). TNBC is more frequent in women of African descent
compared to Caucasian women in every age range (22% vs 11%), and in young and
premenopausal women (Amirikia et al., 2011; Bauer et al., 2007; Morris et al., 2007;
O’Brien et al., 2010). TNBC shows significant expression of vimentin, whose
expression is inversely correlated with the expression of ER and NF-kB (Elzamly et
al., 2018). In TNBC alterations in pathway of cell cycle, DNA repair, nucleotide
synthesis, metabolic pathways, NF-kB signalling, inflammatory response and
angiogenesis have been described (Ossovskaya et al., 2011). The genomic landscape
of TNBC is heterogeneous, with 7P53 and PIK3CA mutations and MYC
amplifications being the most common, present respectively in the 75-80%, 10% and

26% of cases (Weisman et al., 2016).

Breast cancer subtypes represent distinct biological entities, both clinically and

biologically, with different gene expression patterns, genomic alterations and clinical
14



outcomes (Serlie et al., 2001, 2003).

Employing DNA microarrays and gene expression patterns of 50 genes (PAMS0),
Perou and colleagues classified breast cancer into five intrinsic subtypes: luminal A,

luminal B, HER2-enriched, basal and normal-like (Perou et al., 2000) (Figure 2).

A B
Clinical Subtypes Molecular Classification
~ Y d h
Luminal A Luminal B HER-2 positive TNBC
15%-20% BL1 © Low Ki67 o High Ki67 ° High proliferation || ° Multiple genetic
BL2 o Low histological || o More aggressive o Highly aggressive mutations
M grade o Higher o Diagnosed inthe || ° The most aggressive
15%-20% o Low degee of histological grade, ||  middle and © Short survival time
50%-60% M nuclear proliferation and advanced stages || ° Poor prognosis
MSL pleomorphism metasis rate than || o Poor prognosis ° High heterogeneity
LAR o Low mitotic Luminal A
15%-20% activity o Lower survival
o Good prognosis rate after I, \
recurrence than
luminal A
- 7
8 tm;:g: g 8TNBC Grade malignancy

Figure 2. Molecular classification of breast cancer (Pan, Zhao, et al., 2023).

Luminal A: it is characterized by ER and PR expression, lack of HER2 expression,
and low Ki67. It compromises half of new diagnosis and includes invasive ductal
carcinoma, invasive lobular carcinoma and other less common histological subtypes
like tubular, cribriform and mucinous. It has a better prognosis compared to other
subtypes and it is not highly invasive. It shows high expression of genes involved in
the luminal signature (ESRI, GATA3, FOXAI, XBP1, MYB). These genes are also
mostly mutated in this subtype. GATA3 and FOXAI are mutated in a mutually
exclusive fashion. Luminal A also show a high mutation frequency of PI/K3CA

(Koboldt et al., 2012).

Luminal B: it is ER and PR positive, HER2 negative, with high Ki67 expression. It
comprises 20-30% of new breast cancer diagnosis. Compared to luminal A subtype,
it is more aggressive, more common in younger patients and has a higher frequency of
TP53 mutations (29% vs 12%). Compared to luminal A, luminal B breast cancers are
associated with higher grade and higher frequency of nodal metastasis, as well as a

higher expression of genes with a role in mitosis and cell proliferation (Hashmi et al.,

15



2018). Both luminal A and B subtypes have a pattern resembling the luminal
epithelial component of the breast (Koboldt et al., 2012), and include tubular,

cribriform, lobular and mucinous carcinomas (Provenzano et al., 2018).

HER2-enriched subtype: it constitutes 15-20% of new diagnosis, is ER and PR
negative and defined by an overexpression of HER2/neu, often caused by ERBB?2
gene amplification, which can be assessed with Fluorescence In Situ Hybridization
(FISH). Sometimes, it can show amplifications of genes in the same genomic region
as ERBBZ2; it has low expression of genes involved in the luminal clusters (Makki,

2015).

Basal subtypes: overlaps with the triple negative subtype in around 75% of cases and
has a worse prognosis compared to other subtypes (Kreike et al., 2007). It shows low
expression of genes involved in luminal and HER2 gene clusters and high expression
of basal cluster and myoepithelial cell phenotype, including epithelial cytokeratins
5/6, EGFR, c-KIT and vimentin. It has a high proliferation rate and a high frequency
of mutations in 7P53 (Livasy et al., 2006; Nielsen et al., 2004). It is the most common
subtype in carriers of the BRCAI germline mutation, that predisposes to this subtype
(Koboldt et al., 2012; Serlie et al., 2003). The BRCA1 and BRCA2 pathways are
altered in sporadic basal cancers as well (Perou & Berresen-Dale, 2011). Basal
tumours have higher mitotic index and higher grade than other subtypes (L. A. Carey
et al., 2006). TNBC and tumours belonging to the basal subtype share many features,
such as high grade, elevated mitotic count, necrosis, 7P53 mutations, increased

CAV1, CAV2 expression and decreased AR expression (L. Carey et al., 2010).

Normal-like: this cancer’s transcriptomic characteristics resemble the normal breast
tissue. Up to 10% of breast cancer can be classified as normal-like, presenting as
either ER positive or E negative, with an intermediate prognosis. However, some
studies showed that this results could be caused by normal cell populations

contamination (Parker et al., 2009).

Due to the diverse expression patterns, it has been proposed that basal and luminal

tumours arise from different cells of origin.

Using PAMS0 assay to classify breast cancer patients into intrinsic subtypes is

prognostic for DFS and OS, differently from classification through
16



immunohistochemistry of six markers (ER, PR, HER2, ki67, EGFR and CK5/6): the
classification in luminal subtypes, for example, predicts tamoxifen benefit (Chia et al.,
2012). Furthermore, different subtypes tend to metastasise to different organ and
tissues, with luminal A and B subtypes prioritizing bone metastasis, HER2 enriched
more frequently gives rise to liver and lung metastasis and TNBC metastasizing

mostly to the lung (Firatligil-Yildirir et al., 2023).

The different subtypes have also distinct mutation rates, with Luminal A subtype
having PIK3CA as its most mutated gene, while in luminal B subtype, PIK3CA and
TP53 are similarly mutated. In the HER2 subtype there is high rate of 7P53 and
PIK3CA mutations, and ERBB?2 gene amplification. The basal subtypes presents TP53
mutations in 80% of the cases, with truncating mutations being more common than in
other subtypes (Vuong et al., 2014). The prognosis and overall survival of different
subtypes varies as well, with luminal subtypes having the best prognosis and basal-

like and HER2-enriched subtypes the worst one (Parker et al., 2009).

Another subtype was later identified: the claudin-low subtype, which presents low
expression of genes involved in tight junctions and cell-to-cell adhesion. These
tumours have reduced expression of luminal genes and are mostly ER negative, often
belonging to the triple negative subtype (Herschkowitz et al., 2007). Conversely, they
have high expression of EMT markers and genes involved in immune response and

cancer stem cells, and are associated with poor prognosis (Prat et al., 2010).

TNBC can be further classified into additional molecular subtypes according to their
gene expression profile (Kreike et al., 2007): initially the classification was composed
of six subtypes, which were then refined to four: basal-like 1 (BL1), basal-like 2
(BL2), mesenchymal-like (M), mesenchymal stem-like (MSL), immunomodulatory
(IM), luminal androgen receptor (LAR) (Figure 3). BL1 and BL2 express high
expression of genes involved in cell proliferation and DNA damage response and
often correlate with BRCA1 and BRCA2 mutations; the mesenchymal-like subtype is
enriched in TFG-B, mTOR, Wnt-B-catenin and VEGF signalling pathways; the MSL
subtype has similar enrichment to the mesenchymal one, but is also enriched in
various growth factor signalling pathways, calcium and G-protein signalling and ABC
transporters; the IM subtype is enriched in pathways playing roles in immunity

processes, such as Th1/Th2 pathways, cytokine signalling and antigen processing and
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presentation; lastly, the LAR subtype is characterized by an androgen receptor (AR)
gene signature and expression of luminal cytokeratin. The MSL and IM subtypes
were later excluded from the classification, as their transcriptomic characteristics
were identified to stem from infiltrating lymphocytes and tumour-associated stromal

cells (Lehmann et al., 2011, 2016).
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Figure 3. Molecular classification of triple negative breast cancer, (Uscanga-Perales

etal.,, 2016)

Another classification, based on profiling of DNA and RNA, identified four TNBC
subtypes, which partly overlapped Lehmann’s classification: luminal androgen
receptor (LAR), mesenchymal (MES), basal-like immunosuppressed (BLIS) and
basal-like immune-activated (BLIA). BLIS tumours have the lowest prognosis, while
BLIA are associated with the best one. Gene amplification can drive gene
overexpression, with different amplified genes being specific to different subtypes.
CCNDI and FGFR2 are amplified in LAR tumours, while MAGOHB amplification is
present in MES, BLIS and BLIA tumours. In LAR and MES tumours, regulators of
cell cycle and DNA repair genes are downregulated; in MES and BLIA tumours an
upregulation of immune signalling and immune-related death pathways is present
instead (Burstein et al., 2015). Mutations in 7P53 gene are present in all TNBC

subtypes, while PIK3CA mutations are more frequent in the LAR subtype. BRCAI is
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more commonly mutated in the mesenchymal subtype. VHL mutations are common in
LAR. The BLIS subtype has the highest number of amplifications and deletions,
suggesting higher levels of genomic instability. The mesenchymal subtype is enriched
in the RTK-RAS pathways, which suggest a possible sensitivity to RTK inhibitors (R.
Q. Lietal., 2024).

Subtyping of TNBC can also be assessed according to metabolomics, dividing it into
a lipogenic, a glycolytic and a mixed subtype. In the second subtype, inhibiting the
lactate dehydrogenases has been proven to enhance tumour response to anti-PDI1

immunotherapy (Gong et al., 2021).
1.4.6. Prognostic assays

Several biomarker assays based on gene expression, with prognostic validity are
commercially available and used to guide adjuvant systemic therapy decisions in
women with early-stage breast cancer: these comprehend MammaPrint, Oncotype

DX, EndoPredict and CanAssistBreast (CAB).

MAMMAPRINT is a 70-gene signature test for predicting clinical outcome and
development of metastasis in women with breast cancer in the initial stage. The 70
genes in the assay are involved in regulating cell cycle, invasion, metastasis and
angiogenesis, and include cyclin E2, MCM6, and MMP9, which are upregulated in
tumours with poor prognosis (van ’t Veer et al., 2002). MAMMAPRINT was the
first fully commercialized multivariate predictive test employing a microarray-based
multigene assay, FDA approved, and is offered to women under 61 years of age, with
lymph node negative breast cancer, either ER positive or negative (Evaluation of
Genomic Applications in Practice and Prevention (EGAPP) Working Group, 2016;
Slodkowska & Ross, 2009).

Oncotype DX is a 21 gene recurrence score (RS) used as a diagnostic tool and to
verify the benefits of chemotherapy in early-stage breast cancer. Higher oncotype
score (>=25) is associated with grade III tumours, higher Ki67 and poor NPI (Durrani
et al., 2021). Oncotype DX testing increases confidence in treatment decision for
patients with ER+, node negative, early-stage breast tumours. Low RS predicts little
positive effect of chemotherapy (Albain et al., 2010; Holt et al., 2013). Higher

Oncotype DX risk score is associated with ER+, PR- breast tumours (Chaudhary et
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al., 2016).

EndoPredict is a molecular predictor of recurrence in ER+ breast cancer, based on a
multigene assay which can be employed even on formalin fixed paraffine embedded
(FFPE) tumour tissues. It is a prognostic risk score independent of clinicopathological
risk factors, but can be combined with data such as nodal status and tumour size

(Filipits et al., 2011).

CanAssist Breast (CAB) is a proteomic test analysing the expression of five
biomarkers (CD44, ABCC4, ABCC11, N-cadherin and panCadherin) plus clinical
pathological parameters (tumour size, tumour grade and node status). It provides risk
stratification in early stage, receptor positive breast cancer, which is useful for taking
accurate therapeutic decisions, segregating patients into high risk and low risk groups
for cancer recurrences and distant metastasis occurrence in 5 years, and it is
particularly accurate in finding low-risk patients, which can be spared chemotherapy.
Its validity was proved in different cohorts from various geographic regions, but is at
the moment only approved in India (Gunda et al., 2022; Ramkumar et al., 2018).
CanAssist Breast and Oncotype DX show high concordance between each other

(Sengupta et al., 2020).

PREDICT is a tool based on clinicopathological parameters (size of the tumour,
tumour grade, lymph node status and ER status) and details of adjuvant
chemotherapy. It is able to predict the overall survival and disease outcome following
surgery, with or without adjuvant chemotherapy, in all groups of patients except in
patients older than 75 years (Wishart et al., 2010). It has been developed on UK breast
cancer patients, and validated on cohorts from various different countries, like
Canada, Malaysia, and the Netherlands (Wong et al., 2015). In later years, the model
has been updated to include the benefits of radiotherapy and harms of both chemo and
radiotherapy (Grootes et al., 2024). In a new version (PREDICT Plus) prognostic
validity has been confirmed also in patients with HER2+ tumours, regarding both OS
and breast cancer specific survival (BCSS) (Wishart et al., 2012).

Many studies have shown the significance of gene expression profiles in predicting

prognosis, clinical outcomes and response to therapies.

1.5. Diagnosis, monitoring and screening of breast cancer
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The diagnosis of breast cancer can happen following a symptom like pain, discharge,
visible changes in the breast, self-physical examination performed by the patients
themselves which results in a medical assessment or through screening. Most
diagnoses are confirmed through imaging techniques, which include ultrasounds
(US), mammography and magnetic resonance imaging (MRI). The most commonly

used tools for the diagnosis of breast cancer are ultrasound and mammography.

Ultrasounds are a safe technique, as they do not employ ionizing radiations, and are
mostly used in younger women presenting little risk breast cancer, pregnant and
breastfeeding women (Jafari et al., 2018). Although safe and effective, ultrasound’s
addition to mammography for women at elevated risk of breast cancer increases the

rate of false positives (Berg et al., 2008).

Mammography, instead, is an X-ray technique, capable to detect breast cancer lesions
with a high resolution before they become palpable (Nicosia et al., 2023). However,
mammography cannot differentiate between liquid lesions like cysts and solid lesions,
at difference from the use of ultrasounds (A. Evans et al., 2018). To standardise
mammography reporting, the breast imaging-reporting and data system (BI-RADS)
scale was created, consisting of seven categories, from 0 to 6. Category O indicates
cases which require additional evaluations and/or comparisons with other
mammographic scans; category 1 is a negative mammography with no presence of
tumours, while categories 2 and 3 show the presence of a benign or likely benign
lesion. Category 4 is divided in 4a, 4b and 4c, and indicates a suspicious abnormality,
which requires a biopsy, in a growing percentage of probability of being malignant.
Category 5 shows a highly suspicious malignant lesion, while category 6 shows a
biopsy-proven malignancy (Magny et al., 2025). In order to use a lower level of
radiation and have an easier post processing of images, digital mammography has

been developed (Alcantara et al., 2014).

MRI is used in patients after surgery and/or therapy, to identify recurrences, residual
tumour, metastasis, occult, multicentric or contralateral disease, and to evaluate
response to therapy (Weinstock et al., 2015). Contrast agents based on gadolinium or
iodine are able to enhance the quality and sensitivity of images (Jafari et al., 2018).
US and MRI imaging are both more sensitive to detect invasive cancer than

mammography, however they can overestimate tumour size, so different imaging
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techniques, combined to clinical examination are usually used to obtain higher

sensitivity and specificity (Berg et al., 2004; Dorn et al., 2013).

Tomosynthesis allows three-dimensional breast studies, with superior accuracy
compared to normal mammography, and its use combined with mammography
increases cancer detection power (Friedewald et al., 2014). Imaging techniques
employing radioactive isotopes which emit gamma photons or positrons include
single photon emission computed tomography (SPECT) and positron emission
tomography (PET), and can identify both the tumour and axillary metastasis, their
response to chemotherapy and physiological information such as glucose metabolism,
blood flow and oxygenation. The most used radiotracer is 18F-fluorodeoxyglucose.
Other radiopharmaceuticals have been developed able to asses ER expression, HER2

status and other cell surface receptors (Bénard & Turcotte, 2005; Jafari et al., 2018).

The latest improvements in artificial intelligence are influencing diagnostic imaging,
as deep learning-based Al systems can improve breast cancer detection through
digital mammography or digital breast tomosynthesis (DBT). These systems can
reduce false negatives and positives, enhancing screening outcomes and increasing
accuracy. However, at the moment, no standardized systems or guidelines are

available (Diaz et al., 2024)

Among novel biomarkers for the diagnosis and monitoring of breast cancer is free
circulating tumour DNA (ctDNA), whose levels in the bloodstream can help to
discriminate women with breast cancer from healthy individuals and monitor disease

recurrence in patients after breast surgery and therapies (Catarino et al., 2008).

Effective cancer screening should be able to detect a cancerous mass during the
preclinical phase, before the development of symptoms, which often leads to a more
favourable prognosis. As probability of developing breast cancer increases with age,
guidelines recommend mammographic screening every two years starting from 45
years. In women with family history of breast cancer or known BRCA1/2 or other
high risk genes mutations, screening is performed every year, to detect aggressive
cancers which could arise during intervals between screenings. Breast self-
examination is encouraged by doctors so that women can identify changes in their

breast tissue and prompt a clinical examination (Loibl et al., 2024; McDonald et al.,
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2016; Overmoyer, 1999). Screening ultrasounds in women with negative
mammography has been shown to be able to identify additional cancers which were

not notable in mammography’s, with a recall rate of 5.8% (Hwang et al., 2015).
1.6. Risk factors

Both genetic and environmental factors play a great role in risk of developing breast

cancer.

Among environmental factors influencing breast cancer risk are diet, physical activity,
tobacco smoking, alcohol intake, body mass index (BMI), breastfeeding and
hormonal contraceptives. The 4th edition of the European code against cancer
recommends healthy diets, to avoid smoking and avoid or limit alcohol intake and sun

exposure and be physically active (Norat et al., 2015).

Healthy diets comprise high intakes of fruit, vegetables, whole grain foods and low
intakes of red and processed meats and salt. It has been shown that dietary fibre intake
lowers breast cancer risk (Aune et al., 2012). Similarly, it is important to limit foods
with high levels of sugar and fat and high caloric content, and sugary drinks, both to
prevent the insurgence of cancer and to improve overall survival after diagnosis.
Vegetable consumption is associated with lower breast cancer recurrence in patients

undergoing endocrine therapy (Thomson et al., 2011; Vrieling et al., 2013).

The intake of fatty acids in the diets is reflected by serum levels of trans-
monounsaturated fatty acid. High levels of them, in particular palmitoleic and oleic
acids, are connected with increased risk of breast cancer. Cis-monounsaturated fatty
acid, instead, do not influence breast cancer risk (Chajes et al., 2008). Cooking with
hydrogenated fats increases breast cancer risk compared to use of olive oil, as the
former contains linoleic acid and the latter oleic acid (a monounsaturated fat).
Interestingly, fatty acid intake was found to increase risk of breast cancer in White
and Latin women, but not in African American women (J. Wang et al., 2008). High
total and saturated fat intake correlate with the development of receptor positive
breast cancers (Sieri et al., 2014). High levels of fat in the diet increase breast cancer
risk also due to its capability of increasing oestrogen serum levels in post-menopausal
women (Turner, 2011). Furthermore, some dietary compounds have been

demonstrated to be associated with anti-cancer effects. These include polyunsaturated
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fatty acids, carotenoids, curcumin and green tea (Banikazemi et al., 2018).

A healthy body weight reduces the risk of breast cancer. Body mass index (BMI) at
diagnosis shows a correlation with prognosis in breast cancer: obesity correlates with
poor prognosis in ER+ PR+ breast cancer, whereas being underweight is associated
with poor prognosis in the HER2+ subtype (Jeon et al., 2015). Obesity and type 2
diabetes in postmenopausal women increase risk of developing oestrogen-dependent
breast cancer due to adipose tissue inflammation and proinflammatory cytokines and
prostaglandins, which are characteristic of obesity, while in premenopausal women
they are associated with invasive, metastatic, triple negative breast cancer (Rose et al.,
2015). Obesity was associated with short overall survival in breast cancer in both pre-
and post-menopausal women (Chan et al., 2014). There are correlations between the
consumption of food and beverages which promote weight gain and triple negative
breast cancer in premenopausal women. Studies suggest that over 40% of post-
menopausal breast cancer diagnoses could be prevented by reducing alcohol, excess
body weight and inactivity (Castello et al., 2015). Physical activity, low consumption
of fat, processed foods, avoidance of tobacco smoking and alcohol are associated with
lower breast cancer risk, in both menopausal and premenopausal women. This leads
to adiposity reduction and reduction of psychological stress (Kruk, 2015). Physical
activity has been demonstrated not only to reduce risk of breast cancer, but also to be

able to reduce breast cancer related death (Lahart et al., 2015).

Alcohol consumption even in moderate quantities is associated with increased breast
cancer probability, with risk being from 15% to 51% higher than in women that do
not drink alcohol. It especially influences the development of hormone positive breast
cancer, due to its susceptibility between menarche and first pregnancy, when alcohol

consumption in young women and adolescent girls is higher (Y. Liu et al., 2015).

Steroid hormone levels in the bloodstream (oestrogen, testosterone and sex hormone-
binding globulin), increase breast cancer risk, are correlated with mammographic
density and increase significantly after alcohol consumption (Frydenberg et al., 2015).
Mammographic density higher than 70%, in fact, puts women at bigger risk of
developing breast cancer compared to women with lower density. Consuming alcohol
increases breast cancer risk from 15% to 51%, according to the amount of alcohol

assumed. Early first pregnancy reduces breast cancer risk, while late pregnancy
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increases it (Howell et al., 2014). In particular, early full-term pregnancy taken to full
term is protective towards receptor positive breast cancer. Breastfeeding for longer
periods of time is protective against breast cancer as well, with a more pronounced
effect on TNBC and ER+/PR+ breast cancer (Fu et al., 2024). This is particularly
accentuated when comparing African American women to Caucasian ones; the former
have lower rates of breastfeeding and higher rates of TNBC (Anstey et al., 2017).
Pregnancies shorter than 33 weeks show no protective effect (Husby et al., 2018). The
protective effect of pregnancy and breastfeeding could be caused by lower exposure
to oestrogen and progesterone during this periods, which promote some subtypes of

breast cancer growth (Surdacka et al., 2024).

Tobacco smoking is one of the most important risk factors in many types of cancer,
including breast cancer (Parkin et al., 2011). Oral contraceptives (OCP) intake
increase breast cancer risk, and the risk increases proportionally to the number of
years of OCP consumption (Merch et al., 2017; van Bommel et al., 2022). Both OCP
oestrogen, progesterone or combined oestrogen/progesterone based) and hormone

replacement therapy increase the risk of breast cancer (Poorolajal et al., 2021).

Women following health recommendations regarding diet, physical activity, smoking
and alcohol intake have lower breast cancer risk compared to women who do not
follow them (Castello et al., 2015). Taking part in cancer screening programmes

lowers breast cancer mortality.

Genetic factors, including both mutations in high-penetrance genes and
polymorphisms in other genes impact the risk of developing breast cancer in
combination (polygenic risk score PRS). BRCAI, BRCA2 and TP53 are considered
high risk genes, while PALBI, BRIP, ATM and CHEK?2 moderate risk genes (Lalloo
& Evans, 2012). In patients with family history of breast cancer, germline testing is
recommended, also to select patients who could benefit from PARP inhibitor therapy.
Currently, multigene panel testing (MGPT) allows comprehensive genetic testing,
including not only BRCAI1/2 but also PALB2, TP53, PTEN, STKIl and CDHII,
whose pathogenic variants can influence decision making regarding surgery, adjuvant
therapy and family risk assessment (Botty van den Bruele et al., 2024; Howell et al.,
2014).
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1.7. Therapy
1.7.1. Surgery

The primary treatment option for breast cancer is surgery, that always includes the

sentinel lymph node biopsy (SNLB).

Oncoplastic resection is a therapeutic procedure for patients with biopsy-proven
breast cancer, with the objective of completely removing the lesion with clean
margins and trying to obtain a good cosmetic result. The procedures includes
measuring skin-to-tumour distance and choosing the more appropriate kind of
excision to perform, which changes according to the tumour’s presence in the upper

or lower pole, and the need to conserve the breast (Silverstein et al., 2014)

Mastectomy, a more invasive technique, and axillary dissection significantly reduces
the risk of locoregional recurrence compared with breast conserving surgery, axillary
dissection and breast radiotherapy (BCT), however a pooled analysis of different
randomized trials showed that they have comparable effects on mortality and long-
term survival. BCT correlates with risk of locoregional recurrence (Jatoi & Proschan,
2005). Sentinel lymph node biopsy’s results are influenced by neoadjuvant
chemotherapy administration, which renders the procedure less effective, with a lower
detection rate and higher levels of false negatives. This also happens in patients
subjected to the biopsy in a too early stage (Kuehn et al., 2013). When not breast
conserving, mastectomy can be followed by postmastectomy breast reconstruction,
according to the patient’s wishes, to ensure quality of life. Breast reconstruction can
be implant-based or autogenous tissue-based. Donor tissues include the abdomen,

back, buttocks and tights (Cordeiro, 2008).

Patients presenting a small tumour (<2cm in diameter) in the early stage, may benefit
from breast conserving surgery, or lumpectomy, or quadrantectomy, which are less
invasive, and axillary dissection rather than the more impactful mastectomy, which
affects quality of life and mental health while not showing better outcomes regarding
disease free and overall survival for this kind of tumours (Veronesi et al., 1981).
Conservative surgery shows good results, with less side effects than total mastectomy

and a similar long-term overall survival (Luini et al., 2005; Veronesi et al., 2002).
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Axillary lymph node dissection (ALND) is fundamental in staging cancer and taking
further therapeutic decisions. To avoid invasive dissection of lymph nodes with no
cancer cells invasion, only the sentinel node can be biopsied (Veronesi et al., 1997). It
can be omitted in node negative invasive breast tumours smaller than S5cm and should
not be recommended in early-stage breast cancer with no nodal metastasis, where
SLNB should be preferred (Park et al., 2025). Sentinel lymph node biopsy (SLNB)
can be recommended in patients cT3-cT4 or multicentric tumours with negative
axillary lymph nodes at clinical analysis (Park et al., 2025). SLNB is associated with
less shoulder stiffness, pain and swelling in the arm than complete ALND (Loibl et
al., 2024).

1.7.2. Endocrine therapy

Endocrine therapies are used in ER+ breast cancer, as they target the oestrogen
receptor-activated pathways, either by inhibiting the binding of oestradiol to the
oestrogen receptor (Selective oestrogen receptor modulators, or SERMs, of which the
most used is tamoxifen) or reduce the blood concentration of oestrogens by inhibiting
aromatase (aromatase inhibitors, or Als). Endocrine therapy is generally administered
after surgery. Als can bind to aromatase either reversibly or irreversibly. Aromatase
inhibitors are mostly used in post-menopausal women, while in younger women,
tamoxifen is preferred. Tamoxifen is usually administered for 5 years after surgery,
even if studies suggest that 10 years of adjuvant therapy may offer better survival
rates and lower recurrence (Davies et al., 2013; Tevaarwerk et al., 2016). Endocrine

therapy is effective in both early and advanced hormone positive breast cancer

(Reinbolt et al., 2015).
1.7.3. Chemotherapy

Chemotherapy can be administered both before surgery, to diminish the size of the
tumour and render surgery more effective or even making an inoperable tumour into
an operable one (neoadjuvant chemotherapy, NACT) or after (adjuvant
chemotherapy, NAT), to eliminate residual tumour cells and decrease recurrence risk.
Neoadjuvant chemotherapy is used before surgery, with better outcomes than surgery
without NACT (Early Breast Cancer Trialists’ Collaborative Group (EBCTCG),
2018). Preoperative chemotherapy is the preferred approach for locally advanced
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disease, especially if following surgery is breast conserving (Redden & Fuhrman,

2013).

Adjuvant systemic therapy is indicated in high-risk patients, meaning patients with
high grade tumours and according to their receptor status. Adjuvant chemotherapy is
suggested for HER2+ tumours and TNBC, especially in young patients (Wockel et al.,
2018).

Anthracyclines (doxorubicine), taxanes (docetaxel, paclitaxel) and platinum based
therapies (carboplatin) are among the most commonly used pharmaceuticals both in
early and advanced stage breast cancer (Poggio et al., 2018; Qari et al., 2024).
Chemotherapy is particularly utilized in TNBC, which lacks receptorial targets.
Combined anthracyclines and taxanes reduce the risk of recurrence and mortality
(Marra & Curigliano, 2021). Adjuvant chemotherapy is the standard post-surgery
treatment for TNBC. Most luminal A tumours do not require chemotherapy, while
some cases of luminal b tumours could require it. In HER2+ breast cancer,
chemotherapy is usually administered combined with HER2 directed therapy (Loibl et
al., 2024).

1.7.4. Radiotherapy

Radiotherapy on ductal carcinoma in situ (DCIS) has been shown to be able to reduce
10-year risk of recurrence by 15%, regardless of age, extent of surgery, endocrine
therapy, margin status, grade and tumour size. It is especially effective on older
women (Early Breast Cancer Trialists’ Collaborative Group (EBCTCG), 2010).
Following surgery, radiotherapy is recommended in highly aggressive tumours (T3 or
T4 stage), with several positive lymph nodes or increased risk of recurrence such as
triple negativity or HER2 positivity and shows a low rate of local recurrence at 5
years. It also has low chronic toxicity (Keller et al., 2012; McCormick et al., 2015).
Radiotherapy is effective also in women receiving systemic therapy
(cyclophosphamide, methotrexate, fluorouracil, tamoxifen) (EBCTCG (Early Breast
Cancer Trialists’ Collaborative Group), 2014).

1.7.5. Target therapy

Modern molecular studies on breast cancer have identified several molecular targets,
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specific of breast cancer cell, or fundamental for its survival and potentially targeted

by drugs.

HER2/neu positive tumours are susceptible to the targeting of this growth factor
receptor with recombinant monoclonal antibodies. The first targeted therapy
employing an antibody in HER2+ metastatic breast cancer was trastuzumab that
induces receptor downregulation (Figure 4). The supplement of trastuzumab to
chemotherapy (paclitaxel or doxorubicin) is associated with longer overall, up to
37%, and disease-free survival at ten years. Its most important side effect is cardiac
toxicity when combined with anthracyclines. For this reason, regular cardiac
assessment is necessary for patients receiving this combined therapy. The
combination with non-anthracyclines, in fact, has better outcomes, due to less side

effects (Perez et al., 2014; Slamon et al., 2001).
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Figure 4. Mechanism of action of trastuzumab, (Fang, 2023)

Another anti-HER2 monoclonal antibody, pertuzumab, shows improved efficacy if

administered together with trastuzumab. Pertuzumab targets another portion of the
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receptor, blocking its heterodimerization with EGFR. Furthermore, adding docetaxel
improves complete response, with more efficacy than chemotherapy with one single
antibody. In a small number of patients, the administration of both antibodies brings
complete response even without chemotherapy (Gianni et al., 2012; Swain et al.,
2015). Antibodies can be bind to other pharmaceuticals, forming antibody-drug
conjugates (ADCs), such as chemotherapeutics or radiopharmaceutics, to target the

toxicity specifically to the tumour, with minimal side effects (Jacobs et al., 2022).

HER2 tyrosine kinase activity can also be targeted by tyrosine kinase inhibitors
(TKI). Tyrosine kinase inhibitors are not specific for HER2 but can target other
tyrosine kinase receptors as well. The first approved inhibitor targeted both HER2 and
EGFR and is called lapatinib (Singh et al., 2022).

Other targeted therapies, which are not specific for HER2 positive breast cancer
include CDK4/6 inhibitors, mTOR inhibitors like everolimus, and PI3K inhibitors for

HR positive breast cancer with resistance to endocrine therapy (Jacobs et al., 2022).

Regarding TNBC, which do not express targetable receptors, immune checkpoint
inhibitors (ICIs) have been tested, like antibodies inhibiting the PD1/PD-L1 binding
(pembrolizumab, atezolizumab) rendering immune response against the tumour more
effective (Kwapisz, 2020). In breast cancers with mutation in BRCA1/2, poly-ADP-
ribose polymerase (PARP) inhibitors have been demonstrated to be effective, due to
the chromosomal instability induced in cells lacking an effective DNA repair system
(Jacobs et al., 2022). A potential target specific to TNBC, which could be targeted
with ADCs, has been found in trophoblast cell surface antigen 2 (Trop2) (Hu et al.,
2024).

1.8. Ethnic differences in breast cancer

While breast cancer is a burden in every nation of the world, affecting women of
every race, ethnicity and nationality, the incidence rate, mortality, subtypes
distribution and molecular characteristics have been demonstrated to vary according
to ethnicity. Nevertheless, especially in the past, most oncology studies did not take

into consideration the ethnicity of the patients. Breast cancer studies were carried
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mostly on Caucasian women. Cell lines used for studies are derived from Caucasian
patients in 80-90% of cases, while in clinical trials, 90% of recruited patients were
Caucasian, even when racial minorities represent 40% of the US population (Clarke et

al., 2022).

Among women under 45 years of age, Black women have higher incidence rates
compared to White women. They also have the highest proportion of grade III-IV
tumours, in all age groups, and the highest incidence of TNBC (23% versus 10-15%
in other ethnicities). In all age groups, White women have higher incidence of breast
cancer compared to Hispanic, Asian, Pacific Islander and Native American women.
The most common subtype in all ethnicities is the HR+/HER2- one, however White
women have higher rates of HR+/HER2- compared to other ethnicities, while the least
common subtype across all ethnicities is the HR-/HER2+, with higher rates in Black
and Asian women (Figure 5) (Shoemaker et al., 2018; Telli et al., 2011).
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Figure 5. Incidence of triple negative breast cancer in women of various ethnicities,

(Shoemaker et al., 2018)

In Norway, a study on immigrants and non-immigrant populations, showed that
people from sub—Saharan Africa, South Asia and Eastern Europe have a lower
incidence of luminal A breast cancer compared to Norwegian women. South Asian
immigrants have a higher incidence of HER2+ tumours (Hjerkind et al., 2022).
Furthermore, Black women are less likely to be diagnosed with lobular disease
(Williams et al., 2019), Asian patients are less likely to have the BLIS subtype and
more likely to have the LAR subtype, while the opposite is true for Hispanics (Ding et
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al., 2019).

Many studies have confirmed the higher incidence of ER and PR negative tumours in
African American women, who also show higher numbers of highly mitotic and
necrotic tumours compared to White women (Porter et al., 2004). The higher
frequency of TNBC in Black women also explains their higher mortality rate and
worse overall survival as, when adjusting for subtype, the mortality for receptor

negative breast cancer is not higher compared to White women (Sparano et al., 2012).

Compared to white, Asian and Pacific Islander women, Hispanic, Black and native
American women are more likely to present with larger tumours, higher grades and
numbers of lymph nodes and receptor negativity. Japanese women are less likely to
have stage III or IV tumours while Filipinos, Hawaiians, Indians and Pakistanis are at
higher risk (C. I. Li et al., 2003). African American patients tend to develop more AR-
negative tumours compared to Caucasian Americans, and among this quadruple
negative kind of breast cancer (QNBC) they have higher frequency of IM and BL1
subtype compared to White patients. Generally, they have lower AR gene expression
both in TNBC and non-TNBC tumour types compared to White patients (Davis et al.,
2018).

These statistics on Black women are not only relative to the United States, as in a
study on Tanzanian and Italian patients it was found that tumours from Tanzanian
patients were associated with higher histological grade and more advanced disease.
Tanzanian patients also presented more ER negative tumours, higher proliferation

(Ki67 expression) and higher numbers of TNBC (Amadori et al., 2014).

Furthermore, even among the same race there are differences: Black American
women have higher rates of TNBC compared to Black Caribbean women, who, in
fact, have a better overall survival, in particular Black Hispanic patients (Barreto-
Coelho et al., 2019). Differences in the incidence and characteristics of breast cancer
can also vary not only across wide racial groups but also among smaller ethnic
groups, such as different populations in the same subcontinent. One example is a
study conducted in Kenya, whose population can be divided into 3 main groups:
Bantus, Nilotic and Cushitic. Cushites women are diagnosed at younger ages

compared to the other two groups. This could be due to their different reproductive
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profiles, with younger ages at first pregnancy and older age at menopause. Nilotes
presents more often with ER negative, larger tumours and a higher incidence of
lymphovascular invasion (LVI) compared to Bantus (Sayed et al., 2018). In Asia,
Chinese and Japanese patients have higher proportions of good prognosis luminal A
subtype compared to Filipino and Koreans. Filipinos, instead, have higher proportion

of HER2+ cancer, and Koreans higher proportion of TNBC (Chuang et al., 2012).

In studies conducted in the United States, almost all ethnicities have higher
probability of presenting with stage IV, receptor negative breast cancer compared to
white women, with a strong impact on survival. This is particularly accentuated in
Black and Puerto Rican women (Ooi et al., 2011). Ethnic minorities have higher risk
of early recurrence compared to White women, which remain after adjusting for

socioeconomic factors (Chua et al., 2024; Hill et al., 2018).

Among women with ER/PR+ breast cancer, mortality is similar for Hispanic and
Asian American women, but higher for African American women compared to White
women (John et al., 2021). In early stage breast cancer the survival is similar (Rizzo et
al., 2015), however women belonging to ethnic minorities have double the risk of
failing to receive adjuvant treatments and have higher levels of comorbidity (Bickell
et al., 2006). The differences in death rates are attenuated when all patients are able to

access equal high quality care (Leonard-Murali et al., 2023).

In fact, younger Black women have higher risk of non-initiating adjuvant endocrine
therapy and to have delayed treatment initiations (more than 60 days from diagnosis).
This is also influenced by financial access, comorbidities and level of communication
(Reeder-Hayes et al., 2019; Sheppard et al., 2018). Black patients undergoing
aromatase inhibitor treatment have higher median atherosclerotic cardiovascular
disease (ASCVD) risk and are more likely to develop hypertension, diabetes and
being obese compared to White patients, with an increase in side effects and poor
prognosis (Gallicchio et al., 2017). Furthermore Black ethnicity, along with low-
income, is associated with a lower probability of being tested using oncotypeDx to
guide chemotherapy decisions (Alsten et al., 2024), while Caucasian ethnicity is
associated with a higher probability of being tested compared to all other races

(Orucevic et al., 2016).
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Other than lacking regular care, Black women are less likely to participate in
mammographic screening, explaining the advanced stages and larger tumour size

observed at diagnosis in this subgroup (Dunn et al., 2024).
1.8.1. Molecular differences in breast cancer across ethnic groups

The differences between ethnic groups do not only include clinicopathological
factors, but also mutations, gene expression, protein expression and epigenetics.
Population studies in a physiological situation have demonstrated that different
populations show genetic diversity. This is not only true across different continents,
but even in populations belonging to the same nation, such as Kazaks, Uyghurs and
Huis in China. Population specific patterns include genes involved in immunity and
metabolism, with different gene expression across groups. Gene expression
differences can be regulated by polymorphisms, which are known to be differentially
distributed across populations. The identified differences are associated with
physiological factors, such as facial morphology, skin pigmentation and hair
thickness, however genetic differences between population have also been suggested

to take a role in cancer development (Pan, Wen, et al., 2023).

Many studies, in various cohorts of patients have shown differentially expressed
genes between ethnicities, including mRNAs, microRNAs (miRNAs) and long non-
coding RNAs (IncRNAs) (Ping et al., 2020). In liver hepatocellular carcinoma, the
expression of CCNBI, CCNE2, CHEKI, FOXMI1, HRAS, MSH2 RAD51 and STMN1
is higher in Asian patients, while 7/GAR is higher in White subjects. In prostate
adenocarcinoma, CTNNBI, FGF19 and RBI are more elevated in White individuals,
while FGFR4 and RASSF7 are more expressed in Black patients. In stomach
adenocarcinoma, white patients have higher PRDX1 protein expression while VHL is
increased in Asian samples. In general, homology directed repair (HDR) is
differentially regulated between Black and White patients, with CCNBI, CCNE]I,
CCNE?2 and FOXM1 expression being dependent of the race of the patient in several
types of cancer (Lei et al., 2023).

European ancestry is associated with higher expression of stemness markers in basal
breast cancer, while in luminal A subtype it is associated with DNA repair, oxidative

phosphorylation, MYC targets, pyrimidine metabolism and proteasome. TNF-A
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signalling, KRAS target and inflammatory response, on the contrary is negatively
associated with European ancestry in luminal A (Telonis et al., 2023). Cell cycle
regulators are higher in tumours from African American women: among these are
Cyclin E, p16 and p53, while cyclin D1 was lower (Porter et al., 2004). The VEGF-
hypoxia signature in their basal breast tumours is upregulated as well, correlating with

poor prognosis (Han et al., 2024).

Differentially expressed genes between white and black women include CRYBB2,
PSPHL and SOS1, which play a role in cell growth, invasion, metastasis and immune
response. PSPHL and SOSI are also differentially expressed in benign breast tissue
(Field et al., 2012). Other differentially expressed genes are MKK3, genes involved in
androgen response and interferon alfa signalling, which are also associated with poor
prognosis and recurrence in Black patients and genes involved in fatty acid
metabolism, IL-6/JAK/STATS3 signalling, that are associated with recurrence in White
patients, (Strand et al., 2024; X. Yang et al., 2020). In a TNBC dataset differentially
expressed genes between Black and White patients involved cell cycle, chromatin
organization, DNA repair and cellular response to stress. DNA repair genes like
XRCCI, XRCC4, BRCAI and PARPI were also upregulated in Black patients with
ER+ breast cancer (Mazumder et al., 2022; McAndrew et al., 2024). Black patients
have enriched immortalization signature (TERT, DRAPI, POBPI), cell cycle (RBI,
has-let-7a, E2F1, c-MYC, TERT), cell migration and invasion (miR-135b) (Andey et
al., 2020).

MicroRNA expression is also variable. In a study on European Americans and
Yoruba people from Nigeria 16% of miRNAs were differentially expressed,
correlating with differentially expressed mRNAs, many of them correlating with
sensitivity to chemotherapeutic agent, immune response, regulation of ion transport,
regulation of cell death and cytokine binding. Their expression is influenced by SNPs,
whose allele frequencies also differ from an ethnicity to the other. Among
differentially expressed miRNAs is the miR-30 family, which is correlated with
carboplatin sensitivity (R. S. Huang et al., 2011). Differential alternative splicing is
present between African American and Caucasian American patients, due to
differential expression of genes involved in splicing, such as SNRNP70, which is

increased in breast cancer of Black patients compared to White patients (Al Abo et al.,
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2021).

Allele frequency of SNPs varies by race, both in protein coding genes and in genes
coding for microRNAs. The SNPs associated with breast cancer risk differ in African
and Caucasian women, and those affecting both populations are rare (Yao et al.,
2013). Among genetic polymorphisms influencing breast cancer risk is a gain of
function mutation in the EDAR gene, present at high frequencies in Asian and native
American populations, causing an increase in the risk of developing metabolic
syndrome and correlates with lower breast density, both risk factors for breast cancer
(Coletta et al., 2021). In Black women, a variant allele of BRAF is associated with
higher breast cancer risk, while genetic variants in AKT, AKT1, RAPTOR, TSC2 are
also associated with breast cancer risk and also BMI, fat mass index, waist to hip ratio
(WHR), which are also related to breast cancer risk (Ilozumba et al., 2023). A
polymorphism in CCND] is associated with increased breast cancer risk in Caucasian
patients, while the association is not significant in Asian patients (Lu et al., 2009).
The rs10069690 SNP in TERT is more common in Black patients, and associated with
higher odds of developing basal-like breast cancer (Huo et al., 2017).

The insulin like growth factor, growth hormone and leptin pathways have a role on
cancer development and are subjected to germline genetic variations. In African
American women, SNPs in BAIAP2, CALM?2, CSNK2A1, BRAF, BAD and MAPK3
were associated with breast cancer (Ruiz-Narvaez et al., 2016). Black women also
have variants in various hormone pathways are associated with breast cancer (Haddad

etal., 2015).

In a cohort of northern Indian patients a polymorphism in the CYPI/7 gene was
associated with early onset breast cancer risk (Chakraborty et al., 2007). A study on
Tunisian women, instead, highlighted the contribution of TGFBI polymorphisms to
breast cancer susceptibility and pathological presentation, with associations with the
TNBC subtype, tumour size, distant metastasis and response to therapy (Hadj-Ahmed
etal., 2019).

Korean patients have a higher incidence of BRCAI/2 mutations than the TCGA
cohort, especially in younger patients. They also present more frequently 7P53 and

ERBB2 mutations or amplifications, despite a lower mutational burden (Kan et al.,
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2018). TNBC shows a different mutational landscape in African American and
Caucasian patients. 7P53 is mutated in 46% of Black patients, and only in 27% of
White, while MLL3 is mutated in 12% of Black patients and 6% in White (Miyashita
et al., 2023; Strand et al., 2024). PIK3CA and NCOR]I are more frequently mutated in
White TNBC patients compared to Black ones (Omilian et al., 2020), while KMT2C
mutations are more frequent (Miyashita et al., 2023). Black TNBC patients usually

have higher numbers of truncating mutations than Whites (Q. Liu et al., 2019).

When studying hereditary breast cancer genes (BRCAI, BRCA2, CHEK2, ATM),
White and Black patients have the highest frequency of pathogenic variants, while
Asian and Hispanic patients show the highest frequency of variants of uncertain

significance (VUS) (T. Jones et al., 2021).

DNA methylation levels can also vary by ethnicity. In a study comparing normal
breast tissue of European Americans and African Americans, almost 500 CpG islands
were found to be differentially methylated, with methylation levels correlating with
differential gene expression across the two groups. The region where the methylation
occurs also varies by ethnicity, being more frequent in promoter regions in European
Americans and in gene body in African Americans (Song et al., 2015). ER-, PR-
tumours in Black women under 50 years of age have higher percentage of methylation
compared to Caucasian women of the same age group in HIN-1, TWIST, Cyclin D2
and RASSFIA (Mehrotra et al., 2004). FOXAI is hypermethylated and lowly
expressed in Black women in particular due to parity without breastfeeding,
correlating to the higher frequency of ER- tumours in this group (T.-Y. D. Cheng et
al., 2019; Sribenja et al., 2021).

DSC2, KCNK4, GSTM1, AXL, DNAJCI15, HBII-52, TUSC3 and TES were found to be
differentially methylated in the Carolina Breast cancer study, which compared Black
patients with White patients, with DSC2, KCNK4, AXL and TUSC3 having higher
methylation in Black patients and GSTMI, HBII-52, TES and DNAJCI5 being
methylated at higher levels in white patients. AXL, DNAJC15, KCNK4, and GSTM1
were also confirmed to be differentially methylated through the analysis of The
Cancer Genome Atlas (TCGA). Differential methylation in AXL, GSTM1, DSC2 and
DNAJC15 was also observed in lymphoblastoid cell lines, highlighting that they are

probably correlated to ethnicity and not specific of the disease (Conway et al., 2015).
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FOXA1I is hypermethylated in tumours from Black patients, correlating with reduced
RNA and protein expression. In Black women, higher methylation is associated with
number of children and non-breast feeding (Espinal et al., 2017). CCNEI is more
methylated and less expressed in White samples, while PTEN is more methylated in
Black patients (Lei et al., 2023).

The tumour microenvironment (TME) and extracellular matrix (ECM) around the
tumour show marked differences between different ethnicities, as well (Stone et al.,
2023). A Korean cohort showed a more immune reactive TME, with higher numbers
of tumour infiltrating lymphocytes (TILs), while TME in TCGA samples, which are

mostly Caucasian, is more immune suppressed (Kan et al., 2018).

Black patients have higher density of CD163+ tumour associated macrophages
(TAMs) and immunosuppressive macrophages (M2) compared to Hispanic and
Caucasian patients, with highly proliferative activity, which correlates with their
lower overall survival (Koru-Sengul et al., 2016), caused likely by higher levels of
chemotaxis, neovascularization and tumour vessel density (Martin et al., 2009). Black
patients also have a more exhausted CD8+ T cell profile, which is associated with
poor survival (Yao et al, 2021). African Americans have higher expression of
cytokines (CD47, TGFBI1, NFKBI), associated with the transcriptional repressor
Kaiso. This difference is present not only in the tumour, but also in the exosomes
derived from the tumour. The expression of Kaiso is associated with breast cancer,
copy number alterations and M2 macrophage polarization in women of African

ancestry (Ahmed et al., 2023).

Regarding breast cancer stem cells, CD44+/CD24- cells and ALDHI have been
associated with DFS and OS in Asian patients, but not in European ones, and with

TNBC or basal subtype in all races (Gyan et al., 2021).

Variations in genetics, epigenetics, transcriptomic and immune infiltrate, influence
not only the prognosis and characteristics of the tumours, but also the response to
therapy. ABCBI is a gene involved in resistance to various chemotherapies, including
paclitaxel, as it limits the absorption of xenobiotics and promotes their efflux into the
bile and urine. It has four major SNPs, whose frequency varies according to ethnicity.

Some of its polymorphisms are more common in Asian populations and confer a
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certain resistance to paclitaxel, while experiments on non-Asian cells lines show them
to be more sensitive to the drug (Kwon, 2009). NOTCH4 is increased in Egyptian
patients who received neoadjuvant chemotherapy, while in English patients who
received the same treatment, NOTCH] is increased (Kamal et al., 2018). In TNBC
cell lines derived from Black women, RADS51 is overexpressed, epigenetically
regulated by miR-214-5p, which is downregulated. As RADS51 has a role in double
strand break repairs, its high expression correlates with resistance to PARP inhibitors
like Olaparib, playing a role in the worse prognosis of Black TNBC patients (Mani et
al., 2023).

Despite these data, clinical trials are performed mostly on Caucasian patients, and cell
lines, biobanks samples and genomic data from public datasets are in majority from
patients of Caucasian ethnicity or do not data regarding the ethnicity of the patients
(Guerrero et al., 2018). Given that differences in prognosis are ascribable not only to
health and social inequalities but to biological differences as well, it is imperative to
characterize tumours of patients belonging to less-studied ethnic groups, for a better

understanding and management of the disease.
1.9. Ion channels in breast cancer

Among biomarkers which have gained importance in the latest years in oncology are
ion channels and transporters (Figure 6). Expression profiling of ion channels in
breast cancer can help in profiling the disease. A 30-gene signature has been shown to
predict clinical outcome, with ion channel profiling varying according to p53

mutational status, ER status and histological grade (Ko et al., 2013).
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Figure 6. lon channels and their role in different types of cancer (lorio et al., 2019)

These molecules can be employed not only as biomarkers, but also as therapeutic
targets, due to their role in various features of oncogenesis. Ion channels involved in
cancer include potassium, sodium, calcium and chloride channels, aquaporins and
transporters (Lastraioli et al., 2015). Sodium channel SCN54 and in particular its
neonatal splice variant (nNavl.5) is highly expressed in breast cancer, promoting
metastasis. In fact, sodium currents have been demonstrated to influence migration
and invasion capability of breast cancer cells, and their blocking with tetrodotoxin
(TTX) lowers cell invasiveness (Roger et al., 2003). SCN54 and its neonatal form are
upregulated in TNBC, promoting cell proliferation, migration and invasion; the
inhibition of the channels induces apoptosis and enhances the effect of paclitaxel
(Erdogan et al.,, 2023). Downregulating nNavl.5 increases cell sensitivity to
tetrodotoxin and suppresses cell migration. High expression of nNav1.5 correlates not
only with higher migration ability but also with glutamate levels which, in turn,

correlate with bone metastasis (Azahar et al., 2022; Brackenbury et al., 2007).

Potassium channels have been proved to control breast cancer metastasis through the
B-catenin signalling pathway in TNBC (Breuer et al., 2019). KCNH1/Eagl/Kv10.1
was the first potassium channel which was associated with oncogenesis (Pardo &
Stithmer, 2008). Physiologically, it is present only in the central nervous system, but it

was found to be expressed in tumour cells, regulated by p53 and E2F . It has a role in
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cell proliferation, survival, angiogenesis, migration and invasion (Pardo et al., 1999).
Eagl is upregulated in both invasive and non-invasive cancer cells, regulating
calcium influx, cytoskeleton rearrangement and therefore cell migration. Its
expression also correlates with the expression of HIFIa, suggesting a role in hypoxia
(Downie et al., 2008; Lai et al., 2014; Ouadid-Ahidouch et al., 2016). The expression
of Eagl channel is linked with malignancy, metastasis and poor prognosis in breast
cancer. Its expression is higher in TNBC compared to other subtypes, and correlated
with tumour size, advanced stage and positive lymph nodes (G.-X. Liu et al., 2015).
Blocking Eagl currents inhibits proliferation in all subtypes of breast cancer.
Astemizole, a Eagl blocker, has been tested in cell cultures in combination with a
TKI, gefitinib, resulting in a reduction of cell proliferation and increase of apoptosis
(Garcia-Quiroz et al., 2019), and with calcitriol, resulting in a suppression of tumour
growth (Garcia-Quiroz et al., 2014). The expression of Eagl is, in fact,
downregulated by calcitriol through a vitamin D receptor (VDR) dependent

mechanism (Garcia-Becerra et al., 2010).

Voltage gated potassium channel Kv1.3 plays a role in proliferation and apoptosis as
well and it is expressed in leukemic T cells, prostate and breast cancer. In breast
cancer, it shows upregulation in stage I, but it decreases with stage, increasing again
in advanced stage and metastatic breast cancer. Its low expression in high stages and
poorly differentiated breast cancer is due to promoter hypermethylation (Brevet et al.,
2009). Its expression can be lowered by statins, potentiating doxorubicin’s
chemotherapeutic activity; its currents can be blocked with tetraethylammonium
(TEA), and by tamoxifen blocking cell proliferation (Jang et al., 2009; Teisseyre et
al., 2019; Thomas et al., 2003).

KCNMAI, a calcium activated potassium channel, shows genomic amplification in
prostate, breast, ovarian and endometrial cancer of higher stages and grades. Its
expression is upregulated in breast cancer, promoting proliferation (Oeggerli et al.,
2012) and especially in breast cancer metastasizing to the brain compared to breast
cancer metastasizing to other organs. It also promotes trans endothelial migration
(Khaitan et al., 2009). KCNK9 gene is also present in a genomic region frequently
amplified in breast cancer, resulting in an upregulation of the channel tumorigenesis

and resistance to hypoxia (Mu et al., 2003).
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Kca3.1/KCNN4 plays a role in tumorigenesis in various oncological diseases. In
breast cancer, it promotes cell proliferation, calcium entry together with TRPCI and
radioresistance (Mohr et al., 2019). High expression of Kca3.1 correlates with poor

prognosis (Faouzi et al., 2016)

The expression hERG1 potassium channel correlates with breast cancer subtype,
being the highest in luminal A and the lowest in basal tumours. Moreover, it
correlates with ER expression and low proliferative index, and therefore with a better
progression free survival (lorio et al., 2018). Hyperstimulation of hERG1 through
NS1643 inhibits breast cancer cell proliferation, causes cell cycle arrest and activates
a senescence program through ROS production and DNA damage (Fukushiro-Lopes
etal., 2017; Lansu & Gentile, 2013).

The expression of KCNK5, KCNK9 and KCNK12 in TNBC is upregulated, while the
one of KCNK6 and KCNK15 is downregulated. Their expression patterns correlates
with CpG methylation (hypomethylation for KCNK5 and KCNKY) (Dookeran et al.,
2017).

The expression of AQP]I is associated with high tumour grade, TNBC subtype and
poor prognosis (Otterbach et al., 2010). AQPS5 is highly expressed in breast cancer,

promoting cell proliferation and migration (Jung et al., 2011).

The NHEI exchanger dysregulates pH in the microenvironment, with a
protumorigenic activity. It also promotes invasion by regulating metalloproteinases

(Amith & Fliegel, 2013).

TRPC3 and TRPC6 are upregulated in breast cancer cell, forming a complex.
Silencing of the corresponding genes reduces breast cancer cell growth (Aydar et al.,

2009).

CACNA2D3 expression is upregulated by chemotherapeutic azacytidine in cells
showing CpG methylation. The CpG islands of the gene are frequently methylated in
breast cancer metastasizing to the central nervous system, regardless of subtype

(Palmieri et al., 2012).

Finally, chloride channel CLCA2 is often downregulated and its promoter

hypermethylated in breast cancer; it also represents a predictive factor for resistance
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to doxorubicin. Furthermore, its genic locus, 1p31, is often deleted in sporadic breast
cancer (X. Li et al., 2004; Walia et al., 2009). Its expression is induced by p53 in
response to DNA damage, by binding to its promoter, and it inhibits cell migration
and invasion. CLCA2 inactivation also enhances the expression of focal adhesion
kinase (FAK) and its signalling pathway (Sasaki et al., 2012). CLCA2 and its
interactor EVA1 are associated with mammary epithelial differentiation (Ramena et
al., 2016). It colocalizes with integrin b4, playing an important role in cell adhesion:
in fact, loss of CLCA2 promotes epithelial-mesenchymal transition, promoting
metastasis (Connon et al., 2004; Walia et al., 2012). Notably, the expression of
CLCA?2 1is associated with a better overall survival in Black women with TNBC

(Purrington et al., 2020).

1.10. Long non-coding RNAs in breast cancer

Another class of molecules, playing a role as regulatory elements in a wide array of
biological processes, is represented by long non-coding RNAs (IncRNAs). IncRNAs
are defined as transcripts longer than 200 nucleotides, transcribed by RNA
polymerase II and with a role in regulating gene expression through chromatin
binding, interactions with chromatin-modifying complexes and through RNA

interference (RNA1) (Guttman et al., 2009; Khalil et al., 2009; Martianov et al., 2007).

They have also been identified as critical components in breast cancer. They show
different expression levels according to the subtype of breast cancer: NEAT1 and
GASS, for example are downregulated in TNBC compared to luminal subtypes, and
XIST is downregulated in TNBC compared to HER2+ tumours (Marcu et al., 2021;
Salama et al., 2020). Other IncRNAs are instead overexpressed in TNBC, such as
THOR, AFAP1-AS1 and LINCO01550 (Garcia-Hernandez et al., 2024; Y. Liu et al.,
2024). Their expression can also be detected in plasma, and was confirmed for

ANRIL, HIF1A-AS2 and UCA1 (M. Liu et al., 2017).

The expression of IncRNAs is variable even across different subtypes of breast cancer
(Beltran-Anaya et al., 2019), such as that it has even been employed to classify TNBC
tumours in subtypes, similarly to how they were classified by Lehmann and

collaborators. This subtypes are defined as LINCO0511-enriched, overlapping with
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BLIS and IM and characterized by pronounced immune infiltration, LINC00393-
enriched, still overlapping with BLIS but with reduced immune signalling and poorer
survival; finally, are the FIRRE-enriched and normal-like subtypes (Vishnubalaji et
al., 2022)

Moreover, the expression of IncRNAs has been correlated with prognosis, with
HOTAIR being linked to recurrence and AC105383 with poor prognosis (M. F. Evans
et al., 2020; Q. Liu et al., 2020).

In breast cancer, IncRNAs take part in a variety of processes, such as DNA damage
and DNA damage response. LINP1 enhances DNA double-strand break repair, by
acting as a scaffold for the non-homologous end joining (NHEJ) pathway, in fact its
inhibition sensitizes TNBC cells to radiotherapy and doxorubicin (Y. Zhang et al.,
2016).

IncRNAs have an effect on metabolism as well: GHET1 enhances hypoxia induced
glycolysis, promoting cell proliferation and invasion, while LINK-A activates HIF1A
through phosphorylation even in normoxic conditions (A. Lin et al., 2016; Y. Wang &
Liu, 2021).

Moreover, IncRNAs regulate cancer stem cells (CSCs), promoting stem-like features,
the expression of stemness markers (Shima et al., 2018; Z. Xu et al., 2020) and,
consequently, epithelial-mesenchymal transition (EMT). LINC00921, which would be
a tumour and EMT suppressor, is downregulated in TNBC (J. Zhang et al., 2022),
while MALATTI is upregulated and enhances EMT features in hypoxia (Dragonetti et
al., 2024). The effect of IncRNAs is exerted also on angiogenesis: AFAP1-ASI
induces hypoxia-induced angiogenesis and vasculogenic mimicry and its targeting
could be part of antiangiogenic therapy. A similar role is performed by HOTAIR,
which is strongly upregulated during hypoxia (Garcia-Hernandez et al., 2024;

Lozano-Romero et al., 2020)

IncRNAs influences the tumour microenvironment. M2 macrophage polarization is
induced by MALATI, which is expressed in extracellular vesicles and activates the
Hippo/YAP pathway, promoting an immunosuppressive TME (Adewunmi et al.,
2023)
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Moreover, IncRNAs have also been identified as therapeutic targets: siRNAs targeting
DARS-AS1 inhibit its activity in enhancing migration, EMT and invasion,
suppressing tumour growth and sensitizing tumour cells to doxorubicin (X. Liu et al.,

2022, 2023).
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2. Aim

The primary objective of this thesis was to identify and characterize the molecular and
genetic features of breast cancer across different ethnic groups, with a particular

emphasis on transcriptomic analyses.

We investigated gene expression profiles obtained from both publicly accessible
databases and breast cancer samples analysed using RNA sequencing, followed by

comprehensive bioinformatic evaluation.

In addition to examining protein-coding genes, this study explored the role of long

non-coding RNAs (IncRNAs) and their contribution to breast cancer pathology.

Finally, special attention was given to ion channels and transporters, which are
increasingly recognized as key players in cancer progression, influencing cellular

proliferation, migration, and metastasis.

46



3. Materials and Methods

3.1. BRCA public datasets

Clinical features, gene expression and mutational data of 528 BRCA patients were
obtained from The Cancer Genome Atlas (TCGA), with open access. Only patients
whose available data included survival data (.tsv format), subtype, race, gene
expression (tpm files) and somatic mutational (maf files) data were selected. Data for

the survival analysis was downloaded through UCSC Xena Browser (University of

California, Santa Cruz, http://xena.ucsc.edu/) (Goldman et al., 2020). The accession

number for this dataset was phs000178.

Transcriptomic and mutational data were downloaded, prepared and normalized using
the R  (version 4.4.0) package ‘TCGAbiolinks’  version  2.32.0
(https://bioconductor.org/packages/TCGAbiolinks/) (Colaprico et al., 2016; Mounir et

al., 2019), an R package for the retrieval and analysis of TCGA data.

The project “TCGA-BRCA”, data category “Transcriptome Profiling” or “Simple
Nucleotide Variation”, data type “Gene Expression Quantification” or “Masked
Somatic Mutation” and the barcodes of the patients with “Asian”, “Black or African
American” and “White” in the “Race Category” category were selected, as it is the
classification used in TCGA data. Furthermore, patients were divided according to

their subtype into “Basal”, “HER2+”, “Luminal A” and “Luminal B”.

Healthy controls for the comparison with our TNBC samples were downloaded from
the GTEX database (Lonsdale et al., 2013), selecting “Breast Mammary Tissue”, and
selected based on sex (female) and age similar to the patients’, using the accession
number phs000424.v10.p2. 16 samples were used, the same number of patients in the

TNBC cohort.
3.2 Subtyping of TNBC

Classification of triple negative tumours into different TNBC subtypes was performed

employing the online tool TNBCtype (https://cbc.app.vumc.org/tnbe/) (Chen et al.,
2012), which is able to assign TNBC subtypes to samples according to gene

expression.
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3.3. Somatic mutations analysis

The presence of somatic mutations and mutational signatures in TCGA samples was
evaluated with maftools, v2.24.0 (Mayakonda et al., 2018). Maftools is a package for
the analysis and visualization of genomic data, employing files in the Mutation

Annotation Format (MAF).
34. Patient selection

The RNAseq analysis was conducted on 16 samples of triple negative breast cancer, 2
HER2+ breast cancer (one African and one European), 7 luminal A breast tumour
(one Arab, three Asian, three European), and 4 luminal B breast tumour (4 European
and one African), selected from the section of Pathological Anatomy of the
Department of Health Sciences, University of Florence. Clinical data were obtained
from Archimed database of Oncological Radiotherapy, department of Oncology,
Careggi University Hospital, Florence. Ethical approval for the use of these archival

samples was obtained from the ethical committee.
3.5. RNA extraction from FFPE tumour samples

RNA was extracted from formalin fixed paraffin embedded tumour samples. Only
samples with tumour cellularity higher than 80% were selected. For each sample 2
sections of 10mm each were deparaffinized with xylene and RNA was extracted using
the AllPrep DNA/RNA FFPE (QIAGEN, cat. no. 80234) kit as per the manufacturer
guidelines. Briefly, xylene was eliminated with 100% ethanol, pellet was
resuspended, treated with proteinase K at 56°C for 15 minutes and cooled on ice for 3
minutes. Samples were then centrifuged at 20000 g for 15 minutes to separate pellet
(containing DNA) from supernatant (containing RNA). The supernatant was then
incubated at 80°C for 15 minutes to remove modification in the RNA caused by
formaldehyde. Extraction was performed in order to extract not only messenger RNA
but also microRNAs. Supernatant was then transferred to an RNAeasy MinElute spin
column to isolate RNA, washed with wash buffers, treated with DNAse I to remove
DNA contamination and washed again. The column membrane was then dried, and
RNA was eluted in 14 ul of RNAse free water. RNA was quantified by measuring
absorbance at 260nm with a spectrophotometer. Eluted RNA was stored at -80°C.
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3.6. RNA sequencing, transcripts identification and quantification

RNAseq was performed on extracted RNA by Novogene, using the Illumina platform
NovaSeq 6000 (Pipeline in Figure 7). rRNA was removed from total RNA by using
specific probes, and mRNA was purified using poly-T oligo-attached magnetic beads.
cDNA was synthetized using random hexamer primers and dNTPs, and adapters were

then added. PCR products were then purified with AMPure XP beads to obtain strand

specific library. The library was then quantified using Qubit and Bioanalyzer (Agilent

Data Quality
Control

Technologies, CA, USA) for size distribution detection.
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Figure 7. Pipeline of [llumina sequencing and bioinformatic analysis

Fluorescence obtained from Illumina platform were transformed into short reads,
which were then recorded in FASTQ by base calling using CASAVA. The raw reads
were filtered to obtain the clean reads and improve the quality of analysis. Reads
containing adapters, containing more than 10% of bases that could not be determined
and low-quality reads (reads with Qscore/Quality value <= 5 in 50% of the bases)
were excluded. Clean reads were mapped to the reference genome using HISAT2

software (v2.2.1). A total of 12 million raw reads per sample were obtained.

Stringtie (v2.2.3) was then used to concatenate reads into transcripts and quantify
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them (Pertea et al., 2015) and to merge them. The reference genome used was Homo
Sapiens(GRCh38/hg38). The assembler transfrags were then compared to reference
transcripts with Gffcompare (v0.12.6) to determine if they were sufficiently different
to be considered novel in order to identify novel genes, exons, optimize the start and
end information of known transcripts and predict the coding potential of the selected
new transcripts. The protein coding potential of novel transcripts was evaluated
through three different algorithms: Coding-Non-Coding Index (CNCI), Coding
Potential Calculator (CPC), and Protein Function Prediction (PFP). CNCI (L. Sun et
al., 2013) is a signature tool able to distinguish protein-coding and non protein-coding
sequences. CPC (Kong et al., 2007) can access the protein-coding potential of a
transcript based on the quality of the open reading frame (ORF) and other features.
Finally, PFP (Hawkins et al., 2006) is able to assign functions and annotations to
transcripts. Only novel sequences which were identified as non-coding by all three

algorithms were categorized as novel IncRNAs.

Expression levels of mapped, spliced, screened transcripts and predicted transcripts
were then quantified, by estimating the abundance of transcripts. FPKM (Fragments
Per Kilobase of transcript sequence per Million base pairs sequenced) was used to
estimate gene expression levels. To identify putative target genes and the potential
function of novel IncRNAs, a Pearson correlation between transcripts and known

mRNA was performed, with positive correlation set as r > 0.7.

Variant site analysis was performed as well, employing GATK (v4.6.0.0) (McKenna
et al., 2010) and SnpEff (Cingolani et al., 2012).

3.7. Gene expression analysis

Principal component analysis of the TCGA cohort was performed with PCAtools,
v2.20.0 (Blighe & Lun, 2025), employing gene expression. PCA plots, boxplots and
barplots were designed with ggplot2, v4.4.0 (Wickham, 2016).

Employing the R package DESeq2 1.44.0
(https://www.bioconductor.org/packages/DESeq/) (Love et al., 2014), which

identifies differentially expressed genes between different conditions, differential
expression analysis to evaluate transcriptomic data differences across two groups of

patients was performed: patients belonging to different ethnicities (Asian vs Black or
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African American — Asian vs White — Black or African American vs White). The
patients with basal subtypes were compared with each of the other subtypes (HER2+,
Luminal A, Luminal B). For all comparisons, genes with a fold change higher than
1.5 or lower than -1.5 and with an adjusted p-value <0.05 were considered
differentially expressed. Adjusted p-value was calculated using the Benjamini-

Hochberg method control the false discovery rate (FDR).

Differential expression analysis was also performed on primary TNBC samples,
comparing them to healthy controls from the GTEX database (Lonsdale et al., 2013)
and between patients of different ethnicities in our cohort. edgeR (v4.0.16) (Robinson
et al., 2010) was employed by Novogene in this case to analyse differential expression
in sequenced samples, due to its better capability of handling samples with high RNA

expression variability.
3.8. Enrichment analyses

Enrichment analyses were performed employing the R packages ‘clusterProfiler’
version 4.12.2 and ‘enrichplot’ version 1.24.2
(https://bioconductor.org/packages/enrichplot/; https://yulab-smu.top/biomedical-
knowledge-mining-book/) (T. Wu et al., 2021; Yu et al., 2012, 2015), which provide

gene functional annotation and the possibility to plot enrichment results.
Differentially expressed genes (DEGs) were assigned to different pathways using the
Gene Ontology (GO, https://geneontology.org/) (CRAN: Survival Citation Info, n.d.),

Kyoto Encyclopedia of Genes and Genomes (KEGG, https://www.kegg.jp/) and
Disgenet (DGN, https://disgenet.com/) databases. Enrichment analysis was performed

on significant differential expressed genes, with threshold set as adjusted p-value <

0.05.
3.9. Survival analyses

Survival curves were plotted employing the R package ‘survival’ version 3.7.0

(https://cran.r-project.org/web/packages/survival) (Therneau, 2024). Patients were

divided into groups according to the gene expression of the selected gene or novel
IncRNA, using the median value of each gene as a cutoff, and their effect on survival

was evaluated using the log-rank test statistical method.
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4. Results

4.1.

Before conducting transcriptomic data analysis, we assessed the distribution of

Breast cancer subtype, race and incidence in the TCGA cohort

different subtypes of breast cancer across different ethnicities, and the proportional

contribution of each ethnicity to the total case numbers for each subtype (Figure 8).
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Figure 8. A) Breast cancer subtype distribution in Asian, Black and White patients B)

Incidence of different subtypes of breast cancer in Asian, Black and White patients.

Characteristics of selected patients are summarized in Table 1.

Category Number of Percentage (%)
patients
Age (years)
<40 69 7.81
40-49 182 20.61
50-59 235 26.61
60-69 225 25.48
>=170 172 19.48
Subtype
Basal 163 18.46
HER2+ 65 7.36
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Luminal A 453 51.30

Luminal B 167 18.91

Normal 35 3.96
Race/Ethnicity

Asian 58 9.22

Black or African 150 23.85

American

White 421 66.93
Stage

Stage | 161 18.23

Stage 11 516 58.44

Stage 111 193 21.86

Stage IV 13 1.47

Table 1. Demographic and clinical characteristics of selected TCGA breast cancer
patients

In the basal subtype, Black patients constituted the biggest fraction, while Asian
patients were the most numerous in the HER2+ subtype and White patients in the
luminal A one, with results aligning to published literature. Similar observations were
made in the subtype distribution in each ethnicity, with the basal subtype being the
most frequent in Black patients, the HER2+ the most frequent in the Asian cohort and

the luminal A the most frequent among White patients.

We then performed principal component analysis (PCA) on breast cancer samples
based on transcriptomic data. Each subtype was well separated from the others, with
the exception of the luminal subtypes, which show some overlap (Figure 9A). The
basal subtype was clearly separated from the other subtypes, while the HER2+ one

appeared as intermediate between luminal subtypes and the basal one (Figure 9A).

Different ethnicities, instead, did not show a clear-cut division between each other

(Figure 9B).
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Figure 9. Principal component analysis based on gene expression of TCGA samples.
Colours of the sample represent different A) breast cancer subtype and B) ethnicity

When examining differences within each subtype, no separation can be observed,
probably due to the low number of non-White patients, at least in part (Figure 10).
Conversely, separation by subtype is evident within each individual ethnic group,

with basal and luminal subtypes being distinctly separated from one another (Figure
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4.2. Differential gene expression and pathway enrichment across

different ethnicities

We performed a first differential expression analysis between patients belonging to
different ethnic groups (Asian vs Black or African American; Asian vs White; Black
or African American vs White), identifying several differentially expressed genes
(DEGs) (Figure 12). However, due to the intrinsic differences between breast cancer
subtypes and the different distribution of subtypes across ethnicities, we decided to
perform another differential expression analysis, between ethnicities in the same

subtype. Differential expression analysis was normalized according to tumour stage.
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Figure 12. Volcano plot representing differentially expressed genes between A) Asian
and Black patients, B) Asian and White patients and C) Black and White patients.
Orange dots: upregulated genes. Blue dots: downregulated genes. Grey dots: non-
significant genes

We therefore obtained differential gene expression between ethnicity by subtype and

performed enrichment analysis on resulting DEGs.

In the basal subtype (Figure 6), Asian patients have higher expression of genes
involved in ErbB signalling pathway compared to Black patients (Figure 13A), while
White patients have higher hormone signalling. Black patients, instead, show an
upregulation of chemical carcinogenesis through DNA adducts and a downregulation
of cell adhesion molecules, compared to Asian patients. This pattern aligns with the
higher aggressiveness and metastatic potential observed in breast tumours among

Black patients.
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Figure 13. Differentially enriched pathways (Kegg, Kyoto Encyclopedia of Genes and
Genomes) in the basal subtype. A) Pathways upregulated and downregulated in Black
patients compared to Asian patients B) Pathways upregulated and downregulated in
White patients compared to Asian patients C) Pathways upregulated and
downregulated in White patients compared to Black patients

Detailed analysis further showed that Black patients present upregulation of
glutathione S-transferase (GST), which is involved in metabolism of aromatic

hydrocarbons (Figure 14).
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Figure 14. Pathview of the chemical carcinogenesis pathway (DNA adducts) with
differential expressed genes. Green genes are downregulated, red genes are
upregulated.

In the HER2+ subtype (Figure 15), enrichment analysis was not feasible between
Asian and Black patients, due to the low number of differentially expressed genes
identified. White patients showed an increased expression of t-he biosynthesis of
cofactors compared to Asian and Black patients and of several metabolic pathways
compared to Black patients only: drug and xenobiotics metabolism by cytochrome
P450 and other enzymes, pentose and glucuronate interconversions, porphyrin
metabolism. Chemical carcinogenesis was also enriched in this group, both involving
DNA adducts and receptor activation. Consistent with the basal subtype findings,
Black patients in this cohort also show a downregulation of cell adhesion molecules

compared to White patients.
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Figure 15. Differentially enriched pathways (Kegg, Kyoto Encyclopedia of Genes and
Genomes) in the HER2+ subtype. A) Pathways upregulated and downregulated in
White patients compared to Asian patients B) Pathways upregulated and

downregulated in White patients compared to Black patients

The luminal A subtype (Figure 16) also lacked sufficient DEGs to perform pathway
enrichment between Asian and Black patients. White patients exhibited significant
enrichment of metabolic pathways, compared to other ethnicities. This includes
retinol metabolism and drug and xenobiotics metabolism (compared to Asian
patients), and glycolysis, gluconeogenesis, pyruvate metabolism, retinol metabolism
and drug and xenobiotics metabolism (compared to Black patients). Conversely,
cholesterol metabolism was more enriched in Black patients. White patients have also

showed upregulation of MAPK and PI3K-Akt signalling pathway.
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Figure 16. Differentially enriched pathways (Kegg, Kyoto Encyclopedia of Genes and
Genomes) in the luminal A subtype. A) Pathways upregulated and downregulated in

White patients compared to Asian patients B) Pathways upregulated and
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downregulated in White patients compared to Black patients

Finally, in the luminal B subtype (Figure 17), White patients have an enrichment of
IL-17 signalling pathway compared to Asian patients, and of chemical carcinogenesis

compared to Black patients.
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Figure 17. Differentially enriched pathways (Kegg, Kyoto Encyclopedia of Genes and
Genomes) in the luminal B subtype. A) Pathways upregulated and downregulated in
Black patients compared to Asian patients B) Pathways upregulated and
downregulated in White patients compared to Asian patients C) Pathways
upregulated and downregulated in White patients compared to Black patients

4.3. Differential gene expression and pathway enrichment across

different ethnicities, by TNBC subtype

Moreover, we performed differential expression analysis and enrichment analysis on

patients of different ethnicities within the same triple negative breast cancer subtype,
61
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after performing classification through the TNBCtype online tool. However, the
limited numbers of non-white patients restricted the comparison: no analysis with
Asian patients was possible, and enrichment analysis between Black and White
patients was feasible only in the basal-like 1 and mesenchymal subtypes (Figure 18).
Out of all basal breast tumours from TCGA, only 10 were classified as BL-1, with 7
being from White patients and 3 from Black ones. Mesenchymal tumours were 17, 14
White and 3 Black. In the BL-1 subtype, White patients present an upregulation of Il-
17 signalling pathway and cornified envelope, while in the mesenchymal subtype,

they show a suppression of hormone signalling.
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Figure 18. A) Upregulated pathways in White patients compared to Black patients in
the basal-like 1 subtype B) Downregulated pathways in White patients compared to

Black patients in the mesenchymal subtype

4.4. Differentially expressed genes and impact on survival

A screening on differentially expressed genes was performed, identifying several
differentially expressed genes with an impact on survival, either in specific breast
cancer subtypes, particular ethnicities or in breast cancer patients overall, highlighting

ethnic and subtype specific prognostic markers.

The chemokine encoding genes CXCL6 and CXCLS (Figures 19 and 20) are more
expressed in tumours of White patients compared to Black ones, respectively in the
basal and HER2+ subtypes. Although not significant, their expression is also higher
in Asian patients. In both subtypes, a higher expression level of these genes correlated
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with better prognosis.
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Figure 19. CXCL6 gene expression (tpm) by race in different subtypes of breast
cancer (A4), and survival curves according to its expression levels in Black patients
with basal breast cancer (B). Asterisks represent statistical significance: *: adjusted

p-value <0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001
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Figure 20. CXCLS8 gene expression (tpm) by race in different subtypes of breast
cancer (A), and survival curves according to its expression levels in White patients
with HER2+ breast cancer (B), regardless of ethnicity. Asterisks represent statistical
significance: *: adjusted p-value < 0.05 **: adjusted p-value < 0.01 ***: adjusted p-
value < 0.001

63



Glutathione S-transferase Mul (GSTM1) (Figure 21) is significantly downregulated in
basal tumours of Asian patients compared to both Black and White patients. Its high
expression, in fact, correlates with a worse overall survival in this subtype. Similarly,
THBS3 (Figure 22) was also downregulated in basal breast cancer patients of Asian
ethnicity, with Black patients showing the highest expression and correlating with a

worse overall survival.
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Figure 21. GSTM1 gene expression (tpm) by race in different subtypes of breast
cancer (A), and survival curves according to its expression levels in basal breast
cancer (B) regardless of ethnicity. Asterisks represent statistical significance: *:

adjusted p-value < 0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001
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Figure 22. THBS3 gene expression by race (tpm) in different subtypes of breast
cancer (A), and survival curves according to its expression levels in basal breast
cancer (B) regardless of ethnicity. Asterisks represent statistical significance: *:

adjusted p-value < 0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001

Focusing on ion channels and transporter, it emerged that a small set of genes

influences survival: CLCA2, SCN1A, ABCA4, KNCK3, and KCNIP3.

CLCA?2 (Figure 23) had the lowest expression in Black patients across all subtypes,
while its expression is higher in Asian patients. Furthermore, survival analysis
showed that high expression of CLCA2 correlates with a better prognosis. This is
particularly accentuated in Black patients, the only group in which this correlation is
statistically significant. In the other ethnicities, instead, the correlation is less striking
(White), or absent (Asian). CLCA2 was also more highly expressed in the HER2+
subtype, compared to the other subtypes.
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Figure 23. CLCA2 gene expression (tpm) in different subtypes of breast cancer (4),
and survival curves according to its expression levels, in Asian (B), Black (C) and
White (D) patients. Asterisks represent statistical significance: *: adjusted p-value <

0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001

SCNIA, instead, shows a quite higher expression in Black patients compared to other
ethnicity (Figure 24), and the difference is statistically significantly in all subtypes
except the HER2+ one. Higher expression of SCN/A correlates with a worse overall

survival, aligned with Black patients” worse prognosis and more aggressive disease.
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Figure 24. A) SCNIA expression (tpm) in the different subtypes of breast cancer
according to ethnicity. B) Survival curve of breast cancer patients according to the
expression of SCNI1A. Asterisks represent statistical significance: *: adjusted p-value

<0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001

The ABC transporter ABCA4, whose high expression correlates with a better overall
survival (OS) in luminal B breast cancer, was found to have a lower expression in

Black luminal B breast cancer patients (Figure 25).
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Figure 25. A) ABCA4 expression (tpm) in the different subtypes of breast cancer
according to ethnicity. B) Survival curve of luminal B breast cancer patients
according to the expression of ABCA4, regardless of ethnicity. Asterisks represent
statistical significance: *: adjusted p-value < 0.05 **: adjusted p-value < 0.01 ***:

adjusted p-value < 0.001

The potassium channel gene KCNK3 (Figure 26) was more expressed in Asian

patients of luminal B subtype and correlates with a worse overall survival.
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Figure 26. A) KCNK3 expression (tpm) in the different subtypes of breast cancer
according to ethnicity. B) Survival curve of luminal B breast cancer patients
according to the expression of KCNK3 regardless of ethnicity. Asterisks represent
statistical significance: *: adjusted p-value < 0.05 **: adjusted p-value < 0.01 ***:

adjusted p-value < 0.001

Conversely, the potassium channel interacting protein KCNIP3 showed a higher
expression in Black basal breast cancer patients and its expression correlated with a

worse overall survival in breast cancer without being subtype-specific (Figure 27).
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Figure 27. A) KCNIP3 expression (tpm) in the different subtypes of breast cancer
according to ethnicity. B) Survival curve of breast cancer patients (all subtypes and
ethnicities) according to the expression of KCNIP3. Asterisks represent statistical
significance: *: adjusted p-value < 0.05 **: adjusted p-value < 0.01 ***: adjusted p-
value <0.001

Non-protein coding genes were also found to be differentially expressed across ethnic
groups. Among those are IncRNAs such as LINC00624 and LINC02579 and
transcripts with no known role: 4C092979.1, AL031848.1 and AL590666.3.

LINC00624 was upregulated in HER2+ breast cancer of Black patients and its high

expression correlates with worse overall survival in breast cancer, in general (Figure

28).
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Figure 28. LINC00624 gene expression (tpm) by race in different subtypes of breast
cancer (A), and survival curves according to its expression levels in breast cancer (all
subtypes and ethnicities) (B). Asterisks represent statistical significance: *: adjusted

p-value < 0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001
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LINC02579 high expression, instead, correlates with a better prognosis in breast

cancer with no subtype specificity, and is upregulated in Asian patients in the luminal

B subtype (Figure 29).
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Figure 29. LINC02579 gene expression (tpm) by race in different subtypes of breast

cancer (A), and survival curves according to its expression levels in breast cancer (all

subtypes and ethnicities) (B). Asterisks represent statistical significance: *: adjusted

p-value <0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001

AC092979.1, which appears more characteristic of luminal subtypes compared to the

others, is upregulated in White patients, and correlates with a worse prognosis in the

luminal A subtype (Figure 30).
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Figure 30. AC092979.1 gene expression (tpm) by race different subtypes of breast
cancer (A), gene expression by subtype in different ethnicities (B) and survival curves
according to its expression levels in the luminal A subtype regardless of ethnicity (C).
Asterisks represent statistical significance: *: adjusted p-value < 0.05 **: adjusted p-

value < 0.01 ***: adjusted p-value < 0.001

AL031848.1 (Figure 31) correlates with a worse prognosis in the basal subtype and is

upregulated in Black basal breast cancer patients.
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Figure 31. AL031848.1 gene expression (tpm) by race in different subtypes of breast
cancer (A), and survival curves according to its expression levels in the basal subtype
(B, regardless of ethnicity. Asterisks represent statistical significance: *: adjusted p-

value < 0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001

AL590666.3 also correlates with poor prognosis, but in the luminal A subtype and is
upregulated in Black patients in both basal and luminal A subtype (figure 32).
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Figure 32. AL590666.3 gene expression (tpm) by race in different subtypes of breast
cancer (A), and survival curves according to its expression levels in the luminal A
subtype, regardless of ethnicity (B). Asterisks represent statistical significance: *:

adjusted p-value < 0.05 **: adjusted p-value < 0.01 ***: adjusted p-value < 0.001

4.5. Mutational profile across subtypes
Different subtypes demonstrated to have different incidence of mutations as well.

In the basal subtype, FAT3 was mutated in 43% of Asian patients, but only in 4% and
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8% of Black and White patients, respectively. FLG2 was mutated with significantly
higher frequency in Black patients (12% versus 0% in Asian patients and 2% in White
patients), and a similar mutation rate was found for CDH26 (10% in Black patients,
0% in Asian and White patients). On the other hand, CREBBP was found to be
mutated only in White patients (10%). It is important to note that some genes, such as
MUCI6, TTN, SYNEI and USH2A, are reported by the software as FLAG genes,
intended as large genes which often present mutations, but are not likely to harbour

driver mutations relevant to cancer development or biology (Figure 33A).

In general, the WNT and Hippo pathways are more frequently mutated in Asian
patients compared to other ethnicities, while the opposite is true for RTK-RAS.
Notch, instead, has a similar mutation rate between Asian and Black patients, while it
is more often mutated in White patients (Figure 33B). Both Asian and Black patients
present APOBEC cytidine deaminase as their most common mutational signature,
while this is not present in White patients, where defects in DNA repair are more

likely to originate mutations.
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pathways affected by mutations in basal breast cancer in different ethnicities C) Top
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mutational signatures in basal breast cancer in different ethnicities

In HER2+ subtype, there was no significant difference in mutated genes, however
KMT2D mutations were more common in Asian patients (20%) versus White patients

(9%) while no mutations were detected in Black patients.

Black patients had higher mutation rate of BLM, COLI12A41 and KMT2C, all present in
27% of patients. BLM mutations were found only in 3% of White patients and in no
Asian patient, while COL1241 and KMT2C have a similar mutation rate in Asian and
White patients (7% and 6% respectively) (Figure 34).

Hippo and TGF-beta pathways are less mutated in Asian patients (20% and 0%)
compared to Black (45% and 9%) and White patients (31% and 11%). The Notch
pathway is more frequently mutated compared to black patients, and the PI3KCA
pathway is mutated at higher frequency compared to White patients. WNT is part of
the pathway with the highest variability in mutation rate, with 13% in Asian patients,
36% in Black patients and 20% in White patients. The most common mutational

signatures are similar between ethnicities.
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74

C>A C>G C>T T>A T>C T>G



In the luminal A subtype (Figure 35), Asian and White patients have a similar
PIK3CA mutation rate (53%), while it is lower in Black patients (37%). CDHI and
GATA3 are more frequently mutated in Asian patients (24%) compared to Black (10%
and 0%) and White patients (14%).

RTK-RAS pathway has the highest mutation rate in Asian patients (32% vs 17%),
while Notch and Hippo have the lowest mutation rate (6% and 0% vs 23-25% and 11-
16%). Defects in POLE polymerase are the most common cause of mutations in
White patients but not in the other groups, where spontaneous deamination of 5-
methylcytosine is more common (Figure 35C).
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Figure 35. A) Top mutated genes in luminal A breast cancer in different ethnicities B)
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C) Top mutational signatures in luminal A breast cancer in different ethnicities
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In the luminal B subtype (Figure 36), GATA3 is significantly more frequently mutated
in Asian patients compared to other ethnicities (47% versus 21% in Black patients and
18% in White patients); ARIDIA is more commonly mutated in Asian patients as well

(20% vs 0% vs 4%).

Genes involved in the PI3K and Wnt pathways have the highest mutation rate in
Asian patients compared to other ethnicities. Black patients have the lowest mutation
rate in both PI3KCA and TP53, and the highest in RTK-RAS. Notch, instead, has the
lowest mutation rate in Asian patients. APOBEC cytidine deaminase is the most
common mutational signature in all ethnic groups, with spontaneous deamination of
5-methylcytosine being second in all but White patients, who instead present

mutations caused by defects in the DNA mismatch repair pathway (Figure 36).
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4.6. Differential gene expression across breast cancer subtypes
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We performed an analysis on TCGA samples to determine differential gene
expression between breast cancer subtypes, comparing patients with triple negative
breast cancer with patients with breast cancer belonging to other subtypes: HER2 +,

Luminal A and Luminal B.

Our comparisons included 150 TNBC patients versus 78 HER2+ breast cancer, 150
Luminal A breast cancer and 150 Luminal B breast cancer, selected from patients in

Table 1. The reduced number of patients was chosen due to computational limitations.

MAplots showing the distribution of the differentially expressed genes (DEGs) is
shown in Figure 37. The plots display gene expression levels against Log2 fold
changes between different basal breast cancer and other subtypes. It can be observed
that across all comparisons a substantial number of genes are differentially expressed

(blue dots) while a smaller number of genes show no deregulation.
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Figure 37. Distribution of differentially expressed genes in basal breast cancer
compared to a) HER2+ breast cancer b) luminal A breast cancer c) luminal B breast

cancer. Blue dots: significant DEGs, Grey dots: non-significant DEGs

In Figure 38 are presented Volcano plots displaying Log2FoldChange between
different basal breast cancer and other subtypes and their significance, with orange

dots representing upregulated genes and blue dots downregulated ones.
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Figure 38. Volcano plot showing DEGs in patients with basal breast cancer
compared to compared to a) HER2+ breast cancer b) luminal A breast cancer c)
luminal B breast cancer. Labelled genes are the ones with the highest fold change,

both upregulated (orange dots) and downregulated (blue dots)

From the volcano plots it can be observed that in every comparison a high number of
genes turned out to be dysregulated, either up- (orange dots) and down-regulated
(blue dots) supporting the hypothesis that differences in the genetic landscape are

present in the different molecular subtypes of breast cancer.

In the following tables (Table 2-4) top 10 DEGs (downregulated and upregulated in
TNBC compared respectively to HER2+ breast cancer, luminal A breast cancer and

luminal B breast cancer) are listed.

GeneName Log2FC | AdjPValue | GeneName | Log2FC | PValue AdjPValue

CLEC3A -7.345 2.40E-35 SERPINB4 | 3.971 6.72E-16 | 1.06E-13

RF00017 -7.187 3.20E-11 SERPINB3 | 3.714 8.47E-11 | 5.29E-09
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ABCCI12 -6.954 5.89E-42 CA6 3.501 6.15E-17 | 1.13E-14
RNUI1-88P -6.862 1.00E-12 AL035425.3 | 3.462 1.77E-15 | 2.57E-13
SULTI1C3 -6.777 1.22E-09 CERS3 3.346 1.73E-23 | 8.46E-21
AP002001.2 | -6.634 6.90E-15 SPRR2G 3.333 1.21E-07 | 3.56E-06
DSCAM-ASI | -6.595 1.05E-21 AL161431.1 | 3.293 8.14E-08 | 2.50E-06
AP002001.1 -6.324 3.00E-19 CMTMS5 3.198 9.85E-13 | 9.00E-11
NXPHI -6.319 1.35E-23 SERPINB7 | 3.194 5.76E-20 | 1.72E-17
PNMT -6.167 4.04E-56 LALBA 3.186 1.11E-06 | 2.44E-05

Table 2. Top 10 downregulated and upregulated gemes in basal breast cancer

compared to HER2+ breast cancer.

GeneName | Log2FC | PValue AdjPValue | GeneName | Log2FC | PValue | AdjPValue
CST5 -9.740 1.54E- 3.26E-113 | MAGEA4 9.582 9.01E- | 3.82E-62
115 64
AC093292.1 | -9.661 1.44E-63 | 6.10E-62 LINC00392 | 9.578 3.61E- | 1.14E-53
55
CLEC3A -9.295 1.66E-93 | 1.76E-91 AL161431. | 9.186 1.12E- | 9.70E-84
1 85
AC093297.1 | -9.017 5.37E- 1.18E-114 | PRSS33 8.937 6.65E- | 4.66E-153
117 156
CST9 -8.981 3.09E-96 | 3.64E-94 FTHL17 8.713 6.35E- | 8.95E-32
33
LINCO02224 | -8.831 2.10E- 8.34E-134 | CTS83 8.627 3.51E- | 3.57E-90
136 92
CPBI1 -8.645 1.63E- 6.09E-130 | NFE4 8.459 1.18E- | 4.46E-130
132 132
CARTPT -8.149 5.08E-36 | 8.13E-35 XAGE2 8.202 7.19E- | 1.77E-46
48
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ENSGO00000 | -8.014 2.72E- 2.35E-158 | AC010789. | 8.155 1.19E- | 7.01E-72

286208.1 161 1 73

ACO008663.1 | -7.957 1.33E- 2.67E-183 | LINC00393 | 8.075 2.12E- | 8.07E-131
186 133

Table 3. Top 10 downregulated and upregulated genes in basal breast cancer

compared to luminal A breast cancer

GeneName | Log2FC | PValue AdjPValue | GeneName | Log2FC PValue | AdjPValue

DSCAM- -9.656 4.54E-143 2.60E-140 | CSN3 11.28 3.02E- | 3.97E-88

AS1 90

CLEC3A -9.185 6.30E-102 1.17E-99 PRSS33 9.799 5.11E- | 9.02E-176
179

CST9 -9.111 7.78E-94 1.11E-91 LINC00392 | 9.419 3.76E- | 1.66E-53
55

VSTM2A -9.063 9.54E-101 1.68E-98 FDCSP 9.385 3.70E- | 2.59E-149
152

AC044784.1 | -8.506 6.86E-143 3.88E-140 | AL161431.1 | 9.285 291E- | 3.84E-88
90

VSTM2A- -8.469 5.21E-53 2.14E-51 LINC00393 | 9.134 9.12E- | 6.71E-150

OTl1 153

GPR139 -8.420 5.06E-81 4.96E-79 LALBA 8.906 1.68E- | 8.67E-58
59

80




CST5 -8.398 6.14E-84 6.49E-82 SMR3B 8.780 5.27E- | 8.31E-29
30

ENSGO00000 | -8.247 3.72E-101 6.65E-99 PRR27 8.622 4.63E- | 2.42E-58

287900.1 60

RNU6-813P | -8.153 1.19E-147 7.31E-145 | XAGE2 8.565 4.56E- | 1.88E-51
53

Table 4. Top 10 downregulated and upregulated gemnes in basal breast cancer

compared to luminal B breast cancer

To identify genes consistently dysregulated in TNBC, we intersected the sets of
upregulated and downregulated genes from each comparison. The top 10 intersected

DEGs are reported in Table 5, along with their mean Log2FoldChange values.

GeneName Mean Log2FC GeneName Mean Log2FC
LINC00392 -9.410 CLEC3A 9.179
AL161431.1 -9.018 CST9 9.111
PRSS33 -8.956 DSCAM-ASI1 8.791
CSN3 -8.842 AC044784.1 8.540
NFE4 -8.473 CSTS 8.400
XAGE2 -8.221 ENSG00000286208.1 | 7.888
SMR3B -8.119 VSTM2A 7.802
LINC00393 -8.094 TFF1 7.782
ZFP42 -8.010 CPBI 7.622
LALBA -7.936 LINC02224 7.539

Table 5. Top 10 common downregulated and upregulated genes in basal breast

cancer compared to other subtypes.
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4.7. Pathway analysis

We then performed pathway enrichment analyses, using KEGG ontology, on the

differentially expressed genes, whose results are reported in Figure 39.

Figure 39. Dot plots of differentially enriched pathways (KEGG) in basal breast
cancer compared to HER2+ (A), luminal A (B) and luminal B breast cancer (C)

Regarding KEGG pathways, the basal subtype is enriched in genes involved in IL-17
signalling pathway, while it has a downregulation in tight junctions, chemical
carcinogenesis by receptor activation and drug metabolism compared to the HER2+
subtype (Figure 39A). Compared to the luminal A subtype, basal tumours exhibit
upregulation of genes associated with cell cycle, IL17 signalling pathway, Wnt
signalling pathway, signalling regulating the pluripotency of stem cells, and
downregulation of drug metabolism and chemical carcinogenesis, both by DNA
adducts and by reactive oxygen species (Figure 39B). Similarly, when compared to
the luminal B subtype, the basal subtype shows upregulation of genes involved in Wnt
signalling pathway and IL-17 signalling pathway, alongside downregulation of genes

involved in chemical carcinogenesis and drug metabolism (Figure 39C).
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4.8. Association with clinical data

Clinical data were available for 14 out of 16 patients, and are shown in Table 6.

Among these, 3 patients (21.4%) were diagnosed with infiltrating apocrine breast

cancer, while the remaining 11 (78.6%) had ductal infiltrating breast cancer. Tumour

grades were either grade 2 (21.4%) or 3 (78.6%). No patients showed metastasis, and

only one of them had a relapse (7.1%). Regarding TNM staging, 8 patients (57.1%)
were classified as T1, 5 patients (35.7%) as T2 and 1 patient (7.1%) as T3. Lymph
node metastasis was absent (NO) in 5 patients (35.7%), while other 5 (35.7%) were
staged as N1, 1 as N2 and 2 (14.3%) as N3.

Category Number of patients Percentage (%)
Histotype

Ductal infiltrating 11 78.57

Infiltrating apocrine | 3 21.43
Grade

G2 3 23.08

G3 10 76.92
Tumour stage

T1 8 57.14

T2 5 35.71

T3 1 7.14
N stage

NO 5 38.46

NI 5 38.46

N2 1 7.69
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N3 2 15.38

Table 6. Clinical characteristics of TNBC patients

4.9. RNAseq data of TNBC samples

RNA sequencing was performed on a cohort of 16 TNBC patients. Principal
component analysis (PCA) plots of mRNA and IncRNA expression showed overall
similarity among samples, except for two distinct outliers visible as separated circles
in both plots (Figure
40).
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Figure 40. Principal component analysis of 16 TNBC based on A) mRNA expression

and B) IncRNA expression (read counts)

Gene expression varied across samples, as depicted in the PCA plot, with only 5
samples showing notable gene co-expression. Correlation analysis between samples,
based on both mRNA and IncRNA expression was conducted (Figure 41): in the

correlation matrix it can be observed that some level of correlation was present
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between the five samples with better RNA yield, but not with the other samples, and

was less marked when based on IncRNA expression.
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Figure 41. Correlation between samples based on A) mRNA expression and B)

IncRNA expression

Possibly due to RNA quality and quantity, only 5 samples exhibited significant gene

co-expression, as shown in Figure 42. The co-expression Venn diagram illustrates the

number of genes uniquely expressed within each sample, while overlapping regions

indicate the number of genes that are co-expressed in two or more samples. A total of

66 genes were found to be co-expressed among these samples.
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Figure 42. A) mean gene expression in each sample. B) Co-expressed genes in the five

samples with better RNA quality

Differential expression analysis was performed between TNBC samples and healthy

controls retrieved from the GTEX database. Figure 43A presents the principal

component analysis (PCA) distinguishing TNBC from healthy samples: as shown, the

two groups of samples are well separated with most of the samples clustered in

definite areas, with one outlier in each group. Figure 43B illustrates gene counts for

upregulation and downregulation across comparisons; although samples are highly

variable, the majority of comparisons show substantially more upregulated genes than

downregulated ones.
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Figure 43. A) Principal component analysis of breast cancer samples and healthy



samples. B) Number of differentially expressed genes between triple negative breast

cancer samples and healthy controls.

The differentially expressed genes exhibited substantial variation across all
comparisons. Figure 44 displays Venn diagrams highlighting the overlap of DEGs
shared between comparisons, identifying the genes most consistently upregulated or

downregulated across groups.

comp12 comp3 comp8 comp2

Figure 44. Venn diagrams showing the most common DEGs across different

comparisons

4.10. Enrichment

Enrichment analysis was performed on DEGs, for each tumour versus healthy sample.
However, to better characterise the differences between TNBC samples and healthy
controls, we intersected dysregulated pathways to find the most common altered Gene
Ontology (GO) (Figure 45A and 45B) and KEGG (Figure 45C and 45D) pathways,

both up and downregulated, across the five samples exhibiting gene co-expression.
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Figure 45. A) and B) Common GO dysregulated pathways. C) and D) common KEGG

dysregulated pathways

Among the dysregulated GO pathways, upregulated terms included microtubule

motor activity, protein dimerization,

microtubule binding,

DNA binding.

Downregulated GO pathways included antigen processing and presentation and MHC

II protein complex. Dysregulated KEGG pathways included, among upregulated ones,

Fanconi anaemia, cell cycle, chromatin remodelling and neutrophil trap formation.

Among downregulated KEGG pathways there were antigen processing and

presentation, cell adhesion molecules and calcium signalling pathway.

Furthermore, we performed enrichment analysis on common differentially expressed

genes. Overall, TNBC samples demonstrated upregulation in protein targeting to the

membrane and to the endoplasmic reticulum, and downregulation in antigen

processing and presentation, MHC II protein complex assembly, collagen containing

extracellular matrix, components of ribosomes and protein binding (Figure 46).
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Figure 46. Enriched pathways according to common DEGs. A) Biological process,
upregulated B) Biological process, downregulated, C) Cellular component,
upregulated D) Cellular component, downregulated, E) Molecular function,

downregulated

4.11. Identification of single nucleotide polymorphisms in the

transcripts

RNA sequencing also identified insertions/deletions (INDELs) and single nucleotide
polymorphisms (SNPs) within the RNA sequence. Figure 47 presents the impact of
INDELSs (A) and SNPs (B) on genes in each sample. Several variants act as modifiers
in most of the cases, and are present in all samples, whereas the ones with high,

moderate or low impact are less frequent. The number of INDELs and SNPs is highly
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variable across samples, ranging from as few as six or seven in some samples to

several thousands in others, thus the variant counts are reported on a logarithmic scale
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MCDERATE

for better visualization.
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2

Figure 47. Number and effect of INDELs (A) and SNPs (B) in each sample

4.12. IncRNAs identification and correlation with known messenger
RNA

RNA sequencing identified both known and novel transcripts, belonging to both
mRNA and IncRNA categories. The characteristics of these transcripts are
summarized in Figure 48, showing that novel mRNAs and IncRNAs share similar
features with their known

counterpart.
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Figure 48. Exon number (A), length of transcript (B) and ORFs (C) of novel and
annotated mRNAs and IncRNAs

Novel transcript underwent protein coding potential analysis through three different
algorithms: CPC, CNCI, PFAM (Figure 49A). The intersection of these three methods

identified 11999 novel IncRNAs, which were further classified into intronic IncRNAs
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(49%), overlapping IncRNAs (21.6%), lincRNAs (20.6%) and antisense IncRNAs
(8.6%). The genomic distribution of novel IncRNAs is presented in Figure 49C.

A CPC CNCI
1095
1383 311
lincRNA(20.6%)
f . antisense(8.8%)
| 867 . sense_overlapping(21.6%)
B sense_invonic(a0.0%)
1172
PFAM

2
CHROMOSOME

Figure 49. A) Protein coding potential analysis of novel transcripts, B) classification

of novel IncRNAs and C) distribution across chromosomes of novel IncRNAs

Figure 50 shows the most common across samples annotated (A) and novel (B)

IncRNA:s.
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We then evaluated the potential co-expression between IncRNAs and mRNAs using
Pearson correlation analysis. A positive correlation between a IncRNA and a mRNA
was defined as a Pearson correlation greater than 0.7 and a p-value less than 0.05.
Furthermore, we performed enrichment analysis on co-expressed genes, to elucidate

the possible biological role of the identified IncRNAs.
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Figure 51 shows GO categories (Biological Process/BP, Cellular Component/CC,
Molecular Function/MF) and Disease Gene Network (DGN) enriched pathways.
DGN enrichment revealed involvement in inflammation, various types of cancer

(meningioma, sarcoma), invasive breast carcinoma and intraductal carcinoma.
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Figure 51. Pathway enrichment in genes co-expressed with novel IncRNAs A) BP
enriched pathways, B) CC enriched pathways C) MF enriched pathways D) DGN
enriched pathways

Genes associated with various breast cancer subtypes (basal-like breast carcinoma,
familial breast cancer, HER2-negative breast cancer and invasive ductal breast

carcinoma), were all tightly interconnected (Figure 52).
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Figure 52. Network of enriched genes in DGN pathways involved in breast carcinoma

KEGG pathway analysis showed enrichment in cytokine-cytokine receptor
interactions, various types of chemical carcinogenesis (receptor activation, DNA

adducts), basal cell carcinoma and microRNAs in cancer (Figure 53).

Enriched Pathways

| ackvated

Type | diabetes mellitus 4

Linoleic acid metabolism

Maturity onset diabetes of | °
the young

Neurcaciive ligand-receplor | ®
interaction

p.adjust
Viral 0.00025
iral protein interaction

with cytokine and cytokine « [ ] 000050
receplor 000075
000100
000125

Olfactory transduction | @ Count

QO so
(ORL

Arachidonic acid metabolism{ (]

Cylokine-cytokine receptor | ®
interaction
Hormone signaling | ]

Neuroactive ligand signaling | (]

GeneRatio

96



Figure 53. Dot plot of KEGG enriched pathways co-expressed with novel [ncRNAs

We performed differential expression analysis based on the occurrence of relapse. No
significant genes were found; however, we found one novel IncRNA
(XLOC _407427) to have a higher expression in the patient who experienced relapse
(Table 7).

GeneName Symbol Log2FoldChange | PValue AdjustedPValue
XLOC 407427 12.674 0.024249 | 0.989
ENSG00000156219 | ART3 12.108 0.031355 | 0.989
ENSG00000205221 | VIT 11.668 0.038048 | 0.989
ENSG00000189283 | FHIT 11.362 0.043026 | 0.989
ENSG00000121904 | CSMD2 11.341 0.043787 | 0.989
ENSG00000166535 | A2ML1 11.102 0.048418 | 0.989
ENSG00000173698 | ADGRG2 | 9.8605 0.041535 | 0.989

Table 7. Top upregulated genes in the patient who presented relapse compared to

other patients

We also performed DEG analysis according to the histotype, with the infiltrating
apocrine histotype having a substantial number of downregulated genes compared to

the ductal infiltrating histotype (Figure 54).
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Figure 54. Differentially enriched pathways between histotypes A) BP, B) CC C) MF,
D) KEGG

Notably, the infiltrating apocrine histotype showed a lower expression of genes

involved in cell adhesion and cell motility.

4.13. Novel IncRNAs effect on survival

We performed survival analysis according to the expression (categorised as high or
low) of novel identified IncRNAs and four of them (TCONS 00137122,
TCONS 00332234, TCONS 00578113, TCONS 00255783) turned out to have
significant effect on distant metastasis free survival (DMFS) (TCONS 00137122,
TCONS 00332234 and TCONS 00578113) and on progression free survival (PFS)
(TCONS 00578113 TCONS 00255783). The high
TCONS 00332234 correlated with a better DMFS (p=0.032), while the higher

and expression  of
expression of the other three IncRNAs correlated with a worse DMFS or PFS.
TCONS 00578113 showed an effect on survival in both DMFS (p=0.036) and PFS

(p=0.021) (Figure 55).
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Figure 55. Survival curves according to the expression of novel IncRNA. A) Distant
metastasis free survival (DMFS) according to the expression of TCONS 00137122 B)
DMFS according to the expression of TCONS 00332234 C) DMFS according to the
expression of TCONS 00578113 D) Progression Free Survival (PFS) according to
the expression of TCONS 00255783 E) PFS according to the expression of
TCONS 00578113

4.14. RNAseq on FFPE samples from patients belonging to different

ethnic groups

We also performed RNAseq on FFPE samples of patients from different ethnic
groups, to analyse their transcriptomic profile. Their demographic and clinical

characteristics are shown in Table .

Category Number of patients Percentage (%)
Age (years)

<40 3 30.00

40-49 4 40.00
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50-59 20.00

60-69 10.00
Subtype

HER2+ 20.00

Luminal A 50.00

Luminal B 30.00
Race/Ethnicity

African 16.67

Arab 16.67

Asian 25.00

European 41.67
Grade

Gl 40.00

QG2 60.00
Tumour stage

T1 50.00

T2 40.00

T3 10.00
N stage

NO 40.00

N1 40.00
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N2 1 10.00

N3 1 10.00

Table 8. Demographic and clinical characteristics of breast cancer patients on who
RNAseq was performed

In Figure 56, mean gene expression of each sample, and principal component analysis
(PCA) of the samples according to IncRNA and mRNA expression is shown. Mean
gene expression (Figure 56A) shows that most samples have similar RNA quality and
comparable gene expression. In Figure 56B and 56C, PCA of the samples is
displayed, showing closeness between six samples based on both IncRNA and mRNA
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Figure 56. A) Mean gene expression in each sample B) Principal component analysis
based on IncRNA expression C) Principal component analysis based on mRNA

expression

Pearson correlation analysis based on mRNA expression (Figure 57B) showed a
correlation between samples 119-10500, 119-11948, 116-24747 and 116-37358, which
were also close to each other in the PCA plot. These similarities, however, were not
related to ethnicity, as the samples are respectively European, Asian, African and

European, but they all belong to luminal subtypes (either A or B).
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Figure 57. Pearson correlation between samples according to (A) IncRNA and (B)

mRNA expression

Venn diagrams were then plotted to identify genes co-expressed in the same ethnicity
(Figure 58), selecting two African patients (Figure 58A, E), two Arab patients (Figure
58B, F), three Asian patients (Figure 58C, G) and five European patients (Figure 58
D, H). African patients shared 6023 mRNAs and 6485 IncRNAs; Arab patients
showed co-expression of 3953 mRNAs and 3776 IncRNAs; Asian patients co-
expressed 4082 mRNAs and 3216 IncRNAs; finally, European patients co-expressed
6568 mRNAs and 6772 IncRNAs.
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Figure 58. Venn diagrams of co-expressed genes in African (A, E), Arab (B, F), Asian
(C, G), and European (D, H) patients, based on mRNA (4, B, C, D) and IncRNA (E,
F, G, H) expression

An enrichment analysis was then performed on co-expressed genes (Figure 59). Co-
expressed genes specific in African patients were involved in drug, selenocompound
and glucose metabolism, growth hormones and regulation of TRP channels by
inflammation. Arab patients, instead, presented enrichment in adipocytokine

signalling pathway and metabolism of steroids and nucleotides.

Asian patients presented enrichment in glycosylphosphatidylinositol anchor

biosynthesis, motor proteins and stem cells.

Finally, European patients were enriched in ECM-receptor interaction and folate

metabolism.

PI3K-Akt signalling pathway enrichment was present in all ethnicities, suggesting a
key role of this pathway in breast carcinogenesis. Allograft rejection and other

autoimmune pathways were also present in every ethnicity.
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Figure 59. Pathway enrichment (KEGG) of co-expressed genes in African (4), Arab
(B), Asian (C) and European (D) patients

Differential expression analysis was then performed on pairs of patients from
different ethnicities (Figure 60). Differential expression of mRNA was more evident

than differential expression of IncRNAs.
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Figure 60. Differentially expressed mRNA (A) and IncRNA (B) between patients of
different ethnicities

In the HER2+ subtype, a comparison was made between one African and one
European patient, revealing the upregulation of metabolism pathways (sulfur
metabolism, cysteine and methionine metabolism, arginine biosynthesis) and the
downregulation of immune response in the European patient compared to the African

patient (Figure 61).
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Figure 61. Pathway enrichment of upregulated and downregulated genes in European

patients compared to African patients in HER2+ subtype

In the luminal A subtype, Arab patients present downregulation of proteoglycans in

cancer and colorectal cancer (Figure 62) compared to European ones.
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Figure 62. Pathway enrichment of upregulated and downregulated genes in Arab

patients compared to European patients in luminal A subtype

Compared to European (Figure 63), Asian patients present upregulation in

necroptosis, choline metabolism in cancer, TGF-B signalling pathway, and Hippo

signalling pathway, and downregulation of cellular senescence and cell cycle.
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Figure 63. Pathway enrichment of upregulated and downregulated genes in Asian

patients compared to European patients in the luminal A subtype

Compared to Asian patients, Arab ones have upregulation of PPAR signalling

pathway and apoptosis (Figure 64).
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Figure 65. Pathway enrichment of upregulated and downregulated genes in African

patients compared to European patients in the luminal B subtype

Regarding specific genes, we could not confirm the differential expression found in
the TCGA cohort, however this could be caused by the low number of patients in our

cohort.

Among ion channel genes only KCNIP3 was confirmed as upregulated in our cohort

of African patients compared to other ethnic groups (Figure 66).

African Arab Asian European

Figure 66. KCNIP3 RNA expression in different ethnic groups
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5. Discussion

Breast cancer is the most commonly diagnosed type of cancer in women in almost all
countries, with few exceptions, with its incidence growing rapidly in both developed
and developing countries, and mortality increasing in the latter (N. Li et al., 2019).
Both incidence, mortality and biology of breast cancer however have shown to be
ethnicity or race-dependent, with women of African descent presenting more
aggressive disease and worse outcomes compared to other ethnic groups and women
of Asian descent having lower incidence rates and mortality of breast cancer (Menon
et al., 2025; Telli et al., 2011). Although the higher mortality of breast cancer in
ethnic minorities has been attributed to a worse or lacking medical care, less
participation in regular screening and a worse stage at prognosis (Dunn et al., 2024;
Ooi et al., 2011), some variability remains after adjusting for socioeconomical factors
(Hill et al., 2018).The intrinsic biology of breast cancer remains variable across ethnic
groups, including breast cancer subtype frequency, mutation rate, gene expression,
DNA methylation and tumour microenvironment composition. In this project, the
different distribution of breast cancer subtypes was confirmed from the TCGA cohort,
with Asian patients presenting more often with the HER2+ subtype (Hjerkind et al.,
2022); furthermore, they present higher expression of genes involved in the ERBB
pathway compared to Black patients even in the basal subtype, suggesting a higher
involvement of this pathway in general breast cancer development in this ethnicity, a
characteristic they share with Native American women, whose ERBB2 expression is
proportional to the percentage of Native American ancestry (Marker et al., 2020; Rey-
Vargas et al., 2025). This similarity could be due to the genetic link between Asian
and Amerindian populations (Tokunaga et al., 2001)

Consistently with literature-confirmed higher aggressivity of breast cancer occurring
in Black patients, the tumours present lower expression of adhesion molecules in
basal and HER2+ subtype, which correlate with higher metastatic capability and
invasion. Involved molecules include claudins (CLDN), molecules involved in tight
junctions of endothelial and epithelial cells, and VCAMI and SELE, which are

involved in leukocyte trans endothelial migration. Claudins have been shown to
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inhibit breast cancer growth and metastasis (Dong et al., 2023; Jin et al., 2024) and a
claudin-low subtype of TNBC has been identified, exhibiting a more aggressive
phenotype compared to claudin-rich ones (Yadav et al., 2022). Tight junctions and
cell adhesion molecules were also found to be downregulated in the basal subtype
compared to the HER2+ subtype and in our cohort of TNBC patients compared to
healthy tissue.

Differential gene expression analysis identified several genes whose expression not
only varies between different ethnic groups but also influences breast cancer overall

survival (OS).

CXCL6 and CXCLS are proinflammatory chemokines induced by IL-17, whose role
in cancer has been associated with angiogenesis, invasion and metastasis and tumour
immune suppression (Kolls & Lindén, 2004; Lee et al., 2008). IL-17 is associated
with shorter disease free and overall survival and often upregulated in TNBC,
contributing to neutrophil infiltration and tumour progression (Dawod et al., 2020;
Khalid et al., 2023). This was confirmed in the TCGA cohort, where IL-17 signalling
pathway is upregulated in the basal subtype compared to the other subtypes, and in
our TNBC cohort, which showed an upregulation of genes involved in neutrophil
extracellular trap formation compared to healthy tissue. CXCLS has higher expression
in TNBC compared to healthy tissue, and is associated with a worse progression free
survival, while CXCL6 has been less studied in the context of breast cancer (R. Huang
et al., 2023; Tang et al., 2025). In the TCGA basal breast cancer cohort, CXCL6 was
significantly more expressed in White patients compared to Black patients.
Interestingly, a correlation with survival was only found in Black patients, where a
high expression of this chemokine correlated with a better OS. In contraposition with
literature data regarding CXCLS, its expression correlated with better prognosis in the
HER2 + subtype, where its expression is lower in Black patients compared to the
other groups. Generally, this proinflammatory pathway was associated with features
of a more aggressive phenotype (basal subtype, Black ethnicity), however the

expression of single chemokines was not.

The expression of GSTMI is higher in Black patients and correlates with worse
overall survival in basal breast cancer. GSTMI and other glutathione transferases

polymorphisms have been associated with cancer risk, with its null genotype
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correlating with worse prognosis (Ambrosone et al., 2001; B. A. Jones et al., 2009).
THBS3 is a glycoprotein involved in cell-cell interaction that has not been studied in
the context of breast cancer, however it was found that elevated expression correlates
with poor prognosis in renal clear cell carcinoma and colorectal cancer (J. Huang et
al., 2025; G. Wang et al., 2023). Its expression has a similar effect on survival in basal

breast cancer and is higher in Black patients compared to Asian patients.

Differentially expressed ion channels included chloride, sodium and potassium
channels, ABC transporters and solute carriers. This class of proteins has been
highlighted in recent years as players in various types of cancer, impacting not only

prognosis, but also cell proliferation and metastasis.

Calcium sensitive chloride channel accessory 2 CLCA2 has the highest expression in
the HER2+ subtype. Its expression is induced by replicative senescence and oxidative
stress through p53, and also promotes senescence, playing a tumour suppressor role.
Its expression is reduced in prostate cancer, breast cancer and cervical squamous cell
carcinoma (Tanikawa et al., 2012; X. Yang et al.,, 2021). In breast cancer, its
downregulation can be caused by promoter hypermethylation, and correlates with a
worse survival in TNBC patients of Black ethnicity (X. Li et al., 2004; Purrington et
al., 2020). Across subtypes, it is consistently lower in Black patients and higher in
Asian patients. Its effect on survival reported by the literature was confirmed,
affecting significantly Black patients, at difference from patients belonging to other

ethnicities.

While voltage gated sodium channels (VGSCs) have been demonstrated to play
important roles in cancer, SCNI/A has not been studied extensively, especially
regarding its expression (H. Liu et al., 2024). Gender specific SCN1A4 polymorphisms
were found in colorectal cancer patients treated with 5-fluorouracil and associated
with recurrence (Benhaim et al., 2014). Its mutations are associated with familial
migraine, epilepsy and intellectual disability (Ademuwagun et al., 2024; Fry et al.,
2016). However, in studies related to these diseases, knockdown of SCNIA was
associated with cancer pathways, PI3K-Akt signalling, MAPK signalling, and other
ion channels (Shi et al., 2019). In oesophageal squamous carcinoma it is related to
chemotherapy resistance, being a key gene in the protein network (Xie et al., 2022).

Its expression is higher in ovarian cancer compared to normal tissue (R. Gao et al.,
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2010). In the TCGA cohort, its high expression correlates with a worse OS. Among
different ethnicities it shows marked different expression in all subtypes except
HER2+, with Black patients consistently showing a higher expression, suggesting a

role as an ethnic specific biomarker.

ABCA4 is upregulated in breast cancer cells resistant to chemotherapy, contributing to
multidrug resistance (MDR) (Y. Liu et al., 2005). Polymorphisms in 4BCA4 have
been associated with response to neoadjuvant chemotherapy (Hlavac et al., 2020). In
the TCGA cohort, it correlates with better prognosis in luminal B breast cancer and is

downregulated in Black patients compared to White ones.

KCNK3 correlates with worse overall survival and it is upregulated in Asian patients
with luminal B subtype tumours. Its expression has not been studied in breast cancer,
however in lung adenocarcinoma it is downregulated and correlated to proliferation
and glucose metabolism (G. Lin et al., 2022). In breast cancer, instead, SNPs have
been associated with lymphedema following breast cancer surgery (Smoot et al.,

2017).

KCNIP3 has been identified in the TCGA dataset as poor prognostic factor for breast
cancer (Zhou et al., 2020). Its expression is the highest in basal breast cancer patients

of Black ethnicity and correlates with a worse OS in breast cancer overall.

IncRNAs have been identified as novel and major players in breast cancer, and we

identified several of them differentially expressed between ethnicities.

LINC00624 has been found to enhance liver cancer progression by disrupting an
epigenetic repression complex (Z. Li et al., 2021). In HER2+ breast cancer, it inhibits
the antitumour effect of HER2 targeted therapy by inhibiting Interferon I pathway
activation and MHC I antigen presentation and CD8+ T cell infiltration (Q. Zhang et
al., 2022). We confirmed its correlation with a worse overall survival in the TCGA
cohort, where it is upregulated in HER2+ breast cancer Black patients. LINC02579,
AC092979.1, AL031848.1, and AL590666.3 are not reported in literature regarding
oncology, however their impact on survival and their differential expression across
ethnicities highlights the effect of IncRNAs in breast cancer development and

characteristics.
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Triple negative breast tumours with high mutational burden (TMB) generally have a
better prognosis. F47T3 mutations correlate with lower expression, better prognosis
and higher immune infiltrate (C. Gao et al., 2021). High levels of FAT3 mutations
have been associated with high TMB and better prognosis in oesophageal cancer as
well (Guo et al., 2021). This correlates with the higher mutation rate of #4773 in Asian
patients in the TCGA cohort, who have better survival.

In another study, it was reported that Black breast cancer patients were more likely to
have TP53 and FAT3 mutations and less likely to have PIK3CA, CDHI, DDR2 and
GATA3 mutations compared to other ethnicities (Van Alsten et al., 2025; Yao et al.,
2025). Through mutational profiling of TCGA samples, we confirmed this lower

PIK3CA mutation rate, although statistical significance was not reached.

ARIDIA and PIK3CA co-mutations are associated with immune related pathways in
luminal breast cancer, predicting response to immunotherapy (Anabel Sinberger et al.,
2023). ARID1A4 mutations are also common in endocrine resistant ER+ tumours (X.
Cheng et al., 2021; G. Xu et al., 2020). The higher mutation rate in Asian patients
could therefore suggest a better response of this ethnic group to immunotherapy rather

than endocrine therapy.

KMT2C and KMT2D are genes encoding histone methyltransferases frequently
mutated in breast cancer, and associated with poor prognosis (Tinsley et al., 2024). In
TNBC, their mutations drive brain metastasis (Seehawer et al., 2024). KMT2C is more
frequently mutated in luminal A breast cancer, while KMT72D mutations more
frequently occur in HER2+ breast cancer (L. Liu et al., 2014). In HER2+ breast
cancer, KMT2C mutations are more common in Black patients, while KMT2D is more
frequently mutated in Asian patients. KMT2D mutations were not found in Black

patients, while White patients have a similar mutation rate of KM72D and KMT2C.

These aspects of breast tumours can be attributed to both germline mutations and
polymorphisms, intrinsic differences in healthy breast tissue and in different lifestyles,
including use of hormonal contraceptives, age at first pregnancy, breast feeding and
use of alcohol and tobacco, which vary in the different ethnic groups (Anstey et al.,

2017; Thomson et al., 2011).

TNBC have a higher enrichment of stem cells compared to other breast cancer
113



subtypes (Djamgoz, 2025). Compared to luminal A subtype, TNBC was shown to
have higher expression of genes regulating stem cells pluripotency. Wnt pathway is
upregulated in TNBC as well, contributing to cancer development, interaction with
TME and drug resistance (King et al., 2012; Merikhian et al., 2021; M. X. Sun et al.,
2025). Our TNBC patients also show downregulation of antigen processing and
presentation compared to healthy samples. TNBC can lose tumour antigen
presentation and HLAT1 is often downregulated and correlated with poorer prognosis
(Pedersen et al., 2017; Y. Zheng et al., 2023). In fact, MHC II antigen processing
pathways are upregulated in patients with no relapse (Forero-Torres et al., 2015). We
did not perform a direct comparison between TCGA and GTEx datasets, as several
articles have already addressed this matter, to prevent redundancy (Bou-Dargham et

al., 2023; G. Zheng et al., 2021).

Apocrine breast carcinoma is a rarer subtype, with higher levels of cadherin binding,
extracellular matrix signalling and a worse outcome compared to ductal carcinoma
(Dellapasqua et al., 2013; N. Zhang et al., 2017; Zhu et al., 2024, p. 2024). In our
cohort, infiltrating apocrine histotype correlates with higher tumour stage, and lower

expression of genes involved in cell adhesion and motility.

Among key genes to analyse to better understand tumour biology and ethnical
differences are ion channels and IncRNAs. Biological differences should be integrated
with lifestyle and socioeconomic aspects, to identify specific factors impacting the
different survival and response to treatment between ethnic groups even when

presenting the same tumour subtype.

While we could not confirm specific differential expression of singular genes due to
low number of patients and high transcriptomic variability, European patients showed
enrichment in metabolic pathways compared to other ethnicities in both our FFPE
cohort and TCGA cohort. Asian patients presented enrichment in stem cell
pluripotency and GPI-anchor biosynthesis, which affect the tumour microenvironment
and T-cell response (H. Wu et al., 2024). These two pathways are also linked as GPI-
anchored proteins are more highly expressed in malignant and more dedifferentiated
breast tumours (P. Zhao et al., 2012). KCNIP3 was upregulated in Black or African
patients in both our cohort and TCGA cohort.
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PI3K-Akt signalling pathway, which promotes cell proliferation, survival and motility
(H. Li et al., 2021), appears to be a key pathway in breast tumorigenesis in all ethnic

groups.

We were able to identify several novel transcripts in triple negative breast cancer,
however the use of FFPE samples, which yields lower RNA quality with possible
fragmentation and chemical modifications (Pignatta et al., 2025; Y. Zhao et al., 2019),
will require further examination and experimental validation of transcripts, with a
focus on the novel IncRNA which were found to impact patients’ prognosis. In the
recent years, it has been established that IncRNAs play an important role in breast
cancer pathogenesis, prognosis, and response to therapy, impacting a variety of
pathways (Aranza-Martinez et al., 2021; Q. Yang et al., 2023), therefore their analysis
and identification of novel transcripts hold significant potential for the improvement

of breast cancer diagnosis and treatment.

This pilot study aimed to explore ethnic differences in breast cancer samples from
patients belonging to diverse racial and ethnic backgrounds. Comparisons between
single samples, while not statistically significant, were performed to explore potential
trends and provide insights for studies on larger numbers of patients. Moreover,
although mRNA expression analysis can be useful for patient stratification and
prognosis, future research will also need to analyse protein expression and

functionality.
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6. Conclusion

In this thesis, several differentially expressed genes and pathways between patients of
African, Asian, Middle Eastern and Caucasian ancestry were identified, both through

in silico analysis on the TCGA cohort and RNAseq on FFPE samples.

Asian patients were characterized by not only higher rates of HER2+ breast cancer,
but also by higher levels of ErbB pathway in other subtypes. They also presented
higher levels of mutations in FAT3 and ARID 1A, which are both correlated with better

response to immunotherapy.

Black patients were confirmed as the ethnic group most affected by the basal subtype,
with a pathway enrichment characteristic of higher aggressiveness, like low
expression of adhesion molecules and claudins which define the claudin-low subtype
of TNBC, a more aggressive subtype. Black patients also presented a higher rate of
PIK3CA mutation.

White patients presented a dysregulation of various metabolic pathways, both in the

TCGA and FFPE cohorts.

Several ion channels and transporters were differentially expressed and influenced
survival: CLCA2, whose expression is lower in Black patients as confirmed by
literature and correlates with worse survival. SCNI/A, instead has not been studied in
breast cancer, however it presented a significant higher expression in Black patients,
correlating with worse survival, similarly to ovarian and oesophageal carcinomas.
KCNIP3 was found to be upregulated in Black breast cancer patients in both TCGA

and our FFPE cohort, correlating with a worse overall survival.
IncRNAs were found to be important genes in both ethnic differences and in TNBC.

TNBC presented a claudin-low phenotype compared to other subtypes and healthy
tissue, and low expression of other adhesion molecules and tight junctions as well.
Other pathways differentially expressed between TNBC and other subtypes or healthy

tissue include stem cells pluripotency, antigen processing and presentation.

While the numbers of patients belonging to ethnic minorities were limited, we were

able to identify several variations characterizing different ethnicities, which can
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impact their survival and response to therapy.

The data reported in this thesis are extremely relevant although preliminary and

additional analyses in a bigger cohort are warranted to confirm these observations.
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8. Appendices

Appendix A

This appendix contains R scripts used for data analysis.
Script for PCA plotting
library(tidyverse)
library(ggplot2)
library(dplyr)
library(ggfortify)
library(reshapeZ2)
library(factoextra)
library(ggpubr)
library(ggcorrplot)
library(PCAtools)

#load gene expression and clinical data
df <- read.csv("Geneexp.csv", header=TRUE, row.names = 1)
samples <- read.csv("clinical.csv", header=TRUE, row.names = 1)

df_clean <- df_numeric[, apply(df_numeric, 2, function(x) var(x, na.rm = TRUE) !=

0)]
pca <- prcomp(t(df_clean), scale. = TRUE)

#plots by race or subtype

biplot(p, x="PC1", y="PC2", showLoadings = FALSE, colby = "race", colkey =
c("lightgreen”, "lightblue", "brown1"), lab ="", pointSize = 5, labSize = 7,
max.overlaps = 100, legendPosition = "right")

biplot(p, x="PC1", y="PC2", showLoadings = FALSE, colby = "subtype", colkey =
c("brown2", "chartreuse3","lightblue”, "deepskyblue"”, "darkorchid3"), lab ="",
pointSize = 5, labSize = 7, max.overlaps = 100, legendPosition = "right")

Download, processing and differential expression analysis

library(TCGADbiolinks)
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library(dplyr)
library(stringr)
library(DESeq2)
library(ggplot2)
library(ggrepel)
library(tidyr)
library(PCAtools)

library(ggalt)

#list of samples from TCGA (txt1, txt2, txt3 are respectively list of Asian, Black or

African American and White patients), data processing
txt1l <-“barcordes of TCGA samples, separated by space”
txt2 <-<-“barcordes of TCGA samples, separated by space”
txt3 <-<-“barcordes of TCGA samples, separated by space”
split_txt1 <- strsplit(txt1, split = "\\s")[[1]]
listSamples1 <- split_txt1
query1l <- GDCquery/(

project = "TCGA-BRCA",

data.category = "Transcriptome Profiling",

data.type = "Gene Expression Quantification”,

barcode = listSamples1)
GDCdownload(query1)
BRCA1 <- GDCprepare(query1)

BRCAoutliers1 <- TCGAanalyze_Preprocessing(BRCA1)

split_txt2 <- strsplit(txt2, split = "\\s")[[1]]
listSamples2 <- split_txt2
query?2 <- GDCquery(

project = "TCGA-BRCA",
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data.category = "Transcriptome Profiling",
data.type = "Gene Expression Quantification”,
barcode = listSamples2)

GDCdownload(query2)

BRCAZ2 <- GDCprepare(query?2)

BRCAoutliers2 <- TCGAanalyze_Preprocessing(BRCA2)

split_txt3 <- strsplit(txt3, split = "\\s")[[1]]
listSamples3 <- split_txt3
query3 <- GDCquery/(
project = "TCGA-BRCA",
data.category = "Transcriptome Profiling",
data.type = "Gene Expression Quantification",
barcode = listSamples3)
GDCdownload(query3)
BRCA3 <- GDCprepare(query3)
BRCAoutliers3 <- TCGAanalyze_Preprocessing(BRCA3)
#union of two files to compared (AB = Asian vs Black or African American)

AB <- cbind(BRCAoutliers1, BRCAoutliers2)

# load clinical data, check the presence of samples barcodes in both dataframes
coldata <- read.csv("coldataAB.csv", row.names = 1)

dim(AB)

all(colnames(AB) %in% rownames(coldata)) # Should be TRUE

coldata <- coldata[colnames(AB), ]

common_samples <- intersect(colnames(AB), rownames(coldata))
colnames(AB)

colnames(AB) <- substr(colnames(AB), 1, 16)
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AB <-as.data.frame(AB)
common_samples <- intersect(colnames(MBW), rownames(coldata))
MBW <- MBW[, common_samples]

coldata <- coldata[common_samples, |

#Differential expression analysis based on race, normalized by tumor stage
dds <- DESeqDataSetFromMatrix (countData = AB, colData=coldata,
design = ~(race + stage))
dds <- DESeq(dds)
res <- results(dds)

plotMA(res, ylim=c(-7,30))

#creation of a table of significant DEGs
gene_table <- data.frame(
GeneName = rownames(res),
Log2FoldChange = res$log2FoldChange,
PValue = res$pvalue,
AdjustedPValue = res$padi
) %>%
mutate(
diffexpressed = case_when(
Log2FoldChange >= 1.5 & AdjustedPValue < 0.05 ~ "UPREGULATED",
Log2FoldChange <=-1.5 & AdjustedPValue < 0.05 ~ "DOWNREGULATED",
TRUE ~ "NOT SIGNIFICANT"
)
) %>%
filter(diffexpressed != "NOT SIGNIFICANT") %>%

arrange(Log2FoldChange)

163



write.csv(gene_tablel, file = "DEGsAB.csv")

#selection of top up and downregulated genes to highlight, plotting volcanoplot

DEG <- gene_tablel
filtered_df <- head(DEG, 10)
filtered_df2 <- tail(DEG, 10)

ggplot(data = DEG, aes(x = Log2FoldChange, y = -log10(PValue), col =
diffexpressed, label = rownames(DEG))) +

geom_vline(xintercept = c(-1.5, 1.5 ), col = "gray", linetype = 'dashed’) +
geom_hline(yintercept = -log10(0.05), col = "gray", linetype = 'dashed") +
geom_point(size = 2) +

scale_color_manual(values = c("deepskyblue”, "grey", "darkorange"),
labels = c("Downregulated”, "Not significant", "Upregulated")) +
scale_x_continuous(breaks = seq(-10, 10, 2), limits = c(-12, 12)) +
scale_y_continuous(limits = c(0, 305)) +
labs(color = 'Severe',
x = expression("log"[2]*"FC"),
y = expression("-log"[10]*"p-value")) +

theme_classic()+

theme(axis.text=element_text(size=10), legend.text = element_text(size=20),

axis.title=element_text(size=15, face="bold.italic"))+

geom_text(data = filtered_df2, aes(Log2FoldChange, y=-log10(PValue), label
GeneName), size = 5, color= "darkred")+

geom_text(data = filtered_df, aes(Log2FoldChange, y=-log10(PValue), label =

GeneName), size = 5, color= "darkblue")

Script for enrichment analysis
library(DOSE)

library(enrichplot)
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library(ggupset)

library(pheatmap)

library(clusterProfiler)
library(org.Hs.eg.db)
library(RColorBrewer) # for a colourful plot
library(ggplot2)

library(europepmc)

library(scales)

library(pathview)

# load DEGs file

df <- read.csv("Degluminal BBW.csv", header=TRUE)
original_gene_list <- df$Log2FoldChange
names(original_gene_list) <- df$GeneName

gene_list<-na.omit(original_gene_list)

# order genes
gene_list = sort(gene_list, decreasing = TRUE)
#selezione dell'organismo di riferimento
organism <- org.Hs.eg.db
#enrichment Gene Ontology (ont can be “BP”, “CC”, “MF”, “ALL")
gse <- gseGO(geneList=gene_list,

ont ="BP",

keyType = "SYMBOL",

nPerm = 10000,

minGSSize = 3,

maxGSSize = 800,

pvalueCutoff = 0.05,
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verbose = TRUE,
OrgDb = organism,
pAdjustMethod = "none")
#plots
dotplot(gse, showCategory=5, split=".sign", font.size=20) + facet_grid(.~.sign)
enrich <- pairwise_termsim(gse)
emapplot(enrich, showCategory = 15)
# categorySize can be either 'pvalue’ or 'geneNum'

cnetplot(gse, categorySize="pvalue", foldChange=gene_list, showCategory = 5,
color_category="bisquel",

color.params=list(foldChange = df$Log2FoldChange), circular = FALSE,
colorEdge = TRUE)

ridgeplot(gse, showCategory = 22) + labs(x = "enrichment distribution")

# convert gene names in ENTREZID

ids<-bitr(df$GeneName, fromType = "SYMBOL", toType = "ENTREZID",
OrgDb=organism)

dedup_ids = ids[!duplicated(ids[c("SYMBOL")]),]
df2 = df[df$GeneName %in% dedup_ids$SYMBOL,]

duplicated_rows <- duplicated(df2$GeneName)
sum(duplicated_rows) # Count duplicates

df2 <- df2[!duplicated(df2$GeneName), ]

df2$GeneName = dedup_ids$ENTREZID

# Creation of list of genes with ENTREZID nomenclature
kegg gene_list <- df2$Log2FoldChange

names(kegg_gene_list) <- df2$GeneName
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kegg gene_list = sort(kegg gene_list, decreasing = TRUE)
kegg organism = "hsa"
#Enrichment
kk2 <- gseKEGG(geneList =kegg gene_list,
organism = Kkegg organism,
nPerm =10000,
minGSSize =3,
maxGSSize =800,
pvalueCutoff = 0.05,
pAdjustMethod = "none",
keyType = "ncbi-geneid")
#plots
dotplot(kk2, showCategory = 10, split=".sign", font.size=20) + facet_grid(.~.sign)
enrichk<-pairwise_termsim(kk2)
emapplot(enrichk)
# categorySize can be either 'pvalue’ or 'geneNum'
cnetplot(kk2, categorySize="pvalue", foldChange=gene_list)
ridgeplot(kk2) + labs(x = "enrichment distribution")
entrez_ids <- unique(unlist(strsplit(kk2@result$core_enrichment, "/")))

mapping <- bitr(entrez_ids, fromType = "ENTREZID", toType = "SYMBOL", OrgDb
= org.Hs.eg.db)

kk2@result$core_enrichment <- sapply(strsplit(kk2@result$core_enrichment,
"/"), function(x) {

paste(mapping$SYMBOL[mapping$ENTREZID %in% x], collapse ="/")
1)
scores <- setNames(df$Log2FoldChange, df$GeneName)
color.params = list(foldChange = scores)

p <- cnetplot(kk2, showCategory = 5, color.params=color.params, colorEdge=
TRUE)

min.value <- floor( min(p$data$color, na.rm = TRUE) )
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max.value <- ceiling( max(p$data$color, na.rm = TRUE) )

p2 <- p + scale_color_gradientn(name = "fold change", colours = c("red", "blue"),
values = rescale(c(min.value, 0, max.value)),

limits= c(min.value, max.value), breaks=c(min.value, 0,
max.value) )

p3 <- p + scale_color_gradientn(name = "Log2FoldChange", colours = c("red",
"blue")’

values = rescale(c(min.value, 0, max.value)),
limits= c(min.value, max.value),

breaks=c(min.value, 0, max.value) )

print(p3)

pv.out <- pathview(gene.data = kegg _gene_list, pathway.id = "00983",
species = kegg organism, kegg.native =T,

sign.pos = kegg_gene_list)

Script for Boxplots

library(ggpubr)

library(dplyr)

library(ggplot2)

library(reshape2)

#loading expression and clinical data and join them

geneexpBRCA <- read.csv("geneexpBRCA.csv")

clin <- read.csv("clinical.csv")

df with_colnames <- rbind(colnames(geneexpBRCA), geneexpBRCA)
colnames(df_with_colnames)[1] <- "Original_Column_Names"
transposed_data <- t(df_with_colnames)

transposed_df <- as.data.frame(transposed_data, stringsAsFactors = FALSE)

colnames(transposed_df) <- transposed_df[1, ]
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transposed_df <- transposed_df[-1, ]
rownames(transposed_df) <- NULL
genest<- transposed_df

geneclin<-left_join(clin, genest, by=c("PATIENT_ID"="gene"))

#delete rows with empy cells
df_clean <- na.omit(geneclin)
rows_with_empty <- apply(df_clean, 1, function(row) any(row ==""))
df_cleaned <- df_clean[lrows_with_empty, ]
osdata <- df cleaned
original_colnames <- colnames(df_clean)
write.csv(osdata, "osdata.csv")
#load list of genes to plot
gene <- read.csv("filenames.csv")
gene_list <- gene[,1]
#filter, when necessary, by subtype or ethnicity
osdatatnbc <- osdata %>%

filter(subtype == "Basal")
osdatatnbc <- osdata %>%

filter(race == "Asian")

#filter genes of interest according to the list of genes
filtered_df <- subset(geneexpBRCA, gene %in% gene_list)
genes <- setdiff(colnames(gene), "race")
#crea e salva i plot per ogni gene, dividendoli per etnia e sottotipo
for (gene in gene_list) {
df gene <- merged_df %>%

filter(gene == !'gene) %>%
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filter(!is.na(subtype), lis.na(race))
if (nrow(df_gene) == 0) {
message(paste("No data available for gene:", gene))
next
}
#plot and save boxplots, with different colors according to ethnicity/race
plot <- ggplot(df_gene, aes(x = subtype, y = count, fill = race)) +
geom_boxplot() +
theme_classic() +
scale_x_discrete(labels = function(x) gsub("\\.", " ", x)) +
scale_fill_manual(values = c("lightgreen", "lightblue"”, "red")) +
labs(
x=""
y = "Gene Expression”,
title = paste("Boxplot of", gene, "Expression by Subtype and Race")
)+

theme(axis.text.x = element_text(angle = 45, hjust = 1))

ggsave(filename = pasteO("boxplot_", gene, ".png"), plot = plot, width = 8, height
= 6)

}

#plot and save boxplots, with different colors according to subtype
for (gene in gene_list) {
df_gene <- merged_df %>%
filter(gene == !!gene) %>%
filter(!is.na(subtype), lis.na(race))
if (nrow(df_gene) ==0) {
message(paste("No data available for gene:", gene))
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next
}
plot <- ggplot(df_gene, aes(x = race, y = count, fill = subtype)) +
geom_boxplot() +
theme_classic() +
scale_x_discrete(labels = function(x) gsub("\\.", " ", X)) +

scale_fill_manual(values = c("deeppink"”, "yellow","lightblue", "deepskyblue"))
+

labs(

x=""

y = "Gene Expression”,

title = paste("Boxplot of", gene, "Expression by Subtype and Race")
)+

theme(axis.text.x = element_text(angle = 45, hjust = 1))

ggsave(filename = paste0("2boxplot_", gene, ".png"), plot = plot, width = 8,
height = 6)

}

#boxplot of a specific gene
ggplot(df, aes(x = race, y = SCN1A, fill = race)) +
geom_boxplot() +
theme_classic() +
scale_x_discrete(labels = function(x) gsub("\\.", " ", x)) +
scale_fill_manual(values = c("lightgreen", "lightblue"”, "red")) +
labs(
x = "Subtype and Race",
y = "Gene Expression”,

title = paste("Boxplot of Gene Expression for", gene, "by Subtype and Race")
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)+
theme(axis.text.x = element_text(angle = 45, hjust =1)) +

facet_wrap(~subtype)

Script mutational differences
library(TCGAbiolinks)

library(dplyr)

library(stringr)

library(ggplot2)

library(ggrepel)
library(BSgenome.Hsapiens.UCSC.hg38)
library(NMF)

library(tidyr)

library(maftools)

clinical <- read.csv("clinical.csv", stringsAsFactors = FALSE)
clinical_data <- clinical %>%
filter(subtype %in% c("Basal"))

#list of samples from TCGA (txt1, txt2, txt3 are respectively list of Asian, Black or
African American and White patients), data processing

txt1l <-“barcordes of TCGA samples, separated by space”
txt2 <-<-“barcordes of TCGA samples, separated by space”

txt3 <-<-“barcordes of TCGA samples, separated by space”

split_txt1 <- strsplit(txt1, split = "\\s")[[1]]
listSamples1 <- split_txt1
query1l <- GDCquery/(

project = "TCGA-BRCA",

data.category = "Simple Nucleotide Variation",
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data.type = "Masked Somatic Mutation”,
barcode = listSamples1)
GDCdownload(query1)
mafl <- GDCprepare(query1)
mafl <- read.maf(maf1)
suml <- getSampleSummary(maf1)
#plots
plotmafSummary(maf = maf1)
rainfallPlot(maf1, detectChangePoints = TRUE)
math1<-math.score(maf1)

plotVaf(maf1)

split_txt2 <- strsplit(txt2, split = "\\s")[[1]]
listSamples2 <- split_txt2
query2 <- GDCquery(
project = "TCGA-BRCA",
data.category = "Simple Nucleotide Variation",
data.type = "Masked Somatic Mutation",
barcode = listSamples2)
GDCdownload(query2)
maf2 <- GDCprepare(query2)
maf2 <-read.maf(maf2)

getSampleSummary(maf2)

plotmafSummary(maf = maf2)
rainfallPlot(maf2)
math2<-math.score(maf2)

plotVaf(maf2)
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split_txt3 <- strsplit(txt3, split = "\\s")[[1]]
listSamples3 <- split_txt3
query3 <- GDCquery(

project = "TCGA-BRCA",

data.category = "Simple Nucleotide Variation”,

data.type = "Masked Somatic Mutation",
barcode = listSamples3)
GDCdownload(query3)
maf3 <- GDCprepare(query3)
maf3 <-read.maf(maf3)
getSampleSummary(maf3)
plotmafSummary(maf = maf3)
rainfallPlot(maf3, pointSize = 1)
math1<-math.score(maf1)

plotVaf(maf3)

#plots

oncoplot(mafl)
oncoplot(maf2)
oncoplot(maf3)
coBarplot(maf1, maf2)
coBarplot(maf1, maf3)

coBarplot(maf2, maf3)

#mutation type

titvl = titv(mafl, useSyn = TRUE)
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titv2 = titv(maf2, useSyn = TRUE)

titv3 = titv(maf3, useSyn = TRUE)

#mutational signatures

tnm1 <- trinucleotideMatrix(maf1, ref_genome =
"BSgenome.Hsapiens.UCSC.hg38")

sigl <- extractSignatures(tnm1, n = 2, plotBestFitRes = FALSE, parallel = 4,
pConstant = 0.05)

plotSignatures(sig1)

plotApobecDiff(tnm1, mafl, pVal = 0.05, title_size = 1, axis_lwd = 1, font_size =
1.2)

enrichl<-signatureEnrichment(mafl, sigl, minMut = 5, useCNV = FALSE, fn =
NULL)

plotEnrichmentResults(enrich1)

#pathway mutations

drivel <- oncodrive(maf1)
plotOncodrive(drivel)

drive2 <- oncodrive(maf2)
plotOncodrive(drive2)

drive3 <- oncodrive(maf3)
plotOncodrive(drive3)

pA <- pathways(maf1l)
plotPathways(maf1, pathlist = pA)
pB <- pathways(maf2)
plotPathways(maf2, pathlist = pB)
pW <- pathways(maf3)
plotPathways(maf3, pathlist = pW)

#differentially mutated genes
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mafAW <- mafCompare(maf1, maf3)

forestPlot(mafAW)

mafBW <- mafCompare(maf2, maf3)

forestPlot(mafBW)

mafAB <- mafCompare(maf1, maf2)

forestPlot(mafAB)

#barplots

genelist <- read.csv("genelist.csv", header = TRUE, stringsAsFactors = FALSE)
genes_of_interest <- genelist[[1]]

mutl <- mafl@data %>% select(Tumor_Sample_Barcode, Hugo_Symbol) %>%
mutate(Cohort = "Asian")

mut2 <- maf2@data %>% select(Tumor_Sample_Barcode, Hugo_Symbol) %>%
mutate(Cohort = "Black")

mut3 <- maf3@data %>% select(Tumor_Sample_Barcode, Hugo_Symbol) %>%
mutate(Cohort = "White")

mut_all <- bind_rows(mut1, mut2, mut3)
mut_all$Sample_ID <- substr(mut_all$Tumor_Sample_Barcode, 1, 16)

merged <- merge(mut_all, clinical_data, by.x = "Sample_ID", by.y = "SAMPLE_ID")

# Filter for genes in genelist
filtered <- merged %>% filter(Hugo_Symbol %in% genes_of_interest)
total_samples <- clinical_data %>%
group_by(race) %>%
summarise(Total = n())
mutation_counts <- merged %>%
filter(Hugo_Symbol %in% genes_of_interest) %>%
group_by(Hugo_Symbol, race) %>%
summarise(Mutated = n_distinct(Sample_ID)) %>%
left_join(total_samples, by = "race") %>%

mutate(Percent = round (100 * Mutated / Total, 1))
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races <- unique(clinical_data$race)

genes <- genes_of_interest

# Create full grid

full_grid <-expand.grid(Hugo_Symbol = genes, race = races, stringsAsFactors =
FALSE)

mutation_counts <- merged %>%
filter(Hugo_Symbol %in% genes) %>%
group_by(Hugo_Symbol, race) %>%
summarise(Mutated = n_distinct(Sample_ID), .groups = "drop")
total_samples <- clinical_data %>%
group_by/(race) %>%
summarise(Total = n(), .groups = "drop")
plot_data <- full_grid %>%
left_join(mutation_counts, by = ¢("Hugo_Symbol", "race")) %>%
left_join(total_samples, by = "race") %>%
mutate(Mutated = replace_na(Mutated, 0),
Percent = round(100 * Mutated / Total, 1))

ggplot(plot_data, aes(x = reorder(Hugo_Symbol, -Percent), y = Percent, fill =
race)) +

geom_bar(stat = "identity", position = "dodge", color="black") +
geom_text(aes(label = pasteO(Percent, "%")),

position = position_dodge(width = 0.9),

vjust = -0.5, size = 6) +
scale_fill_manual(values = c("lightgreen", "lightblue"”, "red")) +
theme_minimal() +
labs(x = "Gene", y = "Mutated Sample %") +
theme(axis.text.x = element_text(angle = 45, hjust = 1))+

theme_classic()
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#barplots of mutated pathways
A <- pA %>% mutate(Race = "Asian")
B <- pB %>% mutate(Race = "Black")

W <- pW %>% mutate(Race = "White")

colnames(A)
pathway_data <- bind_rows(A, B, W) %>%

rename(Percent = Fraction_mutated_samples)

ggplot(pathway_data, aes(x = reorder(Pathway, -Percent), y = Percent * 100, fill =
Race)) +

geom_bar(stat = "identity", position = "dodge", color = "black") +
geom_text(aes(label = pasteO(round(Percent * 100, 1), "%")),
position = position_dodge(width = 0.9),
vjust =-0.5, size = 6) +

scale_fill_manual(values = c("Asian" = "lightgreen", "Black" = "lightblue”,
"White" = "red")) +

theme_minimal() +
labs(x = "Pathway", y = "Mutated Sample %") +
theme(axis.text.x = element_text(angle = 45, hjust = 1))+

theme_classic()

Script Kaplan Meier
library("survival")
library("survminer")
library("gProfileR")
library("genefilter")

library(ggplot2)
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library(dplyr)

#Combine expression data with clinical data

clinical<-left_join(data_clinical_patient, data_clinical_sample,
by=c("PATIENT_ID"="PATIENT_ID"))

df with_colnames <- rbind(colnames(geneexpBRCA), geneexpBRCA)
colnames(df_with_colnames)[1] <- "Original_Column_Names"
transposed_data <- t(df_with_colnames)

transposed_df <- as.data.frame(transposed_data, stringsAsFactors = FALSE)
colnames(transposed_df) <- transposed_df[1, |

transposed_df <- transposed_df[-1, ]

rownames(transposed_df) <- NULL

genest<- transposed_df

geneclin<-left_join(clinical150, genest, by=c("PATIENT_ID"="gene"))
df_clean <- na.omit(geneclin)

rows_with_empty <- apply(df_clean, 1, function(row) any(row == ""))
df_cleaned <- df_clean[lrows_with_empty, ]

osdata <- df_cleaned

original_colnames <- colnames(df_clean)

write.csv(osdata, "osdata.csv")

osdata[, 19:ncol(osdata)] <- lapply(osdata[, 19:ncol(osdata)], as.numeric)
is_numeric <- as.data.frame(sapply(osdata, is.numeric))

print(is_numeric)

original_colnames <- colnames(osdata)

#divides samples in “high” and “low” expression of each gene, based on median
value

osdata <- as.data.frame(lapply(seq_along(osdata), function(i) {
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if (i<=18) {
return(osdata[[i]])

}else {

return(ifelse(osdata[[i]] >= median(osdata[[i]], na.rm = TRUE), "high", "low"))

}
N)

colnames(osdata) <- original_colnames
#list of DEGS to plot

DEGs <-read.csv("degs.csv")

genes <- DEGs][, 1]

gene_list <- genes

#Plots survival curves
for (gene in gene_list) {
if (gene %in% colnames(osdata)) {
# Prepare survival object
surv_object <- Surv(time = osdata$os_time, event = osdata$os_status
# Check unique values in the gene expression data
unique_values <- unique(osdata[[gene]])
# Proceed only if there are at least two groups
if (length(unique_values) > 1) {
# Fit survival model

fit <- survfit(surv_object ~ osdata[[gene]], data = osdata)

# Perform log-rank test to get the p-value
surv_diff <- survdiff(surv_object ~ osdata[[gene]], data = osdata)

pval <- 1 - pchisq(surv_diff$chisq, length(surv_diff$n) - 1)
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# Proceed if the p-value is less than or equal to 0.05
if (pval <= 0.05) {
legend_labels <- if (length(unique_values) == 2) {
c("High Expression", "Low Expression")

}else {

paste("Expression of", gene)

}

# Plot and save Kaplan-Meier curve with customized legend
plot <- ggsurvplot(
fit,
data = osdata,
pval = TRUE,
xlab = "Time (months)",
ylab = "Survival probability",
title = paste("Kaplan-Meier Curve for", gene),
legend.title ="",
legend.labs = legend_labels,
lwd =4
)
# Save the plot
ggsave(filename = paste0("KM_curve_", gene, ".png"), plot = plot$plot)
}else {
print(paste("P-value for gene", gene, "is greater than 0.05. Plot not saved."))
}
}else {

print(paste("Gene", gene, "has only one group. Plot not saved."))

}
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}else {

print(paste("Gene", gene, "not found in dataframe"))

}
}
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Appendix B

This appendix contains tables of differentially expressed genes

Table B1: Top 50 differentially expressed genes between Asian patients and Black

patients in the basal subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

SCRT2 -7.32052 0.000139 | 0.008429 DOWNREGULATED
LHFPL3 -6.93264 1.45E-05 | 0.002089 DOWNREGULATED
AC005550.2 -6.58974 2.22E-08 | 2.15E-05 DOWNREGULATED
MC3R -6.49625 0.000125 | 0.007937 DOWNREGULATED
SLC17A8 -6.35684 2.89E-06 | 0.000687 DOWNREGULATED
AC004158.1 -5.97977 1.60E-05 | 0.002235 DOWNREGULATED
AL162384.1 -5.81191 1.32E-06 | 0.0004 DOWNREGULATED
CHGA -5.78174 1.74E-11 | 5.43E-08 DOWNREGULATED
AC093001.1 -5.7136 1.19E-08 | 1.23E-05 DOWNREGULATED
KCNA6 -5.64793 2.67E-10 | 4.98E-07 DOWNREGULATED
LRTM2 -5.50505 1.07E-07 | 6.02E-05 DOWNREGULATED
CLDN10 -5.45087 4.49E-08 | 3.39E-05 DOWNREGULATED
OTOGL -5.41498 1.01E-14 | 5.66E-11 DOWNREGULATED
ST18 -5.40952 1.06E-21 | 1.48E-17 DOWNREGULATED
LINC01612 -5.40416 5.28E-05 | 0.004797 DOWNREGULATED
GFI1B -5.30396 3.11E-13 | 1.25E-09 DOWNREGULATED
SCG3 -5.23642 3.80E-09 | 4.84E-06 DOWNREGULATED
RANBP20P -5.22964 3.43E-06 | 0.000763 DOWNREGULATED
TEX101 -5.17398 2.48E-08 | 2.20E-05 DOWNREGULATED
MUC6 -5.05557 5.65E-09 | 6.60E-06 DOWNREGULATED
TBXT -4.95424 4.46E-05 | 0.004416 DOWNREGULATED
SYNPR -4.86698 0.00011 0.007448 DOWNREGULATED
ENSG00000286742.1 | -4.70188 2.95E-11 | 8.19E-08 DOWNREGULATED
LINC01231 -4.63242 4.47E-08 | 3.39E-05 DOWNREGULATED
PIANP -4.61731 3.68E-09 | 4.84E-06 DOWNREGULATED
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KCTD4 -4.60747 4.59E-07 | 0.000178 DOWNREGULATED
C5orf58 -4.54873 3.73E-14 | 1.74E-10 DOWNREGULATED
ENSG00000288638.1 | -4.54245 0.000157 | 0.009071 DOWNREGULATED
PCSK2 -4.53308 3.37E-05 | 0.003716 DOWNREGULATED
AC089998.1 -4.52746 7.37E-06 | 0.001329 DOWNREGULATED
LINC00052 -4.51628 0.000288 | 0.012669 DOWNREGULATED
P2 -4.49483 0.000161 | 0.009227 DOWNREGULATED
AC005833.3 -4.42876 2.51E-08 | 2.20E-05 DOWNREGULATED
ENSG00000286191.1 | -4.41988 0.000479 | 0.016935 DOWNREGULATED
AL021395.1 -4.35439 0.00013 0.008105 DOWNREGULATED
PLP1 -4.27456 0.000173 | 0.009522 DOWNREGULATED
PCSK1 -4.22524 1.98E-08 | 1.98E-05 DOWNREGULATED
CACNG5 -4.20534 8.84E-09 | 9.91E-06 DOWNREGULATED
TDRD1 -4.19759 3.86E-08 | 3.10E-05 DOWNREGULATED
LINC01158 -4.09298 0.000503 | 0.017446 DOWNREGULATED
DCX -4.09265 0.000142 | 0.008531 DOWNREGULATED
AC116565.1 -4.09103 0.000188 | 0.010044 DOWNREGULATED
AP000802.1 -4.07982 2.65E-05 | 0.003173 DOWNREGULATED
SLC7A3 -4.04569 2.06E-05 | 0.002682 DOWNREGULATED
SPIC -4.03896 3.16E-06 | 0.000716 DOWNREGULATED
POU3F3 -4.01742 0.000648 | 0.020474 DOWNREGULATED
AL591686.2 -3.98182 0.001407 | 0.032499 DOWNREGULATED
AL354824.2 -3.96904 0.000337 | 0.013617 DOWNREGULATED
COL19A1 -3.95433 1.17E-06 | 0.00037 DOWNREGULATED
LINC02037 -3.9532 0.000209 | 0.010641 DOWNREGULATED
MTCO1P53 4.60854 1.20E-05 | 0.001849 UPREGULATED

LINC02041 4.665955 0.00064 0.020376 UPREGULATED

SNORC 4.680679 4.38E-07 | 0.000177 UPREGULATED

LINC00491 4.71134 0.000681 | 0.020978 UPREGULATED

AC239800.2 4.71149 8.47E-07 | 0.000293 UPREGULATED

AC112493.1 4.72476 0.001706 | 0.036767 UPREGULATED

LINC02437 4.738779 1.37E-05 | 0.002035 UPREGULATED
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AMYZ2A 4.759245 0.001079 | 0.027993 UPREGULATED
HSPB3 4.764976 0.000568 | 0.018821 UPREGULATED
ALPP 4.827389 8.36E-05 | 0.00637 UPREGULATED
RF00019 4.843127 1.33E-10 | 2.88E-07 UPREGULATED
GABRAS 4.860373 0.00032 0.013302 UPREGULATED
PAUPAR 4.862043 0.002146 | 0.042071 UPREGULATED
AC107419.1 4.870355 0.000304 | 0.012934 UPREGULATED
AJ003147.2 4.917827 1.09E-05 | 0.00178 UPREGULATED
AL365434.1 4.991223 0.002394 | 0.044067 UPREGULATED
UZ2AF1L5 5.016203 3.65E-13 | 1.28E-09 UPREGULATED
ASPG 5.103913 2.12E-07 | 0.000103 UPREGULATED
KLK11 5.111148 2.36E-06 | 0.000588 UPREGULATED
SPRR3 5.208378 0.001168 | 0.029507 UPREGULATED
KRT17P3 5.223098 2.96E-07 | 0.000134 UPREGULATED
ENSG00000285644.1 | 5.295261 2.39E-07 | 0.000114 UPREGULATED
FAM133A 5.321075 0.000235 | 0.011276 UPREGULATED
IGKV1D-27 5.390962 8.66E-06 | 0.001498 UPREGULATED
TBC1D3D 5.395626 0.000492 | 0.017151 UPREGULATED
CHP2 5.480967 0.000629 | 0.02017 UPREGULATED
RTP3 5.490948 0.00099 0.026487 UPREGULATED
KRT14 5.711638 4.02E-09 | 4.90E-06 UPREGULATED
RPS26P34 5.719358 8.85E-05 | 0.006671 UPREGULATED
AC021504.1 5.742757 0.001839 | 0.038443 UPREGULATED
AC073264.3 5.774914 4.30E-07 | 0.000177 UPREGULATED
RPS26P4 5.877234 8.34E-05 | 0.00637 UPREGULATED
PRR27 5.908456 0.001205 | 0.029951 UPREGULATED
TPSP2 5.926503 6.98E-06 | 0.001287 UPREGULATED
UGT2B17 5.943867 3.17E-06 | 0.000716 UPREGULATED
IGLVI-70 6.053686 4.42E-07 | 0.000177 UPREGULATED
LINC01297 6.058951 3.69E-08 | 3.04E-05 UPREGULATED
AC004870.2 6.115593 7.20E-05 | 0.005866 UPREGULATED
LINC00668 6.190804 2.79E-06 | 0.000668 UPREGULATED
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GNGT1 6.44227 0.000353 | 0.014022 UPREGULATED
AL034346.1 6.578895 1.07E-07 | 6.02E-05 UPREGULATED
LINC00392 6.832694 0.000423 | 0.015669 UPREGULATED
AC010789.1 6.860946 7.89E-07 | 0.00028 UPREGULATED
OR56A3 7.373789 6.90E-05 | 0.005671 UPREGULATED
GSTM1 7.483748 5.89E-11 | 1.38E-07 UPREGULATED
MINOS1P3 7.876877 6.11E-16 | 4.28E-12 UPREGULATED
BPIFB1 8.360349 6.20E-10 | 1.09E-06 UPREGULATED
AL157778.1 9.035519 5.48E-06 | 0.001066 UPREGULATED
IGHV1-69-2 10.67907 2.76E-17 | 2.58E-13 UPREGULATED
XAGE2 24.30209 1.79E-40 | 5.01E-36 UPREGULATED

Table B2: Top 50 differentially expressed genes between Asian patients and White
patients in the basal subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

MTND1P23 -7.68221 7.84E-35 | 2.26E-30 DOWNREGULATED
CRISP3 -6.94778 6.81E-08 | 8.31E-05 DOWNREGULATED
UGT2B11 -5.54151 0.000137 | 0.024771 DOWNREGULATED
TEX101 -5.5402 5.84E-09 | 9.90E-06 DOWNREGULATED
SCG3 -5.47985 5.44E-14 | 2.24E-10 DOWNREGULATED
LHFPL3 -5.28285 0.000134 | 0.024771 DOWNREGULATED
LINC01231 -5.28137 6.38E-10 | 1.31E-06 DOWNREGULATED
SHISA3 -5.12103 6.50E-11 | 1.56E-07 DOWNREGULATED
GFI1B -4.96793 9.32E-12 | 2.69E-08 DOWNREGULATED
AC011298.1 -4.92063 8.92E-06 | 0.004016 DOWNREGULATED
TBXT -4.78214 4.22E-05 | 0.012548 DOWNREGULATED
PIANP -4.71749 1.02E-12 | 3.66E-09 DOWNREGULATED
KCNH6 -4.64294 5.54E-10 | 1.23E-06 DOWNREGULATED
SPINK8 -4.54137 3.64E-05 | 0.011774 DOWNREGULATED
AC004158.1 -4.52515 0.000159 | 0.026383 DOWNREGULATED
PGAM1P4 -4.24859 0.000162 | 0.026593 DOWNREGULATED
AC022733.2 -4.22113 0.000105 | 0.022292 DOWNREGULATED
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ST18 -4.20563 7.21E-12 | 2.31E-08 DOWNREGULATED
TRIM55 -4.16406 2.03E-06 | 0.001426 DOWNREGULATED
CARM1P1 -4.10234 1.77E-05 | 0.006548 DOWNREGULATED
PLP1 -3.98173 0.00042 0.047838 DOWNREGULATED
LINC02037 -3.86012 0.000102 | 0.022292 DOWNREGULATED
CHGA -3.76042 0.000214 | 0.031318 DOWNREGULATED
SYT6 -3.74212 1.01E-07 | 0.000112 DOWNREGULATED
MEGF11 -3.73848 8.87E-08 | 0.000102 DOWNREGULATED
CCDC92B -3.72522 4.50E-05 | 0.013221 DOWNREGULATED
KCNC1 -3.63836 2.27E-09 | 4.10E-06 DOWNREGULATED
SPIC -3.61849 0.000139 | 0.024859 DOWNREGULATED
CACNG5 -3.58295 3.28E-06 | 0.002054 DOWNREGULATED
PCAT18 -3.57934 0.000437 | 0.048758 DOWNREGULATED
VNN1 -3.57392 1.48E-08 | 2.25E-05 DOWNREGULATED
ENSG00000286742.1 | -3.53804 6.80E-06 | 0.003379 DOWNREGULATED
C9orf129 -3.45907 0.000157 | 0.026383 DOWNREGULATED
ENSG00000285791.1 | -3.45401 1.76E-06 | 0.001266 DOWNREGULATED
C5orf58 -3.44866 1.04E-06 | 0.000836 DOWNREGULATED
SPOCK3 -3.43701 0.000118 | 0.023742 DOWNREGULATED
ADCYAP1 -3.42601 0.000411 | 0.047136 DOWNREGULATED
HCN4 -3.40173 7.24E-05 | 0.01768 DOWNREGULATED
HMGB1P1 -3.39698 7.47E-09 | 1.20E-05 DOWNREGULATED
HIST1H1T -3.3878 9.34E-06 | 0.004095 DOWNREGULATED
CNGA3 -3.3846 9.38E-06 | 0.004095 DOWNREGULATED
AC073150.1 -3.31225 1.65E-06 | 0.001238 DOWNREGULATED
MTCO1P40 -3.30015 1.42E-09 | 2.73E-06 DOWNREGULATED
SLC35F4 -3.24043 3.61E-05 | 0.011774 DOWNREGULATED
OTOGL -3.23173 3.12E-06 | 0.001996 DOWNREGULATED
FOXD3 -3.17218 0.00015 0.026042 DOWNREGULATED
AC010931.2 -3.09171 4.12E-06 | 0.002519 DOWNREGULATED
POU3F1 -3.06017 5.46E-06 | 0.002969 DOWNREGULATED
UTS2 -3.03874 0.000238 | 0.034147 DOWNREGULATED
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ANK1 -3.03393 1.74E-07 | 0.000179 DOWNREGULATED
AL034346.1 4111533 0.000388 | 0.045413 UPREGULATED
AJ003147.2 4.117897 0.0003 0.038168 UPREGULATED
AL358394.1 4152617 1.23E-05 | 0.004894 UPREGULATED
ENSG00000287292.1 | 4.161434 0.000159 | 0.026383 UPREGULATED
UGT2B17 4.197201 0.000246 | 0.034809 UPREGULATED
ENSG00000287342.1 | 4.413936 2.45E-05 | 0.008593 UPREGULATED
CCDC144A 4.413983 1.38E-06 | 0.001075 UPREGULATED
AL136018.1 4.480286 0.000256 | 0.035309 UPREGULATED
BPIFB1 4.55391 6.84E-05 | 0.01717 UPREGULATED
U2AF1L5 4.601284 1.72E-08 | 2.48E-05 UPREGULATED
PSG4 4.717033 0.000361 | 0.04322 UPREGULATED
KLK11 4.745725 8.53E-06 | 0.003962 UPREGULATED
GABRA3 4.788666 1.22E-05 | 0.004894 UPREGULATED
AC005829.2 4.792623 0.000159 | 0.026383 UPREGULATED
RF00019 4.79989 1.29E-14 | 6.20E-11 UPREGULATED
AC098850.3 4.820377 1.88E-05 | 0.006845 UPREGULATED
ENSG00000285644.1 | 4.935442 1.58E-05 | 0.006078 UPREGULATED
LINC01297 4.94253 2.85E-06 | 0.001865 UPREGULATED
DISC1FP1 5.029574 0.000258 | 0.035388 UPREGULATED
MTRNR2L1 5.096595 6.30E-06 | 0.003244 UPREGULATED
ERVMER61-1 5.11386 8.41E-07 | 0.000693 UPREGULATED
OR52N2 5.208179 0.000389 | 0.045413 UPREGULATED
ENSG00000286868.1 | 5.26022 0.000126 | 0.024316 UPREGULATED
MAGEA11 5.268782 0.000396 | 0.045624 UPREGULATED
AC107419.1 5.425095 0.000175 | 0.02769 UPREGULATED
AC011487.2 5.5607 2.19E-05 | 0.007788 UPREGULATED
DSG1 5.65797 2.29E-06 | 0.001569 UPREGULATED
TDRD12 5.674993 3.26E-07 | 0.000293 UPREGULATED
AC073264.3 5.841284 1.19E-05 | 0.004894 UPREGULATED
LINC00668 5.976454 5.97E-05 | 0.016076 UPREGULATED
ENSG00000286358.1 | 6.007135 5.09E-05 | 0.014377 UPREGULATED
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IGHV1-69-2 6.125069 8.78E-06 | 0.004015 UPREGULATED
CASC9 6.159277 2.84E-05 | 0.009404 UPREGULATED
MAPKS8IP1P2 6.236529 0.000105 | 0.022292 UPREGULATED
MINOS1P3 6.251476 6.65E-05 | 0.01717 UPREGULATED
GNGT1 6.265137 0.000153 | 0.026252 UPREGULATED
GSTM1 6.282519 3.98E-05 | 0.012073 UPREGULATED
AC021504.1 6.321309 0.000207 | 0.031002 UPREGULATED
PRR27 6.414254 0.00017 0.027548 UPREGULATED
SPRR3 6.560668 0.000103 | 0.022292 UPREGULATED
AC010789.1 6.77601 3.74E-05 | 0.011961 UPREGULATED
FAM230C 7.061061 0.000155 | 0.026365 UPREGULATED
MAGEA12 8.645171 9.28E-05 | 0.020726 UPREGULATED
NAA11 8.873471 6.81E-05 | 0.01717 UPREGULATED
FTHL17 9.393427 9.50E-05 | 0.021054 UPREGULATED
CGA 10.29185 3.33E-08 | 4.57E-05 UPREGULATED
FP236383.3 15.51405 2.17E-19 | 1.57E-15 UPREGULATED
XAGE2 22.46504 3.47E-33 | 5.01E-29 UPREGULATED
LINC02377 2549218 1.28E-16 | 7.35E-13 UPREGULATED
ENSG00000288657.1 | 27.53741 2.64E-26 | 2.53E-22 UPREGULATED

Table B3: Top 50 differentially expressed genes between Black patients and White
patients in the basal subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

IGLVI-70 -6.05767 7.91E-32 | 5.00E-28 DOWNREGULATED
MTND1P23 -6.05672 1.19E-45 | 2.75E-41 DOWNREGULATED
AC132825.1 -5.81777 7.76E-26 | 2.45E-22 DOWNREGULATED
RPS26P34 -5.38856 2.03E-22 | 5.50E-19 DOWNREGULATED
RPS26P4 -5.25169 9.57E-19 | 1.81E-15 DOWNREGULATED
MTCO1P40 -5.0227 1.45E-45 | 2.75E-41 DOWNREGULATED
MTCO1P53 -4.76478 1.15E-35 | 9.78E-32 DOWNREGULATED
AC100757.2 -4.56027 3.98E-18 | 6.56E-15 DOWNREGULATED
MTATP8P2 -4.5166 3.78E-36 | 4.78E-32 DOWNREGULATED
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AC013457.1 -4.30493 1.37E-15 | 1.79E-12 DOWNREGULATED
AL445685.2 -4.20967 5.32E-13 | 4.69E-10 DOWNREGULATED
MTND4P24 -3.80737 1.29E-35 | 9.78E-32 DOWNREGULATED
ENSG00000286266.1 | -3.74247 5.25E-11 | 2.41E-08 DOWNREGULATED
IGLL1 -3.72077 4.07E-14 | 4.67E-11 DOWNREGULATED
RPL10P6 -3.66444 2.02E-27 | 7.68E-24 DOWNREGULATED
RTP3 -3.61858 5.09E-06 | 0.000182 DOWNREGULATED
KRT4 -3.53223 1.54E-10 | 5.26E-08 DOWNREGULATED
IGHV10R15-6 -3.46881 4.35E-08 | 5.31E-06 DOWNREGULATED
IGHV1-69-2 -3.38728 1.09E-07 | 1.07E-05 DOWNREGULATED
RPS26P38 -3.31974 1.13E-16 | 1.65E-13 DOWNREGULATED
IGKV1D-27 -3.27866 4.85E-11 | 2.32E-08 DOWNREGULATED
IGLV1-41 -3.27538 5.26E-12 | 3.69E-09 DOWNREGULATED
MAGEA9 -3.26869 0.005762 | 0.031015 DOWNREGULATED
RPL10P9 -3.25145 2.90E-31 | 1.57E-27 DOWNREGULATED
AC107373.2 -3.16934 0.005627 | 0.030477 DOWNREGULATED
LINC01749 -3.14399 2.40E-07 | 1.98E-05 DOWNREGULATED
SNORD3B-1 -3.12166 3.02E-19 | 6.73E-16 DOWNREGULATED
AL451165.1 -3.08149 0.000331 | 0.003895 DOWNREGULATED
AC113367.2 -3.04714 7.61E-05 | 0.001348 DOWNREGULATED
AL445189.2 -3.03165 1.99E-18 | 3.59E-15 DOWNREGULATED
ACAN -3.01268 8.72E-14 | 9.19E-11 DOWNREGULATED
IGKV2-40 -2.99386 1.33E-06 | 7.00E-05 DOWNREGULATED
IGHV3-64 -2.99084 9.64E-12 | 6.20E-09 DOWNREGULATED
AL110505.1 -2.97134 4.40E-07 | 3.08E-05 DOWNREGULATED
MTCO3P22 -2.96653 3.20E-24 | 9.34E-21 DOWNREGULATED
IGKV1D-43 -2.90779 2.19E-10 | 7.05E-08 DOWNREGULATED
AC239800.2 -2.86391 1.81E-11 | 9.93E-09 DOWNREGULATED
AL050403.1 -2.84373 1.19E-05 | 0.000347 DOWNREGULATED
KRTAP3-1 -2.82754 4.49E-05 | 0.00091 DOWNREGULATED
IGLV3-19 -2.81684 2.81E-11 | 1.46E-08 DOWNREGULATED
KRT83 -2.78177 9.69E-14 | 9.67E-11 DOWNREGULATED
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IGLCOR22-2 -2.77821 0.001581 | 0.01225 DOWNREGULATED
TBC1D3E -2.74941 6.23E-06 | 0.000212 DOWNREGULATED
BPIFB1 -2.74385 1.51E-07 | 1.38E-05 DOWNREGULATED
IGHJ6 -2.73984 2.47E-10 | 7.75E-08 DOWNREGULATED
AC023157.1 -2.70925 9.54E-16 | 1.29E-12 DOWNREGULATED
FGFBP2 -2.69722 1.40E-11 | 8.18E-09 DOWNREGULATED
CYP4F34P -2.69603 0.000116 | 0.001811 DOWNREGULATED
ZBTB80SP2 -2.64984 4.34E-13 | 4.01E-10 DOWNREGULATED
AC093809.1 -2.60808 2.32E-12 | 1.73E-09 DOWNREGULATED
LINCO01179 2477181 0.000958 | 0.008474 UPREGULATED
SLC25A15P2 2.481408 0.000653 | 0.006433 UPREGULATED
PNPLAS 2.485838 6.98E-05 | 0.001263 UPREGULATED
UNC5D 2.490741 1.44E-05 | 0.000398 UPREGULATED
ADGRG7 2.49264 7.98E-06 | 0.000256 UPREGULATED
ECEL1 2.514708 1.33E-12 | 1.09E-09 UPREGULATED
C14orf39 2.522598 1.17E-06 | 6.33E-05 UPREGULATED
PRR27 2.5469 0.001933 | 0.014109 UPREGULATED
UCN3 2.572802 0.000774 | 0.007269 UPREGULATED
MUC6 2.619998 6.68E-10 | 1.69E-07 UPREGULATED
VCX 2.625434 0.00017 0.002405 UPREGULATED
AC074389.2 2.628988 8.73E-05 | 0.001485 UPREGULATED
TRIML1 2.644932 0.000202 | 0.00274 UPREGULATED
LINC02197 2.659504 0.000553 | 0.005691 UPREGULATED
AC073174.1 2.692154 0.000186 | 0.002581 UPREGULATED
CSN1S1 2.770588 7.97E-05 | 0.001392 UPREGULATED
WASIR1 2.780971 9.27E-07 | 5.36E-05 UPREGULATED
CLDN10-AS1 2.810652 0.00032 0.003793 UPREGULATED
GPR151 2.81893 0.000179 | 0.002505 UPREGULATED
AC093496.1 2.839711 5.28E-05 | 0.001026 UPREGULATED
SLC6A10P 2.870554 5.62E-05 | 0.001077 UPREGULATED
AC011294.1 2.952918 1.41E-06 | 7.32E-05 UPREGULATED
FAM83C 2.986474 1.13E-05 | 0.000334 UPREGULATED
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TDRD1 3.036331 8.45E-09 | 1.43E-06 UPREGULATED
NPY2R 3.046246 2.99E-06 | 0.000123 UPREGULATED
AL159987.1 3.069021 0.00175 0.013125 UPREGULATED
MAPK8IP1P2 3.148082 5.26E-06 | 0.000186 UPREGULATED
PPP4R3C 3.188776 0.00748 0.03753 UPREGULATED
AC005336.3 3.194611 0.001946 | 0.014173 UPREGULATED
AC111149.2 3.2591 0.006527 | 0.033923 UPREGULATED
SERPINB13 3.295168 1.78E-07 | 1.56E-05 UPREGULATED
AP000844.2 3.309297 1.19E-05 | 0.000347 UPREGULATED
DCX 3.326361 1.05E-11 | 6.40E-09 UPREGULATED
DCAF4L2 3.339317 0.002125 | 0.015114 UPREGULATED
CTAG2 3.340764 0.000756 | 0.007142 UPREGULATED
SMR3B 3.34226 0.006806 | 0.034941 UPREGULATED
CLCA2 3.462219 1.76E-12 | 1.42E-09 UPREGULATED
TDRD9 3.513952 2.40E-18 | 4.14E-15 UPREGULATED
ENSG00000286619.1 | 3.594953 6.64E-31 | 3.15E-27 UPREGULATED
PAGE1 3.97087 0.000209 | 0.002811 UPREGULATED
MTRNR2L1 3.994734 2.80E-17 | 4.24E-14 UPREGULATED
AL035425.4 4.436849 0.000897 | 0.008092 UPREGULATED
CGA 4.866055 2.30E-13 | 2.18E-10 UPREGULATED
RNU1-88P 5.160175 2.93E-06 | 0.000122 UPREGULATED
RF00017 5.228428 5.93E-05 | 0.001116 UPREGULATED
RNU1-20P 6.413318 0.00041 0.004565 UPREGULATED
RN7SL801P 7.067791 0.004501 | 0.025938 UPREGULATED
RNU1-117P 8.292627 0.007988 | 0.039345 UPREGULATED
RN7SL681P 8.927748 0.004294 | 0.025058 UPREGULATED
RN7SL504P 10.14151 0.001179 | 0.00987 UPREGULATED

Table B4: Top 50 differentially expressed genes between Asian patients and Black

patients in the HER2+ subtype

GeneName

Log2FoldChange

PValue

AdjustedPValue

Expression

ANKRD18B

-5.23285

0.000104

0.01346

DOWNREGULATED
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CEL -4.42125 2.49E-06 | 0.001567 DOWNREGULATED
KLK7 -4.29428 5.18E-06 | 0.002517 DOWNREGULATED
MUC21 -4.22828 3.90E-05 | 0.008025 DOWNREGULATED
AL353705.4 -4.17635 5.99E-05 | 0.010118 DOWNREGULATED
EREG -4.05069 1.21E-09 | 4.17E-06 DOWNREGULATED
LINC01748 -4.01262 0.000107 | 0.013671 DOWNREGULATED
SBSN -3.83141 0.000142 | 0.015718 DOWNREGULATED
LINC01179 -3.81591 0.000881 | 0.039652 DOWNREGULATED
CEACAM5 -3.70469 8.52E-05 | 0.011891 DOWNREGULATED
AZML1 -3.70168 2.56E-07 | 0.000314 DOWNREGULATED
ERVV-2 -3.65341 0.001162 | 0.044604 DOWNREGULATED
EYA1 -3.64951 1.73E-05 | 0.004912 DOWNREGULATED
DSG3 -3.5874 4.88E-05 | 0.00894 DOWNREGULATED
AL137845.2 -3.52885 0.000101 | 0.013256 DOWNREGULATED
ENSG00000287519.1 | -3.52672 0.000291 | 0.02185 DOWNREGULATED
IGLV2-18 -3.44256 9.18E-05 | 0.01241 DOWNREGULATED
IGLV3-27 -3.4372 0.000191 | 0.018315 DOWNREGULATED
AP001574.1 -3.4224 0.000289 | 0.02185 DOWNREGULATED
IGHV3-13 -3.41792 9.86E-06 | 0.003266 DOWNREGULATED
LINC00704 -3.40733 0.000373 | 0.025051 DOWNREGULATED
FAM133A -3.33419 0.000673 | 0.033935 DOWNREGULATED
PCP4L1 -3.29865 9.41E-05 | 0.012534 DOWNREGULATED
AC245517.5 -3.29203 0.000141 | 0.015675 DOWNREGULATED
HS3ST6 -3.24813 0.000905 | 0.040143 DOWNREGULATED
IGHV1-14 -3.21933 0.000901 | 0.040128 DOWNREGULATED
SLC12A1 -3.1201 9.24E-05 | 0.012434 DOWNREGULATED
ETNPPL -3.07628 0.00025 0.020697 DOWNREGULATED
DCDC2 -3.05241 0.000107 | 0.013671 DOWNREGULATED
ADGRF2 -3.00728 0.000149 | 0.016274 DOWNREGULATED
LY6G6C -2.97854 0.000255 | 0.020697 DOWNREGULATED
LINC01517 -2.93185 0.000303 | 0.022273 DOWNREGULATED
GABRP -2.93173 1.25E-06 | 0.001004 DOWNREGULATED
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C5orf58 -2.91785 0.00024 0.020378 DOWNREGULATED
CLLU10S -2.87896 0.000834 | 0.038648 DOWNREGULATED
IGHV1-17 -2.87419 0.000986 | 0.041366 DOWNREGULATED
IGHV4-61 -2.85634 0.000775 | 0.036959 DOWNREGULATED
GCNT3 -2.85571 0.00061 0.032335 DOWNREGULATED
SPX -2.83662 0.00011 0.013812 DOWNREGULATED
SLC6A14 -2.7361 0.001054 | 0.04306 DOWNREGULATED
IGLV10-54 -2.70889 5.53E-06 | 0.002544 DOWNREGULATED
SOSTDC1 -2.67208 7.81E-06 | 0.002884 DOWNREGULATED
KLRC2 -2.66389 0.000295 | 0.021901 DOWNREGULATED
AL022324.3 -2.62665 0.000984 | 0.04132 DOWNREGULATED
CCDC187 -2.61511 0.000635 | 0.032889 DOWNREGULATED
IGKV1-6 -2.60637 0.00047 0.02841 DOWNREGULATED
ADGRF4 -2.58341 0.000523 | 0.029894 DOWNREGULATED
ACKR2 -2.53414 0.001319 | 0.047467 DOWNREGULATED
IGHV3-72 -2.49923 0.000144 | 0.015775 DOWNREGULATED
IGLV2-8 -2.45116 0.000992 | 0.041524 DOWNREGULATED
CDC42EP5 3.551004 1.29E-09 | 4.17E-06 UPREGULATED
RPH3A 3.555289 1.28E-06 | 0.001004 UPREGULATED
APOD 3.55988 4.24E-05 | 0.008196 UPREGULATED
AC084759.3 3.573327 0.000485 | 0.028928 UPREGULATED
AP003716.1 3.610469 0.000247 | 0.020659 UPREGULATED
GNMT 3.68792 8.10E-07 | 0.000775 UPREGULATED
RNF126P1 3.691107 3.12E-06 | 0.001751 UPREGULATED
OSTN-AS1 3.728616 0.001453 | 0.049237 UPREGULATED
LINC00668 3.788718 0.000546 | 0.030614 UPREGULATED
AC073172.1 3.800489 0.0008 0.03779 UPREGULATED
AL513304.1 3.808526 0.000501 | 0.029232 UPREGULATED
PCDH10 3.814619 2.86E-06 | 0.001677 UPREGULATED
ENSG00000287826.1 | 3.891486 0.000515 | 0.02969 UPREGULATED
FAR2P4 3.902055 0.000317 | 0.022634 UPREGULATED
MKRN4P 3.965069 0.000291 | 0.02185 UPREGULATED

194



AC024610.2 3.973655 0.000653 | 0.033489 UPREGULATED
AL109615.3 3.987505 1.97E-05 | 0.005234 UPREGULATED
SLC15A5 4.042561 3.05E-05 | 0.007107 UPREGULATED
RPL10P9 4.057004 4.70E-12 | 4.04E-08 UPREGULATED
AC079949.1 4.095632 0.000196 | 0.018597 UPREGULATED
AC112243.1 4.228846 6.88E-05 | 0.010643 UPREGULATED
CD177 4.236682 3.83E-08 | 7.61E-05 UPREGULATED
AC131097.2 4.299423 6.43E-08 | 0.000111 UPREGULATED
ENSG00000287628.1 | 4.335057 0.00057 0.031218 UPREGULATED
SORD2P 4.358846 2.97E-09 | 8.52E-06 UPREGULATED
AKR1C2 4414134 5.29E-06 | 0.002517 UPREGULATED
FCN2 4.433199 3.99E-07 | 0.000438 UPREGULATED
ENSG00000287064.1 | 4.478241 1.28E-08 | 3.31E-05 UPREGULATED
RPL10P6 4.509859 3.79E-11 | 1.63E-07 UPREGULATED
MS4A18 452281 0.000208 | 0.019045 UPREGULATED
COX20P1 4.5402 2.76E-11 | 1.56E-07 UPREGULATED
EDDM3B 4.554126 0.001158 | 0.044573 UPREGULATED
CHRNA2 4.584348 0.000655 | 0.033489 UPREGULATED
OFCC1 4.635874 7.11E-05 | 0.010734 UPREGULATED
SCGB3A1 4.69359 1.30E-07 | 0.000183 UPREGULATED
KRT13 4.714294 9.08E-05 | 0.012344 UPREGULATED
CBSL 4.715505 2.66E-05 | 0.00644 UPREGULATED
LINC00624 4912374 3.02E-11 | 1.56E-07 UPREGULATED
SNHG27 4.943382 2.81E-06 | 0.001677 UPREGULATED
RPS26P34 5.092282 0.000335 | 0.023539 UPREGULATED
HBQ1 5.121255 2.76E-05 | 0.006531 UPREGULATED
AC113367.2 5.282371 6.76E-05 | 0.010643 UPREGULATED
HNRNPA1P57 5.458915 6.64E-05 | 0.010589 UPREGULATED
EDDM3A 5.498565 2.51E-05 | 0.006247 UPREGULATED
PCSK2 5.521164 3.82E-05 | 0.008025 UPREGULATED
ENSG00000287971.1 | 5.64877 2.14E-06 | 0.001415 UPREGULATED
CYP4F34P 6.033689 5.35E-05 | 0.009535 UPREGULATED
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ENSG00000287609.1 | 6.359306 8.28E-08 | 0.000126 UPREGULATED
IGHV1-69-2 7.573878 2.67E-13 | 3.44E-09 UPREGULATED
MTND1P23 8.255771 4.03E-19 | 1.04E-14 UPREGULATED

Table B5: Top 50 differentially expressed genes between Asian patients and White
patients in the HER2+ subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

AC021504.1 -5.48963 8.54E-07 | 0.001101 DOWNREGULATED
IGHV7-4-1 -5.25313 2.43E-10 | 2.40E-06 DOWNREGULATED
ENSG00000286944.1 | -4.69059 0.000148 | 0.037912 DOWNREGULATED
IGHV7-40 -4.62315 0.000136 | 0.037277 DOWNREGULATED
PRSS1 -4.17553 5.77E-06 | 0.0045 DOWNREGULATED
AL137845.2 -3.98793 3.48E-10 | 2.58E-06 DOWNREGULATED
PPBP -3.95689 1.08E-05 | 0.006822 DOWNREGULATED
POLD2P1 -3.68272 1.29E-05 | 0.007628 DOWNREGULATED
ATP2B3 -3.62681 4.21E-06 | 0.003671 DOWNREGULATED
KLK2 -3.48894 1.09E-08 | 4.62E-05 DOWNREGULATED
EYA1l -3.28757 3.51E-08 | 8.79E-05 DOWNREGULATED
AC055854.1 -3.25251 2.05E-06 | 0.002252 DOWNREGULATED
HMX3 -3.23966 0.000116 | 0.034129 DOWNREGULATED
ARSF -3.21717 2.30E-05 | 0.011015 DOWNREGULATED
LINC00704 -3.21624 2.78E-06 | 0.002742 DOWNREGULATED
SBK2 -3.16347 4.14E-08 | 9.44E-05 DOWNREGULATED
IGHV1-14 -3.10883 2.45E-05 | 0.011015 DOWNREGULATED
ANGPTL7 -3.09742 0.000206 | 0.046271 DOWNREGULATED
IGKV2-29 -3.09714 0.000228 | 0.049452 DOWNREGULATED
UTS2 -3.09567 1.62E-07 | 0.000283 DOWNREGULATED
IGLV2-18 -3.04599 4.56E-06 | 0.003758 DOWNREGULATED
IGHV3-73 -3.0261 2.13E-05 | 0.010865 DOWNREGULATED
TGM5 -2.97475 2.28E-06 | 0.002328 DOWNREGULATED
HS3ST5 -2.95122 3.83E-05 | 0.015971 DOWNREGULATED
CU638689.4 -2.94174 2.40E-05 | 0.011015 DOWNREGULATED

196



AC091812.3 -2.93559 2.46E-05 | 0.011015 DOWNREGULATED
ADAMTS8 -2.9193 6.88E-08 | 0.000128 DOWNREGULATED
ERVMER61-1 -2.83374 0.000126 | 0.035476 DOWNREGULATED
EGR4 -2.81613 0.000119 | 0.034606 DOWNREGULATED
AC023157.1 -2.63056 0.000114 | 0.033699 DOWNREGULATED
TRPA1 -2.54988 1.32E-06 | 0.001632 DOWNREGULATED
ADGRF2 -2.53901 4.54E-05 | 0.018175 DOWNREGULATED
CHI3L2 -2.45886 9.45E-06 | 0.006363 DOWNREGULATED
TRIM55 -2.40276 0.000164 | 0.040166 DOWNREGULATED
ADAMTS7P1 -2.39276 4.62E-09 | 2.28E-05 DOWNREGULATED
IGHV3-38 -2.30724 0.000102 | 0.031296 DOWNREGULATED
LINC01468 -2.30186 7.46E-05 | 0.025695 DOWNREGULATED
PADI4 -2.27631 1.47E-05 | 0.008052 DOWNREGULATED
PCYT1B -2.2696 6.24E-05 | 0.022292 DOWNREGULATED
RNF157-AS1 -2.18324 1.08E-05 | 0.006822 DOWNREGULATED
AC022784.1 -2.17172 9.49E-05 | 0.029743 DOWNREGULATED
LINC01010 -2.13086 8.04E-05 | 0.027084 DOWNREGULATED
AC108676.1 -2.09271 0.00015 0.037912 DOWNREGULATED
TRIM67 -2.08667 1.72E-05 | 0.009079 DOWNREGULATED
GAPDHP1 -2.06181 9.03E-05 | 0.029104 DOWNREGULATED
CDH2 -2.01429 9.33E-05 | 0.029719 DOWNREGULATED
TDO2 -1.90163 1.88E-05 | 0.009767 DOWNREGULATED
ACBD3-AS1 -1.79335 1.66E-05 | 0.008947 DOWNREGULATED
GAPDHP38 -1.7664 5.30E-07 | 0.000748 DOWNREGULATED
AC009509.1 -1.63208 7.75E-05 | 0.026401 DOWNREGULATED
SCUBEZ2 1.982768 4.05E-05 | 0.016662 UPREGULATED

AC094019.1 2.136939 7.40E-06 | 0.005349 UPREGULATED

GTF2H2B 2.256362 6.03E-05 | 0.021794 UPREGULATED

ITIH2 2.273385 2.45E-05 | 0.011015 UPREGULATED

RIMBP2 2.389923 0.000145 | 0.037912 UPREGULATED

ENSG00000286342.1 | 2.444523 1.23E-05 | 0.007489 UPREGULATED

FAM3D 2.511737 0.000193 | 0.044586 UPREGULATED
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GAD1 2.69895 8.40E-06 | 0.005929 UPREGULATED
MYO18B 2.830913 0.00018 0.043313 UPREGULATED
RF00019 2.841342 1.97E-07 | 0.000307 UPREGULATED
TPTEP1 2.949295 2.07E-08 | 6.80E-05 UPREGULATED
ZNF99 2.955134 4.35E-06 | 0.003682 UPREGULATED
GLYAT 2.989306 8.88E-05 | 0.028929 UPREGULATED
HRK 3.046884 1.72E-06 | 0.001958 UPREGULATED
AC012640.3 3.054559 8.88E-05 | 0.028929 UPREGULATED
ENSG00000287647.1 | 3.075771 4.72E-05 | 0.018312 UPREGULATED
FAMO5C 3.167616 0.000124 | 0.035476 UPREGULATED
AC131097.2 3.168308 1.36E-05 | 0.007772 UPREGULATED
KLK13 3.178369 7.25E-05 | 0.025274 UPREGULATED
ENSG00000286042.1 | 3.202737 4.76E-05 | 0.018312 UPREGULATED
SLC28A2 3.220987 3.80E-06 | 0.003522 UPREGULATED
AP000547.3 3.300492 3.56E-08 | 8.79E-05 UPREGULATED
COX20P1 3.32522 5.78E-08 | 0.000118 UPREGULATED
RPS4XP22 3.383214 1.72E-22 | 5.09E-18 UPREGULATED
RNF126P1 3.441494 4.15E-06 | 0.003671 UPREGULATED
MTRNR2L1 3.443195 1.41E-06 | 0.001671 UPREGULATED
SLC26A9 3.449308 4.51E-05 | 0.018175 UPREGULATED
TRDN 3.493295 6.39E-06 | 0.004855 UPREGULATED
LEP 3.611593 1.35E-05 | 0.007772 UPREGULATED
DMBT1 3.655522 4.92E-06 | 0.003939 UPREGULATED
F0538757.2 3.690975 9.76E-05 | 0.030138 UPREGULATED
SYT9 3.710408 2.13E-06 | 0.002252 UPREGULATED
TREHP1 3.753258 0.000167 | 0.04051 UPREGULATED
AC005829.2 3.845807 5.51E-05 | 0.020154 UPREGULATED
BEX1 3.847578 9.33E-06 | 0.006363 UPREGULATED
KBTBD12 4.00167 6.59E-05 | 0.02326 UPREGULATED
TDRD12 4.04473 1.31E-08 | 4.85E-05 UPREGULATED
FMO6P 4.050525 7.39E-06 | 0.005349 UPREGULATED
KLK11 4.05132 2.75E-05 | 0.011819 UPREGULATED
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AC093525.6 4.055635 4.55E-07 | 0.000674 UPREGULATED
ENSG00000286619.1 | 4.718286 1.80E-12 | 2.67E-08 UPREGULATED
TF 4.777441 1.15E-09 | 6.84E-06 UPREGULATED
SLC15A5 4.796679 1.08E-05 | 0.006822 UPREGULATED
UGT1A6 5.012668 0.000147 | 0.037912 UPREGULATED
CBSL 5.097192 2.82E-08 | 8.36E-05 UPREGULATED
UGT1A1 5.933691 1.45E-05 | 0.008052 UPREGULATED
IGHV1-69-2 5.993299 5.95E-08 | 0.000118 UPREGULATED
NKX2-5 6.524644 7.87E-07 | 0.00106 UPREGULATED
CYP4F62P 7.556752 0.000138 | 0.037535 UPREGULATED
AL359458.1 17.10038 1.86E-07 | 0.000306 UPREGULATED

Table B6: Top 50 differentially expressed genes between Black patients and White
patients in the HER2+ subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

MTND1P23 -8.14054 4.35E-39 | 1.30E-34 DOWNREGULATED
IGHV3-73 -6.23112 6.16E-14 | 2.31E-10 DOWNREGULATED
LY6L -6.15627 1.64E-05 | 0.000897 DOWNREGULATED
IGLVI-70 -5.80737 7.09E-12 | 1.93E-08 DOWNREGULATED
AC114786.2 -5.65519 0.000496 | 0.008736 DOWNREGULATED
ADAM7 -5.61504 8.62E-08 | 2.35E-05 DOWNREGULATED
MTCO1P40 -5.54174 2.52E-25 | 3.78E-21 DOWNREGULATED
CYP4F34P -5.2102 3.39E-07 | 6.13E-05 DOWNREGULATED
RPS26P34 -5.15463 1.62E-07 | 3.66E-05 DOWNREGULATED
CES1P1 -5.05141 4.92E-10 | 5.26E-07 DOWNREGULATED
CHRNA2 -5.03047 4.53E-05 | 0.00179 DOWNREGULATED
SLCO1B1 -5.02731 0.000811 | 0.011928 DOWNREGULATED
AC113367.2 -5.01972 1.58E-06 | 0.000185 DOWNREGULATED
RPS26P4 -4.97425 9.68E-05 | 0.00295 DOWNREGULATED
MTCO1P53 -4.57404 2.33E-14 | 1.16E-10 DOWNREGULATED
PCSK2 -4.46299 5.50E-07 | 8.50E-05 DOWNREGULATED
SLC26A3 -4.44996 7.97E-09 | 4.26E-06 DOWNREGULATED
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TMIGD1 -4.33137 0.006749 | 0.049973 DOWNREGULATED
SORD2P -4.28774 1.78E-19 | 1.77E-15 DOWNREGULATED
HPR -4.27072 1.05E-07 | 2.76E-05 DOWNREGULATED
RPL10P6 -4.25771 3.87E-09 | 2.58E-06 DOWNREGULATED
CD177 -4.25159 1.43E-09 | 1.22E-06 DOWNREGULATED
RPL15P18 -4.18049 8.97E-11 | 1.34E-07 DOWNREGULATED
SULT1C2P2 -4.15522 0.002051 | 0.022573 DOWNREGULATED
AC087379.2 -4.10526 0.000999 | 0.013688 DOWNREGULATED
AC016885.3 -4.06885 9.73E-06 | 0.000641 DOWNREGULATED
ENSG00000286944.1 | -4.04729 0.002188 | 0.023578 DOWNREGULATED
CLEC4GP1 -3.95935 5.40E-06 | 0.000429 DOWNREGULATED
RPS26P38 -3.92499 3.38E-09 | 2.38E-06 DOWNREGULATED
LCN8 -3.91539 6.08E-05 | 0.002144 DOWNREGULATED
RPL10P9 -3.89851 3.60E-10 | 4.15E-07 DOWNREGULATED
SERHL -3.81568 1.40E-09 | 1.22E-06 DOWNREGULATED
PHGR1 -3.7461 0.000121 | 0.003386 DOWNREGULATED
SULT1C2P1 -3.74178 0.000622 | 0.010203 DOWNREGULATED
FGA -3.69655 0.003019 | 0.029054 DOWNREGULATED
SORCS3 -3.68154 1.25E-05 | 0.000756 DOWNREGULATED
ENSG00000287852.1 | -3.64047 0.001182 | 0.015374 DOWNREGULATED
AC010624.4 -3.61118 9.59E-06 | 0.000636 DOWNREGULATED
ANKRD34C-AS1 -3.59315 0.000129 | 0.003551 DOWNREGULATED
AL033397.2 -3.46987 1.17E-08 | 5.57E-06 DOWNREGULATED
AL136987.1 -3.45328 0.000395 | 0.007481 DOWNREGULATED
ARSF -3.44899 3.00E-05 | 0.001353 DOWNREGULATED
MAFA-AS1 -3.43358 0.000118 | 0.003336 DOWNREGULATED
LINC01518 -3.4003 9.95E-05 | 0.003003 DOWNREGULATED
AP001284.1 -3.38783 0.000165 | 0.004134 DOWNREGULATED
AC010255.3 -3.3303 2.39E-07 | 4.90E-05 DOWNREGULATED
CDC42EP5 -3.31995 9.66E-15 | 7.24E-11 DOWNREGULATED
RPL31P28 -3.31919 0.00035 0.006851 DOWNREGULATED
ENSG00000287628.1 | -3.2917 0.000208 | 0.004812 DOWNREGULATED
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EDDM3B -3.27282 0.00414 0.036046 DOWNREGULATED
PSORS1C3 2.650551 0.005367 | 0.042914 UPREGULATED
AL353705.4 2.652876 0.006656 | 0.049499 UPREGULATED
MTRNR2L1 2.670028 0.000742 | 0.011297 UPREGULATED
LINC01559 2.67745 0.003279 | 0.030742 UPREGULATED
DEFB1 2.69904 7.47E-05 | 0.002489 UPREGULATED
ERVV-2 2.70101 0.005783 | 0.045251 UPREGULATED
A2ML1 2.7133 6.45E-05 | 0.002238 UPREGULATED
RNA5SP18 2.746407 0.000252 | 0.005489 UPREGULATED
ENSG00000286619.1 | 2.767686 3.40E-05 | 0.001469 UPREGULATED
AC084859.1 2.775367 0.000498 | 0.008758 UPREGULATED
DUSP5P1 2.805899 6.68E-05 | 0.002291 UPREGULATED
ENSG00000287519.1 | 2.811225 0.001388 | 0.017122 UPREGULATED
GABRP 2.818523 2.14E-05 | 0.001083 UPREGULATED
SLC5A5 2.830515 0.000584 | 0.009773 UPREGULATED
SLC30A10 2.831199 0.002255 | 0.024085 UPREGULATED
SMYD1 2.832093 0.002934 | 0.028535 UPREGULATED
KLK13 2.837694 0.000683 | 0.010785 UPREGULATED
AC007563.3 2.837763 0.00229 0.024325 UPREGULATED
FMO6P 2.839622 0.000776 | 0.011594 UPREGULATED
EREG 2.873498 3.45E-06 | 0.00032 UPREGULATED
LINC01133 2.913958 1.08E-05 | 0.000685 UPREGULATED
AF064860.1 2.973283 0.000388 | 0.007366 UPREGULATED
AP000851.1 2.990601 0.000896 | 0.012762 UPREGULATED
LINC00898 2.998798 9.01E-05 | 0.002827 UPREGULATED
CHST9 3.016705 0.000104 | 0.003094 UPREGULATED
AC087257.2 3.037667 0.000957 | 0.013297 UPREGULATED
IGLVIVOR22-1 3.063369 0.001336 | 0.016691 UPREGULATED
GSTA3 3.070329 0.004522 | 0.038299 UPREGULATED
AC116614.1 3.091045 0.001709 | 0.019865 UPREGULATED
AC079062.1 3.198629 0.006613 | 0.049262 UPREGULATED
KBTBD12 3.236572 0.000415 | 0.00773 UPREGULATED
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AC117386.2 3.255779 0.00507 0.0414 UPREGULATED
PROKR1 3.26056 0.001122 | 0.014858 UPREGULATED
AP001783.1 3.272936 0.00127 0.016125 UPREGULATED
TBX10 3.320034 0.000145 | 0.003798 UPREGULATED
LINC00958 3.346044 2.49E-05 | 0.001192 UPREGULATED
SLC26A9 3.370092 3.96E-05 | 0.00163 UPREGULATED
DCDC2 3.373644 8.39E-06 | 0.000582 UPREGULATED
SLC13A2 3.689204 7.19E-06 | 0.000524 UPREGULATED
CCNG2P1 3.847608 0.00346 0.031844 UPREGULATED
ERICH5 4.010616 1.42E-05 | 0.000815 UPREGULATED
BMPR1B-AS1 4.042234 5.82E-05 | 0.002083 UPREGULATED
MIR663AHG 4.055542 0.002226 | 0.023884 UPREGULATED
TF 4.10513 5.65E-08 | 1.66E-05 UPREGULATED
PRKAG3 4.153476 0.000104 | 0.003089 UPREGULATED
LINC01224 4.303037 9.71E-06 | 0.000641 UPREGULATED
CRISP3 4.370039 9.80E-05 | 0.002968 UPREGULATED
TEX13C 4.442638 0.001742 | 0.020126 UPREGULATED
UGT1A6 5.509567 0.00014 0.003733 UPREGULATED
UGT1A1 6.168225 1.52E-05 | 0.000854 UPREGULATED

Table B7: Top 50 differentially expressed genes between Asian patients and Black
patients in the luminal A subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

SMR3B -4.23412 7.20E-06 | 0.001526 DOWNREGULATED
OPRPN -4.06763 9.73E-05 | 0.008023 DOWNREGULATED
MYBPC1 -3.9071 2.55E-08 | 2.79E-05 DOWNREGULATED
FGB -3.69867 0.000329 | 0.015311 DOWNREGULATED
TCN1 -3.31353 3.55E-05 | 0.0043 DOWNREGULATED
FGG -3.31224 0.000493 | 0.019444 DOWNREGULATED
SPOCK3 -3.24199 1.28E-07 | 9.01E-05 DOWNREGULATED
SUCNR1 -3.21001 6.08E-10 | 1.61E-06 DOWNREGULATED
SERPINA6 -3.08141 7.12E-05 | 0.006506 DOWNREGULATED
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IGKV6D-41 -2.96754 0.000555 | 0.020962 DOWNREGULATED
AC093627.7 -2.95129 4.87E-13 | 3.09E-09 DOWNREGULATED
KLK12 -2.91262 0.002457 | 0.047953 DOWNREGULATED
KLK13 -2.70373 3.52E-05 | 0.0043 DOWNREGULATED
ACADL -2.68309 5.87E-06 | 0.001329 DOWNREGULATED
CDH19 -2.67667 0.000154 | 0.010206 DOWNREGULATED
RERGL -2.64046 1.74E-06 | 0.000593 DOWNREGULATED
CCDC144NL -2.61066 0.000763 | 0.025347 DOWNREGULATED
ENSG00000287558.1 | -2.53991 0.001303 | 0.034718 DOWNREGULATED
TPH1 -2.47888 3.81E-06 | 0.001005 DOWNREGULATED
FCGR3B -2.46956 4.61E-07 | 0.00024 DOWNREGULATED
AC022431.1 -2.44521 0.000214 | 0.012305 DOWNREGULATED
AL132780.4 -2.43869 4.78E-07 | 0.000245 DOWNREGULATED
LIPK -2.4202 0.000451 | 0.018491 DOWNREGULATED
C8orf34-AS1 -2.41327 0.000181 | 0.011391 DOWNREGULATED
ANGPTL7 -2.37273 8.49E-05 | 0.007352 DOWNREGULATED
AC022498.2 -2.33292 4.88E-05 | 0.005072 DOWNREGULATED
EN2 -2.31381 0.000808 | 0.026362 DOWNREGULATED
ENSG00000286150.1 | -2.29835 4.24E-06 | 0.001058 DOWNREGULATED
MYOCD -2.2897 2.47E-09 | 4.13E-06 DOWNREGULATED
MLC1 -2.28619 7.46E-08 | 6.12E-05 DOWNREGULATED
SCGB2A1 -2.28484 0.000596 | 0.021824 DOWNREGULATED
SLC34A2 -2.28374 0.000696 | 0.024129 DOWNREGULATED
CHRM1 -2.25722 2.57E-05 | 0.003563 DOWNREGULATED
BMP3 -2.23073 0.000183 | 0.011438 DOWNREGULATED
Cp -2.18613 0.000118 | 0.008797 DOWNREGULATED
SFRP5 -2.1763 0.000333 | 0.015418 DOWNREGULATED
RGS5 -2.17383 1.53E-09 | 3.24E-06 DOWNREGULATED
SCGB1D2 -2.17187 0.002164 | 0.04474 DOWNREGULATED
AL450332.1 -2.16538 2.43E-06 | 0.000778 DOWNREGULATED
PIK3C2G -2.13687 1.96E-05 | 0.003051 DOWNREGULATED
AL359633.2 -2.13571 0.001455 | 0.036295 DOWNREGULATED
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KCNG1 -2.13126 3.12E-05 | 0.004018 DOWNREGULATED
FDCSP -2.12337 0.001339 | 0.035138 DOWNREGULATED
DES -2.12307 1.25E-05 | 0.002223 DOWNREGULATED
LINC02015 -2.02375 0.000998 | 0.029742 DOWNREGULATED
AC005537.1 -2.01282 0.002 0.042587 DOWNREGULATED
CLDN10 -2.0033 1.60E-05 | 0.002677 DOWNREGULATED
UTS2 -1.97175 7.34E-06 | 0.001526 DOWNREGULATED
SLC8A2 -1.95826 0.000601 | 0.021939 DOWNREGULATED
ACTC1 -1.94623 0.000487 | 0.019301 DOWNREGULATED
MKX 3.113082 4.09E-06 | 0.001045 UPREGULATED
DLK1 3.114402 0.000922 | 0.028436 UPREGULATED
CYP2B6 3.128554 3.32E-07 | 0.000192 UPREGULATED
APOAS5 3.137322 3.97E-05 | 0.00463 UPREGULATED
ASS1P11 3.142794 0.000326 | 0.015233 UPREGULATED
TUBA3E 3.145395 5.59E-09 | 8.05E-06 UPREGULATED
DDX11L8 3.149422 0.000266 | 0.013628 UPREGULATED
OR7E161P 3.154175 0.000149 | 0.01005 UPREGULATED
CYP2A6 3.160278 1.80E-06 | 0.000609 UPREGULATED
AP005121.1 3.18962 2.04E-06 | 0.000665 UPREGULATED
AC105399.1 3.198481 0.000113 | 0.008727 UPREGULATED
CSAG3 3.261432 0.001601 | 0.038346 UPREGULATED
KDM5D 3.268025 0.000586 | 0.021565 UPREGULATED
TCL1A 3.319445 8.50E-07 | 0.000369 UPREGULATED
SPRR1B 3.417275 0.000428 | 0.017969 UPREGULATED
RPS26P38 3.425951 5.91E-07 | 0.00028 UPREGULATED
AC015818.3 3.443018 0.000495 | 0.019469 UPREGULATED
AL445685.2 3.444785 3.61E-05 | 0.004341 UPREGULATED
IGKV10R-3 3.55074 0.000371 | 0.016509 UPREGULATED
TUBA3C 3.552331 3.97E-08 | 3.78E-05 UPREGULATED
FAM210CP 3.554455 2.96E-08 | 3.13E-05 UPREGULATED
ENSG00000286358.1 | 3.643581 4.41E-05 | 0.004778 UPREGULATED
SLC5A12 3.689127 3.03E-07 | 0.000185 UPREGULATED
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ANKRD20A9P 3.71607 3.19E-06 | 0.000902 UPREGULATED
ACTBP12 3.749358 8.84E-06 | 0.001742 UPREGULATED
EDDM3B 3.760549 5.10E-07 | 0.000249 UPREGULATED
GFY 3.762033 0.000118 | 0.008797 UPREGULATED
VSTM2A 3.782245 6.65E-05 | 0.006225 UPREGULATED
APOC3 3.786286 0.000566 | 0.021146 UPREGULATED
LINC01502 3.914534 2.57E-05 | 0.003563 UPREGULATED
ENSG00000287020.1 | 3.984132 0.001022 | 0.030186 UPREGULATED
COX6CP1 4.075604 2.14E-11 | 8.49E-08 UPREGULATED
AL592486.1 4.097243 3.44E-07 | 0.000195 UPREGULATED
SPANXC 4.144299 0.002073 | 0.043537 UPREGULATED
RPS26P47 4.330647 2.46E-09 | 4.13E-06 UPREGULATED
OR56A3 4.535317 0.00045 0.01847 UPREGULATED
AC132825.1 4.547798 1.24E-06 | 0.000488 UPREGULATED
MTCO1P53 4.685403 1.02E-14 | 1.08E-10 UPREGULATED
COX20P1 4.710614 7.23E-20 | 2.29E-15 UPREGULATED
TBC1D3D 4716718 2.11E-07 | 0.000134 UPREGULATED
MAGEA12 5.080364 5.49E-05 | 0.005542 UPREGULATED
RPS26P4 5.354735 1.76E-09 | 3.29E-06 UPREGULATED
MTATP8P2 5.397509 6.37E-15 | 1.01E-10 UPREGULATED
PSG4 5.60152 1.21E-09 | 2.75E-06 UPREGULATED
UGT2B17 5.623199 2.07E-10 | 5.95E-07 UPREGULATED
CYP4F34P 5.944045 2.43E-11 | 8.57E-08 UPREGULATED
RPS26P34 6.01111 6.42E-11 | 2.04E-07 UPREGULATED
SCN1A 6.261565 6.51E-13 | 3.44E-09 UPREGULATED
MAGEA3 6.351383 0.000126 | 0.009094 UPREGULATED
SPANXB1 6.511293 1.64E-11 | 7.41E-08 UPREGULATED

Table B8: Top 50 differentially expressed genes between Asian patients and White
patients in the luminal A subtype

GeneName

Log2FoldChange

PValue

AdjustedPValue

Expression

CASP14

-3.94755

6.56E-06

0.002986

DOWNREGULATED
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IGKV2-29 -3.57157 5.09E-05 | 0.01299 DOWNREGULATED
AC023157.1 -3.40523 496E-09 | 1.34E-05 DOWNREGULATED
SUCNR1 -2.91381 3.28E-13 | 1.62E-09 DOWNREGULATED
SPINK1 -2.81198 2.53E-06 | 0.001362 DOWNREGULATED
EPO -2.73726 2.32E-06 | 0.001297 DOWNREGULATED
CU638689.4 -2.60931 0.000473 | 0.045206 DOWNREGULATED
AC004832.6 -2.5382 8.78E-07 | 0.000675 DOWNREGULATED
MTCO1P40 -2.47562 5.57E-08 | 7.85E-05 DOWNREGULATED
CA9 -2.38585 6.85E-05 | 0.015978 DOWNREGULATED
IGLV10-54 -2.31447 0.000425 | 0.043819 DOWNREGULATED
UTS2 -2.31202 2.02E-06 | 0.001223 DOWNREGULATED
PPIAP58 -2.25803 3.13E-08 | 4.97E-05 DOWNREGULATED
IGKV20R22-3 -2.15188 0.000539 | 0.04791 DOWNREGULATED
IGHV3-64 -2.03321 0.000294 | 0.03658 DOWNREGULATED
IGLV3-19 -1.98905 0.000209 | 0.030115 DOWNREGULATED
ACP7 -1.91321 2.41E-05 | 0.007673 DOWNREGULATED
NKX2-8 -1.88824 0.000275 | 0.035254 DOWNREGULATED
AC093627.7 -1.88409 1.48E-05 | 0.005223 DOWNREGULATED
C5orf67 -1.85009 0.000418 | 0.043763 DOWNREGULATED
PPIAP9 -1.84863 2.38E-08 | 4.15E-05 DOWNREGULATED
AC243829.1 -1.82111 0.000139 | 0.023485 DOWNREGULATED
NPIPB2 -1.78481 2.64E-05 | 0.008054 DOWNREGULATED
RETN -1.76198 0.00023 0.031703 DOWNREGULATED
ADAMTS7P1 -1.72791 1.47E-07 | 0.000174 DOWNREGULATED
PPIAP21 -1.70848 2.96E-07 | 0.000324 DOWNREGULATED
IGHG2 -1.7056 0.000283 | 0.036015 DOWNREGULATED
AL158151.4 -1.64964 1.07E-05 | 0.004226 DOWNREGULATED
FAM163B -1.64671 0.000373 | 0.041622 DOWNREGULATED
CCL3L1 -1.62056 6.89E-06 | 0.003089 DOWNREGULATED
B3GAT1 -1.59437 0.00046 0.045077 DOWNREGULATED
AC012441.2 -1.56196 0.000307 | 0.037066 DOWNREGULATED
RAPGEFL1 -1.55338 3.41E-05 | 0.009339 DOWNREGULATED

206



ISG15 -1.5351 0.000592 | 0.04969 DOWNREGULATED
PFN1P1 -1.53382 4.19E-08 | 6.20E-05 DOWNREGULATED
LINC02043 -1.52719 0.000253 | 0.033254 DOWNREGULATED
GNG8 -1.52357 8.19E-05 | 0.017962 DOWNREGULATED
HIST1H4C -1.51108 9.10E-06 | 0.003742 DOWNREGULATED
EPPIN 2.93721 0.000435 | 0.044236 UPREGULATED
PRL 2.94619 0.000113 | 0.021689 UPREGULATED
AL160408.1 3.008454 0.000116 | 0.02173 UPREGULATED
AGXT 3.085101 5.68E-05 | 0.013991 UPREGULATED
DAPL1 3.114852 1.84E-06 | 0.001134 UPREGULATED
PPP1R1C 3.121622 8.54E-06 | 0.003662 UPREGULATED
LRP1B 3.145711 6.45E-06 | 0.002983 UPREGULATED
FOXE1 3.304475 1.06E-06 | 0.000748 UPREGULATED
UPK1B 3.334541 0.000107 | 0.021246 UPREGULATED
HOXB-AS3 3.401595 9.16E-07 | 0.000675 UPREGULATED
KRT1 3.409652 9.73E-09 | 2.06E-05 UPREGULATED
FUT6 3.419058 2.17E-05 | 0.007129 UPREGULATED
LINC02315 3.469455 0.000488 | 0.045301 UPREGULATED
TMPRSS11D 3.479892 7.56E-07 | 0.000675 UPREGULATED
COX20P1 3.522512 1.22E-08 | 2.41E-05 UPREGULATED
ENSG00000286329.1 | 3.631444 0.000284 | 0.036015 UPREGULATED
ALDH3A1 3.641692 1.08E-10 | 4.01E-07 UPREGULATED
CDH18 3.659195 0.000235 | 0.03195 UPREGULATED
ENSG00000286358.1 | 3.672481 1.31E-05 | 0.004847 UPREGULATED
GABRA1 3.704817 0.000531 | 0.047825 UPREGULATED
AC104035.1 3.752735 2.25E-06 | 0.001281 UPREGULATED
RPS4XP22 3.809311 2.57E-30 | 7.60E-26 UPREGULATED
AC005829.2 3.824037 9.23E-07 | 0.000675 UPREGULATED
COL2A1 3.883521 3.19E-08 | 4.97E-05 UPREGULATED
MTRNR2L1 4.020149 5.87E-09 | 1.45E-05 UPREGULATED
AP000785.1 4.022054 0.000447 | 0.044354 UPREGULATED
KRT4 4.044151 8.13E-07 | 0.000675 UPREGULATED
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AC011632.1 4.065868 1.50E-06 | 0.000984 UPREGULATED
ENSG00000288235.1 | 4.076617 1.39E-07 | 0.000171 UPREGULATED
GABRG2 4.080405 0.000484 | 0.045301 UPREGULATED
AC074389.2 4.091587 0.000287 | 0.036015 UPREGULATED
CCDC144A 4131197 2.44E-12 | 1.03E-08 UPREGULATED
AC092979.1 4.148553 0.000256 | 0.033456 UPREGULATED
RALYL 4.157981 0.000465 | 0.045206 UPREGULATED
FAM83C 4.221098 0.000261 | 0.033718 UPREGULATED
AKR1B10 4.284982 9.35E-09 | 2.06E-05 UPREGULATED
AC146944.4 4.285572 9.02E-06 | 0.003742 UPREGULATED
GATAS 4357112 8.44E-07 | 0.000675 UPREGULATED
MAPK8IP1P2 4.370521 7.75E-05 | 0.017372 UPREGULATED
CYP2G2P 4.388746 2.15E-06 | 0.001246 UPREGULATED
AC098850.3 4.439892 1.43E-09 | 4.69E-06 UPREGULATED
USP32P1 4.711285 8.19E-15 | 4.85E-11 UPREGULATED
KRT13 4.843613 8.95E-07 | 0.000675 UPREGULATED
ENSG00000286619.1 | 5.134191 3.38E-17 | 3.33E-13 UPREGULATED
AC078882.1 5.238218 2.70E-07 | 0.000307 UPREGULATED
SPRR1A 5.470721 0.000206 | 0.029962 UPREGULATED
AC146944.3 5.685635 3.18E-06 | 0.001683 UPREGULATED
BRINP3 6.863824 3.73E-09 | 1.10E-05 UPREGULATED
PSG4 7.239712 1.01E-15 | 7.47E-12 UPREGULATED
TRH 7.962347 1.57E-20 | 2.33E-16 UPREGULATED

Table B9: Top 50 differentially expressed genes between Black patients and White
patients in the luminal A subtype

GeneName Log2FoldChange | PValue AdjustedPValue | diffexpressed

SULT1C3 -5.63101 5.82E-07 | 1.05E-05 DOWNREGULATED
AC243829.5 -5.57687 1.63E-05 | 0.000168 DOWNREGULATED
MTATP8P2 -5.54296 2.76E-52 | 5.35E-48 DOWNREGULATED
MTCO1P40 -5.21261 2.06E-64 | 8.01E-60 DOWNREGULATED
RPS26P34 -5.01965 7.46E-18 | 6.43E-15 DOWNREGULATED
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TBC1D3D -4.74608 4.75E-09 | 1.86E-07 DOWNREGULATED
ENSG00000287448.1 | -4.53222 1.00E-08 | 3.44E-07 DOWNREGULATED
KLK3 -4.45311 1.43E-20 | 2.21E-17 DOWNREGULATED
LINC01499 -4.30478 2.28E-06 | 3.25E-05 DOWNREGULATED
MAGEA6 -4.29716 0.000282 | 0.001827 DOWNREGULATED
RPS26P4 -4.2697 3.27E-13 | 6.13E-11 DOWNREGULATED
MSMB -4.15325 6.25E-24 | 1.73E-20 DOWNREGULATED
MTCO1P53 -4.10048 1.18E-26 | 5.14E-23 DOWNREGULATED
RHOXF1P2 -4.07496 1.27E-05 | 0.000136 DOWNREGULATED
AL445685.2 -3.8786 2.21E-13 | 4.36E-11 DOWNREGULATED
SCN1A -3.87019 6.97E-14 | 1.70E-11 DOWNREGULATED
LINC00668 -3.86063 6.70E-10 | 3.59E-08 DOWNREGULATED
AC113367.2 -3.7831 0.000897 | 0.004775 DOWNREGULATED
MTND4P24 -3.72276 8.77E-39 | 1.13E-34 DOWNREGULATED
UCN3 -3.71536 4.71E-05 | 0.000408 DOWNREGULATED
KLK2 -3.62871 1.08E-23 | 2.79E-20 DOWNREGULATED
IGLVI-70 -3.61976 1.34E-13 | 2.89E-11 DOWNREGULATED
RHOXF1P1 -3.61712 2.95E-08 | 8.65E-07 DOWNREGULATED
MTND1P23 -3.57248 1.05E-10 | 7.61E-09 DOWNREGULATED
AC104454.2 -3.53553 3.09E-05 | 0.000286 DOWNREGULATED
DPP10-AS1 -3.47049 7.05E-07 | 1.23E-05 DOWNREGULATED
CYP4F34P -3.41952 3.63E-06 | 4.77E-05 DOWNREGULATED
TCAP -3.26818 1.35E-34 | 1.31E-30 DOWNREGULATED
RPL10P6 -3.22087 6.96E-17 | 4.74E-14 DOWNREGULATED
FEZF1-AS1 -3.20074 6.26E-12 | 7.08E-10 DOWNREGULATED
ACTBP12 -3.19262 1.46E-10 | 1.01E-08 DOWNREGULATED
MAGEA3 -3.12037 0.001687 | 0.008053 DOWNREGULATED
SPANXB1 -3.1172 6.53E-06 | 7.83E-05 DOWNREGULATED
72G16 -3.10392 2.08E-09 | 9.31E-08 DOWNREGULATED
APOC3 -3.1012 5.44E-08 | 1.45E-06 DOWNREGULATED
MYPN -3.08143 2.49E-11 | 2.25E-09 DOWNREGULATED
AC084149.1 -3.06512 4.94E-06 | 6.20E-05 DOWNREGULATED
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RPL10P9 -3.05604 3.28E-22 | 6.71E-19 DOWNREGULATED
ZBTB80OSP2 -3.05485 1.20E-16 | 7.14E-14 DOWNREGULATED
OR7E22P -3.03993 1.31E-16 | 7.72E-14 DOWNREGULATED
WFDC10A -3.03434 3.15E-05 | 0.00029 DOWNREGULATED
SORD2P -3.02739 1.21E-32 | 9.37E-29 DOWNREGULATED
TBC1D3E -3.02612 4.58E-10 | 2.59E-08 DOWNREGULATED
IGLL1 -2.97816 8.29E-12 | 8.72E-10 DOWNREGULATED
AC243829.1 -2.96989 1.91E-21 | 3.22E-18 DOWNREGULATED
AC137695.2 -2.96098 1.38E-12 | 2.02E-10 DOWNREGULATED
AC103769.1 -2.92415 8.89E-11 | 6.55E-09 DOWNREGULATED
AC004080.1 -2.88118 1.95E-06 | 2.84E-05 DOWNREGULATED
HSD3BP2 -2.85163 1.40E-05 | 0.000149 DOWNREGULATED
ENSG00000287443.1 | -2.81038 0.001026 | 0.00534 DOWNREGULATED
CR392039.3 2.37005 0.001985 | 0.009211 UPREGULATED
CXADRP1 2.37058 5.71E-07 | 1.03E-05 UPREGULATED
AADACL2 2.379953 0.000225 | 0.001521 UPREGULATED
AC146944.3 2.390483 0.000567 | 0.003262 UPREGULATED
INF716 2.408957 0.003051 | 0.013132 UPREGULATED
GRAMD4P1 2.409569 7.31E-05 | 0.000593 UPREGULATED
MMP8 2.423261 2.53E-07 | 5.20E-06 UPREGULATED
MED15P5 2.434486 0.002937 | 0.01273 UPREGULATED
AC111149.2 2.435091 0.010778 | 0.036563 UPREGULATED
IGHV5-10-1 2.440619 1.71E-07 | 3.78E-06 UPREGULATED
GTF3AP6 2443435 0.009837 | 0.033999 UPREGULATED
OPRPN 2.447774 4.44E-05 | 0.000388 UPREGULATED
ENSG00000285972.1 | 2.453974 0.00049 0.002889 UPREGULATED
FOXE1 2478715 1.85E-07 | 4.01E-06 UPREGULATED
ENSG00000287069.1 | 2.569161 1.44E-06 | 2.22E-05 UPREGULATED
ENSG00000287609.1 | 2.588247 1.61E-07 | 3.59E-06 UPREGULATED
SYT10 2.589888 3.38E-05 | 0.000309 UPREGULATED
GJB6 2.608705 2.86E-08 | 8.44E-07 UPREGULATED
NTS 2.627926 1.87E-05 | 0.000189 UPREGULATED
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AC087379.1 2.638814 0.00024 0.001602 UPREGULATED
AF127577.3 2.647837 0.000162 | 0.001161 UPREGULATED
AL033397.1 2.652564 0.013455 | 0.043612 UPREGULATED
LINC00491 2.662734 0.000337 | 0.002122 UPREGULATED
FGB 2.715594 1.55E-05 | 0.000161 UPREGULATED
AC023421.1 2.751324 1.23E-13 | 2.69E-11 UPREGULATED
CPB1 2.799442 5.49E-06 | 6.76E-05 UPREGULATED
SERPINB3 2.828871 0.007644 | 0.027712 UPREGULATED
KRT13 2.832461 1.56E-06 | 2.38E-05 UPREGULATED
CST5 2.883383 3.20E-07 | 6.35E-06 UPREGULATED
CTAG2 3.007032 0.004239 | 0.017196 UPREGULATED
RN7SKP256 3.0167 0.004567 | 0.018244 UPREGULATED
UGT2B4 3.119576 1.79E-08 | 5.63E-07 UPREGULATED
NANOGP3 3.139809 0.000173 | 0.001223 UPREGULATED
SPRR3 3.143499 0.000405 | 0.002469 UPREGULATED
SPRR1A 3.196608 0.000216 | 0.001471 UPREGULATED
SERPINB13 3.201775 0.000229 | 0.001542 UPREGULATED
SMR3B 3.268627 1.50E-06 | 2.30E-05 UPREGULATED
AL354984.2 3.375383 2.65E-07 | 5.41E-06 UPREGULATED
CYP2A7 3.398158 1.34E-12 | 1.99E-10 UPREGULATED
BPIFA1 3.464862 6.47E-05 | 0.000534 UPREGULATED
AC146944.4 3.640597 1.53E-09 | 7.11E-08 UPREGULATED
AKR1B10 3.797371 1.33E-15 | 5.93E-13 UPREGULATED
AL390061.1 3.827278 2.09E-05 | 0.000207 UPREGULATED
AC074389.2 3.855506 1.16E-07 | 2.72E-06 UPREGULATED
AC114786.2 3.856909 0.009041 | 0.031754 UPREGULATED
SERPINA6 3.897097 1.10E-11 | 1.10E-09 UPREGULATED
MKNK2P1 3.938738 1.49E-06 | 2.29E-05 UPREGULATED
LINC02302 4.248807 6.51E-09 | 2.40E-07 UPREGULATED
DCD 4.734812 3.54E-11 | 3.00E-09 UPREGULATED
ADH7 6.432831 4.31E-06 | 5.53E-05 UPREGULATED
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Table B10: Top 50 differentially expressed genes between Asian patients and Black
patients in the luminal B subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

ENSG00000287448.1 | -6.49939 1.03E-06 | 0.001263 DOWNREGULATED
MAGEA3 -6.46239 6.48E-05 | 0.01583 DOWNREGULATED
TSPAN8 -5.75197 7.79E-09 | 2.19E-05 DOWNREGULATED
HMX1 -5.3764 7.42E-08 | 0.000123 DOWNREGULATED
LINC01639 -5.28927 2.16E-05 | 0.008186 DOWNREGULATED
DPYSL5 -5.25106 1.56E-10 | 7.31E-07 DOWNREGULATED
GABRQ -4.65537 1.35E-08 | 3.16E-05 DOWNREGULATED
CPLX2 -4.35596 5.60E-05 | 0.014428 DOWNREGULATED
Z1C4 -4.16842 1.62E-05 | 0.006862 DOWNREGULATED
GABRA3 -4.091 4.53E-05 | 0.012833 DOWNREGULATED
KIF1A -3.94951 1.05E-05 | 0.006176 DOWNREGULATED
AL772337.3 -3.89938 0.000242 | 0.032533 DOWNREGULATED
CHRNA4 -3.79933 2.03E-05 | 0.00781 DOWNREGULATED
Céorf223 -3.66412 5.77E-06 | 0.004155 DOWNREGULATED
CR382285.1 -3.59296 5.44E-05 | 0.014155 DOWNREGULATED
AC005696.4 -3.48905 1.48E-05 | 0.006862 DOWNREGULATED
MED15P9 -3.3273 0.000282 | 0.036148 DOWNREGULATED
LINC00461 -3.323 0.000235 | 0.032263 DOWNREGULATED
MC5R -3.28792 1.58E-05 | 0.006862 DOWNREGULATED
LINC00578 -3.2342 1.78E-07 | 0.000277 DOWNREGULATED
RIMS2 -3.19698 5.07E-05 | 0.013579 DOWNREGULATED
CACNA1B -3.12077 3.13E-07 | 0.000462 DOWNREGULATED
HNRNPA1P57 -3.11606 0.000122 | 0.022626 DOWNREGULATED
CPEB1-AS1 -3.02469 1.05E-05 | 0.006176 DOWNREGULATED
KIR2DS4 -2.95931 8.57E-05 | 0.018709 DOWNREGULATED
PON1 -2.93583 0.000327 | 0.03892 DOWNREGULATED
MOGAT?2 -2.93502 1.62E-05 | 0.006862 DOWNREGULATED
SRRM4 -2.91233 0.00049 0.049165 DOWNREGULATED
C2CD4A -2.88248 0.000136 | 0.023428 DOWNREGULATED
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C150rf59-AS1 -2.85354 0.000324 | 0.03892 DOWNREGULATED
HIST1H3G -2.8235 0.000333 | 0.039095 DOWNREGULATED
SEZ6 -2.8096 0.000125 | 0.022626 DOWNREGULATED
KCNK3 -2.77143 0.000443 | 0.046087 DOWNREGULATED
KIR2DL1 -2.77118 0.000484 | 0.048951 DOWNREGULATED
ATP1A2 -2.77103 1.82E-05 | 0.007297 DOWNREGULATED
MTND6P3 -2.73173 0.000507 | 0.049851 DOWNREGULATED
CNTN2 -2.7222 1.54E-05 | 0.006862 DOWNREGULATED
AC022498.2 -2.69556 5.77E-05 | 0.014608 DOWNREGULATED
UNC80 -2.66129 0.000192 | 0.028108 DOWNREGULATED
TMEM178B -2.63172 1.86E-05 | 0.007297 DOWNREGULATED
KLK13 -2.61605 0.000303 | 0.037483 DOWNREGULATED
FER1L6 -2.61113 5.17E-05 | 0.013707 DOWNREGULATED
ENSG00000286590.1 | -2.59674 0.000379 | 0.041513 DOWNREGULATED
VIPR2 -2.59262 7.68E-05 | 0.017701 DOWNREGULATED
AL132780.4 -2.58991 2.21E-06 | 0.002024 DOWNREGULATED
AL356234.2 -2.52201 0.000383 | 0.041715 DOWNREGULATED
AC124657.1 -2.47949 0.000139 | 0.02374 DOWNREGULATED
FAM19A4 -2.47695 0.000307 | 0.037821 DOWNREGULATED
HCN4 -2.45082 4.57E-05 | 0.012833 DOWNREGULATED
ADGRF4 -2.44225 2.53E-05 | 0.009126 DOWNREGULATED
Clorf167 2.404374 0.000498 | 0.04946 UPREGULATED
TPSP2 2.408294 6.67E-05 | 0.016169 UPREGULATED
CHIT1 2.427302 0.000129 | 0.023 UPREGULATED
ENSG00000285644.1 | 2.430518 4.52E-05 | 0.012833 UPREGULATED
FAM103A2P 2.457282 1.50E-06 | 0.001566 UPREGULATED
C2CD4C 2.473776 4.31E-05 | 0.012605 UPREGULATED
RGS6 2.479399 0.000233 | 0.032149 UPREGULATED
EPHA6 2.491572 0.000328 | 0.038947 UPREGULATED
KRT8P42 2.501635 0.00037 0.041159 UPREGULATED
DSCAML1 2.505689 0.0002 0.028886 UPREGULATED
AL445189.2 2.514724 0.000481 | 0.048951 UPREGULATED
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AC005225.2 2.52054 4.87E-05 | 0.013317 UPREGULATED
AC051619.5 2.528452 1.33E-05 | 0.006862 UPREGULATED
ZBTB8OSP2 2.595168 0.000267 | 0.034813 UPREGULATED
KHDRBS2 2.603127 0.000121 | 0.022626 UPREGULATED
AC010624.1 2.616995 9.11E-06 | 0.005816 UPREGULATED
CA4 2.633872 0.000484 | 0.048951 UPREGULATED
SLC25A48 2.644126 3.72E-05 | 0.011732 UPREGULATED
PYY 2.664262 0.000143 | 0.023921 UPREGULATED
ENSG00000287826.1 | 2.788491 0.000179 | 0.027102 UPREGULATED
RPS26P38 2.789309 0.000182 | 0.02742 UPREGULATED
AC010624.4 2.8019 0.00039 0.042271 UPREGULATED
AC073264.3 2.857019 0.000102 | 0.020605 UPREGULATED
PNLIPRP2 2.916654 0.000145 | 0.023921 UPREGULATED
AP001056.1 291757 0.000218 | 0.030653 UPREGULATED
FAM196A 3.003742 0.000144 | 0.023921 UPREGULATED
LINC01956 3.047845 3.92E-05 | 0.011852 UPREGULATED
RPS26P4 3.147094 0.000503 | 0.049642 UPREGULATED
COX20P1 3.185067 4.57E-06 | 0.003472 UPREGULATED
LEP 3.22725 4.05E-05 | 0.012116 UPREGULATED
LCNL1 3.322574 0.000159 | 0.025343 UPREGULATED
MTND1P23 3.416393 0.000291 | 0.036661 UPREGULATED
SYNPO2L 3.490679 0.00024 0.032373 UPREGULATED
WT1-AS 3.545174 0.000127 | 0.022913 UPREGULATED
SEZ6L 3.547852 0.000178 | 0.027102 UPREGULATED
IGLV1-41 3.71404 3.80E-05 | 0.011852 UPREGULATED
U2AF1L5 3.803348 1.17E-15 | 6.60E-12 UPREGULATED
RPL10P9 3.860268 9.38E-17 | 6.59E-13 UPREGULATED
CBLNZ2 3.917282 2.74E-05 | 0.009519 UPREGULATED
ENSG00000285972.1 | 4.011675 0.000227 | 0.031566 UPREGULATED
RPS26P34 4.096269 8.46E-06 | 0.005529 UPREGULATED
FAM210CP 4.186403 4.35E-07 | 0.000612 UPREGULATED
GCGR 4.376815 8.13E-07 | 0.001088 UPREGULATED
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AP000763.2 4.813088 7.43E-08 | 0.000123 UPREGULATED
RPL10P6 4.828384 1.12E-19 | 3.14E-15 UPREGULATED
HS3ST5 5.070117 3.13E-10 | 1.26E-06 UPREGULATED
UGT2B17 5432456 9.79E-06 | 0.005981 UPREGULATED
TBC1D3D 6.020275 3.14E-08 | 6.31E-05 UPREGULATED
MTCO1P53 6.257422 9.19E-18 | 1.29E-13 UPREGULATED
IGHV1-69-2 7.847883 7.28E-17 | 6.59E-13 UPREGULATED

Table B11: Top 50 differentially expressed genes between Asian patients and White
patients in the luminal B subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

RPL37P4 -6.14786 5.79E-05 | 0.011206 DOWNREGULATED
CHGA -6.10217 2.47E-17 | 4.01E-13 DOWNREGULATED
TRH -5.19482 2.76E-09 | 4.48E-06 DOWNREGULATED
SEC14L3 -5.13103 3.28E-11 | 1.18E-07 DOWNREGULATED
LHFPL4 -4.85874 4.49E-11 | 1.33E-07 DOWNREGULATED
AL353726.2 -4.7406 3.54E-06 | 0.001536 DOWNREGULATED
TSPANS8 -4.64947 5.68E-08 | 5.77E-05 DOWNREGULATED
CNTN6 -4.63755 1.89E-14 | 1.41E-10 DOWNREGULATED
IGHV7-4-1 -4.5123 5.79E-07 | 0.000355 DOWNREGULATED
LINC02468 -4.4936 1.81E-06 | 0.000937 DOWNREGULATED
CR382285.1 -4.42646 2.16E-14 | 1.41E-10 DOWNREGULATED
AC073869.5 -4.4102 4.02E-05 | 0.009013 DOWNREGULATED
MED15P9 -4.3786 7.44E-09 | 1.05E-05 DOWNREGULATED
Cé6orf223 -4.24284 1.37E-13 | 6.37E-10 DOWNREGULATED
AC011195.2 -4.21941 3.86E-11 | 1.26E-07 DOWNREGULATED
IGKV2-29 -4.18291 9.58E-07 | 0.000546 DOWNREGULATED
CEACAMP3 -3.98813 1.94E-05 | 0.005637 DOWNREGULATED
NR5A1 -3.70135 9.57E-07 | 0.000546 DOWNREGULATED
GLRA3 -3.65134 2.12E-05 | 0.006005 DOWNREGULATED
IGKV1D-17 -3.56231 2.78E-06 | 0.001275 DOWNREGULATED
IGKV2D-28 -3.53159 1.63E-08 | 2.12E-05 DOWNREGULATED
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IGLVI-70 -3.5146 4.06E-07 | 0.000254 DOWNREGULATED
EPS8L3 -3.50805 4.69E-10 | 1.09E-06 DOWNREGULATED
AL139039.2 -3.50006 2.41E-05 | 0.006593 DOWNREGULATED
AL772337.1 -3.48528 5.15E-06 | 0.00212 DOWNREGULATED
MTCO1P42 -3.41111 6.60E-05 | 0.012123 DOWNREGULATED
CST8 -3.39259 5.75E-05 | 0.011197 DOWNREGULATED
AC025423.3 -3.37785 0.000485 | 0.046983 DOWNREGULATED
BCRP1 -3.34846 8.43E-08 | 7.83E-05 DOWNREGULATED
AC133681.1 -3.3265 0.000234 | 0.029174 DOWNREGULATED
CD5L -3.27751 0.000209 | 0.027441 DOWNREGULATED
AC026369.1 -3.27586 1.79E-09 | 3.24E-06 DOWNREGULATED
SPACA3 -3.27017 1.88E-07 | 0.000145 DOWNREGULATED
BCAR4 -3.21576 9.89E-05 | 0.016071 DOWNREGULATED
MIR4740 -3.19077 5.80E-09 | 8.57E-06 DOWNREGULATED
AC114316.2 -3.1865 9.72E-05 | 0.015942 DOWNREGULATED
AQP5 -3.17174 3.98E-05 | 0.008993 DOWNREGULATED
UTS2 -3.14168 6.89E-15 | 7.46E-11 DOWNREGULATED
MYEOV -3.07938 2.21E-08 | 2.66E-05 DOWNREGULATED
CU638689.4 -3.06771 0.000113 | 0.017176 DOWNREGULATED
LINC01748 -3.03454 4.40E-05 | 0.009539 DOWNREGULATED
IGKV2-28 -2.95323 3.26E-05 | 0.007656 DOWNREGULATED
AL109897.1 -2.93457 1.93E-05 | 0.005637 DOWNREGULATED
ENSG00000286062.1 | -2.91117 9.80E-08 | 8.85E-05 DOWNREGULATED
AL139039.3 -2.86609 2.37E-06 | 0.001149 DOWNREGULATED
TCF24 -2.84344 4.69E-05 | 0.010057 DOWNREGULATED
SYNPO2L -2.80696 0.000232 | 0.029098 DOWNREGULATED
LRP1B -2.78474 0.000226 | 0.028851 DOWNREGULATED
AC096734.1 -2.71007 0.000124 | 0.018529 DOWNREGULATED
KIR2DS4 -2.62725 5.65E-06 | 0.002298 DOWNREGULATED
WNT3A 2.35603 0.000463 | 0.045793 UPREGULATED

DLX2 2.371902 0.000448 | 0.044909 UPREGULATED

PI16 2.412202 5.62E-05 | 0.011097 UPREGULATED
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CYP2A7 2428635 0.000381 | 0.039824 UPREGULATED
DND1P1 2456578 3.21E-05 | 0.007655 UPREGULATED
CD36 2.471776 6.78E-08 | 6.48E-05 UPREGULATED
OR3A2 2.500442 8.24E-06 | 0.003116 UPREGULATED
SERPINB2 2.561375 0.000118 | 0.017853 UPREGULATED
LINC01956 2.633021 0.000107 | 0.016782 UPREGULATED
SLC6A4 2.650373 6.00E-05 | 0.011476 UPREGULATED
GTF2H2B 2.656313 2.99E-07 | 0.000203 UPREGULATED
S100A9 2.665329 2.78E-06 | 0.001275 UPREGULATED
AFP 2.721091 0.000232 | 0.029098 UPREGULATED
SORCS1 2.753877 0.000152 | 0.021713 UPREGULATED
HMGCS2 2.754063 6.95E-05 | 0.012487 UPREGULATED
PURPL 2.769917 0.000243 | 0.029973 UPREGULATED
GNAQP1 2.813038 2.25E-07 | 0.000161 UPREGULATED
CA4 2.850186 3.06E-05 | 0.007496 UPREGULATED
MTRNR2L1 2.87377 7.57E-06 | 0.002896 UPREGULATED
ENSG00000285668.1 | 2.880253 2.54E-05 | 0.006779 UPREGULATED
HS3ST5 2.927493 8.14E-05 | 0.013709 UPREGULATED
AC005829.2 3.010979 2.33E-05 | 0.006464 UPREGULATED
OR3A1 3.0729 5.75E-05 | 0.011197 UPREGULATED
SSTR5-AS1 3.096045 0.000311 | 0.034878 UPREGULATED
CCDC175 3.163883 0.000362 | 0.038522 UPREGULATED
AP001999.1 3.171337 0.000109 | 0.016904 UPREGULATED
U2AF1L5 3.18422 1.15E-10 | 3.11E-07 UPREGULATED
DDX11L10 3.258728 6.93E-07 | 0.00041 UPREGULATED
MKX 3.26284 2.27E-07 | 0.000161 UPREGULATED
SRP68P1 3.327187 0.00018 0.025008 UPREGULATED
CHRNB2 3.348958 3.39E-07 | 0.00022 UPREGULATED
USP32P1 3.515296 2.20E-09 | 3.76E-06 UPREGULATED
IGHV1-69-2 3.515805 0.00011 0.017021 UPREGULATED
AC073850.1 3.653188 1.49E-05 | 0.004697 UPREGULATED
AC105999.2 3.657357 0.0005 0.047527 UPREGULATED
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CCDC144A 3.685476 4.37E-10 | 1.09E-06 UPREGULATED
CHGB 3.748572 2.67E-06 | 0.001258 UPREGULATED
CXADRP1 3.982732 0.000244 | 0.029987 UPREGULATED
S100A7 4.115606 2.48E-05 | 0.006728 UPREGULATED
ENSG00000286619.1 | 4.119332 7.92E-13 | 3.22E-09 UPREGULATED
RPS4XP22 4.160974 2.54E-26 | 8.27E-22 UPREGULATED
DCD 4.398783 0.000248 | 0.030304 UPREGULATED
AC002383.1 4419508 8.63E-06 | 0.003224 UPREGULATED
MAPK8IP1P2 4.447549 5.09E-05 | 0.010436 UPREGULATED
ENSG00000288235.1 | 4.53927 1.02E-07 | 8.92E-05 UPREGULATED
AC098850.3 4.543853 1.73E-09 | 3.24E-06 UPREGULATED
AL050303.4 4.614358 1.60E-05 | 0.004866 UPREGULATED
PSG4 4.853786 5.60E-08 | 5.77E-05 UPREGULATED
S100A7A 5.089309 8.89E-06 | 0.003248 UPREGULATED
CARTPT 5.301501 2.08E-05 | 0.005921 UPREGULATED

Table B12: Top 50 differentially expressed genes between Black patients and White
patients in the luminal B subtype

GeneName Log2FoldChange | PValue AdjustedPValue | Expression

SCN1A -5.76814 5.68E-18 | 2.99E-14 DOWNREGULATED
AP000763.2 -5.62665 8.38E-42 | 2.65E-37 DOWNREGULATED
MTND1P23 -5.49279 3.22E-19 | 2.04E-15 DOWNREGULATED
MTCO1P53 -5.29341 1.85E-22 | 2.92E-18 DOWNREGULATED
RPS26P34 -4.71968 2.04E-17 | 8.07E-14 DOWNREGULATED
IGLVI-70 -4.57303 1.08E-13 | 2.28E-10 DOWNREGULATED
IGKV2-29 -4.52731 9.71E-10 | 6.40E-07 DOWNREGULATED
AC243829.5 -4.41134 0.000707 | 0.015753 DOWNREGULATED
ENSG00000285822.1 | -4.31953 0.000868 | 0.017875 DOWNREGULATED
ENSG00000286308.1 | -4.12 2.33E-05 | 0.001676 DOWNREGULATED
MTCO1P40 -4.02989 2.13E-14 | 5.18E-11 DOWNREGULATED
FCAMR -3.85024 1.14E-08 | 5.77E-06 DOWNREGULATED
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IGKV2D-29 -3.80246 6.04E-13 | 8.69E-10 DOWNREGULATED
TBC1D3D -3.70786 4.55E-05 | 0.002591 DOWNREGULATED
VIL1 -3.69638 1.22E-14 | 3.22E-11 DOWNREGULATED
IGHV1-17 -3.66256 5.95E-08 | 1.98E-05 DOWNREGULATED
LINC02046 -3.64382 8.45E-05 | 0.003954 DOWNREGULATED
AL355478.1 -3.61601 0.000196 | 0.006973 DOWNREGULATED
IGLV3-29 -3.59319 1.98E-06 | 0.000298 DOWNREGULATED
IGLV3-30 -3.52039 0.00163 0.026019 DOWNREGULATED
IGLV3-16 -3.36869 7.84E-08 | 2.53E-05 DOWNREGULATED
HPR -3.33936 4.55E-10 | 3.20E-07 DOWNREGULATED
IGHV1-24 -3.32129 2.27E-09 | 1.36E-06 DOWNREGULATED
PI15 -3.31394 7.46E-12 | 9.07E-09 DOWNREGULATED
RNF17 -3.29548 6.68E-08 | 2.20E-05 DOWNREGULATED
IGKV2-24 -3.29446 3.19E-10 | 2.40E-07 DOWNREGULATED
RPL10P6 -3.27699 4.19E-11 | 4.42E-08 DOWNREGULATED
MTATP8P2 -3.27324 8.99E-18 | 4.06E-14 DOWNREGULATED
CYP4F34P -3.27088 0.000878 | 0.018021 DOWNREGULATED
AC093809.1 -3.24584 3.16E-17 | 1.11E-13 DOWNREGULATED
AL512631.1 -3.24582 2.86E-08 | 1.14E-05 DOWNREGULATED
IGHV1-69-2 -3.24148 0.00013 0.005253 DOWNREGULATED
TBC1D3E -3.219 5.05E-09 | 2.75E-06 DOWNREGULATED
LINC02526 -3.2159 2.24E-05 | 0.00163 DOWNREGULATED
IGHV7-27 -3.10281 3.94E-05 | 0.002342 DOWNREGULATED
DLK1 -3.08815 2.17E-05 | 0.001614 DOWNREGULATED
IGLV3-21 -3.07416 3.00E-08 | 1.17E-05 DOWNREGULATED
IGKV2D-30 -3.04906 1.32E-06 | 0.000226 DOWNREGULATED
AL035252.2 -3.04073 4.78E-06 | 0.000575 DOWNREGULATED
IGHV3-79 -3.03529 1.42E-05 | 0.001205 DOWNREGULATED
AL445189.2 -3.02563 9.65E-13 | 1.33E-09 DOWNREGULATED
IGKV1D-17 -3.0254 4.81E-07 | 0.000114 DOWNREGULATED
IGKV1D-27 -3.0197 5.42E-07 | 0.000121 DOWNREGULATED
AC010127.1 -2.95224 1.40E-05 | 0.001196 DOWNREGULATED
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LGALS4 -2.92736 2.91E-19 | 2.04E-15 DOWNREGULATED
RPL10P9 -2.89576 1.21E-13 | 2.40E-10 DOWNREGULATED
ZBTB8OSP2 -2.88819 1.23E-10 | 1.10E-07 DOWNREGULATED
LINC01748 -2.88459 4.06E-06 | 0.00051 DOWNREGULATED
MTND4P24 -2.87117 5.64E-12 | 7.14E-09 DOWNREGULATED
IGHV2-70D -2.84904 1.04E-06 | 0.000195 DOWNREGULATED
FOXI1 2.731101 9.82E-06 | 0.000971 UPREGULATED
CYP2A7P2 2.735554 1.68E-06 | 0.000269 UPREGULATED
NATP 2.753687 0.000877 | 0.018009 UPREGULATED
AC023421.1 2.754552 4.03E-08 | 1.49E-05 UPREGULATED
RF00012 2.757552 0.000209 | 0.007302 UPREGULATED
CYP2A7 2.771496 1.80E-06 | 0.000283 UPREGULATED
SRGAP3-AS2 2.796348 0.000112 | 0.004779 UPREGULATED
AC096582.3 2.812038 0.001107 | 0.02061 UPREGULATED
DPYSL5 2.861691 0.00039 0.010746 UPREGULATED
INSM1 2.889872 1.97E-05 | 0.001501 UPREGULATED
NRXN1 2.909444 3.51E-07 | 8.76E-05 UPREGULATED
OTOP3 2.973049 0.001417 | 0.023807 UPREGULATED
KRT75 2.981151 8.12E-06 | 0.000858 UPREGULATED
LIPK 2.983473 9.67E-05 | 0.004386 UPREGULATED
KLK10 2.997548 4.57E-08 | 1.62E-05 UPREGULATED
ANKRD20A17P 3.007061 0.004152 | 0.046876 UPREGULATED
ENSG00000287448.1 | 3.018823 0.000294 | 0.009064 UPREGULATED
NGB 3.024376 5.76E-06 | 0.000652 UPREGULATED
ADGRG7 3.028707 0.000428 | 0.01137 UPREGULATED
ACTG1P22 3.119353 3.40E-05 | 0.002105 UPREGULATED
MKNK2P1 3.130226 0.004507 | 0.049287 UPREGULATED
ZIC1 3.223418 1.91E-07 | 5.30E-05 UPREGULATED
AL445183.3 3.315246 4.94E-07 | 0.000116 UPREGULATED
CHRNB2 3.318022 7.63E-10 | 5.13E-07 UPREGULATED
AL050303.4 3.351864 0.000126 | 0.005156 UPREGULATED
AC073325.1 3.360437 1.77E-05 | 0.001399 UPREGULATED
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AC079310.1 3.375453 0.0018 0.027797 UPREGULATED
AL160408.1 3.409044 3.29E-09 | 1.86E-06 UPREGULATED
ASNSP1 3.422197 0.00133 0.022947 UPREGULATED
CPLX2 3.430038 7.79E-05 | 0.003755 UPREGULATED
ENSG00000288235.1 | 3.501061 4.98E-07 | 0.000116 UPREGULATED
AC087379.2 3.514074 0.000251 | 0.008244 UPREGULATED
AMER3 3.514977 4.09E-05 | 0.002405 UPREGULATED
GLYATL2 3.532866 1.03E-11 | 1.21E-08 UPREGULATED
AC005829.2 3.552357 8.86E-09 | 4.75E-06 UPREGULATED
AL354984.2 3.755542 7.03E-05 | 0.003507 UPREGULATED
AC026355.1 3.861197 2.50E-09 | 1.47E-06 UPREGULATED
HNRNPA1P57 4.040939 1.26E-10 | 1.10E-07 UPREGULATED
BAGE2 4.049493 0.000249 | 0.008199 UPREGULATED
KLK13 4.195407 6.72E-11 | 6.64E-08 UPREGULATED
LINCO01446 4.224715 1.10E-05 | 0.001037 UPREGULATED
CXADRP1 4.259256 1.30E-06 | 0.000223 UPREGULATED
GRAMD4P1 4.328686 6.48E-05 | 0.003328 UPREGULATED
MAPK8IP1P2 4.375505 1.19E-06 | 0.000213 UPREGULATED
AC004949.1 4.585162 0.00089 0.01814 UPREGULATED
ENSG00000285711.1 | 4.600739 0.000718 | 0.015844 UPREGULATED
NELL1 5.320693 2.24E-09 | 1.36E-06 UPREGULATED
OLFM3 5.739524 7.17E-07 | 0.000145 UPREGULATED
SYT4 5.97158 2.04E-06 | 0.000302 UPREGULATED
LINC02077 6.544787 0.000582 | 0.013851 UPREGULATED
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